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1 Introduction

1.1 Background and Motivation

Classical magnetometers are widely used in many devices and applications, serving as
essential tools in many critical areas. However, with advances in quantum technology,
guantum-based magnetometers are nhow emerging as a viable alternative. These sensors
are evolving rapidly, particularly with advances in quantum engineering and miniaturization,
allowing the transition from large laboratory setups to compact, portable devices that are be-
ginning to become commercially available. A variety of applications are of interest for these
new types of sensors, particularly in the elds of medical applications [1], geomagnetism
and space applications [2]. One particularly interesting application is a navigation system
that uses magnetic eld maps to aid navigation.

Currently, we rely heavily on Global Navigation Satellite System (GNSS) for positioning and
navigation on the Earth's surface. The fusion of Inertial Navigation System (INS) position
estimates with time signals from multiple GNSS satellites helps correct the accumulating
errors in the INS position. However, GNSS signals are increasingly vulnerable to jamming
and spoo ng, which is the active transmission of signals to prevent or manipulate position
[3]. This is particularly true in con ict areas of the world where these strategies are used
for war tactics [4]. This vulnerability is due to the weak signals emitted by satellites [5] and
highlights the need for a reliable and robust navigation system that can act as a backup in
such regions or further in regions where GNSS is not available.

There are several approaches that exploit the concept of using geophysical maps and mea-
surements to correct for accumulated position errors in INS, creating an unspoofable and
unjammable navigation system. This is achieved through the self-suf cient architecture
of the navigation system, which uses information from pre-recorded maps and on-board
measurements of observable features from the same map, resulting in a navigation system
that does not rely on signals from satellites. This includes, in particular, the use of terrain
contours in navigation applications, also known as Terrain Referenced Navigation (TRN)
[6]. Other approaches include the use of gravitational anomaly maps [7] and geomagnetic
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anomaly maps for navigation [8]. In particular, the development of quantum-based magne-
tometers with their promising absolute accuracy and high sensitivity [9] has the potential to
signi cantly improve magnetic eld-aided navigation as these promise to reliably measure

small eld deviations, which are needed for accurate position estimates. This makes them
ideal candidates to make magnetic elds a viable option for reliable navigation. Some re-
search has been done on navigation systems that use magnetic elds. Research in this area
falls into two main categories: simulations and real-world implementations of this navigation
method. This thesis presents both simulation studies and a real-world laboratory experiment
on magnetic eld-aided navigation. So the following highlights some key work in this area.

The work of Wang et al. (2023) [10] on Quantum Diamond Magnetometry for Navigation in
GNSS-Denied Environments implements simulations using the noise characteristics of Ni-
trogen Vacancy (NV) diamond magnetometers. It introduces a novel approach to overcome
the map matching problem and address the positional ambiguity caused by locations with
similar magnetic measurements on the map. The fusion of position estimates is performed
using an advanced Unscented Kalman Filter (UKF) with forward and backward ltering.
The study demonstrates that the iterative forward and backward Itering approach achieves
divergence-free navigation by using Monte Carlo simulations on their speci ed simulated
ight path.

Further simulation studies using pre-recorded magnetic anomaly maps have been con-
ducted by Canciani (2016) [8]. His work focuses on the use of anomaly maps of the Earth's
magnetic eld and includes ight simulations. However, instead of using a Kalman Filter

(KF) for navigation, he implements a particle lter. In addition, Canciani conducted real ex-
periments using actual ight data, incorporating a Optically Pumped Magnetometer (OPM)
to make scalar intensity measurements of the Earth's magnetic eld. The data obtained
during the ight was fed into his implemented magnetic eld-aided navigation algorithm.

Canciani demonstrated navigation accuracy to within a few tens of meters at low altitudes
using real ight data and a high-quality magnetic anomaly map that he had pre-recorded.
He identi ed altitude and map quality as the two most critical factors affecting navigation
accuracy. In addition, his study showed navigation accuracies within a few kilometers during
a cross-country ight simulation at an altitude of 3km across North America.

Quintas et al. (2018) [11] explored geomagnetic navigation using submerged magnetome-
ters for Autonomous Underwater Vehicle (AUV) navigation. Two Overhauser magnetome-
ters, spaced 1:5m apart, were used to measure the magnetic eld. A magnetic eld map
was pre-recorded over the area of interest, showing a variability of about 4nT within an area
of 600m 600m Three trajectories were used to compare the INS position estimation with
a magnetic eld-aiding algorithm. Results showed that the magnetic eld-assisted solution
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had a positioning error within 10m, compared to around 40m for the INS solution in two of
the three trajectories. While errors in the aiding algorithm increased in areas with low mag-
netic eld variability, they recovered in areas with more spatial information, demonstrating
its ability to limit position error, unlike INS solutions, which accumulate errors over time.

This thesis aims to take the rst steps toward developing and implementing a magnetic eld-
based navigation system by combining simulation-based approaches with a real-world labo-
ratory experiment. To achieve this, a laboratory experiment was planned and implemented.
Prior to conducting the experiment, a simulation of the laboratory setup was created. Addi-
tionally, ight path simulations, similar to those by Wang et al. (2023) [10], were carried out
using a similar approach for the magnetic eld-aided navigation algorithm.

1.2 Thesis Overview

This thesis begins by presenting the theoretical background necessary for this work. It
introduces the basic principles of magnetism and then brie y outlines selected principles
of classical and quantum-based magnetic eld sensing. Further, the operating principles
of the Inertial Measurement Unit (IMU) are explained, followed by the derivation of position
estimation based on the sensed measurements. The associated sources of error are also
discussed. The sensor fusion process using the UKF is described in detail. In addition, the
method of map interpolation using the Kriging algorithm is brie y introduced. The thesis
also includes a brief introduction to sensor quanti cation and performance metrics, followed
by a de nition of the speci ¢ performance metrics used in this thesis.

