
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 33, NO. 5, AUGUST 2023 4702006

An Open-Source Finite Element Quench Simulation
Tool for Superconducting Magnets

Andrea Vitrano , Mariusz Wozniak , Erik Schnaubelt , Tim Mulder , Emmanuele Ravaioli ,
and Arjan Verweij

Abstract—An open-source Finite Element Quench Simulator
(FiQuS) is being developed as part of the STEAM framework fol-
lowing CERN’s open science policy (CERN, 2022). The tool is based
solely on open-source software and uses Python to generate geome-
tries and meshes with Gmsh and compute solutions with GetDP.
FiQuS scripts have a modular structure to accommodate a broad
range of geometries and simulation requirements, focusing mainly
on superconducting accelerator magnets. At its advanced stage,
the tool will be capable of 1D, 2D, and 3D geometry generation of
superconducting elements such as bus bars, multi-pole, solenoid,
and canted-cos-theta (CCT) magnets. It already has the capability
for parametrized mesh control and subsequent model generation of
2D multi-pole and 3D CCT magnets. It will be possible to perform
either electromagnetic (EM), thermal (TH), or coupled EM-TH
simulations for static or transient analysis. The focus is on aspects
related to the powering and quench transients, enabling paramet-
ric analyses and co-simulations to support comprehensive quench
protection studies. In this contribution, we lay the foundation of
FiQuS by presenting its structure and three specific capabilities
that represent the basis upon which the future modules will be built,
mainly: enabling cooperative simulations and the Single Source
Of Truth (SSOT) practice; seamlessly integrating magnet design
details around a set of input files; enabling parametric analysis
and multi-objective optimization with Dakota software developed
by Sandia National Laboratories. These capabilities showcase the
integration of FiQuS with software developed at CERN, at other
national laboratories, and within the STEAM framework.

Index Terms—Finite element method, electromagnetic,
superconducting magnets, quench simulations, FiQuS.

I. INTRODUCTION

QUENCH phenomena in superconducting magnets are
transient events associated with a local or distributed

transition to the electrically resistive state of the coils [2]. Such
events cause temperature increases, thermal and electromag-
netic stresses, and voltages within the magnet, which ultimately
lead to damages if not dealt with in time. Systems for quench
detection and protection must be designed and used to avoid
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magnet failure or degradation. Software tools capable of aiding
the design by simulating such phenomena are essential.

Within this context, a Finite Element (FE) Quench Simulator,
FiQuS [3], is herein introduced along with a detailed description
of its structure and main capabilities. FiQuS is essentially a
free and open-source Python-based toolset that makes use of
the computer-aided design (CAD), meshing and post-processing
capabilities of Gmsh [4] to automatically generate parametrized
geometries and meshes of superconducting elements such as
bus-bars, multi-pole, solenoid, and canted-cos-theta (CCT) mag-
nets. Additional post-processing capabilities are developed in
Python, for example export of magnetic field map or self-mutual
inductance matrix. It computes the numerical solutions through
GetDP [5], a general FE solver for the treatment of discrete
problems. Both Gmsh and GetDP belong to the open-source
ONELAB bundle [6], which is coded in C++.

Simulating a magnet quench is an arduous task from both
the physics and numerics standpoint. It requires multi-physics
modeling at very different space and time scales [7]. More
specifically, it involves both electromagnetic (EM) and thermal
(TH) modeling of abrupt events in complicated geometries
with differently sized components that may also require 3D
treatment. Due to this level of complexity, FiQuS’ wide range
of capabilities, currently being developed within the STEAM
team [7] at CERN, will be presented separately herein as
well as in future publications. The focus of this contribution
is specifically on magnetostatic simulations of 2D multi-pole
magnets. FiQuS is also already able to model 3D CCT magnets
in magnetostatic simulations [8]. Successive publications will
showcase FiQuS capability of generating bus-bar and solenoid
geometries, and simulating transient TH and coupled EM-TH
problems.

II. FIQUS STRUCTURE

A. Modules and Workflow

FiQuS is organized into multiple Python scripts represented
by the scheme displayed in Fig. 1. The code is constituted by
a mix of built-in functions, third-party libraries, and Gmsh API
commands and command-line interface (CLI) calls to GetDP.
Its structure is modular. As such, each group of methods having
a distinct task forms a module that is independent of the others.
This feature facilitates code readability, reusability, and testing.
Modularity also enables non-consecutive workflows, where only
the necessary modules are involved in the process.
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Fig. 1. FiQuS modules structure and workflow.

