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Abstract

This thesis describes the design, development, testing and evaluation of instru-
mentation designed to work with and enable the performance of spin-exchange
relaxation-free magnetometers. The instrumentation includes ultra-low noise
bi-polar current sources for driving magnetic field nulling coils and exhibiting
� 15 ppb/

p
Hz wideband noise and narrow 1/f noise bandwidth of 1 Hz. Custom

photodetectors featuring very low noise of � 52 nV/
p

Hz after 100 Hz for tran-
simpedance gain of 150 kV/A were designed, built, and characterised. The detector
also features adjustable gain and bandwidth, with the ability to accept a range
of photodiodes to suit different applications. A custom laser driver for driving
vertical-cavity surface-emitting (VCSELs) lasers was also developed, featuring
very low current noise of 40 pA/

p
Hz at 10 Hz and diode temperature controller

capable of stabilising the temperature to < 0.5 mK.
The thesis also describes the development of two, spin-exchange relaxation-free
magnetometers. One utilising 87Rb, which is a lab-based experiment and a portable
sensor that uses 133Cs as its alkali species. Both experiments benefit from custom
instrumentation developed, achieving ultimate sensitivity of 24.7 fT/

p
Hz and

90 fT/
p

Hz respectively.
Additionally, the thesis describes an investigation of low-power and low-intensity
noise vertical-cavity surface-emitting lasers as an alternative coherent light source
to distributed Bragg reflector lasers commonly used for optically pumped magne-
tometers. The change to inexpensive and power-efficient laser light sources offers
a benefit for the development of portable magnetometers.
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Chapter 1

Introduction

The earliest known use case for observation of magnetic e�ect was for navigation.

One of the earliest instrument examples being a polished spoon made out of

lodestone, which when set on a �at surface, the handle would show the direction

of magnetic south. The �rst example of magnetisation and use for navigation

other than lodestone was "directional �sh" which was a thin strip of iron made to

reassemble a �sh. The iron was placed in a coal �re and after becoming red-hot

the "tail" of the instrument was quenched while being magnetised by the lodestone

[1]. The shape allowed the device better directional accuracy than the spoon and

allowed it to �oat on water. Only later, compass needles made out of iron were

developed.

The earliest examples of magnetometers only provided the ability to measure

the direction but not the absolute �eld strength. It would take until 1832 when

Carl Fredrich Gauss was able to measure the absolute magnetic �eld of the Earth

[2]. The instrument consisted of a magnet suspended by a silk thread over a

scale, where the oscillations produced by the movement of the magnet due to

geo-magnetic in�uence were observed as a re�ection of scale on the telescope

and recorded. This method is believed to have been accurate to within 1% and

commonly used right into the 20th century.
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The work of Hans Christian Ørsted in 1820, provided a link between electric

current and magnetism when he observed that a compass needle de�ects under

the in�uence of electric current �owing through the wire close to the compass

needle [3]. This brought interest to the idea of electromagnetism and spun much

research into this topic.

One of the results of Ørsted's experiment was Michael Faraday's work into the

magneto-optical phenomenon, today known as the Faraday rotation e�ect [4].

Where a linearly polarised light was used to pass through a piece of leaded glass

and under in�uence of a magnetic �eld along the axis of the light, the polarisation

of the light through the medium can be rotated. Depending on the magnetic �eld

strength applied, the rotation could be varied.

This experiment was recreated by Macaluso and Corbino in 1898, but this time

in an atomic vapour [5] to further the understanding of the Faraday e�ect. In

the experiment, they used a sodium sample illuminated by sunlight, close to

the absorption lines and altered the magnetic �eld applied. Through this, they

noted an increase in the optical rotation when the light was in resonance with the

absorption resonance of the sodium sample, laying the foundation for what would

become the optically pumped magnetometers (OPMs) used today.

OPMs are devices that utilise the principles of optical pumping, through means of

lasers or discharge lamps [6, 7], for the formation of a magnetically sensitive state

in the medium [6, 8] and are ultimately used for the detection of magnetic �elds.

OPMs are very sensitive devices, which historically (1970s) were capable of

achieving magnetic sensitivities up to 100 fT/
p

Hz [9, 10] and in the early 2000s

this was improved to levels previously only reserved for Super Conducting Quantum

Interference Devices (SQUIDs) [11] which exploit the Josephson junctions that

require cryogenic cooling for operation [12]. This sensitivity was further increased

in 2002, by operating the magnetometer in a spin-exchange relaxation-free (SERF)

regime (explored in Chapter 2) which is a region of high atomic vapour density at
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near zero magnetic �elds [13]. This new regime allowed it to achieve aT sensitivity

[14] making it more sensitive thanSQUIDs, albeit working only at near zero

magnetic �elds (< 20 nT) and with limited bandwidth (< 30 Hz). In addition,

the sensor was developed to explore the physical limits of the scheme rather than

the practical limits. As such practical devices typically achieve fT sensitivities.

Advances in microfabrication of vapour cells and miniaturised laser light sources

allowed for building these sensors into compact, portable devices [15�17].

These advances in sensitivity and useability makeOPMs, using di�erent interro-

gation methods ideally suited for a myriad of high sensitivity applications ranging

from: biomedical [16, 18�21], geophysics [22, 23], low �eld nuclear magneto reso-

nance (NMR) [24, 25], electromagnetic induction imaging [26, 27], defence [28]

and fundamental science [29, 30].

