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 A B S T R A C T

The Spherical Tokamak for Energy Production (STEP) programme aims to deliver a UK prototype fusion energy 
plant, targeting 2040, and a path to commercial viability of fusion. The conceptual design of such a prototype, 
meeting engineering and physics constraints, is complex due to the compact nature of spherical tokamaks. 
The STEP-Bluemira design framework addresses these challenges by providing optimisation tools that simplify 
the design process, enabling a rapid, integrated workflow for quick evaluation and improvement of design 
concepts. This work reports recent progress in the STEP-Bluemira power plant design framework, focusing on 
newly added capabilities for nested optimisation of poloidal field (PF) coil positions and currents with critical 
current constraints. A keep-in-zone module is introduced, that defines regions for PF coils based on spatial 
compatibility with the central solenoid, toroidal field coils, and other components. New methods for calculating 
critical current density for PF coils, based on superconducting properties and critical surface parameterisation, 
are also added. This paper highlights these advancements through a case study based on the STEP baseline 
design.
1. Introduction

Fusion has the promise to be a key component of the safe, sustain-
able, clean and decarbonised energy mix for the future — reducing the 
reliance on fossil fuels and mitigating the climate crisis. To make this 
promise a reality, a number of concepts have been explored within the 
fusion community in the last few decades, one of which is the spherical 
tokamak concept. With a compact design (lower aspect ratio), high 𝛽
(ratio of plasma pressure to magnetic pressure) and a high bootstrap 
current (self-generated current by the plasma itself), spherical tokamaks 
offer efficient plasma confinement, reduced need for external current 
drives for steady state operation, and a cost effective alternative to 
conventional tokamaks.

The Spherical Tokamak for Energy Production (STEP) is the UK’s 
public–private programme with the mission to deliver a UK prototype 
fusion energy plant and a path to the commercial viability of fusion [1,
2]. The aim is to produce net energy by 2040, with a target export 
of 100 MW of electricity (100 MWe) to the grid [3], ensure tritium 
self-sufficiency, and develop a viable maintenance scheme to support 
the availability of commercially relevant plants. Achieving this goal 
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requires a structured and adaptive design strategy to navigate the com-
plexities and interdependencies between plasma physics, engineering 
constraints, and plant integration.

The design process for the STEP prototype follows an iterative, 
evolution-driven approach. A Concept Maturity Level (CML) struc-
ture [4] guides the progression of a design from early-stage concepts 
to a fully mature and validated system. This is supported by decision-
making based on measures of effectiveness—such as net power output, 
fuel self-sufficiency, safety and environmental factors, maintainabil-
ity, development flexibility, schedule, and cost [3]—aligning with the 
programme’s performance targets.

To support this, a rapid and integrated workflow is required to 
manage design challenges, facilitate quick feasibility assessments, and 
enable the early identification of potential issues. This rapid workflow 
was previously described in [5], where the PROCESS [6] systems code 
was used to establish an initial design point using simplified 0-D/1-
D models, followed by iterations with the plasma codes JETTO [7] 
and FIESTA [8] to refine fidelity. Furthermore, Bluemira [9], an open-
source multi-fidelity design framework, was used to generate CAD 
models, integrating these tools into a more cohesive design process.
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Table 1
Key Parameters for STEP baseline design.
 Fusion Power 1600–1800 MW 
 Net Electric Power 100–200 MWe  
 Major Radius 3.6 m  
 Magnetic Field 3.2 T  
 Elongation 2.93  
 Triangularity 0.5  
 Inboard Radius 1.6 m  
 Plasma Current 20–25 MA  
 Aspect Ratio 1.8  
 Tritium Breeding Ratio 1.17  

Building upon this foundation, Bluemira has further expanded its 
capabilities to enhance tokamak design automation and optimisation 
in recent years. Recent developments include the incorporation of 
spherical harmonic flux constraints [10], radiation heat load models, 
first-wall contour designs [11], and critical current models for nested 
optimisation of the PF coils.

This paper details some of these recent advances in the STEP-
Bluemira power plant design framework, highlighting newly integrated 
critical current constraints and keep-in-zone modules for the nested 
optimisation of PF coil positions and currents. These functionalities 
further strengthen Bluemira’s role in accelerating the STEP design 
process.

