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Abstract

We describe a workflow that is able to approximate basic machine parame-
ters (including but not limited to plasma current Ip, major radius R0, toroidal
magnetic field B0, fusion power Pfusion) based on the choice of maximum field
BTF,max on the in-board leg of the toroidal field (TF) coil of a spherical toka-
mak (ST) fusion power plant (FPP), its aspect ratio A, the distance between
the in-board TF leg and the plasma edge and a limited set of plasma physics
parameters typical for an ST FPP. Together with an estimation of the electrical
power exported as a function of the fusion gain Q, this allows the mapping of
the parameter space where such power plants can be compact while still being
commercially viable.
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1. Introduction

Spherical tokamak (ST) fusion power plants (FPP) have been proposed as
more compact devices for fusion power generation than conventional tokamaks
[1–6], due to beneficial plasma physics effects [7]. However, rather than starting
from the ideal plasma scenario, it is possible to bound the design space, based
on engineering constraints and physics approximations [8–10].

In any magnetic confinement device, the magnets play a crucial role, with
the Toroidal Field (TF) magnets providing the dominant plasma confinement
field in tokamaks and stellarators. For practical tokamak TF magnets, Nb3Sn
is used for ITER [11], KSTAR [12] and planned for EU-DEMO [13], while for
CFETR both a Nb3Sn-NbTi graded hybrid coil [14] and a REBCO coil [15] are
being considered. A REBCO-Nb3Sn-NbTi graded coil has been proposed for
the EU-DEMO central solenoid [16].

Here we consider the implications of the peak field at the in-board leg of
the TF coil on the major radius and on-axis magnetic field of ST FPPs and
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the resulting estimated power gain Q, here estimated based on ITER-98(y,2)
scaling. The necessary recycled power to support the plasma in steady state,
together with estimates of the power required for the balance of plant on the
fusion reactor site, are also considered in order to select a parameter range that
could provide commercially relevant electricity output to the grid. Rather than
aiming for accurate machine design points, the purpose is to elucidate trends
and identify regions of interest in the design parameter space, which can then
be further refined in system design codes, such as PROCESS [10, 17], MIRA
[18] or BLUEPRINT [19].
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2. Implications of the centre column radial build for the plasma major
radius

The outermost edge of the inboard leg of the TF magnet RTF,in is determined
by the allowed peak field BTF,max on the magnet conductor and the total current
in all TF coils (sometimes called the ‘rod current’) ITF:

RTF,in =
µ0ITF

2πBTF,max
(1)

It is possible to add to this radius of the TF conductor stack an estimate
of a realistic total radial build thickness tinboard which includes the thermal in-
sulation, the vacuum barrier, the neutron shield, cooling (or heat extraction)
channels, plasma facing components and their supporting structure, and a vac-
uum gap to the last closed flux surface to accommodate plasma position control
errors and the scrape-off layer. Special inboard divertor or limiter flux expansion
provisions have not been considered here but could be accommodated by raising
the thickness of the total radial build, perhaps considered as additional inboard
gap since they would not contribute significantly to the neutron shielding of the
centre column. This then sets the inboard radius of the plasma Rinboard, so a
prescription of plasma aspect ratio A then sets the major radius R0 as

R0 =
Rinboard

1− 1
A

=
RTF,in + tinboard

1− 1
A

(2)

and the vacuum field at the geometric centre of the plasma as:

B0 =
µ0ITF

2πR0
=

RTF,in

R0
BTF,max (3)

ignoring ripple due to the finite number of TF coils [14].
The aspect ratio of an ST FPP should clearly be chosen in the ST-range,

i.e. A < 2 [7], although an optimal power plant configuration is likely to have
A > 1.4 [20]. If A ≤∼ 1.8, it might be possible that no in-board blanket is
required to achieve a Tritium Breeding Ratio (TBR) of > 1. This is due to
the relatively small solid angle presented to the neutrons by the centre column
in a low-aspect ratio tokamak, compared to that presented by its outer wall,
as discussed more fully in [9]. Existing and proposed ST FPP machine designs
have aspect ratios in the 1.5-1.8 range [1–5, 21]. Here we choose A = 1.8,
although our analysis is valid for any chosen value of A, apart from increasing
the inboard shield thickness to ∼1.1 m to achieve both adequate shielding and
tritium breeding for A > 1.9.

