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Abstract 

Inductive magnetic field sensors (B-probes, Mirnov coils) are important diagnostic tools in 

plasma experiments, critical to the identification of instabilities and in the reconstruction of 

equilibrium states. Inserting a B-probe directly into a fusion relevant plasma would degrade the 

device, meaning these probes need appropriate shielding. Common approaches include a 

protective coating around the probe, placement behind thermal plates, or placement within 

recessed wells in the confinement chamber walls. Various methods have been developed to 

calibrate B-probes shielded in these ways, converting the induced voltages at their protected 

locations to meaningful magnetic field strength measurements. 

General Fusion, in pursuit of magnetized target fusion, requires B-probes shielded by metallic 

sheaths to be placed within recessed wells in the chamber wall. This creates a complex 

propagation geometry for the magnetic fields, and limits the applicability of established 

calibration methods. This project investigates the viability of using 3D magnetic field 

simulations to calibrate B-probes within the General Fusion shielding geometry. 

A physical calibration experiment was performed, then modelled within COMSOL Multiphysics. 

The simulated B-probe voltages were compared against experimental results to determine the 

accuracy of the simulations. Normalized voltage profiles agreed within the sensitivity range of 

the simulations, showing this approach can be used to determine a frequency dependent 

calibration factor for each probe. Radial profiles were developed to relate the magnetic field 

strength within the wells to that within the body of the calibration chamber.  
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1.0 Introduction 

1.1 Motivation 

1.1.1 Nuclear Fusion Energy 

Thermonuclear fusion is a rapidly developing industry with the potential to revolutionize global 

energy production. Fusion combines small nuclei such as hydrogen isotopes to form larger ones, 

releasing energy without any carbon emissions or long-lived radioactive waste [1]. This differs 

greatly from existing active energy and electricity sources, offering an opportunity to replace 

heavily polluting power plants if fusion can be harnessed efficiently. This has been the focus of 

many private and public institutions for decades, with fusion research beginning in the 1940s [1]. 

Difficulties in achieving net energy production arise from the immense energy barrier required to 

combine two atomic nuclei. 

Fusion occurs naturally within stars, where their enormous size and mass provide sufficient 

gravitational pressure to overcome the electric repulsion and fuse hydrogen and other light nuclei 

[1]. On Earth, no gravitational source is sufficiently large to energize nuclei to the point of 

fusion. In fact, very few sources of any kind provide enough energy to nuclei to trigger nuclear 

fusion. One of the primary approaches to initiate fusion reactions is through the controlled 

confinement of a plasma. 

Plasma is the state of matter where a gas has been energized sufficiently to separate electrons 

from their atoms, creating a highly energetic ionized fluid [1]. Typical plasmas generated within 

laboratory environments require high voltage discharges to ionize a gas, and precise conditions 

to maintain the plasma for a meaningful duration of time. Magnetic confinement fusion uses 

externally applied magnetic fields (B-fields) to shape the plasma by directly interacting with its 

energetic ions and electrons. The most common of these devices is the tokamak, a toroidally-

shaped chamber in which the motion of a plasmaôs charged particles is aligned with the toroidal 

axis to extend plasma lifetime by reducing collisions with the chamber walls [2]. An example of 

this structure is shown in Figure 1.1. 
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Figure 1.1: Diagram of a tokamak. The plasma, approximated in purple, flows toroidally through 

the body of the confinement chamber, of which a section view is shown. Red arrows represent the 

plasma current. Poloidal coils are shown in dark grey, which generate a guiding toroidal B-field. 

General Fusion is a Canadian company pursuing fusion energy through the development of 

plasma technologies for magnetized target fusion (MTF) [3]. This approach combines an 

energetic plasma with a pulsed external compression system, increasing the plasma density to 

increase the probability that fusion reactions occur. 

The rate of technological development and scientific improvement within the fusion industry is 

accelerating, requiring constantly improving techniques and measurements to ensure reliable 

performance within all plasma-facing devices. The Fusion Industry Association recognizes 43 

private companies pursuing fusion technology globally, with over $6 billion USD invested 

between them [4]. These numbers increase each year as interest is further stimulated by progress. 

With the impact that an operational fusion power plant would have on the global energy 

production landscape, advanced research and continued investigation are exciting opportunities. 

1.1.2 Magnetic Field Probes 

Many diagnostic tools are used throughout the excitation and confinement of a fusion plasma to 

analyze its properties and qualities, allowing researchers to identify optimal conditions for 

implementation in future fusion reactors and power plants. One primary diagnostic is the 

magnetic field probe (B-probe), used to measure the magnetic field strength of the plasma. This 
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information can be used to identify plasma instabilities, or for the reconstruction of the magnetic 

fields within the reactor to model the plasmaôs evolution [5]. The B-probes implemented within 

General Fusionôs systems are inductive coils of wire, which experience an induced voltage as the 

magnetic flux through their loop-area changes in time [6]. Accordingly, to gain information 

about the magnetic field of the plasma, these probes must be placed within the plasma 

confinement chamber. The high-energy particles within the plasma, however, will degrade any 

material they contact. To properly shield these probes from the energetic plasma, General Fusion 

surrounds the body of the probe with a thin metallic sheath and recesses the full assembly within 

a cylindrical port into the chamber wall [6]. The surrounding sheath is thus exposed to the 

plasma, but its tip is flush with the chamber wall to minimize the disturbance to the plasmaôs 

shape. This is demonstrated in Figure 1.2. The placement of the probe is designed to minimize its 

degradation while ensuring exposure to the magnetic fields of the plasma. 

 

Figure 1.2: CAD rendering of a General Fusion B-probe recessed in the aluminum wall of a 

magnetic confinement chamber. 

For the voltage measurements induced in these probes to be useful, they must be calibrated with 

a set of reference measurements. By comparing the B-probe voltages with those induced by a 

known magnetic flux, a calibration factor can be developed to convert any measured signal into a 

magnetic field strength. This process is particularly intensive for recessed B-probes, as the 

magnetic field of interest is not at the location of the probe, but at the edge of the plasma. 

Triaxial 

B-probe 

Chamber 

wall 

Plasma  



Introduction 

 

4 

 

Calibration procedures for plasma-facing B-probes have been presented using analytical methods 

[7], in-situ probe excitation [8], and through the use of Helmholtz coils to generate smooth and 

well-defined magnetic fields surrounding a probe prior to installation [9]. While these methods 

have proven effective in their specific implementations, none are suitable for the General Fusion 

B-probes. The combination of the metallic sheath and probe recession within the conducting 

chamber walls creates a geometry too complex for analytical computation and prevents 

placement within a Helmholtz coil; only one calibration field can be excited in the current form 

of General Fusionôs plasma injector (Pi3), limiting the efficacy of existing in-situ calibration 

methods. New methods of calibrating B-probes for accuracy and precision are highly valuable in 

the improvement of plasma diagnostics for advancing fusion energy systems. 

1.1.3 Finite Element Analysis 

Finite element analysis is a computational method to solve, or approximate the solution to, 

complex equations within a region by discretizing the modelled space into smaller segments 

[10]. A set of defining equations are solved at the boundaries of each discrete element, with the 

resulting set of numeric values and their combinations approximating the solution within the 

whole modelled space [10]. This can be applied to the propagation of magnetic fields within a 

physical space, such as a plasma-facing device. In this implementation, the physical space is 

divided into small elements through which the propagation of currents and electromagnetic fields 

are evaluated given an initial excitation. 

If the modelled space exhibits ideal symmetries, the model can be simplified for axisymmetric 

approximations to drastically reduce the computational requirements to model the system. 

General Fusionôs B-probes, however, cannot be simplified in this way due to their recession in 

cylindrical ports within the confinement chamberôs walls. Accordingly, to model the interactions 

of magnetic fields and the General Fusion B-probes appropriately, a full three-dimensional (3D) 

simulation is required. 

1.2 Objectives of Thesis 

The primary objective of this thesis is to investigate whether 3D magnetic field simulations can 

be used in the calibration of B-probes in recessed ports, by properly simulating the propagation 

of magnetic fields near and through conducting material. A calibration experiment was 
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performed with B-probes positioned within a conducting chamber, excited by a series of 

magnetic fields, to record the resulting induced voltages. This experiment was then modelled in 

COMSOL Multiphysics, a finite element software, to simulate these excited magnetic fields and 

the associated voltages induced within the B-probe arrays. The voltages of both the physical and 

simulated B-probes were compared across a number of excitation fields to evaluate the accuracy 

of the simulation in modelling the physical behavior. 

The results of this thesis can inform future B-probe development programs and facilitate their 

calibration procedures, for numerous applications. While this thesis focuses on the 

implementation in fusion energy devices, the calibration procedure is applicable to any plasma-

facing device or experiments with complex conducting geometries near their measurement 

devices. 

1.3 Organization of Thesis 

Chapter 2 presents the necessary theoretical background to understand the design of the physical 

experiment and corresponding finite element simulation. Relevant electromagnetic theory is 

presented, closely following the derivations presented in Griffithsôs text [11]. The construction of 

magnetic field probes, their operating principles, and current approaches for their calibration are 

presented thoroughly. Preliminary considerations in plasma physics are introduced, though much 

of the detail and intricacies of this subject are beyond the scope of this thesis. An introductory 

presentation of the finite element method is also presented, following closely the presentation in 

Pepper and Heinrichôs text [10]. Chapter 3 describes the physical calibration experiment, 

designed by General Fusion employees and performed by the author. Chapter 4 thoroughly 

details the design and implementation of this experiment into finite element analysis software for 

numeric simulation. In Chapter 5, data analysis procedures are outlined to describe how the 

experimental and simulated results are processed. The comparisons of these results and their 

implications are shown in Chapter 6. Chapter 7 concludes the thesis with a summary of its key 

findings, and provides suggestions for future work. Appendices are provided with additional 

figures, data tables, and example code for the implementation of the simulations.  
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2.0 Background 

2.1 Electromagnetic Theory 

Electromagnetism is one of the four fundamental forces of nature, covering the effects of electric 

charge and its motion [11]. Electric charge is an intrinsic property of matter, being a fundamental 

characteristic of subatomic and elementary particles. 

2.1.1 Electric Fields 

The presence of electric charge creates an electric field (E-field), which describes the electric 

force exerted on any other charged material. The electric field of a single point charge in a 

vacuum, located at the origin of some coordinate system, is defined by Coulombôs Law  [11]: 

ὉὶӶ
ρ

τʌצ

ή

ὶ
 ὶǶȟ ςȢπ 

where ὉὶӶ is the electric field vector in  at the position vector ὶӶ (magnitude ὶ) relative to the 

origin, ή is the magnitude of the electric charge, and צ is the permittivity of free space 

approximated by ρπ  [11]. Here, variables with a bar over them are vectors, while those 

with hats are unit vectors (vectors in the same direction, but with a magnitude of one). 

Collections of electric charge exert a bulk force, with their individual contributions summing 

linearly through the principle of superposition. For a volumetric charge density, ʍὶӶ, the 

resulting E-field is given by: 

ὉὶӶ
ρ

τʌצ

ʍὶӶ

ד
Ὠʐȟד ςȢρ 

where the integral is over a spatial volume, ʐ, including the effects of all individual volumetric 

charge elements Ὠʐ at positions ὶӶ, relative to the origin. The position vector ὶӶ is for the 

observation/field point. The difference between the positions of the charge and the observation is 

given by ד. This is visualized in Figure 2.1.  
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Figure 2.1: Schematic of a volumetric charge density. Position vectors of the observation point 

and an infinitesimal volume element of charge are shown. 

The force on a body of charge ὗ due to a test charge is directly proportional to the E-field 

generated by the test charge [11]. This force is repulsive if the two elements have the same sign 

of charge, and attractive if their signs differ: 

Ὂ ὗὉȢ ςȢς 

The vector E-field can be described by a scalar field: the Electric Potential. For static charges, 

the E-field is the gradient of the scalar potential: 

ὉὶӶ ɮɳὶӶȟ ςȢσ 

where  ɳis the del operator, which defines partial differentiation. In Cartesian coordinates,  ɳis 

defined as: 

ᶯ
Ћ

Ћὼ
ὼ

Ћ

Ћώ
ώ

Ћ

Ћᾀ
ᾀǶȢ ςȢτ 

The superposition of E-fields includes the generation and absorption of field caused by the 

presence of individual positive and negative charges, respectively. These electric monopoles are 

considered the sources and sinks of the E-field, where field lines initiate and terminate, 

respectively. This expansion and contraction of a vector field is quantified by its divergence, 

which is defined as the scalar (dot) product of the  ɳoperator with the vector field. The degree of 

circularity within a vector field is quantified by its curl, which is defined as the vector (cross) 

product of the  ɳoperator with the vector field. 
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2.1.2 Magnetic Fields 

Magnetic fields (B-fields) are also a byproduct of electric charge: a B-field is created by the 

movement of charge [11]. This B-field describes the magnetic force which is exerted on any 

other nearby moving charge. The B-field from a steady current along a line segment, ὰ, is given 

by the Biot-Savart Law [11]: 

ὄὶӶ
‘

τ“
Ὅ
ὨὰӶ ד

ד
ȟ ςȢυ 

where ὄὶӶ is the magnetic flux vector in T at the position vector ὶӶ relative to the origin, Ὅ is the 

current travelling through the line element ὨὰӶ, and ʈ is the permeability of free space given by 

τʌ ρπ  [11]. The integration is performed along the line segment over which current 

flows, including the B-field contribution from each infinitesimal section of current, akin to the 

integration over the charged volume in Equation 2.1. This is visualized in Figure 2.2. 

 

Figure 2.2: Schematic of a line current. Position vectors of the observation point and an 

infinitesimal line current element are shown. 

A physical current can pass through different geometries, extending to a volumetric current 

through a solid. Similarly to the superposition of electric field contributions from a distribution 

of electric charges, the B-fields from individual line currents add linearly to form a net field at an 

observation point. For a volumetric charge density, ὐӶ, the resulting B-field is given by: 

ὄὶӶ
ʈ

τʌ

*ӶὶӶ ד

ד
ὨʐȢ ςȢφ 
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The force on a body of charge ὗ moving with velocity ὺӶ in the presence of a B-field is given by 

the Lorentz force law [11]. This force acts in a direction perpendicular to the motion of the 

charge and the B-field: 

Ὂ ὗὺӶὄ ςȢχ 

A principal feature of the B-field, and one of its distinct differences from the E-field, is that it has 

no singular sources or sinks: each magnetic field line must reconnect as a loop [11]. Individual 

line currents produce field lines which form closed loops around the current, as described by the 

vector cross product. Accordingly, the B-field is called solenoidal, or divergenceless, as the 

divergence of the field is always zero. The shape of standard E- and B-fields are compared in 

Figure 2.3. 

 

Figure 2.3: Visualization of the E-field (left) and B-field (right) generated from a stationary point 

charge and a straight line current flowing out of the page, respectively [11]. 

This feature of the B-field leads to the development of a potential with a different form than in 

the electric case. The Magnetic Vector Potential is defined by the rules of vector calculus, 

following a derivation that applies to all solenoidal fields. Specifically, for all vector fields, the 

divergence of the curl is always zero as the field strength is constant along any field line: 

ẗɳᶯ ὤӶ πȢ ςȢψ 

As the divergence of the B-field is always zero, it can be defined as the curl of another vector 

field: ὃӶ. In the magnetostatic case, this relationship follows Equation 2.9: 

ὄὶӶ ᶯ ὃӶὶӶȢ ςȢω 
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As the B-field is defined as an integral over a current density, this form can also be extended to 

the magnetic vector potential. Using this connection, the magnetic vector potential can be 

calculated for a given current density: 

ὃӶὶӶ
ʈ

τʌ

ὐӶὶӶ

ד
ὨʐȢ ςȢρπ 

2.1.3 Electromagnetic Coupling 

The E- and B-fields are intimately coupled due to their common dependence on electric charge. 

This coupling is described by Maxwellôs Equations, which can be used to fully define both the 

electric and magnetic fields for a given set of charge and current distributions. In a vacuum: 

ẗɳὉ
ʍ

צ
ȟ ςȢρρ 

ᶯ Ὁ
Ћὄ

Ћὸ
ȟ ςȢρς 

ẗɳὄ πȟ ςȢρσ 

ᶯ ὄ ʈὐӶ  ʈצ
ЋὉ

Ћὸ
Ȣ ςȢρτ 

These equations are known as Gaussôs Law (ME1, Equation 2.11), Faradayôs Law (ME2, 

Equation 2.12), Solenoidal B-fields (ME3, Equation 2.13), and Ampereôs Law with Maxwellôs 

Correction (ME4, Equation 2.14) [11]. 

The E- and B-fields can be decoupled to define the electromagnetic wave equations, by taking 

the curl of Faradayôs Law and Ampereôs Law separately [11]. The following equations detail the 

process for the E-field: 

ᶯ ᶯ Ὁ ᶯ
Ћὄ

Ћὸ
ȟ ςȢρυ 

by using a vector identity rule to simplify the left-hand side, and by switching the order of 

differentiation on the right-hand side, 

ᶯ ẗɳὉ ᶯὉ
Ћ

Ћὸ
ᶯ ὄȟ ςȢρφ 
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then by substituting in ME4 on the right-hand side and applying that there is no free charge or 

current in a vacuum, meaning that the divergence of the E-field and the free current density are 

both zero: 

ᶯὉ ʈצ
ЋὉ

Ћὸ
Ȣ ςȢρχ 

Following a similar derivation: 

ᶯὄ ʈצ
Ћὄ

Ћὸ
Ȣ ςȢρψ 

Equations 2.17 and 2.18 follow the form of the three dimensional wave equation, meaning that 

their solutions take the form of a plane wave [11]: 

ὉὶӶȟὸ ὉὩ ẗӶ ȟ ςȢρω 

with an amplitude of Ὁ, propagating in the direction of the wave vector, Ὧ, with an oscillation 

frequency of ʖ. Here, the wave vector is equal to the oscillation frequency divided by the speed 

of propagation. This speed is given by ʉ σ ρπ  [11]. Following Equations 2.12 

and 2.14 in vacuum, the waves are seen to be transverse with their direction of oscillation 

perpendicular to their direction of propagation. The magnetic plane wave has the same form, 

exchanging Ὁ for ὄ. 

While these plane waves were derived by decoupling the E- and B-fields mathematically, they 

remain physically bound. Through Equation 2.12 it is clear that the fields in vacuum oscillate 

orthogonally and in phase, meaning they propagate together.  

Thus far, the E- and B-fields have been considered in vacuum. Their interactions with matter are 

far more useful for wide ranging applications. The arrangement and alignment of charged atoms, 

their motion, and their nuclear spins all have significant impacts on the electrical and magnetic 

properties of a material. Insulators, or dielectrics, are materials whose electrons are tightly bound 

to specific molecules, which prevent large interatomic currents from building [11]. Electricity 

flows well through conductors, as many of their electrons are not strongly bound to specific 

atoms and move freely through the material according to gradients in the electric force [11]. 
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The charges within a dielectric are thus known as bound charges, as they have restricted mobility 

[11]. They can, however, still produce an electric field: if the charges within an atom are 

displaced from their equilibrium positions, the resulting separation creates a small E-field. An 

analog exists for current, with bound currents representing those which are confined to a region 

and thus create small B-fields [11]. All other charges and currents are called free, without the 

same confinement. External E- and B-fields can induce these bound fields by altering the 

alignment of atoms and their electrons. These bound charges and currents are used to define the 

polarization and magnetization of a material, which describe how susceptible it is to atomic 

misalignment. The more bound charge or current is induced under an external field, the more 

strongly polarized or magnetized a material is. These properties are described by the Polarization 

and Magnetization vector fields within a material, and are used to quantify susceptibility to the 

E- and B-fields (ʔ and ʔ, respectively). Auxiliary fields are defined accordingly: 

Ὀ Ὁצ ὖ Ὁȟצ ςȢςπ 

where the Polarization vector is given by 

ὖ ʔὉȟצ ςȢςρ 

and 

Ὄ
ρ

ʈ
ὄ ὓ

ρ

ʈ
ὄȟ ςȢςς 

where the Magnetization vector is defined as 

ὓ ʔὌȢ ςȢςσ 

In consideration of these matter-specific fields, Maxwellôs Equations can be rewritten to include 

the D- and H-fields: 

ẗɳὈ ʍȟ ςȢςτ 

ᶯ Ὁ
Ћὄ

Ћὸ
ȟ ςȢςυ 

ẗɳὄ πȟ ςȢςφ 

ᶯ Ὄ ὐӶ
ЋὈ

Ћὸ
Ȣ ςȢςχ 
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Decoupling the E- and B-fields in media follows a very similar procedure as shown for the 

vacuum case, now considering the effect of conductivity. The electrical conductivity of a 

material is a measure of the ability for current to flow within it ï specifically, conductivity is the 

inverse of resistivity [11]. All materials have a non-zero conductivity, though the broad division 

of materials into conductors and insulators is generalized to materials with very large and very 

small conductivities, respectively. In ideal approximations, conductors are considered to have 

infinitely large conductivities while insulators, such as the previously considered vacuum, allow 

zero current to flow, and thus have zero conductivity. The driven current density within a linear 

conductor can be described by Ohmôs Law, where the conductivity ʎ is the proportionality 

constant between the E-field and the current density [11]: 

ὐӶʎὉȢ ςȢςψ 

This definition is substituted into Equation 2.27, so that the connection between the E- and B-

fields can be written more explicitly: 

ᶯ ὄ ʈʎὉ ʈצ
ЋὉ

Ћὸ
ȟ ςȢςω 

where the permittivity and permeability terms are extracted from the D- and H-fields, 

respectively. Equation 2.29 leads to the decoupled electromagnetic wave equation in conducting 

media [11]: 

ᶯὄ ʈʎ
Ћὄ

Ћὸ
ʈצ
Ὠὄ

Ὠὸ
Ȣ ςȢσπ 

The plane-wave solutions to Equation 2.30 have the same form as the vacuum case, but now with 

a complex wave vector constructed from the materialôs permeability, permittivity, and 

conductivity. This wave vector takes the form [11]: 

Ὧ ʈצʖ Ὥʈʎʖȟ ςȢσρ 

which can be seen to be a generalized form of that in the vacuum case. The complex component 

of this wave vector describes the attenuation of the wave propagating through the material: as 

this component grows, the wave penetrates less deeply into the material. The distance at which 

the strength of the wave has attenuated by a factor of Ὡ is known as the skin depth, ɿ, defined as 

the reciprocal of the imaginary component of this wave vector [11], [12]: 
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ʆ )ÍὯ ʖ
ʈצ

ς
ρ

ʎ

ʖצ

Ⱦ

ȟ ςȢσς 

ɿ
ρ

ʆ
Ȣ ςȢσσ 

Here it is seen that the propagation of waves through a conducting media is frequency 

dependent: in the magnetostatic case with a steady generating current, the field is unaffected by 

the material. However, as the frequency of oscillation increases, the skin depth decreases and the 

transmitted field concentrates along the outer surface of the material [12]. 

For dynamic cases, the definition of the scalar potential must be adjusted to account for the time-

varying B-field. Specifically, a time-varying E-field is related to both the scalar potential ɮ and 

the magnetic vector potential ὃӶ, as derived from Faradayôs Law: 

Ὁ ɮɳ
ЋὃӶ

Ћὸ
Ȣ ςȢστ 

This formulation reduces to Equation 2.3 in the static case. A quasi-static regime can be defined 

for oscillation frequencies where higher order dynamic effects are small. In this case, the full 

electromagnetic wave equation (Equation 2.30) can be reduced to the diffusion equation 

(Equation 2.35), 

ᶯὄ ʈʎ
Ћὄ

Ћὸ
ȟ ςȢσυ 

which holds under the following criterion: 

ʎ

ʖצ
ḻρȢ ςȢσφ 

2.1.4 Induction 

Due to the coupling of the electromagnetic fields, a time varying B-field produces an E-field [5]. 

