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Abstract

This thesis describes the design, construction and optimisation of a rubidium spin

exchange relaxation free magnetometer using only a single beam. The experiment is

used to look at high bandwidth sensors which will ultimately inform a more compact

version used for biomagnetic field detection.

The optimisation of the sensor is discussed in detail highlighting the battle

between magnetometry cell temperature, laser power and laser detuning, but also the

effects the modulation parameters can have on the sensitivity. Two detection methods

are used in this thesis: absorption and optical rotation. The differences in how these

two methods operate are highlighted and how these differences affect the final result

in the sensitivity. With both of the these methods reaching equal sensitivities above

10 Hz, the choice was made to progress further with the absorptive detection method

due to its superior sensitivity in the lower frequency range.

Limitations of the experimental setup are discussed with them being reached

in various components. The limiting noise sources are thought to be the DAQ unit and

vibrations introduced by the shield. A sensitivity of 35 fT/
p

Hz with a bandwidth that

extends out to 420 Hz is achieved, while clear areas for improvement are highlighted.

Overcoming some of these limitations ultimately lead to a sensor with an improved

noise performance of sub 20 fT/
p

Hz. It is pointed out that the Johnson noise of the

mu-metal shield is not far below the sensitivity reached here.
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Chapter 1

Introduction

Within the animal kingdom magnetoreception has been used for directional purposes

in migratory animals for millions of years. The migrations were �rst recorded by the

Ancient Greeks such as Aristotle and Homer. Migratory animals included �sh, reptiles

and birds where the exact magnetoreceptive process happens is still unclear [1]. Humans

have been taking advantage of the phenomenon of Earth's magnetic �eld over the past

few thousand years for directional purposes also. Compasses were �rst used in the Qin

dynasty in China (221 - 206 BCE) [2]. Early compasses were created with the use of

lodestones suspended by silk threads. These early compasses were known to align to the

magnetic pole. The �rst recorded proposal that the Earth produced a magnetic �eld

was not until William Gilbert described this in his work "De Magnete" in 1600 [3, 4].

Over 200 years later Carl Fredreich Gauss measured the strength of the Earth's �eld

in 1832 [5]. During the same period contributions to the �eld from physicists such as

Charles Coulomb, Hans Christian Oersted, Andr�e-Marie Amp�ere and Michael Faraday

can not be overlooked. These discoveries include the force of attraction and repulsion

between charged bodies by Coulomb [6, 4]. Later, Oersted showed that electric current

in wires causes a nearby needle to de
ect from magnetic north [7, 4]. Following this

Amp�ere and Faraday were to lay the bases for classical electromagnetism. In 1821

Amp�ere discovered that current 
owing in the same direction in parallel wires creates
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an attraction between the wires, and Faraday's discovery of induction in 1831 [8, 9, 4].

James Clerk Maxwell uni�ed these theories to give a single set of equations in 1865 [10].

Faraday's contributions did not end with induction. What we know as the

Faraday e�ect was discovered in 1845 [11]. The Faraday e�ect was witnessed by passing

linearly polarised light through a piece of glass with a magnetic �eld present, the change

in the optical polarisation was monitored showing that both the glass and light possessed

magnetic properties. Pieter Zeeman followed on from Faraday's work and observed

that by introducing a magnetic �eld the spectral lines of an atom broaden, discovering

the magnetic Zeeman sublevels [12]. With this discovery of magnetic sublevels within

the atom, the ability to measure magnetic �elds based on the spectral splitting was

enabled. For his discovery Zeeman was awarded the Nobel Prize in which he made

reference to Faraday's work [13]. Twenty years later Wilhelm Hanle showed the change

in 
uorescent light polarisation from decaying electrons with changing magnetic �eld

[14]. At the time it was thought that Hanle's discovery was in fact a Zeeman e�ect and

was not fully accepted for a few years. Hanle's observation was not the �rst time this

e�ect has been observed, with the �rst record of it being in 1912 by Robert Williams

Wood [15]. Both the Faraday and Hanle e�ect are relevant in this thesis and discussed

further in the next chapter.

Another process discussed and used heavily in this thesis is that of optical

pumping. Optical pumping is the use of resonant light to create non-equilibrium states

within a medium. This e�cient method of controlling the internal states of atoms even

allows population inversion to be achieved. With the discovery of optical pumping by

Alfred Kastler in 1950 a new and exciting area of physics was uncovered [16]. One of

the areas where the technique of optical pumping was harnessed was optically pumped

magnetometers (OPMs). Bell and Bloom experimentally demonstrated the �rst OPM

in 1957 [17, 18]. The Bell-Bloom magnetometer is a DC magnetometer measuring the

magnitude of a magnetic �eld. The �eld is detected by modulating the pump beam

in either intensity or frequency to match that of the Larmor frequency and detects
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an increase in signal amplitude when resonant [19]. The Larmor frequency,! L , is the

frequency at which an atom processes around a magnetic �eld and is related to the

magnetic �eld by:

! L = 
B; (1.1)

where 
 is the atoms gyromagnetic ratio andB is the magnitude of the measured �eld,

shown in Fig 1.1a. The Larmor frequency matches the Zeeman shift in the low �eld

regime where they both increase linearly with the magnetic �eld experienced. Fig 1.1b

shows the Zeeman sublevels degeneracy being lifted when in a magnetic �eld with the

sublevels moving from the solid lines by! L . The on-resonance optical transition is also

denoted by ! 0.

Figure 1.1: a) An atom precessing in a magnetic �eld, B, at the Larmor Frequency, ! L and
� showing the atoms magnetic moment. b) A representation of how a magnetic �eld shifts the
magnetic states within the atom by the same amount, shown by the levels moving from the solid
line to the dashed line. The on-resonance transition frequency is shown by! 0.

In this thesis, spin exchange relaxation free (SERF) OPMs will be discussed.

SERF systems work by eliminating a form of magnetic re-equilibrisation following

optical pumping, known as spin exchange relaxation. To reach the SERF regime the

sample of alkali atoms is heated to 100� C - 200� C depending on the alkali species that
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is being used in order to increase the density to achieve the required collisional regime.

This increase in density increases the rate of spin exchange (SE) collisions far beyond

the Larmor frequency, which is required to enter the SERF regime. This technique was

�rst realised and used for magnetic resonance narrowing in the 1970's [20, 21].

The magnetic resonance describes the response of the atoms to a change in

magnetic �eld. Its shape is broadened by relaxation mechanisms and quanti�ed in two

parts:

� 2 = � 1 + � SE : (1.2)

Here � 2 is the total magnetic linewidth or transverse relaxation rate, while � 1 is the

longitudinal relaxation rate, or the spin destruction collision rate, and � SE is the rate

of SE collisions. By suppressing SE the magnetic linewidth is narrowed becoming only

dependant on the spin destructive collisions that limit � 1. Since the 1970's, when the

SERF technique was �rst used in magnetometry, it has been used to provide some of

the most sensitive measurements of magnetic �elds that have been carried out to this

day [22, 23]. The recent combination of decreasing size, increasing performance and


exibility in design has allowed OPMs to become an increasingly common method of

biomagnetic �eld detection [24, 25].