In the following analysis, the total thickness of the mid-plane radial build,
going from the outer radius of the TF central conductors RTF,in to the inboard
edge of the plasma, tinboard, is chosen as 0.85 m. This is based on estimations
of:

� 50 mm thermal insulation;
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� 200 mm vacuum barrier, scaling down from ITER’s double wall thickness
of ∼300 mm [22, 23], allowing for a more favourable aspect ratio of this
cylindrical part of the vessel and the option for a higher strength structural
material;

� 550 mm of neutron shielding, including structural material and cooling
provisions;

� a nominal 50 mm plasma gap, defined as the distance between the first
wall and the inner plasma boundary, as defined by the last closed flux
surface, the separatrix in a divertor configuration, otherwise the first flux
surface intercepted by a physical structure;

The most critical of these is the thickness of neutron shielding, which for op-
timised elemental combinations provides one decade of attentuation of the neu-
tron flux per 130–150 mm of shield thickness [24–29]. Accordingly, the material
selection and desired lifetime of the shielded components allows some variation
of this part of the radial build. The suggested 550 mm of neutron shielding
(with e.g. Zr(BH4)4, W or WC), together with the roughly one decade of neu-
tron flux attenuation accorded by the 200 mm of vacuum vessel wall [22, 30],
provides about five decades of neutron flux attenuation and is chosen to allow
a few full power years of FPP operation before significant degradation of the
superconductor or its potting compound and also to limit the neutronic heating
load on the cryogenic system to acceptable values [31–34]. This is important be-
cause the cryogenic system is generally found to represent a significant demand
on the ‘Balance of Plant’ (BoP) recycled power of the reactor [35–38].
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3. Projections for plasma current & power gain

At this point, given a choice of peak BTF, an in-board radial build thickness
RTF,in + tinboard and aspect ratio A, the plasma parameters R0, minor radius a
and on-axis magnetic field B0 are essentially determined.

Estimating an approximate plasma current Ip is also possible by noting that
the maximum plasma elongation κ that is reliably controllable, is in the vicinity
of 1.6–2.0 times the natural elongation κnat in the neutrally stable situation of
a pure vertical field [39, 40]. A significant bootstrap current fraction is typically
intended in ST FPP concepts [40–42], making the plasma current profile some-
what broad or even hollow, and hence the internal inductance li quite small.
The value of the bootstrap current fraction coefficient, CBS, used or implied
in those studies is consistent with values of li well below 0.6 [43], but a more
conservative value of 0.6 is used to estimate the natural elongation in this work.
References [44–46] closely agree with the relationship from [47]:

κnat ≈ 1 + (
0.6306

li
+

0.1064

l2i
)A−2 + (

0.1952

li
− 0.2439

l2i
)A−4 (4)

Thus, a reasonable estimate for the elongation κ95 of the poloidal flux surface
containing 95% of the poloidal flux change from the minor axis of the plasma to
the last closed surface, with good feedback control of the vertical position, is:

κ = κ95 ≈ 1.8κnat (5)

Neglecting the small effects of triangularity and toroidicity, and using the
first order elliptical integral of the ellipsoidal poloidal circumference of the
plasma, this leads to estimates for the plasma volume Vplasma (in m3) and the
toroidal surface area Aplasma (in m2):

Vplasma = 2π2R0a
2κ (6)

Aplasma = 4π2R0a
√

(
1 + κ2

2
) (7)

Given the estimate of plasma elongation, the plasma current Ip (in MA) can
also be estimated from [7, 48]:

Ip =
5aB0

Aq95

(1.17− 0.65/A)(
1− 1

A2

)2
(
1 + κ2

(
1 + 2δ2 − 1.2δ3

))
2

(8)

with triangularity δ, safety factor q95, a in m and B0 in T. For reliable operation,
higher values (> 5) of q95 are more appropriate for an ST FPP [7, 49], compared
to values of ∼3 preferred for A ∼ 3 tokamaks. Operating data for MAST [50, 51]
suggest a q95 in the range 5–10.