Beginning with Faradayôs Law in a system with no free-charge: 

ᶯ Ὁ
Ћὄ

Ћὸ
ȟ ςȢσχ 
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The relationship can be simplified by taking the surface integral over the full equation. Stokesô 

Theorem (Equation 2.38) can be applied to the left-hand side of the equation: 

ᶯ ὤӶẗὨὥ  ὤӶẗὨὰӶȢ ςȢσψ 

The flux of a vector field through a region is the surface integral of that field normal to that area, 

ה ὤӶẗὨὥȟ ςȢσω 

Meaning that the resultant E-field can be described by: 

ὉẗὨὰӶ
Ὠה

Ὠὸ
Ȣ ςȢτπ 

The left-hand side of this equation is simply the definition of the electric potential of a loop in 

integral form: the electromotive force [11]. Accordingly, a time-varying flux through a loop of 

wire induces a voltage within it: 

꜡
Ὠה

Ὠὸ
Ȣ ςȢτρ 

This result further links the E- and B-fields. The electromotive force is a measure of electric 

potential, or voltage. Within a closed circuit, this induced voltage will generate a current. This 

current will generate an associated B-field, which can in turn induce a voltage in the same 

circuit. This is classified as a circuitôs self-inductance, its ability to induce voltages within itself. 

This property is often undesirable, as the induced fields act to reduce and prevent their sources as 

evidenced by the negative sign in Equation 2.41. Mutual inductance, the ability for one circuit to 

induce a voltage in a second circuit, is often advantageous for select magnetic applications. The 

self- and mutual-inductance proportionality constants vary with the loop geometries, where 

larger inductances more strongly impede changes in current due to larger induced voltages that 

oppose the change. 

2.2 Plasmas and Nuclear Fusion Energy 

Atoms are constructed from a positively charged nucleus of protons and neutrons, surrounded by 

negatively charged electrons. The electric charge associated with these particles is intrinsic to 

their formation, as one of the fundamental properties of matter [11]. The balance of charge 
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between protons and electrons is one of the factors that enables the stable existence of atoms, as 

like charges repel and opposite charges attract. 

A plasma is an ionized gas, commonly considered the fourth state of matter [1]. When a material 

is at its coldest, with low thermal or kinetic energy within its constituent atoms, it forms a solid 

with generally strong interatomic bonds that hold the material in place. By adding heat to the 

system, the kinetic energy of the atoms increases. A materialôs melting point is the temperature at 

which that kinetic energy begins to surpass the energy of the bonds, causing those bonds to break 

and the position of those atom to loosen. Further increasing the energy of the system causes the 

atoms to vibrate and rotate much more rapidly within a volume. With sufficient energy, these 

atoms disperse and the liquid evaporates into a gas whose atoms arenôt bound to each other at all. 

The fourth and final change of state while energizing a material is the separation of an atomôs 

electrons from its nucleus, known as ionization. In a bulk material, this creates a fluid of 

separated electrons and nuclei, known as a plasma [1]. This state of matter is difficult to achieve, 

due to the high energetic barrier of ionization: material tends towards its lowest energy 

configuration according to fundamental thermodynamics, and a plasma is not typically a 

naturally stable configuration on Earthôs surface [1]. Without external intervention, the charged 

bodies of electrons and nuclei would attract one another in such a configuration that the localized 

charges were as close to neutral as possible, with like charges attracting and opposite charges 

repelling until the resulting forces were balanced. However, this ionization is required to isolate 

atomic nuclei for fusion. 

To fuse two nuclei, the electrons must be removed from their atoms to allow for the direct 

interaction of the nuclei [1]. These bodies are both positively charged, given their constituent 

protons and neutrons with positive and neutral charges, respectively. Two interacting nuclei thus 

experience a repulsive force, naturally preventing them from combining. External forces must be 

applied to bring the two bodies together, with sufficient energy to overcome their shared electric 

barrier. This barrier is immense, as the repulsive force between the two nuclei increases 

quadratically as the separation between them decreases. However, at very small distances (in the 

range of 1 fm, approximately the size of a nucleon [2]), the nuclear strong force becomes 

dominant over the electromagnetic force [2]. This change is what allows for the like-charged 
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nuclei to join and stay together, as they become much more strongly bound to each other than 

Coulomb repulsion can push them apart. 

To utilize a plasma to activate controlled fusion reactions, it must be confined and manipulated 

into configurations where the fusion reaction is likely to occur. The optimal range of conditions 

for fusion vary based on the fuel source used; the most common fuel used in fusion research is a 

combination of hydrogen isotopes deuterium (D), with one proton and one neutron, and tritium 

(T), with one proton and two neutrons [2]. This fuel source is often chosen because it has the 

largest reaction probability (cross-section) at relatively low temperatures ï this is shown in 

Figure 2.4, where the cross-sections for three possible fuel sources are compared [2]. This is a 

desirable property as energizing the nuclei is difficult, and maintaining high temperatures is 

costly. At the same nucleus-energies, the D-T reaction has a cross section multiple orders of 

magnitude higher than D-D or D-3He reactions. 

 

Figure 2.4: Cross sections for given fusion reactions, relative to their plasma temperatures [2]. 

The fusion of a deuteron and a triton produces a helium nucleus and an energetic neutron [2]: 

Ὀ Ὕ ᴼὌὩ σȢυ-Å6 ὲ ρτȢρ-Å6Ȣ ςȢτς 

The kinetic energy of these products is due to their mass difference from the reactants. Through 

the principle of mass-energy equivalence, the lighter products must carry more kinetic energy. 

This is the energy for which the fusion reaction is famed, where a single reaction produces nearly 
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20 MeV of energy. This energy density is another key advantage of fusion: fusion fuel can 

produce four times more energy than an equal mass of fission fuel, and millions of times more 

than an equal mass of fossil fuels [13]. 

The ultimate goal of fusion reactors is to create self-sustaining fusion reactions in a controlled 

environment, with a net production of energy. To accomplish this, the plasma must have a net 

positive power balance: the power generated through fusion must outweigh the energetic losses 

of the plasma and its constituent particles. This condition is known as the Lawson criterion, 

which can be generalized into the Triple Product [2]: 

ὲὝʐ
ρς

Ὁ

Ὕ

ἂʎʉἃ
ȟ ςȢτσ 

where ὲ is the plasma density, Ὕ is the plasma temperature, ʐ is the confinement time, Ὁ is the 

energy held by ɻ-particles that remain confined by the B-fields, and ἂʎʉἃ is the average over the 

distribution of reaction cross-sections and particle velocities [2]. For a given fuel type, an 

analytical relationship can thus be developed to determine the plasma temperature required for a 

positive fusion power balance given a certain plasma density and confinement duration. 

The core result of the Lawson criterion is that for sufficient fusion reactions to occur, the triple 

product must be large enough. Various approaches to controlled fusion have been developed that 

aim to maximize one or more of these variables through unique technology, leading to a wide 

range of fusion devices in development. As of July 2023, the Fusion Industry Association 

identified that private companiesô approaches fall under 10 different categories, with 25 unique 

technologies [4]. The most common approach, in both private companies and public research 

facilities, is magnetic confinement through the application of external B-fields to shape and 

control the plasma [1], [4]. This approach extends the life of the plasma, requiring a lower ὲὝ 

product to fulfill the Lawson criterion. This is commonly pursued within a tokamak device, 

where a toroidal plasma is confined and directed along the toroidal axis to increase the path 

length of the plasmaôs charged particles [2]. The other end of the spectrum is inertial 

confinement, which uses combined laser pulses to rapidly implode a small fuel pellet [1]. This 

creates an exceptionally dense plasma, though its lifetime is strongly reduced. Both approaches 

have shown significant progress and reached milestones recently: in 2022, the JET tokamak at 

the UK Atomic Energy Agency recorded the most energy extracted from a fusion plasma [14], 
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and the National Ignition Facilityôs inertial confinement approach achieved the first ignition, and 

the first scientific energy gain, by a fusion device [15], [16]. While this facility is far from net-

energy producing, the experiment was shown to generate nearly 3 MJ of energy given a fuel-

input energy of approximately 2 MJ [16]. 

General Fusion is one of the worldôs leading private fusion energy companies. Based in 

Vancouver, Canada, the company has raised over $300 million USD in capital funding since 

2002 [4]. The company is pursuing magnetized target fusion, a technologically unique approach 

which aims to externally compress a plasma to raise its density and achieve the Lawson criterion 

[17]. This technique uses external B-fields to hold the preliminary plasma in place, though these 

fields are much weaker than traditional magnetic confinement fields in tokamaks as the 

necessary confinement time is lower. 

A plasma injector is used to form the body of a spherical plasma and place it within the full 

confinement chamber. This chamber is lined with driven pistons, which are precisely triggered to 

uniformly compress the plasma to fusion conditions [17]. The system will recover to its initial 

conditions prior to repeating this process: in a commercial reactor, a repetition frequency of 1 

pulse per second has been proposed [4]. 

Regardless of the approach, measurement of the plasma B-field is important to quantifying the 

plasmaôs behaviour, and a critical element in the reconstruction of a plasma equilibrium state. By 

comparing B-field measurements at different spatial locations, a magnetic topology can be 

computed to identify areas of magnetic concentration or weakness [5]. This can be used to 

identify instabilities within the plasma, where asymmetries or disruptions deteriorate the quality 

of the plasma and limit the viability of fusion reactions [1], [5]. In combination with other 

diagnostic information, these B-field profiles inform the internal properties of the plasma and 

allow for the optimization of plasma formation and confinement conditions. With improved 

conditions, controlled fusion is more likely to occur. 

2.3 Magnetic Field Probes 

2.3.1 Overview 

There are many different magnetic field measurement devices, each with unique operating 

principles and optimal applications. Depending on the environmental conditions of the measured 
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fields, different limitations must be considered to select the appropriate probe. The most common 

magnetic field measurement devices are inductive coils and Hall Effect probes [5]. 

Inductive coils have many names: pickup coils, magnetic field probes, B-probes, Mirnov coils. 

In this project, they will be referred to as B-probes for consistency with General Fusionôs 

terminology. The operating principle of B-probes follows Faradayôs Law of Induction, as 

described in Section 2.2.1, where a time-varying B-field induces a voltage within a loop of wire: 

꜡
Ὠה

Ὠὸ
Ȣ ςȢττ 

This voltage can be amplified by wrapping the wire around the central axis multiple times, 

creating a multiturn coil. Each of these turns, when exposed to a time-varying magnetic flux, 

experiences an induced voltage which sum to create a larger total signal. In most probes, the area 

of each turn is approximately constant. This allows for the magnetic flux to be simplified: 

ה ὄẗὨὥ  ὄὃȟ ςȢτυ 

resulting in the defining equation for a multiturn coil, where the electromotive force is written as 

a voltage and the perpendicular requirement is included in the definition of the area [5]: 

ὠ ὔὃ
Ὠὄ

Ὠὸ
Ȣ ςȢτφ 

This simple operating principle is illustrated in Figure 2.5. 

As induction is directional, with the induced voltage being proportional to the perpendicular 

magnetic flux, B-probes are often constructed of multiple coils at the same location aligned 

along different axes to measure the different components of the B-field. In many tokamaks, for 

example, the poloidal and toroidal B-fields are distinctly important to measure [18]. B-probes are 

constructed accordingly, with two coils oriented in mutually perpendicular directions with the 

same central location, meaning one coil has a slightly larger radius. This can be repeated in the 

third perpendicular direction, creating a triaxial B-probe, to achieve a complete measurement of 

the three-dimensional B-field [19], [20]. 

In many applications, these probes are connected to analog integrating circuits to ensure their 

measured voltages are proportional to the value of the B-field, rather than its time derivative [5]. 
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While this adds a layer of complexity, B-probes are nonetheless advantageous for their simple, 

passive operating principle. 

 

Figure 2.5: Schematic of an inductive B-probe [5]. 

An analog integrator cannot, however, leverage an inductive probe to measure a static magnetic 

field. Hall probes (Hall Effect sensors) are active measurement devices, capable of directly 

measuring the strength of both static and time-varying B-fields [5]. Active, in this sense, means 

they require a driven current, as opposed to passive measurements which function independently. 

Specifically, Hall probes capitalize on the magnetic force felt by moving charges to measure a 

voltage proportional to the magnetic field strength [5]. The force on a moving charge in the 

presence of a B-field is described by the Lorentz force law [11]: 

Ὂ ὗὺӶὄȢ ςȢτχ 

When a current flows perpendicular to a magnetic field, the constituent charges experience a 

force in the third perpendicular direction [11]. In a physical material, such as a block of 

semiconductor material, this force will cause opposing charges to accumulate on opposing sides 

of the device when a current is driven. This separation of charge produces an E-field through the 

semiconductor, perpendicular to both the driven current and the B-field, which grows until the 

electric force cancels the magnetic force experienced by the current [5]. The potential difference 

at the two edges of the semiconductor can then be measured as a voltage which is directly 
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proportional to the B-field strength, assuming a constant current [5]. This operating principle is 

shown in Figure 2.6. 

 

Figure 2.6: Schematic of a Hall probe. 

While inductive and Hall effect sensors are the most common magnetic field measurement 

devices, niche applications lend themselves to unique probes [5]. These include optical sensors, 

which capitalize on the interaction between electromagnetic waves of light and an external B-

field [5], as well as magneto-resistive sensors, which have altered physical and electromagnetic 

properties in the presence of B-fields [21]. 

For most fusion and plasma implementations, inductive probes are the preferred B-field 

diagnostic [5]. This is largely due to their passive nature, and the time-dependent properties of 

the relevant plasmas. As the chamberôs conducting walls interact with the rapidly evolving B-

field of the plasma, they will experience their own induced fields. In bulk material, these induced 

fields and the resulting current distributions are known as eddy currents [11], [12]. This noisy 

environment near the probe leads to difficulty in driving a precise and controlled current through 

the device, limiting the precision and accuracy of Hall probes in plasma-facing applications [5]. 

A further benefit of inductive probes is their larger operational range of frequencies. While 

specific Hall probes can be constructed with functional bandwidths up to 1 MHz, most available 

sensors are limited to the low hundreds of kHz [22]. This range is typically limited by inductive 

and capacitive effects within the device [22]. Inductive probes, while still limited by inductive 

effects and the resulting self-resonance of the probe at very high frequencies, are seen to have 

reliable responses well into the tens of MHz range and can thus often be limited by the sampling 

rate of the digitizing device [23], [24]. 
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The intense environmental conditions of a plasma further impacts the design and placement of 

these probes: it is crucial that these probes do not contact the plasma, both for their structural 

integrity and the purity of the plasma. A common method of ensuring this separation is to recess 

the B-probes in ports within the chamber walls [6], [20], [25]. A schematic of this recession is 

shown in Figure 2.7. Here, the continuous B-field lines will permeate into the port to fill void 

space, allowing measurements to continue. The plasma, however, will largely continue on 

toroidal or poloidal paths around the structure such that high energy particles will not interfere 

with the probes. These recessions are known as ports, wells, holes, or feedthroughs by different 

groups. 

 

Figure 2.7: Rendering of a triaxial B-probe recessed into the wall of the plasma confinement 

chamber. 

Within these wells, the measured field strength will often be reduced relative to within the 

plasma chamber. This attenuation is partly due to the increased radial separation, but primarily 

due to the probeôs proximity to the conducting walls. Due to the high frequency behaviour of the 

plasma and its associated fields, induced eddy currents localize on the surface of the walls. The 

magnetic fields generated by these varying current distributions are superimposed with the 

plasmaôs fields, introducing noise and distortion. 

Other designs that prevent probe degradation include a sheath to physically separate the probe 

from the plasma [26] or placement of the probes behind an additional layer of material, such as 

that used to absorb the fast neutrons emitted during the fusion reactions [20], [26]. 

Triaxial 

B-probe 

Chamber 

wall 

Plasma 
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2.3.2 Calibration 

Calibration is the process of converting a raw measurement into the desired quantity ï for 

inductive B-probes, this process converts the induced voltage measurement into a magnetic field 

strength at the location of the probe. This procedure has been established for probes in free 

space, placed away from conducting material. Without the effects of field deformation and 

attenuation from eddy currents in nearby conducting structures, a direct correlation can be 

established by placing the probe within a uniform B-field: Phillips and Turner standardized this 

approach in 1965, by using a Helmholtz coil arrangement to generate a smooth and uniform B-

field [23]. A Helmholtz coil consists of two identical coils separated by their common radius ï 

these aligned coils produce additive B-fields, which create a very smooth field in the region 

between them [23]. The B-field along their central axis is analytically computable via the input 

current and coil geometries, meaning the resulting B-field is well known. By placing a B-probe 

in the center of the apparatus, a correlation between the induced voltage and the analytical B-

field strength can be recorded for various excitation frequencies to determine a frequency 

dependent calibration [23]. 

For probes near conducting material, however, the calibration is more complex. The calibration 

approach needs to consider the conductive shielding and the effect this will have on the observed 

B-field. Further, by measuring a given B-field at various radial positions, a radial profile can be 

developed that correlates a measured signal at a fixed location to the B-field at another. This 

allows the measurements within the well, upon proper radial calibration, to inform the state of 

the B-field within the confinement vessel and away from the electromagnetically-interfering 

conducting walls. Proper calibration of the B-probe is thus a critical aspect of any magnetic 

diagnostic experiment, especially those with plasma-facing components. 

This is not a new problem: many calibration approaches have been developed through the history 

of plasma research which account for the effects of shielding. All of the following examples use 

the same basic probe structure: windings of thin wire around a structural bobbin, affixed to a 

support. 

The DIII-D tokamak is a U.S. Department of Energy research device used to investigate tokamak 

plasmas for fusion energy applications [20]. Their magnetic diagnostic suite includes traditional 

B-probes, originally calibrated with a similar approach to Phillips and Turner [23]. Here, the 
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primary difference was the use of a large solenoidal coil to generate a uniform B-field instead of 

a Helmholtz coil setup [20]. Their B-probe calibration system was then upgraded to compensate 

for induced eddy currents by finding the correlation between currents driven very close to the 

wall and the induced signals within recessed probes [27]. This approach compares experimental 

results to two finite element analysis simulations in order to analyze the behaviour of eddy 

currents ï this relationship can then be used to subtract out the B-field contribution from the 

eddy currents in measurements of an active plasmaôs B-field [27]. While the DIII-D B-probes are 

not recessed in wells, they are separated from the plasma by a set of heat-absorbing graphite tiles 

used to protect the chamber walls [20]. These tiles will produce eddy currents and further confine 

the fields, meaning even with eddy current compensation these B-probes will be exposed to 

lower B-field strengths than at the plasma edge.  

TAE Technologies is a private company pursuing fusion through the development of a linear 

field-reversed configuration plasma device [25]. Their device contains a suite of magnetic 

diagnostics, including arrays of recessed B-probes [25]. They utilize a combination of physically 

based models and in-situ experimentation to develop a calibration factor to convert raw voltage 

measurements into local magnetic field strengths. These models include the physical effects of 

imperfect coil winding and the propagation of the fields within the recessed port to properly 

scale the measured B-field to the value of interest at the edge of the confinement chamber [25]. 

By carefully constructing the system of linear equations representing the signals measured by 

each axial winding of a probe, probabilistic analysis was implemented to quantify the scaling and 

rotational factors associated with each winding [25]. This approach was able to achieve an 

accuracy within 5% for the primary windings of the B-probes, though it was found to have 

higher uncertainty for the two off-axis windings [25]. This approach takes a very similar 

analytical form to this projectôs calibration of in-vessel reference coils, described further in 

Sections 3.2 and 5.1. 

Wendelstein 7-X is a unique magnetic confinement fusion research device a stellarator approach, 

which confines the plasma within a toroidal device with a higher helicity and more axial 

variation than a traditional tokamak [26]. This device has two types of vessel wall protection: 

graphite tiles and steel panels, which are used to insulate the chamber walls from the plasma. The 

B-probes used in this device are not recessed in wells: some of the B-probes are placed behind 
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the graphite tiles, and others are in front of the steel panels but protected with boron nitride 

sheaths [9], [26]. The unique calibration approach, possible since these probes are not recessed in 

the chamber walls, utilizes Phillips and Turnerôs method. The full probe assemblies, including 

the internal metallic components and the boron nitride covers, are inserted into a Helmholtz coil 

where a uniform B-field is generated [9]. A circuit-based model is then used to relate the induced 

voltage to the observed B-field through a frequency dependent transfer function based on the 

equivalent circuits of the probes and integrators [9]. 

While the majority of calibration is empirical due to the complex geometries involved in plasma-

facing systems, Howard et al. [7] developed an approximate analytical solution for the radial 

distribution of B-fields within a port-geometry for the conditions of the Compact Toroid Injector 

Experiment (CTIX) at UC Davis in 2008. In that publication, the analytical model was shown to 

reasonably match experimental results, providing a calibration factor for the B-probes [7]. 

Their analytical model expanded on the methods presented by Lee and Eom [28] and Gluckstern 

and Diamond [29] to solve for the magnetostatic potential within a cylindrical hole in a thick 

conducting plate. The magnetostatic potential is an analog to the electrostatic potential, which 

describes magnetic phenomena in applications where there are no media or interfaces on which 

free charge can accumulate. This potential is derived from Ampereôs Law, 

ᶯ ὄ ʈὐӶȢ ςȢτψ 

In free space, no current can accumulate, 

ᶯ ὄ πȟ ςȢτω 

which means, by the nature of vector fields, the B-field can be defined by the gradient of a 

scalar: 

ᶯ Ὢɳ πȢ ςȢυπ 

This scalar, for the case of the B-field, is known as the magnetostatic potential: 

ὄ ʈ ɰɳ Ȣ ςȢυρ 

The space surrounding a cylindrical hole within a plate can be divided into three distinct regions 

where the magnetostatic potential can be calculated: above the plate, within the hole, and below 
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the plate. By assuming continuity of the magnetostatic potential and its normal derivative across 

the spatial interface between regions, the potential can be calculated through the use of Hankel 

Transforms and the separation of symmetric and asymmetric components [7]. 

While their analytical model was shown to match CTIX experimentation data well [7], the model 

makes several key assumptions which limit its theoretical applicability in plasma experiments. 

Most prominently, the impacts of the current accumulation within the conducting plate are 

neglected. The magnetostatic potential only applies in regions without free charge. The 

conducting plate, however, will be impacted by the fields which are modelled to propagate 

within these vacuum spaces. As an oscillating field extends towards the plate and fills the hole, it 

will induce eddy currents along the boundaries of the plate. The fields associated with these eddy 

currents interact with the initial excitation field, resulting in the attenuation of the field strength 

within the cylindrical hole. This key interaction is neglected in the derivation of their analytical 

solution, but must be considered in all relevant conditions. 

While the magnetostatic potential is a valid approach to solving the B-field propagation within 

an ideal cylindrical hole, as there are no material interfaces to hold free current at the top or 

bottom of the hole, a more thorough model would need to include the induced fields generated 

along the outer walls of the cylinder. 

Many fusion-relevant B-probes are shielded with a ceramic sheath such as the boron nitride 

sheath used at Wendelstein 7-X [9], preventing degradation of the probe via energetic plasma 

particles while allowing B-fields to enter the well with minimal attenuation due to their low 

conductivity. These sheaths are useful when the probe is expected to have minimal interaction 

with the plasma, particularly for magnetic confinement approaches.  

This approach, however, is insufficient for the design of General Fusionôs B-probes due to their 

unique approach to a fusion reactor, where a spherical plasma is injected into a confinement 

chamber prior to compression. This plasma is held roughly in place by external positioning 

magnets, but their strength is much lower than the superconducting magnets used in traditional 

tokamak designs since as strengths are not necessary in magnetized target fusion [17]. In the 

absence of very strong magnets, General Fusionôs confinement chamber experiences higher 

levels of magnetic flux soak as the outer boundary of the plasma is significantly closer to the 

walls of the chamber [30]. Here, B-probes require stronger shielding. Accordingly, the General 
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Fusion B-probes are protected by a thin metallic sheath in addition to recession in the chamber 

walls [6]. This stronger protection will further attenuate the strength of the B-field measured 

within the port, as eddy currents are induced directly within the sheath. 

This project investigates a novel method of calibrating B-probes through the use of finite element 

analysis and three-dimensional simulations, considering the impacts of both metallic sheaths and 

probe recession.  

2.4 Finite Element Modelling 

Numeric simulations are powerful tools for many applications in engineering, used broadly 

across different industries to validate new designs or understand complicated dynamics in 

systems without, or with highly complicated and demanding, analytical solutions. The finite 

element method is one such tool that is commonly used to find approximate solutions to various 

physical problems. 