Within the medical industry there are a number of di�erent areas

of magnetic �eld study such as the brain (magnetoencephalography or MEG),

heart (magnetocardiography or MCG) as well as fetal cardiac signals (fetal

magnetocardiography or fMCG), spine (magnetospinography or MSG), gastric

(magnetogastrography or MGG) and muscle (magnetomyography or MMG). For

example, MEG can be used for mapping magnetic �eld strength and frequencies

produced by the brain, producing signals in the region of 10 fT - 1 pT [26]. Brain

signals are also categorized into �ve frequency bands: delta (� ) 0.2 Hz - 3 Hz, theta

(� ) 4 Hz - 7 Hz, alpha (� ) 8 Hz - 13 Hz, beta (� ) 14 Hz - 31 Hz and gamma (
 )
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32 Hz - 100 Hz [27, 28, 29, 30, 31]. These �eld strengths and frequencies outline

operational requirements for a MEG sensor. MCG signals on the other hand tend to be

in the range up to around 50 Hz and as large as 100 pT [32]. The �rst measurements

of MEG signals were recorded in 1968 by David Cohen at the University of Illinois

using an inductive pickup coil [33]. As with almost all measurements still today they

were carried out in a magnetically shielded room (MSR) to attenuate large background

�elds, the largest of which typically is the Earth's geomagnetic �eld. Four years later

Cohen carried out new measurements using an improved MSR and superconducting

quantum interfering device (SQUID) [34]. The SQUID sensor had been invented a few

years earlier by Ford Scienti�c Laboratories in Michigan [35]. One of the drawbacks

of SQUIDs for some applications is that to create superconducting circuits cryogenic

cooling is needed. For this a dewar to house the equipment and cryogenic liquid are

required, which makes the system not only large but expensive to install and maintain

[36, 37]. These drawbacks also mean that the SQUID sensors are static with a one size

�ts all approach to the sensors position. OPMs on the other hand can be worked into

any size helmet allowing for much more freedom in design. This means experiments can

accommodate movement of sensors, with appropriate active �eld control, and 
exible

placement with respect to the head and more suited to children and patients with

epilepsy or schizophrenia [38].

The work carried out in this thesis is funded by the UK Quantum Technology

Hub for Sensors and Timing. The goal of the UK Quantum Programme is to design and

develop quantum technology within the UK. This project's ambition is to understand

how to build a SERF sensor with noise performance that would allow it to be used for

biomagnetic �eld detection. The information gathered and techniques used here will

help inform a more portable version with the long term goal of being able to be used as

an array of newly designed and built sensors.

From here Chapter 2 will go on to discuss the theory behind OPMs and more

speci�cally a SERF magnetometer. Chapter 3 goes on to discuss the experimental
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setup of a single beam SERF OPM. In this �rst instance measurements are taken via

an absorption signal using a single photodiode and the characterisation and optimisation

are discussed in Chapter 4. The discussion then moves on to the design and operation

of an optical rotation based sensor in Chapter 5. Chapter 6 discusses the comparison

between the two operation modes of the sensor and limitations reached within the

experimental set up. Chapter 7 will conclude the thesis and highlight key results

and brie
y discusses the improvements made to the experiment after this thesis was

completed using the improvements suggested here to overcome limitations.
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Chapter 2

Theory of Optically Pumped

Magnetometers

This chapter is going to discuss the theory necessary for understanding the operation

of an atomic magnetometer. The discussion will start with the atomic structure of

alkali atoms. The alkali atom atomic structure is closely related to the optical lineshape

produced by the allowed transitions. The importance of this is covered when discussing

the absorption of light and how this a�ects the atom as well as how electrons move

between magnetic sublevels. Optical pumping creates magnetisation in an ensemble of

atoms and leads to discussion about the atomic magnetic resonance. Factors that have

an e�ect on the magnetic resonance will also be discussed. The last points of discussion

in this chapter will be around magnetic e�ects such as optical rotation and sensitivity

measurements. The concepts discussed in this chapter are used extensively throughout

this thesis.
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2.1 Atomic Physics

2.1.1 Atomic Numbers

Atoms are made up from three building blocks: protons, neutrons and electrons.

Protons have a positive charge, with a value of 1:602� 10� 19 C, while neutrons are

neutral. The electrons, on the other hand, have a negative charge of the same magnitude

as the protons. The nucleus is a combination of protons and neutrons giving it an overall

positive charge and the electrons form a negatively charged cloud around the nucleus.

What makes each element di�erent from one another is the amount of protons

in its nucleus. Di�erent isotopes of an element can be formed by having varying numbers

of neutrons. The general form of writing these numbers is:AZ E where E is the element,

Z is the number of protons and A the number of protons and neutrons as given in

Table 2.1 for potassium, rubidium and caesium.

Element (E) Mass Number (A) Atomic Number (z)

K 39 19
Rb 87 37
Cs 133 55

Table 2.1: Atomic numbers for particular isotopes of potassium, rubidium and caesium.

The electrons are arranged in shells and sub-shells surrounding the

nucleus. Each sub-shell can hold a di�erent amount of electrons as follows:

s � 2; p � 6; d � 10; f � 14 and g � 18. Rubidium has electron shells which can

be described as: 1s22s22p63s23p64s23d104p65s1 or shortened to [Kr]5s1 as the electron

shells are the same as krypton, but with one extra electron in the outer shell. Other alkali

atoms follow similar patterns. With one valance electron the alkali atoms behaviour is

easier to model. This is because a photon can excite only a single electron, not multiple

electrons in the same shell. Having a single outer electron makes the atoms hydrogenic

[39, 40].
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2.1.2 Quantum Numbers

Using the example of rubidium, we can now ignore the full sub-shells and focus on the

one remaining electron. The coarsest of the quantum numbers is the principal quantum

number, n. The principal quantum number describes the size of the atom in the simple

Bohr model. The next character denotes the angular momentum of the shell. This is

referred to as`: s = 0, p = 1, d = 2 and so on.

The orbital angular momentum, L , the next number to be considered, is a

vector sum of the occupied` states. In the case of alkali atoms,L = 1. As with `, L is

related to S, P and D, thereforeL = 1 = ) S. The last quantum number needed now

is J , the ground state angular momentum. J is a vector sum ofL and S, where S is

the spin angular momentum. Combining the quantum numbers here the ground state

term takes the form n` 2S+1 L J . For rubidium the ground state term is 5s 2S1
2

[41, 42].

2.1.3 Fine and Hyper�ne Structure

The next level of complexity to consider is the �ne structure. From the ground state

the outer electron can be excited by resonant light through a number of transitions.

This level of structure is caused due to spin-orbit coupling:

� ES� O =
�
2

(J (J + 1) � L (L + 1) � S(S + 1)) : (2.1)

Here � ES� O refers to the energy shift of a particularJ state where� is the �ne structure

constant [43]. In the 5p manifold this results in no splitting in the ground state as L = 0.

In the excited state there is a splitting between 5p 2P1
2

and 5p 2P3
2

as L = 1. There

are two commonly used transitions in alkali atoms known as the D1 and D2 transitions.