Moving towards a scaling to determine the fusion power, a conservative ap-
proach to energy confinement scaling is adopted by noting that START, NSTX
and MAST data fit reasonably well to the canonical ITER-98(y,2) scaling [52–
54]. It is possible to estimate the line average electron density ne (in units
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of 1020/m3) required for that scaling as a fraction fGreenwald of the Greenwald
density nG. For the range of indexed parabolae used as the profile class here,
namely:

ne = ne,0

(
1− ρ2

)αn
(9)

with ρ = r/a and the density profile peaking factor 0.1 ≤ αn ≤ 2, the central
electron density ne,0 can be approximated as a function of the line-averaged
electron density ne, to within less than 1%, by:

ne,0 = ne (1 + αn)
0.58

(10)

Hence:

ne,0,20 = fGreenwaldnG (1 + αn)
0.58

(11)

= fGreenwald
Ip
πa2

(1 + αn)
0.58

(12)

where ne,0,20 is the central density in units of 1020 m−3, Ip in MA and a in m.
It is possible to express the stored kinetic energy in the plasma W in two

ways, using the central ion temperature Ti,0 as the solved variable in our analysis.
The first expression is based on the confinement time, here taken from ITER-
98(y,2) [55, 56], although other scalings can be applied [6, 57–59]:

W = PtranspτE,ITER-98(y,2) (13)

= 0.0562HP 0.31
transpB

0.15
0 I0.93p κ0.78n0.41

e,19a
0.58R1.39

0 M0.19 (14)

with W in MJ, Ip in MA, B0 in T, ne the average electron density now in
1019m−3 and M the atomic mass of the plasma fuel in AMU. For a 50-50 D-T
mixture, M = 2.5. The transported power Ptransp can be expressed as:

Ptransp = Palpha + Paux − Pradiated-core (15)

= (Palpha + Paux) (1− fradiated-core) (16)

= Pfusion (0.2 + 1/Q) (1− fradiated-core) (17)

The fusion power Pfusion (in MW) is itself a function of Ti,0 and depends
on the D-T reactivity (i.e. the D-T reaction cross-section σ averaged over a
Maxwellian distribution of the centre of mass velocity v of the colliding ion fuel
species, which are assumed to have the same temperature), for which a fit can
be found in [60] and is given by the volume integration:

Pfusion = Efusion

∫
V

nDnT < σv > dV (18)

= Efusion

n2
e,0

4

(
Zi − Zeff

Zi − 1

)2
< σv > (Ti,0)Vplasma

1 + 2αn + α<σv>
(19)
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where the term in Zi and Zeff accounts for fuel dilution by a notional single
impurity of charge Zi, creating an average charge of Zeff. This modifies the
expression that would apply for a pure D-T plasma with nD = nT = ne/2. The
term in αn and α<σv> accounts for the integration of the product of the indexed
parabolae representing profile peaking. In this equation Efusion = 17.6 · 106 e
(J) with e being the elementary electron charge. The peaking factor α<σv> can
be approximately expressed as a function of the temperature profile peaking
factor αT using a fit to the numerical integration of the < σv > profile for an
appropriate range of αT describing the temperature profile T = T0

(
1− ρ2

)αT
:

α<σv> ≈ 1.26 log

(
100

Ti,0

)
αT (20)

The coefficients in (20) were chosen to suit significantly peaked reactivity pro-
files, i.e. those with Ti,0 < 65 keV or with αT > 1.5, which are typical of the
solutions of interest.

The second expression for the stored kinetic energy, ignoring the non-thermal
α particle population, and assuming that Ti = Te (in eV), is given by:

W =
3

2
Vplasma

∫
V

(ne,iTe,i) dv (21)

≈ Vplasma

(
1 + 2Zi − Zeff

2Zi

)
3ene,0Ti,0

1 + αn + αT
(22)

where the subscript (e,i) implies summing over electrons and ions and the factor
involving Zi and Zeff accounts for the reduction in total ion density due to the
lumped impurity species Zi.