It is important to note that this paper is not a detailed STEP design 
study but a demonstration of Bluemira’s capabilities to facilitate and 
accelerate an automated rapid design workflow for the current and 
ongoing STEP design process, illustrated through a case study based on 
the STEP baseline design. A more detailed breakdown of the scientific 
and engineering design concepts for STEP baseline is available in the 
special issue of Philosophical Transactions A, published by the Royal 
Society [12].

The paper is structured as follows. A high-level overview of the 
STEP baseline design is presented in Section 2, followed by the STEP-
Bluemira design workflow in Section 3. The critical current models 
for STEP PF coils and the implementation of these constraints in the 
optimisation process are discussed in Section 4. Section 5 introduces the 
keep-in-zone module, which supports the simultaneous refinement of 
STEP PF coil positions and currents using Bluemira. A demonstration of 
these capabilities for the STEP baseline design is presented in Section 6, 
followed by the summary and future outlook in Section 7.

2. STEP baseline design: a high-level overview

The STEP baseline concept (CML5 design point) [3] features a 
spherical tokamak with a double null plasma, a major radius of 3.6𝑚, 
an aspect ratio of (𝐴 = 1.8), an inboard radius of 1.6𝑚, high elongation 
(𝜅 = 2.93), triangularity (𝛿 = 0.5) and an on-axis magnetic field of 3.2 𝑇 . 
The key design parameters are listed in Table  1.

The main driver of this design point was to maximise the inboard 
build space while minimising the major radius. The compact aspect 
ratio of this design means that inboard breeding is not feasible. To 
ensure fuel self-sufficiency with a tritium breeding ratio of 1.17, a 
helium-cooled liquid lithium breeder blanket is proposed for the out-
board region [13]. A double-null configuration with a Super-X outer 
leg divertor was chosen [14] to effectively manage heat loads, as the 
double-null setup pushes more power to the outboard side, where the 
Super-X geometry spreads the heat over a larger area, reducing peak 
thermal load on the divertor components. Electron Cyclotron (EC) and 
Electron Bernstein Waves (EBW) were selected for heating and current 
drive to optimise current drive efficiency while minimising spatial 
requirements. Since EC requires a high toroidal field and EBW a low 
field, a toroidal field of 3.2 𝑇  was chosen to support both. Achieving 
this field within the limited major radius required the use of high-
temperature superconductor (HTS) magnets [15], with REBCO (Rare 
2 
Table 2
Bluemira capabilities.
 Interface to 0/1-D PROCESS systems code  
 Interface to 1.5-D PLASMOD transport and fixed boundary equilibrium solver  
 2-D fixed and free boundary equilibrium solvers  
 3-D magnetostatics solvers  
 3-D geometry and CAD  
 Simplified dynamic tritium fuel cycle model  
 Axis-symmetric CSG (Constructive solid geometry) CAD models for neutronics [18] 

Earth Barium Copper Oxide)-based HTS being the preferred choice. HTS 
conductors operating at ∼ 20K provide greater thermal capacity than 
low-temperature superconductors, and their ability to remain supercon-
ducting over a wider temperature range enables segmented, resistively 
jointed TF coils, which are essential for STEP’s vertical maintenance 
approach [16].

The baseline design forms a crucial foundation for STEP, yet there 
are several key aspects and technology challenges that extend beyond 
it. As the design evolves, specifications are refined through iterative 
testing, integrating advanced technologies to enhance performance, 
and addressing emerging engineering challenges [17]. This paper fo-
cuses on the STEP baseline scenario, showcasing Bluemira’s added ca-
pabilities in the early stages of design maturation within the integrated 
workflow, as elaborated in the following section.

3. STEP-Bluemira design workflow

Bluemira is an integrated, inter-disciplinary and open-source design 
tool that offers multi-fidelity modelling at different stages in typical 
tokamak design processes. The STEP-Bluemira design framework lever-
ages these capabilities for spherical tokamaks for the STEP programme. 
Use of Bluemira for STEP provides design optimisation capabilities at 
different levels of fidelity throughout the design process. Table  2 lists 
some of the various capabilities of Bluemira, highlighting its range of 
tools for design and analysis.

