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Abstract
As efforts across the world to deliver fusion power enter their respective conceptual design
stages, many begin to encounter the difficulties of generating complete designs, evaluating
them, performing trade-off studies, and comparing different alternatives. Many organisations
successfully use fusion reactor systems codes with low-fidelity formulations of the critical
physics and engineering aspects to inform the initial design stage and steer them towards a
region of the design space they consider attractive, but struggle to explore the design space in
more depth. This work is an overview of the open-source tokamak reactor design framework,
BLUEMIRA, built from the BLUEPRINT (Coleman and McIntosh 2019 Fusion Eng. Des. 139
26–38; Coleman 2021 Thesis, University of Cambridge) and MIRA (Franza 2019 Development
and validation of a computational tool for fusion reactors system analysis; Franza F. et al 2022
Nucl. Fusion 62 076042) codes, which goes beyond the ‘classical’ systems code paradigm and
enables the user to parameterise their reactor designs at higher fidelity. Reactor design
workflows ranging from 0-D ‘radial build’ design, equilibrium design, to 3-D CAD and
automated neutronics analyses can be run within minutes. We present the functionality
implemented in the BLUEMIRA code and demonstrate its application to the conceptual design of
a conventional aspect ratio fusion reactor, performing an indicative design study over aspect
ratio and number of toroidal field coils.
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1. Introduction

As efforts across the world to deliver fusion power enter their
respective conceptual design stages, many begin to encounter
the difficulties of generating complete designs, evaluating
them, performing trade-off studies, and comparing different
alternatives. Many organisations, commercial or otherwise,
successfully use fusion reactor systems codes with low-fidelity
formulations of the critical aspects to inform the initial design
stage and steer them towards a region of the design space they
consider attractive.

Once there, however, progress has a tendency to slow down.
The nature of the problem inherently requires a broad set of
multi-disciplinary capabilities in order to be addressed coher-
ently. Different people using different tools must work in
unison on a single idea. Assumptions, geometry, load cases,
boundary conditions, and the like must be exchanged and eval-
uated separately and yet consistently. Many studies depend on
the results of other studies. Results must be post-processed,
analysed, and coherently combined, ultimately leading to
informed changes to the initial design.

Depending on the organisation, its staff and capabilities,
and the funding it controls, the process of changing a fusion
reactor design can be slow. Depending on the change, dozens
of domain experts may be called upon to perform analysis
or design activities using different geometry, plasma scenar-
ios, load cases, etc. Few are the tokamak systems that can
be designed in isolation. Typically, many weeks or months
are necessary before a design change can be properly evalu-
ated and a decision made on whether or not to include it in
the design point. Significant or more fundamental changes,
e.g. alternative magnet concepts or changes to key machine
parameters, such as aspect ratio, can languish in study for
years.

More often than not, a fusion reactor design effort will cen-
tre its focus on a single reactor design and, at best, perform a
few high-level trade-off studies around that point using 0/1-D
systems codes. As a result, the conceptual design phase typi-
cally involves a small number of incremental iterations around
an initial design point studied in depth, rather than a system-
atic exploration of the broader parameter space and an equally
thorough investigation of alternative concepts. In a field as
uncertain as nuclear fusion, and with designs as complicated
as tokamaks, this is hardly an ideal situation.

Several authors have made the same observations and pro-
posed frameworks to address it: MIRA [1, 2], BLUEPRINT [3,
4], FUSE [5, 6], and FREDA [7]. These codes were designed
to accelerate the fusion reactor design process, combining
higher fidelity models and parameterised routines to develop
and analyse fusion reactor concepts faster and in more depth.
More organisations may be working on similar frameworks,
but as many of the best-funded fusion programmes are now

commercial in nature, they may not be willing or at liberty to
publish their work.

In this work, we present our take on addressing this prob-
lem: the tokamak reactor design framework BLUEMIRA, which
is the result of a collaboration betweenUKAEA andKIT, com-
bining BLUEPRINT and MIRA. Both these codes had a similar
starting point (a radial build from a traditional systems code)
and a similar scope (designing a reactor in more detail in 2-D
and 3-D, performing a variety of typical tokamak design activ-
ities). They alsowere both primarily developed for EU-DEMO
design studies, and thus were well-suited for amalgamation.

We make the following distinction here between ‘systems
code’ and ‘reactor design framework’: a systems code solves
a pre-defined reactor optimisation problem self-consistently,
returning an optimum. A reactor design framework may be
used to construct parameterisations of reactor concepts, and
then used to incrementally modify certain aspects in response
to evolving demands. The former is more commonly used for
design exploration and sensitivity studies, the latter is more
commonly used for to rapidly perform design iterations on an
existing concept. Whilst a systems code may be to some extent
used as a ‘black-box’, a reactor design framework includes
engineers in the optimisation process; giving them the build-
ing blocks to parameterise their design, and proceduralise their
design process.

We first discuss the general use cases and requirements for
a tokamak reactor design framework. In the second section, we
introduce the BLUEMIRA code, describing it in broad terms. In
the third section we describe some of the individual modules
in more detail, and in the fourth section we describe the nature
of design procedures in BLUEMIRA by means of an example.
Finally, in sections five, six, and seven we demonstrate the
application of the BLUEMIRA code in a series of case studies
on a particular reactor design problem: a conventional aspect
ratio power reactor, before discussing our work and presenting
our conclusions.

1.1. Fusion reactor conceptual design phases

At present, globally, a wide range of conceptual fusion reactor
studies are underway. Many publicly-funded research bodies
are working on fusion reactor concepts, such as EUROfusion
with EU-DEMO [8], UKAEA/UKIFS with STEP [9], vari-
ous Chinese institutions with CFETR [10], various Japanese
institutions with JA DEMO [11], NFRL with K-DEMO [12],
and a variety of studies in the US, e.g. [13, 14]. These studies
are continuing a body of historical conceptual fusion reactor
design studies in the field, most of which focus on tokamaks,
see [15]. Over the last decade, a number of notable privately-
funded entities have also embarked on their own fusion reactor
design studies, such as Commonwealth Fusion Systems with
ARC [16, 17] and Tokamak Energy [18]. Some of these private
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entities are spin-offs from national laboratories, and continue
to work alongside publicly-funded institutions by means of
collaboration agreements or public-private partnerships. The
majority of these fusion start-ups focus on magnetically con-
fined fusion, with the more established focussing on tokamaks
or stellarators.

These studies are, without exception, so-called ‘academic
reactors’ [19], and should be treated as such.

The conceptual design phases of fusion power reactors
presently underway in the world have a lot in common: (i)
they are plagued with high uncertainties, in particular in terms
of plasma performance; (ii) they rely upon a cocktail of non-
existent and/or low-maturity technologies; (iii) relatively few
design decisions, technological choices, and parameters are set
in stone.

1.2. Requirements for a tokamak fusion reactor design
framework

Here we outline our views on what is required for a tokamak
fusion reactor design framework.

The overall mission of a tokamak fusion reactor design
framework, as we see it, is to support physicists and engineers
carrying out the conceptual and engineering design of tokamak
fusion reactors.

Based on observations of fusion reactor design efforts, we
foresee the following use cases:

(i) Generation of conceptual tokamak reactor design points
(ii) Modification of an existing reactor design point
(iii) Exploration of the design space of a particular reactor

concept
(iv) Comparison of alternative sub-system and reactor con-

cepts

For any design framework to be as useful as possible, to as
many people as possible, the following aspects are important:

(i) Ease of access (licence, installation, platform depen-
dency, etc)

(ii) Ease of use (application programming interface (API)
design, language, etc)

(iii) Ease of understanding (documentation, tutorials, exam-
ples, training, etc)

(iv) Ease of interoperability (file I/O, unit conventions, visu-
alisation, etc)

(v) Robustness
(vi) Verification and validation

For tokamak design in particular, we consider the following
features as necessary components of a framework:

(i) 0/1-D systems code solver
(ii) 1.5-D plasma transport and equilibrium solver
(iii) 2-D magneto-hydrodynamic (MHD) equilibrium

solver(s)
(iv) 3-D magnetostatics solver(s)
(v) 2-D and 3-D geometry creation and manipulation

(vi) 2-D and 3-D radiation transport solver(s)
(vii) 2-D and 3-D finite element solver(s)
(viii) Material properties
(ix) Fuel cycle model
(x) Power balance model
(xi) Cost model

In terms of fidelity and run-time performance, it is vital
that a balance is struck. Users must be able to perform a
run quite quickly, that is to say, within a matter of minutes.
However, they must also be able to perform runs at variable
levels of fidelity, such that when one hones in on a particular
design point, it can be run at higher fidelity, with commensu-
rate increases in run-time.

Furthermore, the functionality offered should be generic,
such that it is applicable to as many tokamak reactor designs as
possible, and modular, such that somebody interested specifi-
cally in e.g. plasma equilibria, need not interact with the fuel
cycle or cost models.

2. The BLUEMIRA framework

2.1. Status

In 2020, active development of the BLUEPRINT and MIRA
codes ceased, and since then some authors of these codes, and
many more people, have been working on the development of
a new fusion reactor design framework: BLUEMIRA.

BLUEMIRA version 1 was released in early 2023, and is
presently at version 2.15.0. A significant effort has gone in to
creating a stable software architecture that is capable of sup-
porting long-term modular development by multiple people in
different organisations. The architecture has been designed to
be less specific to any one tokamak concept, and easier to use
for non-experts.

BLUEMIRA is actively used on the EU-DEMO reactor design
[20], and in the STEP reactor design6 [21–24].

2.2. Software aspects

2.2.1. Licence. If commercial fusion power is ever to be
achieved, it will likely be the result of many decades of
research, most of which will not have been performed in the
entities which are ultimately successful. In the hope that it may
be useful for the community as a whole, and in the interests
of improving transparency in fusion research, we have chosen
to release BLUEMIRA open-source [25]7 distributed under the
LGPL 2.1+ licence [26].

LGPL 2.1+ is a weak copy-left, open-source licence that
allows for: commercial use, modification, distribution, and pri-
vate use. This licence does not provide a warranty or offer lia-
bility. The code is publicly available and leverages a variety
of open-source tools to perform automatic code functional and

6 The STEP team contributes regularly to the open-source BLUEMIRA reposi-
tory (generic features, issues, etc), but implements their reactor design param-
eterisation in a separate, closed-source repository.
7 https://github.com/Fusion-Power-Plant-Framework/bluemira.
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quality checks, to host the BLUEMIRA documentation8, and to
provide issue and code management.

Making the code open-source in this way allows external
collaborators to access and potentially contribute to the code
while ensuring that the core development team has oversight
on requirements, bugs, and priorities. The team makes use
of code review on each change to allow comment on how a
change or fix has been implemented, and to uphold the pro-
gramming and numerical standards, as well as conventions.

2.2.2. Language. The choice of programming language for
any program is an important one as it can greatly affect the
ease of use, the speed of development, and the type and quan-
tity of collaborators. Python 3 was chosen for a few reasons.
As an open-source, dynamically-typed language with a very
simple syntax, the barrier to entry for engineers and physi-
cists not necessarily trained in computer science is quite low.
The ease of use and speed of development are relatively high,
making it an ideal language for prototyping functionality and
architecture, as well as attracting new users and developers.
Importantly, a wide variety of open-source modules and pack-
ages are available as dependencies, enabling a broad set of
functionality to be leveraged incurring minimal maintenance
overheads.

Furthermore, BLUEPRINT was written in Python 3 there-
fore only some parts of MIRA needed to be translated (from
MATLAB®, which is not an open-source language) in order
to combine the two codes.

Another benefit of using Python is the easewithwhich other
programs or languages can be called, enabling greater collab-
oration and integration with other programs.

2.2.3. Platform. Linux was selected as the main supported
operating system for three main reasons:

(i) It is free and open-source. This facilitates distributed com-
puting on clusters in future.

(ii) Some dependencies (e.g. OpenMC [27]) are not available
natively in Windows.

(iii) Linux is available quasi-natively on Windows in the form
of Windows Subsystem for Linux (WSL2), which facili-
tates access on Windows machines.

BLUEMIRA is only tested on Ubuntu, but we have both
users and developers who work with the code onWindows via
WSL2, and natively on Mac OS X.

Work is ongoing to set up a Docker [28] image of
BLUEMIRA to further facilitate access and ease of use.

2.3. Conventions

2.3.1. Units. The SI unit convention is used throughout
the BLUEMIRA framework. Values can be input with associ-
ated non-SI units, and are automatically converted to SI. All

8 https://bluemira.readthedocs.io/en/latest/.

Figure 1. The three different coordinate systems used in the
BLUEMIRA framework: right-handed Cartesian coordinate system
(x,y,z, in black), cylindrical coordinate system (x,ϕ,z, in blue), and
quasi-toroidal coordinate system (R,r,θ,ϕ, in red).

outputs are in SI, but can be trivially converted. This is partic-
ularly important when interfacing with other codes, for which
unit mappings exist to facilitate I/O.

User inputs for angles are specified in degrees but integral
trigonometric functions and periodic evaluation functions use
radians with an automatic conversion at the API boundary.