The third chapter presents the methodology and setup of the work carried out in this thesis.
It explains in detail the implemented magnetic eld-aided navigation algorithm and describes
the two simulation scenarios carried out in this work. It also describes the data acquisition
process, the map generation scheme, and the laboratory experiment in which magnetic
eld-aided navigation is implemented in a real-world setting.

Chapter four presents and discusses the results. First, the results of the simulation ap-
proaches are presented, including both the laboratory experiment and the real-life simula-
tions. For the lab experiment, the sensors used are rst quanti ed in terms of drift and noise.
The generated maps are then presented and the results of the real-life implementation of
the lab experiment are discussed.

The nal chapter, chapter ve, summarizes the ndings of this thesis and provides an out-
look on potential future work.



2 Theoretical Background

This chapter presents the theoretical background necessary for this thesis, beginning with an
introduction to the basic theory of magnetism and magnetic elds, followed by an overview
of classical and quantum-based magnetic eld sensing principles.

It then covers the Earth's magnetic eld, including its origin, composition, and characteris-
tics. The chapter proceeds to discuss the fundamentals of inertial navigation sensors and
how position can be derived from them.

Following this, a brief explanation is provided on how measurements from multiple sensors
can be integrated. Speci cally, the UKF is introduced as a key component in the navigation
aiding algorithm, enabling the combination of position estimates from different sensors to
improve accuracy.

An introduction to the Kriging interpolation algorithm, used for constructing magnetic eld
maps in navigation aiding, is then presented.

The chapter concludes with fundamental de nitions of sensor metrics, errors, and noise, as
well as methods for quantifying them, followed by the de nition of performance metrics for
evaluating navigation accuracy.

2.1 Magnetic Fields and Magnetism

2.1.1 Magnetism in Classical Physics

The magnetic eld is a fundamental physical vector eld that is present everywhere around
us. It describes the interaction between magnetic materials, moving electric charges, and
electric currents. In the following, key phenomena and properties of magnetism are pre-
sented. This theoretical background is based on the book Magnetism and Magnetic Materi-
als by Coey [12].

A key quantity in magnetism is the magnetic ux density B . Magnetic ux density measures
the line density that crosses a unit surface area and is given in units of Tesla [T]. Another
important measure of the magnetic vector eld which is often used interchangeably is the
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vector eld called the magnetic eld strength H [A=m]. Both vector elds B and H are
closely related through the following equation:

H = iB M ; (2.1)
0

where ¢ is the vacuum permeability and M is the magnetization vector of the material.
The magnetization is the resulting net magnetic eld of a material exposed to the magnetic
eld. The difference between these two vector elds is that the B eld accounts for the
magnetization of the medium, whereas the H eld does not. In vacuum, both B and H are
proportional to each other as the magnetization M of vacuum is zero.
Although B represents typically the magnetic ux density, in the remainder of this thesis,
the external magnetic eld will be denoted as B, since magnetic ux density is often inter-
changeable with the magnetic eld's magnitude.
The magnetic eld strength B is proportional to the magnetizing force, which determines
how materials respond to magnetic elds. The force experienced by a moving charge
within the magnetic eld B is known as the Lorentz force F o and is given by:

Flor =q(v B); (2.2)

where Vv is the velocity vector of the moving charge. It can be seen that the force acting on
the charge q is perpendicular to the plane that is spanned by the velocity vector v and the
magnetic eld B .

Fundamentals of Magnetic Moment

The simplest magnetic source is a dipole, which is also the basis for the de nition of mag-
netization M . A magnetic dipole consists of two poles: a north pole and a south pole. A
schematic of the magnetic dipole and its eld is shown in Figure 2.1a. The fact that only
magnetic dipoles exist and not monopoles can be directly derived from the second Maxwell
equation:

r B=0; (2.3)

which states that the divergence of the magnetic eld is zero, meaning that the magnetic
vector eld is source-free.
The resulting magnetic dipole moment of a current loop | that encloses the surface area A
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(@) (b)
Figure 2.1: (a) Magnetic dipole m and its resulting magnetic eld. (b) Magnetic moment of
acurrent loop | .
is given by the following:
m=1 A ; (24)

where A is a vector pointing towards the direction orthogonal to the surface A with its length
proportional to the surface area, as illustrated in Figure 2.1b. When a magnetic dipole m is
placed within a magnetic eld, it experiences a resulting magnetic torque

=m B; (2.5)

which acts perpendicular to both the magnetic eld and the magnetic dipole. The magnetic
eld due to a magnetic dipole can be calculated as follows:

B(r)= ;° (3(F mr);\ m) . (2.6)

where f* is the unit direction vector, r is the position vector of the point to be evaluated, r
is the distance between the dipole and the point to be evaluated. It can be seen, that the
magnetic eld strength decreases with r2.

Magnetic Material and their Magnetization

When magnetic materials are exposed to an external magnetic eld, they generate their
own magnetic eld in response. This process is known as the magnetization M . The
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magnetization represents the overall effect of the individual magnetic moments m within a
material, and can be calculated as the sum of all the dipole moment vectors:

X
M = mi: 2.7)

[
This phenomenon is important to understand the magnetization of the Earth's crust. Addi-
tionally, a classical type of magnetometer, known as the Fluxgate, utilizes this phenomenon
to measure the strength of the magnetic eld.

Materials are mainly subdivided into three groups based on their response to the magnetic
eld. These material groups are referred to as: diamagnetic, paramagnetic, and ferromag-
netic. These material responses to the magnetic eld can also be quanti ed by the magni-
tude of proportionality factor called susceptibility . Magnetic susceptibility measures how
much a material becomes magnetized by an external magnetic eld H :

M = H (2.8)

In diamagnetic materials, each magnetic moment tend to align opposite to the direction
of the applied magnetic eld, producing a net magnetization that counteracts the external
magnetic eld, as the vector M points in the opposite direction of the magnetic eld B . This
effect is typically very weak, which results in a small, negative susceptibility giz: < 0. In
addition, diamagnetic materials lose their magnetization once the external magnetic eld is
removed.