The core concept of finite element analysis (FEA) is discretization: by segmenting a modelled 

space into distinct sections, known as elements, the problem simplifies from solving a 

continuous function over a continuous space to finding a finite set of discrete values [10]. These 

points, called nodes, are how the region is separated into elements. Elements are the edge, area, 

or volume between adjacent nodes, depending on the dimensionality of the model according to 

the level of simplification appropriate for the problem [10]. Consider a straight beam: Figure 2.8 

illustrates the discretization of this beam when simplified as one-dimensional (1D), two-

dimensional (2D), and three-dimensional (3D). 

 

Figure 2.8: Discretization of a straight beam in 1D (top), 2D (middle), and 3D (bottom). 
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The number of nodes and elements can be tuned to adjust the mesh resolution ï more complex 

situations with rapidly changing fields or large numeric gradients require higher resolutions to 

compute a smooth solution over a narrow region. 

The behaviour of a discrete element can be modelled as a set of linear equations relating the 

excitation loads applied to the nodes, Ὢ, and their impact on the nodal behaviours, ό, through the 

elementôs stiffness matrix, ὑ [10]: 

Ὢ ὑ όȢ ςȢυς 

A simple analog is a spring stretched in the ὼ-direction by a force Ὂ. The motion of the end of the 

spring due to this force is described by Hookeôs Law, where Ὧ is the stiffness of the springôs 

material: 

Ὂ ὯὼӶȢ ςȢυσ 

In Equation 2.52, Ὢ and ό are column vectors, as symbolized by their braces. Depending on the 

physics under investigation, different forces and torques can be applied and different nodal 

behaviours will be experienced. Boundary conditions are applied as appropriate to enforce 

certain loads or responses within either vector, improving the description of the physical system.  

For a 3D rectangular element, Ὢ and ό will contain 24 values: three directional components at 

each of the eight nodes that encompass a rectangular volume. This length is the number of 

degrees of freedom within the element, since it can be uniquely impacted in this many ways [10]. 

The stiffness matrix is square, with dimensions equal to the number of degrees of freedom, and 

describes how the response of nodes will be affected by a load. 

A global system of equations can be developed to describe the behaviour of the entire model by 

combining each elementôs local equations [10]. This creates a large system, with a 

dimensionality equal to the total number of degrees of freedom in the model. This full system is 

continuous through neighboring nodes, meaning nodes that are connected to two elements will 

be impacted by both of their respective stiffness matrices. Many of the global stiffness elements 

will be zero as they encode the relationship between nodes that are not physically close to each 

other, and are thus not directly related. Accordingly, the global stiffness matrix is sparse [10]. 
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Equation 2.52 aims to solve for the vector ό, with the loads typically being applied and the 

stiffness matrix being material dependent. Inversion of the global stiffness matrix is limited by its 

size: it is inefficient to work with a large sparse matrix, so commercial solvers prefer iterative 

approaches to solving for the vector ό. Many of these methods are based on the Galerkin Method 

of Weighted Residuals [10]. 

The Galerkin Method produces an approximation of the physical solution, beginning with a trial 

function of the desired variable. For the 1D case with two elements and three nodes [10]: 

Ὕὼ ה ὼɻ ה ὼɻ ה ὼɻ ה ὼɻȟ ςȢυτ 

where Ὕὼ is the variable being solved for and ה ὼ are weighting functions, which describe 

how the solution within the element is interpolated from the nodal solutions, ɻ [10]. This 

weighting describes how heavily the result of a particular node impacts the solution at all 

locations. The simplest examples to demonstrate this concept are the linear and quadratic shape 

functions, shown in Figure 2.9. Element order can be arbitrary, but is usually chosen to be the 

same degree as the defining equations to be solved: this ensures consistency, and appropriate 

behaviour between the fixed solutions at the nodes. 

 

Figure 2.9: Shape functions for the first three nodes in a 1D model. Left: Linear shape functions. 

Right: Quadratic shape functions [10]. 



Background 

 

31 

 

Weighted shape functions ensure that at a node, the numeric solution of that node defines the full 

solution. A weighted combination of the solutions at neighboring nodes is used to approximate 

the solution between them. The same concept applies to models in 2D and 3D, where the shape 

functions form surfaces and volumes, respectively. 

Within the physical system, the behaviour of Ὕὼ is typically guided by a differential equation, 

ὈὊὼȟὼ. The residual is defined by evaluating the trial function within the differential 

equation [10]: 

Ὑὼ ὈὝὼȟὼȟ ςȢυυ 

where the exact solution to the physical system, Ὕᶻὼ, has a residual of zero. The goal of the 

Galerkin Method is to minimize the average weighted residual of the system, meaning that the 

solution is a good approximation over the whole modelled space [10]: 

ה ὼὙὼ πȢ ςȢυφ 

To implement this approach, the weighting functions must be preselected [10]. This allows for 

the method to tune the unknown coefficients, ɻ, to minimize Equation 2.56. These coefficients 

are the values of the principal variable at each of the meshed nodes, which can be computed by 

solving the resulting system of linear equations. Specifically, the Galerkin Method is used to turn 

the defining differential equation into the form of Equation 2.52. The unknown coefficients make 

up the vector ό, and the stiffness matrix ὑ is computed by applying the trial function to the 

system. 

Solving this system of linear equations can require the use of iterative methods for large and 

complicated problems. These iterations are the final process of the Galerkin Method, where the 

weighted residuals are minimized [10]. For an approximate solution, the residuals are considered 

minimized when they have converged below a set relative tolerance, meaning that the solution 

closely approximates the true solution of zero residuals while having minimal variation between 

subsequent iterations. The coefficients which achieve this criterion are the nodal solutions. 

With the shape functions chosen and the nodal solutions computed iteratively, the resultant trial 

function is accepted as an approximate solution to the global behaviour of Ὕὼ [10]. 
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Commercial FEA software has been developed by many private companies. These software 

packages allow for problem-specific geometries to be defined and unique physical scenarios to 

be analyzed numerically. Many electromagnetic FEA solvers exist, with various levels of 

complexity and performance. Small modelling tools such as FEMM allow for detailed 2D 

analyses, while more complicated systems like Ansys Maxwell, SolidWorks Electromagnetic 

Simulation, and COMSOL Multiphysics integrate 3D geometry creation with electromagnetic 

investigations through unique FEA interfaces. 

FEA is a capable method for analyzing the behaviour of systems with complex geometries and 

loading conditions that prevent possible analytical solutions. This approach will be used to 

investigate B-field propagation within recessed ports to compute calibration factors. 
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3.0 Experimental Methods 

The goal of this project is to develop a calibration procedure for General Fusionôs B-probes. 

Without a valid analytical model, a simulation can be used to quantify the B-field which induces 

a given voltage in the probes. With the resulting calibration factor, the probesô voltages can be 

converted into magnetic field values for the processing of plasma data in further experimentation 

performed by the company. To verify the accuracy of a 3D magnetic field simulation, a physical 

experiment must be performed, and the results compared against those of the simulation. The 

following section details the setup of a B-probe calibration experiment, which was designed by 

General Fusion and performed by the author. 

3.1 Experimental Setup 

The B-Probe Calibration Experiment was designed by General Fusion employees, prior to the 

ideation of this project, for verification of their existing calibration factor approach which utilizes 

2D axisymmetric simulations as an approximation of the B-field values at the location of the 

probe [31]. This experiment, however, had not been fully implemented or executed [31]. 

The experiment was designed to generate stable magnetic field configurations in both the 

poloidal and the toroidal directions, which are to be measured by an array of triaxial (poloidal, 

toroidal, and radial coils) B-probes positioned in recessed wells within a cylindrical chamber. A 

CAD rendering of the experimental chamber is shown in Figure 3.1. 

The chamber is a hollow aluminum (6061-T6) cylinder, 66 cm in height and 32 cm in diameter, 

with an outer wall thickness of 1.5 cm. The chamber has a central aluminum shaft, 4 cm in 

diameter, and a removable lid of the same material. The cylinderôs lid is secured by a series of 

metal bolts, and holds internal support structures on which the excitation coils for the poloidal B-

fields sit. There are three plastic supports which each hold three coils (drive coils; DCs), each 

with 25 windings of polyurethane-insulated AWG14 copper magnet wire, allowing for the 

generation of nine individual poloidal B-fields within the chamber. The drive coils are numerated 

relative to the innermost, uppermost coil: the uppermost row is the first row, and the innermost 

column is the first column (DC 11 is the innermost, upper most coil; DC 33 is the outermost, 

lowest coil. This array can be seen in Figure 3.1 and Figure 3.2). These drive coils are wound 
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with twisted pair terminations which exit the chamber via holes in the lid, far from other 

components. 

 

 

Figure 3.1: CAD rendering of the calibration chamber geometry. Left: The full chamber, with a 

cut view through the outer wall. The outermost drive coils are visible (DC 13, 23, 33). The black 

box highlights the region shown on the right. Right: Closeup of a triaxial B-probe in a well, with 

a cut view through its surrounding sheath and supporting plastic, as well as the local coordinate 

system. 

To generate a toroidal field, current is driven through the body of the chamber. Electrodes are 

connected to the metallic base of the cylinder and to the bottom of the outer wall, as shown in 

Figure 3.2, which are separated by an insulating plastic (NEMA G-10). Accordingly, a driven 

current flows through the body of the chamber to travel between the exciting electrodes. From 

the base, this current concentrates towards the center, where it encounters the central shaft. 

Current flows up the shaft to the lid, where is disperses uniformly outwards before travelling 

down the lengths of the outer walls to collect at the receiving electrodes. This coaxial current 

excites a single toroidal B-field.  
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Figure 3.2: CAD rendering of a cut view of the calibration chamber. A representative flow of 

current to generate a toroidal B-field is shown as red lines, as driven by the electrodes shown as 

black lines. Only two electrode pairs are shown, but eight are attached during the experiment. 

The chamber has seven B-probes, protected by a 0.875 Ñ 0.005 mm thick steel sheath (316 

stainless steel) and mounted in recessed wells, at varying axial and azimuthal positions. Each of 

the triaxial coils of a B-probe has 70 turns of AWG40 magnet wire, as constructed by General 

Fusion employees prior to this project [6]. These coils are mounted onto bobbins within a plastic 

support structure which is affixed to the chamber by bolts. Four B-probes are mounted at the 

same height, at equidistant toroidal positions, to measure the toroidal consistency of any 

generated B-field. One B-probe is mounted slightly higher than the array of four, positioned 

toroidally between two probes of this array. The final two B-probes are mounted on the lid, 

toroidally in line with the axially-offset probe. This arrangement of B-probes is shown in Figure 

3.3. 
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Figure 3.3: Placement of the inductive probes within the calibration chamber geometry. 

Wireframe rendering shown, with the drive coils and support structures removed for clarity. The 

probes are labelled according to their experimental wiring and labeling. 

Complimentary to the recessed B-probes are ten inductive probes with an identical triaxial 

design which are not recessed or covered by a metallic sheath. These probes are reference coils 

(RCs), mounted within the chamber by plastic support structures, which measure the B-field that 

is not attenuated by the conducting walls of the chamber. Placed 1 cm in from the wall, the RCs 

measure the field at varying poloidal and toroidal positions within the chamber. The signals from 

the RCs can be compared to those at the same locations in the matching COMSOL simulation to 

verify that the B-fields are correctly modelled within the bulk of the chamber, ensuring 

functionality in the absence of conducting wall effects. The arrangement of RCs can also be seen 

in Figure 3.3. 

The leads of both B-probes and RCs are twisted to minimize the effect of their electromagnetic 

emission, as was done for the DCs. These leads are then soldered to Cat-5 cable that connects to 

an in-house adapter via an RJ-45 connector, transferring the measured signal to a BNC cable. 

This BNC cable is connected to a 1 kɋ termination at the digitizer, where differential 

measurements between the leads are recorded with a resolution of 4096 bins over a measurement 

window of Ñ 0.5 V at a sampling rate of 20 MHz [32]. In this calibration experiment, neither the 

B-probes nor the RCs are connected to analog integrating circuits. While this is a deviation from 
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the implementation of B-probes within General Fusionôs plasma-facing devices, it still provides 

an opportunity to validate the use of 3D B-field simulations in the calibration of recessed B-

probes. 

Within this experiment, current is driven through a drive coil to generate a B-field which induces 

a voltage within the probes. This driven signal is controlled by a LabView system designed by 

General Fusion, which connects to a waveform generator. An in-house digitizer is used to record 

the voltages of each B-probe and the signal recorded by a Pearson Current Monitor, which 

measures the driven current after power amplification. Each stage of this process, and the 

associated piece of equipment, is shown in Figure 3.4 as a flowchart: 

 

Figure 3.4: Flowchart describing the transmission of signals and information through the B-

probe Calibration Experiment. 

The LabView program interfaces directly with the NI USB-6221 Waveform Generator (WFG) 

and the digitizers. This program allows the user to specify a desired waveform by uploading a 

CSV file of amplitude values, which are preset at 0.2 Õs intervals, and selecting a scaling factor 

[33]. These two inputs directly control the form and amplitude of the current pulse generated by 

the WFG. Data collection requires selecting the digitizer channels which are connected, so that 

their measured signals are saved locally and uploaded to General Fusionôs cloud storage system 

[33]. This required active and careful cable management, labelling the channels with the 

appropriate probe windings for accurate storage. 
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The WFG allows for precise current control across a wide frequency range [34]. It converts the 

set of discrete amplitude and timing values provided by the LabView program into a driven 

current. The WFG also emits a triggering pulse, which can be used to initiate a measurement 

[34]. This experiment utilised rising-edge optical triggering, where the WFG emitted an optical 

pulse at the same time that the driven current began. While the current was passed to the AE 

Techron Precision Industrial Amplifier 7796, the trigger was passed through a fibre optic cable to 

the digitizer boards to begin recording. This optical signal ensured that the short signal (10 ms) 

was properly recorded, without requiring an excess of null data prior to the excitation. This 

feature was verified using a Keysight DSOX1204A oscilloscope before implementation with the 

digitizer boards. 

The linear power amplifier accepts pulsed signals up to 100 kHz [35], increasing the power of 

the signal to ensure a large enough current to excite a measurable B-field. This is essential, as the 

WFG has a maximum analog current output of 5 mA [34]. In this experiment, the amplifier is 

used to increase this current amplitude to the order of 1 A at up to 35 kHz. 

This amplified current is then measured by a Pearson Current Monitor 4418 (Pearson probe), 

allowing for analysis of the driven current. The Pearson probe consists of a Rogowski coil 

connected to an analog integrating circuit: by placing the amplified current through the center of 

the annular Pearson probe, the probe experiences an induced voltage proportional to the time-

derivative of the B-field generated by the drive current (Rogowski coil); integration ensures the 

probeôs output signal is proportional to the driven current [36]. The Pearson probe is constructed 

with a known sensitivity, such that this proportionality constant is known [37]. The amplified 

current, after being measured, is then passed through a drive coil to generate a B-field within the 

calibration chamber. This driving circuit is shown in Figure 3.5. 

Data can be accessed remotely from the General Fusion cloud storage system using the 

companyôs established data pipeline. The measured signal, either as raw digitizer counts or after 

the conversion to voltages, can be accessed by specifying the experimental shot number, 

directional coil, and the pulse number (if the experiment featured repeated measurements, this 

specification allows the selection of any individual pulse or the averaged set across all 

measurements). The analysis of this experimental data is detailed in Chapter 5: Analysis. 
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Figure 3.5: Simplified excitation and measurement circuits used in the Calibration Experiment. 

3.2 Reference Coil Calibration 

Reference coils are able to be fully calibrated prior to their implementation in the chamber, due 

to their placement away from the conducting walls. This separation prevents B-field attenuation, 

allowing the induced voltage from the RCs to be directly related to a B-field value. 

This calibration follows the precedent set by Phillips and Turner [23]. By generating a well-

defined, uniform B-field at the location of the probe, a correlation between the two signals can be 

calculated [23]. Many experiments implement a Helmholtz coil to generate a uniform B-field, 

often owing to its simple construction and high reliability [19], [23], [24], [38], though care must 

be taken in its design to ensure field-uniformity throughout the volume of the inductive probe as 

enforced through IEEE standards [39]. A Helmholtz coil is comprised of two identical circular 

coils, aligned to the same central axis and separated by a distance equal to their shared radius 

[38]. By wiring the coils in series and passing an equal current through each, the induced B-field 

along their central axis is uniform to within a few percent, depending on the construction of the 

assembly [38]. The field strength at the very center of the arrangement can be derived from the 

Biot-Savart Law [23]: 

"
τ

υ

ȾʈὲὍ

Ὑ
ȟ σȢπ 

where ὲ is the number of turns in each coil, Ὑ is the common radius, and Ὅ is the coil current. 

The uniformity of this field is known to be within 1% for axial or radial deviations from the 

center up to 30% of the coilsô radius [38].  
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The RC calibration utilized a triaxial Helmholtz coil, consisting of three orthogonal Helmholtz 

coils with a common central point at which the RC is securely placed. This allows for all three 

directional coils of the RCs to be calibrated without introducing positional or movement-based 

variability between tests. Both the coils and the probe are supported by a plastic structure, 

designed and 3D-printed within a quoted accuracy of 0.2 mm by General Fusion employees [6]. 

The arrangement can be seen in Figure 3.6. Each coil has 21 turns of AWG14 magnet wire, and 

each set is wound in series to ensure equal current through both loops. The radii of each 

progressively larger coil, for use in calibrating the radial, poloidal, and toroidal RC windings 

respectively, are 91.76 mm, 95.28 mm, and 98.67 mm with coil separations of 92.96 mm, 96.96 

mm, and 100.36 mm respectively, each measured to within 0.05 mm [40]. The radial, poloidal, 

and toroidal Helmholtz coils have combined inductances of 489.0 ÕH, 488.5 ÕH, and 509.3 ÕH, 

respectively [40]. 

 

Figure 3.6: Triaxial Helmholtz coil used in the calibration of the Reference Coils. 

As noted in Figure 3.6, the RC is approximately 1 cm in each direction, while the Helmholtz 

coils are approximately 20 cm in diameter. Following the uniformity calculation for B-Fields 

within a Helmholtz coil provided in [39], the coils would need to be 3.33 cm in diameter to 

~20 cm 

~1 cm 
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ensure a uniformity of 1% throughout the RC volume. Accordingly, it is known that the B-field 

measured by the RCs in these calibration measurements is highly uniform. 

In this calibration, both the driven current and the induced voltage were measured. These signals 

were transmitted to an in-house digitizer with a resolution of 4096 bins over a measurement 

window of Ñ 0.5 V at a sampling rate of 20 MHz [32]. For each of the ten RCs, two 10 ms 

current pulses were driven separately: one pulse was a sinusoidal current with an increasing 

frequency from 1 kHz to 35 kHz, and the second pulse was a sinusoidal current with a constant 

frequency of 5.8 kHz. Both pulses had programmed amplitudes of 4 A, chosen to maximize the 

RC signal without clipping the digitizer. The swept frequency pulse was used to identify any 

frequency response in the RCs, which is unexpected at such low frequencies without the 

introduction of conducting material [23], [24]. Without a frequency response, the most precise 

method of determining the calibration factor was to investigate the single-frequency pulse. The 

frequency range was chosen due to limitations in the linear amplifier availability ï the AE 

Techron 7796 is a low frequency amplifier, with decreasing performance above 50 kHz [35]. No 

higher frequency amplifiers were available during data collection, thus restricting the observable 

range. The excitation and measurement circuits are the same as shown in Figure 3.5, with the 

appropriate Helmholtz coils replacing the drive coil. Typical waveforms for the input current and 

induced voltages for both excitation modes are shown in Figure 3.7 and Figure 3.8, respectively. 

 

Figure 3.7: Typical input current waveforms, as measured by the Pearson Current Monitor. Left: 

Frequency sweep input ranging from 1 kHz to 35 kHz. Right: 5.8 kHz sinusoidal input. 
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Figure 3.8: Typical induced voltage waveforms, from the poloidal coil of RC1. Left: Frequency 

sweep output, ranging from 1 kHz to 35 kHz. Right: 5.8 kHz sinusoidal output. 

To increase the signal-to-noise ratio (SNR) and minimize the effect of statistical variation in the 

measured signals, each pulse was performed 100 times. As the SNR improves with the square 

root of the number of samples averaged over [41], this repetition improved the SNR by a factor 

of 10. The measurements from each individual pulse were recorded, as well as the resulting 

average, so a statistical analysis could be performed and the validity of averaging could be 

confirmed. 

The analysis of these calibration shots is detailed in Chapter 5.1: Reference Coil Calibration. 

3.3 B-Probe Calibration 

With all ten RCs calibrated, they were secured in plastic holders prior to installation in the B-

probe calibration chamber. An array of five RCs was placed along the lid of the chamber, spaced 

at radial increments of 1.75 Ñ 0.04 cm, while the other array of five was installed along the 

chamber wall, extending down from the lid in axial increments of 2.00 Ñ 0.04 cm. This 

arrangement was shown in Figure 3.3. B-probes are installed into their respective ports by 

securing a plastic support structure to the chamber walls with bolts. The solder connections 

between the probe leads and the Cat-5 cable, as well as any excess length of leads, are contained 

within 316 stainless steel junction boxes secured to the plastic support structures outside of the 

chamber. The probe leads are all magnet wire, insulated with solderable polyurethane [42], 

preventing electrical short-circuiting within the probe or the junction boxes. 
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B-probe calibration measurements require field excitations within the calibration chamber. The 

current source from the RC calibration was transferred to the calibration chamber, removing the 

connections to the Helmholtz coils to connect to the drive coils within the chamber. The setup for 

this experimentation is shown in Figure 3.9. 

 

Figure 3.9: B-probe Calibration Experiment in the General Fusion labs. Equipment is labelled, 

with the flow of signals/information indicated with arrows. 

Each drive coil was excited independently, allowing for the analysis of nine poloidal B-fields and 

one toroidal B-field. As the B-field attenuation within the recessed wells is frequency dependent, 

the sinusoidal input current with a varying frequency was used. Test shots were performed for 

each DC to identify the maximum driving current that prevented the measurement from any 
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probe clipping in the digitizer. The set of maximal input amplitude values, adjusted within the 

LabView program and used for each B-Field excitation, is given in Table 3.1: 

Table 3.1: Current amplitudes used in B-probe calibration experiments, input to the controlling 

LabView program. 

Drive Coil 11 12 13 21 22 23 31 32 33 Toroidal 

Amplitude 4 4 4 6 4 1 8 8 8 8 

The amplitude of the input signal primarily depends on the proximity of the drive coil to a probe. 

DC 23 is positioned very closely to multiple RCs, causing their signals to clip if the programmed 

amplitude is larger than 1, while the lowest row of DCs are the furthest from any probes, 

allowing their large excitation currents. 

After ensuring proper connections within the DC excitation, the B-probes and RCs were 

connected to the array of digitizer boards. This experiment had access to a dedicated array of 8 

digitizer boards, each with 10 channels, to measure the induced signals. By using Cat-5 cable to 

transmit the signals from a probe to the digitizer board, four digitizer channels were required per 

probe: the digitizers record differential measurements, and Cat-5 cables contain 8 wires. This 

meant that each probe had a null measurement, in addition to the three desired axial 

measurements. To account for the potential of any wire mislabeling during the construction and 

soldering of the probes, it was essential to record the measurements from all four pairs of wire 

from the Cat-5 cables. For the seven B-probes and ten RCs, this requires 68 digitizer channels. 

Many of the individual channels, however, had been identified by General Fusion employees to 

be malfunctioning prior to this experiment. This prevented the digitization of every probeôs 

measurements for the same shot: a maximum of 13 probes could be connected simultaneously, 

requiring each drive coil to be excited twice while changing the connected probes manually 

between excitations. To maximize the SNR on the B-probe measurements, it was decided to 

leave the seven B-probes connected for both excitations and swap the RC connections between 

shots. With the RCs in arrays of five, evenly separated RCs were recorded on the same 

excitation: RCs 1, 3, 5, and 6, 8, 10 would be recorded in the first excitation, then swapped out 

for the remaining RCs. A single digitizer channel was required for the Pearson probe to record 

the driven current, which was included in both excitations. 
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Another primary limitation on the measurement of experimental data was time. While the 

excitation pulses were only 10 ms in duration, the storage of data in this configuration took 

upwards of 1 minute per pulse which limited the number of pulses to average over. This is 

primarily due to the data storage method: the data from each of the digitizer channels, totalling to 

160,008 kB per pulse with 6RCs and 135,507 kB per pulse with 4 RCs (approximately 3 MB per 

channel), was both stored locally on the laptop which ran the controlling LabView program, and 

uploaded to General Fusionôs cloud storage system. The uploading of this data was not able to be 

parallelized within LabView, requiring the measurements from each digitizer channel to be 

processed individually [33]. The uploading of the data was the time-limiting factor in this 

process. Considering that each B-field would be repeated to allow for all the RCs to be recorded, 

it was decided that each excitation could only be pulsed 20 times for averaging. Each set of 20 

pulses took approximately 25 minutes to measure and record. This improved the SNR in the RC 

measurements by Ѝςπ τȢτχ, while the additional repetition improved the SNR of the B-probe 

measurements by Ѝτπ φȢσς. 