Depending on the type of model that needs to be built,
the number of initial (top-level) input files to FiQuS varies
between one and three. For instance, models of multi-pole
magnets, whose 2D geometry was designed via ROXIE [9],
need an additional file comprising geometrical data. A
YAML file [10] is always necessary as input; it is a data-
oriented, ASCII text file containing model data and user
inputs describing the type of simulation, folder organiza-
tion, mesh settings, and desired solution and post-processing
settings.

The main script parses the input files, prepares the working
folders, and selects the workflow based on the information
contained in the inputs. It also performs a data check to as-
sess the validity and feasibility of the user instructions based
on both the available and provided files. The validation and
parsing of the input data are performed using Pydantic dat-
aclasses [11], which enforce type hints at run-time based on
Python type annotations. The complete workflow that involves
all the modules in FiQuS consists of the geometry generation,
mesh generation, assembling of the GetDP-readable file with
extension .pro, computing the solution, and post-processing.
Nevertheless, modularity allows for flexibility in the choice of
the type of FiQuS run. For instance, starting a simulation from
the solution step is possible if a previously generated mesh is at
the user’s disposal. This is enabled by allowing each module to
communicate with the main script only. Although this approach
increases the number of interactions with respect to monolithic
codes, the advantages of modular programming outweigh the
drawbacks as code maintainability greatly increases over time,
especially for continuously growing software such as FiQuS.

Since the various superconducting elements need to be treated
differently according to their geometrical characteristics and
relevant physical phenomena to be modeled, each module is
constituted by multiple scripts with a common task name but
different procedures. The selection of the correct procedure is
automatically addressed without the user’s instructions owing

to the standardization of classes and methods across the various
scripts.

The aforementioned .pro file is the typical GetDP input file,
where the simulation problem is defined along with the com-
putational domains, numerical schemes, and initial and bound-
ary conditions [5]. Its commands follow the ONELAB syntax,
which is based on C++. Getting acquainted with this type of file
might represent a time-consuming challenge to inexperienced
users. One of the main advantages of FiQuS consists of the
automatized compilation of the .pro file based solely on the
FiQuS text input files. This feature relieves the user from learn-
ing new software syntax and settings while focusing more on
the simulated phenomena. The automatized assembling of the
.pro file is performed through Jinja [12], a Python-compatible
templating engine, and a set of .pro templates, customized for
each solution type and distributed together with the FiQuS code
base.

B. Directories and Outputs

The files generated by each module are stored in three nested
levels of directories that correspond to the typical computer-
aided engineering (CAE) steps for a numerical simulation: 1)
Geometry folder, which includes all files related to the geometry
of the model, relevant identification numbers of geometrical ob-
jects (.aux file), and cartesian coordinates of significant locations
for post-processing purposes; 2) Mesh folder, which includes
all files related to the mesh of the model, relevant identification
numbers of meshed regions (.reg file), and physical groups of
regions; 3) Solution folder, which includes all the outputs of the
simulation solution, GetDP auxiliary files, and post-processed
data files and figures.

FiQuS is capable of two ways of working with the (CAD)
geometry files. It can either import a geometry from an externally
generated file (e.g., ISO 10303 i.e. .STEP file), or generate
internally a Boundary Representation (.BRep) format file with
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Fig. 2. 2D cross-sections of four LHC magnets with corresponding magnetic field maps showing the norm of the magnetic flux density at the nominal current:
beam separation dipole MBXF [17] (a), (b); double-aperture bending dipole MBH [18] (c), (d); low-beta quadrupole MQXA [19] (e), (f); wide-aperture matching
quadrupole MQY [20] (g), (h).

the Open CASCADE Technology library [13]. Neither of these
file formats can store all the necessary geometry information.
Therefore, additional files need to be generated to store entirely
the state of the geometry (e.g., order of geometrical object tags).
The same limitation applies to the model mesh .msh file, which
does not store the mesh physical groups. The latter need to be
accessible and synchronized with the .pro file regions numbering
used in GedDP. This is particularly relevant in FiQuS: as each
module is called independently from the others and objects are
not passed directly between successive modules, module inputs
must retain all the information that characterized the outputs of
the previous step. In FiQuS, this is ensured by saving additional
information from each module’s process in the form of either
YAML or JSON [14] dictionaries.

III. CAPABILITIES

A. STEAM Coupling

Another advantage of FiQuS is the possibility to benefit from
the functionalities offered by the STEAM framework [7]. FiQuS
is part of STEAM and fully coupled with all its components.

As such, FiQuS is being developed following STEAM’s val-
ues: specialization, trust, consistency, repeatability, and sus-
tainability [15]. Among others, this coupling enables consec-
utive and cooperative simulations with the other tools of the
framework, and the Single Source Of Truth (SSOT) prac-
tice [16] through the centralization of model and material
data.