When the induced magnetization vector aligns with the external eld in which it is located,
the material is called paramagnetic. In these materials, each magnetic moment generally
aligns with the applied external magnetic eld. However, this magnetic alignment is only
weakly present as the the magnetic moments not fully align with the eld direction, leading
to a small and positive susceptibility para: > 0. As in the case of diamagnetic material,
the alignment of the magnetic moments does not stay when the externally applied magnetic
eld is removed, meaning that the magnetization is only present while the external magnetic
eld is present.

Ferromagnetic materials can have independent magnetization that does not necessarily cor-
respond to the external magnetic eld. This means that the magnetic moments within the
material align with the external eld direction, which stay aligned even if the external eld is
removed. This property allows ferromagnetic materials to become permanent magnets.
ferromagnetic materials also exhibit saturation effect when an increase in the applied exter-
nal magnetic eld H can no longer increase the material's magnetization. At this point, the
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Figure 2.2: lllustration of the magnetic moments within a magnetic material. When no exter-
nal magnetic eld is present, the net magnetization of each magnetic moment
(depicted as small green arrows) sums to zero. When an external magnetic eld
is applied to diamagnetic materials, the magnetic moments tend to align in the
opposite direction of the applied B ¢4 . In paramagnetic materials, the magnetic
moments align with the direction of the magnetic eld. However, they tend to
align only patrtially, leading to a weak net magnetization M .

total magnetic ux density B reaches its maximum value.

The magnetization response of a ferromagnetic material when exposed to an external mag-
netic eld is represented by the hysteresis curve. A schematic representation of the hystere-
sis curve is shown in Figure 2:3b. Initially, the unmagnetized material becomes magnetized
upon exposure to the eld, but the magnetization does not increase linearly. It reaches the
saturation point where higher magnetic eld strengths no longer result in a higher magneti-
zation. Once the material is magnetized, an external magnetic eld opposing the direction
of magnetization must be applied to reduce or reverse the magnetization. A magnetic eld
of magnitude Hqr, so called Coercivity, and opposing the magnetization vector has to be
applied to fully demagnetize the magnetized ferromagnetic material. Another way to demag-
netize an magnetized ferromagnet is increasing its temperature. Above a material specic
temperature, also known as the Curie temperature T¢, the aligned magnetic moments get
disordered leading to demagnetized state M (T > T¢) = 0. Once magnetized by an ex-
ternal magnetic eld the material retains some magnetization, when the magnetic eld is

removed, which is also known as Remanence.
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@ (b)

Figure 2.3: (a) An external magnetic eld aligns the magnetic moments within the ferro-
magnetic material. (b) Hysteresis curve of a ferromagnetic material is shown.
A non-magnetized material becomes magnetized upon exposure to an external
magnetic eld H . However, the relationship between the applied magnetic eld
and magnetization is not linear, as the maximum magnetization, known as Sat-
uration, is reached. When the magnetic eld is removed, the material retains
some magnetization, which is known as Remanence.

Current-Induced Magnetic Fields

As previously mentioned, moving charges or an electric current | generate a magnetic eld.
The experimentally determined mathematical representation of this eld for arbitrary current
shapes | is given by the equation below:

Z
_ 0 ldL rr; .
POCT e oo @9

This equation is also known as the Biot-Savart law. The magnetic eld induced by the
current | is the integral of the cross-product of the nite element length dL of the current
and the distance vectorr r; between the pointr t which the eld should be evaluated and
the position r| of the in nite element length. This equation clearly shows, after integrating
over the entire current length, the dependence on the distance r, with the magnetic eld
decreasing proportionally to r 3, as seen in Equation 2.6.

This is an important phenomenon, as every current ow produces a magnetic eld, which
can cause distortions and unwanted noise, especially in indoor environments. In addition,
Alternating Current (AC) generates an alternating magnetic eld. Since the current in an



2 Theoretical Background

Figure 2.4: Schematic of the quantities for calculating current-induced magnetic eld.

AC circuit changes direction periodically, the resulting magnetic eld also uctuates in both

magnitude and direction at the same frequency as the current. In indoor environments, AC
power lines and electronic devices can contribute to magnetic eld noise, which will be a
crucial factor to consider in the experimental setup discussed in the later Section.

By approximating this integral for long straight currents, one can calculate some resulting
magnetic eld strengths from currents within a typical household or laboratory. For these
currents the resulting magnetic eld strengths are typically within the order of 0:01 T to
10 T for distance of some meters away to a few cm. Another example is the magnetic eld
strength near high-voltage power lines, such as those used for trams, which are located
50 100meters away. At street level, just a few meters from a power distribution line, the
magnetic eld strength ranges from 0:01to 1 T.

Induced Currents in Conductive Materials

Eddy currents are currents induced in electrically conductive materials due to time-varying
magnetic elds. This is also known as the Faraday's law of induction, which is the third
Maxwell equation:
r E= @ (2.10)
@t
Following the Biot-Savart law, these currents also generate a magnetic eld, which can
distort the magnetic eld of interest.

10
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2.1.2 The Behavior of Atoms in an External Magnetic Field

The following sections focus on key phenomena related to atoms and electrons and the be-
havior of their dipole moments in a magnetic eld. This is a classical description of quantum
mechanical phenomena that also have an equivalent quantum mechanical description.

Magnetic Moment

At the quantum level, particles such as electrons or atoms with angular momentum exhibit
magnetic dipole moments.

Classically, each atom generates a magnetic dipole moment due to the motion of electrons
around the positively charged nucleus, similar to a current loop (as shown in Equation 2.4),
also known as the orbital magnetic moment. This arises because atoms possess orbital
angular momentum J .

