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A B S T R A C T   

We describe a workflow that is able to approximate basic machine parameters (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 tokamak (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.   

1. Introduction 

Spherical tokamak (ST) fusion power plants (FPP) have been pro
posed as more compact devices for fusion power generation than con
ventional 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 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]. 

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 esti
mate of a realistic total radial build thickness tinboard which includes the 
thermal insulation, the vacuum barrier, the neutron shield, cooling (or 
heat extraction) channels, plasma facing components and their sup
porting structure, and a vacuum 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 thick
ness 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 

* Corresponding author. 
E-mail address: frank.schoofs@ukaea.uk (F. Schoofs).  

Contents lists available at ScienceDirect 

Fusion Engineering and Design 

journal homepage: www.elsevier.com/locate/fusengdes 

https://doi.org/10.1016/j.fusengdes.2022.113022 
Received 22 October 2021; Received in revised form 11 January 2022; Accepted 16 January 2022   

mailto:frank.schoofs@ukaea.uk
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2022.113022
https://doi.org/10.1016/j.fusengdes.2022.113022
https://doi.org/10.1016/j.fusengdes.2022.113022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2022.113022&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fusion Engineering and Design 176 (2022) 113022

2

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;  
• 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, i.e. 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 optimised elemental combinations provides one decade of attentu
ation of the neutron 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 neutron 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 su
perconductor or its potting compound and also to limit the neutronic 
heating load on the cryogenic system to acceptable values [31–34]. This 
is important because the cryogenic system is generally found to repre
sent a significant demand on the ‘Balance of Plant’ (BoP) recycled power 
of the reactor [35–38]. 

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 control
lable, 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 somewhat 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
l2
i

)

A− 2 +

(
0.1952

li
−

0.2439
l2
i

)

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 = 2π2R0a2κ (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. Oper
ating data for MAST [50,51] suggest a q95 in the range 5–10. 

Moving towards a scaling to determine the fusion power, a conser
vative approach 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 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)  

ne,0,20 = 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) 
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= 0.0562HP0.31
transpB0.15

0 I0.93
p κ0.78n0.41

e,19a0.58R1.39
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 de
pends on the D-T reactivity (i.e. the D-T reaction cross-section σ aver
aged 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)  

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 elec
tron 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> ≈ 1.26log
(

100
Ti,0

)

αT (20)  

The coefficients in (20) were chosen to suit significantly peaked reac
tivity profiles, 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
e
(
ne,iTe,i

)
dv (21)  

W ≈ 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)  

βN = 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∗βNA0.5CBS (25)  

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 life
time, 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 

confinement 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 ex
periments 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 leaving a margin for balancing the total core loss power by 
controlled additional radiative losses from impurity line radiation;  

4. the transported power Ptransp is greater than the H-mode threshold 
power scaling [56]. 

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 super
conducting 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 
heating 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)  

Ptotal,el = ηgenerator
(
Pthermal,blanket +Pthermal,divertor +Paux,th

)
(31)  

Ptotal,el = 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 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 commer
cial 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. 

5. ST FPP reactor parameters 

A plot can now be made for the various machine and plasma pa
rameters that are an immediate consequence of the choice of permissible 
peak field BTF,max, in-board radial build thickness RTF,in + tinboard and Q, 

Fig. 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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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 configurations are possible, but only those 
that satisfy the plasma physics checks (see section 3) and the neutron 
wall loading limit and that produce net electrical 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 density 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 reducing critical current 
for increasing magnetic field strength, so that grading the current 

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  

Fig. 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. 
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Fig. 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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density to be highest in the lowest field region would permit the winding 
pack to be thinner with the same superconducting margin as a constant 
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. 2 a–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 func
tion 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 mag
netic fields (i.e. exceeding 15 T), exporting several hundreds MW of 
electrical power, the derivation in section 4 shows that these are un
likely to be attractive commercially. The range of valid reactor config
urations 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 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 

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  

Fig. 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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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 repre
sented 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 ma
chine size decreases significantly for the same net electric power output 
and more radius and magnetic field combinations are available, 
including at lower neutron wall loading. 

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 assumptions 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 es
timate 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 relevant 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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[57] M. Valovič, R. Akers, G. Cunningham, L. Garzotti, B. Lloyd, D. Muir, A. Patel, 
D. Taylor, M. Turnyanskiy, M. Walsh, Scaling of H-mode energy confinement with 
Ip and BT in the MAST spherical tokamak, Nucl. Fusion 49 (7) (2009) 075016, 
https://doi.org/10.1088/0029-5515/49/7/075016. 