Based on preset values for the plasma and engineering parameters, including
RTF,in and Q, we can now numerically calculate the value of Ti,0 which satisfies
the simultaneous equations (14) and (22) and is in a realistic reactor range
(i.e. below 65 keV). This then provides a value for Pfusion with (19) and for the
normalised ratio (in %) of plasma pressure and magnetic pressure, βN, [61] with:

βN = βT

(
aB0

Ip

)
(23)

= 2ne,0

(
1 + 2Zi − Zeff

2Zi

)(
eTi,0

1 + αn + αT

)(
2µ0

B2
0

)(
aB0

Ip

)
(24)

with Ti,0 in eV. Typically the value of βN is found to be lower than 2.8 for low-n
kink modes with no conducting wall close to the plasma [62, 63] and in standard
aspect ratio tokamaks it is generally less than 4 for ballooning modes where there
is such a wall [64, 65], although both limit values depend significantly on the
plasma current and pressure profiles. Experimentally βN values of up to ∼6 (or
10–13·li) have been achieved in NSTX and in MAST [50, 51, 66–68]. Using βN,
it is possible to calculate the bootstrap current fraction fBS:

fBS = 0.05q∗βNA
0.5CBS (25)
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with q∗ = 2.5aB0(1 + κ2)/(AIp) and CBS calculated from the fit provided in
[43]. The required current drive power PCD is then:

PCD = ne,20RIp(1− fBS)/γCD (26)

where γCD is the efficiency of the current drive, which can be up to 0.36
MA/m2MW [69, 70].

The average neutron wall loading Γn in MW/m2 can be estimated from:

Γn =
Pfusion

1.1Aplasma

(
14.06

17.6

)
(27)

where the factor 1.1 allows for the plasma gap. Given a safe level of neutron
wall loading or desired first wall lifetime in MWyrs/m2 (e.g. related to neutron
damage, activation or reduced tritium breeding capability), designers can use
these values to limit solutions to cases respecting that limit or that lifetime in
full power years.

A similar calculation can be made to estimate the total fast neutron flux
(E > 0.1 MeV) on the central TF conductor stack, and thus its lifetime, based
on an upper limit of ∼ 3 · 1022 n/m2 [71, 72]. Assuming that the fast flux is 6–8
times the 14 MeV flux determined by the fusion power (as can be inferred from
the analyses in [30, 73]) over ∼1.1 times the plasma surface area and assuming
an order of magnitude in attenuation per 0.13 m of inboard shield thickness
tshield [26, 28, 29], this results in a lifetime (in seconds) of:

tlife,SC =
3 · 1022

10−(tshield/0.13)

1.1Aplasma

6Pfusion/ (17.6 · 106e)
(28)

with e the elementary electron charge, Pfusion here in W and noting that tshield
(in m) is approximately 0.3 m less than tinboard as defined in section 2. As for
the first wall, this criterion could be used to select solutions meeting a chosen
TF central conductor lifetime.

Finally, it is possible to implement plasma physics checks to confirm that
returned solutions are self-consistent, namely that:

1. the required current drive power PCD is less than Paux = Pfusion/Q;

2. the confinement time from the scaling in (14) does not exceed the confine-
ment time from purely ohmic heating taken as τE,OH = 0.075ne,20q

∗aR2
0,

close to the upper bound of the data in Figure 28 of [74], and broadly
consistent with the upper bound of other OH experiments including JET
[75];

3. the asserted radiated power fradiated-corePfusion(0.2 + 1/Q) is higher than
the sum of the bremsstrahlung [76] and synchrotron losses [77], thus leav-
ing a margin for balancing the total core loss power by controlled addi-
tional radiative losses from impurity line radiation;

4. the transported power Ptransp is greater than the H-mode threshold power
scaling [56].
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Many of the approximations used in this heuristic analysis could be refined
to allow for more realistic design optimisations, plasma physics and control
assumptions, but the resulting description of the fusion plasma is considered to
be sufficiently accurate for the trends that this work endeavours to demonstrate.
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4. Dependence of the electrical power exported on Q

An important consideration is the value of Q necessary for an ST FPP to
be commercially viable, which depends on the fraction of electricity exported to
the grid. For the calculation below we assume superconducting magnets for the
machine, reducing the electrical demand, both for the magnet power supplies
and the cryoplant.