A typical STEP-Bluemira design workflow is illustrated in Fig.  1. For 
a given STEP design point, the workflow relies on the following inputs:

1. the fixed-boundary equilibrium file from the 1.5D transport code 
JETTO,

2. the initial radial build from the systems code PROCESS, and
3. a set of configuration and design parameter files specified by the 
user.

Bluemira provides an integrated interface for running PROCESS and 
importing its output files directly within the tool. PROCESS includes 
stress models [19] for the structural materials in the inboard build 
and outputs the radial build parameters that meet these constraints. 
Therefore, the radial build parameters read from the PROCESS output 
are taken as inputs for Bluemira. Once the parameters are read, the 
global parameter frame (a data-class Bluemira uses to hold a collection 
of design parameters) is updated and fed into the subsequent design 
phases.

The design process begins with the fixed-to-free-boundary equilib-
rium solver. The solver produces an initial free-boundary equilibrium 
that matches the Last Closed Flux Surface (LCFS) of the fixed-boundary 
equilibrium obtained from the JETTO output file. Initial PF coil posi-
tions, as specified in the configuration files, are used to define prelim-
inary ′keep-in′ zones for the magnets (see Section 5). These initial coil 
positions are typically guided by insights from prior design studies but 
are subsequently optimised within the defined keep-in zones during the 
design process.

The workflow then advances to the most computationally intensive 
phase (several minutes in a laptop): the magnetic cage optimisation 
loop. This stage involves the coupled optimisation of equilibrium and 
magnet design, including TF coil ripple optimisation, PF coil position-
current optimisation under various engineering constraints, and outer 
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Fig. 1. STEP-Bluemira design workflow. Green boxes refer to the external codes that provide design inputs for Bluemira. Blue and pink boxes are the stages of the magnetic cage 
optimisation loop, with arrows indicating their sequence, and pink highlighting steps relevant to this work. Orange boxes represent the design phases of in-vessel components. 
Available post-processing tools are colour-coded in yellow. Each step produces output including CAD.
field optimisation, which adjusts PF coil currents to improve the shape 
of the divertor legs using spherical harmonic constraints [10,20].

The loop continues until a termination condition is met. At present, 
it compares the positions of the TF coil outboard leg between two con-
secutive iterations. If the difference falls below a user-defined thresh-
old, the optimisation is considered to be converged, and the loop 
terminates. Once the magnetic cage design is finalised, the workflow 
proceeds to designing the thermal shield, first wall (including the 
divertor), blanket, and vacuum vessel.

The steps relevant to this paper are highlighted in pink in Fig. 
1 and elaborated in Sections 4 and 5. Each step generates outputs, 
including CAD models, that can be integrated into other software for 
more detailed studies.

4. Implementation of critical current constraints in STEP-Bluemira

STEP will employ high-temperature superconducting magnets in its 
PF coils, with REBCO (Rare Earth Barium Copper Oxide) tapes being the 
preferred choice. The current in a superconductor is limited by a critical 
current, i.e. the maximum current a superconducting material can carry 
while maintaining its superconducting state. It varies from one super-
conducting material to the other, and depends on the magnetic field 
conditions and temperature. In real-world applications, the engineering 
critical current density is of primary interest, as it incorporates not only 
the intrinsic material properties but also practical engineering factors 
like tape architecture, cooling efficiency, and safety margin.

4.1. Critical current models for a single REBCO Tape

4.1.1. Uglietti scaling law
The field-temperature dependence of the critical current densities of 

REBCO tapes can be described by the empirical scaling law introduced 
by Uglietti et al. [21]: 

𝐽𝑐 (𝐵, 𝑇 ) = 𝐴
𝐵0(𝑇 )𝛽

𝐵

(

𝐵
𝐵0(𝑇 )

)𝑝 (

1 − 𝐵
𝐵0(𝑇 )

)𝑞
(1)

where 𝐵0(𝑇 ) = 𝐵0

(

1 − 𝑇
𝑇0

)𝛼
.