However, the sensitivity o�ered by OPMs can be easily spoiled by the use of

inadequate instrumentation that will limit their performance. This is primarily

due to over-reliance on commercial o�-the-shelf (COTS) instrumentation in the

laboratory which targets a broad range of tasks but does not target speci�c

applications required by anOPM. Another issue, in particular, is the lack of

instrumentation designed to work for moving the sensors which are lab-based

experiments into practical portable devices. A prospect of a portable device

that requires multiple high-endCOTS instruments quickly diminishes its value

as a commercially viable product, or worse cannot be realised at all because it is

unsuitable.

Another aspect that is important for compact devices is their size, weight and

power (SWaP), which is crucial for applications that require multiple sensors,

such as whole head magnetoencephalography (MEG) [21, 31]. This is di�cult to

realise with lab-based instrumentation, which might be more suited for lab-based

proof of concept solutions rather than application based ones that provide more

constraints.
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The work presented in this thesis aims to address some of these issues by looking

at the process of design, development, testing and evaluation of custom instrumen-

tation aimed at OPMs with a particular focus onSERF magnetometry application

in a laboratory-based experiment and a portable sensor. The work will focus

on identifying aspects limiting the practical sensitivity ofOPMs and addressing

these limitations through a design of custom instrumentation. This includes

ultra-low-noise current source used to drive magnetic �eld nulling coils, custom

low-noise photodetectors and ampli�er architecture, a high stability laser driving

system, as well as custom components such as non-magnetic heaters.

1.1 Thesis Structure

This thesis describes twoSERF magnetometer experiments, their theoretical

background and the instrumentation developed for each. Chapter 2 introduces the

atomic physics theory required to understand the experimental work. Chapter 3

describes the experimental setups of a87Rb, lab-basedSERF magnetometer and a

portable SERF magnetometer based around133Cs. The lab-based magnetometer

was used as a test bed for instrumentation and techniques later used with the

portable SERF magnetometer. This chapter also focused on the characterisation

of the performance of the lab-basedSERF magnetometer in terms of sensitivity,

and steps taken to get to that performance are described. Chapter 4 discusses the

development and testing of ultra-low-noise, highly stable, multichannel current

sources that are used for driving �eld nulling coils in magnetometry applications

as well as bothSERF magnetometers described in Chapter 4. This chapter is

based on the author's published work in the Review of Scienti�c Instruments

journal [32]. Chapter 5 details the development process of custom optoelectron-

ics instrumentation including low-noise photodetectors and a laser driver for

vertical-cavity surface-emitting laser (VCSEL) diodes. Chapter 6 focuses on the

investigation of VCSEL diodes as an alternative laser source to the distributed
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Bragg re�ector (DBR) laser, currently used in the portableSERF magnetometer.

1.2 Work involvement

The work described here began in parallel with other, PhD laboratory members,

Edward Irwin, whose thesis describes the atomic side of the RbSERF experiment,

Rachel Dawson, who focused on the CsSERF as well as machine learning for

optimisation of the experiment. Each made a contribution to the other's work.

The work reported here is the author's contribution. The author also made a

contribution to the free-induction decay (FID) project involving post-doctoral

researcher Dominic Hunter and PhD candidate Allan McWilliam. This work is

ongoing and is not reported here.

Publications Arising from This Work

ˆ M. S. Mrozowski, I. C. Chalmers, S. J. Ingleby, P. F. Gri�n, and E. Riis,

�Ultra-low noise, bi-polar, programmable current sources� Review of Scienti�c

Instruments 94, 014701 (2023), 10.1063/5.0002964

ˆ D. Hunter, M. S. Mrozowski, A. McWilliam, S. J. Ingleby, T. E. Dyer, P. F.

Gri�n, E. Riis, �Optical pumping enhancement of a free-induction-decay

magnetometer� Journal of Optical Society of America B, 40, 2664-2673,

(2023)

ˆ R. Dawson, C. O'Dwyer, E. Irwin, M. S. Mrozowski, D. Hunter, S. J.

Ingleby, E. Riis, and P. F. Gri�n, �Automated Machine Learning Strategies

for Multi-Parameter Optimisation of a Caesium-Based Portable Zero-Field

Magnetometer� Sensors 23, 4007 (2023), 10.3390/S23084007

ˆ D. Hunter, C. Perrella, A. McWilliam, J. P. McGilligan, M. Mrozowski, S. J.

Ingleby, P. F. Gri�n, D. Burt, A. N. Luiten, E. Riis, �Free-induction-decay



CHAPTER 1. INTRODUCTION 6

magnetic �eld imaging with a microfabricated Cs vapor cell� Optics Express,

31, 33582-33595 (2023), 10.1364/OE.500278

ˆ S. J. Ingleby, P. F. Gri�n, T. Dyer, M. S. Mrozowski, and E. Riis, �A digital

alkali spin maser� Scienti�c Reports, 12, 1-7 (2022), 10.1038/s41598-022-

16910-z



Chapter 2

Theory of SERF OPMs relevant to

the experimental work

This section presents the core atomic physics theory and concepts required to

describe experimental work focused on optically pumped magnetometers.