The D1 transition has an excited state with angular momentum the same as the ground

state, and therefore hyper�ne states the same as the ground state. However, the D2

transition excites to a level where the angular momentum is larger than the ground
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state, creating more hyper�ne states. In this thesis we will focus mainly on the D1

transition, exciting from the ground state, 5s 2S1
2
, to the excited state, 5p 2P1

2
, for Rb.

The �ne structure splits further into what is the hyper�ne structure. The value

of the hyper�ne states, F , is calculated by F = I � J , where I is the nuclear spin of

the atom. Since for Rb I = 3
2 and J = 1

2 the hyper�ne levels of F = 2 and F = 1 are

found. The shift of a particular hyper�ne level is, � Ehfs , is given given by:

� Ehfs =
Ahfs

2
(F (F + 1) � J (J + 1) � I (I + 1)) ; (2.2)

whereAhfs is the hyper�ne structure constant [43]. The levels discussed so far here are

shown for rubidium-87 in Fig 2.1.

In order to resolve any further sublevels from here the application of a magnetic

�eld is needed. Only when this is the case are the magnetic sublevels or Zeeman sublevels

able to be resolved. The number of Zeeman sublevels is obtained by 2F + 1 with the

individual mF states being mF = � F; � F + 1 ; :::; F � 1; F . This gives �ve magnetic

levels for F = 2 hyper�ne level in rubidium with mF = � 2; � 1; 0; 1; 2. The mF state

describes the projection of the hyper�ne state on to the quantisation axis. WheremF

is equal to the extreme values (-2 and 2) it is maximally aligned to the quantisation

axis and when it is equal to 0 it is perpendicular to the quantisation axis. When these

sublevels experience small magnetic �elds their degeneracy is lifted and the shift of a

particular energy level is:

� Ez = gF � B mF BZ ; (2.3)

where � E is the energy shift in J , � B the Bohr magneton, mF the magnetic sublevel

being a�ected and BZ is the strength of the �eld in T. The hyper�ne g-factor, gF , is
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Figure 2.1: Atomic structure schematic for rubidium-87 (not to scale). The splitting of the
�ne structure can be seen, allowing both D1 and D2 transitions. The hyper�ne structure is also
shown for both the excited states:J = 1

2 and J = 3
2 .

found using the expression:

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)

�
;

(2.4)

where gJ and gI are the angular momentum g-factor and nuclear spin g-factor

respectively. The splitting between each individual magnetic sublevel relates to the

Larmor frequency, ! L = � Ez
�h . The hyper�ne g-factor for each of the upper and lower

hyper�ne states of the ground manifold is approximately opposite, thus giving opposite

splittings to the mF states of the same value in opposing hyper�ne structures. Another

e�ect of the opposite sign of gF is that atoms in similar mF sublevels precesses in

opposite directions [43].
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2.2 Optical Resonance

2.2.1 Collisional Broadening

When atoms absorb resonant photons, they are optically pumped. The probability of

absorbing a photon is determined by the optical resonance lineshape. This section will

go in to detail on how to model such lineshapes due to their importance in this thesis.

A complete picture was not easily found during the time of research so a model was

created pulling information from multiple sources. The starting point for the optical

resonance is the natural linewidth which is measured in Hz:

� N =
1

2�� N
; (2.5)

where � N is the natural lifetime of the excited state in seconds. The complete pro�le

can be obtained by:

L (v � v0) =
1
�

� N
2

(v � v0)2 +
�

� N
2

� 2 ; (2.6)

where v and v0 are the laser frequency and resonance frequency respectively [44]. A

resonance of this shape is what is expected if an atom was to have no interaction

with any other particles. The transitions themselves can be a�ected by many factors

broadening, narrowing and even shifting them. Collisional broadening in the system is

provided by collisions with quenching gas (discussed in Section 2.5) removing excited

electrons from the excited state faster than they would spontaneously decay. This is a

homogenoeous broadening mechanism of the form [45]:

� C =
1

2�� C
; (2.7)

where � C is the time between collisions in seconds. Since collisional broadening is a

homogeneous process it provides a Lorentzian distribution. The convolution of two

12



Lorentians is simply the sum, meaning that the resulting linewidth can be written as,

� L = � N + � C : (2.8)

Taking Eq 2.6 the absorption cross-section of the pro�le can calculated:

� L (v) = �r ecfL (v � v0); (2.9)

where re is the electron radius,c the speed of light andf the oscillator strength. Eq 2.9

can be simpli�ed to an on-resonance form:

� L (v0) =
2recf

� L
: (2.10)

2.2.2 Doppler Broadening

As atoms move around they will have varying components of velocity along the beam's

propagation axis. This in turn leads to atoms seeing the laser frequency at di�erent

detunings from that of the frequency of the laser used in the lab. As this is di�erent

for many of the atoms due to their motion, this is an inhomogenous type of broadening

and results in a Gaussian pro�le [45]. The linewidth of Doppler broadened resonances

can be obtained through:

� D =

r
8kB T ln 2

mc2 v0; (2.11)

where kB is the Boltzman constant, T the temperature in K and m the mass of

the atom. The full Doppler broadened resonance pro�le can be obtained from the

Maxwell-Boltzmann distribution [46]:

G(v � v0) =

q
4 ln 2

�

� D
exp

�
� 4 ln 2(v � v0)2

� 2
D

�
; (2.12)
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and similarly to the Lorentzian, the absorption cross-section at any detuning:

� D (v) = �r ecfG (v � v0); (2.13)

and simpli�ed when on-resonance:

� D (v0) =
2recf

p
� ln 2

� D
: (2.14)

2.2.3 Voigt Pro�le

As both the Gaussian and Lorentzian parts contribute to the overall optical resonance

a Voigt pro�le is used to best describe the resonance shape. This is done by taking the

convolution of the two pro�les [47, 48]:

V (v � v0) = L(v � v0) � G(v � v0): (2.15)

This can be approximated by a pseudo Voigt, which returns the shape to an accuracy

within 1%:

V (v � v0) = �L (v � v0) + (1 � � )G(v � v0); (2.16)

where � is:

� = 1 :36603
�

� L

�

�
� 0:47719

�
� L

�

� 2

+ 0 :11116
�

� L

�

� 3

(2.17)

and where� is:

� = (� 5
D + 2 :69269(� 4

D � L ) + 2 :42842(� 3
D � 2

L )+

4:47163(� 2
D � 3

L ) + 0 :07842(� D � 4
L ) + � 5

L )
1
5 : (2.18)
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The absorption cross-section of the resonance can once again be obtained by:

� V (v) = �r ecf Re[V (v � v0)]: (2.19)

Working in the case where there is very little collisional broadening and the Doppler

broadening is much larger, a Gaussian pro�le provides a good estimate of the absorption

pro�le. The opposite can be said for when the collisional broadening is much larger than

the Doppler broadening where a Lorentzian would also be a good approximation.