The electrical power demand of the auxiliary heating Paux,el (plasma heating
& current drive power, ignoring transmission losses) can be expressed as:

Paux,el =
Pfusion

ηaux,wallQ
(29)

where ηwall is the wall-plug efficiency of the current drive and external heat-
ing systems, which can be ∼40% [38]. This ηaux,wall is defined as the power
absorbed by the plasma with respect to the power drawn from the electrical
supply. Different heating systems have different efficiencies, e.g. approximately
30-45% for LHCD and ECRH [78], 40–50% for ICRH [78, 79] (with possible
scope to 69% [80]) but as low as 20–30% for Neutral Beam Injectors (NBI) [78].
There is ongoing work to increase NBI efficiency to 40–60%, which is the target
for EU-DEMO [81, 82]. High-efficiency (65-90%) klystron designs also exist [83].
Here we adopt a plausible target of 40%.

If we assume that the first wall and divertor heating power could be removed
at a high temperature similar to that of the blanket and shield heating, the total
electrical power Ptotal,el with a fusion power fraction of 80% from neutrons and
20% from alpha particles can be approximated as

Ptotal,el = ηgeneratorPthermal (30)

= ηgenerator (Pthermal,blanket + Pthermal,divertor + Paux,th) (31)

= ηgeneratorPfusion

(
0.8MEMF + 0.2 +Q−1

)
(32)

The thermal-to-electric conversion efficiency ηgenerator is typically 35% to
37.5% [38, 84], though alternative approaches might reach 45-50% [85]. MEMF

is the neutron Energy Multiplication Factor, which ranges between 0.9-1.35
[86], and specifically 1.2-1.4 for FPP-relevant blanket configurations [87, 88]
and ∼ 1.4 for steel in the divertor structure [89]. Here we assume an average
MEMF = 1.2.

There are many analyses of the electrical power PBoP,el required for the
Balance of Plant (BoP) of a fusion power plant in the literature, each with
a different subset of plant systems and losses considered. Here BoP is taken
to mean all the recycled power required for reactor operation, including the
primary heat extraction system coolant circulators but excluding the plasma
auxiliary heating and current drive systems, which here are treated separately.
Example values of the fraction of generated electricity required for the BoP,
fBoP, vary widely, broadly reducing as Q rises and including 6% for STARFIRE
[87], ∼30% for ARC [85], ∼64% for DEMO [38], 40–50% for CFETR [90] and
an equivalent value of 46% for ITER [35]. STARFIRE, ITER and DEMO are
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the most comprehensive of these examples, but none of them address all the
plant demands collectively considered by all of them. We consider a value of
fBoP = 35% of the gross electrical generated power a reasonable target for an
optimised, commercial FPP.

The fraction of exported electricity fexport, relevant for a commercial FPP
would be:

fexport = 1− Paux,el + PBoP,el

Ptotal,el
(33)

We can now substitute (29) and (32) in (33) to yield:

fexport = 1−
Pfusion

ηaux,wallQ
+ fBoP

[
ηgeneratorPfusion

(
0.8MEMF + 0.2 +Q−1

)]
[ηgeneratorPfusion (0.8MEMF + 0.2 +Q−1)]

(34)

This relationship is graphically shown in Fig. 1, for different values of the
fraction fBoP. By comparison, the recycled electricity fraction of AGR [91]
and GenIII/III+ [92, 93] fission plants is 3–7% of the gross electrical power
output (produced at a thermal-to-electrical efficiency of 30–40%), thus 93–97%
if plotted on Fig. 1. Magnetic confinement fusion systems cannot aspire to
such high values, largely because of the auxiliary plasma heating and current
drive systems, cryoplant and tritium purification and recycling plant that they
require. If a commercial FPP aims for an economically conceivable minimum
value of 30–40% of gross electrical generation to be exported after allowing for
the electrical demand of the plasma heating & current drive systems, then this
model suggests that a Q of at least 20–30 would be required.
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Figure 1: Fraction of exported electricity as a function of Q for different fractions fBoP of
Ptotal,el, based on eq. (34).
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5. ST FPP reactor parameters

A plot can now be made for the various machine and plasma parameters that
are an immediate consequence of the choice of permissible peak field BTF,max,
in-board radial build thickness RTF,in + tinboard and Q, as well as other plasma
parameters appropriate for an ST FPP. The values selected in this study are
listed in Table 1 and the code is available online [94]. Multiple reactor con-
figurations are possible, but only those that satisfy the plasma physics checks
(see section 3) and the neutron wall loading limit and that produce net elec-
trical output are retained. It should be noted that no specific superconductor
characteristics are used to obtain these results.