2.3.2. Coordinate systems. Due to the variety of different
activities carried out in BLUEMIRA, several coordinates sys-
tems are required, see figure 1.

In BLUEMIRA, given the need for multiple coordinate sys-
tems, x is used to describe the radial coordinate, traditionally
denoted r, even in 2-D cylindrical coordinates. This facilitates
the transition from 2-D to 3-D coordinate systems.

2.3.3. Structure. The aim of BLUEMIRA is not to reinvent
the wheel but provide an open-source framework in which
many tools and features useful for tokamak design can be used
in isolation or combined together relatively seamlessly.

BLUEMIRA comprises several modules, which are relatively
independent of one another. Broadly speaking, there are two
categories of module: support modules, and discipline mod-
ules, see figure 2.

The design intent behind this modularity is simple: if one is
only interested in a particular aspect, say the tritium fuel cycle,
or magnets, then one only need interact with the corresponding
modules. If, on the other hand, one wants to design a whole
reactor, then the tools are available in one place.

The ‘codes’ module contains interfaces to key external
codes. Particular effort has been spent on abstracting out the
interfaces to these codes, such that it is possible to replace
these dependencies at a later date, should it prove necessary
or useful to do so, without disrupting the user-facing API.

Another keymotivation behind abstract interfaces for exter-
nal codes, is that it makes it possible to use an alternative tool
for a specific activity. For example, if a user would prefer to
use a systems code other than PROCESS, they could write an
interface to it using the mechanics in the ‘codes’ module.

4
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Figure 2. Schematic of the various BLUEMIRA modules.

In some cases, we have opted to split out relatively
self-contained pieces of functionality into separate reposito-
ries: an EQDSK [29] reader and COCOS [30] conversion
tool, eqdsk [31], a materials property module and library,
matproplib [32], a highly representative tokamak neutron
source, tokamak-neutron-source [33], and a DAGMC [34]
geometry pre-processing pipeline, fast-ctd [35]. These will
be introduced in this work alongside the main BLUEMIRA func-
tionality. The motivation for separating these modules is that it
is often easier for external open-source collaborators to engage
with a tool that has a small, generic, and well-defined purpose.
We hope that these tools will be useful to the wider open-
source scientific community, whom we hope will also help to
improve and maintain them.

2.3.4. File I/O. The JavaScript Object Notation (JSON)
Data Interchange Format [36] is used for all input files. All
outputs can also be saved as JSON files, although in some
cases more familiar file standards are more commonly used
(e.g. EQDSK and IMAS [37] for plasma equilibria, STP [38]
for CAD objects).

3. BLUEMIRA modules

In this section, the key BLUEMIRA modules are described
individually.

3.1. 0/1-D systems code: PROCESS [39, 40]

BLUEMIRA uses PROCESS [39, 40] as its ‘radial build solver’;
in other words, it is the engine that determines a design point
at low fidelity (0/1-D).

PROCESS is used to solve an optimisation problem in which
an objective function is minimised, subject to various bounds
and constraints on the design space.

The variable vector, variable bounds, objective function,
and constraint functions and values are all chosen by the user,
making it quite a generic tool. From any given PROCESS run,
the radial build (see figure 3) and several dozen values for var-
ious parameters are extracted and used throughout the rest of

Figure 3. Graphical representation of a typical PROCESS radial
build.

the BLUEMIRA run. Some of these are taken as ‘gospel’, others
are overwritten by the results of higher fidelity models.

The PROCESS team is presently developing a modernised
data structure and Python 3 API which BLUEMIRA will lever-
age as soon as it is ready.

3.2. 1.5-D plasma transport and fixed boundary equilibrium:
PLASMOD [41, 42]

BLUEMIRA has an interface to the PLASMOD code [41, 42],
which uses the 2-D fixed boundary equilibrium code EMEQ [43,
44] to compute the equilibria to update terms in the solution
of the 1-D current diffusion equation. Thus, it solves the two
equations with consistent pressure and current profiles, in a so-
called 1.5-D approach, common in the field. EMEQ is a three-
moment equilibrium solver which uses an up-down symmet-
ric parameterised description of the flux surfaces (i.e. no X-
points).

The PLASMOD code has a variety of models, options, and
constraints that can be used. These include, but are not lim-
ited to, different transport models, different scaling laws (e.g.
pedestal, L-H transition), whether or not to use Ip or q95 as an
input, whether or not to fixed fusion power or H-factor, diver-
tor protection constraints, etc.

It can be used to obtain certain plasma performance param-
eters (e.g. Pfus) at higher fidelity than PROCESS. PLASMOD also
outputs the temperature, density, current, and pressure pro-
files, as well as the flux functions p ′ and FF ′ which are useful
for subsequent equilibrium calculations.

As PLASMOD is not open-source, alternative implementa-
tions of the 1.5-D fixed boundary equilibrium and transport

5
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Figure 4. Semi-analytic functions for poloidal magnetic flux, radial field, and vertical field due to a rectangular current source of uniform
current density in cylindrical coordinate axisymmetry.

paradigm are being investigated, with the aim of incorporat-
ing an interface in BLUEMIRA to a publicly available external
code that performs such calculations. Ideally, such a module
would include the capability of handling an up-down asym-
metric plasma boundary, thereby simplifying the process of
making a fixed boundary equilibrium consistent with a free
boundary equilibrium.

BLUEMIRA can nevertheless be run without PLASMOD, tak-
ing plasma profiles and integral quantities from PROCESS,
transport solvers such as JETTO [45], or user input.

3.3. Magnetostatics

The magnetostatics module contains some useful functions
and objects to calculate the magnetic fluxes and fields from
a range of different 2-D and 3-D current sources, analytically
and semi-analytically. The fact that the calculations are analyt-
ical and semi-analytical mean that the fields can be evaluated
at arbitrary points in space without resorting to the specifica-
tion of a mesh or finite element problem. This is particularly
important for run-time performance, and even more so when
using the field calculations in objective or constraint functions
within optimisation problems.

In cylindrical axisymmetry about the z-axis, Green’s func-
tions for the poloidal magnetic flux ψ, its partial derivatives
(∂Ψ∂x and ∂Ψ

∂z ), and the radial and vertical magnetic field, Bx and
Bz, (widely available in the literature), can be used for current
point sources.

Poloidal field coils can be modelled in 2-D using quadra-
tures of Green’s functions, but can also be modelled as rect-
angular current sources of uniform current density, following
semi-analytic calculations for Bx and Bz in cylindrical coordi-
nates given in [46], see figure 4. ψ is obtained here by numer-
ical integration.

In 3-D Cartesian coordinates, the magnetostatics module
offers a simple filamentary Biot-Savart current source (see
equation (1)), and two 3-D uniform current density current
sources of rectangular cross-section: trapezoidal prisms (see

[47, 48]) and circular arcs (see [49]), see figure 5, using semi-
analytical reductions of equation (2),

B(r) =
µ0I
4π

ˆ
L

dl× (r− r ′)
|r− r ′|3

(1)

B(r) =
µ0

4π

˚
V

J(r ′)× (r− r ′)
|r− r ′|3

dr ′ (2)

where:

dl= differential vector of a current-carrying path
r= sink point {x,y,z} at which the field is to be calculated
r
′
= source point {x ′,y ′,z ′} containing the centre of the cur-

rent source
L= length domain where the current flows
dr

′
= differential volume of a current-carrying element

J= current density vector
V = volume domain where J is defined

The reader is referred to [47, 48] for a complete descrip-
tion of the equations used to calculate magnetic fields from
3-D current sources from trapezoidal prisms of uniform cur-
rent density, and to [49] for circular arcs of rectangular cross-
section and uniform current density. These equations are
solved by numerical integration (and are more tractable that
solving equation (2) directly), and are similar to those used in
the closed-source, no-licence, legacy EFFI code [50], which
provides formulations for a circular arc, but only treats the sim-
pler case of a cuboid rather than a trapezoid.

Importantly, the trapezoidal current sources can be assem-
bled with different end angles, enabling relatively complex
paths to be discretised without overlapping sources. Utilities
are provided to assemble current sources from ordered sets of
planar coordinates describing the current centreline (CCL) of
a rectangular cross-section coil, see figure 6. This is vital for
modelling TF coils, and accurately and rapidly calculating the
peak field in the TF coil winding pack (including 3-D effects).
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Figure 5. Biot-Savart, trapezoidal prism, and circular rectangular cross-section current sources shown in blue, with magnetic field |B|
shown as filled contours in 3-D Cartesian coordinates.

Figure 6. Trapezoidal prism and circular arc of rectangular cross-section current sources shown in blue, for a 20 MA circular coil of radius
6 m, breadth 0.5 m, depth 1 m, centred at radius from the z-axis of 9 m, patterned symmetrically about the z-axis, with magnetic field |B|
shown as filled contours in 3-D Cartesian coordinates. The trapezoidal representation uses a discretisation of the circle to create 25 current
sources, whereas the circular representation is a single current source.

3.4. Equilibria

Two different ideal plasma magnetohydrodynamic (MHD)
2-D axisymmetric equilibrium solvers are included in the
BLUEMIRA code: a fixed boundary finite element solver and a
free boundary finite difference solver. Both solvers compute
the equilibrium configuration by solving a reduced form of
Maxwell’s equations for the poloidal magnetic flux in axisym-
metry about the z-axis that, in its general form, reads:

∆∗ψ =−µ0xJϕ (3)

where:

∆∗ψ =
∂2ψ

∂z2
+ x

∂

∂x

(
1
x
∂ψ

∂x

)
ψ = poloidal magnetic flux
µ0 = 4π × 10−7 is the permeability of vacuum
Jϕ = toroidal current density

In the plasma region, under the assumptions of axisym-
metry and ideal MHD, this formulation reduces to the well-
known Grad–Shafranov equation [51, 52], which expresses

the force balance between magnetic and pressure forces
in the form:

∆∗ψ =−µ0x
2 dp
dψ

− 1
2
dF 2

dψ
(4)

where p(ψ) is the plasma pressure, and F(ψ) = R0Bϕ relates
to the toroidal field.

Equation (3) forms the common basis for both solvers. In
the fixed boundary case, the toroidal current density, Jϕ, is
prescribed within a known plasma domain, and no external
sources are included. Conversely, in the free boundary formu-
lation, Jϕ includes both the plasma and external contributions
(e.g. from poloidal field coils), and the plasma boundary is
not imposed but instead obtained self-consistently from the
solution.

The fixed boundary solver is used primarily for detailed
design-point studies, as well as for equilibrium reconstruction
or for benchmarking numerical solvers, where the separatrix or
last closed flux surface (LCFS) is provided from design, exper-
iment, or MHD codes. Regarding the latter, in BLUEMIRA, the
fixed boundary solver can be used to obtain a self-consistent
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up-down asymmetric equilibrium solution with profiles from a
PLASMOD run with an inherently up-down symmetric boundary
representation.

In contrast, the free boundary solver is typically employed
in the poloidal coil design workflow (e.g. optimisation of
the coils” current and position), where the plasma bound-
ary emerges self-consistently from the interaction between the
plasma current distribution and external conductor systems.

3.4.1. Fixed boundary solver. To determine the equilibrium,
the Grad–Shafranov equation is solved assuming a known
plasma boundary. The solution domain Ω is bounded by a
predefined contour, where Dirichlet boundary conditions are
imposed: ψ = ψb. Geometry and mesh generation are per-
formed using gmsh [53], and the finite element discretisation
is implemented using the Fenics [54] library and its modern
backend DOLFINx [55].

The weak form of the problem is given by: find ψ ∈ V such
that

ˆ
Ω

1
x
∇ψ ·∇vdΩ=

ˆ
Ω

(
−µ0x

dp
dψ

− 1
2x

dF 2

dψ

)
vdΩ ∀v ∈ V0,

(5)

where V is the finite element space of continuous Lagrange
functions and V0 ⊂ V vanishes on the boundary.

A critical point is that the profiles p ′ and FF ′ are usually
not directly expressed as functions of ψ, but instead depend on
the normalised flux, usually given as:

ψn (ψ) =
ψax−ψ

ψax−ψb
, (6)

where ψax is the value of ψ at the magnetic axis, defined as the
maximum of ψ within Ω. Since ψax is only known a posteri-
ori, a fully consistent non-linear formulation cannot be directly
passed to the standard DOLFINx non-linear solver interface.

To handle this, a Picard-like fixed-point iteration is adopted.
At each iteration, the current solution ψk is used to compute
ψkax =maxΩψk, and from it the normalised flux ψkn(ψ

k) is con-
structed. The profiles p ′(ψkn) and FF

′(ψkn) are then evaluated
and projected onto the finite element space. This yields a lin-
ear elliptic problem with fixed source terms, which is solved
to obtain ψk+1. Convergence is monitored through the relative
change in the solution norm. Under-relaxation may optionally
be applied to improve stability, particularly for steep profile
gradients.

The variational problem at each iteration reads: findψk+1 ∈
V such that
ˆ
Ω

1
x
∇ψk+1 ·∇vdΩ

=

ˆ
Ω

(
−µ0xp

′ (ψkn)− 1
2x
FF ′ (ψkn))vdΩ ∀v ∈ V0.