To calculate the total absorption cross-section at a particular frequency the

sum of all the individual resonances is needed:

� T (v) = �r ecf � F;F 0AF;F 0Re[V (v � vF;F 0)]; (2.20)

where AF;F 0 is the relative strength of the transition:

AF;F 0 =
(2F + 1)(2 F 0+ 1)

2I + 1

8
><

>:

J J 0 1

F 0 F I

9
>=

>;

2

; (2.21)

with F; F 0 showing the ground and excited hyper�ne states of the transition being

considered (D1 transition values given in Table 2.2 calculated using Eq 2.21). The curly

brackets denote a Wigner-6j symbol. Using Eq 2.20 the total absorption cross-section

of an atom can be modelled including all allowed transitions as shown in Fig 2.2 [49].

Transition I = 3
2 I = 5

2 I = 7
2

FL ! F' U 5
16

35
108

21
64

FL ! F' L 1
16

5
54

7
64

FU ! F' U 5
16

7
27

15
64

FU ! F' L 5
16

35
108

21
64

Table 2.2: Relative D1 transition strengths calculated using Eq 2.21.FL refers to the lower
hyper�ne ground state andFU the upper hyper�ne ground state. F 0

L refers to the lower hyper�ne
excited state with F 0

U the upper hyper�ne excited state. The relative transition strengths have
been calculated for three di�erent nuclear spinsI = 3

2 ; 5
2 ; 7

2
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Figure 2.2: Modelled absorption cross-sections of87Rb D1 line with 200 Torr of nitrogen
quenching gas. Each of the individual hyper�ne transitions are shown as well as the total
absorption cross-section experienced by light of varying detuning.

2.2.4 Power Broadening

The last factor to calculate to complete the resonance pro�le is power broadening. This

is achieved by calculating the saturation parameter, � , which is found by scaling the

intensity of the laser being used to the saturation intensity:

� =
I
I S

; (2.22)

where I S is:

I S =
�hc �
3� 3 : (2.23)
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Here h is Planck's constant, � the full-width-half-max of the resonance, � the resonant

wavelength, I the beam intensity and I S the saturation intensity of the resonance. The

saturation intensity is dependant on how long electrons spend in the excited state. This

means the saturation intensity varies with the decay rate from the excited state by the

addition of quenching gases and other factors which aid this removal.

The power broadening of the optical resonance scales with� and shown here

as � P B [50, 51]:

� P B = �
p

� + 1 ; (2.24)

where � represents both � D and � L being the Doppler and Lorentzian linewidths as

calculated by Eq 2.11 and Eq 2.8 respectively. The power broadened linewidths can then

be used to model the optical resonances where the incident light is above the saturation

parameter as shown in Fig 2.3.

Figure 2.3: Modelled power broadened absorption cross-sections for87Rb D1 line with 200 Torr
of nitrogen quenching gas. Here only the total absorption cross-section is shown but for varying
laser intensities beyond saturation.
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2.3 Light Polarisation

To move the outer electron between the ground and excited state near resonant light

is used. Light comes in three forms of polarisation: circular, linear and elliptical. The

polarisation refers to how the electric �eld of the light oscillates. Linearly polarised

light oscillates back and forth on a single axis while for circularly polarised light the

�eld rotates in either left or right handed motion. Elliptical is a combination of both

linear and circular. Assuming the quantisation axis, B in this case, is parallel to the

k-vector of the light, this would allow linear light to excite a � transition and circular

light to excite either a � + or � � transition.

The polarisation of the light will determine how the electron moves between

the Zeeman sublevels,mF . As the light is absorbed, so too is angular momentum of

the light's polarisation. During this process there are selection rules which limit where

the electron can move to: � ` = � 1, if � F = 0 then � mF = � 1 and if � F = � 1 then

� mF = 0 ; � 1. The mF selection rules are determined by the light's polarisation where

� results in � mF = 0 and � + and � � returns � mF = 1 and � mF = � 1 respectively

with schematics of this shown in Fig 2.4. Fig 2.4a shows right circularly polarised light

being used and shown by the red arrow and� + while in Fig 2.4b linear light is used,

again shown by the red arrow and� . The dashed yellow arrows show the possible routes

the decaying electron can follow. The decaying electron follows the same set of rules

that the excited electron is governed by with three variations of decay available being

� � , � and � + again.

2.4 Rate Equations

The optical pumping rate can be obtained using the absorption cross-sections already

calculated in Section 2.2. This is done by multiplying the cross-section by the photon


ux, �, giving an absorption rate of photons and allows the pumping rate at any
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Figure 2.4: Optical pumping schematic for both a) circular and b) linear polarisations where B
is parallel to k. The use of circular light moves the population to a stretched Zeeman sublevel
creating an orientation moment while linear light moves the population out to both extreme
Zeeman sublevels creating an alignment moment.

detuning to be obtained:

� OP = � V � : (2.25)

To understand how the electron moves between di�erent sublevels and calculate the

population probability, transition strengths are needed:

TS = ( � 1)F � mF

0

B
@

F 0 1 F

� m0
F q mF

1

C
A

2



F jjerjjF 0� ; (2.26)

where the circular brackets show a Wigner-3j symbol, the ket is the initial state that

the operator acts upon, and the bra is the �nal state.

Upon the electrons decay back to the ground state there will be a similar e�ect

where multiple transitions are allowed but are weighted di�erently. All the branching
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ratios (BR ) from a particular excited magnetic sublevel must equal one [52]:

BR = (2 J 0+ 1)(2 F + 1)(2 F 0+ 1)
X

q= � 1;0;1

0

B
@

F 0 1 F

� m0
F q mF

1

C
A

2 8
><

>:

F 1 F 0

J 0 I J

9
>=

>;

2

: (2.27)

By combining these values the rate of change, _� , of any sublevel can be

calculated [53]:

_� F;m F = � � OP TS +
� FX

F

mF = � FX

mF = F

� OP TS BR : (2.28)

Using Eq 2.28 the probability of population in each Zeeman sublevel can be calculated

Figure 2.5: Modelled population movement based on photon scatter for the F=2! F'=1 transition
of 87Rb D1 line with 200 Torr of nitrogen quenching gas. Circularly polarised light has been
assumed here with the population build up happening in the stretched state.

after each photon scatter. By running multiple photon scatters the probability of

the electron occupying a particular magnetic sublevel can be modelled. Showing

how the probability changes in each Zeeman sublevel for a collisionally broadened

F = 2 ! F 0 = 1 transition is shown in Fig 2.5. The three remaining transitions
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F = 2 ! F 0 = 2, F = 1 ! F 0 = 1 and F = 1 ! F 0 = 2 are shown in Appendix A.

Circularly polarised light has been used in this model and the population can be seen

to continually build up in the F = 2, mF = 2 sublevel. It is interesting to see how the

lower ground state populations evolve where they initially gain population before slowly

loosing it. This is due to the fact that they are not fully on-resonance, but there is still a

small probability of absorption due to the broadening of the optical resonances. Atoms

initially fall in to this faster than they are being removed until the point where a large

degree of polarisation is built up in the stretched state and fewer atoms are decaying

into the lower ground state.