It may be necessary to select a larger RTF,in, e.g. depending on the choice
of superconductor for the TF coil or to accommodate structural support. Even
with state-of-the-art high-field capability, the achievable current density of Nb3Sn
[95] is outperformed by REBCO [96], which has been demonstrated with a 45.5 T
magnet insert [97]. For example, the highest achievable engineering current den-
sity at 4.2 K and 20 T for an HTS REBCO tape can be as high as 3620 MA/m2

[96], whereas well-optimised Nb3Sn strand would only achieve 274 MA/m2 [95].
Note that the practical ‘cable’ engineering current density in the winding pack
– allowing for copper or aluminium stabiliser, coolant channels, insulant and
any internal support structure – tends to be around 10% of the empirical limit
of the strand or tape, based on existing cable designs such as the ITER TF and
Central Solenoid Cable-In-Conduit-Conductor [11], HTS CORC 6-around-1 [98]
and the HTS VIPER cable [99]. This factor of ∼10% can be greatly improved
if a non-insulating, reduced-stabiliser winding is in mind (as used in the 45.5
T insert in [97]), although that would introduce problems of both restricted
current ramping speed and quench protection. All superconductors exhibit re-
ducing critical current for increasing magnetic field strength, so that grading
the current density to be highest in the lowest field region would permit the
winding pack to be thinner with the same superconducting margin as a con-
stant current density coil would have in its peak field region. For a TF central
conductor stack, this could provide more space for an inboard solenoid winding
if the mechanical stresses in the winding pack and the support structures were
acceptable, or simply permit a smaller RTF,in to be realised if required.

Fig. 2a–d show contour plots of the exported electric power for valid reactor
results for Q values of 10, 20, 30 and 40 respectively as a function of RTF,in

(and thus R0 for the chosen A (1.8) and tinboard) and BTF,max. While Q = 10
machines could be compact designs at higher peak magnetic fields (i.e. exceeding
15 T), exporting several hundreds MW of electrical power, the derivation in
section 4 shows that these are unlikely to be attractive commercially. The range
of valid reactor configurations at each Q is determined by three limitations: at
low BTF,max fields and low R by the condition PCD < Paux; at low fields and
high R by the plasma temperature exceeding 65 keV and at high fields and low
R by the neutron wall loading limit Γn,max.

For the remainder of the analysis we focus on the Q = 20 solutions, which
allow for reasonably compact designs with R0 ≤ 4 m. For our chosen aspect ratio
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Figure 2: Exported electrical power (in MW) as a function of outer radius of the in-board TF
leg RTF,in and BTF,max for reactor designs meeting the criteria in Table 1 and for Q values
of (a) 10; (b) 20; (c) 30 and (d) 40.

14



Table 1: Plasma & reactor parameters chosen for the analysis.

Parameter Value
A 1.8
αn 0.2
αT 1.7
δ 0.5
fBOP 35%
fGreenwald 0.9
fradiated-core 0.4
γCD 0.36 MA/MW·m2

Γn,max 5 MW/m2

H 1.2
κ95/κnat 1.8
li 0.4
MEMF 1.2
ηgenerator 37.5%
ηaux,wall 40%
q95 10
tinboard 0.85 m
Zi 12
Zeff 1.6

and κ/κnat, the plasma volume would exceed that of EU-DEMO if R0 > 5.0 m
[100]. Fig. 3a–f show other relevant reactor parameters such as B0, Ip, βN, Γn,
fBS and T0. The most compact ST FPP designs in this range require magnetic
fields on the conductor above 20 T, but the neutron wall loading is close to the
Γn limit, implying shorter in-vessel reactor component lifetimes. An example is
given as Variant 1 in Table 2. Variant 2 in the same table can be considered a
compromise: more than double the plasma volume, but reduced neutron wall
loading and a TF central conductor life approaching 2 full power years (fpy). A
more conservative reactor design (Variant 3) would limit BTF,max to ∼12 T, as
in ITER and EU-DEMO, but, even at the smallest radius possible, it will have a
consequently larger plasma volume, approaching that of EU-DEMO (2214 m3,
[100]) and having a similar magnitude of exported electric power. In all cases,
re-mountable joints would be desired to facilitate the replacement of the inboard
leg of the TF magnets. The alternative is to increase the thickness of the neutron
shielding to improve the lifetime, at the expense of machine compactness.