(7)

This formulation supports arbitrary smooth profile func-
tions, including experimentally fitted or tabulated ones. Once

convergence is reached, post-processing includes the extrac-
tion of magnetic surfaces, final current density profiles, and
magnetic field components. These are exported in standard
formats for further interface with other BLUEMIRA modules.

Figure 7 shows a verification test of the fixed boundary
equilibrium solver with respect to an analytic Solov’ev equi-
librium found in [56].

3.4.2. Free boundary solver. The free boundary equilib-
rium solver is described in [4, 57], appendix A. It is an inverse,
stationary solver, based on the finite difference approach and
uses Picard iteration (with relaxation) to solve for equilib-
ria under certain user-defined conditions. The free flux func-
tions p ′ and FF ′ (as a function of the normalised flux, see
equation (6)) can be tailored to match certain plasma integrals
(Ip, βp, and li), taken as user-inputs, or from the output of a
1.5-D fixed boundary equilibrium and transport solution.

Equation (3) is solved with external coil currents:

Jϕ = Jϕ,pl + Jϕ,coils. (8)

A variety of different convergence criteria are available for
use, depending on the user’s intent.

The principal use-case of the free boundary equilibrium
solver is for poloidal field (PF) system design. As such,
BLUEMIRA contains a relatively flexible set of equilibrium con-
straints which can be applied to specific points or regions in
an equilibrium and PF system optimisation problem. These
include:

(i) flux: ψ(x,z),
(ii) isoflux: ψ(x,z) = ψ(xref,zref),
(iii) radial field: Bx(x,z),
(iv) vertical field: Bz(x,z),
(v) spherical harmonics [58, 59],
(vi) toroidal harmonics [60, 61],

The equilibrium constraints take the following form:

GI−bt +bp = 0 (9)

where:

G= nt× nc matrix of unit current responses at the control
points
I= nc vector of coil currents
bt = nt vector of desired target values
bp = nt vector of passive, uncontrolled current contributions
(including the plasma)

These are all linear, and can be used either as equality con-
straints, inequality constraints, or in the objective function,
and used to reach, e.g. a desired LCFS shape and position. A
variety of optimisation objectives are also supported, includ-
ing L2-norm minimisation of the currents, target errors, and a
Tikhonov regularisation of the currents with the L2-norm of
the target errors, see equation (10).
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Figure 7. (left) Fixed boundary equilibrium solution (right) absolute error compared with the Solov’ev analytical solution.

||I||22
||GI−bt +bp||22

||GI−bt +bp||22 + ||ΓI||22 (10)

where Γ is the regularisation term, ordinarily the identity
matrix times some low factor (≈1× 10−8), depending on the
user’s intent.

Typically the regularised norm of the target errors to some
desired plasma shape is used to solve for coils currents to
obtain an initial inverse equilibrium. Figure 8 shows a bench-
mark with the FreeGSNKE code [62], solving an equivalent
unconstrained inverse problem for a typical MAST-U equilib-
rium using the same set of coils on the same grid, minimising
the error to the same set of constraints with Tikhonov regu-
larisation. The modest discrepancies are largely due to subtle
differences in implementation and default values (e.g. for the
regularisation term, which ultimately means that the optimal
current vectors differ).

Crucially for the design of PF systems, current bounds
can be specified, as well as vertical force Fz and poloidal
field Bp constraints for the coils are also available to the
user, see [57].

Note that these constraints on the coils are not linear, and
non-linear optimisationmethodsmust be used in order to solve
such problems. Typically, this involves solving sequential
quadratic sub-problems in which the constraints are linearised.
In BLUEMIRA, this is typically done using either the SLSQP [63]
or COBYLA [64] constrained optimisation algorithms.

Further non-linear constraints on the flux expansion, fx,
connection length, Lc, and grazing angle, αg, are now also
available, to support the more detailed design of diverted
equilibria.

Two approaches for the optimisation of PF coil positions
are also supported: a position ‘track’ for the PF coil centroids,

as described in [57], as well a set of convex region con-
straints for the PF coil centroids. PF coil sizes are dictated
by user-input current densities. The position optimisation of
the PF coils is performed separately to the optimisation of the
currents, where the solution vector is the positions of the PF
coils. The positions are constrained such that the coils lie on
or within the specified regions.

See section 5.4.3 for a more in-depth application of con-
strained coil current and position optimisation using the free
boundary equilibrium solver.

3.4.3. Vertical stability considerations. An implementation
of the RZIp code [65, 66] based on [67] was recently added to
BLUEMIRA, and has been successfully benchmarked with the
FIESTA [68] code’s implementation. This is used to assess the
passive vertical stability of an equilibrium, given the presence
of some toroidally continuous, passively conducting structures
surrounding the plasma (e.g. vacuum vessel). RZIp gives a
simple metric for instantaneous stability of the plasma under
a small perturbation, fs (see equation (11)) [67]. The plasma
current vector, Ip, is calculated as the product of the toroidal
current density of the plasma over the grid and the cell size
used in the equilibrium.

fs =
ITpM

′
p,sM

−1
s,s M

′
s,pIp

ITpM
′′
p,aIa

≡−F ′
s

F ′
d

(11)

where
Ik = Current vector of conductor group k
Mi, j = Mutual inductance matrix between conductor group. i
and j
p= plasma conductor group
s= passive conductor group
a= active conductor group

9



Nucl. Fusion 66 (2026) 126025 M. Coleman et al

Figure 8. MAST-U static inverse free-boundary equilibrium as
solved in BLUEMIRA, showing ψ as contour lines, and the
separatrices as dashed blue lines. The FreeGSNKE [62] separatrices
are shown in red. The blue rectangles represent the coils and the
orange circles and crosses represent isoflux and field null ‘targets’,
respectively, which were used in both codes.

′= d
dz

z= vertical coordinate
F ′
s = stabilising force gradient
F ′
d = destabilising force gradient

It is possible to include the stabilising effect of active sys-
tems in fs by including the inductances of the active systems
in the calculation of Ms,s and M ′

p,s and its transpose [67].
The stability parameter fs is often defined in terms of the

margin of stability, given by ms = fs − 1. Due to fs < 1 being
undefined [67], ms is used as a more intuitive metric.

The margin of stability is proportional to the growth rate
of the vertical movement in the plasma, γs, through the

inductance-resistance time constant, τpassive, of the passive sys-
tems [67],

γs =
1

τpassive

1
ms
. (12)

Inclusion of simplified plasma stability models in
BLUEMIRA enables more in-depth analysis of tokamaks in
the early concept design stage.

3.5. Geometry

Parameterised geometry is one of the key features for a reac-
tor design framework. MIRA had parameterised 2-D geome-
try in discretised form (that is to, say using many points to
describe a curve) and BLUEPRINT had parameterised geom-
etry in 3-D, also in discretised form, with some utilities to
convert some of the point clouds to splines when exporting
the CAD to files. Perhaps the most significant improvement
implemented in BLUEMIRAwith respect to its predecessors was
the move to ‘primitive’ descriptions of geometry (boundary
representations) from the outset. The idea is that holding accu-
rate descriptions of geometry in terms of primitive CAD types
(rather than clouds of points) eases the transition to meshing,
and the specification of finite element problems and radiation
transport problems. When using primitives one can label indi-
vidual surfaces and pass these labels to finite element problems
in order to support the parametric specification of boundary
conditions and loads.

A decision wasmade to use FreeCAD [69] as the underlying
CAD engine, which itself wraps OpenCASCADE [70], which is
the only fully-featured open-source CAD package available at
present. A wrapper around the FreeCAD functionality is used
to protect users against possible changes of the underlying
CAD engine by minimising any eventual API changes should
BLUEMIRA choose to use another CAD engine in future.

The typical hierarchy of CAD types is exposed
in BLUEMIRA, with the terminology following that of
OpenCASCADE, namely: wire → face → shell → solid →
compound. Similarly, classical CAD creation operations such
as extrude, revolve, sweep, loft, Boolean cut and fuse are
exposed to the user, along with the various CAD transforma-
tion operations, such as translate, rotate, mirror. Geometry
objects can also be saved and exported into a wide variety of
common CAD file formats.

Using these operations, it is relatively trivial to procedu-
ralise the creation of geometry, and parametrise designs such
that CAD models of even complex parts can produced in
seconds, see e.g. Shimwell et al [71] who proceduralise the
CAD generation of relatively detailed breeding blanket mod-
ule geometries. As the creation of CAD models is one of the
key bottlenecks in engineering design, it is vital that this is not
done manually when exploring ranges of design variables.

To support the optimisation of geometry, several geome-
try parameterisations are made available in BLUEMIRA. These
geometry parameterisations encapsulate wire shapes typical in
tokamak design, such as ‘D’ shapes used for TF coil CCLs (see
figure 9) as well as some flux surface parameterisations useful
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Figure 9. Picture-frame, Princeton-D [72] (shown here for nTF =∞ using a semi-analytical form, but available for finite integer nTF by
means of an iterative procedure), triple-arc, and poly-spline geometry parameterisations. Tangency between all wires in each
parameterisation is enforced. Consistency constraints are available for each parameterisation, such that invalid combinations of variables
can be eradicated during optimisation.

Figure 10. Manickam [73], Cunningham, Johner [74], and Kuiroukidis [75] flux surface geometry parameterisations.

in the design of equilibria (see figure 10), but the base class is
designed to support extension to any parameterised description
of geometry. Importantly, equality and inequality constraint
equations can be set directly in the parameterisation and added
to geometry optimisation problems.

These geometry parameterisations are such that, by depen-
dency injection of a parameterisation, S, and an appropriate
vector of variables, α, one can obtain a primitive geometry
object S with:

S= S (α,n) (13)

where the n term denotes the number of points in the case of
a parameterisation which does not have a corresponding CAD
primitive (e.g. line, circle arc, B-spline), for which a B-spline
is interpolated based on the number of provided points.

In general terms, the geometry object S is effectively an
arbitrary curve, of the form:

S(t) = g(t) î+ h(t) ĵ+ k(t) k̂ ∀t ∈ [0,1] . (14)

Primitive wires can be discretised at any time to obtain a
matrix of {x,y,z} coordinates, either by specific values over
the range t ∈ [0,1] or by linear discretisation.

3.6. Materials

Materials in BLUEMIRA are handled in the separate
matproplib package; a materials property library also
developed by the authors [32]. A reasonable selection of
materials with publicly available property parameterisations
already exist in the library, with a wide variety of engineer-
ing, temperature-dependent thermo-mechanical and electro-
magnetic properties available. Additionally, a materials inter-
face to radiation transport codes such as OpenMC [27] and
MCNP6 [76] is provided. Tabulation utilities for temperature-
dependent material properties also exist for interfacing with
FE codes.

A number of superconducting parameterisations are also
available, returning the critical current as a function of field
and temperature, and (occasionally) effective strand strain.

matproplib offers users the capability to easily create
their ownmaterials and associated property parameterisations,
particularly when data or parameterisations for material prop-
erties are not publicly available. For example, we maintain a
separate, private library, in which materials such as CuCrZr,
EUROFER97, and SS316-LN are stored.

For neutronics, materials can be specified via mass fraction,
atomic fraction, volume fraction, and/or as a homogenised
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mixture of various materials. The nuclear cross-section data
should be provided by the user. If none is provided, a
default selection of cross-sections from TENDL [77] and
ENDF/B-VII.1 [78], downloaded by openmc_data [79], is
used. This default selection is chosen to maximise coverage
over all nucleides; if a nucleide is present in both libraries, the
first entry in the definition file is favoured which by default is
a TENDL record.

3.7. Magnets

3.7.1. TF coil shape design. BLUEMIRA has specifically
designed functionality for the common tokamak design prob-
lem of shaping the toroidal field (TF) coils in the poloidal
plane. This is formulated in terms of a design optimisation
problem, leveraging features in the geometry, magnetostatics,
and optimisation modules. A detailed description is given in
section 4.2 where the TF coil shape optimisation is presented
as an example of a design procedure in BLUEMIRA.

3.7.2. Winding pack design. The magnets module provides
a framework for the modelling and optimisation of super-
conducting magnet systems in fusion devices. While the cur-
rent implementation focuses on the TF coil, future exten-
sions are planned to include the PF coils and the CS. The
methodology largely follows the approach developed within
the Magnet Design Explorer (MADE) algorithm, as detailed in
[80]. The framework supports both low-temperature and high-
temperature superconductors, employing a hierarchical micro-
to-macro modelling strategy that progresses from individual
strand characterisation to the full structural integration of the
coil casing.

At the millimetre-scale, individual superconducting and
stabiliser strands are characterised by their density, critical
current, electrical resistivity, heat capacity, and elasticity prop-
erties. These strands are assembled into cable-in-conduit con-
ductors, where the effective electrical, thermal, and mechani-
cal properties are homogenised. The cables are then enclosed
within metallic jackets and insulating layers to form conduc-
tors. In line with the methodology adopted in the MADE frame-
work, the anisotropic mechanical behaviour of the conduc-
tor is modelled through a spring network analogy, enabling
an efficient estimation of the directional stiffness based on
the homogenised response of its constituents. The mechanical
stress state is subsequently evaluated by computing the local
radial and axial stresses acting on the jackets and the structural
case, considering both electromagnetic pressure and axial ten-
sile forces. The Tresca yield criterion is applied for the assess-
ment of structural integrity under electromagnetic loads.