2.5 Bu�er and Quenching Gas

As has been discussed already in Section 2.2.1, the linewidth, and therefore the

absorption cross-section, can be a�ected by collisional broadening. A process that can

induce this e�ect is using bu�er and quenching gases. When using gasses in cells the

atoms are moving around at high speeds due to their temperature meaning they can

undergo collisions with the cell walls frequently. The purpose of a bu�er gas is to reduce

the rate of wall collisions the alkali atoms experience by causing elastic collisions between

the alkali atoms and the bu�er gas. Wall collisions have a large chance of depolarising

the electron (discussed in Section 2.7.3), so reducing these types of collisions in certain

circumstances is bene�cial. A second reason for using bu�er gases is that alkali-alkali

collisions which occur when the electron is in the ground state. These ground state

collisions are spin destructive collisions and discussed further in Section 2.7.2 and values

for the collisional cross-section given in Table 2.6 [54]. The chance of a spin destructive

alkali-bu�er gas collision happening is small due to their collisional cross-section and is

given in Table 2.3. This provides a small chance of depolarisation removing the electron

from the stretched state. There are other ways of reducing the wall collisions, namely

by using an anti-relaxation coating on the cell walls. This is most commonly done by
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applying a layer of para�n [55]. Bu�er gas comes in many di�erent forms from helium

to nitrogen, neon and argon to name just a few [56]. Combinations of these gases might

be used to balance the shifts experienced by certain gases (shifts for nitrogen shown in

Table 2.4) as well as some gases also being used as a quencher as well as a bu�er [49].

The bu�er gases that can act as a quencher are in molecular form. This is

because molecules can absorb energy from the excited alkali atoms into their vibrational

modes, allowing the atom to decay without releasing a resonant photon. The bene�t of

not releasing a resonant photon when decaying is that the photon will have a randomised

polarisation and direction. The photon can not then go on to be reabsorbed by a

neighbouring atom, destroying its spin polarisation. This process is known as radiation

trapping [57]. The excited state collisions between the alkali and quencher can also

cause excited state mixing of the alkali atom. As there are no selection rules for the

excited state mixing, a resonantly excited atom has equal probability of the electron

occupying any of the excited states if there is su�cient quenching gas pressure. This has

an e�ect on the optical pumping as it becomes extremely hard to create and maintain

polarisation in the ground state. The excited state redistribution tries to repopulate

the opposite hyper�ne ground state that is having the population removed by optical

pumping. As has been previously mentioned in Section 2.5, collisions between atoms

broaden the Lorentzian pro�le with the broadening factor for nitrogen given in Table 2.4.

The quenching process has the largest e�ect on the optical lineshape as its collisional

cross-section is orders of magnitudes larger than that of a spin destructive collision and

also provided in Table 2.3. The broadening of the optical resonance can be calculated

by:

� Q = � Qnq�v; (2.29)

where � Q is the quenching cross-section andnq is quenching gas density.

By using the values shown in Table 2.3 in conjunction with the Eq 2.20, a model
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Collision Q Cross-section (m2) SD Cross-section (m2)

K-N 2 3.5� 10� 19 7.9� 10� 27

Rb-N2 5.8� 10� 19 1� 10� 26

Cs-N2 5.5� 10� 19 5.5� 10� 26

Table 2.3: Bu�er gas quenching and spin-destructive cross-sections for nitrogen and potassium,
rubidium and caesium [58]

Collision �� (MHz/Torr) � � (MHz/Torr)

K-N 2 34.9 -6.8
Rb-N2 32.6 -7.4
Cs-N2 32.7 -7.7

Table 2.4: Broadening and shift values for nitrogen gas and potassium, rubidium and caesium
[59, 60, 61, 62, 63, 64]

describing the broadening and shift experienced for di�erent quenching gas pressures

can be created and is shown in Fig 2.6. It can be seen that with only 100 Torr of nitrogen

quenching gas there are two clear peaks. The left peak being theF = 2 ! F 0 = 1=2

transition and having the largest absorption cross-section and the right peak being

F = 1 ! F 0 = 1=2 transition. As the amount of quenching gas is increased the hyper�ne

transitions broaden, reduce in amplitude and shift further from the 0 GHz point. Once

at 1000 Torr there is just a single peak with a half-width-half-max (HWHM) of nearly

15 GHz.

2.6 Light Shift

As the optical resonances broaden from increased amounts of quenching gas more than

just the optical pumping can be impacted, with phenomenon such as light shift also

being a�ected. Light shift is a 00�ctitious 00magnetic �eld seen by the atoms that is caused

by an electric dipole interaction between the light's electric �eld which is perpendicular

to the k-vector. The �eld which is caused by the light's oscillating electric �eld adds on

to any already present static �elds.

There are two parts to light shift which add together to provide the full
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Figure 2.6: Modelled quenching gas broadened absorption cross-sections for87Rb D1 line.
Di�erent amounts of nitrogen quenching gas have been used to show how the optical resonances
total absorption cross-section varies with increasing pressures.

�ctitious �eld perceived by the atoms. These are the e�ects caused by real transitions

and the e�ects caused by the virtual transition. The real transitions are the transitions

in which light can excite atoms. While in the excited state atoms experience some

decoherence from those in the ground state. This is caused by the fact that the

gyromagnetic ratios of the ground and excited states di�er. The di�erence in gyro

magnetic ratios means that an electron in an excited state will precess at a di�erent

frequency to those in the ground state and no longer be in phase with each other [65].

The virtual part is not caused by a transition, but rather anomalous dispersion

of the light [66]. This dispersion is due to the imaginary part of the pro�le. Physically

this represents the change of refractive index of the medium with changing detuning, �.

The real and imaginary parts are connected through the Kramer-Kronig relations. The

imaginary part of a real data set can also be obtained by taking a Hilbert transform

which applies a 90� phase shift, shown in Fig 2.7 [67]. This in turn creates a plot called

a dispersive where the real part decays as a function of 1/�2 and the imaginary part as

24



Figure 2.7: Real and imaginary parts of a Lorentzian pro�le. The real part is a standard
Lorentzian while the Imaginary part has been Hilbert transformed which shifts the phase by 90� .

1/�. When the light is o�-resonance some photons are not absorbed but interact with

the atoms causing a shift in the Zeeman sublevels [68].

The real contribution to the overall shift is usually negligible in comparison to

the virtual, so the total shift can be well approximated by [65, 66]:

BLS � I =
� �r ecf �



Im[V (v � v0)]s: (2.30)

Here � is the photon 
ux and Im refers to the imaginary part of the Voigt pro�le. Light

polarisation is represented bys, where circularly polarised light has a value of� 1 and

linearly polarised light s = 0. When modelling the light shift, it can be seen how much it

varies with detuning in Fig 2.8. Here it can be seen how the shifts of the four individual

transitions add and subtract from each other with the largest e�ects being seen when

the light is detuned away from the resonance peak and closer to the steepest part of the

resonance wings. Comparing Fig 2.8 with Fig 2.2, the steepest point of the absorption

cross-section is around -11 GHz, which is where the largest light shift is experienced.
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Figure 2.8: Modelled magnetic �eld that light shift produces when using a 6 mW beam on a cell
with 87Rb and 200 Torr of nitrogen quenching gas. The shift of each of the four D1 allowed
transitions are shown as well as the total shift.