[58] P.F. Buxton, J.W. Connor, A.E. Costley, M.P. Gryaznevich, S. McNamara, On the 
energy confinement time in spherical tokamaks: implications for the design of 
pilot plants and fusion reactors, Plasma Phys. Controll. Fusion 61 (3) (2019) 
035006, https://doi.org/10.1088/1361-6587/aaf7e5. 

[59] G. Verdoolaege, S. Kaye, C. Angioni, O. Kardaun, M. Maslov, M. Romanelli, 
F. Ryter, K. Thomsen, T. ASDEX Upgrade Team, T. EUROfusion MST1 Team, 
J. Contributors, The updated ITPA global H-mode confinement database: 
description and analysis, Nucl. Fusion 61 (7) (2021) 076006, https://doi.org/ 
10.1088/1741-4326/abdb91. 

[60] C. Fausser, A.L. Puma, F. Gabriel, R. Villari, Tokamak D-T neutron source models 
for different plasma physics confinement modes, Fusion Eng. Des. 87 (5-6) (2012) 
787–792, https://doi.org/10.1016/j.fusengdes.2012.02.025. 

[61] Plasma Physics: An Introductory Course, in: R. Dendy (Ed.), Cambridge 
University Press, 1993. 

[62] F. Troyon, R. Gruber, H. Saurenmann, S. Semenzato, S. Succi, MHD-limits to 
plasma confinement, Plasma Phys. Controll. Fusion 26 (1A) (1984) 209–215, 
https://doi.org/10.1088/0741-3335/26/1a/319. 

[63] F. Troyon, A. Roy, W.A. Cooper, F. Yasseen, A. Turnbull, Beta limit in tokamaks. 
experimental and computational status, Plasma Phys. Controll. Fusion 30 (11) 
(1988) 1597–1609, https://doi.org/10.1088/0741-3335/30/11/019. 

[64] M.F.T. A. Sykes A, S. Patel. Proc. 11th Eur. Conf. Controlled Fusion and Plasma 
Physics volume 2, 1983, p. 363. 

[65] A. Sykes, R. Akers, L. Appel, P.G. Carolan, N.J. Conway, M. Cox, A.R. Field, D. 
A. Gates, S. Gee, M. Gryaznevich, T.C. Hender, I. Jenkins, R. Martin, K. Morel, A. 
W. Morris, M.P.S. Nightingale, C. Ribeiro, D.C. Robinson, M. Tournianski, 
M. Valovic, M.J. Walsh, C. Warrick, High- performance of the START spherical 

F. Schoofs and T.N. Todd                                                                                                                                                                                                                     

https://doi.org/10.1016/j.fusengdes.2015.03.034
https://doi.org/10.1016/j.fusengdes.2018.12.036
https://doi.org/10.1016/j.fusengdes.2018.12.036
https://doi.org/10.1016/S0920-3796(02)00303-4
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0021
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0022
https://www.fusion.qst.go.jp/ITER/FDR/PDD/index.htm
https://www.fusion.qst.go.jp/ITER/FDR/PDD/index.htm
https://doi.org/10.1016/j.fusengdes.2010.03.027
https://doi.org/10.1016/j.fusengdes.2010.03.027
https://doi.org/10.13182/FST04-A426
https://doi.org/10.1016/j.jnucmat.2008.12.073
https://doi.org/10.1088/1741-4326/aa7e3e
https://doi.org/10.1088/1741-4326/aa7e3e
https://doi.org/10.1080/15361055.2017.1333864
https://doi.org/10.1080/15361055.2017.1333864
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0028
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0028
https://doi.org/10.1088/1741-4326/ac09ce
https://doi.org/10.1088/1741-4326/ac09ce
https://doi.org/10.1080/00223131.2000.10874838
https://doi.org/10.1016/0022-3115(78)90398-7
https://doi.org/10.1016/0022-3115(78)90398-7
https://doi.org/10.1142/S0218301311018526
https://doi.org/10.1142/S0218301311018526
https://doi.org/10.1109/TASC.2005.848950
https://doi.org/10.1088/1361-6668/aaadf2
https://doi.org/10.1109/SOFE.2013.6635314
https://doi.org/10.1016/j.fusengdes.2014.06.012
https://doi.org/10.1016/j.fusengdes.2014.06.012
https://doi.org/10.1016/j.phpro.2015.06.007
https://doi.org/10.3390/en13092269
https://doi.org/10.1088/0029-5515/32/9/I17
https://doi.org/10.1088/0029-5515/37/5/I03
https://doi.org/10.1063/1.872193
https://doi.org/10.1063/1.872193
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0042
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0042
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0042
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0042
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0042
https://doi.org/10.1088/0741-3335/50/6/065001
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0044
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0044
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0044
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0045
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0045
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0045
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0046
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0046
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0046
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0046
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0046
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0047
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0047
https://doi.org/10.1088/0029-5515/40/6/317
https://doi.org/10.1088/0029-5515/40/6/317
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0049
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0049
https://doi.org/10.1088/0029-5515/44/9/012
https://doi.org/10.1088/0029-5515/44/9/012
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0051
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0051
https://doi.org/10.1088/0029-5515/45/8/023
https://doi.org/10.1088/0029-5515/45/8/023
https://doi.org/10.1063/1.3097319
https://doi.org/10.1088/0029-5515/51/7/073031
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0055
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0055
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0055
https://doi.org/10.1088/1741-4326/aade57
https://doi.org/10.1088/0029-5515/49/7/075016
https://doi.org/10.1088/1361-6587/aaf7e5
https://doi.org/10.1088/1741-4326/abdb91
https://doi.org/10.1088/1741-4326/abdb91
https://doi.org/10.1016/j.fusengdes.2012.02.025
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0061
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0061
https://doi.org/10.1088/0741-3335/26/1a/319
https://doi.org/10.1088/0741-3335/30/11/019
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0064
http://refhub.elsevier.com/S0920-3796(22)00022-9/sbref0064