Groups of conductors are arranged into winding packs fol-
lowing structured grid patterns, and their global electromag-
netic and structural behaviours are derived through homogeni-
sation. At the macroscopic scale, winding packs are inte-
grated into the magnet structural case, where the vault, lat-
eral plates, and closure structures are optimised to resist elec-
tromagnetic loads. This integrated framework ensures that
local strand-level behaviour propagates consistently through

the cable, conductor, winding pack, and full magnet system,
enabling a preliminary (0-D to 2-D) design of the supercon-
ducting magnets.

The homogenised cable structure accounts for geometrical
factors such as void fraction, strand packing efficiency, and
twist angle correction, which affect both thermal and electri-
cal performance. Effective cable properties—electrical resis-
tivity, heat capacity, and density—are computed using estab-
lished mixture rules for composite materials.

The design optimisation problem solved is of the form:

u∗ = minimise
u

: ∆TF

subject to :

umin ≼ u≼ umax

Thotspot ⩽ Tmax

σTF,case,peak ⩽ σTF,case,max

σTF,WP,peak ⩽ σTF,WP,max

. . .

(15)

where:
u={nstab, δy,vault, δjacket}
nstab = number of stabiliser strands
δy,vault = TF vault lateral thickness
δjacket= TF conductor jacket thickness
∆TF = total TF thickness
Thotspot = peak ‘hotspot’ temperature in the conductor
Tmax = maximum allowable hotspot temperature in the con-
ductor
σcase,peak|max = peak | maximum allowable Tresca stress in the
TF case
σjacket,peak|max = peak | maximum allowable Tresca stress in the
TF conductor jacket

To assess thermal behaviour during fault or discharge sce-
narios, the cable temperature evolution is simulated through a
0-D adiabatic heat balance model:

dT
dt

=
J2 · η (T,B)

Cp (T,B) · ρ(T,B)

where J= I(t)/Acond, Acond is the conducting cross-sectional
area, and B= B(t) denote the time-dependent current density
and magnetic field. All material properties (η: electrical resis-
tivity, Cp: specific heat capacity, ρ: density) are temperature-
and field-dependent, ensuring consistency with realistic oper-
ational conditions, and are calculated using matproplib.
Thotspot is then computed by solving the above ordinary differ-
ential equation assuming that the current and field decay expo-
nentially with a time-constant τTFCFD after an initial quench
detection period tdetection. Figure 11 shows the behaviour of
the temperature during quench subject to the posited time-
dependent current and magnetic field.

At the conductor level, the cable is enclosed within a metal-
lic jacket and an outer insulator. The effective stiffnesses in the
radial and toroidal directions are computed by series/parallel
homogenisation (spring network analogy) of the mechanical
properties of the constituent regions. The Tresca equivalent

12



Nucl. Fusion 66 (2026) 126025 M. Coleman et al

Figure 11. (top) conductor temperature evolution during a quench
(bottom) current and magnetic field evolution during a quench, with
Tmax = 250 K, tdetection = 3 s, and τTFCFD = 28 s.

stress is evaluated under two primary load components: (i)
radial electromagnetic pressure, pm = B2

max/(2µ0), and (ii)
axial force resulting from vertical electromagnetic loading.

Stress amplification factors, derived from the MADEmethod-
ology, are applied to account for local stress concentrations
due to geometrical and material inhomogeneities. These fac-
tors have been validated through targeted finite element simu-
lations (see equation (18) in [80]).

The TF case integrates multiple winding packs and struc-
tural plates (vault, lateral, inner plates). The vault radial thick-
ness δy,vault is optimised to constrain the maximum Tresca
stress at the case nose below the allowablematerial limit σallow,
in which the hoop stress component is calculated as:

σcase
θ =

2
1−β2

vault

pmχt

where βvault is the ratio of the outer and inner vault radii and
χt is a stiffness-sharing factor (see equation 34 in [80]).

The optimisation problem in equation (15) is solved used
a custom scheme in which the nstab is first determined, sat-
isfying the hotspot criterion, following by a second stage in
which the stress constraints on the conductor jacket and case
are evaluated iteratively until convergence, during which the
winding pack(s) and casing are re-arranged to accommodate
the updated conductor dimensions. Figure 12 shows an opti-
mised Nb3Sn TF coil WP and case design for a conventional
aspect ratio machine.

Overall, the methodology provides a coherent, computa-
tionally efficient approach to optimise the mechanical and
electromagnetic design of superconducting winding packs and
coil casings.

3.8. Neutronics

BLUEMIRA has an interface to the OpenMC [27] Monte Carlo
radiation transport code, which allows for two different global
neutronics pipelines to be implemented: a faster axisymmetric
model using constructive solid geometry (CSG), and a slower
full 3-D neutronics model using faceted geometry. The for-
mer is intended for use in rapid iteration and in optimisation
problems, whereas the latter is intended for the study of more
detailed design points.

Both codes use the same neutron source term, see
section 3.8.1, and the same material definitions, using
matproplib.

At present, for a given tokamak, both pipelines return a
few simple but crucial values: tritium breeding ratio (TBR),
power deposition in the blanket and divertors, energy mul-
tiplication factor, and the peak damage in iron (in terms
of displacements per atom per full power year, [dpa/fpy]).
These parameters have important implications for the fuel
cycle (see section 3.10) and power cycle (see section 3.11)
analyses that can be subsequently carried out on the reactor
object.

3.8.1. Neutron source. A flexible, parametric toka-
mak neutron source was developed by the authors, see
[33], which is capable of creating a highly represen-
tative tokamak neutron source term for use in OpenMC
(natively)9. A neutron source can be produced from arbi-
trary temperature and density profiles, and a plasma
MHD equilibrium description (e.g. EQDSK file), with-
out resorting to parameterisations of the plasma pro-
files or geometry, as is commonly done, see e.g. [81,
82]. D-T, D-D, D-3He, and T-T fusion reactions are
supported.

The local source strength for a given reaction between reac-
tants 1 and 2 is calculated as:

N12

dV
=

1
1+ δ12

n1 (ψn)n2 (ψn)⟨σν⟩12 (Ti (ψn)) (16)

where:

N12 = number of reactions between reactants 1 and 2
δ12 = Kronecker delta (0 for different reactants, and 1 for the
same)
n1,n2 = Ion density of reactants 1 and 2
⟨σν⟩12 = velocity-averaged reactivity of reaction 1–2

The reactivities, ⟨σν⟩12, are calculated using ENDF/B-
VIII.1 [83] cross-section data and assuming Maxwellian
velocity distributions. Alternatively, for the D-T andD-D reac-
tion channels, the Bosch–Hale fits [84, 85] can be used.

The neutron source is discretised into square cells with
the normalised flux values within the LCFS being calculated
directly from the equilibrium. The neutron energy spectra
for the D-T and D-D reactions are modelled at given ion

9 Work is ongoing by contributors to the tokamak-neutron-source repos-
itory to make it available to use in MCNP6 [76] (via ‘SDEF’ card).
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Figure 12. Indicative design of a conventional, Nb3Sn TF coil WP and case, optimised using the procedure described in this section.

Figure 13. Comparison of D-T thermal fusion neutron sources with the same fusion power and temperature and density profiles, using: (a)
Fausser parameterisation and (b) free boundary equilibrium. The filled contours show the total D-T reaction rates in each cell in 1/s
(i.e. including the volumetric component by a factor of 2π x times the cell area), and the contour lines show the poloidal magnetic flux
surfaces. The red contour represents the last closed flux surface, and the blue dot is the magnetic axis. (c) shows the absolute difference
between the equilibrium and the Fausser source terms.

temperatures as per [86], whilst the T-T neutron energy spec-
trum is interpolated from the data presented in [87].

Figure 13 shows a comparison of D-T fusion rates for a typ-
ical conventional aspect ratio single-null tokamak between a
‘classical’ Fausser [81] parameterisation, and a free-boundary
equilibrium for the same parameters and fusion power. A sim-
ple comparison of these two sources in an OpenMC model
using typical tokamak geometry and typical materials showed
increases of integral values dominated by interactions near
the plasma (e.g. TBR) of ≈0.5% , and peak values near the
plasma (e.g. peak dpa in EUROFER97) of ≈2% when using

the equilibrium source, showing that the effects are not entirely
negligible.

3.8.2. Axisymmetric global neutronics model. In this
model, a simplified representation of the blanket, divertor, vac-
uum vessel, TF coils, and CS is constructed. This is done by
representing each line segment in the true 2-D poloidal geome-
tries as an axisymmetric CSG surface, i.e. a cone, a cylinder, a
plane, or in the special case of approximating a circular arc, a
torus. CSG enables faster neutron transport simulation compu-
tations than faceted geometry, but is comparatively limited in
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the types of surfaces that it can represent; in particular, splines,
which are often used in CAD, are not supported by CSG and
must be discretised into a series of straight lines to be repre-
sented in CSG.

The axisymmetric assumption used here is acceptable for
all components with the exception of the TF coil, where
only the inboard leg is modelled10. Homogenised mate-
rial properties are used for all solid volumes. The blankets
are discretised poloidally into 3 distinct regions: first wall,
breeder zone, and manifold/back supporting structure, each
of which has a different material composition. An indica-
tive CSG model of a typical tokamak geometry is shown in
figure 14.

The desired volumetric integrals (e.g. TBR) are obtained by
summing the responses for various cross-sections in different
groups of regions.

3.8.3. Full 3-D global neutronics model. BLUEMIRA fea-
tures a fully integrated pipeline capable of converting CAD
into DAGMC [88] compatible models, using the fast-ctd code
[35] also developed by the authors, which can be used by var-
ious neutronics codes.

The following steps are involved when converting CAD to
DAGMC models:

(i) Overlap checking: This process involves finding solids
that have crossing surfaces. It begins by performing an
efficient coarse-grained pair-wise search of intersecting
axis-aligned bounding boxes, which are quick to gener-
ate for every component. Given the non-conformal nature
of bounding boxes, the list of possible touching pairs is far
greater than it should be. Further refinement is achieved by
coarsely meshing each component using triangle meshes
and then performing a mesh-based intersection checks
using CGAL library [89].

(ii) Imprinting: Imprinting is a CAD operation that creates
a common surface on two solids, where they are coin-
cident or touching. Using the list of possible touching
pairs from the previous step, each pair is imprinted using
OpenCASCADE.

(iii) Save to STP file: The imprinted geometry is then saved to
a .STP file.

(iv) Merging: Merging is a CAD operation that performs a
distance tolerance based identification of imprinted faces
and then combines those faces into one topological entity,
shared between two solids. This is required as small gaps
between faces cause inaccuracies during neutronics sim-
ulations. The .step file from the previous step is ran
through the merging procedure to create merged geometry.

(v) Surface meshing and MOAB [34]: Every solid in the
merged geometry is incrementally facetted by a 2-D
Delaunay triangulation procedure in OpenCASCADE. The
mesh quality and precision are controlled with two
parameters: maximum linear deflection and maximum

10 For power deposition in the TF coils, one should use a non-axisymmetric
3-D neutronics model.

Figure 14. Poloidal cross-section of an axisymmetric CSG model
for a typical tokamak geometry. Each differently coloured region
represents a different spatial sub-division and is assigned a
homogenised material composition. In this example, the CS and TF
are lumped together and modelled as a cylinder (magenta), the
blanket (greens) is discretised into a grid of quadrilateral regions to
minimise the computational complexity, and the divertor (greys) and
vacuum vessel (blues) are split into 3 otherwise-polygonal regions,
each with one circular arc on the plasma-facing side. The white
regions are voids. A large external void region and bounding surface
are included to define the simulation domain; particles crossing the
outer boundary are terminated (vacuum boundary). This region is
not part of the reactor design and is excluded from reported tallies.

angular deflection. During the meshing procedure, the
Mesh-Oriented datABase (MOAB) library is used to tag
mesh entities in the specific DAGMC format. After this is
complete, a .h5m file is saved.

(vi) Watertight-ing: A tool in the DAGMC package is run on
the resulting .h5m model file to ensure topological entities
are watertight (i.e. there are no gaps between surfaces in
volumes).

Part of the work that went into building this pipeline was
to establish an open-source alternative to the commercial soft-
ware Cubit [90] that performs the imprinting, merging, mesh-
ing/faceting and conversion to DAGMC operations. The tools
used to do this are in their own repository, fast_ctd [35],
and are based on overlap_checker [91] and occ_faceter
[92].
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Figure 15. Indicative 3-D neutronics model of a conventional aspect ratio tokamak (only surfaces are shown). The TBR per voxel (averaged
over 5 batches) in the poloidal plane is overlaid (note that these voxels do not correspond with the underlying geometry used in the neutron
transport simulation).

Once the geometry pre-processing is complete, the model
can be run in OpenMC. Figure 15 shows a 3-D CAD model
of a conventional aspect ratio tokamak, pre-processed using
the pipeline described above, and the TBR resulting from a
radiation transport analysis performed in OpenMC. The geom-
etry used here is still relatively simple (e.g. the blankets are
discretised into 3 regions per segment, as in the CSG model
above).