This scaling law includes six fitting parameters (𝛼, 𝛽, 𝑝, 𝑞, 𝐵0, 𝑇0) and 
a scaling parameter 𝐴. The parameters must be fitted to the specific 
characterisation data of the REBCO tape in question.

Different sets of parameters fitted to published data by manufactur-
ers are available in literature. For demonstration purposes, two sets of 
parameters have been included in STEP-Bluemira framework as default:
3 
1. a low 𝐼𝑐 parameterisation by Wolf et al. [22], and
2. a high 𝐼𝑐 parameterisation by Zhai et al. [23].

Note that the original Uglietti scaling was formulated for the critical 
current rather than the engineering critical current density, and in this 
study the necessary adjustment is incorporated into 𝐴. The parameter A 
is transformed into a function A(T) [6] based on a Newton polynomial 
fit considering 𝐴 (4.2 K) = 2.2 × 108, 𝐴 (20 K) = 2.3 × 108 and 𝐴 (65 K) =
3.5 × 108 to fit the data from Hazelton et al. [24].

4.1.2. Durham scaling law
The Uglietti scaling law (1) has been widely adopted for Cross-

Conductor (CroCo) and Conductor on Round Core (CORC) cables [22,
23]. However, it does not explicitly account for strain dependence 
in critical current, which can be an important factor in REBCO ca-
ble performance. The Durham scaling law was developed as a more 
comprehensive approach, incorporating strain as a variable using a for-
mulation derived from Ginzburg–Landau theory [25] and experimental 
parameterisation [26–28]. This makes it applicable to a broader range 
of REBCO cable designs by considering strain effects, which depend 
on cable architecture, manufacturing processes, and electromagnetic 
loads. The model was developed using extensive HTS tape character-
isation data from Durham University [27] and is fully compatible with 
the existing cable-in-conduit superconducting model in system code 
PROCESS.

The Durham scaling law models the engineering critical current den-
sity of superconductors as a function of magnetic field 𝐵, temperature 
𝑇 , and axial strain 𝜀 [27]: 
𝐽𝑐,ENG (𝐵, 𝑇 , 𝜀𝐼 ) = 𝐴∗(𝜀)

[

𝑇 ∗
𝑐 (𝜀𝐼 )(1 − 𝑡2)

]2

⋅
[

𝐵∗
𝑐2(𝑇 , 𝜀𝐼 )

]𝑛−3
⋅ 𝑏𝑝−1(1 − 𝑏)𝑞

(2)

where 𝑡 = 𝑇
𝑇𝑐

and 𝑏 = 𝐵
𝐵𝑐2

.

Here, 𝜀𝐼  is the intrinsic strain, 𝑇𝑐 is the critical temperature and 𝐵𝑐2 is 
the upper critical field. The law includes three flux pinning field scaling 
parameters (𝑝, 𝑞, 𝑛), and a strain-dependent parameter 𝐴∗(𝜀).

Parameters fitted to measurements by Branch et al. [27], Braccini 
et al. [26], and Chislett-McDonald [28] are included in STEP-Bluemira 
as defaults. The strain dependences of 𝑇𝑐 and 𝐵𝑐2 are taken from [28]. 
It is important to note that these default parameters should be used 
only within their interpolation ranges, i.e. 0 T < 𝐵 < 14 T and 4.2 K <
𝑇 < 60 K.

Note that these default parameters are for reference only. For STEP, 
the user must fit the parameters to measurement data that reflect the 
superconducting properties of REBCO in STEP PF coils under conditions 
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Table 3
Typical PF coils in STEP.
 Coil (upper) Placements Functions  
 P3 Inboard of the X–point Elongation control, plasma 

triangularity and inner 
divertor leg shaping

 

 P4 Outboard of the X–point Simultaneous control of the 
inboard and outboard 
divertors

 

 P5 Between the outer divertor 
and TF coil

Divertor outer leg shaping  

 P6 Vertically between the outer 
divertor and the core

Divertor outer leg shaping  

 P7 Radially outboard Core plasma shaping  
 S1 Near the X-divertor null Divertor inner leg shaping  
 S2 Above the central solenoid Divertor inner leg shaping  

as close as reasonably possible to those within STEP. An update on 
recent progress in understanding REBCO coated conductors in the 
fusion environment relevant to STEP can be found in [29].