2.7 Magnetic Resonance

2.7.1 Relaxation Mechanisms

As discussed in Section 1, atoms precess around magnetic �elds. The Larmor frequency

is described in Eq 1.1, where
 is the gyromagnetic ratio:


 =
gF � B

�h
; (2.31)

and � B the Bohr magneton:

� B =
e�h

2me
: (2.32)
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This phenomenon is caused by torque trying to align the magnetic dipole moment of

the atom with the magnetic �eld:

� = �B sin �: (2.33)

The transverse relaxation rate of the magnetic resonance, �2, is made up of

two parts:

� 2 =
1
T2

= � 1 + � SE ; (2.34)

Here T2 is the time between collisions and �SE is the rate of spin exchange collisions

between alkali atoms and will be discussed more in Section 2.7.4. The longitudinal

relaxation rate, � 1, encompasses all spin destructive collisions (�SD ) as well as cell wall

collisions (� W C ):

� 1 = � SD + � W C : (2.35)

The total magnetic relaxation rate of a nitrogen bu�er gas cell with rubidium

for changing temperature and bu�er pressure is shown in Fig 2.9a. In the lower

temperatures (50� C - 100� C) a dip is present in the data. A extract of this is shown

in Fig 2.9b, showing how the individual relaxation mechanisms change with bu�er gas

pressure for a single temperature and will be discussed further in the next sections. In

the higher temperatures (> 100� C) the landscape is linear with increasing bu�er gas

pressure increase. This is because at these temperatures the SE relaxation mechanism

has become dominant.

Spin destructive collisions include destructive collisions with other alkali atoms

and bu�er gas. As the temperature rises so does the velocity, �v, of the atoms:

�v =

r
8kB T
�M

; (2.36)

27



Figure 2.9: a) A model of the total relaxation rate of a 10 mm3 cell of 87Rb with changing
temperature and nitrogen bu�er gas pressure. b) The individual relaxation mechanisms shown
by taking a slice of (a) at 50� C. This model does not include the e�ects of being spin exchange
relaxation free.
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where kB is the Boltzmann constant, T the temperature in K and M the reduced mass

of the colliding particles:

M =
1

1
m1

+ 1
m2

: (2.37)

Here m1 and m2 are the individual masses of the colliding particles. As the alkali gas is

usually in a solid or liquid state at room temperature, the following expression is used

to obtain the atomic density, nA , of a saturated vapour at a desired temperature:

nA =
1
T

1021:866+ C1 � C 2
T ; (2.38)

where C1 and C2 are constants given in Table 2.5. Depending if the alkali is solid or

liquid before evaporating, the correct constants need to be used to obtain an accurate

density. By doing so the atomic density in calculated in atoms/cm3. The increased

Element C1 Solid C1 Liquid C2 Solid C2 Liquid

K 4.961 4.402 4646 4453
Rb 4.857 4.312 4215 4040
Cs 4.711 4.165 3999 3830

Table 2.5: Alkali density constants for potassium, rubidium and caesium [69, 70, 71].

velocity and density of atoms increases the number of collisions occurring each second

which means that the amount of destructive collisions must also increase with the

temperature.

Using the density of alkali vapour and the length of vapour the light has to

pass through, it can be calculated how far the light will travel and/or how much light

will exit the vapour:

I (z) = I (0) exp(� OD); (2.39)

where I (z) is the intensity of the light after depth z travelled in the vapour, I (0) is the
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intensity before entering the cell andOD the optical depth:

OD = nA � (v)l; (2.40)

with l being the length of the cell.

2.7.2 Spin Destruction Collision

Spin destructive collisions are a form of relaxation and caused by depolarising collisions

with other elements and molecules:

� SD =
1
qI

(� SD nA �v + � SD nB �v): (2.41)

Here qI is the nuclear slowing down factor with the subscript of 3
2 , 5

2 and 7
2 representing

the nuclear spin, I , of the atom. The nuclear slowing down factor is highly dependent

on the amount of spin polarisation that has been created [72]. As electrons experience

these depolarising collisions they change magnetic sublevel within the hyper�ne state.

This change in Zeeman sublevel changes the angular momentum along the quantisation

axis. The cross-sections of spin exchange and spin destruction collisions between alkali

atoms are given below in Table 2.6.

Collision SE Cross-section (cm2) SD Cross-section (cm2)

K-K 1.8� 10� 14 1� 10� 18

Rb-Rb 1.9� 10� 14 1.6� 10� 17

Cs-Cs 2.1� 10� 14 2� 10� 16

Table 2.6: Alkali-alkali collisional cross-sections for SE and SD collisions. SE cross-sections are
orders of magnitude larger the SD and can be a dominant form of relaxation [58].

It can be seen in Fig 2.9b how the rate of spin destruction relaxation increases

with the increased bu�er gas pressure for a given temperature. This is expected as the

spin destructive collisional cross-sections for alkali-alkali collisions and alkali-bu�er gas

collisions are combined, as described in Eq 2.41. This continually increasing relaxation
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rate with pressure leads of the spin destructive relaxation becoming a dominant form

of relaxation at higher bu�er gas pressures in low temperatures.

2.7.3 Wall Collision

Wall collisions, as the name implies, are collisions between alkali atoms and cell walls.

These collisions are completely depolarising as the atom gets brie
y absorbed into the

cell wall. While it is there it experiences magnetic and electric �elds created by ions

in the glass, randomising the electron spin before being released back into the cell [73].

The rate of collisions, � W C , is dependent on many factors:

� W C = Pdepol
D
d2 ; (2.42)

where d is the cell smallest dimension andPdepol is the chance of depolarisation, usually

governed by anti-relaxation coatings if included. D is the di�usion constant:

D =
1
3

� �v; (2.43)

where � is the mean free path and �v is the average velocity of alkali atoms:

� =
1

p
2nB � B

: (2.44)

Here the
p

2 comes from the mean relative velocity of the two bodies,nB the density

of the gas being moved through and� B the ballistic cross-section:

� B = � (rA + rB )2; (2.45)

with rA and rB the radii of the particles in question. For low bu�er gas pressures wall

collisions will be a large contributor towards relaxation as there is nothing to increase

the time between the wall collisions. This will reduce as the amount of bu�er gas present
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Figure 2.10: Spin exchange collision with the upper and lower hyper�ne ground state represented
by blue and red.

in the cell increases until a bu�er gas pressure where the alkali-bu�er gas collisions will

take over, as seen in Fig 2.9b. This point is dependant on the species of alkali vapour,

the density of the vapour, bu�er gas used and cell dimensions.

2.7.4 Spin Exchange Collision

Spin exchange collisions happen when two alkali atoms that are in di�erent hyper�ne

ground states collide. Atoms in the upper and lower hyper�ne states precess in

the opposite directions, caused by their hyper�ne g-factor being opposite as shown

schematically in Fig 2.10. The collision is elastic and angular momentum must be

conserved meaning the direction of precession could be 
ipped [74, 75]. The rate at

which spin exchange relaxation takes place can be calculated:

� SE =
1

qSE
(� SE nA �v); (2.46)
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� SE represents the spin-exchange collisional cross-section, given in Table 2.6. The

remaining variable, qSE , is the spin-exchange broadening factor:

1
qSE

=
2I (2I � 1)
3(2I + 1) 2 ; (2.47)

which depends on the ambient magnetic �eld. As the magnetic �eld approaches zero,

qSE also tends to zero. The cross-section of a spin exchange collision is orders of

magnitude larger than any of other collisions, meaning that as the vapour density is

increased it quickly becomes a dominant form of relaxation. However, a phenomenon of

entering a regime where the sample becomes spin exchange relaxation free takes place

when the spin exchange rate is signi�cantly larger than the Larmor frequency and is

discussed in the next section.