Additionally, particles like electrons can have a magnetic moment due to their intrinsic spin
S. Particles with spin generate a magnetic dipole moment, much like a rotating electrically
charged body in classical electrodynamics.

m= J; (2.11)

here the proportionality factor between the two quantities is called the gyromagnetic ratio
This induced magnetic moment is also known as the spin magnetic moment.

The total magnetic moment of an atom is the vector sum of the orbital and spin magnetic
moments. For an atom with a single electron (such as hydrogen *H), the total magnetic
dipole moment is proportional to the angular momentum and spin of the electron.

Zeeman Splitting

The Zeeman splitting is an important quantum phenomenon that describes the splitting of
atomic energy levels when exposed to an external magnetic eld. This effect is crucial in
guantum magnetometry, as it allows the measurement of the magnetic eld by observing the
splitting of energy levels. The splitting arises due to the interaction between spin J and the
external eld B it experiences. The energy shift E between the levels due to the Zeeman
effect is given by the following equation:

E= m;~|jBj; (2.12)

11
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where ~is the Planck's constantand is the gyromagnetic ratio, the term  m; is the change
of quantum number and the jB j the total intensity value of the magnetic eld applied.

Figure 2.5: (a) Splitting of the energy level of due to an external magnetic eld. (b) Preces-
sion of the spin J due to the torque it experiences.

Larmor Precession

Since the magnetic moment has angular momentum J, it experiences a magnetic torque
when exposed to a magnetic eld B, as seen in Equation 2.5. It therefore undergoes a
precessional motion around the direction of the applied magnetic eld. This precession is
analogous to the precession known in classical physics. The precession of a spin system
around the applied magnetic eld occurs at a characteristic Larmor frequency ! | armor »
which is proportional to the energy difference E induced by the magnetic eld strength:

E L
! Larmor = — = JBJ (213)

Magnetization of Atom Ensembles

In many cases, such as when describing how OPM magnetometers work, an ensemble of
magnetic moments must be considered. In the absence of an external magnetic eld, the
orientation of the magnetic moments will be completely random, leading to the cancellation
of each other out. As a result, the sum of the magnetic moments will be zero.

12
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In contrast, when the ensemble of magnetic moments is exposed to an external magnetic
eld B the spins will align themselves parallel as well as anti-parallel with respect to the
eld direction. The energy difference between these two energy states of a considered two
level system is given by the Zeeman shift. Because of the energy difference between the
parallel and the anti-parallel aligned magnetic moments, the population of the energy states
will not be identical. As the parallel aligned magnetic moments occupy the state with lower
energy for > 0, this state will be more favored. Since magnetic moments with opposite
alignments cancel each other out, only a weak net magnetization vector M can be detected.
Consequently, only the surplus of the magnetic moments in the lower energy state result in
the net magnetization vector M oriented in the direction of B .

The resulting magnetization M of the two-level system is proportional to the population
difference of the two different alignments:

where is the permeability and N is the number of magnetic moments in the upper energy
level, that can be expressed with the help of the Boltzmann distribution as:
N N

N, = - N = —————: (2.15)
1+exp KT 1+exp KT

N = Ni + N s the total number of magnetic moments in the considered ensemble, ~
is Planck’s constant h divided by 2 , kg the Boltzmann constant and T the temperature of
the considered ensemble. With these two Equation of 2.15 for the different energy state
populations, the equation for the net magnetization vector 2.14 follows:

11} #
1 exp =2
M(B;T)= N f5— =N tanh KT (2.16)
1+exp KT B

This equation is also called the Brillouin equation. Since the magnetization vector scales
with tanh a saturation effect for very strong magnetic elds can be observed.

Bloch Equations
It can be seen that the net magnetization vector of the atomic ensemble can be in uenced by

the applied magnetic eld. When exposed to a static magnetic eld, the net magnetization
is static and aligned parallel to the direction of the magnetic eld. As the individual mag-

13
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netic moments precess around the direction of the magnetic eld, the ensemble averages
out in the transverse direction, leaving the net magnetization with only a component in the
longitudinal direction of the magnetic eld. When a time-varying magnetic eld is applied,
the net magnetization vector begins to undergo a dynamic motion. The complete motion of
the magnetization vector as a function of the applied magnetic eld can be described by the
following differential equation known as the Bloch equationS'

oM M)
%My(t)ﬁ %My(t)ﬁ %B X 2.17)
M_(t) M_(t) B

The equations presented here are also known as relaxation-free Bloch equations, since they
do not include any relaxation terms of the magnetization vector.

Optically Pumping

For magnetometry purposes and to obtain a measurable signal, the use of an ensemble of
atoms is essential. To achieve this, it is crucial to create a net magnetization, also known as
macroscopic spin polarization. This involves aligning a large fraction of the atomic spins in
the same direction, similar to the magnetization of a medium. In classical NMR applications,
this alignment is typically achieved using strong magnetic elds. In alkali atoms, however,
spin polarization can be achieved more ef ciently by optical pumping, where the interaction
between light and the atom is used to increase the spin polarizatoin.