It is important to note that the above workflow is best-suited
for parametrically generated geometry, in which care has been
taken to avoid collisions and imperfections during the parame-
terisation, and where small-scale detailed features (e.g. cham-
fers, fillets, threads, etc) are not present. In the case of manu-
ally constructed CADmodels with extensive geometric detail,
much of which is irrelevant to neutronics analysis, the work-
flow outlined above is prone to failure. Such models typically
require aggressive manual de-featuring and fixing/sanitising
before they can be used in the workflow.

Figure 16(a) shows the TBR results using both the CSG
and CAD neutronics workflow on the same reactor design
point for different numbers of neutrons, showing that rea-
sonably converged integral results can be obtained with rel-
atively few neutrons (nneutrons≈1× 105). The pre-processing
times for the CSG and CAD workflows on this design point
were ≈10 seconds and ≈11 mins, respectively (not included

in the run-times shown in figure 16(b))11. Note that the CAD
workflow includes far more geometry, including components
that do not significantly affect the result but take substan-
tial amounts of time to pre-process (e.g. thermal shield, cryo-
stat). Note also that the TBR calculated in the CAD neutron-
ics model is slightly higher (≈1%) than in the CSG model.
This is not to be expected as the CSG poloidal cross-section
of the blankets is volume-matched to the actual poloidal cross-
section, and the 3-D CAD neutronics model includes gaps
between blankets (which are not present in the axisymmet-
ric CSG model). As the same materials and neutron source
are used in both simulations, this discrepancy is most likely
due to the simplified meshes presently used in the 3-D CAD
neutronics workflow. Improving the meshing in the 3-D CAD
neutronics workflow will be the subject of future work.

3.9. First wall heat loads

A tokamak first wall must withstand the power delivered by
charged particles escaping the scrape-off layer (SOL) together

11 Pre-processing timings were obtained using a single core of an 11th-
generation Intel® Core™ i7-11 800 H processor [93]. The OpenMC run-times
in figure 16 are given for 16 such processors on the samemachine– a relatively
standard modern laptop.
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Figure 16. (a) Comparison of the average TBR from the CSG and
CAD neutronics workflows on the same design point (5 batches).
(b) Total run-times (5 batches) for the CSG and CAG OpenMC
radiation transport models (i.e. excluding all geometry creation and
pre-processing).

with photon radiation originating in the core and edge plasma.
BLUEMIRA provides a light-weight heat load calculation proce-
dure that, for a specified plasma equilibrium and 2-D (axisym-
metric) wall contour, rapidly produces spatial maps of the inci-
dent steady-state heat flux density on the wall qwall due to
plasma charged particle and photon radiation. Note that the
assumption of axisymmetry for the first wall is not realistic,
and will tend to significantly underestimate the peak heat flux
which is typically very localised. Such a procedure is, how-
ever, useful for the initial design of the poloidal contour of the
first wall.

Section 3.9.1 summarises the charged particle treatment
and section 3.9.2 outlines the photon radiation treatment. Full
details, derivations, verification exercises, and a STEP case
study are provided by Vaccaro et al [94].

3.9.1. Charged particle loads. The charged particle solver
in BLUEMIRA is an implementation of a two-point model of the
SOL, following [95, 96].

At the mid-plane the parallel heat flux density is:

q∥,mp (xmp) =
PSOL

2π fx (xmp)

(
fnear
λqnear

e
−xmp
λqnear +

1− fnear
λqfar

e
−xmp
λqfar

)
(17)

where:

xmp = mid-plane radial coordinate of a flux tube
PSOL = total charged particle power crossing the separatrix
into the scrape-off layer (SOL), (ignoring synchrotron losses)
λq,near, λq,far = near and far SOL power decay length constants
fnear = fraction of SOL power assumed to be deposited in the
near SOL
fx(xmp) = local total flux tube expansion factor

the SOL power is divided up by user-specified fractions to the
inboard and outboard SOL legs, and in the case of a double-
null, upper and lower fractions.

Each flux surface is followed from the mid-plane to its
first intersection with the wall contour; any later crossings are
ignored. This single-hit rule reproduces geometric shadowing
and ensures exact power accounting, because every flux tube
deposits its energy once and only once, so the sum of wall
loads equals the input PSOL.

The heat flux density delivered to the wall by charged par-
ticles is:

qwall,c = q∥,mp
Bpmp

Bpt
sin(δt) (18)

with Bp the poloidal field and δt the local poloidal incidence
angle.

The approach only explicitly computes the parallel com-
ponent, q∥,mp; cross-field transport is accounted for by the
decay lengths λq. Consequently, the last SOL tube origi-
nates outside the physical wall and its parallel heat cannot be
deposited. Many tracing codes combat this with heavy mesh
refinement or by smearing the ‘missing’ power over all tubes.
BLUEMIRA instead transfers that power perpendicularly to the
wetted zone around the mid-plane where cross-field diffusion
is most relevant restoring energy balance without numerical
smoothing and producing realistic mid-plane peaks for the first
wall design (figure 17). The implementation has been bench-
marked against the 3-D field-line tracer SMARDDA [97, 98] for
an axisymmetric EU-DEMO 2017 case, showing close agree-
ment in both intersection pattern and heat flux profile while
conserving total power.

3.9.2. Radiation loads. Photon heating is treated in two
stages: (i) a volumetric radiative power map inside the closed
and open field line regions is built and (ii) photon transport to
the first wall surface is calculated with the Monte-Carlo ray-
tracer CHERAB [99, 100].

Core plasma. For a user-specified set of electron temper-
ature and electron density profiles, and impurity fractions
(constant concentration across the profile), the local radiated
power is:

dPrad

dV
=
∑
k

fk n
2
e Lk (Ti) (19)

where fk = nk/ne is the fractional abundance of impurity ion
k and Lk is the tabulated power loss function for said ion
drawn from ADAS [101], which includes line radiation from
heavy species and Bremsstrahlung. Synchrotron radiation is
not modelled here.

SOL and divertor. A two-point model [95, 96] is solved
along the separatrix to obtain electron temperature and den-
sity at four key locations:

(i) upstream (mid-plane),
(ii) onset of the radiation zone (just above the X-point),
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Figure 17. A conventional aspect ratio double null equilibrium showing: (a) Charged particle heat loads on the main chamber first wall. The
red lines show the open flux surfaces carrying charged particles. (b) Core radiation source term and heat flux density on the first wall, as
calculated by CHERAB. (c) SOL radiation source term and heat flux density on the first wall, as calculated by CHERAB.

(iii) entrance to the recycling zone (just below the X-point),
(iv) the divertor target.

Themid-plane temperature is computed for the conduction-
limited case and is the only location that requires an explicit
density input. At each subsequent location the density is
inferred from the previous one by enforcing constant total
pressure, i.e. ne, i = ne, i−1Te, i−1/Te, i. When the target temper-
ature falls below 5 eV, a fractional momentum-loss factor fm is
introduced to account for ion–neutral friction, modifying the
local pressure balance andmimicking fully detached solutions.

Once the separatrix temperature and density are deter-
mined, the corresponding values on all SOL flux surfaces are
obtained by applying radial exponential decay. Power disper-
sal follows: q∥(x) = q∥,0 exp(−x/λq), where the parameter λq
controls the radial power spreading. Analogous exponential
profiles are used for Ti(x) and ni(x) with their respective user-
input decay lengths.

Between each of the four key locations (mid-plane to target)
the electron temperature falls and the density rises according
to exponential or Gaussian laws (options supplied to the user),
while pressure balance and the upstream forcing function
ensure consistency with detachment physics when Ttarget ≲
2eV. Access to tabulated impurity power loss rates from an
atomic database (e.g. ADAS) allows the code to assemble a
full 2-D map of radiated power density MW m−3; the result-
ing radiation typically concentrates near the X-points, see
figure 17(c). Parameters such as the radiation zone length,

target temperature, or detachment threshold are exposed to the
user.

Photon transport. The combined core-plus-SOL source is
discretised on an axisymmetric grid and passed to CHERAB,
which is used to calculate the incident surface power den-
sity qwall,γ (figure 17). Because the radiated power calculation
is analytic/table-driven, and the ray-tracing exploits variance-
reduction techniques, the full radiation map is obtained
quickly enough for iterative reactor design.

3.10. Fuel cycle

The fuel cycle module in BLUEMIRA is described in [102]. It is
a simplified dynamic fuel cycle model that, for a given set of
inputs and operational timelines, calculates the tritium start-
up inventory, mTstart , the inventory inflection point, tinfl, and
the reactor doubling time, td. The fuel cycle model is based
on a three-loop direct internal recycling (DIR) architecture, as
described in [103]. Many of the inputs are ‘high-level’ (e.g.
separation fractions, residence times) and should be obtained
from detailed fuel cycle component design and modelling.

At present, the architecture of the modelled fuel cycle is
not very configurable. That said, the relative simplicity of the
model, and the wide variety of input parameters, enables com-
parisons of a relatively broad set of parameter and design
space. Furthermore, any of the three loops can quite easily
be switched off by setting their flow fractions to zero, thus to
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Figure 18. (top) Total tritium inventories in the reactor over the
reactor lifetime, with the inventory inflection point and reactor
doubling time annotated; (bottom) Sequestered tritium inventories
in the in-vessel environment (incl. first wall), breeding blanket (excl.
first wall), and tritium fuelling and vacuum (TFV) systems.

some extent capturing different fuel cycle configurations, see
[102].

Crucially, the fuel cycle model includes simplified, con-
figurable models of tritium retention which depend on the
incident flux of tritium and some saturation limit. These
are used for the absorption of tritium in the first wall, and
also to model tritium retention inside various components in
the tritium plant. These sinks of tritium play a major role
in determining the start-up inventory. Since [102], an addi-
tional sink model was included with a square-root depen-
dence on inventory, based on some more detailed simula-
tions carried out in [104], see [4] appendix D. Note that the
inputs to such models should always be derived in some form
from higher fidelity tritium trapping and transport simulations,
which take into account a variety of design, material, and
operational considerations (e.g. temperature, neutron damage,
etc). This is in contrast to a more recent fuel cycle model
[105] which accounts for trapping directly without use of
surrogates.

The fuel cycle can be run with arbitrary operational time-
lines to support the more accurate estimation of the start-up
inventory in first-of-a-kind machines (characterised by low
load factors). Typically the inventory inflection point occurs
early on in the operation of a machine, and depends heavily on
the duty cycle of the machine. In particular, lengthy unplanned
shutdowns in the early phases of operation can have a signifi-
cant impact on the start-up inventory. Functionality is provided
to create pseudo-randomised operational timelines following
general load factor trends. The fuel cycle model can be run in
Monte Carlo fashion, generating distributions for the parame-
ters of interest.

Figure 18 shows an indicative result for a typical DIR
fuel cycle in an EU-DEMO-like machine, with a progres-
sively increasing load factor (0.1 to 0.4 over the plant
lifetime).

This fuel cycle model is intended primarily as a loosely-
coupled post-processing step, which can be performed on a
reactor, or separately, as a standalone analysis.

3.11. Power balance

A simple 0-D fusion reactor steady-state (during flat-top)
power balance model is also available in the codebase.
Figure 19 shows an indicative result for this model. Much like
the fuel cycle model, it is relatively specific a specific archi-
tecture of fusion reactor power cycle, and expects a variety of
input parameters from a reactor object. This simplified model
is a crude but useful addition; it is slightly more detailed than
the PROCESS power balance, and can be passed the results
from higher fidelity calculations (e.g. neutronics analyses, see
section 3.8.2). Most of the parasitic loads for the various plant
sub-systems are taken from PROCESS, in the absence of better
simplified models. A complete description can be found in [4],
appendix C.

4. Design procedures in BLUEMIRA

In this section, we discuss how design procedures are imple-
mented in BLUEMIRA.

4.1. Optimisation problems

Optimisation is used frequently throughout the various design
procedures in BLUEMIRA. As such, it is useful to have a generic
approach to setting up an optimisation problem of the form:

u∗ = minimise
u

: f(u)

subject to :

umin ≼ u≼ umax

g(u)≼ 0

h(u) = 0

. . .

(20)

We define u as a generic vector of design variables, and use
the superscript * to indicate optimality.

By the ‘no free lunch’ theorem [106], no particular opti-
misation algorithm will out-perform all others over all prob-
lems. Some algorithms are better suited to certain problems.
In BLUEMIRA, an abstract interface is used for single-objective
optimisation problems, such that any optimisation package can
be used. At present, two optimisation suites, NLOpt [107] and
scipy [108] are wrapped by this abstract interace, providing
good selection of gradient-based and stochastic algorithms are
available, many of which can handle the above problem for-
mulation (i.e. with equality and inequality constraints). NLOpt
algorithms are more frequently used, as we have found that
this optimisation library is the most extensive (in terms of the
algorithms available) and robust (in terms of implementation).