Predictions of alternative confinement time scalings can be represented by
varying the H factor on the ITER-98(y,2) scaling. For example the equivalent
from the ST scaling in Ref. [6] would be H = 2.27. In Fig. 4 we have considered
a range of solutions for Q = 20, with the same engineering and plasma physics
parameters as in Table 1, but varying the H factor between 1.0 and 2.5, to
reflect the effect of different confinement scalings. It is clear that for increasing
H-factors, the machine size decreases significantly for the same net electric
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Figure 3: Contour plots of selected reactor parameters as a function of outer radius of the
in-board TF leg RTF,in and BTF,max for reactor designs meeting the criteria in Table 1 and
for Q = 20. The parameters are (a) B0 (T); (b) Ip (MA); (c) βN; (d) Γn (MW/m2); (e) TF
central conductor life (full power years, fpy) (f) fBS; (g) T0 (keV) and (h) ne,0 (1020 m−3).
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Table 2: Comparison of plasma & reactor parameters for three Q = 20 scenarios: most
compact (Variant 1), balanced (Variant 2) and conservative (Variant 3). All have the plasma
parameters listed in Table 1.

Variant
Parameter 1 2 3
BTF,max(T ) 23 16 12
RTF,in (m) 0.6 0.95 1.375
R0 (m) 3.26 4.05 5.01
B0 (T) 4.23 3.75 3.30
κ 2.87 2.87 2.87
Ip (MA) 22 24 26
ne,0 (1020 m−3) 2.11 1.51 1.07
T0 (keV) 33 35 37
Pfusion (GW) 3.21 3.38 3.37
βN 3.75 3.62 3.47
fBS 0.62 0.60 0.57
PCD (MW) 159 163 165
Ptotal,el (GW) 1.46 1.54 1.53
Pexported,el (MW) 546 575 573
Plasma volume (m3) 607 1161 2192
Γn (MW/m2) 4.66 3.18 2.07
TF magnet life (fpy) 1.30 1.91 2.93

power output and more radius and magnetic field combinations are available,
including at lower neutron wall loading.
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Figure 4: Exported electrical power (in MW) as a function of outer radius of the in-board TF
leg RTF,in and BTF,max for reactor designs with Q = 20 and meeting the criteria in Table 1
with H factor values of (a) 1.0; (b) 1.5; (c) 2.0 and (d) 2.5.
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6. Summary

In summary, we have proposed a methodology to infer basic machine and
plasma parameters for an ST FPP, based on the peak field on the TF conductor
in the centre column and a limited number of physics and engineering assump-
tions and approximations, endeavouring to respect the established dimensionless
operational space of ST experiments [50, 51, 67]. The important impact of the
recycled power required for the Balance of Plant has been estimated as part
of this assessment. This estimate is intended to cover the electrical demand of
all the auxiliary systems required to keep the power plant site operational as
well as the primary heat transfer system circulators, considered as additions to
the necessary plasma heating & current drive systems. This workflow can, in
principle, guide tokamak designers in terms of the realistic parameter space for
a power plant more likely to be economically viable, which can subsequently
be explored with system design codes. Inevitably the design parameter space
is a trade-off between compactness (diameter, plasma volume) and component
life time (neutron wall loading). In the cases considered, a sufficient thickness
of neutron shielding has been assumed to assure that the TF central conductor
stack, including its insulation if present, will serve for several full power years
at the specified average neutron wall loading [32–34]. For Q = 20 designs, the
peak field on the in-board TF conductor needs to be at least 15 T, in order that
the net electricity exported to the grid can plausibly achieve a commercially rel-
evant fraction of the gross generated electrical power, while also resulting in ST
FPP reactors (A < 2) that are significantly more compact in diameter, height
and plasma volume than the current EU-DEMO design (A = 3, BTF,max = 12
T [100, 101]).
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