2.8 Spin Exchange Relaxation Free

The impact of increasing the temperature of an alkali gas to the point where the e�ects

of spin exchange are reduced were known before the �rst SERF magnetometer [76, 77].

The reason behind the phenomena is that the two hyper�ne ground states in an atom

have opposite gF values. This means that Zeeman sublevels in one hyper�ne state

precess in one direction, while in the other they precess in the opposite direction. When

atoms in di�erent hyper�ne states collide they have an elastic collision where angular

momentum is conserved, this means they can not leave the interaction both in the same

hyper�ne level. Instead they switch hyper�ne levels as well as destroying polarisation.

In order to eliminate the contribution of spin exchange relaxation, the rate of

SE collisions needs to be increased. The SE rate needs to be on the order of roughly

100 times faster than the Larmor frequency the atoms are experiencing [77]. Shown in

Fig 2.11 are Cs, Rb and K experiencing a 1 nT static �eld. Their Larmor frequency is

shown by the dashed line and the SE rate they need to reach respectively to suppress SE
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relaxation by the dash-dot line. This increased SE rate means that atoms are colliding

with each other and changing hyper�ne ground state after only a fraction of their Larmor

precession.

The SERF regime is more easily reached in lower ambient magnetic �elds. In

these low �eld conditions, atoms are precessing su�ciently slow that in order for the

SE collisions to reach the condition of being 100 time faster than the Larmor frequency,

the temperatures can be lower. As can be seen from the trend in Fig 2.11, high �eld

values would require an increased temperature to meet the condition mentioned already,

reaching temperatures which would not be practical for biomedical applications. As the

ambient magnetic �eld tends towards zero, so does the Larmor frequency, completely

suppressing SE relaxation. The reason for this suppression is due to the dephasing that

is caused by the precession around the magnetic �eld when atoms are pumped into the

excited states.

As there are more Zeeman sublevels in the upper hyper�ne ground state

(� F � mF � F ), when undergoing rapid SE collisions in the SERF regime, the electrons

statistically have a higher probability of being in an upper hyper�ne ground state. This

will cause the ensemble as a whole to precess in the direction of the upper ground state

but at a reduced frequency caused by the rapid collisions:

! q =
! L

q
; (2.48)

where q is the nuclear slowing down factor as discussed in Section 2.7.2.

2.9 Hanle E�ect

2.9.1 Polarisation

A phenomenon used to measure the magnetic resonance is the Hanle e�ect. The Hanle

e�ect, when �rst discovered, showed how the 
uorescent polarisation from an excited
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Figure 2.11: Spin-exchange collision rate as a function of temperature. The Larmor frequency
in a 1 nT �eld shown by the dashed line and 100 times that shown the dash-dot line.

atom depends on the direction a magnetic �eld is applied [14]. A classical explanation

for this is that if an atom is excited by resonant light in the z direction with a weak

magnetic �eld along x, the atom will precess around the magnetic �eld. From the x

direction emitted light would appear to be circularly polarised. However, when viewed

from the y direction the light would appear to oscillate rather than rotate. This leads

to the 
uorescent light having a linear polarisation [78]. This 
uorescent polarisation

e�ect is usually only seen for weak magnetic �elds, when the Zeeman splitting is within

the linewidth of the resonance. This is what is referred to as the Hanle e�ect, level

crossing and zero-�eld crossing. Level crossing can also be achieved with larger �elds

when levels from di�erent hyper�ne states cross within the linewidth.

2.9.2 Magnetically Induced Absorption and Transparency

Magnetically induced absorption (MIA) and magnetically induced transparency (MIT)

are used as a detection method in this thesis and referred to as the Hanle e�ect, due to
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the zero-�eld resonance they produce. These resonances can be described in OPMs by

using the Bloch equations:

d
dt

0
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The Bloch equations are used to derive the magnetisation,M , in any direction as a

function of the relaxation, �, and magnetic �elds, B , in the system. Assuming the

beam to be along the z-axis, this is then referred to as the longitudinal axis. Using this

de�nition of longitudinal axis along the z-axis, the x-axis and y-axis then become the

transverse axes. Solving the Bloch Equations �rst of all for the transverse �eld. In the

case of the y-axis, setting the change in magnetisation to steady state andBx and Bz

to zero. As the pumping and detection direction are both along the z-axis this is the

magnetisation which is of interest:

M z =
�

� 2 + ( 
B y)2 : (2.50)

When modelling Eq 2.50 with a sweepingBy �eld the expected response inM z is seen

in Fig 2.12 with a peak in magnetisation at a �eld of 0 nT. This is because all the

atoms will be aligned along the beam axis at this point giving maximum transmission

of light. As the depolarising transverse �eld is applied the atoms move away from being

aligned along the beam axis in a the stretched state, becoming more absorbent. This

absorption is due to coherences being created between neighbouring sublevels split by

the Larmor frequency [79].

In the case of solving Eq 2.49 for a sweeping �eld along the longitudinal axis

(Bz) a static �eld also needs to be included on one of the transverse axes:

M z = 1 �
(
B x )2

(
B x )2 + ( 
B z)2 + � 2 : (2.51)
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Figure 2.12: Transverse Hanle e�ect with varying � .

Eq 2.51 has been solved for increasing static �eld values along the x-axis, the results

would be the same if it were along the y-axis. It has then been modelled with a static

Bx �eld and sweeping Bz and shown in Fig 2.13. While there is no magnetic �eld being

applied on the transverse plane the magnetisation along the z-axis is maximum. This

is because the �eld and light are along the same axis meaning the atoms are always

aligned in this direction giving maximum transparency and magnetisation. With an

increasing �eld along Bx the magnitude of the magnetisation along the longitudinal

direction decreases asBz passes through zero �eld as well as broadening the resonance.

The broadening is caused by the increase in spin exchange relaxation due the the

depolarising transverse �eld [79]. As discussed earlier in Section 2.8, when there is

no �eld the relaxation caused by spin exchange is suppressed.

Combining the e�ects created from Eq 2.50 and 2.51, a picture of the 2D

landscape can be modelled and is shown in Fig 2.14. Looking at the landscape in this

form is used in this thesis to extract the zero-�eld point for the two �elds and discussed

again in Section 4.1. In order to extract the zero-�eld point, a 2D Lorentzian function
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Figure 2.13: Longitudinal Hanle e�ect modelled with varying transverse static �eld.

is used:

L 2D = A
(Bx � Bx0)2 + � z

(Bx � Bx0)2 + � z + � x
� z

+ ( Bz � Bz0)2
+ C; (2.52)

where A is amplitude, � x and � z are the resonance widths,Bx0 and Bz0 are the

resonance centres andC is the o�set in the y-axis. A 1D Lorentzian �t is also used to

extract the parameters from raw data, which has the form:

L 1D = A
1

1 +
�

B x � B x 0
�

� 2 + C: (2.53)

MIA and MIT are both common methods used for zero-�eld resonance

detection in a single beam OPM. Another common method is polarisation rotation

and is discussed in the next section.
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Figure 2.14: Modelled Hanle e�ect in both the transverse (Bx ) and longitudinal (Bz ) axes. The
landscape narrows asBz reaches 0 nT, with a maximum amplitude whereBx is 0 nT.