In the context of theata.quench simulations of particle ac-
celerator superconducting magnets and circuits, the scope of
the STEAM framework is broad and aims to simulate di-
verse transients (e.g., energy extraction, quench heaters and
CLIQ [Coupling-Loss Induced Quench] [21] induced quenches)
for different circuit and magnet types (e.g., cos-theta, CCT,
solenoids, pancake coils) at different levels of detail (e.g., circuit,
magnet, conductor). Since no single tool can accommodate all
this, STEAM incorporates several tools that are specialized
in specific tasks and hence complement each other. Within
STEAM, FiQuS plays the role of a reliable and accurate FE
simulator, which is capable of supporting agile tools that rely on
more approximate numerical methods. For instance, FiQuS can
enhance the capabilities of STEAM-LEDET [22] by calculating
magnetostatic field maps for an arbitrary current distribution
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Fig. 3. Evolution of the objective function f with respect to the iteration
number of Dakota’s multi-objective optimization.

Fig. 4. Resulting mesh for fast, yet low-error magnetic simulations.

at specific time steps of a transient phenomenon. In such a
co-simulation, the accuracy of the solution is improved by taking
into account the non-linear effect of the iron yoke saturation
more accurately through FE computation instead of simply
interpolating between field maps available at specific currents.

Complex analyses often require multiple steps and tools. The
higher the complexity, the harder it is to keep track of all the
steps required to reproduce a specific analysis. STEAM solves
this problem with AnalysisSTEAM [23], a Python-based unit
that ensures traceability and reproducibility by handling infor-
mation from beginning to end among user settings, data libraries,
parsers, drivers, and numerical tools. AnalysisSTEAM operates
based on a YAML input file that carries information about tool
settings and versions, data file paths, input changes, and type
of simulations. A sequence of instructive steps allows to both
automatize multi-step analyses and store their executed steps
simultaneously. A typical step sequence would involve setting

Fig. 5. Absolute error in magnetic flux density between FiQuS and ROXIE.

up the working folder, loading a reference model, changing one
or more reference parameters, and running multiple simulations
associated with each change. For instance, FiQuS can be in-
structed through AnalysisSTEAM to build a magnet geometry
and mesh, and then compute multiple magnetostatic solutions
at different initial currents by changing the inputs of a reference
file stored in the library.

Also the database plays an important role in the consistency
and reliability of results. STEAM features a library of data on
magnet design and operational parameters, benchmark mea-
surements, and material properties. The methods to fetch this
information have been recently standardized across all STEAM
tools and adapted to a common source in order to guarantee data
normalization. This structure establishes the so-called SSOT
practice within STEAM, reducing data redundancy, eliminating
inconsistencies, simplifying modifications and revisions, ulti-
mately enhancing productivity. The data is stored as YAML
text files as dictionaries. As such, the library benefits from the
advantages of text files: versatility, longevity, and independence
from software changes.

B. ROXIE Parser

The vast majority of LHC and HL-LHC magnets were de-
signed using the electromagnetic simulation and design opti-
mization software ROXIE [9]. As such, almost all superconduct-
ing magnets at CERN are associated with a set of ROXIE files
that define the geometrical characteristics, design features, and
materials of their components. Shortening the path between nu-
merical simulations of a magnet model and its design data from
ROXIE is essential to enhance productivity and efficiency. With
this aim, a ROXIE parser has been developed within STEAM in
order to parse all types of ROXIE files. The new version of the
ROXIE parser is capable of turning information contained in
.data, .cadata, .iron, .mod, and .bhdata files into dictionaries
that can also be exported as YAML text files (see Fig. 1).
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These dictionaries include processed data about the conductor
positions, cable design details (e.g., insulation specifics), iron
yoke and collar geometry, and B-H curves. FiQuS is integrated
with the ROXIE parser and, based on its output, can generate
the geometry of any magnet characterized by ROXIE files. As
an example, Fig. 2 shows a sample of 2D geometries of four
LHC magnets generated by FiQuS using the ROXIE parser
dictionaries. The figure also shows the magnetic flux density
map from magnetostatic solutions computed by FiQuS for each
magnet at the corresponding nominal current.

C. Parametric Analyses

As explained in the introduction, numerical simulations are
essential to comprehend the conditions of a magnet during
quench. However, such phenomena can arise under several cir-
cumstances depending on different combinations of operational
conditions, design parameters, and material specifications. Cov-
ering all possible cases is an arduous task even with the usage of
tools that facilitate multi-step analyses such as AnalysisSTEAM
(see Section III-A). A systematic and reliable set of procedures is
needed to explore probabilistic forecasts and statistical scenarios
based on design constraints and tolerances.