Objective and constraint functions can be used with analyt-
ical gradients, provided they are known, in order to reduce the
number of function evaluations. If a gradient-based optimisa-
tion algorithm is used, but an analytical gradient is not pro-
vided, a numerical gradient is calculated automatically using
central finite difference. This is not always a robust approach,
but for some problems it can be helpful.
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Figure 19. Indicative steady-state power balance model result for a typical tokamak with a helium-cooled ceramic breeder blanket.

4.2. Example of a design procedure: TF coil design

As a framework in which the user can combine a variety
of multi-disciplinary activities to produce a reactor design,
BLUEMIRA exposes a handful of key software constructs to the
user:

(i) Parameter, ParameterFrame
(ii) Designer
(iii) Builder
(iv) Component
(v) Reactor

Figure 20 shows these constructs arranged in a typical
workflow. These will be introduced by means of a concrete
example: that of the design of a TF coil.

A Parameter holds a particular value, with its associated
name (in long and short forms, for text and code respectively),
description, unit, and source. A Parameter may be updated
and its values and source overwritten, which is subsequently
tracked in its history. This is useful when a particular value of
interest has some initial estimate, which is subsequently over-
written by a more detailed calculation.

ParameterFrames are sets of Parameters (with a few conve-
nient features) that are used as explicit interfaces between cal-
culation procedures. Here for the design and build of the TF
coil, a ParamaterFrame containing values relating to the geo-
metrical build of the TF coil, winding pack, insulation thick-
ness, etc as well as some machine design parameters such
as R0, BT, and the maximum allowable ripple in the plasma,
δϕ,max, are used as inputs to a Designer.

Figure 20. Abstraction of a typical BLUEMIRA workflow producing
a Component as part of a Reactor data structure.

A Designer is responsible for producing a design given
some inputs, and is typically some form of design optimisation
problem. Here the optimisation of the centreline shape of a TF
coil winding pack is carried out by a Designer, which takes
the aforementioned ParameterFrame as an input, along with a
shape parameterisation for the TF CCL, and two geometrical
objects: the plasma LCFS and a keep-out zone (KOZ) which
the TF CCL must be outside of. It returns the optimised TF
coil CCL.
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Figure 21. Diagram of the TF coil CCL design optimisation
problem, showing the initial and optimal CCL Triple-Arc shapes.
The TF ripple is shown for the optimal CCL.

The approach for the TF coil shape design taken here is
minimise the length of the CCL, subject to a KOZ constraint,
and such that the ripple on the plasma LCFS is below δϕ,max,
see equation (21) and figure 21. A ‘triple-arc’ up-down sym-
metric shape parameterisation, similar to the ITER TF coil
shape, is used such that minimum bending radii can also be
set.

Of course, other objectives (e.g. minimisation of bending)
and constraints (e.g. toroidal displacement under loads) are
possible. At present, this approach makes no consideration of
in-plane bending in the TF coil structure as the subsequent
inclusion of the PF coils introduces significant local bend-
ing into the TF coil shape, negating to some extent efforts to
reduce in-plane bending due to TF loads alone. Nevertheless, a
‘bending-free’ shape parameterisation for the TF CCL can be
used to solve the above optimisation problem, without intro-
ducing any further constraints.

α∗ = minimise
α

:

ˆ 1

0

√(
dx
dt

)2

+

(
dz
dt

)2

dt

subject to :

{r1,r2,r3}≽ rTF,min1

θ1 + θ2 + θ3⩽180◦

δϕ|∂Ωp ≼ δϕ,max1

d± (SCCL (α,n) ,ΩKoz)≼ 0

(21)

where:
α= {r1,r2,r2,θ1,θ2,θ3, lstraight} are the radii and angles of the
three circular arcs, and lstraight is the length of the straight
inboard leg
rTF,min = minimum bending radius

δϕ|∂Ωp = is the TF ripple on the LCFS, ∂Ωp, calculated as
per equation (22)
d±(S(α,n),ΩK) = is the signed distance function from
the shape S to the exclusion zone ΩK, calculated as per
equation (24)

For each function evaluation, the CCL is created from the
shape parameterisation, which is used to create a magneto-
static model of the TF cage, using 3-D trapezoidal prism cur-
rent sources to represent the winding pack (see section 3.3).
The toroidal field ripple, δϕ, is then calculated as:

δϕ (x,z) =
Bt (x,ϕ = 0,z)−Bt (x,ϕ = π/nTF,z)
Bt (x,ϕ = 0,z)+Bt (x,ϕ = π/nTF,z)

(22)

The peak TF ripple can be formally evaluated as the
maximum ripple on the LCFS, see equation (23), but a
number of alternative heuristic approaches are available for
parametrically specifying the point(s) on the LCFS at which
to evaluate the ripple12,

δϕ,peak =maximise
t

: δϕ|∂Ωp (t) . (23)

The KOZ constraint is implemented in the form of a discre-
tised signed distance function (see equation (24)) from the TF
CCL, SCCL, to some region, ΩKOZ. Here, the KOZ is a region,
offset from the vacuum vessel thermal shield, and includes the
TF coil thickness from the plasma-facing casing to the CCL.

d± (S,ΩKOZ) = d± (x,z,ΩKOZ) ∀ x,z ∈ S

d± (x,z,ΩKOZ) =min s
√

(x− x∂)
2 +(z− z∂)

2 ∀x∂ ,z∂ ∈ ∂ΩKOZ

s= 1 if x,z ∈ ΩKOZ else −1.

(24)

Following on from the Designer, a Builder is responsible
for constructing a CAD model given some inputs. The TF
coil CAD model Builder takes as inputs the ParameterFrame
mentioned above, and the TF CCL optimised by the Designer.
It builds the CAD models for the TF WP, ground insulation,
and casing. Here a simple wedged case design is used, with
an ample space reservation in the inboard case corners (for
detailed features such as pre-compression rings, poloidal shear
keys, etc), see figure 22. Inter-coil structures and PF coil sup-
ports are added in a separate procedure.

The Builder produces a Component as an abstraction of
real-world system, which may or may not have a physical
embodiment. Components are organised in a classical tree
structure. Components that represent physical objects (e.g.
TF casing), have an associated CAD model and material.
The granularity of allocations of CAD models and materials
becomes important in subsequent finite element or radiation

12 Technically, the minimisation of an objective with a constraint on the peak
ripple (maximum of the ripple on the LCFS) is the correct formulation of this
problem, but can be considerably accelerated if one knows more about the
problem. For example, with picture frame TF coils and a positive triangularity
LCFS, the peak ripple will invariably be located at the outboard midplane of
the LCFS, and there is generally no need to evaluate the ripple elsewhere.
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Figure 22. CAD model of a single TF coil produced by the Builder, showing the casing as transparent and the winding pack. The ground
insulation is not shown for clarity.

transport analyses. It is up to the user whether or not to use
smeared properties for a given volume; a winding pack, for
example, which can be further broken down into ground insu-
lation, turns, etc.

All the Components for the various modelled sub-systems
are passed to the root of the tree, the Reactor, which is the
complete data structure for a design point.

5. Case study: parameterising a conventional
aspect ratio reactor design in BLUEMIRA

In this section we briefly describe a full reactor design parame-
terisation in BLUEMIRA, taking as a worked example a conven-
tional aspect ratio tokamak, similar in nature to an EU-DEMO
design, see e.g. [8, 109].

Parameterising a reactor design bears a significant up-front
cost, in that onemust specify the desired sequence of activities,
the formulation of the various design optimisation steps, and
the parameterisation of the geometry of various sub-systems.
Once done, however, it enables a variety of design exploration
studies to be carried out relatively effortlessly.

The design parameterisation presented here produces a
fairly complete description of a tokamak with ‘intermedi-
ate’ fidelity results, and loosely replicates the design proce-
dure performed by the EUROfusion programme management
unit and its associates when generating a ‘baseline’ design
point (which takes several months). Indeed, a BLUEMIRA
design parameterisation similar to the one presented here
was used to generate an initial design point for the proposed

‘low-aspect ratio’ revision to the EU-DEMO design [20],
using the PROCESS design point described in [110].

For the purposes of this demonstration, we have used the
following sequential design workflow:

(i) PROCESS run
(ii) Initial ‘reference’ equilibrium design
(iii) Initial FW shape optimisation
(iv) TF coil poloidal shape optimisation
(v) PF system design
(vi) Vertical stability assessment
(vii) FW shape optimisation and panelling
(viii) CAD component design (blankets, divertors, vessel, etc)
(ix) Axisymmetric CSG neutronics analysis
(x) CAD component design (PF coils, ports, thermal shields,

etc)
(xi) Steady-state power balance model

Clearly, some aspects differ from the original procedure
used in EUROfusion. In part, this is due to the different codes
used in the baseline design procedure, and them not neces-
sarily being available in BLUEMIRA or that the alternatives in
BLUEMIRA are not as good or as fully featured. However, many
of the design procedures for the EUROfusion baseline are done
manually and by different people, not all of whom are able
to describe their work in terms of equations or algorithms.
In particular, the design of some of the less-critical geome-
try (e.g. poloidal cross-section of the vacuum vessel, PF sup-
ports, etc) where design objectives and constraints are less
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design-driving, it comes down to choice of shape parameteri-
sations and various other subjective decisions.

5.1. 0/1-D systems code optimisation with PROCESS

Here, we follow the typical way in which PROCESS used to
be run for EU-DEMO designs (see e.g. [109]), namely the
minimisation of the major radius, subject to a variety of con-
straints and bounds, see equation (25). This differs substan-
tially from how PROCESS has been used most recently on EU-
DEMO designs, see [110].

u∗ = minimise
u

: R0

subject to :

u≽ umin

u≼ umax

Pel,net = 500 MWe

τflattop⩾2 h

PsepBT/q95AR0⩽9.2 MW.T/m

1.1⩽ fLH⩽1.2

ne⩽1.2nGW
ne,core ⩾ ne,ped
β ⩽ βmax

σTF,case,peak⩽580 MPa

σTF,WP,peak⩽580 MPa

JTF ⩽ JTFmax

∆T,TF⩾1.5 K

σCS,peak⩽660 MPa

∆T,CS⩾1.5 K

σVV,TFCFD⩽93 MPa

. . .

(25)

where the variable vector is:

u= {⟨Te⟩,⟨ne⟩,q95,BT,∆bore,∆CS,∆CS→TF,∆TF,∆TF,nose,
δTF,turn, ITF,turn, τTF,JCS,EOF, fXe, ...}
umin = lower bounds
umax = upper bounds
q95 = safety factor at the 95th percentile flux surface
∆bore = bore thickness
∆CS = CS thickness
∆CS→TF = gap thickness between CS and TF
∆TF,nose = Inboard TF nose thickness
δTF,turn = TF turn width
ITF,turn = TF turn current
τTF = TF discharge time constant
JCS,EOF = CS current density at EOF
fXe Xenon impurity fraction

Consistency equality constraints for the radial build, plasma
beta, and plasma power balance are also used, but not shown
in equation (25) as they relate to the self-consistency of the
solution rather than the design intent.

and the terms in the constraints are:

Psep = power crossing the separatrix
fLH = Psep/PLH where PLH = is the L-H transition power
ne = line-averaged electron density
fGW = Greenwald fraction
nGW =Greenwald density
ne,core = core electron density
ne,ped = pedestal electron density
∆T,TF = temperature margin in the TF superconductor
∆T,CS = temperature margin in the CS superconductor
σVV,TFCFD =Hoop stress in the vacuum vessel during a TF coil
fast discharge

The solution of the PROCESS optimisation problem (i.e. the
variable vector, radial build, profiles, etc) are used as inputs in
the subsequent BLUEMIRA design stages.

5.2. Initial reference equilibrium and FW design

An initial ‘reference’ free-boundary equilibrium is required
in order preliminarily position the FW, blankets, and vacuum
vessel.

This is created by setting up a series of constraints on the
plasma position (isoflux, field null, etc) and solving with some
preliminary PF coil positions in order to match the description
of the equilibrium from the 0-D parameters from PROCESS (R0,
A, κ, δ). A Kuroikidis [75] single-null shape parameterisation
for the desired LCFS is used.

A preliminary FW design is then created using a purely
geometric set of rules (i.e. without any heat flux calculations).
Here the FW is defined simply as the convex hull of a flux off-
set from the LCFS, and a geometric offset from the LCFS. A
classical ITER-like divertor shape parameterisation is for the
divertor plasma-facing surfaces.

5.3. Toroidal field coil shape optimisation

See section 4.2.

5.4. Poloidal field system optimisation

In this reactor parameterisation, the PF coil centrepoints are
positioned along a ‘track’, offset from the outer edge of the
TF coil casing, in the poloidal plane. Some KOZs, inside of
which the PF coils cannot be placed, are defined, and the coil
positions are optimised using a two-stage approach, in which
the positions and the currents of the PF coils are optimised
separately.