A number of B-field excitations had to be retaken due to improper data storage or uploading: this 

is believed to be caused by overheating, as these experiments were performed in late July 2022, 

when the General Fusion laboratories were experiencing a severe heatwave. Repeating the 

measurements after allowing the system to rest resulted in successful data storage. 

A list of the experiments performed thus includes: 

- RC calibration excitations: Both frequency sweep and single frequency excitations to 

each axial coil of the probe, with 100 pulsed excitations each to improve the measured 

SNR. Performed within a triaxial Helmholtz coil to ensure B-Field uniformity over the 

volume of the RC. Three axial directions calibrated for each of the ten RCs. 

- B-probe calibration excitations: Frequency sweep excitations of the nine poloidal-field 

drive coils and the single toroidal-field method, each performed twice while swapping the 

digitized RCs. Each excitation pulsed 20 times to improve the measured SNR. 
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4.0 Modelling Methods and Design 

This chapter outlines the design of the full FEA simulation, and the decisions behind each of the 

technical specifications within the model. 

To accurately model the B-probe calibration experiment requires the use of multiple integrated 

physical effects, such as the propagation of magnetic and electric fields within the complicated 

geometry inducing a voltage within the probes which is recorded via an external measurement 

circuit. To couple these effects, while considering the application of these results to plasma-

facing components where thermal and mechanical stresses may influence the measured 

environment, the FEA software COMSOL Multiphysics was selected for implementation. 

Software version 5.6 was used for this project, as it was the most-recent version available when 

the project began and the Queenôs University Centre for Advanced Computing, at the time of 

modelling, did not have version 6.0 available for use in cluster computing. 

4.1 Model Geometry 

The model was initially generated from an imported CAD file of the B-probe calibration 

chamber. Here, the geometry would be implemented exactly as it was designed for construction. 

This approach, however, posed multiple difficulties. In consideration of machining tolerances, it 

was seen that many of the chamberôs components overlapped within the CAD model. This led to 

an abundance of thin domains within each component, creating an overly complex and highly 

flawed mesh. Additionally, mechanical fasteners were included in the CAD file to assist in 

construction ï this again increased the geometric complexity of the model unnecessarily. These 

bolts and their threaded holes are not expected to impact the B-field seen by a probe, as they 

were sufficiently separated from the probe locations to allow for the B-field to return to 

equilibrium after any perturbations they introduced. This was verified by a 2D axisymmetric test 

model in COMSOL: the distance between a 2 mm wide, 1 mm deep hole (representing a small 

geometric deviation, such as within a threaded hole filled with a securing screw) and a port 

through an aluminum plate was varied, while the magnetic flux density generated by a nearby 

Helmholtz coil was measured at the port entrance. With the same materials and geometry as the 

B-probe ports in the calibration chamber, it was found that the B-field was able to return to its 

unperturbed value for all holes further than 2.5 cm from the port. This result is shown in Figure 

4.1. 
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Figure 4.1: Numeric convergence of the magnetic flux density, normalized to the largest value, at 

the entrance to a port in an aluminum wall as a small hole in the wall is moved away from the 

port. A 10 kHz B-field excitation was modelled. 

To solve these complex meshing issues, the geometry of the chamber was constructed 

independently within COMSOLôs Geometry module. For more complicated geometries this may 

not be feasible, for which it is recommended to simplify and clean the CAD file, ensuring no 

overlapping domains, prior to importing the geometry into COMSOL. However, given the 

simplicity of the chamberôs design, it was determined that recreating the geometry would be 

more efficient. 

The geometry constructed within COMSOL closely matches that of the chamber with the 

exception of fastening bolts and holes, taking measurements from the CAD file. Physical 

measurements were not taken, but would improve the confidence in this agreement. Agreement 

between the CAD and COMSOL geometries was verified by including both within the same 

model, ensuring the geometries overlapped appropriately and each feature was in the correct 

location. The only components that were unable to be recreated within COMSOL and required 

importing were the thin metallic sheaths which surround the B-probes, due to their complex 

geometry. The CAD geometry was built within Solid Edge, which is not supported by the 
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COMSOL Import Module [43], so the sheaths were converted to a STEP (.step) file format to 

allow importing. A comparison of the CAD file and the implemented geometry within COMSOL 

is shown in Figure 4.2. 

  

Figure 4.2: Left: Full CAD Assembly. Right: Final geometry constructed within COMSOL. 

The only domains to be added that werenôt included in the CAD file were the probe windings. 

These had to be generated manually, carefully defining their geometry to fill the troughs of the 

bobbins as much as possible. This was done using COMSOLôs Geometry Part Library, where a 

rectangular coil with rounded corners can be implemented by defining its length, width, depth, 

thickness, and corner filleting radius. The selected part was the Homogenized Multiturn Coil ï 

Domain, Racetrack. The dimensions for the coils, taken from the bobbinsô CAD file, are 

tabulated in Table 4.1. 

With these dimensions, the coils touch: the proper insulating properties were applied in the 

Physics Module application, described in Section 4.3: Physics Modules. The coils were placed at 

the positions of the bobbins within the CAD file. This arrangement is shown in Figure 4.3. 
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Table 4.1: Geometric dimensions for each directional coil within the BP and RC assemblies. 

Coil Parameter Poloidal Toroidal Radial 

Length [mm] 5.5 4.5 6.5 

Width [mm] 5.5 4.5 6.5 

Depth [mm] 0.5 0.5 0.5 

Thickness [mm] 0.5 0.5 0.5 

Corner Radius [mm] 0.75 0.75 0.75 

 

Figure 4.3: Rendering of the probe geometries within COMSOL. Dimensions are provided for 

the poloidal coil. The toroidal coil is the smallest, and the radial coil is the largest. 

The final geometric domain within the model is a surrounding air domain. This is used as a 

medium of propagation for the B-fields, filling the void space within the chamber. It is important 

to extend this domain beyond the ends of the calibration chamber to properly model the full 

extent of the B-fields: as they extend infinitely, premature termination of the modelled space can 

skew the results of the simulation [44]. The size of the surrounding air domain varies with the 

conditions of the simulation ï in this model, the strength of the fields are strongly attenuated by 

the chamberôs metallic walls. To balance the desire for a large surrounding air domain to ensure 

appropriate numerical truncation without greatly increasing the computational requirements for a 

very large space, the spherical air domain was chosen to have a radius of 75 cm. The outermost 

10 cm of this spherical domain were assigned as Infinite Element Domains, which allows for the 

appropriate truncation of a semi-infinite space by scaling the radial direction and approximating 

the behaviour of the B-fields at large distances. As the B-fields are infinite in their extent, this 

domain application is required. 
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A significant simplification in the modelled geometry is the removal of plastics. As these 

materials are non-magnetic dielectrics, meaning they can accumulate no charge or currents, they 

are theoretically transparent to B-fields [11]. With approximately the same electrical properties 

as air, these plastic domains can be approximated as the air within and surrounding the chamber. 

Plastics are used within the chamber as structural support for the Drive Coils, and for the bobbins 

around which the B-probes and RCs are wound; if they do influence the B-field near them, they 

would be critical to the simulationôs accuracy. A test simulation was developed to verify the 

magnetic invisibility of plastics, including a Helmholtz coil arrangement and a reference plate. 

The coils are expected to produce a very smooth, consistent B-field along their central axis in the 

absence of any obstructing material, which can be used to quantify the impact of different 

material properties. This arrangement is shown in Figure 4.4: given the symmetry of the 

geometry, a 2D axisymmetric model was used, with the leftmost edge being the axis of 

symmetry. In this simulation, the magnetic flux density along a line near the central axis, through 

a surrounding air domain, was compared when the reference plate was assigned material 

properties of air (צ ρȟʎ ρ ρπ  S/m [45]), an acrylic plastic (צ ρȟʎ ρ ρπ  

S/m [46]), and nominal 316 stainless steel (צ ρȟʎ ρȢσυρπ S/m [47]).  

 

Figure 4.4: Axisymmetric geometry of a test simulation to verify the transparency of materials to 

B-fields. The model is symmetric about the leftmost vertical axis. 

The effects of the plateôs material are shown in Figure 4.5. At each modelled point along the 

measured line, there was no difference between the flux density near or across the reference plate 

when assigned air or plastic material properties. This validates the removal of the plastic domains 

from the modelled geometry. This simplification is particularly computationally beneficial, as the 

majority of plastic-domain elements are thin and very close to other domains, resulting in very 

high local meshing resolutions. The removal of all dielectric plastics reduced the number of 
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discrete meshed elements by over 65%. Conducting materials significantly impact nearby B-

fields and must be modelled. The full modelling geometry is shown in Figure 4.6. 

 

Figure 4.5: Magnetic flux density, normalized to the largest value, through the reference plate 

under a 10 kHz B-field excitation. Results for Air and Acrylic overlap completely. 

 

Figure 4.6: Wireframe rendering of the full modelling geometry of the calibration chamber and 

the surrounding air domain. The outermost spherical layer is the infinite element domain. Refer 

to Figure 3.1 for comparisons with the physical geometry. 
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4.2 Material Specification 

Each geometric domain was assigned material properties to match the physical experiment: the 

chamber walls, lid, base, and central shaft were constructed from Aluminium 6061-T6 [48]; the 

B-probeôs metallic sheaths and circuitry boxes were 316 stainless steel [48]; the drive coils, RCs, 

and B-probe windings were insulated copper magnet wire at AWG14, AWG40, and AWG40 

diameters, respectively [6]. All other structural domains were non-magnetic, dielectric plastics 

[48], removed from the simulation. 

The exact values for the chamberôs material properties were not measured experimentally, but 

taken from literature. Each metalôs electrical conductivity will vary with treatment, purity, and 

processing ï even within materials literature, published values vary slightly between sources and 

years. Aluminium 6061-T6 has published conductivities ranging from 25.06 ï 27.03 MS/m [47], 

[49]; Copper has published conductivities of 58.50 and 59.59 MS/m [47], [50]; 316 Stainless 

Steel has multiple published conductivities of 1.35 MS/m [47], [51]. A similar 2D axisymmetric 

model was used to investigate these differences in material conductivity on both the produced B-

fields and induced voltages: a single coil was placed at the center of a Helmholtz coil 

arrangement, and the materials of both coils were varied. This allowed for a quantified impact of 

using different published conductivities. Under these ranges, no difference was measured in the 

induced voltage of the pickup coil or the B-field produced by the Helmholtz coil. Accordingly, 

the average of the published values were used in the model: Aluminum, 26.05 MS/m; Copper, 

59.05 MS/m; 316 Stainless Steel, 1.35 MS/m. All materials have temperature-dependent 

electrical conductivities, as the thermal motion of lattice atoms is the source of electrical 

resistance within pure metals [52]. These effects are neglected in this model, as the experiments 

to match were performed at a consistent temperature. They could be included for further 

experimentation, particularly with plasma devices where significant thermal loads are applied to 

plasma-facing components. Analytical expressions for the temperature dependence of a metalôs 

electrical conductivity are available in the literature (ex: [53]) and can be implemented by 

defining a function in the Definitions node within COMSOL. 

These materials were non-magnetic: they were modelled with relative permittivities and 

permeabilities of 1. For an electromagnetic simulation, these three are the only material 

properties that need to be specified [54]. 
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The surrounding air domain was assigned a relative permittivity and permeability of 1 [55], [56]. 

While the electrical conductivity of air varies with humidity and environmental conditions [45], 

it is near zero. FEA solvers encounter numeric issues with zero-valued inputs, particularly if the 

parameter is ever a denominator leading to a non-converged quotient. This is known as a 

singularity, and can regularly occur with abrupt geometric changes or zero-valued inputs [57]. 

Accordingly, the electrical conductivity for air was assigned the lowest value possible that 

provided a converged simulation result: through iterative testing, this was determined to be 1 

S/m. This minimal value will vary depending on the complexity of the model: in 2D 

axisymmetric models such as Figure 4.4, the simplicity of the model allows for conductivities as 

low as ρ ρπ  S/m, though three-dimensional and highly complex models were found to 

require numeric inputs further from zero. While 1 S/m is many orders of magnitude larger than 

the real conductivity of air, it is numerically very accurate, particularly when compared to the 

scales of the conductivities in the metallic domains. This difference was quantified in the same 

2D axisymmetric configuration as was used to test the impact of conductivity values described 

above: while varying the conductivity of the air domain, the induced voltage in the pickup coil 

was compared to quantify the impact of this approximation. A 0.0064% difference was found 

between the induced voltages when the air domain had electrical conductivities of 1 S/m and 

ρ ρπ  S/m, suggesting the approximation is valid in modelling the propagation of B-fields. 

4.3 Physics Modules 

Modelling the propagation of B-fields within the test chamber was performed through the 

Magnetic Fields interface within the COMSOL Multiphysics AC/DC Module. This modelling 

package solves Maxwellôs Equations to determine the magnetic vector potential at each meshed 

node of a given geometry [54]. 

The two mandatory physics nodes included in this interface are Ampereôs Law and Magnetic 

Insulation [54], which are domain and boundary conditions, respectively. The Ampereôs Law 

node determines the magnetization and conduction models used in the simulation, defining how 

the E- and B-fields interact with the various domains [54]. These both have numerous options 

which describe how the fields and currents within matter are defined relative to the free-space 

fields and each domainôs material properties: in the mandatory Ampereôs Law node automatically 

applied to all domains, the Magnetization Model is chosen to be Relative Permeability and the 
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Conduction Model is Electrical Conductivity. These choices ensure that the material specific 

properties are used to model the propagation of fields within the chamber geometry. The 

Magnetic Insulation boundary condition is automatically applied to the outermost boundary of 

the modelled space: it applies the equation ὲ ὃӶ π to the boundary [54], where ὲ is the 

boundaryôs normal vector. The vector cross product is zero when the two vectors are collinear, 

with equal or exactly opposite directions, or when either vector has a zero magnitude [11]. This 

equation thus stipulates that the modelled system is sufficiently isolated: as the magnetic vector 

potential is normal or anti-normal to the boundary, and the B-field is perpendicular to the 

magnetic vector potential, no B-field escapes beyond the modelled space. This is a geometric 

assumption: the B-field extends forever, but since it decreases in magnitude with distance, it is 

numerically sufficient to truncate the modelled space. This truncation is performed numerically 

through the inclusion of Infinite Element Domains, as described in Section 4.1: Model Geometry. 

In this model, the input signal is an excitation to a drive coil through the use of a Coil Domain 

node. This feature defines the parameters of the excitation and the properties of the conductor 

[54]. Here, the Material Type setting describes how the coil properties respond to physical 

changes: the coil is considered Solid if its properties are functions of domain-specific 

configurations, or Non-Solid if its properties are spatially dependent [54]. The conductivity of 

coils depends purely on mechanical effects, regardless of position, requiring the coils have a 

Solid Material Type. 

The Coil settings describe the assembly and formation of the coils. The Conductor Model setting 

allows for the specification of a Single Conductor, where the domain is modelled as a solid block 

of material where current flows freely according to the materialôs conductivity, or a 

Homogenized Multiturn coil, where a collection of smaller wires are approximated within the 

domain and current flows through these windings [54]. The Drive Coils (DC)s, RCs, and B-

probes are all multiturn coils: within each coil, the number of turns (25 for DCs, 70 for RCs and 

B-probes) and the wire size (AWG14 for DCs, AWG40 for RCs and B-probes) must be specified 

individually. The Coil Type setting is used to specify the direction of the wires to correctly model 

the flow of current: DCs are assigned as Circular and the toroidal circumference of their 

geometry is specified as the wire direction, but RCs and B-probes are wound around a bobbin 

with square centers, meaning the geometric windings are not circular. These coils are specified as 
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Numeric, where a cross-sectional face is specified across which the wires are perpendicular. 

These coils and their wiring definitions are shown in Figure 4.7. 

 

 

Figure 4.7: Comparison of coil current flow definitions. Left: Circular DC, with the flow of 

current specified along the toroidal circumference. Right: Rectangular RC, with the flow of 

current through one coil specified across its cross-sectional plane. 

The use of the Homogenized Multiturn approximation was validated by comparing the numeric 

results of a simulation with the drive coil explicitly modelled with all 25 turns of AWG14 wire as 

Single Conductors and one with the same geometric region occupied by a single domain 

modelled as a Homogenized Multiturn coil. The B-field measured at the location of the 7 B-

probes was compared under these two models, with a relative change for all B-probes below 

0.5%. 

Each coil is given a modelled excitation, either as a current through the coil or a voltage across 

its leads. In this model, the leads of each coil are approximated by an internal boundary at which 

the excitation is applied, neglecting the physical connections which extend out of the chamber. 

The DCs are individually excited, meaning that one is explicitly driven by an input current while 

the others are open circuits with 0 A excitations. The input signal for the active DC is taken from 

the experimental results: the Pearson probe measures the current passed to the drive coil, which 

is then used as the modelled excitation current. Figure 4.8 shows an example of the experimental 

drive coil current as measured by the Pearson probe, and the corresponding simulated current. 
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Figure 4.8: Measured current passed through a drive coil for a frequency sweep experiment, and 

the programmed current used to excite a drive coil for a frequency sweep simulation. The 

experimental signal above 35 kHz is measurement noise, as the driven waveform was limited 

between 1-35 kHz by the linear power amplifier. 

The RCs and B-probes are more complicated to model correctly: the differential voltage 

measurement recorded by the digitizer is made across an effective resistance. These probes, in 

effect, see a 1 kɋ load at their terminations [32]. This effective resistance must be modelled by a 

coupling with the Electric Circuits (EC) interface through the use of the Circuit (current) 

excitation mode. This prompts the implementation of an External I vs. U node in the EC 

interface, which operates as a voltage source within the modelled electrical circuit. The induced 

voltage within the probe is selected as this electric potential, and a 1 kɋ resistor is placed across 

the terminals of this component. Modelling the digitizerôs impedance, the voltage across this 

resistor can then be computed to identify the equivalent of the measured signal. 

4.4 Meshing 

As described in Section 2.4: Finite Element Analysis, computational physics utilizes meshes to 

divide continuous spatial domains into smaller, discrete sections. A complete mesh is a collection 

of adjacent mesh elements, which can be built with varying shapes, sizes, and properties to fulfill 

a simulationôs requirements. The design of an efficient and accurate mesh is critical to the 

analytical viability of a finite element model. 
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The meshing sequence defines the order in which domains are meshed, allowing domains with 

different characteristics to be modelled appropriately. Each step in the sequence allows the 

specification of the meshing parameters used within that domain. The majority of 3D meshes are 

constructed from tetrahedral elements, which fill each domain with a connected network of 

nodes that form the vertices of connected tetrahedral segments. These nodes are the locations at 

which the defining equations are solved, along with intermediary points depending on the shape 

function associated with the finite discretization [58]. The solution within the tetrahedral space is 

approximated by a linear combination of the values at these vertices [58]. These tetrahedra are 

constructed according to the specified Element Size Parameters, which define the size of 

individual mesh elements and the relationship between neighboring elements within that domain. 

4.4.1 Size Parameters 

The Maximum Element Size setting defines the largest dimension any element can have [44]. At 

large distances from any geometric variation, such as at the extremities of the surrounding air 

domain, larger elements are computationally beneficial as they introduce fewer nodes at which to 

solve the magnetic vector potential. The information contained in these areas is less important to 

the results of the simulation, meaning a coarser mesh resolution will not change the numeric 

solution in areas of interest. The Minimum Element Size parameter sets the smallest dimension a 

mesh element can have, limiting the resolution of highly complicated areas [44]. While it is 

beneficial to have many mesh elements where the geometry of fields change rapidly, 

computational requirements increase with resolution. Meshing best practices state that each 

domain should have at least 5 elements per dimension [44]. To favour the accuracy of the 

simulation and increase the resolution, the Minimum Element Size parameters were set at double 

this standard: The diameter of the surrounding air domain is 1.5 m, resulting in a maximum size 

of 15 cm; the smallest modelled region is the 0.1 mm separation between the outermost windings 

of the B-probes and the surrounding metallic sheath, resulting in a minimum element size of 10 

Õm. 

Sequential elements vary in size according to the Maximum Element Growth Rate parameter, 

which stipulates what percentage of an elementôs size its neighbors can be [44]. The growth rate 

should be specified in consideration of how rapidly the domainôs geometry changes, and how 

large the region of interest is surrounding a high-resolution area. In this model, the most 
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important information is the B-field propagation surrounding the RC and B-probe windings. 

These regions, however, are highly resolved regardless of the maximum element growth rate due 

to their proximity to other thin domains. This parameter, accordingly, largely defines how 

quickly the mesh becomes coarse outside of the calibration chamber. To allow the surrounding 

air domain to be modelled coarsely, while ensuring that finer regions have well behaved meshes, 

a growth rate of 150% was selected. 

The successful modelling of non-planar geometries while using planar mesh elements is largely 

controlled by the meshôs ability to approximate curved surfaces well. The maximum linear 

element size along a curved surface is specified by the Curvature Factor, which multiplies the 

curveôs radius to determine the elemental size limit [44]. Smaller Curvature Factors require 

smaller linear elements, providing an improved approximation of the curve. This parameter is 

often overridden in the meshing of thin regions, which require unique Minimum Element Size 

specifications sufficient to appropriately model their curved surfaces. This parameter, then, is 

mainly used in the approximation of large curved surfaces far from the probes where the 

modelled fields are less important. Accordingly, a large factor of 0.5 was chosen. 

The final Element Size Parameter is the Resolution of Narrow Regions. This defines the number 

of layers that are generated in thin regions of the model [44]. This parameter affects the meshing 

between boundaries that are separated by a distance smaller than the Maximum Element Size ï 

the effects of this setting are shown in Figure 4.9. 

  

Figure 4.9: Mesh comparison for different Resolution of Narrow Region settings. Left: The 

geometric domains. Right: The resulting meshes, where the Resolution was set to 0.5 in the left 

half and 2 in the right half. The black lines are the element outlines, and the colourmap shows 

the element quality as measured by skewness. 
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Figure 4.9 shows the meshing of a 2D geometry where the Resolution was set to 0.5 in the left 

half of the geometry and 2 in the right half. Meshed areas which are larger than the Maximum 

Element Size, such as the upper half of the geometry, are unaffected by this setting. In narrow 

regions, two element layers were generated along the boundaries of the right side, while a single 

layer of mesh elements was generated on the left. This parameter can greatly affect the quality of 

the elements generated, as demonstrated in Figure 4.9. This figure shows the element skewness, 

a measure of the equilateral angularity within mesh elements. The skewness parameter ranges 

from 0, representing a highly distorted tetrahedral element, to 1, representing a perfectly 

equilateral element, where a higher skewness is preferred. Increasing this parameter, while 

improving the overall mesh quality, can have a significant impact on the number of meshed 

elements. To limit the increase in computational requirement, this setting was set to 2.  

4.4.2 Meshing Sequence 

The order in which the modelled domain is meshed is particularly important to the efficiency of 

the model. The mesh is generated sequentially, allowing for complex regions to be meshed with 

higher resolutions that surrounding domains can be fit into afterwards [44]. This feature also 

allows for the generation of different mesh types, which can capitalize on the form of certain 

domains to improve mesh quality. The majority of the modelled space is meshed using a Free 

Tetrahedral generator, which builds a set of connected nodes and tetrahedral elements that fit the 

specified size and distribution settings to discretize the modelled geometry. Other domains, 

which have consistent geometries and are expected to undergo little variation in their induced 

fields, are better meshed with a Swept generator. This approach generates planar triangular mesh 

elements at a source face, which are extended (swept) along the domain to a destination face, 

discretized at regular intervals [44]. The resulting mesh is highly symmetric and can have a much 

higher average element quality than a Free Tetrahedral generator would produce. A comparison 

of the two methods is shown in Figure 4.10, where identical cylinders are meshed with Swept 

and Free Tetrahedral generators and the resulting element skewness is shown. 
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Figure 4.10: Element quality within cylindrical domains that were meshed with the same Size 

parameters, using a Swept generator (left) and a Free Tetrahedral generator (right). The 

colourmap shows the element quality as measured by skewness. 