2.1 Atomic Energy Structure

Alkali metal atoms �nd their use in metrological instruments such as magnetome-

ters and atomic clocks due to their simple electronic structure consisting of a single

unpaired electron in the outer energy shell that can be manipulated with ease.

Additionally, the presence of optical transitions in visible and near infra-red (NIR)

makes them easily accessible with laser technology. Because of this, the energy

can be well approximated by considering only the valence electron and the nucleus,

while neglecting the electrons in the inner energy shells.

Orbital angular momentum of the electron~L is constrained in the range of

0 � L � n � 1, whereL is the magnitude of the vector~L and n is the principal

quantum number. Alkali metal atoms consist of a single outer valance electron

and a single electron spinS = 1=2, with spin angular momentum ~S [33].

The sum of the orbital angular momentum of the electron~L and total spin
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angular momentum~S, gives rise to the total angular momentum of the electron

~J . The quantum number J , which is the magnitude of ~J , can range from

jL � Sj � J � j L + Sj and is restricted to integer values in that range. The

spin-orbit coupling (L � S coupling) thus results in the splitting of energies for

states whereL > 0, giving rise to �ne structure splitting.

The spectroscopic notation used to specify an occupied quantum state is given in

the form jL; S; J i = 2S+1 L J . The energy eigenstates of �ne structure splitting are

hence described byjn`; 2S+1 L J i . For Cs, the ground stateL = 0 does not result in

splitting due to spin-orbit coupling, while the �rst excited state L = 1 is split into

two states6p2P1=2 and 6p2P3=2 respectively. The transitions from the ground state

6s 2S1=2 to 6p2P1=2 and 6p2P3=2 states is described as theD1 and D2 transitions

[34]. These transitions are one of the key elements used in the processes of optical

pumping and detection in atomic magnetometers withD1 being the most popular

in magnetometry application, demonstrating superior optical pumping e�ciency

in comparison toD2 when there is collisional mixing in excited state [35].D1 also

presents more widely spaced hyper�ne levels in the excited state, it also features

dark states that allow for optical pumping into unperturbed Zeeman states.

D2 transition is typically used in dual beam setups, whereD2 is used for pumping

while D1 is used for detection [35].

The interaction between the electron's angular momentum~J and the nuclear spin

~I , (quantum number I ) gives rise to total angular momentum~F that can range in

integer valuesjI � J j � F � j I + J j which leads to much narrower atomic energy

splitting known as the hyper�ne splitting.

The hyper�ne splitting levels F can further split into magnetic sublevels with

quantum numbersmF , which can be described by2F + 1 for a corresponding

F level. In the absence of a magnetic �eld, themF levels become degenerate.

The values ofmF range from� F; mF ; F . The energy eigenstates in the hyper�ne

structure can be described byjn`; 2S+1 L J ; F; mf i [36, 37]. The Cs energy structure
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Figure 2.1 � Cs energy structure diagram, illustrating splitting of the ground
state and the �rst excited state. The D1 and D2 transitions arise from the
�ne structure interaction and the hyper�ne structure from the coupling of the
electron angular momentum with the nuclear spin. This process is denoted by
the quantum number F for ground state splitting and F 0 for excited splitting.
Splittings illustrated are not to scale.

diagram, including D1 and D2 transitions as well as their corresponding hyper�ne

splitting, is presented in Fig. 2.1.

2.2 Zeeman effect

Previously mentionedmF levels are degenerate in the absence of a magnetic �eld.

This degeneracy can be lifted if an external static magnetic �eld is applied, due to

the interaction of magnetic moments of electrons and protons with the external

�eld [36]. This process can be described using the Zeeman e�ect where themF

levels act as the projection of the total angular momentumF onto the external

magnetic �eld axis. For magnetic �eldsB that is su�ciently small (as is the case
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for SERF magnetometers) the energy shift� E can be given as [36]:

� E = gF � B BmF ; (2.1)

where gF is the hyper�ne g-factor described in Eq. 2.2 and� B is the Bohr

magneton.

gF = gJ

�
F (F + 1) + J (J + 1) � I (I + 1)

2F (F + 1)

�
� : : :

gI

�
F (F + 1) � J (J + 1) + I (I + 1)

2F (F + 1)

�
: (2.2)

For higher �elds, where the magnitude of the energy shifts becomes comparable to

other e�ects the Zeeman e�ect has to be rede�ned. An analytical solution exists

for states with (J = 1=2), which is relevant for the ground state of alkali metals

and can be calculated using the Breit-Rabi equation for the ground state levels

when L = 0 [36]. As the magnitude of the �elds used in this thesis is close to zero

�elds (< 1 � T), only the low magnetic �eld energy shift Eq. 2.1 is considered,

which is valid for �elds < 30 �T for Cs [38].

If the external magnetic �eld B de�nes the quantisation axis, then under this

condition mF is a good quantum number. This leads to the evolution of themF

state, where the hyper�ne states precess with the frequency! F given in Eq. 2.3.