5.4.1. Remote maintenance KOZs. Here we assume a ver-
tical maintenance architecture, see [111, 112], where it is vital
that the upper port is large enough to extract the in-vessel
blanket segments. In equation (26), a constrained optimisa-
tion problem is solved in which the size of the upper port is
minimised, with some simplified constraints ensuring that the
inboard and outboard blanket segments can be extracted from
the upper port (with no rotations of blanket segments about the
y-axis).
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u∗ = minimise
u

: xob − xib

subject to :

xob − xcutBSS −∆RM ⩽ xBBmax − xcutBSS
xcutFW − xBBmax ⩽ xob − xcutFW +∆RM

xib +
|xcutFW − xBBmin |

2
⩽ xcutFW

γmin ⩽ γcut ⩽ γmax

(26)

where:

u= {xib,xob,xcutFW ,γcut}
xib = minimum inboard upper port radius
xob = maximum outboard upper port radius
xcutFW = minimum radius of the cut location in the BB FW
xcutBSS = minimum radius of the cut location in the BB back
supporting structure
γcut = cut angle between the inboard and outboard BB seg-
ments
xBBmax = maximum radius of the outboard BB
xBBmin = minimum radius of the inboard BB
∆RM = remote maintenance clearance around BB segments
during maintenance

The equatorial port opening size is taken as an input (typ-
ically 2 m by 2 m), and the lower port is sized based on the
divertor size and a user-input angle (typically −15◦ to −45◦).

Geometric offsets to allow for the thickness of the vacuum
vessel port walls, thermal shield, and various gaps are included
to produce the KOZs for the PF coils.

5.4.2. PF coil position optimisation problem. The KOZs for
the ports, described in the previous section, and an additional
KOZ for the TF coil gravity supports are used to define sub-
segments of the ‘track’ along the TF coil in which PF coils can
be placed, as described in [57]. The parameterisation positions
of the coils, L, are optimised such that:

L* = minimise
L

: ||I*||22

subject to :

Lmin ≼ L≼ Lmax

(27)

where I* is the vector of optimal currents for a given set of
positions,L, which is the result of a current optimisation prob-
lem, discussed in the next section.

5.4.3. PF coil current optimisation problem. For the PF coil
current optimisation, a similar optimisation problem to the one
described by Albanese et al in [113] for EU-DEMO is solved,
as detailed in [57], see equation (28).

I ∗ = minimise
I

: ||GI−bt +bp||22 + ||ΓI||22

subject to :

|I|≼ Imax

Bp|Xpoint⩽0+ ϵ

Bp,coils ≼ Bp,max

|Fz,coils|≼ Fz,max

(28)

This optimisation problem is solved for the required plasma
boundary flux at start of flat-top (SOF) and end of flat-top
(EOF), for a desired pulse length. This approach differs from
the approach in [113] in two ways: (i) the objective function is
a minimisation of error (regularised with coil currents), rather
than a minimisation of the coil currents and a constraint on
the allowable error, and (ii) the EOF boundary flux is an input
rather than being the result of a minimisation of the flux at
EOF.

The CREATE approach is a more formal and precise
method using functionality in the CREATE-NL+ code [114],
whereas the approach described here is capable in most cases
of providing a useful result, unsupervised. Work is ongoing to
improve the approach presently used in BLUEMIRA, such that
the pulse length can be calculated subject to an inequality con-
straint on the geometrical error with respect to a prescribed
plasma shape.

5.5. Vertical stability assessment

The vertical stability calculation described in section 3.4.3 is
performed for a representative equilibrium, including the pas-
sive contributions from the vacuum vessel, returning an esti-
mate ofms. In this design parameterisation, the vacuum vessel
is a toroidally continuous double-shelled structure (with a shell
thickness of 60 mm), through which ports are placed. Here, we
conservatively assume that only the outer VV shell contributes
to the passive vertical stabilisation, however we assume that
electrical connections are placed in each port at the position
where the outer VV shell’s toroidal continuity would other-
wise be broken. In reality, of course, although this could be
achievedwith specially designed attachments in the port shield
plugs, such conducting paths would not be so uni-formally
placed or as effective. Furthermore, the contributions of the
active, controlled (PF and CS) coils are not included in the
stabilising term calculated here.

5.6. First wall shape

With equilibria for the start and end of flat-top, the first wall
is re-designed. The convex hull of some geometric and flux
offsets from both SOF and EOF LCFSs is taken, and is split
into inboard and outboard segments at a radial position cal-
culated from the remote maintenance KOZs. The inboard and
outboard first wall poloidal ‘silhouettes’ are then ‘panelled’
into flat surfaces, see equation (29).
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t∗ = minimise
t

:

npanels∑
i=0

Lpi

subject to :

αp ≼ αmax1

Lp ≽ Lmin1

(29)

where:

t= is the vector
∈ [0,1] = of parameterised joint locations between the panels
npanels = is the number of panels
αp = is the vector of angles between the panels
αmax = is the maximum angle between panels
Lp = is the vector of panel poloidal lengths
Lmin = is the minimum panel poloidal length

The panels are parameterised to sit tangent to the initial con-
vex hull, thus doing away with the need for an explicit keep-
out-zone constraint. If the above optimisation problem is not
found to have a satisfactory solution for a given npanel, npanel is
incrementally increased until the constraints can be met.

The divertor plasma-facing surfaces are crudely defined for
some specified inboard and outboard leg lengths and graz-
ing angles, along with some normalised flux offset for the
private flux region mimicking a closed divertor geometry.
More refined approaches to defining the divertor geometry are
possible.

5.7. Global neutronics

The axisymmetric CSG neutronics model (see section 3.8.2) is
used in this procedure to improve on the PROCESS estimates of
the power deposition in the in-vessel components, and energy
multiplication, with the aim of providing a better estimate of
the global thermal power balance in the reactor. The blankets
are radially discretised into three regions: first wall, breeding
zone, and manifold and back-supporting structure, each with
their own homogenised material composition. Typical thick-
nesses and material compositions for these regions are taken
from detailed helium-cooled ceramic breeder (HCCB) blanket
studies [115, 116]. Two batches of 100 000 neutrons were run
for each point.

5.8. Power balance

A simplified, 0-D, steady-state power balance model is avail-
able in BLUEMIRA, at a similar level of definition and depth
to the one found in PROCESS. Indeed, some of the estimates
for the parasitic loads in particular are simply taken from
PROCESS. However, with results from actual neutronics anal-
yses for energy multiplication and power deposition in the
IVCs, we are able to provide slightly higher fidelity in terms
of the overall reactor power balance. The PROCESS values for
the parasitic loads for e.g. magnet supplies, the cryoplant, the
tritium plant, etc are used.

6. Case study: performing design exploration study
in BLUEMIRA

Using the conventional tokamak design parameterisation and
procedure outlined in the previous section, we perform a scan
in aspect ratio (A ∈ [2.6− 3.6]) for varying number of TF coils
(nTF ∈ {15, 16, 17, 18}) to demonstrate the ability to rapidly
carry out higher-fidelity design studies.

6.1. Results

As a comparison with a lower-fidelity study, we show the
PROCESS code results (which are used as the starting point for
the BLUEMIRA study), see figure 23. For this relatively simple
design problem in PROCESS, a slight minimum in the minimi-
sation objective function, R0, can be seen here between A =
3.0 and 3.1, depending on the number of TF coils.

Figure 24 shows the reactor geometry of three design points
in the scan, where the variation in plasma geometry is clearly
visible. At lower A, the toroidal field on-axis is lower for the
same fusion power, leading to a thinner TF coil, whereas at
higher A the toroidal field is higher, leading to thicker TF coils.

6.1.1. Comparison between BLUEMIRA and lower-fidelity
PROCESS models. In this section, we draw a number of
comparisons between some lower-fidelity models used in
PROCESS with some higher-fidelity formulations BLUEMIRA,
highlighting some inaccuracies and limitations in classical
systems codes, whilst commenting on the potential implica-
tions in terms of the design space.

We compare the net electric power, Pel,net, as computed
using the initial PROCESS results (in which a constraint of
Pel,net = 500 MWe is used), and the subsequent BLUEMIRA
results, see figure 25.

Here, in BLUEMIRA, we calculate Pel,net in a similar way
to PROCESS, but using the results from the CSG neutronics
workflow to determine power deposition in the in-vessel com-
ponents. The results are only subtly different, showing that
the simplified neutron power multiplication and distribution
model in PROCESS is reasonably accurate. The energy mul-
tiplication factor calculated using the CSG neutronics model
was not found to vary significantly with aspect ratio, and
averaged 1.347, comparing well with the PROCESS input of
1.350 used here. The differences are largely down to differ-
ent treatment of how the divertor geometry is considered. The
parameterisation for the divertor used in BLUEMIRA here is a
classical ‘ITER-like’ cassette (see figure 24), which takes up
proportionally more space at higher aspect ratio and leads to
less power being deposited in the blankets (which are cooled
at higher temperatures). PROCESS calculates the neutron power
deposited in the divertor as a constant fraction of the total neu-
tron and core radiated power, which is a user input and does
not change with A. This explains the different trends seen in
figure 25. This information could relatively easily be used to
improve the model presently in PROCESS.

The fluctuations in the BLUEMIRA results primarily arise
from the geometry discretisation in the CSG neutronics model
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Figure 23. PROCESS minimisation objective values for the {A, nTF} design space explored. The red crosses indicate failure in the
subsequent BLUEMIRA runs.

and the statistical uncertainty associated with the limited num-
ber of neutron histories and batches. Here the number of TF
coils has little effect on the results, and we only show results
for nTF = 16, for clarity.

The peak field on the TF coil as calculated using a 3-D
magnetostaticmodel (including 3-D and PF contributions) was
found to be consistently higher than the peak field reported
in PROCESS, calculated as 1/r, see figure 26. PROCESS does
have a surrogate model for the peak field including 3-D effects.
Figure 26 shows this estimate is actually more reasonable,
and in these cases (for the ‘triple-arc’ TF coil shape) overesti-
mates the peak field slightly. This has implications in terms of
the achievable critical current density in the superconductor,
the quench behaviour of the TF WP, and the radial build as a
whole.

The peak TF ripple on the separatrix is generally poorly
estimated by PROCESS, particularly at higher aspect ratio, as
can be seen from figure 27.

PROCESS has a simplified TF coil shape parameterisation
with a single variable (the outboard limb radius) which is
calculated based on a fit to some magnetostatic results to
achieve the specified level of ripple at the outboard mid-
plane (in this case 0.6%). Clearly, however, this simpli-
fied model does not accurately reflect the true peak TF
ripple along the LCFS in this parameterisation. The rip-
ple calculation using a series of rectangular cross-section
current sources to represent the TF coils (a higher fidelity
and slower calculation) gives lower ripple values for the
same geometry, meaning that the faster single-filament Biot-
Savart model used in the TF shape optimisation procedure is
conservative.

This study was performed using a surrogate model in
PROCESS of the maximum vertically stable elongation, giving
κ95 as a function of A and ms, see [110]. Here, a value of ms

= 0.2 was used, and as such we would expect the values of
ms calculated in BLUEMIRA to be approximately equal to this.
However, as can be seen in figure 28, ms is found to be higher
than was accounted for in PROCESS across much of the space
explored, meaning that potentially higher plasma elongation
is achievable for the same passive vertical stability margin.
It’s also clear that the dependency of ms on A is not fully cap-
tured, and that it is likely that the surrogate model in PROCESS
for the maximum vertically stable κ95 should include a depen-
dency on R0 as the shallow minima in ms shown in figure 28
correlate well with the shallow minima in R0 shown in
figure 23.

There is a significant amount of noise in the values of ms

shown in figure 28, which is in large part due to the posi-
tioning of the PF coils and their currents, i.e. the destabilis-
ing term in the denominator in equation (11). This is because
the coils are positioned without any stability criteria in mind
and the fact that the coil position optimisation problem for-
mulation used here is ill-determined. Note that accounting for
the inner vacuum vessel shell and/or removing the passive
conductors where the ports are located can drastically affect
the values of ms for a given machine configuration, and with-
out going into detail here on the electro-mechanical attach-
ments of port plugs we consider these results indicate that
there is potential to increase κ95 in a large portion of the
{A,nTF} space explored, thus potentially reducing the size of
the machine due to improved plasma performance at higher
elongation.
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Figure 24. 2-D poloidal cross-section and 3-D CAD geometries of the reactor design points at A = 2.6, 3.1, and 3.6, with nTF = 16.

6.1.2. Run-time and failure rates. The total run-time for the
points scanned using the full procedure outlined in section 5
averages 8.7 mins13. The distribution of the PROCESS and
BLUEMIRA run-times is shown in figure 29.

The failure rate of the PROCESS runs was 1.25%, and the
failure rate of the BLUEMIRA runs was 8.25%. The failures in
the PROCESS runs were due to the gradient-based optimiser

13 Timings were obtained using a 16-core machine with 1st-generation Intel®

Core™ Ultra 155 H [118] processors. Only the OpenMC CSG model calcula-
tions were carried out on multiple cores.

not being able to converge to a solution satisfying the con-
straints from the specified starting point. The failures in the
BLUEMIRA runs were most commonly in the creation and run-
ning of the CSG neutronics model, as well as in parametric
geometry operations, where some boolean or offsetting opera-
tions occasionally fail due to precision issues. This is discussed
further in section 8.1.

6.2. Taking a design further

There are two general paths in which the results presented the
previous section can be addressed.
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Figure 25. Comparison of the PROCESS and BLUEMIRA results for
Pel,net for the considered range of aspect ratios at nTF = 16.