In the calibration chamber, the drive coils and the central column are meshed using a Swept 

generator due to their symmetry. The DCs were assigned unique Size parameters to minimize 

over-meshing: the driven current through these coils is prescribed, meaning the resolution of 

their domain is much less critical than the resolution of the surrounding mesh. The DCs were 

given maximum and minimum element sizes of 1 cm and 1 mm, respectively. The central 

column was assigned the same limiting Size parameters as the bulk of the model, though it was 

given a Distribution parameter, which controls the elemental spacing along its swept length, 

allowing one side to be more densely meshed than the other [44]. This was chosen as the top of 

the chamber, where all the probes are, requires a higher resolution than the bottom, meaning the 

top of the column should have a higher concentration of elements. Accordingly, the column was 

assigned a Predefined Distribution Type of 40 divisions with a sequential growth ratio of 5, 

following the Geometric sequence specification to ensure the consistency of this ratio [44]. 

The RC and B-probe windings could not be meshed using a Swept generator due to their 

rounded-square geometry ï the Swept mesh generator was not able to compute the correct path 

along which to sweep the mesh. Accordingly, they were meshed with a Free Tetrahedral 

generator with unique Size parameters to ensure they were finely meshed. To ensure smooth 

transitioning between the coils and their surrounding geometry, the Minimum Element Size 

parameter was left as 10 Õm. The Maximum Element Size, however, was reduced to 0.5 mm to 

ensure proper resolution along the 5.5 mm outer length of the smallest coil in each probe. 
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The remaining domains, including the entirety of the air domains, were meshed with a single 

Free Tetrahedral generation, as it is best practice to use a single generating node to mesh all 

adjacent domains [44]. This ensures a more continuous mesh is created across domains that vary 

in scale, by considering the size and resolution required to appropriately mesh each space prior to 

the generation of individual elements. This generation is restricted by the global Size parameters 

described above, providing a large range of element scales to optimally connect to the previously 

meshed regions. 

The final process in the meshing sequence is the application of a Swept mesh to the outermost 

Infinite Element Domains, which truncate the modelling space. To appropriately model this 

truncation, a Swept mesh allows for a smooth transition of the fields throughout this region, and 

is the recommended approach for modelling this type of domain [44]. 

The final model includes 10,825,242 domain elements, with a minimum and average element 

skewness of 0.1482 and 0.658, respectively. COMSOL recommends that a well defined mesh 

have a minimum element quality of 0.1, suggesting the mesh is reliable [44]. Figure 4.11 shows 

the element quality histogram of this mesh. 

 

Figure 4.11: Distribution of element quality counts, as measured by skewness. A close-up of the 

low quality tail is included, as it has too few elements to see in the full histogram. 
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The very narrow tail of the histogram in Figure 4.11 shows that the lowest quality elements are 

both above the limit of acceptability, and very rare. The vast majority of these low quality 

elements are found in the space between the drive coils, far from the B-probe wells or any of the 

probe windings. 

4.5 Solver Configurations 

COMSOL offers a number of study types and numerical solvers to compute a simulation. These 

settings specify the type of investigation performed and the approach used to determine a 

solution. 

The Study Type refers to the nature of the equations being solved and the analysis being 

performed. Stationary studies are used to solve steady state scenarios, such as the deflection of a 

beam under a constant load or the heat transfer within a conductor under a constant voltage. 

Time-Dependent studies model transient effects, considering an input signal that varies with 

time. A Frequency Domain study can be used to perform a frequency response analysis, such as 

to solve periodic wave equations [44].  

Physical testing of B-Probes requires a time-varying input signal to sweep a magnetic field over 

a range of driven frequencies, inducing signals which are processed using Fourier transforms to 

identify the frequencies at which potentials were induced. These frequency responses are then 

used to characterise individual probes. This time-dependent signal can be simplified 

computationally through the use of a Frequency Domain study, which automatically performs 

Fourier analysis and considers the resulting harmonic excitations [44]. Accordingly, the 

Frequency Domain study was selected for this model. 

To properly configure the Frequency Domain study, an initial Coil Geometry Analysis study step 

is required. This identifies the coil domains and their circuitry connections so that the solver 

properly measures their properties and induced signals [54]. 

To evaluate the propagation of B-fields within the discretized calibration chamber geometry, 

Ohmôs Law and a set of Maxwellôs Equations describe the electromagnetic conditions at each 

meshed node. This takes the representative form of Equation 4.0: 

Ὢ ὑ όȟ τȢπ 
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where ὑ is the Stiffness matrix, which describes material and environmental properties, ό is the 

unknown vector which describes the displacement or effect that an individual node experiences 

when a force Ὢ is applied [59]. In the case of B-field propagation: Ὢ encompasses the 

electromagnetic forces that are experienced due to the flow of current through conducting 

materials and the resulting electromagnetic fields; ὑ describes the conductivity, permittivity, and 

permeability at each node point; ό is the magnetic vector potential, thus defining the B-field. 

Modelling the response of B-probes within the calibration chamber requires solving for this 

vector ό under the initial conditions of current-excited drive coils within the chamber. The sizes 

of these vectors are directly related to the scale and resolution of the model, described by the 

number of degrees of freedom (DOFs). The final model had 62,920,212 DOFs. 

COMSOL features a variety of Direct and Iterative equation solvers. Direct solvers work by 

explicitly solving the sparce matrix system, typically through advanced factorization and 

decomposition algorithms [44]. Iterative solvers, however, repeatedly attempt to solve for the 

vector ό, with an initial guess at the solution which, after simulating the system and quantifying 

the error between the guess and the corresponding solution, informs the next guess until the 

resulting solutions converge [44]. Direct solvers tend to fail in models on the scale of 1 million 

DOFs, suggesting that an iterative solver is required. 

The acceptable difference between subsequent solutions in an iterative solver is set manually, 

defining the tolerance of the solution and the level of accuracy of the model. A simulationôs 

required tolerance varies between models, though a general recommendation is an iterative 

variation below 0.1% [44]. The tolerance for this model was selected by performing a tolerance 

sweep in a representative 2D axisymmetric model, and comparing the numeric results to that of 

the full 3D model at various points within the chamber. This approach was used due to the rapid 

computation of the 2D model, which allowed for a much faster tolerance sweep than would be 

possible in the full model. The 2D axisymmetric model contains the same geometry within the 

calibration chamber, but does not model the asymmetric B-probes or their ports. While the 2D 

model cannot be used to simulate the B-field propagation inside the recessed wells, the two 

models agree numerically within the calibration chamber air domain. This agreement can be seen 

in Figure 4.12. This 2D model can thus be used to evaluate the convergence of the model, and to 

select an appropriate solver tolerance. The results of this tolerance sweep in the 2D axisymmetric 
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model are shown in Figure 4.13. To further ensure the acceptability of this 2D modelôs use, the 

3D model was solved with a tolerance of ρ ρπ. The numeric results for the B-field at the 

location of RC1 agreed to within 0.006%. The convergence behaviour of this simulation, at each 

excitation frequency during a frequency sweep from 100 Hz to 50 kHz at 8 steps per decade, is 

shown in Figure 4.14. This rapid convergence suggests a well-defined model with reliable 

results. 

 

Figure 4.12: Numeric comparison of the magnetic flux at the location of RC1 within the 2D 

axisymmetric and full 3D models under a 4 A excitation of DC11. 

Figure 4.13 shows that a relative change of 0.0009% was observed when the solver tolerance 

was set to ρ ρπ as compared with it set to  ρ ρπ . Negligible change is visible below a 

tolerance of ρ ρπ, which was selected as the simulation tolerance accordingly. 
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Figure 4.13: Numerical convergence of the poloidal magnetic flux density, normalized to the 

largest value, in a 2D axisymmetric model of the calibration chamber under a 4 A, 10 kHz 

excitation of DC11. The BiCGStab iterative solver, with left-preconditioning, was used. 

 

Figure 4.14: Convergence behaviour for the final 3D simulation across a range of excitation 

frequencies. The BiCGStab iterative solver, with left-preconditioning, was used. The required 

tolerance for convergence was set at a linear error of 10-6. 
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COMSOL offers many iterative solvers based on accepted sparse-matrix algorithms, such as the 

Generalized Minimum Residual (GMRES) method, Flexible GMRES method (FGMRES), and 

the BiConjugate Gradient Stabilized method (BiCGStab). While each have their own structure, 

the most commonly used solvers are the GMRES and BiCGStab, due to their ability to solve 

nonsymmetric matrices [44]. Both of these solvers capitalize on computational preconditioning, 

which applies a matrix transformation, ὖ, to either the left- or right-hand side of Equation 4.0, as 

shown in Equations 4.1 and 4.2, respectively. Both left- and right-preconditioning return the 

same solution to a well-defined problem [59]: 

ὖ ὑό Ὢ πȟ τȢρ 

ὑὖ ὖό ὪȢ τȢς 

These preconditioning matrices are determined algorithmically, and can be implemented to 

increase the convergence rate of given iterative solvers [44]. 

While the differences in their algorithms are largely technical, the practical effects of these 

differences manifest as computational efficiency. BiCGStab offers a constant memory 

requirement per iteration, while GMRES has increasing requirements [44]. This becomes taxing 

for complex models and large parametric sweeps, as the number of iterations increase. For 

complex models, BiCGStab can fail to converge due to its use of three preconditioning steps at 

each iteration [44]. This may be avoided by careful meshing and boundary condition application 

reducing the mathematical complexity of the system. 

The computational agreement and speed of the BiCGStab (left- and right-preconditioned), 

GMRES (left- and right-preconditioned), and FGMRES solvers were compared in Figure 4.15 

and Figure 4.16, using the 2D axisymmetric model of the calibration chamber as an investigative 

test. All other modelling conditions were identical for the five investigations. 

For its known advantages in memory allocation and management, as well as the convergent 

speed noted in the simple example of Figure 4.16, BiCGStab (left-preconditioned) was selected 

as the modelôs solver. 
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Figure 4.15: Numeric agreement between iterative solvers in a 2D axisymmetric model of the 

calibration chamber under a 4 A, 10 kHz excitation of DC11. The largest difference is less than 

0.01%. 

 

Figure 4.16: Convergence behaviour of different iterative solvers in a 2D axisymmetric model of 

the calibration chamber under a 4 A, 10 kHz excitation of DC11. The GMRES, Right and 

FGMRES convergences overlap. 
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There are a number of high-level specifications that can be made to each aspect of the solverôs 

configurations, which are highly technical and specific to each model. COMSOL has built-in 

features to recognize modelling parameters, which indicate the optimal configurations for each 

of these parameters, and the solvers do not need manually selected settings to reach a solution 

[44]. Accordingly, these settings have been left at their default values. 

4.6 Cluster Computing 

Due to the size and geometric complexity of the model, it surpassed the computational 

capabilities of a standard laptop. Accordingly, the Frontenac Platform for high performance 

computing, provided by the Centre for Advanced Computing (CAC) at Queenôs University, was 

used to perform the simulations. The most advanced models, with the highest computational 

demand, were all run on IntelÈ XeonÈ CPU-8867 v3 at 2.50 GHz using 8 sockets with 32 cores 

through a SLURM scheduler. These simulations consistently used approximately 420 GB RAM 

on this system. Solving the full magnetic vector potential required different durations for 

different excitation frequencies, as higher frequencies experience larger numeric gradients ï 

however, a logarithmic frequency sweep from 100 Hz to 50 kHz at 8 steps per decade took 

approximately 20 hours to compute on this high-performance computer. With the number of 

cores used, this was approximately 26 CPU-days. 

The simulation was not parallelized for use across multiple nodes on the high-performance 

platform. With the relatively low solution time, and the infrastructure available within the CAC, 

it was decided that single-node cluster computing was adequate to perform these simulations. 

To retrieve the convergence data from the simulations performed on the Frontenac Platform, the 

COMSOL Log File output settings had to be adjusted. The convergence performance of iterative 

solvers is only stored locally within COMSOL ï this data must be saved manually after the 

solution has been reached. For simulations run on a local computer, this poses no difficulty. For 

simulations submitted to a cluster as batch jobs, without any manual interfacing, the convergence 

data can only be accessed through the modelôs output file. To save the linear error for each 

iteration, the Solver Log parameter within the Advanced setting of the Stationary Solver node 

associated with the Frequency-Dependent solution step must be set to Detailed. This file contains 

all of the status information produced by COMSOL while running the model for every iteration, 
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but does not significantly impact the computation time. The convergence data must be manually 

isolated to observe the performance of the solver at any of the excitation frequencies computed. 

4.7 Other Excitations 

4.7.1 Toroidal B-field 

In addition to the poloidal B-field excitations described in this Chapter, the physical experiment 

was designed to excite a toroidal B-field. Multiple attempts were made to model this excitation 

with current flowing through the chamber walls, though no converged model was developed. 

The initial approach was to apply a Coil domain to the full chamber, connecting the walls, lid, 

central column, and base together. The associated Geometry Analysis definition was used to 

assign the bottom of the chamber walls as the input boundaries, meaning the applied current 

would flow upwards through the chamber walls as in the experiment. With the exact physical 

geometry of the chamber, this could not be implemented as coils within COMSOL need to be 

closed shapes that allow current to loop back upon themselves. The chamber walls were thus 

extended downwards to contact the base of the chamber, creating a continuous current path, but 

the model did not converge when executed. It is suspected that the highly irregular shape of the 

chamber could not be configured in the form that is expected for Coil domains within COMSOL. 

Subsequently, the Electric Currents interface was investigated. A Terminal boundary condition 

was applied to the bottom of the chamber walls with a current excitation, while the bottom of the 

base was assigned a Ground boundary condition. This created a current within the Electric 

Currents interface, which was passed to the Magnetic Fields interface via an External Current 

Density domain applied to the structure of the chamber. A preliminary 2D axisymmetric test of 

this approach, with only the chamber modelled, was seen to converge and produce the expected 

B-field distribution, but including the DCs caused this approach to fail. A 3D implementation of 

the same approach also failed to converge. It is unknown why this approach did not converge 

under the addition of Coil domains. 

A final approach explicitly modelled the wires that connected the amplifier to the chamber, 

targeting the excitation method as a possible cause for the other methods failing. This utilized the 

Magnetic and Electric Fields interface to obtain the Terminal and Ground boundary conditions 

for external boundaries, which were applied to the wires connected to the walls and base, 
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respectively. By modelling wires which extend to the ends of the modelled region, current could 

flow along the boundary of the air domain to loop back upon itself. This approach did not 

produce a converged model. 

4.7.2 Time Domain Excitations 

To further investigate the propagation of B-fields within the chamber geometry, time domain 

studies were implemented. This utilized the same model as for frequency domain analysis, 

exchanging the Frequency Domain study type for a Time Dependent study. This simply required 

implementing a time domain current measurement as the excitation current within the DCs, and 

selecting a sampling rate at which to simulate the signal. 

Initially, the 10 ms current measurement was implemented as the excitation source. For adequate 

resolution at the high frequency end of the signal, a timestep of 5 Õs was selected. This model 

was simulated on the CAC high performance computer with access to 1 TB RAM for one week, 

after which only 36% of the timesteps had been performed. Accordingly, this approach was 

deemed too computationally expensive for this project. 

A simplified approach was used to gain a preliminary understanding of the time-dependent 

properties of B-probe shielding, using single frequency excitations. The measured current 

excitation was substituted for 1 kHz and 10 kHz signals with amplitudes of 1 A, implemented in 

separate simulations. Both of these models featured a two cycle excitation, requiring a 2 ms and 

0.2 ms simulation, respectively. The relative sampling frequency was maintained, using 50 Õs 

and 5 Õs timesteps. These excitations were given 1 A amplitudes as a pure-sine excitation is not 

representative of the experiments performed within the chamber, meaning these models are only 

useful as representative tools and thus their amplitudes are arbitrary. 
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5.0 Analysis 

This chapter details the data processing and analysis required to compare the experimental and 

simulated results from the B-probe calibration chamber. 

5.1 Reference Coil Calibration 

As described in Section 3.2, the Reference Coils (RCs) are able to be calibrated independently 

before their insertion into the calibration chamber. This allows for the comparison of both the 

induced voltage within the coil, and the associated B-field. This comparison can show the proper 

functioning of the COMSOL simulation in the absence of the conducting wall effects, increasing 

the confidence in the simulated B-probe results. 

5.1.1 Scaling Factors 

The calibration factor associated with inductive coils can be classified in many ways, using a 

variety of approaches [19], [23], [24]. Each of these methods achieves the same result: finding a 

numeric factor that can be used to convert a voltage value into a B-field value, specific to each 

axial coil of each probe. RC calibration was performed using a Helmholtz coil: by measuring the 

input current with a Pearson Current Monitor, the magnetic flux density at the geometric center 

of the coils can be calculated through Equation 5.0 [23], 

ὄ
τ

υ

ȾʈὲὍ

Ὑ
ȟ υȢπ 

where ὲ is the number of turns in each of the Helmholtz coils, Ὑ is their common radius, and Ὅ is 

the current passed through them in series. Since the RCs are positioned exactly at the center of 

the Helmholtz coil arrangement, the voltage they measure is induced by this B-field according to 

Faradayôs Law. This comparison determines the unique scaling factor for each axis of each RC. 

Representative measured waveforms of the input current and induced voltage are shown in 

Figure 5.1. These show the full 10 ms excitation with a constant amplitude 5.8 kHz sine wave for 

the calibration of the poloidal winding of RC1, and the subsequent 40 ms noise measurement. 

The voltage waveform is the raw signal, while the current waveform was converted from a 

voltage into a current value through the Pearson probeôs known sensitivity of 0.001 V/A Ñ 1% 

[37]. 
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Figure 5.1: Typical RC calibration waveforms. Left: 5.8 kHz input current, as measured by the 

Pearson probe. Right: Induced voltage, as measured from the poloidal coil of RC1. 

Figure 5.2 shows both the full waveforms of the driven input current and resulting induced 

voltage and the window of signal with smooth behaviour, after the rise-time of the amplifier has 

passed but before the excitation ends. This windowing provides cleaner data, isolating the 

desired waveform to improve the analysis performed.  

 

Figure 5.2: Closeup of the signals in Figure 5.1, with the settled window with smooth behaviour 

highlighted in blue. Left: Input current. Right: Induced voltage in the poloidal coil of RC1. 

The DC offset seen in the current waveforms is likely due to the specialized digitizing channel 

that measures this signal ï due to the magnitude of the post-amplification current, the Pearson 

signal is connected to a unique digitizer which has a different sensitivity than those that record 

the inductive probe signals. This offset can likely be attributed to this channelôs dynamic range, 
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which is tuned to maximize the measurement without clipping. This offset, however, is not 

directly impactful: to characterize the frequency-dependent response of the probes, frequency 

domain analysis must be performed. This approach only considers the AC component of each 

signal, through use of the Discrete Fourier Transform (DFT) to retrieve the signalôs frequency 

domain representation. 

The Fourier Transform (FT) is an integral transform that separates a time domain function into a 

distribution of its constituent frequencies [60]. The FT of a continuous function, Ὢὸ, is defined 

by Equation 5.1 [60]: 

Ὂ‫ ὪὸὩ
Ŷ

Ŷ

Ὠὸ υȢρ 

The full transform can be applied to continuous mathematical functions but discrete signals, such 

as those measured here, require the DFT. The DFT is defined by Equation 5.2 [61]: 

ὢ ὼὩ ȟ υȢς 

where ὼ is the sequence of ὔ discrete values in the time domain, and ὢ is the sequence of ὔ 

discrete complex values in the frequency domain. The DFT of a signal will be stronger at 

frequency components which are more prominent in the time domain signal. For a sinusoidal 

waveform with only one constituent frequency, the DFT is expected to have a sharp peak at that 

frequency value. For a chirped waveform, where the frequency of the signal increases with time, 

the DFT is expected to be flatter as a wider range of frequencies exist within the waveform. 

Since the signals being processed are purely real, a more efficient DFT algorithm can be used to 

exploit the symmetries which arise for real signals ï specifically, the positive and negative 

frequencies are complex conjugates, meaning only one set needs to be computed directly through 

Equation 5.2. This increased efficiency is purely computational, and the resulting frequency 

domain representation of the signal is unchanged. Here, the transformation was performed in 

Python 3.9.12 using the numpy.fft.rfft module [61]. 
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The two signals in Figure 5.2 are seen to be nearly pure-sinusoids, and their DFTs can be seen in 

Figure 5.3. The frequency separation between points is determined from the time domain 

sampling rate, and the number of total samples. 

 

Figure 5.3: DFTs of the input current, as measured by the Pearson Current Monitor, and the 

induced voltage in the poloidal coil of RC1 shown in Figure 5.2. Both spikes are at 5.8 kHz. 

Since the DFT is a complex valued function, its magnitude is plotted. To present this magnitude 

in physical units, Parsevalôs Relation is used [60]: 

ȿὼὲȿ
ρ

ὔ
ȿὢὯȿȢ υȢσ 

Parsevalôs Relation states that the magnitude of a signal is related to the magnitude of its DFT by 

the number of samples considered. By dividing the magnitude of the DFT by the number of 

samples, a value in physical units can be retrieved. This statement holds true for real DFT 

algorithms. Verification of this relationship is shown with a simple example in Figure 5.4, where 

the real DFT of a wave with constituent frequencies of 1 kHz and 5 kHz is shown. The waves 

hold 500,000 points in the time domain (250,001 in the frequency domain due to the real DFT 

algorithm) with a sampling rate of 160 kHz. 
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Figure 5.4: Demonstration of Parseval's Theorem. Top: input waveform, comprised of the sum of 

a 1 kHz and 5 kHz wave. Bottom left: the raw output of the DFT. Bottom right: the scaled DFT, 

scaled by the number of frequency domain samples. Dashed lines in the DFTs indicate the 

amplitude of the constituent input waves. The corrected DFT has magnitudes of 1 at both input 

frequencies, matching the input waveform.  

The current waveform can then be converted to a B-field value through Equation 5.1 to generate 

a scaling factor. Equation 5.1, however, computes a magnetic flux density, while the voltage 

induced within the probe is due to the change in magnetic flux. This is addressed by multiplying 

the flux density by the effective surface area of the probe, considering each of the 70 turns. For 

the poloidal coil, with average side lengths of approximately 6.0 mm (5.5 mm bobbin length, 1.0 

mm thick coils), the probe surface area is given by: 

ὃ φȢπ ρπ Í φzȢπ ρπ Í χzπ ςȢυςρπ Í υȢτ 

Two commonly used factors when describing B-fields are ὲὍ and ὔὃ. ὲὍ is directly proportional 

to the generated field ï this can be seen in Equation 5.0, where the magnetic flux density at the 

center of a Helmholtz coil is proportional to the number of turns in each coil (ὲ), and the current 
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driven through them (Ὅ). ὔὃ is the effective area of an inductive coil, which is important as the 

induced voltage within the coil is proportional to the area of each turn (ὃ and the number of 

turns (ὔ). 

A final processing step is required prior to the calculation of the scaling factor, accounting for the 

difference in integration-order between the two signals. This is due to the analog integrator 

within the Pearson Current Monitor: the initial measurement is proportional to the time-rate of 

change of magnetic flux through the probe, which is then integrated internally so that the output 

from the device is proportional to the driven current. The RCs, however, record the voltage 

induced due to the time-varying magnetic flux. This is shown schematically in Figure 5.5. 

 

Figure 5.5: Simplified circuit schematic visualizing the measurement circuit used in the 

calibration of the RCs, and the resulting difference in the integration-order of the Pearson 

Current Monitor signal and the voltage induced within the RC. 

This difference in integration order can further be seen in Figure 5.6, showing a 90 degree phase 

shift between the two signals ï this is equivalent to the difference between a sine and a cosine 

wave, representing differentiation. 
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Figure 5.6: Closeup of the centered, normalized waveforms of Figure 5.1, showing a 90 degree 

phase shift between the two signals. 