Without further derivation, and as stated in [9], the angular momentum selection rules of the
light-atom interaction are the following:

L= 1; S=0;
J= 1; F= 1:

It can be seen that by absorbing a photon, angular momentum can be transferred without
changing the spin. The selection rules for the magnetic quantum number depend on the
circular polarization of the pumping light. It is important to note that the pumping occurs
and the magnetization builds up in the direction of light propagation. In addition, the spon-
taneous decay of the pumped states leads to a change in the magnetic quantum number,
with my = 1

By modeling the absorption of circularly polarized photons, which transfer their angular mo-
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mentum to the atom, and also taking into account the spontaneous decay of the excited
states, the foIIowing differential equation for the magnetization vector can be derived:

1 0 1
My (1) 0 My(t) |V| (t)
%’My(tﬁ{: pump%ﬁ 0 My(t) K decay%)My(t)g (2.18)
z(t) M pump Z(t) Z(t)
0 i
My (1)
= pump%,D My(t) X (2.19)
Mer  M(t)

where pump is the rate of optical pumping and gecay is the rate of decay due to sponta-
neous emission. By introducing an effective pumping rate  and an effective magnetization
Meff = M pump—>"%, Equation 2.18 can be further reduced to Equation 2.19. By incorporat-
ing the additional term that accounts for net magnetization due to optical pumping into the
general relaxation-free Bloch equations introduced in Equation 2.20, the following differential
equations are obtained:

0 1
My (t ) My (t ) My (t)

%My(t)g ?@My(t)ﬁ ?@ B X %p My(t) X: (2.20)
z(t) z(t) B z Meff. MZ(t)

This equation is important because it describes how optical pumping in uences the net
magnetization vector of the magnetic ensemble.
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2.2 Magnetic Field Sensing Principles

This section introduces the principles of magnetic eld sensing, both through classical meth-
ods and quantum mechanics. It explains the working principles of the magnetometers used
in the experimental setup of this thesis and provides a brief overview of different types
of magnetometers selected. These sensors are divided into two types: Classical Magne-
tometer (CM), which are widely available, and Quantum-based Magnetometer (QM), which
are emerging technologies that utilize quantum mechanical properties to measure magnetic
elds.

This section aims to provide a brief overview of the operating principles of each magnetome-
ter type selected, illustrating the key differences between them, and highlight how quantum-
based magnetometers leverage quantum phenomena to provide absolute measurements.

2.2.1 Classical Magnetometry

There are several techniques for measuring magnetic eld strength based on classical mag-
netic phenomena. The following section brie y presents the three most common techniques:
the Hall sensor, the Fluxgate sensor, and the Magnetoresistive sensor.

Hall Sensors

A widely used type of magnetometer is the Hall sensor. These magnetometers exploit the
Hall effect.

A conductor carrying an electric current | induces a voltage, called the Hall voltage Uya ,
along its length when a perpendicular magnetic eld is applied. The Hall voltage is propor-
tional to both the magnetic eld strength B and the current | . An schematic of a Hall sensor
is shown in Figure 2.6. The relationship is given by the equation below:

IB

—_—; 2.21
ent ( )

UHan =

where eis the charge of an electron, n is the density of electrons and t is the thickness of the
conductor. The voltage induced by the Lorentz force results from the de ection of charges
in the current, leading to a charge imbalance in the conductor. Hall sensors are widely used
in var'BJus elds, However their sensitivity is limited compared to other sensor types to about
InT= Hz[9].
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Figure 2.6: Schematic of a Hall sensor. A voltage Uyg is induced across its length when a
conductor carrying current | is subjected to a magnetic eld B perpendicular to
the current.

Fluxgates

Fluxgate magnetometers, contrary to Hall magnetometers, use a ferromagnetic core and
its hysteresis curve to detect the surrounding magnetic eld. The sensor often consists of
a ring shaped ferromagnetic core wrapped with magnetization windings also known as a
Drive Coil. Additional sensing windings are present to capture the induced currents gener-
ated by changes in the net magnetic eld due to the magnetization of the core. A schematic
of a Fluxgate magnetometer and its construction is depicted in Figure 2.7a. The measure-
ment process involves detecting the core's saturation when exposed to a combination of the
external magnetic eld B¢y and an alternating eld B ac produced by alternating currents
in the Drive Coil [14]. The net magnetic eld H pe(t) at any point in time is the sum of
the external magnetic eld H ¢4 and the alternating magnetic eld H ac(t), as expressed
mathematically in the following equation [15]:

H net(t) = H ext. + H ac(t) (2.22)

The key principle behind this technique is that, in the absence of an external magnetic eld,
the induction of the magnetic eld due to the AC current would be symmetrical. However,
when an external magnetic eld is present, it magnetizes the ferromagnetic core. This
magnetization leads to an asymmetrical response, due to the hysteresis curve (see Figure
2.3b), to the applied eld, allowing to measure the external magnetic eld. The resulting

net magnetic eld B ne(t) is a function of the external magnetic eld H ¢, as shown in the
following equation:

B net(t) = f (H ext.(t)) (2.23)
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(@) (b)

Figure 2.7: (a) Schematic of a Fluxgate magnetometer, consisting of a ring-shaped ferro-
magnetic core. Wrapped around the core is a magnetization coil, also known
as the Drive Coil. Surrounding the ring and the Drive Coils is a Sense Coil that
detects the induced current. (b) Cross section of the ferromagnetic core. The
drive coil induces a magnetization within the core that is parallel in the upper half
of the ring and opposite to the external eld direction in the lower half.[13]

This signal is proportional to the external magnetic eld. The induced electromotive force
E ing.(t) is related to the time derivative of the magnetic eld, as described by the equation
below:
@3 (t
Eina.(t) = SW@(t) ; (2.24)
where s is the area of the ferromagnetic core enclosed by the drive coil and w is the number
of turns of the drive coil.

Since the ring-shaped core has two halves with opposing magnetization vectors, the induced
E ing. in the sense coil would be zero in the absence of an external magnetic eld. However,
in the presence of an external eld, one half, where the magnetization vector aligns with
the eld, reaches saturation before the other half, which has the opposing magnetization
direction, as illustrated in 2.7b. As a result, the induced E i,gq. from each half does not fully
cancel out, leading to a current spike in the sense coil when this occurs. The Drive Coil is
continuously driven with AC, and as the halves periodically switch between saturated and
unsaturated states, periodic signal peaks are detected in the Sense Coil. By measuring the
periodic current signal from the sense coil and using Equation 2.22 and further approximat-
ing the relation of Equation 2.23, the induced signal depends on the desired H e¢x: and can
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be calculated when H ac (t) is known [15].