4.2. Implementation in Bluemira

To guarantee that the optimised coil currents stay within their 
operating limits (i.e. the coils stay in superconducting states), it is 
crucial to include the critical current as a constraint in PF coil current 
optimisation. Despite HTS comprising only a small fraction of the coil 
cross-section, its properties play a crucial role in the operational stabil-
ity of the PF coil, as its superconducting characteristics fundamentally 
determine the coil’s current-carrying capacity.

The engineering critical current densities given by the equations (1) 
or (2), are used to derive the critical current density limits for a single 
REBCO tape based on its properties, operating conditions (magnetic 
field and temperature), and a safety margin (to ensure safe operation 
and to account for various uncertainties). The framework requires the 
user to specify these coil properties, select a scaling law (Uglietti or 
Durham law) with fitted parameters, and the desired safety margin in 
the configuration files. If no specific model or parameters are provided, 
the Uglietti scaling law is used by default.

The critical current of a PF coil depends on its design, dimensions, 
and the combined critical currents of its constituent tapes. Coil dimen-
sions are typically determined by the winding pack design to ensure 
that the critical current limits are met. At this stage, we are in the 
early phase of concept generation, where rapid evaluation of multiple 
design concepts is essential. Consequently, detailed optimisation of 
the winding pack for each iteration is impractical and has not yet 
been integrated into the workflow described in Section 3. Instead, we 
assume conservative cross-sections with safety margins, following [8], 
and assume uniform current distribution throughout the winding pack.

The critical current density limits are imposed as inequality con-
straints during PF coil engineering optimisation. In each iteration of the 
optimisation routine, the critical current density of a single REBCO tape 
is calculated based on the magnetic field and temperature conditions 
at the centre of the coil. The current density of the PF coil is then 
evaluated by comparing the ratio of the total coil current to the 
effective winding pack area against the critical current density of the 
individual REBCO tape. If the ratio exceeds the critical current density, 
within the defined safety margin, the optimisation routine adjusts the 
design parameters to ensure that the coil operates within the critical 
current density constraints.

Although the dependence of critical current on field orientation with 
respect to the tapes is not explicitly considered in the scaling laws 
used above, we acknowledge that anisotropic effects can influence the 
performance, and this may be incorporated in future refinements of the 
code.
4 
Fig. 2. Typical PF coil locations and typical permitted zones (grey) in the upper 
poloidal plane for the STEP baseline design (unoptimised representation).

5. Keep-in-zone module for PF coil position optimisation

STEP will feature seven pairs of PF coils, symmetrically arranged 
across the 𝑥-axis at the midplane of the tokamak. A key design choice 
for STEP is placing all PF coils within the TF cage (but outside the 
vacuum vessel) [15]. Their proximity to the plasma chamber provides 
added flexibility, allowing accommodation of a wide range of plasma 
configurations and advanced divertor geometries, while maintaining 
relatively low coil currents [8,30]. This is particularly important for ad-
vanced exhaust solutions, like the Super-X divertor, which requires ad-
ditional PF coils to control the extended outer leg and achieve effective 
poloidal flux expansion for heat load management. Such compact de-
sign does impact both inboard shielding and outboard breeding space, 
but careful consideration was given to strike a balance [3]. Regarding 
maintenance, STEP will adopt a modular inter-coil structure [15], 
where each module can be demounted and removed vertically, thanks 
to the remountable TF coil joints. This modular approach will simplify 
PF coil maintenance, despite their placement within the magnetic cage.