Without further processing, the Pearson signal is proportional to a current while the RC signals 

are proportional to the time-rate of change of that current. This difference manifests as a different 

dependence on frequency after the FT. Given the normalized inverse FT (IFT) [60]: 

Ὢὸ
ρ

ς“
Ὂ‫Ὡ

Ŷ

Ŷ

Ὠ‫ȟ υȢρȢρ 

the IFT of a derivate can be expressed as: 

Ὠ

Ὠὸ
Ὢὸ

ρ
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Accordingly, differentiation in the time domain is equal to multiplication by Ὥin the frequency ‫ 

domain [62]. Comparing a function and a derivative in the frequency domain thus introduces a 

frequency dependence which is not inherent to the signals, but introduced by the transformation. 

With the goal of the scaling factor being to identify the frequency response of these probes, this 

is undesirable. To avoid this impact, the current signal from the Pearson probe is differentiated 

numerically, ensuring both signals are proportional to a time-rate of change and thus have no 

artificial frequency response. The scaling factor is similarly corrected in the calibration method 

developed by Phillips and Turner [23]. The numeric differentiation is performed in Python 3.9.12 

using the numpy.gradient module, which computes the finite difference between evenly spaced 
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neighboring points [63]. This does enforce that the scaling factors calculated by this ratio are in 

time-differentiated units, and need to be integrated to determine the numeric value of the 

magnetic flux. The frequency domain representation of these waveforms, with the current signal 

differentiated numerically and converted into a magnetic flux, is shown in Figure 5.7: 

 

Figure 5.7: DFTs of the exciting magnetic flux, as calculated from the input current, and the 

induced voltage in the poloidal coil of RC1. Further processed from Figure 5.3.  

The linear relationship between the induced voltage and the differentiated magnetic flux is 

shown in Figure 5.8, for both excitation types investigated.  

 

Figure 5.8: Scaling Factor magnitudes for the poloidal coil of RC1, as calculated from the 5.8 

kHz and frequency sweep excitations. Below the noise floor (indicated by the dashed vertical 

line), they both agree and show no frequency dependence in the scaling factor. 
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It is noted that the order-of-integration agreement only applies to the driven signal, which is 

limited to below 35 kHz by the properties of the linear power amplifier. Above this threshold, the 

signals are seen to be dominated by noise, which does not hold meaningful information. This 

noise is independent of the driven signal, and thus differentiation introduces a frequency 

dependence. 

As the DFT is a complex dataset, the scaling factor between the DFT of the input magnetic flux 

and the DFT of the induced voltage will be a complex value. To ensure the precision of this 

calculated value and improve the SNR of both signals, the measurements were repeated 100 

times. By analyzing each individual excitation, the variability of both signals can be quantified as 

a normal distribution, with a mean value and a standard deviation representing the precision and 

repeatability of the measurement. This analysis was performed for each winding of each RC, 

with the mean and standard deviation of the scaling factors being recorded. An example of this 

analysis is shown in Figure 5.9, for RC1. 

 

Figure 5.9: Top: Frequency domain comparisons of the signals measured in the calibration of 

each directional coil of RC1. Bottom: Normal distributions, collected from the 100 repeated 

measurements performed for each directional coil, are very narrow and well behaved. Left: 

Poloidal. Middle: Toroidal. Right: Radial. 

The numeric scaling factors for RC1 are shown in Table 5.1, while the full list of scaling factors  

for each of the RCs is given in Appendix A: Additional Data. 
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Table 5.1: Mean scaling factors for each directional coil of RC1, and their standard deviations. 

100 repeated pulses were analyzed. [Wbô] means time-differentiated magnetic flux. 

Winding Poloidal [V/Wbô] Toroidal [V/Wbô] Radial [V/Wbô] 

Mean Scaling Factor 

(Standard Deviation) 

2.593 ï 0.0040i 

(0.001 + 0.0009i) 

1.9445 + 0.0259i 

(0.0009 + 0.0007i) 

ï1.7560 ï 0.0071i  

 (0.0006 + 0.0006i) 

This scaling factor allows for the conversion from induced voltage to measured magnetic flux, 

however it does not fully encompass the physical calibration of the RCs. 

5.1.2 Rotations 

The RCs are not perfectly constructed or aligned, meaning that the off-axis coils experience 

induced voltages during the calibration shots for each directional coil. Each coil has a non-zero 

component in each direction, which can be isolated and quantified within these calibration 

excitations. This rotation is explained visually in Figure 5.10, wherein further analysis is required 

to determine the angular separation between the real and ideal coordinates. 

 

Figure 5.10: Visual representation of the imperfect alignment of a physical RC (red) relative to 

an ideal set of axes (black). 

An arbitrary B-field will induce a voltage in each coil that is perpendicular to it, meaning all of 

the imperfect coils will pick up signal from that field. Expressed mathematically: 

ὠ
ὠ
ὠ

Ὓ ὄὙ ὄὙ ὄὙ

Ὓ ὄὙ ὄὙ ὄὙ

Ὓ ὄὙ ὄὙ ὄὙ

ȟ υȢυȢρ 
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where Ὓ is the scaling factor for the X-directional winding and Ὑ  is the rotational component 

of the Y-directional winding towards the Z-direction. Separating these terms into distinct 

matrices, where three directional B-fields (ὄ) induce voltages in three axial coils (ὠ) 

proportional to unique scaling factors (Ὓ) and rotational components (Ὑ), gives: 

ὠ
ὠ
ὠ

Ὓ π π
π Ὓ π
π π Ὓ

Ὑ Ὑ Ὑ
Ὑ Ὑ Ὑ
Ὑ Ὑ Ὑ

ὄ
ὄ
ὄ
Ȣ υȢυȢς 

The combined system for each RC can thus be summarized by the guiding calibration equation: 

ὠ ὛὙ ὄȢ υȢυ 

The scaling factors are taken as a diagonal matrix due to their orthogonality in definition: each 

coil was considered separately in their calculation. Accordingly, this calibration process aligns 

the RCs with the driving axis of the Helmholtz coil ï the numeric values for the diagonal rotation 

matrix components are all unity, as any off-axis orientation is considered in the definition of the 

appropriate scaling factor. The off-diagonal components of the rotation matrix (RM) can be 

calculated since the calibration excitations for each coil were isolated, with only one directional 

B-field at a time. By comparing the induced voltages of each coil during a single excitation, the 

component of each coil in the direction of that excitation can be calculated. For the poloidal 

field: 

ὠ
ὠ
ὠ

Ὓ π π
π Ὓ π
π π Ὓ

Ὑ Ὑ Ὑ
Ὑ Ὑ Ὑ
Ὑ Ὑ Ὑ

ὄ
π
π
ȟ υȢυȢσ 

which simplifies to 

ὠ
ὠ
ὠ

Ὓ ὄὙ

Ὓ ὄὙ

Ὓ ὄὙ

Ȣ υȢυȢτ 

Here, the voltages and B-field are measured values, as in Figure 5.9. The scaling factors are 

calculated, as in Table 5.1. Accordingly, Equation 5.5.4 can be rearranged to isolate and solve for 

the RM components Ὑ ȟὙ ȟ and Ὑ . Similarly, the toroidal and radial B-field excitations can 

be used to solve for the RM components for those directions, respectively. Recombining those 

components provides a fully defined RM, meaning the calibration factor for the RCs is complete. 
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As an example, the RM for RC1 is shown. The RMs for each RC are shown in Appendix A: 

Additional Data. 

Ὑ

ρ πὭ ρȢςρπȢτρὭ ρπ ρȢττπȢπωὭ ρπ

χȢωτπȢπωὭ ρπ ρ πὭ ψȢφπ πȢπσὭ ρπ

ψȢψσπȢσπὭ ρπ ρȢρππȢπφὭ ρπ ρ πὭ

Ȣ 

By measuring a set of voltages from each of the three axial windings, the magnetic flux values in 

each axial direction can be calculated: 

ὄ Ὓ Ὑ ὠȢ υȢυȢυ 

In the calculation of the scaling factors, it is critical to have the correct units. In the form of 

Equation 5.5.1, the scaling factors multiply the magnetic flux values: accordingly, they must 

have units of V/Wbô so that the dimensions of both sides of the equation agree. The RM is 

dimensionless, holding the relative weights of each windingôs axial alignment. Angular values 

can be determined from this information, but the values themselves have no physical units. 

5.1.3 Verification 

The accuracy of these calibration factors can be verified by using the voltages induced within a 

calibration excitation to calculate that measurementôs B-field. This was performed using the 

poloidal excitation of RC4 ï with the scaling factors and rotation matrix components calculated, 

Equation 5.5.5 could be evaluated at each distinct frequency value. The excitation magnetic flux, 

calculated from the measured input current through Equation 5.0, is compared to the calculated 

magnetic flux as determined from the calibration process in Figure 5.11. This was done for both 

the 5.8 kHz excitation and the 1-35 kHz frequency sweep excitation to verify performance over 

the full range of frequencies investigated. The two excitations are seen to agree, with the off-axis 

B-field calculations returning a noisy signal between 3 and 4 orders of magnitude smaller than 

the on-axis field, which agrees with the measured value within the driven frequencies. The 

magnitude of the excitation can be seen to impact the null-field slightly, with the amplitudes not 

matching perfectly across the two excitations, though this is a minor impact that is visually 

amplified by logarithmic scaling. 
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Figure 5.11: Comparison of the measured and calculated B-fields from the poloidal calibration 

excitations for the poloidal coil of RC4. Left: 5.8 kHz input. Right: 1-35 kHz frequency sweep 

input. 

Following the computation of Equation 5.5.5, the ὄ matrix needs to be integrated in time to 

return a magnetic flux value. It has been shown that numeric integration is optimal when 

performed in the frequency domain [62]. As detailed in Equation 5.1.2, time domain integration 

is equivalent to division by Ὥʖ in the frequency domain, where Ὥ is the unitary imaginary number 

and ʖ is frequency [62]. 

5.2 Error Analysis 

To determine the error on the B-fields estimated by the RC calibration requires calculation of the 

error on each term in Equation 5.5.5: 

ὄ Ὓ Ὑ ὠ υȢυȢυ 

The error on the voltage values comes from the SNR on each measurement, which can be 

determined by comparing the strength of the frequency domain signal and noise at the frequency 

of interest. Figure 5.12 shows the comparison between the DFT of the 10 ms section of the 

measurement when there is a driven current, and a 10 ms sample of the noisy region after the 

driven current has stopped. Here, the magnitude of the noise is 0.0013% the magnitude of the 

signal at the driven frequency of 5.8 kHz. 
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Figure 5.12: DFT of the measured voltage in RC1P, during and after the excitation, to compare 

the SNR on the measurement at the frequency of interest, highlighted by the dashed line. 

This can be done for all three directions, with similar results. The induced voltage measurements 

for the poloidal, toroidal, and radial coils of RC1 have relative errors of 0.001%, 0.003%, and 

0.005%, respectively. This value is specific to the excitation frequency of the calibration shot, 

though it can be seen in Figure 5.12 that the relative strength of the noise in the range of 

frequencies of interest is multiple orders of magnitude below the strength of the real signal. This 

is a particular advantage of frequency domain analysis of electrical signals, as the majority of 

electrical noise is in the high-frequency regime. This noise is unable to be distinctly separated 

from the signal in a time domain measurement, meaning the SNR is worse as high- and low-

frequency components overlap.  

The error on the scaling factor matrix terms can be determined analytically, propagated through 

Equation 5.6, which defines the scaling factor, Ὓ: 

Ὓ
ὠ

ὄᴂ
ȟ υȢφ 

where ὄ is the time-differentiated magnetic flux that induces a voltage, ὠ. Following the 

standard procedure of error propagation in quadrature [64], the relative error on the scaling factor 

can be determined through Equation 5.6.1: 
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The relative error on the voltage can be determined from the SNR, while the error on the 

magnetic flux must be propagated through Equation 5.7, according to Equation 5.7.1: 

ὄᴂ Ὅᴂ
τ
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Ⱦʈὲ

Ὑ
ὔὃȟ υȢχ 
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ȿὔȿ

ɿὃ

ȿὃȿ
Ȣ υȢχȢρ 

The permeability of free space, ʈ, has an empirical value of τʌ ρπ  and a relative error of 

ςȢσ ρπ , based on the most recent definition of the International System of Units [65]. This 

value, relative to the other terms in Equation 5.7, can be considered errorless. Similarly, there is 

no relative error on the constant multiplicative factor. 

The error in the current is determined similarly to the error in the measured voltage: through the 

SNR of the processed measurement. Since the scaling factor compares the induced voltage to the 

time-derivative of the magnetic flux, this current must be differentiated prior to analysis. Figure 

5.13 shows the majority of the noise in this driven signal overlaps with that of the noise signal, 

well above the range of driven frequencies. This enables the SNR of the differentiated current to 

remain low, with a relative error of 0.004% at 5.8 kHz. 

The number of turns per coil, ὔ χπ, and the number of turns in the Helmholtz coil, ὲ ςρ, 

are errorless values. These were implemented by General Fusion employees prior to this project, 

with the exact numbers of turns in each case being documented internally [6]. These ideal 

numbers of turns are possible with diligent construction and record keeping. 

 



Analysis 

 

86 

 

 

Figure 5.13: DFT of the measured input current for the calibration of RC1P, during and after the 

excitation, to identify the SNR at the excitation frequency, highlighted by the dashed line. 

The radius of the Helmholtz coil varies for the three axial coils: the poloidal coil is 95.28 Ñ 0.05 

mm, while the toroidal and radial coils are 98.67 Ñ 0.05 mm and 91.76 Ñ 0.05 mm, respectively. 

The area of the probes is calculated through their approximately square average side lengths of 

5.0 mm, 6.0 mm, and 7.0 mm Ñ 0.05 mm for the toroidal, poloidal, and radial windings, 

respectively. Through propagation in quadrature, the relative error on the poloidal probe area is 

1.18%. 

Substituting these relative errors into Equation 5.7.1 allows the relative error on the magnetic 

flux to be determined: 

ɿὄ

ȿὄȿ
πȢππππτ

πȢπυ ÍÍ

ωυȢςψ ÍÍ
πȢπρρψ ρȢςϷȢ 

It can be seen that the relative error in the magnetic flux measured by a RC is dominated by the 

probe area error. 

It is noteworthy that the error in the magnetic field strength can be calculated differently, using 

an equation derived by Bronaugh [38] and given in Equation 5.8. This is also the IEEE standard 

for the error on a magnetic field generated by a Helmholtz coil [39]: 
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where ὶ and ὶ are the radii of the coils, and ί is the separation between them. Despite the 

analytical difference from the flux density from Equation 5.8, these two expressions do agree on 

the relative error in the magnetic flux for this arrangement to one significant figure. This 

agreement increases the confidence that the error estimation is correct. 

Returning to Equation 5.6.1, the relative error on the calculated scaling factors can be 

determined: 

ɿὛ

ȿὛȿ
πȢππππρπȢπρρψρρȢςϷȟ 

where the error is completely dominated by the uncertainty in the value of the magnetic flux. 

Figure 5.9 shows that the scaling factor calculations are quite precise, with a standard deviation 

on the 100 repetitions of approximately 0.03% of the mean. This mean, however, is only accurate 

to within 1.2% per the propagation of uncertainty shown here. 

The scaling factors are not used directly. To calculate a B-field from a measured set of voltages, 

they are used as an inverted matrix in Equation 5.5.5. The propagation of error through matrix 

inversion is detailed by Lefebvre et al. [66], and must be applied to the scaling factor matrix for 

implementation. The authors provide a formula for the covariance of elements within the matrix, 

which here reduces to the variance (self-covariance) of the scaling factor terms since their matrix 

is diagonal, meaning the covariance matrix is also diagonal and only the individual variances 

remain. The formula for the covariance matrix of an inverted matrix, ὓ , is given by Equation 

5.9 [66]: 

ÃÏÖὓ ȟὓ ὓ ὓ  ʎ  ὓ ὓ Ȣ υȢω 

This requires a full summation over the matrix indices, considering the relation between each 

pair of elements. To determine the covariance of any pair of matrix elements, ὓ  and ὓ , the 

sum of all elements in the error matrix must be performed. The scaling factor covariance matrix 

is diagonal, meaning only three values must be calculated. This summation was performed, and 

the standard errors on the inverted real scaling factor matrix were calculated. As an example, this 

matrix is shown for RC1, showing the magnitudes of the inverted matrix: 
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Ὓ
πȢσψφ π π
π πȢυρτ π
π π πȢυφω

πȢππυ π π
π πȢππφ π
π π πȢππχ

 7ÂᴂȾ6Ȣ 

Lefebvre et al. [66] also state that for a system of simultaneous equations of the form ὃὼ ὦ, 

where ὦ is a vector of measured values and ὃ is a matrix of coefficients with known values and 

uncertainties, the uncertainty in the solution vector ὼ can be calculated from the other two terms. 

For quantities that are independent of each other, whose covariance matrices are diagonal, this is 

accomplished using Equation 5.10: 

ʎ ὃ ʎ ʎ ὦ Ȣ υȢρπ 

This procedure can be used to determine the uncertainty in the rotation matrix: due to the 

diagonality of the scaling factor matrix, Equation 5.6 can be rewritten as: 

ὠ ὛὙὄȟ υȢυȢφ 

where Ὑὄ is the matrix multiplication of the Ὑ matrix and the ὄ vector, without changing 

the equation despite altering the order of operation. Equation 5.5.6 then follows the form 

required to implement Equation 5.10 to determine the error in the Ὑὄ matrix, from which the 

error in the rotation matrix can be calculated given the measured error in B-field for these 

specific calibration shots. Due to the low relative errors on the induced voltages and scaling 

factors, the uncertainty in the Ὑὄ matrix was found to be dominated by the uncertainty in the 

magnetic flux, with the rotation matrix components requiring below 0.1% error each. 

The only measurement from the B-probes are their induced voltages. The relative error on those 

signals can be extracted from the DFT of their signal and the subsequent noise profile recorded 

from each coil. This follows the same procedure as described above for the voltage 

measurements in the RCs. The relative errors for each B-probe are shown in Table 5.2, taken 

from a frequency sweep excitation of Drive Coil 11 in the calibration chamber. 

There are clear similarities between the probes which had similar placements: BP1, BP3, BP4, 

and BP7 are positioned at the same height, separated equally around the toroidal circumference 

of the chamber. These four have relative errors on the same order of magnitude for each coil. 

BP5 and BP6 are positioned on the lid, closest to the excited Drive Coil, and have the best 

relative errors for each winding. BP2 is positioned higher on the chamber wall than the array of 
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four, and is seen to have similar properties to them. Fluctuations within these groups can be 

attributed to variation in assembly or position within the well. 

Table 5.2: Relative errors in the induced voltages for the B-probes during an excitation of DC11. 

Probe Poloidal Error Toroidal Error Radial Error 

BP1 0.3% 17% 3% 

BP2 0.08% 11% 2% 

BP3 0.2% 17% 0.5% 

BP4 0.08% 13% 2% 

BP5 0.03% 1% 0.2% 

BP6 0.03% 1% 0.2% 

BP7 0.08% 6% 2% 

Table 5.2 also shows that the SNR for a B-probe depends largely on the orientation of the 

excitation ï the signals measured were from a poloidal excitation, which has very good SNR 

across all seven probes. The radial winding is expected to be excited by the propagation of the 

field into the wells, and the toroidal winding is expected to see the least signal. These are 

reflected by the order of their uncertainties. 

5.3 Simulation Sensitivity Analysis 

A key element of numerical simulation is gaining a sense of error on the modelled results, which 

are computed exactly, with many significant figures and no direct level of error beyond 

computational precision. The accuracy of a simulation must be evaluated by performing iterative 

testing while varying individual modelled parameters to determine their impact on key numeric 

values. For the implementation of the geometric, material, and physics domain modules, these 

evaluations were performed and described primarily in Chapter 4. This section describes the 

sensitivity analysis performed on the placement of the RCs and B-probes. These probes are 

modelled to be in the exact location they were implemented in the CAD of the calibration 

chamber; however, they are likely to have small deviations from these placements owing to 

machining tolerances, physical construction, and material aging (mainly a consideration for the 

plastic support structures, which had visibly yellowed prior to experimentation). The sensitivity 

of the simulation to the exact location of the probes can be determined by repeating the 
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simulation with displaced probes: this was performed for radial, azimuthal, and axial 

displacement for both the RCs and the B-probes, and angular rotations about each of the probesô 

axes. Given the tight machining and printing tolerances, these deviations are not expected to be 

large. The probes were displaced by Ñ 0.5 mm in each direction independently, so the impact of 

one displacement could be quantified independently from that of another. The metallic sheaths 

were displaced with the B-probes, as they are structurally connected. Rotationally, the probes 

were varied by 1 degree about each axis independently. The impact of rotations will be identical 

for positive and negative rotations, as they are symmetric transformations of the coil area relative 

to the direction of an inducing B-field: whether a probe is rotated +1 or ï1 degree, the resulting 

area which is perpendicular to a given direction is unchanged. 

This sensitivity analysis was performed during a poloidal B-field excitation, with current driven 

through DC11. The impact of these variations was quantified by comparing the voltages induced 

within the RCs and B-probes after their displacement or rotation to the voltages induced in the 

ideally placed probes under the same excitation. No simulation parameters other than the 

placement of the probes were varied to ensure consistent modelling behaviour and a valid 

comparison. The impact of these variations over a range of driven frequencies was measured to 

determine any frequency dependence within the probes, and to provide an error estimate of the 

simulated results over the full range of excitation frequencies. Table 5.3 summarizes the 

maximum variation in the induced voltages simulated under displacements for RC1 and BP1. 

Table 5.4 summarizes the same information for axial rotations. 

Table 5.3 and Table 5.4 show that there is a large dependence in the off-axis measurements of the 

probes on their placement. This is expected, as the strong directionality of the B-field suggests 

one coil is much more strongly excited than the others and any increased alignment between off-

axis coils and the excitation field will result in more magnetic flux within that coil. This is 

especially prominent in the toroidal winding, which is ideally exactly tangent to the poloidal 

field. Given the proximity of RC1 to the central shaft of the calibration chamber, the radial coil 

(positioned to measure vertical B-field at this location) is expected to experience a higher normal 

magnetic flux and would thus be less strongly impacted by increased alignment with the poloidal 

field. 
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Table 5.3: Maximum relative variation in the induced voltages for RC1 and BP1 poloidal (P), 

toroidal (T), and radial (R) coils under displacements from their ideal locations in the radial (ɟ), 

azimuthal ()ʟ, or axial (z) direction. Frequency sweep excitation applied to DC11, generating a 

poloidal B-field. 

Coil + 0.5 mm ɟ ï 0.5 mm ɟ + 0.5 mm ◖ ï 0.5 mm ◖ + 0.5 mm z ï 0.5 mm z 

RC1P 3.66% ï 3.55% ï 2.70% ï 3.63% 3.54% ï 4.64% 

RC1T 615.4% 11,520% 598.2% 584.1% 10,184% 563.1% 

RC1R ï 7.78% 2.17% 7.31% 4.56 % ï 2.03% ï 10.82% 

BP1P ï 3.80% ï 14.21% ï 3.44% ï 3.77% 8.27% ï 4.43% 

BP1T 622.0% 228.9% 289.6% 526.9% 410.0% 85.61% 

BP1R 1.05% ï22.14% 990.8% 2.17% 29.74% 1,175.8% 

Table 5.4: Maximum relative variation in the induced voltages of RC1 and BP1 poloidal (P), 

toroidal (T), and radial (R) coils under displacements from their ideal rotational alignment about 

the probeôs P, T, and R axes. Frequency sweep excitation applied to DC11, generating a poloidal 

B-field. 

Coil + 1Á P + 1Á T + 1Á R 

RC1P ï 3.72% ï 3.54% ï 3.54% 

RC1T 600.6% 16,489% 620.4% 

RC1R ï 2.05% ï 2.07% ï 1.27% 

BP1P ï 3.78% ï 3.84% ï 3.77% 

BP1T 12,016% 309.8% 494.5% 

BP1R 0.24% 136.7% 0.66% 

Across the range of excitation frequencies simulated, the only frequency dependence noted was 

in the induced voltage of the radial coil of BP1 under vertical displacement. The relative 

difference from non-displaced or rotated probes was constant per variation across all frequencies 

for the on-axis poloidal coils, and very sporadic for the orthogonal toroidal coils. BP1ôs radial 

coil, however, had consistent behaviour for vertical displacement with relative differences that 

increased steadily from 4.19% to 29.74% between 1 kHz and 35 kHz with a 0.5 mm vertical 

displacement upwards, and similar behaviour for the downwards displacement. This is believed 

to be due to the shape of the B-field within the port, propagating inwards and looping back. At 

the extremities of the port, the resulting B-field will be parallel to the port and thus normal to the 

radial winding. Within the middle of the port, the field lines are more curved. At higher 
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frequencies, the flux through the chamber walls is more strongly shaped and the outermost field 

lines align closer to the wall. In the port, these lines tightly curve to fill the space, as there is 

almost no flux coming from within the chamber walls. At lower frequencies, the skin depth of 

the metal is increased and more flux is able to enter the port through its sides. This is the reason 

that the radial flux is higher at higher frequencies, and why the radial windings of BP1 

experience a frequency dependent variation as they are displaced from their ideal location. This 

effect is visualized in Figure 5.14. 