Fluxgate magnetometers are often the preferred solution to monitor Earth's magnetic eld
on ground but also in space, as they offer high sensitivity down to 0:1nT within a Sld range
of upto 100 T. The sensitivity of these magnetometer is usually around 6-10nT= Hz. The
main challenges are the drifts and the calibration step required to maintain the accuracy of
the magnetometer readings. ts are primarily linked to the temperature sensitivity and aging
of the coils [16].

Magnetoresistive Magnetometer

The classical magnetometer used in the following laboratory experiment operates based on
a phenomenon called anisotropic magnetoresistance.

The resistance of a ferromagnetic material depends hereby on the angle between the mag-
netization direction of the material M and the applied current | [17]. The term anisotropic
originates from the fact that in most ferromagnetic materials the resistivity varies with angle

. Thus, for parallel alignment B jjI the measured resistivity j is higher than when both are
perpendicular to each other B ? 1.

It is possible to measure the changes in the magnetic eld by measuring this resistance
change. In the case of the chips incorporated in the CM, nickel-iron (Permalloy) thin- Im
segments are deposited onto a silicon wafer, which makes it possible to construct a so-
called Wheatstone bridge. This structure is a typical setup used to measure resistance
changes. In this setup, resistors are arranged in a diamond-like con guration. Input voltage
is applied across one axis of the structure, and a voltage reading is taken across the other
axis of the diamond structure. In the case of the magnetometer setup, this is very similar.
An illustration of this sensor bridge design can be found in Figure 2.8. The input voltage is
applied across the horizontal axis of the structure. Within the structure, Permalloy sections
are incorporated with different orientations of the permalloy material in the four arms of the
diamond structure. The voltage which measure the resistance change across the different
arms of the structure are taken across the vertical axis between Out+ and Out . When an
external magnetic eld is present, the resistivity of the magnetoresistive material changes.
This change can be detected as a voltage change when a constant voltage is applied to the
bridge. This occurs because the output voltage is sensitive to the resistance changes in the
bridge caused by the magnetic eld. These resistive elements are aligned along a common
sensitive axis, ensuring that an increase in the magnetic eld along this axis produces a
positive voltage change.
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Figure 2.8: Schematic representation of a magnetoresistive bridge sensor utilizing permalloy
thin Im structures. The diagonal arrows indicate the magnetization direction
along the easy axis. The bridge con guration allows a voltage measurement
between Out+ and Out when an input voltage Vb is applied, providing a signal
proportional to the external eld along the sensitive axis.[18]

Since a single bridge structure provides information about only one component of the
magnetic eld, three such bridges can be arranged perpendicularly to one another to enable
the measurement of all three components of the magnetic eld. This con guration allows
for the detection of arbitrary eld directions.

2.2.2 Quantum-based Magnetometry

Many new concepts for magnetometry using quantum-mechanical phenomena have been
and are being developed. Quantum-based magnetometers, operating in the quantum regime,
are in principle to be absolute, meaning they provide accurate measurements. These de-
vices are expected to offer drift- and bias-free measurements without the need for cal-
ibration. Today, the most commonly known magnetometers include OPM, NV centers,
the so-called Superconducting Quantum Interference Device (SQUID), and Spin Exchange
Relaxation-Free (SERF) magnetometers. Furthermore, a relatively new concept using Ry-
dberg atoms, not only for electrometry but also for magnetometry, has been demonstrated
[19]. This is also the aim of the department of Quantum NanoPhysics where this Master
thesis takes place, to develop and implement a Rydberg-based sensor that can measure
both electric and magnetic elds.

The following section brie y presents the working principles of three selected sensors: OPM,
NV magnetometers, and the SQUID magnetometers.
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Optically Pumped Magnetometers

The quantum magnetometer used in the laboratory experiment presented in the following
chapters operates on the principle of optically pumped states of vapor atoms within a glass
cell.

As described in Section 2.1.2, optical pumping refers to the process of optically exciting
atoms from their ground state to an excited state, which internally increases the net magne-
tization of the atomic ensemble within the vapor cell. This resulting magnetization, which is
sensitive to the magnetic eld, interacts with the eld to be measured. Through this interac-
tion, the magnetic eld can be measured on the basis of various schemes for magnetic eld
detection.

The magnetometer at hand in this work exploits the well-de ned precession frequency of
rubidium atoms, which depends on the total magnetic eld strength they experience. This
measurement scheme is known as Free Induction Decay (FID) [20], [21]. A basic schematic
of this type of sensor is shown in the following Figure 2.9a. First, a laser beam is circularly
polarized by passing through a quarter-wave plate. The scheme for detecting the magnetic
eld strength is divided into two phases.

In the rst phase, a strong polarizing magnetic eld B o is applied, aligned parallel to the
light propagation. This eld is generated by Helmholtz coils. The incident laser beam,
together with the polarizing magnetic eld, causes the atoms within the vapor cell to become
spin-polarized, increasing the net magnetization of the atomic ensemble within the cell.

In the second phase, the polarizing magnetic eld is rapidly switched off, causing the atoms
and respectively the net magnetization M ¢ vector to precess around the magnetic eld
B ext: to be measured, as it aligns itself with the magnetic eld direction. The precession
of the magnetization follows the Bloch Equations as shown in Equation 2.20. Following
the Equation 2.13, the precession frequency is directly proportional to the magnetic eld
strength experienced by the atoms. The power of the laser light is tuned down during this
period so that it is weak enough to prevent any optical pumping. The light passes through
the precessing atoms in the vapor cell, which modulates the light due to the fact that the
absorption coef cient of the atomic ensemble depends on the degree and orientation of
the net magnetization vector [22]. The light that has passed through the vapor cell is thus
proportional to the transverse component of the magnetization vector relative to the direction
of light propagation. The transverse component of the magnetization is described as follows:

Mo()= Mogsin(l Lant+ o)e decavt (2.25)