The initial spatial layout of the coils considers compatibility with TF 
coils, remote maintenance access, diagnostic port locations, and other 
in-vessel components. A typical PF coil arrangement in the upper half 
of the poloidal plane is shown in Fig.  2, based on preliminary radial 
build assumptions as in [8], with their key functions summarised in 
Table  3. The P3 coils, situated inboard of the main X-point, manage 
plasma elongation, maintain high triangularity, and define the inner 
divertor leg, with their positioning influenced by shielding and divertor 
configurations. P4 coils balance the inboard and outboard divertors, 
with their axial placement constrained by the TF coils’ height. The P5 
and P6 coils jointly shape the outer divertor leg. P5 coils are positioned 
farther from the plasma to reduce shielding requirements. P6 coils, 
while closer to the plasma, have strict spatial constraints; being too 
close to the core plasma can make the last closed flux surface (LCFS) 
concave, which is undesirable, whereas being too far radially can 
limit the achievable flux expansion, potentially compromising exhaust 
performance. The P7 coils generate the vertical field to control plasma 
radial position, with their placement influenced by the toroidal field 
coils’ radial extent. Additionally, two pairs of quasi-solenoid coils tailor 
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the inner divertor legs’ shape, though their limited space necessitates 
high current densities and presents engineering challenges.

Optimising the positions of these PF coils, adhering to these spatial 
constraints, is critical to achieving their intended functions, includ-
ing the desired plasma shape, divertor control, and overall plasma 
stability. Bluemira has the capability of nested current-position op-
timisations, given user-defined ‘‘keep-in-zones’’, as discussed in the 
following sections.

5.1. Nested current-position optimisation for PF coils

The nested current-position optimisation method, originally devel-
oped for pulsed tokamaks in Bluemira [9], has been adapted in this 
work for non-pulsed spherical tokamaks. This method optimises coil 
positions and currents separately, with the current optimisation nested 
within the position optimisation. The PF coil positions are optimised 
within user-defined two-dimensional keep-in-zones, the optimisation 
objective being that of the current sub-optimisation problem. The objec-
tive function of the current optimisation is user-defined and tailored to 
the specific goals of the design study. For instance, the objective could 
be to minimise coil currents or to reduce the error in achieving a set of 
magnetic field targets, with regularisation on currents (a penalty term) 
to avoid excessively large values. The current sub-optimisation problem 
typically involves one or more constraints.

The nested current-position optimisation assumes the plasma is fixed
and that the plasma’s effect on various constraints remains largely 
unchanged during the subsequent equilibrium convergence. This as-
sumption holds as the input equilibrium is always a previously con-
verged solution of the Grad-Shafranov (GS) equation [31]. For instance, 
the first iteration uses the initial free-boundary equilibrium from the 
fixed-to-free boundary solver, while subsequent iterations use the con-
verged equilibrium from the prior outer field optimisation phase. This 
approach accelerates the overall optimisation process.

After optimising positions and currents for a fixed plasma, a Picard 
iteration scheme re-solves the GS equation and re-optimises currents. 
Together, the nested optimisation and the Picard iteration scheme con-
stitute the PF coil engineering optimisation phase within the workflow 
in Fig.  1.

5.2. Keep-in-zone module

To apply the nested current-position optimisation for STEP, a ded-
icated keep-in-zone module has been developed. The module defines 
rectangular zones in the xz-plane and lets users select which PF coils to 
optimise. The dimensions of the keep-in-zones are customisable: users 
can set initial values to guide the optimisation process.

Throughout the magnetic cage optimisation loop, the keep-in-zone 
module automatically adjusts zone dimensions when clashes are de-
tected with components such as the central solenoid (CS) or the TF 
coils. For instance, the initial keep-in-zones (Fig.  2) are created with 
respect to the initial coilset positions prior to the start of magnetic 
cage optimisation (see Fig.  1). However, as the TF and CS coils are 
designed, or if changes occur (e.g., shifts in the outer leg position of the 
TF coils during ripple optimisation), these zones must be dynamically 
resized. This iterative adjustment avoids clashes with components while 
ensuring optimal magnetic configuration and maintaining tokamak 
performance.

The keep-in zones are incorporated into the position optimisation 
phase using the position-mapping tool of Bluemira [9]. The position 
mapper uses a set of geometry interpolators to convert the (x,z) co-
ordinates to normalised parametric-space values and vice-versa. In 
each iteration of the outer loop of the nested optimisation, the opti-
miser updates the coil positions based on the objective function, using 
the position mapper to convert the updated parametric-space values 
back to (x, z) coordinates. This process continues until the optimiser 
5 
converges, minimising the figure of merit. Bluemira supports a num-
ber of optimisation algorithms, based on the Non-Linear Optimisation 
(NLOpt) [32] library. The users can specify their choice of the algorithm 
and optimisation conditions (e.g. the maximum number of iterations, 
tolerances etc.) in the configuration files.