  

Figure 5.14: COMSOL simulation. Cross sectional view of the magnetic flux density near and 

within the port of BP1. Wireframe renderings show the boundaries of the chamber walls, 

directional coils, and the metallic sheath surrounding the probe. Magnetic field lines are shown 

in white, magnetic flux density is shown in the colourmap where red is higher and yellow is 

lower flux density. Left: 100 Hz excitation. Right: 31 kHz excitation. 

It is expected that these are the maximal differences in the induced voltage for any variation in 

probe-position between the ideal positions and those tested. It is reasonable that any smaller 

displacements would result in an induced voltage between the simulated value at these positions 

and the value at the ideal positions, though the degree of interpolation cannot be determined 

without investigation. 

These simulations allow for an estimate of the accuracy of the simulation, as the ideal geometric 

positioning and alignment of the probes may not exactly reflect the physical implementation of 

the experiment. While these ideal positions can be used as the accepted, ideal value of the 

simulation, this sensitivity analysis provides a range of acceptable numeric solutions for the 

representation of the physical experiment within a finite element simulation. The agreement of 

the experimental results with the simulated voltages within this range of sensitivity would inform 

any likely deviations from the ideal placement of the probes. 
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With the error on the experimental results and the sensitivity of the simulated results quantified, 

comparisons can be performed to determine the accuracy of the model in simulating the physical 

measurements. 
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6.0 Results  

This chapter describes, shows, and summarizes the key findings of the project. Experimental and 

simulated voltage and magnetic flux profiles are shown to compare the results of both methods 

and to determine the validity of using 3D simulations in the calibration of inductive B-probes. 

6.1 Experimental Results 

A detailed description of the measurement collection and analysis of experimental results was 

described in Section 5.1: Reference Coil Calibration. The same process is performed to quantify 

the induced voltages within both Reference Coils (RCs) and B-Probes (BPs): voltage 

measurements are digitized and plotted directly. For simple inductive probes without connection 

to an integrating circuit, there are no corrections that must be performed to analyze the voltage 

data. The signals from the RCs can be converted into magnetic flux values via their known 

calibration factors, as outlined in Section 5.1. This cannot be done for BPs, as their calibration 

factor is yet unknown ï that is the goal of this investigation, comparing the results from physical 

experimentation and corresponding simulations to calibrate the B-probes placed in recessed 

wells. 

Figure 6.1 shows the representative waveforms from a Reference Coil and a B-Probe during an 

in-vessel excitation of Drive Coil (DC) 11. These figures plot the responses from the poloidal, 

toroidal, and radial coils in each probe. The excitation current, as measured by the Pearson 

Current Monitor, is shown in Figure 6.2. All three of these plots show only the 10 ms driven 

excitation, though their measurement channels recorded an additional 40 ms (as in Figure 5.1). 
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Figure 6.1: Representative waveforms of the induced voltages in each axial coil of the inductive 

probes during a frequency sweep excitation from DC11. Left: RC1. Right: BP1. 

 

Figure 6.2: Input current, as measured by the Pearson Current Monitor, during the frequency 

sweep excitation of DC11. 

The DFTs of the induced signals are shown in Figure 6.3. The voltage profiles for the other RCs 

and BPs exhibit the same general behaviour as these representative examples. The notable 

differences are in their magnitudes, as probes further from the excitation source measure a 

weaker field. The only probe that did not record data was RC10 (lowest in the vertical array) ï 

this may be due to broken or short-circuited wires within the assembly, or improper connections 

within that probeôs digitizing circuit. With the number of other probes that successfully recorded 

data, this was not detrimental to the project. 
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Figure 6.3: DFTs of the waveforms shown in Figure 6.1, scaled to be in physical units. Left: 

RC1. Right: BP1. 

No further processing needs to be done to the measurements from the BPs. Using RC1ôs known 

calibration factors, the calculated magnetic flux values at that location are shown in Figure 6.4. 

 

Figure 6.4: Magnetic flux at the location of RC1 calculated from the voltage measurements in 

Figure 6.1. 

6.2 Simulation Results 

This section presents a representative sampling of simulated voltage and magnetic flux profiles 

for both RCs and BPs. 
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6.2.1 Magnetic Field Propagation 

The visualization of the B-fields within the calibration chamber provides insight into the 

performance of the simulation. By understanding the geometric impacts of the chamber and the 

behaviour of the field, the agreement between the simulated fields and the theoretical results can 

be assessed qualitatively. 

Figure 6.5 shows a cross sectional view of the calibration chamber, with a wireframe rendering 

of the model geometry. This is included as a reference to better understand the subsequent 

figures, which visualize the B-field propagation within the chamber under various conditions. 

 

Figure 6.5: Cross-sectional view of the finite element model. Geometric domains are bound by 

the labelled wireframe renderings. 

Figure 6.6 shows a face-on view of the same cross-section as Figure 6.5, with the magnetic flux 

density shown as the overlayed colourmap. The continuous B-field distribution is largely 

interpolated, recalling that FEA software computes the desired variables at each of the discrete 

nodes. The defined elemental shape function (quadratic in this case) is then used to approximate 

the solution between adjacent nodes. Accordingly, areas with coarse gradients are ones with a 

coarser mesh ï this is acceptable since these coarse gradients are not seen near any probes, where 

the results are much more important. In this simulation, DC11 was excited with the same current 

as was measured during the corresponding physical experiment (Figure 4.8). This excitation 

source can be seen by the strong magnetic flux density surrounding DC11, indicating a current is 
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being driven through it. A range of frequencies were simulated between 100 Hz and 35 kHz, with 

Figure 6.6 showing the 10 kHz excitation. 

 

Figure 6.6: Magnetic flux density colourmap in the midplane of the calibration chamber during 

the 10 kHz excitation of DC11. Magnetic flux density [T] is shown in the colourmap, and in-

plane magnetic field lines are shown in greyscale (stronger fields are lighter).  

It can be seen in Figure 6.6 that the magnetic flux density is strongest very close to the excited 

Drive Coil, with all other regions appearing very dark blue. The difference in the magnetic field 

strength adjacent to DC11 and near the inductive probes ranges multiple orders of magnitude ï 

with a linear colourmap, most of these gradients are minimized as only the greatest field 

strengths are easily distinguishable. Figure 6.6 can be improved, accordingly, by introducing a 

log-scaling to this visualization. This is implemented in Figure 6.7, where the significant gradient 

of the B-field is clearly visible throughout the calibration chamber. The confinement of the B-

field within the chamber is notably pronounced, with a multi-order of magnitude attenuation 

occurring across the chamber walls. This agrees with theory quite well, following that the skin 

effect within conductors limits the penetration depth of electromagnetic fields. 
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Figure 6.7: Figure 6.6, plotted in log-scale: [log10(T)]. The field-line colourmap is unchanged. 

Here, the magnetic field lines are notably more pronounced, clearly visualizing the propagation 

of the B-field throughout the chamber. These greyscale lines vary from white, at the fieldôs 

strongest, to black, at the fieldôs weakest, further emphasizing how the B-field is strongly 

attenuated by the chamber walls. The strength of this attenuation is frequency dependent, as 

explained in Section 2.1.4: Induction, and can be seen by comparing Figure 6.7 to Figure 6.8, 

where the same coil is excited at 100 Hz. 

Here, the attenuation of the field by the chamber walls is much weaker. The skin depth is larger 

at lower frequencies, meaning more of the field is able to penetrate the full depth of the walls. 

There is a similar difference in the field strength between the top and bottom of the chamber, 

primarily due to spatial separation. The difference in the maximum magnetic flux density 

between Figure 6.7 and Figure 6.8 is due to the difference in current driven at their respective 

frequencies ï visible in Figure 6.2, the excitation current is strongest for the lowest frequency 

components. This is due to the design of the excitation current waveform ï General Fusion 

employees developed this waveform to induce a flat voltage response within non-shielded 
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inductive probes. Recalling the operating principle of inductive probes, ὠ ὔὃ , a constant 

voltage requires a lower magnetic field strength at higher frequencies. In the identification of 

differences between a 100 Hz and 10 kHz excitation, relative differences are more important than 

the absolute change. 

 

Figure 6.8: Replication of Figure 6.7, with a 100 Hz excitation instead of a 10 kHz excitation. 

Regardless of excitation frequency, it can be seen that the B-field lines form closed loops ï many 

of the low magnitude loops are not shown in their entirety in Figure 6.7 and Figure 6.8 to prevent 

overconcentration in areas of high B-field strength, but each of these do form closed loops along 

paths of equal magnetic field strength. 

B-field lines can be seen to pass through the RCs by rotating the cross-sectional plane to align 

with their central axis. It can be seen in Figure 6.9 that the fields measured by RCs 1-5 are 

predominantly horizontal (poloidal), with a significant vertical (radial) component. The toroidal 

B-field, however, is minimal. 
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Figure 6.9: Closeup of RCs 1-5 in Figure 6.7. The cross sectional plane has been rotated to align 

with these RCs. B-field lines can be seen to pass through their poloidal and radial windings. 

The impact of the placement of the B-probes, within recessed wells in the chamber walls, is 

shown in Figure 6.10. This shows the propagation of B-fields around BP1 under the same 10 

kHz excitation of DC11.  

 

Figure 6.10: Closeup of BP1 in Figure 6.7. 

This simulation was performed at each excitation frequency individually, with frequencies 

ranging from 100 Hz to 35 kHz spaced logarithmically at 8 steps per decade. This was chosen to 

provide a good representation of the experimental frequency range with sufficient resolution to 

identify frequency dependent behaviour, while limiting computational requirements. 
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Similar results can be seen for the excitation of DC22 in Figure 6.11, demonstrating the range of 

poloidal B-fields which can be generated in this model. 

 

Figure 6.11: Replication of Figure 6.7, with DC22 excited instead of DC11. 

The induced eddy currents within the conducting walls of the chamber are shown in Figure 6.12, 

highlighting the importance of their consideration in the calibration of B-probes. Figure 6.12 

shows that the excitation of DC11 induces eddy currents within all modelled conducting 

structures. This is a major contributing factor in the distortion of the B-field measured by the B-

probes, and thus must be properly considered in their calibration. The existence of currents 

within the air domain is due to the non-zero conductivity required to avoid singularities during 

computation, as explained in Section 4.2: Material Specification. The impact of this non-zero 

conductivity was determined to be negligible in Section 4.2. Further, the scale of these air-

currents is visually exaggerated due to the log-scaling, which was required to simultaneously see 

the eddy currents within the walls near the B-probes and the driven current in DC11. Similarly, 

the penetration depth of the eddy currents near RCs 1-5 is exaggerated due to their spatial 

separation from the cross-sectional plane in which the currents are shown. In the plane, the 

chamber lid is meshed coarsely as it is far from any probes. The area of the lid near to these RCs 
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is meshed more finely, and thus the magnitude of currents and their penetration depth will be 

more accurately modelled. This can be seen in Figure 6.9, where the B-field in the lid above RCs 

1-5 is smooth and concentrated along the inner boundary. In all, Figure 6.12 increases the 

confidence in the simulation to accurately include the effects of electromagnetic induction. 

 

Figure 6.12: Current density in the midplane of the calibration chamber during the 10 kHz 

excitation of DC11. The colourmap shows current density using a log-scale: [log10(A/m
2)]. 

6.2.2 Induced Voltages and Spatial B-Fields 

The induced voltages within any coil can be extracted through the use of the Global Evaluation 

tool within COMSOL Multiphysics. These values are stored for each axial coil within each 

probe. The Frequency Domain study type operates in frequency space, meaning that no 

transforms need to be performed to obtain the frequency response of each probe. 

The magnitude of the voltage values are plotted, accounting for the complex nature of the 

frequency domain representation and the possibility of negative voltages for coils that were 

modelled to be wound in the opposite direction of their physical counterparts. 

The magnetic flux at the spatial locations of each probe were extracted by modelling geometric 

points at the exact center of each probe. With the small size of the probes, their effective areas 

can be used to derive the magnetic flux in each direction from the flux density at that point. The 
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magnetic flux density is calculated in Cartesian coordinates, but many of the probes in this 

simulation are aligned to Cylindrical coordinates to better suit the excited poloidal fields. 

Accordingly, the magnetic flux density normal to a particular coil may require conversion 

between coordinate systems. This is accomplished using the following relationships [11]: 

ίǶ ὧέί‰ὼ ίὭὲ‰ώȟ φȢπ 

‰ ίὭὲ‰ὼ ὧέί‰ώȟ φȢρ 

ᾀǶ ᾀǶȟ φȢς 

where ὼ is defined to point from the middle of the central shaft towards BP4, meaning BP4 and 

BP7 are on the x-axis, ώ points towards BP1 from the same point, meaning BP1 and BP3 are on 

the y-axis, and ᾀǶ points upwards from the bottom of the chamber. ίǶ is the radial direction, 

pointing outwards from the middle of the central shaft, ‰ is the azimuthal/toroidal direction, 

rotating around the central shaft, and ᾀǶ is the axial direction, common to both systems. The 

origin of both coordinate systems is on the bottom of the chamber base, at the middle of the 

central shaft. 

Accordingly, to obtain the toroidal magnetic flux, the superposition of xï and yï components of 

the flux at that point must be used, along with the toroidal angle at which the probe is positioned. 

For RC1, angled 45 degrees from the xïaxis, this is accomplished by the transformation: 

ὄ ὄÓÉÎτυЈὄÃÏÓτυЈȟ φȢσ 

and likewise for fluxes of other coils. The induced voltages within each directional coil of RC1, 

and the associated directional magnetic fluxes, are shown in Figure 6.13. The ranges provided for 

each of the simulated values in Figure 6.13 come from the sensitivity analysis performed in 

Section 5.3, examining the effects of minor spatial deviations of the probes on their simulated 

voltage profiles. Here, it can be seen that the toroidal coil has a very small induced voltage. This 

is reasonable, as it is positioned perfectly tangent to the excitation field in the ideal case. Further, 

the scale of the toroidal range is visually exaggerated by the logarithmic scaling in Figure 6.13 ï 

though the range in the toroidal direction is the largest, the discrepancy is less drastic than it 

appears here. 



Results 

 

105 

 

 

Figure 6.13: Induced voltages (left) and the associated directional magnetic flux values (right) at 

RC1 under the frequency sweep excitation of DC11. Error span comes from the sensitivity 

analysis performed. 

These results are how 3D simulations can, theoretically, be used to calibrate B-probes, as a set of 

measured voltages can be directly associated with numeric B-field values. Each set of recorded 

voltages can then be converted into appropriate B-field strengths. 

6.2.3 Radial Profile 

By using the COMSOL at3(x, y, z, variable) operator in a Global Evaluation, the value of any 

stored variable can be retrieved at any set of coordinates. This can be utilized to extract the 

magnetic field strength along a radial profile for any of the B-probes, quantifying the transfer 

function of the recession and shielding. This was implemented in Figure 6.14, where the radial 

profile of the normalized magnetic field strength in each direction is given for BP1. The edge of 

the chamber wall occurs at the radial position 0.145 m, with the radial profile being shown from 

1.5 cm inside the chamber to 1.5 cm inside the well (the full radial extent of the chamber wall). 

For visual clarity, only half of the simulated frequencies are shown in Figure 6.14. 
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Figure 6.14: Normalized directional magnetic flux density along the radial axis of BP1, from 1.5 

cm into the chamber to 1.5 cm inside the well, under the excitation of DC11. Top: Poloidal. 

Middle: Toroidal. Bottom: Radial. 

The consistency of this behaviour can be seen when comparing Figure 6.14 to Figure 6.15, which 

shows these radial profiles for BP6 (on the chamber lid) during the excitation of DC22. The 

normalized poloidal and radial fields are seen to have the same shape, giving confidence that this 

relationship quantifies the impact of recession within conducting chamber walls. 

This exhibits similar behaviour to the induced voltages: due to the ideal alignment of the DCs 

and probes, almost no B-field is present in the toroidal direction. Accordingly, the toroidal profile 

seen in Figure 6.14 is largely sporadic, though a reduction in field strength can be seen deeper 

into the well. To properly calibrate the toroidal coils requires a toroidal B-field excitation, 

generating a radial profile with a more refined trend and a more reliable calibration factor. 
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Figure 6.15: Normalized directional magnetic flux density along the radial axis of BP6, from 1.5 

cm into the chamber to 1.5 cm inside the well, under the excitation of DC22. Top: Poloidal. 

Middle: Toroidal. Bottom: Radial. 

Within both Figure 6.14 and Figure 6.15, the poloidal B-field has smooth behaviour over the full 

range of positions investigated. The radial B-field, however, experiences an increase in strength 

at the exit of the well under the highest frequency excitations. This is suspected to be due to the 

elongation of the field as it exits the well ï upon entering the surrounding air domain, the B-

fields are less confined by the conducting walls of the chamber and must propagate outwards to 

fill the void space surrounding the chamber. This is seen in Figure 6.10, where the B-field lines 

narrow and extend further radially. This is expected to be more pronounced at higher frequencies 

due to the increased impact of the conducting walls, but is also exaggerated by the logarithmic 
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scaling in Figure 6.14 and Figure 6.15 where an order of magnitude separates the normalized 

flux density at the highest and lowest frequencies. 

These radial profiles can be used to scale the measured B-field from the location of the probe, in 

the well, to within the calibration chamber. The reciprocal of these normalized plots gives a 

calibration factor to compensate for the effect of the well, translating the measurement to the 

boundary of where a plasma might sit. The poloidal and radial B-field calibration factors for BP1 

are shown in Figure 6.16 as an example ï the toroidal field is not included, as those profiles were 

largely sporadic. These factors were found to match perfectly for multiple poloidal excitation 

fields. Other probes have similar profiles but different magnitudes, meaning each well requires 

its own radial profile calibration. 

 

Figure 6.16: Positional calibration factors for BP1 in the calibration chamber. Multiplying the 

B-field at a position within the well by this factor returns the B-field 1.5 cm outside the well, 

within the calibration chamber. Top: Poloidal. Bottom: Radial. 

An example of how this radial correction would be implemented is given in Equation 6.5. The 

frequency dependent B-field at a radial position within the chamber, ὄʖȟὶ, can be determined 

given the voltage profile measured by a shielded B-probe at a known radial position, ὠʖȟὶ, 

and the coilôs calibration factor, ὄʖȟὶȾὠʖȟὶ. The radial profile provides an additional 
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scaling factor to correct the B-field measured within the port, ὄʖȟὶȾὄʖȟὶ. Accordingly, 

the B-field within the chamber can be calculated: 

ὄʖȟὶ ὠʖȟὶ
ὄʖȟὶ

ὠʖȟὶ

ὄʖȟὶ

ὄʖȟὶ
Ȣ φȢυ 

6.2.4 Time Delays 

Electromagnetic fields evolve as their excitation source changes in time. For fields within free 

space, this evolution occurs at the speed of light. The air domain within the calibration chamber 

can be approximated as a free space, due to airôs unitary relative permittivity and permeability, 

and low conductivity. Given the length scale of this calibration chamber, the time for these waves 

to propagate from their source to any observation point within the bulk of the chamber is 

effectively instantaneous. Within the recessed wells, however, the fields are expected to 

experience a finite time-delay as they diffuse through the metallic shielding and into the well. 

Modelling this phenomena requires a time-dependent simulation. A full time-dependent 

replication of the frequency sweep excitation was unable to be implemented, due to the 

prohibitively high computational requirements ï this model had been run on the CAC high 

performance computer with access to 1 TB RAM for a full week, during which only 16% of the 

excitation computed. This is expected to be due to the high temporal resolution required to 

properly simulate both high and low frequencies during the same simulation. Accordingly, 

preliminary investigations were performed with 1 kHz and 10 kHz excitations, as described in 

Section 4.7.2. 

Figure 6.17 shows the normalized poloidal B-field observed along the axis of BP1 under the 10 

kHz excitation. The time-evolution of the B-field at each radial position is shown, highlighting 

that the fields within the chamber overlap due to the minimal effective time-delay at their spatial 

location. Within the well, however, the B-fields are seen to experience a time-delay due to their 

interactions with, and propagation through, conducting media. 
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Figure 6.17: Normalized poloidal B-field observed along the axis of BP1 under a 10 kHz 

excitation of DC11. The entrance to the well is located at 0.145 m. 

Here, all of the B-fields within the chamber (0.13 ï 0.145 m) align very well. This indicates that 

the time-delay within the chamber is negligible, as expected. Within the well, however, each 

successive radial depth experiences a larger time-delay. The maximal phase shift within this 

measurement was 35Á, at the deepest radial position. The 1 kHz excitation found the same phase 

shifts at the same depths. This confirms that the delay experienced within the well is due to 

geometric and material properties, and is independent of the excitation field ï this matches the 

proposed theory of B-field diffusion within conductors, where the characteristic diffusion time is 

proportional to the materialôs permeability, conductivity, and length [67]. This is an important 

observation for the implementation of any time-domain analysis performed on B-probe 

measurements, as the temporal evolution observed within the probe housing is delayed relative to 

that within the confinement chamber. This investigation shows that the radial position of the 

probe must be precisely calibrated so that the correct phase shift can be used when correcting for 

this delay and correlating measurements with those of other diagnostics. 

6.3 Comparisons 

With the results from both the physical experiment and the simulation fully and appropriately 

processed, comparisons can be made to determine whether the simulations accurately modelled 
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the experiment. For RCs, comparisons can be made using both the induced voltage 

measurements and the calculated magnetic flux values at each probeôs location. For BPs, this 

comparison can only be made using the induced voltages. If these voltages are seen to agree, the 

simulated magnetic flux values at those locations can be accepted as the physical excitation field. 

6.3.1 Reference Coils 

The experimental and simulated voltages within RC1 under the excitation of DC11 are shown in 

Figure 6.18. The simulated voltages at the ideal probe locations and orientations are shown as 

points, with the range of simulated voltages within a Ñ 0.5 mm, Ñ 1Á placement are shown as a 

range of error for each of the directional coils ï this sensitivity analysis is detailed in Section 5.3. 

 

Figure 6.18: Experimental and simulated voltage profile of RC1 under a poloidal B-field due to 

an excitation of DC11. Errors on the experimental results are too small to be seen. The error 

spans on the simulated results come from the sensitivity analysis performed. 

Here, the simulated voltages are seen to have lower magnitudes than the experimental results, 

though the frequency responses (shapes of the voltage profiles) agree. This is highlighted by 

normalizing the signals from each directional coil by the largest poloidal voltage. This 

normalization allows for the comparison of the profiles to inform whether the frequency 

dependent phenomena are being simulated correctly, while maintaining the relative scales for 

each directional signal. This comparison is shown for RC1 in Figure 6.19. 
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Figure 6.19: Normalized signals from Figure 6.18, separated into each directional coil. All 

signals are normalized to the largest poloidal voltage of that result type. Right: Poloidal. Middle: 

Toroidal. Right: Radial. 

Figure 6.19 suggests that the simulation is appropriately modelling the induced voltages within 

the poloidal coil of RC1, as the normalized profiles match very well. The toroidal coil matches 

within the range of simulated sensitivity, suggesting that this coil is also modelled appropriately, 

though its physical placement is not the exact position taken from the chamberôs CAD. This coil 

is also seen to be orders of magnitude smaller than the poloidal signal ï in this normalization, the 

meaningful signal from both simulated and experimental toroidal coils are essentially null. The 

radial profiles have the correct frequency response, but the simulated results have a larger 

magnitude than their experimental counterparts. This may be due to improper modelling of the 

physical radial coil, improper B-field simulations, or differences between the installation 

geometry and the CAD. Identifying the cause of this discrepancy requires further investigation 

into the simulated B-fields at this location, and the radial windings of the shielded B-probes.  