For this purpose, STEAM has recently adopted the open-
source parametric analysis software Dakota developed by Sandia
National Laboratories [24]. Dakota offers a wide range of algo-
rithms for various analysis types such as parametric sweep, un-
certainty quantification, and multi-objective optimization. The
full parametrization of all simulation inputs of FiQuS allows par-
allelizing several runs using Dakota. The coupling with Dakota is
quite straightforward as Dakota treats the linked tool like a black
box that accepts inputs and returns outputs to be processed or
stored. Nevertheless, this coupling has been tailored to the needs
and structure of STEAM, which has been interfaced with Dakota
through a Python package provided by the Dakota developers.
This extends previous work where Dakota has been coupled to
LEDET [25]. Dakota is equipped with a text file interpreter,
which can be advantageously used for the coupling with FiQuS’
YAML input files. Although Dakota offers a standardized syntax
to modify iteratively the input parameters of text files, an ad-hoc
Python script has been developed within STEAM to change
specifically the inputs of multi-step AnalysisSTEAM YAML
files. Moreover, Dakota’s syntax is not applicable to nested
dictionaries, as the communication between Dakota’s input .in
files and its interpretation of nested keys would be unfeasible.
The Python script thus helps circumvent this obstacle, while
allowing the coupling with more complex YAML structures. A
FiQuS user is not required to learn how to set up .in files, as
STEAM includes building methods that prepare them based on
simplified inputs and pre-compiled Jinja templates.

IV. DEMONSTRATIVE SIMULATION

As a demonstration of some of the capabilities described
above, a computational analysis is reported for the LHC
quadrupole magnet MQXA (see Fig. 2(e)). Such analysis in-
volves the coupling with the STEAM framework, the ROXIE

parser, and Dakota. FiQuS builds the geometry based on the
data dictionary constructed by the ROXIE parser starting from
ROXIE files stored in the STEAM models library. Then, a
multi-step AnalysisSTEAM input file is run iteratively based
on Dakota’s instructions on FiQuS input parameters. For the
solution of the electromagnetic problem, a 2D magnetostatic
simulation with current density along the invariant direction was
carried out using a formulation based on the magnetic vector
potential [26] with a cable current of 7149 A.

The goal of the analysis is to find an optimal mesh of
the magnet 2D cross-section through a multi-objective bound-
constrained optimization that aims to minimize an objective
function f . This function f is a weighted sum of two simulation
outputs and can be written as f = (1− w)b+ wΔt, where b
is the 2-norm of the absolute errors in magnetic flux density
between FiQuS and ROXIE at the strands locations, Δt is
the computation time required to obtain the solution, and w
is a weighting factor corresponding to 10−3. The optimization
was set up with two constrained design variables, that is, the
minimum element size of both coil and iron yoke, which were
varied within different feasibility regions by a Dakota multi-start
algorithm. The chosen algorithm is based on the Fletcher-Reeves
conjugate gradient optimization method [27]. Fig. 3 shows the
evolution of the objective function throughout the optimization,
whose final result yields the mesh displayed in Fig. 4. The
solution time associated with this mesh is about 1 minute.

Fig. 5 shows the absolute error in magnetic flux density
between FiQuS and ROXIE obtained using the mesh of Fig. 4.
The purpose of this validation is to obtain within reasonable
computational time a magnetic flux density with an error that is
acceptable for quench simulations.

V. SUMMARY

The Finite Element Quench Simulator, FiQuS and its integra-
tion with ROXIE input files and STEAM framework was intro-
duced. FiQuS is currently being developed as part of the STEAM
framework and will be capable, in its advanced stage, of 1D,
2D and 3D modeling of various superconducting devices. This
work presented the fundamental structure of FiQuS together
with its main capabilities as well as a demonstration of mag-
netostatic simulations of 2D multi-pole magnet models, which
represent a necessary step in the path towards advanced quench
simulations. The advantages of FiQuS include: 1) free-to-use;
2) open-source; 3) fast C++ solver; 4) fully parametrized inputs;
5) simple text-based input files; 6) integration with ROXIE files
via parsed files; 7) built-in templating of third-party input files
(e.g., GetDP’s .pro); 8) integration with the STEAM framework.
Thanks to the latter, FiQuS is: i) capable of consecutive and
cooperative simulations; ii) integrated with a library of magnet
design parameters and material specifications; iii) integrated
with Dakota for parametric analyses with templated and auto-
matically generated Dakota input file (.in). For advanced users
and developers who would like to extend FiQuS capabilities,
other advantages can be highlighted: a) modern scripting Python
code; b) easy-to-extend modular structure.
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