6. Case study

This section demonstrates how the keep-in-zones and critical cur-
rents are applied in the PF coil engineering optimisation within the 
STEP-Bluemira design workflow for the STEP baseline design.

The output file from a previous PROCESS run and the fixed-
boundary equilibrium file from JETTO corresponding to the Baseline 
configuration are used as inputs. Fig.  3(a) and Fig.  3(b) illustrate the 
radial build from PROCESS and the fixed-boundary equilibrium from 
JETTO respectively. The design parameters, build configuration, and 
initial estimates for coilset currents and positions are also provided 
as inputs. We take the initial coilset definitions from previous design 
points, which are shown in Fig.  3(c).

Adhering to the design workflow outlined in Section 3, the first 
phase of the magnetic cage loop involves solving an unconstrained 
Tikhonov Current Gradient problem using the fixed-to-free boundary 
equilibrium solver. The objective is to optimise the current gradient 
vector, minimising the error in the L2-norm of a set of isoflux points. 
This solution provides a sensible initial guess for the starting equilibria, 
referred to as the reference free boundary equilibrium, which helps 
accelerate the subsequent optimisation process. The reference free 
boundary equilibrium is then used to inform the subsequent stages of 
the magnetic cage loop, which include the design and optimisation of 
both the equilibrium and the magnets.

The optimisation process begins by defining the keep-in-zones for 
the coils whose positions are to be optimised. In this particular demon-
stration, coils 3, 4, and 6 were selected for position optimisation, with 
their locations adjusted to remain within these predefined zones. Due to 
the symmetric design of the coilset, the positions of the corresponding 
coils along the negative 𝑧 axis were automatically adjusted to mirror 
those on the positive 𝑧 axis. COBYLA (Constrained Optimisation BY 
Linear Approximations) algorithm [33], a gradient-free method, was 
chosen for position optimisation due to its stability and minimal need 
for parameter tuning. This position optimisation is part of the Engi-
neering optimisation stage (see bottom right pink box in Fig.  1), which 
employs the nested optimisation approach (see Section 5.1). In this 
approach, position optimisation serves as the upper-level optimisation, 
while current optimisation is treated as the nested sub-optimisation for 
each evaluation of the coil positions.

For each evaluation of the positions of the selected optimisation 
coils (coils 3, 4, 6, and their symmetric counterparts), the currents of
all PF coils were optimised. At each step, the total magnetic field at 
the PF coil centre coordinates was determined, and the critical current 
densities were calculated for that field at a default assumed temperature 
of approximately 5.5K (chosen to provide a conservative margin for 
critical currents). These critical current densities were then applied 
as constraints to ensure that the optimised coil currents remained 
within operational limits. A Sequential Least Squares Quadratic Pro-
gramming (SLSQP) algorithm [34] was chosen for current optimisation. 
SLSQP uses gradient information to achieve faster convergence and is 
particularly effective for problems with constraints.

The current sub-optimisation problem (and hence the nested optimi-
sation) was assessed using a figure of merit that combined the L2 norm 
of the error in the magnetic field targets with Tikhonov regularisation 
applied to the coil currents. A set of isoflux points on the LCFS and the 
LCFS null points were chosen as the magnetic targets. The Tikhonov 
regularisation stabilises the solution by penalising large coil currents. 
This was particularly useful in supporting the design of an extended 
divertor leg shape (see the right plot in Fig.  4(a)), where the focus 
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Fig. 3. Inputs to the workflow.
was placed on achieving the desired magnetic field configuration rather 
than minimising the coil currents.

The final optimised equilibrium and updated coilset positions at the 
end of the magnetic cage loop are shown in the right plot of Fig.  4(a). 
Fig.  4(b) illustrates the relative differences in the poloidal magnetic flux 
between the reference and optimised equilibria, providing an indication 
of the optimisation’s impact on the magnetic configuration.