Fusion Engineering and Design 176 (2022) 113022

10

tokamak, Plasma Phys. Controll. Fusion 39 (12B) (1997) B247–B260, https://doi. 
org/10.1088/0741-3335/39/12b/019. 

[66] E. Synakowski, M. Bell, R. Bell, T. Bigelow, M. Bitter, W. Blanchard, J. Boedo, 
C. Bourdelle, C. Bush, D. Darrow, P. Efthimion1, E. Fredrickson, D. Gates, 
M. Gilmore, L. Grisham, J. Hosea, D. Johnson, R. Kaita, S. Kaye, S. Kubota, 
H. Kugel, B. LeBlanc, K. Lee, R. Maingi, J. Manickam, R. Maqueda, E. Mazzucato, 
S. Medley, J. Menard, D. Mueller, B. Nelson, C. Neumeyer, M. Ono, F. Paoletti, 
H. Park, S. Paul, Y.-K. Peng, C. Phillips, S. Ramakrishnan, R. Raman, 
A. Roquemore, A. Rosenberg, P. Ryan, S. Sabbagh, C. Skinner, V. Soukhanovskii, 
T. Stevenson, D. Stutman, D. Swain, G. Taylor, A.V. Halle, J. Wilgen, M. Williams, 
J. Wilson, S. Zweben, R. Akers, R. Barry, P. Beiersdorfer, J. Bialek, B. Blagojevic, 
P. Bonoli, R. Budny, M. Carter, C. Chang, J. Chrzanowski, W. Davis, B. Deng, 
E. Doyle, L. Dudek, J. Egedal, R. Ellis, J. Ferron, M. Finkenthal, J. Foley, E. Fredd, 
A. Glasser, T. Gibney, R. Goldston, R. Harvey, R. Hatcher, R. Hawryluk, 
W. Heidbrink, K. Hill, W. Houlberg, T. Jarboe, S. Jardin, H. Ji, M. Kalish, 
J. Lawrance, L. Lao, K. Lee, F. Levinton, N. Luhmann, R. Majeski, R. Marsala, 
D. Mastravito, T. Mau, B. McCormack, M. Menon, O. Mitarai, M. Nagata, 
N. Nishino, M. Okabayashi, G. Oliaro, D. Pacella, R. Parsells, T. Peebles, 
B. Peneflor, D. Piglowski, R. Pinsker, G. Porter, A. Ram, M. Redi, M. Rensink, 
G. Rewoldt, J. Robinson, P. Roney, M. Schaffer, K. Shaing, S. Shiraiwa, P. Sichta, 
D. Stotler, B. Stratton, Y. Takase, X. Tang, R. Vero, W. Wampler, G. Wurden, 
X. Xu, J. Yang, L. Zeng, W. Zhu, The national spherical torus experiment (NSTX) 
research programme and progress towards high beta, long pulse operating 
scenarios, Nucl. Fusion 43 (12) (2003) 1653–1664, https://doi.org/10.1088/ 
0029-5515/43/12/011. 