2.10 Polarisation Rotation

Polarisation rotation is a method of detection which utilises the fact that there is an

imbalance between populations in the upper and lower hyper�ne ground states. The

two hyper�ne ground states provide di�erent refractive indexes for circularly polarised

light. When linearly polarised light, which is made up from equal parts of left and right

circular polarisations, passes through this medium it experiences the di�erent refractive

indexes. The imbalance in populations slows one of the circular components more than

the other, causing the linear polarisation to rotate [80]. As the population imbalance

grows, so does the amount of optical rotation experienced by the linear light:

� =
�
2

l n A re c Pz f Im [V (v � v0)]; (2.54)

where l is the cell length andPz the population di�erence between the lower and upper

hyper�ne ground states. If the atoms are aligned along the beam axis, this is known as
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circular birefringence [58].

The polarisation rotation method is carried out using a balanced polarimeter

which has two photodiodes where the voltages from each port are subtracted from one

another. This provides a �nal readout showing 0 V when they are balanced. The

polarimeter reaches 0 V when light with the same amount of horizontal and vertical

components is incident on a polarising beam splitter (PBS) and focused in to each port

of the detector and discussed further in Section 5.1. A more practical way of calculating

the rotation is by knowing how much light is incident on each of the ports:

� =
I 1 � I 2

2(I 1 + I 2)
; (2.55)

where I 1 and I 2 are the intensities of light detected in each port of the balanced

polarimeter. This e�ect is most e�ectively used when using a separate probe beam,

far detuned from resonance. The reason for this is so there can be e�cient pumping

created by a pump beam, while the probe beam can be far detuned that it does not

create any pumping but still susceptible to optical rotation due to the imaginary part

of the optical lineshape as discussed in Section 2.6. By using elliptically polarised light

the atoms can be pumped by the circular component, but the light can also be rotated

at the same time with a single beam [81].

2.11 Sensitivity

The sensitivity of a magnetometer is de�ned in units of T=
p

Hz. Measuring the

sensitivity is done by taking the power spectral density (PSD) of some given data from

the photodiode, in Volts. To obtain the PSD �rst of all a fast Fourier transform (FFT)

is needed. An FFT is calculated by taking time or space domain data and converting
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this in to the frequency domain. The PSD can the be found from the FFT:

PSD =
2A2

FsN
; (2.56)

where A represents the amplitude of the FFT, Fs is the sampling frequency andN is

the number of points [82]. A di�erence between an FFT and PSD is that an FFT has

the correct amplitude in each peak and is a valid way to estimate peak amplitude but

not the noise 
oor. The PSD on the other hand has an accurate representation of the

noise 
oor but not the power in each peak.

The PSD has units of V2=Hz. The square root of the PSD is needed to have

units of V=
p

Hz which is the noise spectral density (NSD). To convert this from V=
p

Hz

to T =
p

Hz, the data has to be scaled by V/T. The V/T value is found by using both:

X = Dm cos(! ); (2.57)

Y = Dm sin (! ); (2.58)

where Dm is the modulated data and ! is the demodulation frequency [83, 84]. These

two formulas produce the two components of the demodulated signal. This data is

captured by performing a similar measurement to that described in Section 2.9.2,

while also applying a secondary modulating magnetic �eld. The modulation is then

demodulated out at the same frequency. By �nding the on-resonance gradient of the

X component of demodulated data (@B=@X), the gradient can then used to scale the

NSD into the correct unit form. This is the smallest change in magnetic �eld which the

sensor can determine. Writing this in equation form:

�B =
p

PSD
@B
@X

: (2.59)

Achieving a sensitivity by this method is a very experimental approach. However, an
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estimate for the photon shot noise limited sensitivity can be found by using:

�B =
V

p
N

@B
@X

; (2.60)

where V is the voltage recorded andN the number on photons received in 1 s [42, 85].

The number of photons is calculated using the photodiode's Volts per Watt (V/W)

conversion. The photon shot noise will provide the ultimate sensitivity an OPM can

reach providing there are no other limiting sources of noise.

Key aspects of theory for OPMs and SERF OPMs have been discussed here. The optical

resonance plays an important role in an OPMs success due to the optical pumping that

can be achieved with overlapping hyper�ne transitions. The magnetic resonance is

equally important as its width based on relaxation mechanisms in
uences the OPMs

sensitivity. For the SERF regime to be achieved at easily reached temperatures the

alkali vapour should be experiencing as little background magnetic �eld as possible.

Detection methods can vary between using MIA/MIT and optical rotation, each having

their pros and cons which will be explored in later chapters. The photon shot noise

sensitivity is the ultimate sensitivity a sensor can reach which will be compared to the

sensitivities achieved in this thesis.
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Chapter 3

Experimental Design

This chapter will discuss the design decisions made in order to build a functioning SERF

magnetometer. This experiment has been designed as a lab based system in which new

ideas can be trialled and proof of concepts can be achieved. Information gathered will

be passed on to a more portable version designed for biomedical applications [86, 87, 88].

Because of this a few design requirements are outlined. The portable version needs to be

compact, limiting the experiment to a single beam con�guration. As will be discussed,

material choice is important due to how a SERF sensor is operated and the equipment

used to control it.

3.1 Overall Design

The experimental architecture is shown in Fig 3.1. A distributed Bragg re
ector

(DBR) laser producing 795 nm light is used, from a butter
y mount package (Thorlabs

DBR795PN) and driven by a low-noise digital diode driver (Koheron CTL200).

Laser calibration data is shown in Appendix B. The package has a polarisation
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maintaining �ber leading to a �ber collimator producing a 4 mm diameter beam,

also from Thorlabs (F280APC-780). After exiting the �bre the polarisation is

controlled using a combination of zero-order� /4 and � /2 waveplates from Union Optics

(WPF4212-795-M25.4 and WPF2212-795-M25.4). The light is then converted from

linearly polarised to circularly polarised before entering the �ve layer mu-metal shield

(custom design from Magnetic Shields Ltd). Here the light passes through the rubidium

vapour magnetometry cell housed within the central structure. The light then exits the

shield and reaches a low-noise photodiode with a gain of 600 V/W. The custom built

coil driver and heater, designed to be low-noise, are controlled using a PC [89]. This

PC is also used to read in the photodiode voltage. The PC controls the coil driver and

heater via USB and serial connection respectively. The photodiode voltage is read in

and modulation coils are controlled via a National Instruments 16-bit DAQ (PCIe-6353).

The digital control system and experiment are connected via a NI break-out BNC rack

(BNC-2090A).

Figure 3.1: Schematic of the experimental design. DBR laser produces 795 nm light which is
converted to circular polarisation before entering the shield. Light that has not been absorbed by
the atoms exits the shield and is then detected on a single photodiode.
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