! F = I � 1=2 = �
gj � B B

(2I + 1) ~

= � B :

(2.3)

The ! F is known as the Larmor precession frequency [39], governed by the

gyromagnetic ratio  and the external magnetic �eldB . It is important to note

that for the ground state of alkali atoms whereF = I � J for the lower ground
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state and F = I + J for the upper ground state will result in opposite sign

g-factors, that result in opposite Larmor precession direction [37]. This fact is

important and is covered in the later section 2.6.1 as it is a primary source of

relaxation due to spin-exchange collision.

2.3 Absorption Spectral Line

The observed absorption spectra depends on the alkali species, giving rise to its

natural linewidth as well as any additional broadening mechanisms present in

the system. These broadening mechanisms can be split into homogenous and

inhomogeneous broadening mechanisms. Homogeneous broadening mechanisms

a�ect all the atoms present in a sample (such as a vapour cell) in the same way.

One such mechanism is pressure broadening, which depends on the operating

temperature of the sample or the bu�er gas type and pressure. Inhomogeneous

broadening mechanisms a�ect individual atoms in di�erent ways, such as with

the Doppler broadening in thermal atoms.

2.3.1 Natural Linewidth

The natural resonance linewidth is based on the natural lifetime of the atomic

transition � = 1=(2� � 0) [35], where� 0 is the resonance linewidth given as full-

width-at-half-maximum (FWHM ) [40]. The natural linewidth stems from the

time-energy uncertainty relation, which prevents atomic transitions from having

singular frequencies. The lifetime depends on species and for theD1 transitions of

133Cs and87Rb is 34.791 ns [41�43] and 27.679 ns [44�46] respectively. The natural

linewidth is a homogeneous broadening mechanism and thus has a Lorentzian

distribution, L . Its normalised distribution is presented in Eq. 2.5

� 0 =
1

2��
(2.4)
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L (� ) =
1
�

� 0=2
(� � � 0)2 + (� 0=2)2

: (2.5)

2.3.2 Broadening mechanisms

Among other homogeneous broadening mechanisms that are recognised is the

broadening due to atom collisions known as pressure broadening� P. Alkali-alkali

collision that increases with density and alkali-bu�er gas collisions in the presence

of bu�er gas decreases the lifetime of the transition and in turn, increases the

broadening e�ect. Similar to natural linewidth, the pressure broadening follows

the Lorentzian distribution found in Eq. 2.4. As both the natural linewidth � 0

and pressure broadening� P follow Lorentzian distribution, their e�ects can be

combined to produce total homogenous broadening� T = � 0 + � P.

The other broadening mechanism that needs to be considered is inhomogeneous

broadening. Atoms have a thermal velocity and their root-mean-square (RMS)

value can be described asv =
p

3kB T=m, wherekB is the Boltzmann constant,

T is the temperature, andm is the mass of the atom. Considering that atoms

will have a component of their velocity along the direction of the laser light, each

will experience a shift in the light frequency due to the Doppler e�ect. This e�ect

will present a spread of frequencies interacting with the atoms which broaden the

linewidth. This process is dependent on the temperature of the sample and is

governed by the Gaussian distribution with aFWHM presented in Eq. 2.6 where

c is the speed of light in vacuum.

� D =
� 0

c

r
2kB T ln2

m
: (2.6)

A way to describe the combined broadening mechanism is to use a Voigt distri-

bution [47] which is the convolution of Lorentzian and Gaussian distributions.

Typically in cells that operate at elevated room temperatures, Doppler broadening

(� D) dominates [36]; however, when su�cient bu�er gas pressure is present, the
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pressure broadening (� P) can dominate and has a bigger impact with the spectral

linewidth taking a L Lorentzian distribution.

2.3.3 Absorption cross-section

The probability of a photon being absorbed by the atom is known as the absorption

cross-section. For a typical Lorentzian line shape caused by a homogeneously

broadened transition of� T � � P and natural linewidth � 0 the absorption cross-

section is given as Eq. 2.7 [48]

� abs =
� 2

2�
2J 0+ 1
2J + 1

� 0

� T
; (2.7)

where� is the wavelength of the transition,J is the total electronic momentum of

the ground state whileJ 0 is the total electronic momentum of the excited state.

As the linewidth � T broadens, the absorption cross-section� abs will also broaden,

such that peak absorption is lowered and as a consequence, the light absorption

will decrease. To retain an adequate level of absorption, a higher number density

of the medium is required. This is achieved by heating the atoms in the cell.

2.4 Optical pumping

Optical pumping can be described as using the degrees of freedom of light to

create non-equilibrium states of matter; when a photon is absorbed it transfers

its angular momentum, which is dependent on the light polarisation on the atom.

In this section, we consider the role of this transfer, plus spontaneous emission,

on population redistribution within a single hyper�ne state.

The selection rules de�ne the excitation of themF magnetic sublevels. Driving

a � transition, where the k vector is perpendicular to theB �eld and the light

polarisation is parallel toB , the excited state transition is given as� mF = 0. For
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� + transition the excitation is given as� mF = mF + 1 and for the � � transition,

it is given as � mF = mF � 1. The atom does not remain in the excited state

forever and quickly decays to the ground state. The decay process follows the

same selection rules, where the probability of decaying to a particular ground

state is governed by the Clebsch-Gordan coe�cients [36].