A zoomed comparison of the coilset before and after optimisation 
can be seen in Fig.  5, where the colours red and blue correspond to the 
reference and optimised coilset. As seen in the zoomed comparison, the 
initial keep-in-zones (red shaded boxes) for the coils P3 and P4 were 
found to overlap with the TF coils, prompting a dynamic resizing of 
these zones during the optimisation process, as indicated by the black-
shaded resized zones. While the initial keep-in-zone dimensions were 
set based on approximate spatial considerations of other components, 
the optimisation process allowed for subtle adjustments where neces-
sary, ensuring the final design is both feasible and optimally configured. 
The figure also shows that the optimisation process pushed the PF coils 
right up to the spatial limits defined by their keep-in-zones, implying 
that the available spatial envelope is being fully utilised. This indicates 
that the design is tightly constrained by the keep-in-zone boundaries.

In this study, we assumed that the sizes of the PF coils were fixed, 
and the optimisation focused solely on adjusting the currents and 
positions of the selected PF coils. As a result, despite the currents in 
the PF coils changing (e.g., PF3’s current decreases from 10.72 MA to 
5.75 MA), its cross-sectional area remained unchanged, since coil size 
6 
was not optimised in this case. Future work will include optimisation 
of PF coil sizes as well.

The implemented features, including the keep-in-zone for nested 
optimisation and the critical current constraint in the PF coil engi-
neering optimisation phase, play a key role in the overall magnetic 
cage optimisation loop. These features ensure that the desired magnetic 
field configuration is achieved while maintaining engineering feasibil-
ity. This also supports further design goals, such as the design of an 
extended divertor leg shape for STEP. A detailed study on divertor 
design with STEP-Bluemira is ongoing and will be addressed in future 
publications.

7. Summary and future outlook

The paper outlined some of the newly added functionalities in 
the STEP-Bluemira power plant design framework, focusing on critical 
current constraints and a keep-in-zone module to facilitate nested 
optimisation of PF coil currents and positions.

Two critical current models for REBCO have been added: the widely 
used Uglietti law [21] and the more recent Durham law [26–28], 
which accounts for a range of cable designs and strain dependence. 
Both models provide users the option to input parameters based on 
the specific characterisation data of the REBCO tape being used. This 
is particularly important because the characterisation data for REBCO 
coated conductors for STEP are still unavailable, and the parameters 
fitted to these data should be used when applying them.
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Fig. 4. (a) Equilibria and coilset: before (left) and after (right) the magnetic cage optimisation. (b) Relative difference in poloidal magnetic flux between reference and optimised 
equilibria.
Fig. 5. A zoomed-in view of the reference (red) and optimised (blue) coils in the 
upper poloidal plane after magnetic cage optimisation. The red shaded boxes indicate 
the reference keep-in zones provided by the user, while the black shaded boxes show 
the updated zones after correcting for overlaps with the TF coil.

A key challenge in PF coil designs is optimising the positions of PF 
coils. A customisable keep-in-zone module has been integrated into the 
STEP-Bluemira framework that allows users to define regions in the XZ 
plane for coil position optimisation, enabling dynamic resizing in rela-
tion to other components throughout the magnetic cage optimisation 
loop. It also permits the optimisation of a subset of coils instead of the 
entire set.
7 
The case study demonstrated in the paper gives a simple example of 
the magnetic cage optimisation with Bluemira, focusing on the keep-in-
zones and critical current constraints applied in the PF coil engineering 
optimisation phase. Detail descriptions of individual stages within and 
after the loop are subject to future publications.

Moving forward, the framework will be expanded to account for 
PF coil winding pack design and a refined critical current calculation 
based on it. Currently, heat load calculations on PF coils are not 
included in our workflow, but we plan to address this in future studies. 
Detailed neutronic simulations are planned to evaluate the neutronic 
heat loads on the coils under various operational scenarios. Further 
refinement of the keep-in-zone regions will focus on providing adequate 
shielding from neutron flux, preserving the structural integrity and 
superconducting performance of the PF coils.
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