The decay of the sinusoid is due to the fact that the transverse component of the magneti-
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@) (b)

Figure 2.9: (a) Schematic diagram of the FID measurement setup used in the OPM QuSpin.
The laser light is circularly polarized through a = 4 plate and propagates through
the vapor cell containing 8’Rb atoms. In the rst step, a strong polarizing eld,
B poi, is applied to align the spin states. After polarization, B pq: is switched
off, and the spins begin to precess around B gy::, modulating the light with the
corresponding ! | 4 . (b) Output of the photodiode, in the second phase where
the Bext: IS measured.

zation vector becomes smaller as it aligns with the eld direction. Once the magnetization
vector is completely aligned, the transverse component has completely disappeared and
only the longitudinal component remains. The signal detected by the photodiode is then
ampli ed, and a frequency counter measures the precession frequency. A schematic of the
signal detected by the photodiode is shown in Figure 2.9b.

Since the precession frequency has a xed relationship with the magnetic eld strength
given by 6:998Hz=nT, the measured frequency can be used to determine the experienced
magnetic eld.

Nitrogen Vacancy Magnetometers

Nitrogen Vacancy (NV) centers are an emerging quantum sensor technology that is grad-
ually being minituarized and commercialized. These sensors use the spin system induced
by a point defect in the diamond lattice, where a nitrogen atom replaces a carbon atom and
is directly neighboring to a missing lattice atom, known as a vacancy forming a spin-triplet
system. The defect within the lattice is visualized in Figure 2.10a. Hereby, the blue atoms
represent the carbon atoms, the red atom represents the Nitrogen atom, and the white ball
represents the missing atom.
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(@)

(b) (©)

Figure 2.10: (a) Diamond lattice structure containing an NV defect. (b) Fluorescence spec-
trum detected at the detector. (c) Energy levels and the two pathways of the
de-excitation are illustrated.

The NV center's quantum state can be manipulated and read out using microwaves and
laser excitation. Its energy levels are sensitive to the surrounding magnetic eld, leading to
Zeeman splitting, which shifts the resonance frequency.

Under laser excitation, the spin state can be elevated from the ground state to the excited
state. De-excitation back to the ground state can occur mainly via two different pathways.
The rstis a direct transition to the ground state, which is accompanied by the emission of
red uorescentlightof = 637nm, often referred to as the bright state. The second pathway
involves an intermediate metastable state, where uorescence in the infrared spectrum is
emitted, and commonly known as the dark state.

A widely used detection method for this system is Optically Detected Magnetic Resonance
(ODMR), in which the uorescence from an NV center in diamond is used to measure an
external magnetic eld the NV is in. This method relies on the fact that, at microwave reso-
nance which depends on the magnetic eld, the mg = 0 spin state is driven into a transition
to the mg = 1 states. These states have a higher probability of decaying via the dark-
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state pathway, where no visible uorescent light is emitted. By recording the uorescence

intensity while sweeping the microwave frequency over a range that includes the resonance
frequency, one can observe two characteristic dips in the ODMR spectrum. This spectrum
with the characteristic dips can be seen in Figure 2.10b. The frequency separation f
between these dips is directly proportional to the Zeeman splitting of the mg = 1 energy
levels. With this frequency difference and Equation 2.12, the external magnetic eld strength
can be calculated.

In contrast to the OPM, the uorescence depends on the angle between the NV axis and
the direction of the magnetic eld it experiences. This characteristic enables the possibility
of vectorizing the magnetic eld sensor by incorporating multiple NV centers whose axes
are orthogonal to each other, spanning all three spatial dimensions [23].

SQUID Magnetometers

Superconducting Quantum Interference Device (SQUID) magnetometers rely on supercon-
ducting materials that incorporate Josephson junctions. Unlike other quantum magnetome-
ters, SQUIDs require cooling to low temperatures to achieve the superconducting state.
Additionally, the sensor measures the magnetic ux  through an effective area A to deter-
mine the magnetic eld strength B .

The core component of a SQUID is the Josephson junction, at which tunneling of elec-
tron pairs across the junction happen. The tunneling current at the junctions are used to
calculate the magnetic ux the magnetometer is experiencing. According to [24], the tunnel-
ing current between the two superconductors is described by the rst Josephson equation
(Equation 2.26), which depends on the applied current | g and the phase difference between
the superconductors, » 1. The second Josephson equation, stated in Equation 2.27,
describes the time evolution of the phase difference due to the applied voltage V across the
two superconductors.

Is=losin( 2 1), (2.26)
qVv .

d

— = 2.27
dt( 2 1) (2.27)
There are two primary types of these magnetometers, classi ed by the number of Joseph-
son junctions incorporated and how the bias current needed to operate the sensor is applied.
The AC SQUID incorporates only one junction between the superconductors and requires
an AC operating current. The DC SQUID, on the other hand, incorporates two junctions in
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parallel and uses direct current for operation.

Figure 2.11: lllustration of a DC SQUID,
which incorporates two Joseph-
son junctions. The sensor mea-
sures the magnetic ux  pass-
ing through surface A by mea-
suring the current |ges: due to
tunneling at the junctions.[24]

In the following, the structure and operation of a DC SQUID will be brie y explained. This
type usually consists of a ring-shaped structure made of a superconductor. Two junctions
split the ring into two equal halves. The junctions are made of a normal resistive material
like copper. In Figure 2.11 a schematic of the structure is illustrated. The superconducting
ring encloses the effective surface A, which is essential for the derivation of the magnetic
eld intensity. Starting with the probability current in an electromagnetic eld and using the

fact that the induced current of the magnetic eld within the structure will result in a current
of zero within the structure's volume, one can arrive at the following sum of current at each
junction:

I ges = 210 sin( o) cos % : (2.28)

Here, | g is the applied current, ¢ is a constant phase shift between the two superconductor
and ¢ is the charge of an electron. This equation can be separated into a constant term
2lgsin( o) and a magnetic ux dependentterm cos £ . The constant can be determined
by calibrating the current in a known magnetic eld with a known magnetic ux. After cali-

bration, the magnetic ux can be determined by measuring the current along both junctions.
To nd the magnetic eld strength B, the surface area A of the ring structure has to be
known.
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2.3 Earth's Magnetic Field

This section provides a brief introduction to the composition of Earth's magnetic eld. Fol-
lowing this, a reference magnetic eld model, known as the International Geomagnetic Ref-
erence Field (IGRF), is presented. The IGRF is used to calculate the magnetic anomaly
eld, which is the desired magnetic eld component for navigation near the Earth's surface.