In this thesis, theF = 4 ! F 0 = 3 of the the D1 line of 133Cs andF = 2 ! F 0 = 1

of the D1 line of 87Rb are mainly used for the optical pumping. When the circularly

polarised light driving � + transition is used, atoms will experience the repeated

cycles of absorption and decay, moving the atomic population to increasingly large

� mF levels. This process eventually stops when the atoms reach the dark state,

either mF = 3 or mF = 4, where no further absorption happens due to selection

rules.

By continuing this process most of the atomic population will be located in the

dark state and a net magnetisationM is formed which is called the orientation

moment with a preferred direction. The direction of the orientation can be changed

by pumping the population with a circularly polarised light driving � � transition

which will encounter a dark state in themF = � 4 or mF = � 3 state in this

particular case assuming no decay toF = 3 occurs.

If however, linearly polarised light driving� transition would be used, the popula-

tion would be split, occupying mostly both dark states,mF = � 4 and forming an

alignment moment that does not feature preferred direction and is only concerned

with the axis [49]. The population and redistribution for orientation and alignment

moment are presented in Fig. 2.2.

Despite optical pumping into either alignment or orientation, some leftover atoms

will decay and occupy theF = 3 state, potentially leading to spin exchange

collision with atoms in F = 4 and scrambling of the polarisation of the spins. The

F = 3 population can be evacuated with another laser source through a process

called re-pumping; however, this work is concerned with a single beam and as



CHAPTER 2. THEORY OF SERF OPMS RELEVANT TO THE
EXPERIMENTAL WORK 15

such repumping mechanism is not considered here. At the same time, theSERF

magnetometer con�guration aims to suppress the e�ects of the spin exchange

mechanism covered in Section 2.6.3.

Magnetometers described in this thesis use the orientation moment to build a

population in the dark state and aB = 0 crossing is detected with the use of a

ground state Hanle e�ect (GSHE), where the transmission signal is proportional

to the polarisation [50].

Figure 2.2 � Level diagram of 133Cs D1 line of the hyper�ne states with their
corresponding resolved excited hyper�ne states. The atomic population is shown
pumped into alignment and orientation states with the use of linearly polarised
light driving � transition, and right-circularly polarised light driving � + transition
resonant to F = 4 ! F 0 = 3 respectively. The relative population of atoms
occupying given states is shown with the height of yellow bars.
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2.5 Ground State Hanle Effect

In the 1920s Wilhelm Hanle observed that the degree of polarisation of �uorescent

light radiation in a dilute atomic medium is dependent on the magnetic �eld

applied in the particular direction [51]. The e�ect manifests itself as resonance

structure centred at B = 0 and is known as the depolarisation of resonance

�uorescence, zero-�eld crossing or Hanle E�ect [52]. The same e�ect also occurs

in the ground state of the optically pumped atoms, where an external magnetic

�eld transverse to the pump direction can be detected by scanning it through a

zero �eld as a function of absorption [9, 50].

In the magnetometers described in this thesis, the alkali atoms are polarised with

circularly polarised light and eventually reach the dark state where no further

optical pumping occurs. Assuming that the magnetic �eld had been nulled in all

axis, maximum transmission through the cell will be achieved as atoms no longer

absorb light[50, 53].

In the experiment, thez-axis is used for pumping and monitoring transmission

through the cell. If the �eld appears along thex-axis, atoms will experience torque

and be able to evolve in time, causing precession out of the dark state enabling

absorption manifesting as a peak when crossing throughBx = 0. If the �eld

along the pumping axis isBz = 0 and Bx and By are not nulled the atoms will

precess out of the dark state and start to absorb the light manifesting as a dip in

transmission [50, 53]. The width of the magnetic resonance�B is dependent on

the T2 relaxation time described in Section 2.6 where�B is given by [13]

�B = (2 �qT 2� 0)� 1 : (2.8)

Here,T2 is the transverse relaxation time,� 0 is the permeability of free space and

q is the nuclear slowing-down factor which will be described in the later section

2.6.3.
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From Eq. 2.8 it can be determined thatT2 time plays an important role in the

overall sensitivity of the device to magnetic �elds.

2.6 Spin Relaxation

For magnetometers in which the total magnetic �eldB is present perpendicular to

z, the electronic spins of the alkali atom will precess about the �eld. By extending

the coherence time of this precession, higher magnetometer sensitivity can be

obtained. For this to happen the spins need to remain polarised for as long as it

is possible. This spin coherence time is known as the transverse relaxation time,

T2. The longitudinal relaxation time is known asT1 which de�nes the lifetime of

the longitudinal spin polarisation. It is typically much longer than theT2 [54], as

such theT2 is the sensitivity limiting factor.

There are multiple processes that cause depolarisation and negatively impact the

T2 time. One such process is the collision of atoms with glass cell walls. When an

atom collides with a glass wall it adsorbs into the surface for some �nite time before

being ejected back into the cell atomic volume. During the adsorption time, the

atom experiences local magnetic and electric �elds of the glass, which randomise

the spin direction, depolarising the atom in the process [35, 55]. The impact of

this e�ect can be lessened by coating cell walls with inert materials which prevent

atoms from reaching the glass walls or by adding bu�er gas into the cell. One of

the most commonly used materials is para�n. However, para�n melts at around

60 - 80°C and is thus unsuitable forSERF which operates at temperatures higher

than the para�n melting point. Higher temperature synthetic coatings exist

but were not considered for this experiment as they are typically only applicable

to glass-blown cells [35, 56] while microelectromechanical systems (MEMS) cell

fabrication with such coatings requires special consideration [57].