Similar behaviour is noted in all other RCs. The normalized poloidal and radial voltage profiles 

have the appropriate shape, akin to Figure 6.19. This can be seen in Appendix A: Additional 

Data. This agreement of the frequency responses can be characterized by the ratio between the 

maximum experimental and simulated voltages, showing the relative magnitude differences. 

These ratios, specific to each direction and using the ideal probe locations, can be seen for each 

of the RCs that recorded data in Figure 6.20. 
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Figure 6.20: Ratios of the largest experimental voltage to the largest simulated voltage for each 

of the RCs, during an excitation of DC11. RC2R and the toroidal ratios are omitted, as these 

signals were not representative of a true relationship.  

If the anomalous ratio for RC8R is neglected, both directional coils have a standard deviation in 

their ratios below 5% across all RCs. This suggests that while the magnitude of the simulations 

are not matched to the physical probes, they do reliably and consistently model the induced 

voltage profiles of the RCs. To properly model the frequency response of these probes, the 

behaviour of the excitation fields must be correctly modelled as well. 

Additionally, these ratios are taken from the voltages simulated at the ideal probe locations. It is 

possible that they could be improved if values within the simulationôs sensitivity range were 

used; this would allow for the toroidal ratios to be compared as well. This was not implemented, 

for it would introduce variability as different offsets or rotations would be compared for different 

probes, or even different directional coils within the same probe. 

The fact that the directional ratios are not equal suggests that there is a component of the 

experiment which was not adequately modelled ï this is likely an element of the digitization 

process, or a calibration factor specific to a machine or electric component which was not 

accounted for. An issue in the digitization may further impact the simulation by sampling 

incorrect current values from those measured. This difference is further explained in Section 

6.3.3. 
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As is expected given the results of the voltage profile comparison, there is a magnitude 

difference between the experimental (as calculated from the voltage measurements within the 

RCs) and the simulated magnetic flux values. This comparison is shown in Figure 6.21. 

 

Figure 6.21: Experimental and simulated magnetic flux profile at RC1 during a DC11 excitation. 

Despite this difference in magnitude, the simulated and experimental magnetic flux values are 

seen to have matching frequency responses. It is likely that the same phenomena in voltage 

values is at least partly a manifestation of this difference in magnetic flux strengths. These 

signals can similarly be normalized to see the general agreement of the experimental and 

simulated results, shown in Figure 6.22. 

 

Figure 6.22: Normalized signals from Figure 6.21, processed in the same way as Figure 6.19. 

Right: Poloidal. Middle: Toroidal. Right: Radial. 

This normalization shows results similar to the voltage profile normalization: the simulated 

frequency responses of the poloidal and toroidal fields agree with the experimental results, both 
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in shape and in relative magnitude. Combined with the normalized voltage profiles in Figure 

6.19, this provides confidence that despite a prevailing difference in magnitude, these fields are 

being appropriately modelled by the simulation. Here, the radial field is seen to agree within the 

sensitivity range of the simulation. This suggests that the disagreement in the radial voltage 

measurements is due to coil-specific properties. 

These normalized flux profiles indicate that the simulation properly models the propagation of 

B-fields within the calibration chamber, correctly accounting for the geometric and material 

properties of the chamber, which impacts the B-field seen by the RCs, while maintaining the 

correct relative magnitudes between directional fields. 

The ratio between the experimental and simulated magnetic flux values for each RC are shown 

in Figure 6.23.  

 

Figure 6.23: Ratios of the largest experimental magnetic flux to the largest simulated magnetic 

flux at the location of each RC during an excitation of DC11. RC2R, RC6R, RC9P, and the 

toroidal ratios are omitted, as these signals were not representative of a true relationship. 

These ratios are seen to be less consistent than the voltage comparisons, particularly in the radial 

direction. In the poloidal direction, a clear difference is seen between the ratios for RC1-5 and 

RC6-9. These two groupings are the two separate arrays of RCs, with 1-5 positioned in a radial 

line along the lid of the chamber at an azimuthal angle of 45Á, while 6-9 are in an axial line along 

the chamber wall at 60Á. One possible explanation for this would be if the axial array was 

installed on an angle, with one end further into the chamber than the other ï the outermost B-
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field streamlines closely follow the contour of the chamber, meaning an axial array closer to the 

wall will measure a more consistent vertical (poloidal) field. Further within the chamber, there is 

a greater rotation of the field, meaning the field strength increases in the radial direction and 

reduces in the poloidal direction. The consistency of the radial array suggests these probes 

measure similar fluxes, but the axial array may be misaligned within the chamber. This would 

explain why, in the ideally aligned simulations, the poloidal B-field decreases with each 

successive probe due to the increasing spatial separation, but the experimental results have the 

poloidal B-field increasing with each successive probe. 

6.3.2 B-Probes 

The experimental and simulated voltages within BP1 under the excitation of DC11 are shown in 

Figure 6.24. Similarly to the RC case, the simulations have lower magnitudes than the 

experimental results. The ability for the simulation to correctly model the frequency response of 

these shielded probes can be determined by comparing the normalized voltages of each 

directional coil, as in Figure 6.25. 

 

Figure 6.24: Experimental and simulated voltage profile of BP1 under a poloidal B-field due to 

an excitation of DC11. Errors on the experimental results are too small to be seen. The error 

spans on the simulated results come from the sensitivity analysis performed. 
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Figure 6.25: Normalized signals from Figure 6.24, processed as in Figure 6.19. Left: Poloidal. 

Middle: Toroidal. Right: Radial. 

Here, it can be seen that the poloidal and radial coils are well modelled, within the positional and 

rotational ranges investigated in the simulation sensitivity analysis. This agreement provides 

significant confidence that the simulations appropriately model the geometric and 

electromagnetic effects associated with shielding and probe recession ï to simulate the correct 

frequency response for recessed inductive B-probes requires simulating the correct frequency 

profile of the magnetic flux at the location of those probes, meaning that the simulated fields 

properly account for eddy currents and the distortion of the field propagating into the recessed 

well. The experimental toroidal signals are seen to be very noisy, while the simulated signal is 

small enough to be meaningfully null relative to the poloidal signal. While these normalized 

signals donôt agree within error, they result in the same conclusion. 

The same comparison across probes can be performed to see the consistency in the relative 

differences between the experimental and simulated voltage profile magnitudes. This is shown in 

Figure 6.26. The on-axis coil is very consistent, with a standard deviation across all probes below 

4%. Similarly to the RC case, the toroidal windings did not produce a consistent relationship 

which could be compared in this manner and were thus omitted. Omitting the radial coil on BP6, 

the radial coils have a standard deviation of 22%. This implies that the on-axis field is much 

more consistent, and much less affected by the shielding than the off-axis component. 
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Figure 6.26: Ratios of the largest experimental voltage to the largest simulated voltage for each 

of the BPs, during an excitation of DC11. Toroidal coils are omitted as they did not express a 

true relationship. 

Another critical factor is the magnitude of the excitation field experienced by these probes ï the 

off-axis coils within the BPs are seen to have magnitudes much closer to that of the high 

frequency electrical noise, with voltage profiles that are much noisier than the on-axis poloidal 

winding. It is reasonable that with a stronger excitation field, a more distinct and consistent 

voltage profile would be induced and allow for more consistent comparisons. Further, an 

investigation by Pahl et al. [68] found that, for pulsed plasma applications, calibrating inductive 

probes at low magnitudes in standard Helmholtz coils resulted in larger calibration factors with 

higher uncertainties than calibrations performed in B-fields of a relevant magnitude for the 

application (tens of mT rather than hundreds of nT). It is reasonable to extend this finding to 

other calibration apparatuses, such as the calibration chamber used here, and conclude that the 

smaller fields which are seen by the off-axis components may reduce the confidence in the 

measurement. With experimental measurements as noisy as were recorded for the radial and 

toroidal coils within the B-probes, it is likely that higher magnitude fields or toroidal- and radial-

specific excitations are required for more reliable calibration. 

6.3.3 Agreement and Discrepancies 

The agreement between the normalized signals indicates that the propagation of B-fields within 

the calibration chamber was modelled properly, representing physically valid phenomena. The 
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RCs were seen to have flat voltage profiles, meaning that the B-fields within the bulk of the 

chamber are correctly modelled across the frequency range investigated. The BPs were seen to 

have a frequency dependence, with the induced voltages decreasing as the frequency increased ï 

this can be attributed to the increasing impact of eddy currents in the conducting walls. As the 

excitation frequency increases, the skin depth within the chamber walls reduces which 

concentrates these eddy currents. This increased current density induces stronger fields, which 

were seen to contribute to the attenuation of the B-field at the location of these probes, resulting 

in lower induced voltages. Modelled voltage profiles that agree with the experimental results 

imply that these intricacies and important physical phenomena are appropriately modelled within 

the simulation, suggesting that the results from 3D simulations could be implemented in the 

calibration of inductive probes within similar geometries. 

The accuracy of the eddy current simulations are furthered by the difference in attenuation 

experienced for different directional coils. The attenuation of the simulated radial field is much 

stronger than the poloidal field, as is expected in the well geometries. Eddy current act to reduce 

the field which induced them; within the well, the B-fields must propagate inwards down the 

length of the well. Here, the fields are primarily in the radial direction, parallel to the axis of the 

well. Accordingly, the eddy currents will generate attenuating fields primarily in the radial 

direction. This effect is less prominent in the physical experiment due to the non-ideal alignment 

of the coil, exposing it to more poloidal B-field at its installed location. As the simulated 

behaviour agrees both with theoretical expectations and the normalized experimental responses, 

these effects are seen to be well modelled. 

The difference between the simulated and experimental results may be due to aspects of the 

physical experiment which were not properly identified, and thus not included in the design of 

the simulation. Since each directional coil was seen to have different ratios between the 

magnitude of their simulated and experimental voltage profiles, but these ratios are consistent for 

all coils of that particular type (RC or BP), this is likely due to an internal calibration factor 

within an electrical or digitization component. If the ratios were the same for each directional 

coil, or even different between directions but consistent between probe types, then an incorrectly 

modelled excitation current could be the cause, simulating too weak of a field throughout the full 

chamber. While this may be a factor, due to a possible oversight in the processing of the raw 
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current digitization, it cannot be the sole discrepancy to account for the differences between 

probe types. 

Taking measurements from the calibration chamberôs design files, rather than measuring each 

component manually, may further explain the discrepancy. Physically measuring the dimensions 

of the chamber would ensure the model geometry is as accurate to the experimental device as 

possible. Measurements of the material properties should also be performed, to ensure any 

variations introduced during manufacturing were accounted for. Particularly for the steel B-probe 

sheaths, work-hardening has been shown to introduce magnetic behaviour to nominally non-

ferromagnetic 316 stainless steel [69]. This behaviour would be impactful to the magnetic 

propagation within the well, and thus would need to be reflected in the simulations. 

Robust measurements of the physical chamber would also allow for improved comparisons 

between the experiments and simulations: COMSOL computes the inductance of each Coil 

domain within the model, meaning that if the inductance of each physical coil were measured, 

the accuracy of each coil model could be evaluated. Any disagreement in the inductance of the 

measurement coils would affect their voltage profiles; within the Drive Coils, this would result in 

a different magnetic field strength being generated within the chamber. 

The discrepancies in the voltage and B-field measurements could be better identified by a 

thorough investigation of the experimental setup. Due to the limited time available on site at 

General Fusion for data collection, these discrepancies were not noted until the author had 

returned to Queenôs University. Travelling to recalibrate each component of the physical 

experiment was unfeasible due to the separation between the two sites; however, the agreement 

between the normalized profiles suggest that this investigation still acts as a validation of the use 

of 3D simulations to model the calibration of shielded and recessed B-probes. 
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7.0 Conclusion 

7.1 Summary 

The goal of this project was to investigate the viability of using 3D FEA simulations to model the 

propagation of B-fields and the resulting B-probe measurements within a fusion-relevant 

geometry. Given the difficulty of creating a variety of known calibration fields within plasma-

facing devices such as tokamaks or plasma injectors, a calibration system which can quickly and 

accurately calibrate B-probes prior to implementation within the device would greatly reduce the 

time and effort required to ensure accurate and meaningful measurements from these probes. 

This work was performed in collaboration with General Fusion, whose B-probe calibration 

chamber was used to approximate the environment of a fusion energy device. The B-probes used 

were designed by General Fusion, following their approach to probe-shielding involving both a 

surrounding metallic sheath and recession into wells within the confinement chamber wall. The 

chamber was designed to produce nine poloidal B-fields and one toroidal B-field, featuring seven 

shielded triaxial B-probes (BPs) and ten non-shielded triaxial reference probes (RCs) at various 

spatial locations within the chamber. This allowed for any excited B-field to be measured by a 

number of probes to ensure consistent behaviour. All components of this physical experiment 

were designed by General Fusion employees, with experimentation performed by the author 

during July 2022. The design and implementation of this experiment are described in Chapter 3. 

The design of the non-shielded probes meant they could be fully calibrated following 

standardized procedures prior to implementation in the calibration chamber. By using a 

Helmholtz coil, the voltages induced in the axial coils of each RC were able to be correlated to 

the magnetic flux seen by those coils. The details of this process were explained throughout 

Chapters 3 and 5. This allowed for the standardized calibration procedure of non-shielded probes 

to be compared to the performance of the simulations. 

The calibration chamber and the associated electronics were recreated within COMSOL 

Multiphysics to simulate the same excitation B-fields as were generated during physical 

experimentation. The AC/DC Module and the Magnetic Fields interface were used to simulate 

the propagation of electromagnetic fields and currents within the chamber geometry, inducing 
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voltages within each of the modelled coils. A thorough description of the modelling design is 

provided within Chapter 4. 

An error analysis performed on the experimental data concluded that the measured voltage and 

current profiles were highly accurate due to the strong SNR over the frequency range 

investigated. By exciting only low frequency B-fields, the primarily high frequency electrical 

noise within each measurement could be separated from the driven signal within the frequency 

domain. A sensitivity analysis was performed for the simulations, quantifying the impact of 

minor deviations in probe placement on the resulting measurements. This was done to account 

for the imperfect manufacturing and installation of probes within the chamber, which introduces 

physical differences between the experimental and idealized modelled conditions. 

When comparing the experimental and simulated voltage measurements, a distinct difference in 

magnitude is noted ï the simulated coils consistently have lower voltage magnitudes than the 

experimental results. However, the frequency response of these probes was shown to match 

within uncertainty by comparing the normalized voltages. The normalized profiles for voltages 

within both RCs and BPs were seen to agree strongly, as did the normalized magnetic flux 

profiles measured and simulated from the calibrated RCs. While the discrepancy in the voltage 

magnitudes implies that the model, as presented here, does not exactly replicate the physical 

experiment, the agreement between the normalized profiles indicates that all of the relevant 

physical phenomena are appropriately modelled. As the simulated coils have frequency 

responses which match the experimental results, the simulation must be properly modelling the 

interaction of the fields with the chamber geometry and the shielding components. The relative 

impact of eddy currents and spatial deviations are appropriately considered, suggesting that 3D 

FEA simulations can be used to accurately model the propagation of B-fields within fusion-

relevant configurations and the resulting voltages induced within plasma-shielded B-probes. 

The exact source of the discrepancy between experimental and simulated results is 

undetermined. It is expected to be due to an electrical component within the physical experiment 

which was not properly identified or included within the simulation. This difference in 

magnitude is fairly consistent for coils of common axial directions for both RCs and BPs, 

suggesting that the issue is not solely the input current or the digitization process. Careful 

measurement of experimental properties, such as the dimensions of each component, the 
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magnetic properties of the B-probe sheaths after their machining, or the inductance of the 

measurement coils, would allow for additional comparisons between the simulated and 

experimental cases to further identify discrepancies. 

7.2 Suggestions for Future Work 

This project is believed to be an informative proof of concept. Many improvements can be made, 

both specific to the implementation of this project and for related work which extends on the 

principles of calibration through 3D FEA. 

Within this project, it would be beneficial to identify the source of the discrepancy between the 

experimental and simulated voltage measurements. A thorough review of the physical 

experiment, with careful consideration of each electrical component and how it affects the 

appropriate signal, would provide valuable insight into which components were not properly 

included in the model. Measurements of each component in the chamber, including both physical 

dimensions and material properties, would allow for improved accuracy of the model. 

Implementation of the toroidal B-field excitation within FEA would allow for improved analysis 

and insight into the behaviour of the toroidal coils. Without a valid model of this excitation, the 

ability to properly calibrate toroidal coils within these geometries remains largely unknown ï it 

is reasonable that under a direct excitation this would be possible, though it remains to be seen. 

An interesting investigation could pursue higher frequency regimes: by implementing an 

amplifier with broader frequency capabilities, excitation fields more comparable to the 

frequencies seen in fusion-relevant plasmas could be investigated. Extending the investigation to 

the MHz range could determine whether the simulations properly consider the effects of self-

inductance and resonance within the probes. Increasing the number of excitations investigated in 

the time-dependent simulations would be another improvement ï modelling the full 1-35 kHz 

frequency excitation would provide greater insight into the time-delay effects of probe shielding 

within complex, eddy current carrying geometries. Industrially, B-probe signals are not all 

analyzed in the frequency domain; it is important for those investigations to properly account for 

any such effects. 

Beyond the simple calibration chamber used in this project, implementing this approach within a 

plasma-facing device is a logical extension. This would allow for comparisons between this 
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approach and existing, implemented calibration procedures used within different plasma 

experiments. Including other plasma-relevant factors within the simulation, such as variable heat 

fluxes and temperature dependent material conductivities, would improve the accuracy with 

which the simulation models the physical environment of a fusion energy device.  
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Appendix A: Additional Data 

A.1: RC Calibration Factors 

A.1.1: RC Scaling Factors 

Table A.1: Calculated scaling factors for each of the nine RCs which recorded data. 

Winding Poloidal [V/Wbô] Toroidal [V/Wbô] Radial [V/Wbô] 

RC1 

Mean SF (Ñ std) 

2.593 ï 0.0040i 

(0.001 + 0.0009i) 

1.9445 + 0.0259i 

(0.0009 + 0.0007i) 

ï1.7560 ï 0.0071i 

(0.0006 + 0.0006i) 

RC2 

Mean SF (Ñ std) 

ï2.6125 ï 0.0156i 

(0.0009 + 0.0009i) 

ï1.9502 ï 0.0277i 

(0.0008 + 0.0006i) 

ï1.7712 ï 0.0128i 

(0.0007 + 0.0006i) 

RC3 

Mean SF (Ñ std) 

ï2.580 + 0.0090i 

(0.001 + 0.0008i) 

ï1.8865 ï 0.0123i 

(0.0007 + 0.0005i) 

ï0.7814 + 0.0784i 

(0.0003 + 0.0002i) 

RC4 

Mean SF (Ñ std) 

ï2.6279 + 0.0379i 

(0.0009 + 0.0009i) 

1.9548 ï 0.0105i 

(0.0008 + 0.0007i) 

1.7169 ï 0.0155i 

(0.0007 + 0.0006i) 

RC5 

Mean SF (Ñ std) 

ï2.570 + 0.024i 

(0.001 + 0.001i) 

1.8909 ï 0.0066i 

(0.0009 + 0.0007i) 

1.7515 ï 0.0176i 

(0.0007 + 0.0006i) 

RC6 

Mean SF (Ñ std) 

2.5216 ï 0.0244i 

(0.0009 + 0.0007i) 

1.8846 ï 0.0007i 

(0.0007 + 0.0006i) 

1.6812 ï 0.0087i 

(0.0007 + 0.0005i) 

RC7 

Mean SF (Ñ std) 

ï2.5565 + 0.0248i 

(0.0009 + 0.0008i) 

1.9223 + 0.0019i 

(0.0008 + 0.0007i) 

1.7261 ï 0.0102i 

(0.0007 + 0.0006i) 

RC8 

Mean SF (Ñ std) 

ï2.5395 + 0.0232i 

(0.0009 + 0.0008i) 

1.9164 + 0.0013i 

(0.0007 + 0.0006i) 

ï1.6986 + 0.0084i 

(0.0006 + 0.0006i) 

RC9 

Mean SF (Ñ std) 

0.35 + 0.0077i 

(0.01 + 0.0005i) 

1.9806 ï 0.01974i 

(0.0008 + 0.0007i) 

ï1.7870 + 0.0067i 

(0.0007 + 0.0006i) 

 

RC10 did not save any data. 
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Table A.2: Calculated rotation matrices for the nine RCs which recorded data. 

Probe  RXP RXT RXR 

RC1 

RPX 1 + 0i (ï1.21 + 0.41i) ρπ  (ï1.44 + 0.09i) ρπ  

RTX (7.94 + 0.09i) ρπ  1 + 0i (8.60 ï 0.03i) ρπ 

RRX (8.83 ï 0.30i) ρπ (ï1.10 ï 0.06i) ρπ 1 + 0i 

RC2 

RPX 1 + 0i (ï8.18 ï 2.84i) ρπ (1.30 ï 0.07i) ρπ 

RTX (3.23 ï 0.15i) ρπ 1 + 0i (2.37 ï 0.06i) ρπ 

RRX (4.65 ï 1.50i) ρπ (ï2.42 ï 0.03i) ρπ 1 + 0i 

RC3 

RPX 1 + 0i (ï6.87 ï 3.20i) ρπ (6.32 ï 5.23i) ρπ 

RTX (ï2.43 ï 0.17i) ρπ 1 + 0i (2.20 ï 1.22i) ρπ 

RRX (1.02 ï 0.12i) ρπ (ï2.34 ï 0.21i) ρπ 1 + 0i 

RC4 

RPX 1 + 0i (3.96 ï 0.37i) ρπ (2.50 ï 0.19i) ρπ 

RTX (ï0.81 + 1.15i) ρπ  1 + 0i (5.37 + 0.15i) ρπ  

RRX (9.07 + 0.10i) ρπ  (ï1.82 + 0.05i) ρπ  1 + 0i 

RC5 

RPX 1 + 0i (4.63 ï 3.32i) ρπ (9.35 ï 1.94i) ρπ 

RTX (ï7.64 + 0.14i) ρπ  1 + 0i (6.99 + 0.18i) ρπ  

RRX (9.81 + 0.12i) ρπ  (ï2.07 + 0.04i) ρπ  1 + 0i 

RC6 

RPX 1 + 0i (ï5.18 + 0.27i) ρπ  (1.60 + 0.10i) ρπ  

RTX (2.49 + 0.21i) ρπ  1 + 0i (ï2.87 + 2.04i) ρπ  

RRX (1.02 + 0.02i) ρπ  (ï1.11 + 0.05i) ρπ 1 + 0i 
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RC7 

RPX 1 + 0i (ï6.18 ï 0.30i) ρπ (2.27 ï 0.21i) ρπ 

RTX (1.52 + 0.13i) ρπ  1 + 0i (3.21 + 0.16i) ρπ  

RRX (1.44 ï 0.0005i) ρπ (2.11 + 0.47i) ρπ 1 + 0i 

RC8 

RPX 1 + 0i (ï2.87 ï 0.40i) ρπ (1.04 ï 0.18i) ρπ 

RTX (2.68 + 0.15i) ρπ  1 + 0i (6.14 + 0.16i) ρπ  

RRX (1.04 ï 0.03i) ρπ (ï1.24 ï 0.04i) ρπ 1 + 0i 

RC9 

RPX 1 + 0i (ï0.04 + 2.72i) ρπ  (ï2.21 + 9.31i) ρπ  

RTX (3.91 + 0.08i) ρπ  1 + 0i (5.75 + 0.15i) ρπ  

RRX (1.40 ï 0.04i) ρπ (3.80 ï 0.42i) ρπ 1 + 0i 

 

A.1.2: RC Scaling Factor Plots 

 

Figure A.1: RC1 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 
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Figure A.2: RC2 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 

 

Figure A.3: RC3 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 
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Figure A.4: RC4 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 

 

Figure A.5: RC5 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 
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Figure A.6: RC6 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 

 

Figure A.7: RC7 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 
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Figure A.8: RC8 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 

 

Figure A.9: RC9 scaling factor calculations. Left: Poloidal. Middle: Toroidal. Right: Radial. 

A.2: Probe Measurements 

In the body of this thesis, measurements from RC1 and BP1 were primarily shown for concision. 

The experimental and simulation results for other probes are provided here. 
































































