One approach would be to address the inconsisten-
cies between the different levels of fidelity, e.g. address-
ing PROCESS” inaccurate estimation of Pel.net, δTF,peak, etc.
This would involve modifying some design stages, pos-
sibly creating some surrogate models using the results
at higher fidelity (e.g. replacing the surrogates for the
peak field and ripple, or adding a function in PROCESS
that calculates the fraction of power deposited in the
divertor for a given A), or simply changing some inputs
(e.g. changing the input energy multiplication factor). The
scan could then be performed again to determine a new
optimal A.

The other approach would be to proceed with the def-
inition of design point, accepting that the initial results
were imperfect and favouring instead to explore an indica-
tive design point in more depth. This might involve fix-
ing most inputs, performing some design steps again with
higher levels of discretisation (e.g. for equilibria), perform-
ing some further loosely coupled analyses (e.g. fuel cycle
assessment), improving some aspects of the automated geo-
metrical design of the reactor manually and issuing some
volumes as space reservations for more detailed design and
analysis (e.g. blankets). In order to progress a conceptual
design point generated automatically via a parameterisation
in BLUEMIRA into the engineering design phase, manual
intervention is a wise course of action. The extent of this
effort, however, is far lower than would have otherwise been
necessary.

For the EU-DEMO and STEP design parameterisations
in BLUEMIRA, a pragmatic mixture of both approaches
is followed, usually in combination with some mar-
gins on parameters known to be poorly estimated in
PROCESS.

7. Case study: exploring alternative design choices

In this section, using the same reactor parameterisation
described in section 5, we explore some alternative design
decisions and sub-system parameterisations.

7.1. Alternative TF coil shape parameterisations

Here, we demonstrate alternative geometry parameterisations
for the TF coil poloidal shape. We use the aforementioned
design workflow, and solve for the same design optimisation
problem (see equation (21)), at A = 3.125 and nTF = 16, but
use three different shape parameterisations: (i) triple-arc (see
figure 9), (ii) poly-spline (see figure 9), and a bending-free
shape. The bending-free shape is solved for using an iterative
numerical procedure inwhich the tension along the coil CCL is
kept constant. The three resulting machine designs are shown
in figure 30.

These three shapes have different benefits and drawbacks.
The triple-arc shape (the reference shape used in the previ-
ous scans) is easier to manufacture on account of there being
a finite number of circular arcs to wind along, whereas the
other two exhibit constantly varying curvature (except for the
straight inner leg). The poly-spline shape yields the small-
est TF coil shape, and thereby the lowest stored energy of
the three. The bending-free shape naturally has the lower in-
plane forces, but is significantly larger (higher stored energy),
and also causes the PF coils to be further away, complicat-
ing the design of the PF system. In this configuration with the
bending-free TF coil shape, the pulse length constraint of 2 h
cannot be met.

7.2. Alternative blanket designs

We briefly explore alternative blanket concepts in this design
parameterisation, comparing the reference case (HCCB blan-
ket with 60% Li-6 enrichment [116]), to the same material
composition but with varying enrichment levels and a dual-
cooled lithium-lead blanket (DCLL) [119] over a range of
aspect ratios, see figure 31.

The energy multiplication does not vary significantly with
aspect ratio, whereas the TBR and power deposition in the
blanket (as seen by the trend inPel,net) decreasewith increasing
aspect ratio, due to higher relative volumetric fraction occu-
pied by the divertor, as discussed in section 6.1. The average
values of emult and TBR compare reasonably well with the val-
ues from the literature from which the blanket poloidal dis-
cretisation and material composition were approximated (for
HCPB, emult = 1.35 and TBR = 1.20 [116], and for DCLL,
emult = 1.21 and TBR = 1.196 [119]).

8. Discussion and further work

8.1. Lack of robustness in parametric procedures

Parametric procedures in general, but in particular when deal-
ing with geometry, can exhibit a certain propensity for failure.
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Figure 26. Comparison of the PROCESS and BLUEMIRA results for the peak field in the TF coil winding pack for the considered range of
aspect ratios and nTF ranging from 15 (left) to nTF = 18 (right).

Figure 27. Comparison of the PROCESS and BLUEMIRA results for δTF,peak for the considered range of aspect ratios and nTF ranging from 15
(left) to nTF = 18 (right). The PROCESS result is calculated retrospectively for a single Biot-Savart filament per TF coil, using the TF coil
shape provided by PROCESS. Two BLUEMIRA results are shown for a ‘triple-arc’ coil shape: for a single Biot-Savart filament per TF coil at a
low number of points (10) on the reference LCFS (used in the TF shape optimisation constraint function); and for a rectangular
cross-section current source at a high number of points (50) on the reference LCFS.

CAD geometry operations such as offsetting wires or sur-
faces, sweeping, lofting, fitting splines, and Boolean opera-
tions (e.g. union, cut, fuse) can fail due to geometry precision
issues. In BLUEMIRA, some fallback operations in the case of
spline or offset failures are available but routinely lead to large
polygons, which themselves can cause failure in subsequent
geometry operations. It is suspected that a large portion of
these failures arise from the use of the FreeCAD [69] wrap-
per around OpenCASCADE [70]. We are presently investigating
the use of CadQuery [120] as an alternative wrapper, in the

hopes that issues with certain problematic operations can be
resolved.

The axisymmetric CSG model is also prone to failure, and
is responsible for the vast majority of failed runs in the results
shown in section 6.1. This is due to way in which the blanket
and divertor geometry is discretised in CSG, in which invalid
CSG geometry is created, chiefly because the discretisation
is designed for fast run-times and relies on the convexity of
certain surfaces which can occasionally be made non-convex
because of some algorithms designed to preserve volumes
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Figure 28. Comparison of the BLUEMIRA results for ms to the PROCESS input value for the considered range of aspect ratios and nTF ranging
from 15 (left) to nTF = 18 (right). A second order polynomial trend line is fit through the data using the RANSAC algorithm [117] which
discounts outliers.

Figure 29. Distributions of the PROCESS and BLUEMIRA (excluding
PROCESS) run-times for the successful design points over the {A,
nTF} space explored.

whilst preventing overlapping geometry. The discretisation of
the blankets and divertors in particular to a fairly minimal set
of CSG cells is also, by nature, sensitive to small changes in
geometry (particularly the angles of the plasma-facing cells
which ultimately determine the poloidal plane geometry in our
procedure). This to some extent explains the noise in the neu-
tronics results (alongside the relatively low number of neu-
trons simulated).

Finally, parametric design optimisation problems do not
always succeed. They may not have valid solutions for some
parts of the design space or, if a gradient-based optimiser is
used (as is often the case because they are faster) a poor local
minimum may be returned. The optimiser termination criteria
(e.g. absolute or relative tolerances on the change in objective
function or residuals), the variable bounds, and the constraints
and their tolerances may also not be appropriate over the full
range of the parameter space explored. Occasionally round-
off errors can occur, where the optimisation is terminated due
to precision issues, but may still return a useful result. In
BLUEMIRA by default we assume that a round-off termination
or termination by maximum number of allocated evaluations
(common in gradient-free algorithms) are valid ‘good’ (but not
optimal) solutions, but this is not always the case and is often
not trivial to determine. This can lead to failures in subsequent
procedures or outliers in certain results.

8.2. Presently untreated technical aspects

Whilst a large variety of typical tokamak design activities
are to some extent supported in BLUEMIRA, there remain sev-
eral aspects that are poorly covered or ignored altogether. In
particular, BLUEMIRA places relatively little emphasis on the
developments and the analysis of the plasma scenario. Some
simplified confinement, stability, radiative, and experimen-
tally derived density and pressure limits are covered by e.g.
PROCESS, but are not assessed in further depth in BLUEMIRA.
Aspects such as heating and current drive, disruption mitiga-
tion, ramp-up and ramp-down, and the vast majority of tran-
sient plasma events and, indeed, engineering safety cases (e.g.
loss of coolant accidents, earthquakes, etc) are not addressed.

We believe that many of the physics aspects, including
scenario development and analysis of plasma transients, are
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Figure 30. Alternative TF coil poloidal shape parameterisations for a design point at A = 3.125, nTF = 16.

Figure 31. Energy multiplication, TBR, and net electric power as a function of A for HCCB (with varying Li-6 enrichment levels) and
DCLL blanket concepts.

best treated in dedicated plasma ‘flight simulators’, such as
FENIX [121, 122]. Results from such dedicated studies could
be treated in simplified ways in both traditional systems codes
and BLUEMIRA by means of e.g. input values, or additional
constraints.

In many cases, detailed engineering analyses of transient
and/or critical safety cases (which can often be design-driving)
require detailed descriptions of geometry and load cases, and
are computationally expensive. The aim of the BLUEMIRA code
is to reach a design point where the inputs for such studies can
be delivered with relative ease.

8.3. Mid-term technical roadmap

An issue with any sequential design procedure where some
results are progressively ‘over-written’ by higher fidelity esti-
mates is that inconsistencies with the original design basis
are built up as the design point definition progresses, see e.g.
section 6.1.1. This is usually the case with tokamak design
procedures, in BLUEMIRA or elsewhere. An outstanding issue
in BLUEMIRA is to provide the infrastructure to address these
‘fidelity’ inconsistencies, by means of e.g. surrogate mod-
els or fixed-point iteration. Such infrastructure would be the
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foundation of any approach to a tractable and unsupervised,
full-reactor optimisation scheme, where the evaluation func-
tion would be a single pass through a self-consistent sequen-
tial design procedure (with some associated objective and con-
straint functions). This is a key limitation of such ‘multi-
fidelity’ workflows and directly impacts on the validity of
design exploration studies performed in this manner. Whilst
many manual design workflows exhibit the same issues, auto-
mated workflows are better positioned to actively address
them, and this will be the subject of future work.

The 1.5-D transport and fixed boundary solver, PLASMOD
[41, 42], is at present the only feature in BLUEMIRA which
is not open-source. In future, this may be replaced by JETTO
[45], which may be open-sourced in future, or TORAX [123]
which is already open-source.

Improvements to both the CSG CAD neutronics pipeline
(in terms of robustness and flexibility) and the 3-D CAD neu-
tronics pipeline (in terms of surface mesh quality) are planned.

A transient full-pulse electrical power balance model,
including active and reactive loads, is being developed andwill
be included in future releases.

Whilst an interface to the Fenics-X [55] finite element
framework does exist (not described here), it is presently only
functional in 2-D. In future, the automated meshing and finite
element analysis of geometries created in BLUEMIRA will be
extended to 3-D, including the parametric specification of
boundary conditions, and loads, and material properties.

One important aspect of further work will be to include
an easily configurable cost model for a given reactor, above
and beyond what is already offered in PROCESS. With an auto-
matically generated CADmodel, accurate volume calculations
of the reactor components are available. Fusion reactor cost
models, however, have a tendency to be polemic, with a wide
variety of approaches possible (e.g. top-down, bottom-up) and
rely heavily on imperfect assumptions (raw material costs,
manufacturing costs, interest rate, etc). Because of the sensi-
tive nature of fusion reactor costing, it is also very likely that
specific implementations of cost models will remain private.
Nevertheless, we would like to offer some basic functionality
to support such assessments.

8.4. Mid-term software roadmap

Despite concerted efforts, the installation procedure remains
lengthier than for smaller codes. This is due to the larger num-
ber of relatively heavy dependencies, and the need to ensure
that they can all operate in the same environment. The installa-
tion of OpenMC along with the download and pre-processing of
the nuclear library data is optional, but is required to perform
neutronics analyses in BLUEMIRA.

The past years of development have focussed primarily
on creating a stable and modular software architecture and
delivering a relatively broad set of functionality in terms of
physics and engineering models. This focus has, however,
detracted somewhat from the perspective of the front-end user.
At present, there are notable user interface and user experience
challenges which in large part stem from a high degree of con-
figurability and our best efforts to try and make models and

workflows as generic as possible. These user experience issues
will be addressed in the near future, with the development of
a more graphical and intuitive user interface for existing reac-
tor parameterisations, andmore support for developing custom
design parameterisations.

9. Summary

Amodular, open-source tokamak fusion reactor design frame-
work, BLUEMIRA, is presented. Awide variety of modules cov-
ering typical tokamak design activities ranging from systems
code runs and plasma equilibrium design to 3-D CAD gen-
eration and neutronics analyses are included. Custom reactor
design parameterisations and workflows can be assembled by
sequentially combining a series of design stages, either using
or adapting existing design and build stages, or writing one’s
own.

We demonstrate the application of the BLUEMIRA frame-
work to a conventional aspect ratio tokamak reactor design,
describing the parameterisation of the design, and reporting
on an indicative design space exploration study in aspect ratio
and number of TF coils. The average run-time for each of
the design points, from systems code run, through coil cage
design, CAD generation, and CSG neutronics is well under
10 mins on a modern laptop. BLUEMIRA was able to charac-
terise the design space in far higher fidelity than PROCESS,
orders of magnitude faster and cheaper than could have been
achieved using a conventional manual workflow.

We invite those interested in using and/or contributing to
this framework to get in touch via the online repository [25].
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