Bu�er gas causes atoms to experience the di�usive motion that extends the time

for the alkali atom to reach cell walls. The bu�er gas has to be chemically inert,
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and for this reason, noble or inert gasses are typically used. It is common for

nitrogen to be used, which has the added bene�t of acting as a quenching gas which

suppresses the spontaneous emission of a photon and prevents radiation trapping

[58, 59] which could otherwise limit the atomic polarisation [35]. Magnetometers

often use noble gasses with an addition of nitrogen for quenching [60, 61]. The cells

used in the experiments covered in this thesis all use nitrogen as both the bu�er gas

and quenching gas only, due to manufacturing complexity. The presence of bu�er

gas can, however, lead to spin-destruction collisions between alkali atoms and

gas atoms/molecules leading to additional relaxation. For this reason, bu�er gas

pressure needs to be balanced for optimal di�usion and spin-destruction collisions.

2.6.1 Spin-Exchange Collisions

Another source of spin relaxation is spin-exchange collisions. Alkali atoms can

collide with one another which causes a transfer of their polarisation between

electronic and nuclear spins [62]. These collisions conserve the total angular

momentum but can redistribute the angular momentum among the hyper�ne

sub-levels of the ground state. For alkali atoms, spin-exchange cross-sections are

considered large with a typical order of10� 14 cm2. Spin-exchange collisions thus

contribute to the T2 relaxation time as each collision can alter theF quantum

number, leading to a change in the direction of precession [13, 62]. This phe-

nomenon is presented in Fig. 2.3. The collision rate is proportional to the atomic

density and is typically the main relaxation contribution, especially at higher

temperatures. The rate of spin-exchange collisions can be given asRSE and is

presented in Eq. 2.9

RSE = �qSE� SE�v ; (2.9)



CHAPTER 2. THEORY OF SERF OPMS RELEVANT TO THE
EXPERIMENTAL WORK 19

where� is the alkali metal vapour density,� SE is the spin-exchange cross-section,

qSE is the spin-exchange broadening factor [35] and�v is the average thermal

velocity of the alkali atoms in the vapour cell given as
p

8kbT=�m .

Figure 2.3 � Diagram presenting spin-exchange collision between two Cs-metal
atoms precessing in the presence of the magnetic �eld. As the atoms collide with
each other they have a chance to change their hyper�ne state and begin to precess
in opposite directions losing their coherence. Atoms inF = 3 state are shown in
green andF = 4 in purple.

2.6.2 Spin-Destruction Collisions

Spin-destruction collisions di�er from spin-exchange collisions in that they do not

preserve the total spin polarisation of the atom ensemble. These collisions transfer

spin-angular momentum to the rotational angular momentum of the a�ected atoms

[35], randomising the spin direction and decohere the precession. Spin-destruction

collision can occur between alkali-alkali, alkali-bu�er gas or alkali-quenching gas



CHAPTER 2. THEORY OF SERF OPMS RELEVANT TO THE
EXPERIMENTAL WORK 20

collisions. The spin-destruction rate is described in Eq. 2.10,

RSD = �q� SD �v ; (2.10)

whereq is the nuclear slowing down factor and� SD is the spin-destruction cross-

section. The nuclear slowing down factor describes the degree to which spin

coherence is maintained [13, 35]. Spin-destruction cross-section� SD is typically

two orders of magnitude smaller than the spin-exchange cross-section� SE, which

makes these collisions less frequent and of lower impact on relaxation than spin-

exchange collisions in a typical magnetometer.

2.6.3 SERF Regime

As mentioned previously, spin-exchange is the dominant transverse relaxation

mechanism in most magnetometers as described in Section 2.6.1. Alkali atom

collisions of this type lead to precession in opposing directions, leading to loss of

coherence.

However, at low enough magnetic �elds, whereRSE � B , and su�ciently high

atomic density, the spin-exchange collisions occur much faster than the precession

rate. The precession of single atoms evolves only by a minimal angle between

each collision. Because this process occurs faster than the Larmor precession, the

atom will experience the ensembled averaged evolution of all Zeeman sublevels

of the ground manifold. However, the atom will spend more time in the upper

hyper�ne level due to it containing more Zeeman sublevels in comparison to the

lower hyper�ne level. This is especially true for polarised ensembles, with most

of the population occupying a stretched state of the upper hyper�ne level. The

two hyper�ne levels precess at the same frequency but, due to the imbalance

in population occupancy, the upper hyper�ne state will statistically dictate the

precession direction [35].
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In this process, the hyper�ne states involved can be thought of as being "locked

together" and precess at the same, modi�ed rate due to the slowing down factor

q [63]. This rate is given in Eq. 2.11 [13]

! 0 =
gj � B B

q~
; (2.11)

whereq = S(S + 1) + I (I + 1) =(S(S + 1)) . Due to this averaging phenomenon,

the spin-exchange relaxation mechanism vanishes [64], drastically increasing the

coherence polarisation lifetime. This regime is known as the spin-exchange

relaxation-free (SERF) [13, 14] regime, illustrated in Fig. 2.4.