[67] S. Sabbagh, J.-W. Ahn, J. Allain, R. Andre, A. Balbaky, R. Bastasz, D. Battaglia, 
M. Bell, R. Bell, P. Beiersdorfer, E. Belova, J. Berkery, R. Betti, J. Bialek, 
T. Bigelow, M. Bitter, J. Boedo, P. Bonoli, A. Boozer, A. Bortolon, D. Boyle, 
D. Brennan, J. Breslau, R. Buttery, J. Canik, G. Caravelli, C. Chang, N. Crocker, 
D. Darrow, B. Davis, L. Delgado-Aparicio, A. Diallo, S. Ding, D. D’Ippolito, 
C. Domier, W. Dorland, S. Ethier, T. Evans, J. Ferron, M. Finkenthal, J. Foley, 
R. Fonck, R. Frazin, E. Fredrickson, G. Fu, D. Gates, S. Gerhardt, A. Glasser, 
N. Gorelenkov, T. Gray, Y. Guo, W. Guttenfelder, T. Hahm, R. Harvey, 
A. Hassanein, W. Heidbrink, K. Hill, Y. Hirooka, E. Hooper, J. Hosea, 
D. Humphreys, K. Indireshkumar, F. Jaeger, T. Jarboe, S. Jardin, M. Jaworski, 
R. Kaita, J. Kallman, O. Katsuro-Hopkins, S. Kaye, C. Kessel, J. Kim, E. Kolemen, 
G. Kramer, S. Krasheninnikov, S. Kubota, H. Kugel, R.L. Haye, L. Lao, B. LeBlanc, 
W. Lee, K. Lee, J. Leuer, F. Levinton, Y. Liang, D. Liu, J. Lore, N. Luhmann, 
R. Maingi, R. Majeski, J. Manickam, D. Mansfield, R. Maqueda, E. Mazzucato, 
A. McLean, D. McCune, B. McGeehan, G. McKee, S. Medley, E. Meier, J. Menard, 
M. Menon, H. Meyer, D. Mikkelsen, G. Miloshevsky, D. Mueller, T. Munsat, 
J. Myra, B. Nelson, N. Nishino, R. Nygren, M. Ono, T. Osborne, H. Park, J. Park, 
Y. Park, S. Paul, W. Peebles, B. Penaflor, R. Perkins, C. Phillips, A. Pigarov, 
M. Podesta, J. Preinhaelter, R. Raman, Y. Ren, G. Rewoldt, T. Rognlien, P. Ross, 
C. Rowley, E. Ruskov, D. Russell, D. Ruzic, P. Ryan, M. Schaffer, E. Schuster, 
F. Scotti, K. Shaing, V. Shevchenko, K. Shinohara, V. Sizyuk, C. Skinner, 
A. Smirnov, D. Smith, P. Snyder, W. Solomon, A. Sontag, V. Soukhanovskii, 
T. Stoltzfus-Dueck, D. Stotler, B. Stratton, D. Stutman, H. Takahashi, Y. Takase, 
N. Tamura, X. Tang, G. Taylor, C. Taylor, K. Tritz, D. Tsarouhas, M. Umansky, 
J. Urban, E. Untergberg, M. Walker, W. Wampler, W. Wang, J. Whaley, R. White, 
J. Wilgen, R. Wilson, K. Wong, J. Wright, Z. Xia, D. Youchison, G. Yu, H. Yuh, 
L. Zakharov, D. Zemlyanov, G. Zimmer, S. Zweben, Overview of physics results 
from the conclusive operation of the national spherical torus experiment, Nucl. 
Fusion 53 (10) (2013) 104007, https://doi.org/10.1088/0029-5515/53/10/ 
104007. 

[68] J. Berkery, S. Sabbagh, A. Thornton, A. Kirk, L. Kogan, J. Hollocombe, 
Disruptivity and Density Limits in MAST and other Tokamaks. APS Division of 
Plasma Physics Meeting Abstracts, in: APS Meeting Abstracts, volume 2018, 
2018, p. CP11.095. 

[69] E. Poli, G. Tardini, H. Zohm, E. Fable, D. Farina, L. Figini, N. Marushchenko, 
L. Porte, Electron-cyclotron-current-drive efficiency in DEMO plasmas, Nucl. 
Fusion 53 (1) (2012) 013011, https://doi.org/10.1088/0029-5515/53/1/ 
013011. 

[70] D.R. Mikkelsen, C.E. Kessel, F.M. Poli, N. Bertelli, K. Kim, Survey of heating and 
current drive for K-DEMO, Nucl. Fusion 58 (3) (2018), https://doi.org/10.1088/ 
1741-4326/aaa4d2. 

[71] L. Bromberg, M. Tekula, L. El-Guebaly, R. Miller, Options for the use of high 
temperature superconductor in tokamak fusion reactor designs, Fusion Eng. Des. 
54 (2) (2001) 167–180, https://doi.org/10.1016/S0920-3796(00)00432-4. 

[72] Y. Zhai, C. Kessel, L. El-Guebaly, P. Titus, Magnet design considerations for fusion 
nuclear science facility, IEEE Trans. Appl. Supercond. 26 (4) (2016) 1–5, https:// 
doi.org/10.1109/TASC.2016.2532921. 

[73] C. Windsor, J. Marshall, J. Morgan, J. Fair, G. Smith, A. Rajczyk-Wryk, J. Tarragó, 
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