2.3.1 Composition

The Earth is surrounded by magnetic elds. The magnetic eld experienced at any given

location and time is a superposition of multiple sources. Following the description by Cani-
cani (2016) [8], on which this section is based, these sources can be categorized as internal
and external. Internal sources include the magnetic eld generated by the Earth's core and
the magnetization of the Earth's crust. External sources arise from the ionosphere and the
magnetosphere.

Figure 2.12: Simulation of Earth's dipole-like magnetic eld arising from the inner core [25].

The primary magnetic eld arising from an internal source is generated by the Earth's uid
outer core, a process known as the geodynamo. This eld is responsible for making a
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compass needle point north. It can be thought of as a dipole eld, and it is considered
the most dominant eld. An illustration of this main magnetic eld of the Earth is depicted

in Figure 2.12. The eld is generated by the motion of an electrically conductive uid in

the core, driven by heat and the rotation of the earth. The magnitude of the magnetic eld
caused by this varies between 30 70 T. Although changes in the movement of the
core uid cause changes in the generated magnetic eld, known as secular variation, this

deviation is modeled and corrected every 5 years by the IGRF [26].

The second source of the magnetic eld is the Earth's crust. The origin of these magnetic
elds lies in magnetization, which can result from permanently magnetized materials or
induced magnetization due to paramagnetic minerals within it. These spatially varying ma-
terials and their non-uniform distribution contribute to the magnetic anomaly eld of earth
[27]. Anomalies can also be due to man made structures containing magnetic materials
which further add to distortions of an ideal dipole eld.

Beyond these internal sources, external magnetic elds can arise from processes such as
particle interactions in the magnetosphere. These interactions are driven by solar winds,
that are streams of charged particles ejected from the Sun’s surface. The charged particles
interact with Earth's magnetic eld, causing them to move in circular currents known as ring
currents. These ring currents, in turn, induce additional magnetic elds, particularly in the
polar regions. Geomagnetic storms, which occur when intense bursts of solar wind impact
the Earth's magnetosphere, cause time-varying uctuations in Earth's magnetic eld, which
make denoising techniques to minimize their effects necessary, as these distortions can be
in the polar region of the Earth as high as a couple of 10 nT and at the equator a few nT.
One way to mitigate these uctuations is by observing magnetic elds at geomagnetic ob-
servatories. Using these measurements, it may be possible to account for these variations.
However, due to the high uctuations in the polar regions, geomagnetic navigation is not
viable there [28].

2.3.2 Reference Magnetic Field Model

The magnetic eld induced by the uid Earth's core changes over time. This overall dipole-

like eld of the core is modeled by tracking the Earth's magnetic eld. The goal is to provide

a standardized core eld model used worldwide. For magnetic navigation in particular a
standardized reference model enables consistent magnetic anomaly eld mapping around
the entire Earth. This model is based on a spherical harmonic scheme, which attempts
to t periodic harmonics onto the Earth's surface. These harmonics, also known as wave
numbers n, are inversely proportional to the spatial wavelength of the Earth. By summing
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Figure 2.13: Real parts of the spherical harmonics up to and including wavenumber n = 4.
The IGRF ts coef cients to Schmidt semi-normalized associated Legendre
polynomials, each corresponding to a speci ¢ wavenumber, to model Earth's
dipole-like magnetic eld [29].

these spherical harmonics with their respective weights, any arbitrary function on the sur-
face of the Earth can be de ned. There are two main parameters that affect the spherical
harmonic. One being the wave number n, which determines how often the wave oscillates
around the circumference of the sphere, and the secondly m, which determines how often
the harmonic oscillates in the longitudinal direction of the sphere for a given n. Anillustration
of the spherical harmonics for wave numbers up to n = 4 is shown in Figure 2.13.

The main contribution of the model comes from low wave numbers, as the Earth's core eld
can be approximated as a tilted dipole eld. On top of this, deviations are captured by higher
wave numbers to re ne the model further. However, wave numbers until n < 16 are consid-
ered to arise from Earth's core magnetic eld. Higher wave numbers are said to be from the
earths crust and its anomalies, which is not to be modeled.

The optimized geomagnetic model that is recalculated every 5 years provides a scalar mag-
netic potential eld V(r; ; ;t ), which depends on the spherical polar coordinates with pa-
rameters: radius r, latitude , longitude , and time t. To obtain the desired magnetic eld
strength B(r; ; ;t ) at a speci c location, the gradient of this potential has to be computed
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Figure 2.14: Isocontour lines of the Earth's magnetic eld calculated from the IGRF model,
derived from geomagnetic observations over the past century [26].

at the desired location (r; ; ):
B(r;;;t )=1r1 V(,;;t): (2.29)

The scalar magnetic potential eld follows from the tted Gauss coefcients g and h})

for the respective Schmidt semi-normalized associated Legendre polynomial P."( ) and is
calculated as follows [26]:

rX'ax a i+1 X] .

V(r,; )= a - [gf cosm )+ hsin(m )]PM( ): (2.30)

n=1 m=0

The most recent total magnetic eld intensities derived form the IGRF model as an contour
map is depicted in Figure 2.14.
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