Figure 2.4 � Diagram presenting spin-exchange relaxation free regime collisions
between Cs-metal atoms precessing in the presence of the magnetic �eld. The
atoms perform two spin-exchange collisions in rapid succession. The collision
causes the atoms to change their hyper�ne state but as the collision rate is faster
than the precession frequency it allows for the atoms to regain their original
hyper�ne state on the second collision. Atoms in theF = 3 state are shown in
green andF = 4 in purple.

To achieve theSERF regime, su�ciently high atomic density [63] is required to
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enable frequent collision, ful�llingRSE � B . Vapour pressure is highly dependent

on temperature due to their low melting points [65]. For alkali metals used in this

thesis, su�cient densities to reach SERF have been achieved at 135°C and 150°C

for Cs and Rb respectively where a density of� 1014 cm3 is achieved. With the

elimination of spin-exchange relaxation, the main source of polarisation relaxation

becomes spin-destruction collisions [62].



Chapter 3

SERF Experiments

This thesis focuses on two, single beamSERF experiments tackling di�erent

requirements. The �rst one is a lab-based experiment that uses87Rb as its alkali

specie and aims to achieve high sensitivity (< 100 fT/
p

Hz) which could be

used to explore low-�eld physical phenomena such as the detection of NMR [17].

The second one is the portable,133Cs baseSERF magnetometer to be used for

biomedical applications. The lab-based experiment is also used as a test bed for

techniques and optimisation later implemented in the magnetometer covered later

in Section 3.5. This magnetometer is a portable design using133Cs as its alkali

specie.

The initial Rb SERF magnetometer experimental work was a collaborative ef-

fort with other PhD candidates: Edward Irwin and Rachel Dawson as well as

postdoctoral researcher, Carolyn O'Dwyer.

The work presented here, on the updated lab-based magnetometer setup, was

based on collaborative work with a postdoctoral researcher, Dominic Hunter.

In this chapter, the experimental setups of both a lab-based Rb magnetometer

and a portable Cs magnetometer will be explored. The primary focus of this

chapter is the evaluation of the instrumentation around these magnetometers, that

enable their performance. The instrumentation includes ultra-low noise current
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source used as a coil driver for driving the nulling �eld Helmholtz coils covered in

Chapter 4, as well as low noise ampli�ed photodetector covered in Section 5.1 of

Chapter 5.

3.1 Lab-based SERF Experimental setup

The magnetometer was designed in a single-beam con�guration. Single-beam

con�gurations provide an advantage in their simplicity, streamlining the process

of scaling down the lab-based experiment into a portable one due to the reduced

number of optical elements and a need for a single light source. Single-beam

con�guration however su�ers from reduced pumping e�ciency [35] and achieves

lower sensitivity than the two-beam, pump and probe setups.

Magnetometer sensitivity is directly correlated with polarisation lifetimeT2, as

mentioned in Section 2.6. T2 time is negatively a�ected by the rate of spin-

exchange collisions,RSE and the rate of spin-destruction collisions,RSD. In the

SERF regime, spin-exchange collisions are eliminated and only spin-destruction

collisions remain. In the selection of an alkali specie for a magnetometer, cross-

sections of both spin-exchange and spin-destruction need to be considered. Both

cross-sections de�ne the rate at which collision can occur. For sensitivity only

the spin-destruction cross-section,� SD is important. Alkali metals with smaller

cross-section experience smaller spin-destruction rates and higher sensitivity. At

the same time spin-exchange cross-section� SE should be as large as possible to

enableSERF operation at a lower temperature which is directly correlated with

the density of the alkali metal. Unfortunately, alkali metals with higher density

and � SE feature higher� SD. � SE and � SD for di�erent alkali metals is presented in

Tab. 3.1.
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Table 3.1 � Cross-section values for spin-exchange� SE, spin-destruction between
alkali atoms � self

SD and spin-destruction between alkali atoms and nitrogen bu�er
gas� N2

SD. Data obtained from [66�70]

Alkali metal � SE � self
SD � N2

SD

Cs 1:9 � 10� 14 cm2 2 � 10� 16 cm2 60� 10� 23 cm2

Rb 1:65� 10� 14 cm2 9 � 10� 18 cm2 10� 10� 23 cm2

K 1:45� 10� 14 cm2 1 � 10� 18 cm2 7:9 � 10� 23 cm2

Initially, the lab-based SERF experiment used a133Cs as its alkali species, which

was housed in a micro-fabricated vapour cell as an investigation into low-power,

and low-temperatureSERF magnetometer. Low power consumption and lower

temperature are of particular interest for medical applications in which magne-

tometers are typically used in arrays and require to be skin safe (� 43 °C) [31, 71,

72]. It was however decided to move to87Rb, in pursuit of maximising sensitivity

in single-beam setups, while133Cs was explored in a portableSERF setup covered

later in Section 3.5. The Rb SERF magnetometer setup is presented in Fig. 3.1.

3.1.1 Vapour cell

The experiment is based around a 10 mm3 internal dimension (1 mm thick walls),

glass blown cell manufactured by TwinLeaf LLC, containing enriched87Rb �lled

with 200 Torr of N2 bu�er gas. A photograph of the cell used is presented in

Fig. 3.2.

The vapour cell is housed in an oven made out of two FR4 printed circuit

boards (PCBs) that carry two custom �eld-cancelling heaters. The boards are

retained with two nylon bolts with the heaters bonded to the cell with a non-

magnetic Boron-nitrate thermal compound improving thermal conductivity. A

�at, T-type, non-magnetic thermocouple is attached near the cell stem using

reinforced polyimide tape enabling temperature measurements of the cell. The
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Figure 3.1 � Diagram presenting experimental setup of the RbSERF mag-
netometer. DBR Laser: distributed Bragg re�ector laser; FB: �ber box; �= 4
quarter-wave plate; NPBS: non-polarising beam splitter;87Rb: enriched rubidium
87 vapour cell;PDM : monitor photodetector; PDS: signal photodetector; DAQ:
data acquisition system. The �gure also shows a 4-layer magnetic shield.

assembly is insulated with SuperWool® HT felt mat and wrapped with polyimide

tape, to increase heating e�ciency. The oven assembly is then inserted into a coil

former that houses theBRF coil to supplement the �eld cancellation coils present

in the mu-metal shield assembly. The coil former is a 3D printed part, made out

of high-temperature resin [73] to withstand the cell temperature. The former is

secured to the integrated nylon breadboard of the shield.
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Figure 3.2 � Photograph of the enriched87Rb 10 mm3 internal dimension glass
blown vapour cell used in this experiment.

3.1.2 Magnetic shield

The whole assembly is housed in a four-layer mu-metal shield (MS-1L) from

TwinLeaf. Its purpose is to e�ectively attenuate static and oscillating �elds that

would otherwise saturate the sensor. Static �elds such as the Earth's �eld lines

are re-directed around the shielded surface, due to the very high permeability of

the shield providing an e�ective path for the �eld lines to follow. mu-metal can

also be used for attenuation of oscillating �elds such as alternating current (AC)

mains. Low-frequencyAC �elds are better attenuated due to the wave-impedance

increase at the barrier, however, their e�ectiveness drops as the frequency increases

due to a reduction in permeability [74].

The shield also features built-in �eld-nulling coils as well as a set of gradient

coils. Field nulling coils are used to cancel the remaining magnetic �eld in the

shield providing �eld nulling in Bx , By which is in the order of few nT, as well as

applying static �elds to test the magnetometer. The static �eld coils are driven

with a custom ultra-low noise multi-channel current source, which is covered in
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Figure 3.3 � Photograph of the partially assembled oven housing Rb cell and
�eld cancelling heaters. After the T-type thermocouple is attached to the cell
with reinforced polyimide tape, the rest of the assembly is covered in insulating
material leaving only optical access windows of the size of the cell wall.

detail in Chapter 4. The coils feature a �eld to current ratio of 67.305, 67.875

and 122.336� T/A for Bz, By and Bx coils respectively. Gradient coils can be

used to correct for any magnetic �eld gradients experienced in the cell. These

gradients contribute to relaxation due to atoms experiencing di�erent magnetic

�elds a�ecting their precession [75, 76]. Gradient coils have not been used in this

experiment due to the size of the cell and the overall uniformity of the generated

B �eld through the static �eld coils.

The shield's long side (along thex-axis) has been orientated in the direction

along magnetic North to better shield against the earth's magnetic �eld as seen

in Fig. 3.1.

3.1.3 Optical Setup

A coherent laser light source is provided by a single frequency,DBR laser tuned to

the F = 2 ! F 0 = 1 of the D1 line of 87Rb. The DBR laser used is a �bre-coupled,

40 mW maximum output power, 795 nm, single frequency laser in a butter�y

package [77]. The butter�y package integrates an optical isolator, thermo-electric

cooler (TEC), thermistor and a monitor photodiode. These lasers were found

to have their polarisation not fully aligned with the slow axis of the �ber. The
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consequence of this is that any perturbation to the �ber will cause a change in

polarisation [78]. For this reason, a small box was 3D printed that houses the

�ber, insulated with SuperWool® material used for insulating the cell assembly.

To minimise environmental e�ects on the �ber only short sections of the �ber are

exposed to the environment.

The laser light beam with a 3.6 mm diameter �rst travels through a quarter-wave

plate which is used to turn the linearly polarised light into circularly polarised

light. This light is split with a non-polarising beam splitter and sent to a custom

low-noise photodetectorPDM which serves as a monitor photodiode while the

other portion of the beam is incident with the cell inside the shield. The circularly

polarised light optically pumps the87Rb atoms to a dark state in the absence of a

magnetic �eld. Deviation from zero magnetic �elds allows for the atoms to exit

the dark state and change the transmission of light through the cell as described

in Section 2.5. The change in intensity is detected with the signal photodetector

PDS, which is con�gured in an identical con�guration to PDM . The use ofPDM

and PDS allows for the cancellation of common mode noise, which in this case is

the intensity noise of the laser. The photodetectors have lenses mounted in front

of them in order to �t the beam size that is incident on the active area of the

photodetector.

All of the optics are mounted on small raising breadboards screwed to the optics

table with 1.500thick posts, raising the optics to the shield optical access holes

in order to minimise vibration susceptibility. All of the optics are then attached

to the shield using a cage-mount system, in an attempt of making any vibration

common mode with the rest of the setup. A photograph of the setup is presented

in Fig. 3.4.
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