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Abstract

An atomic magnetometer is a sensor which is used to measure a magnetic
field through its interaction with the atomic sample. Significant research into
atomic magnetometry has led to the development of very sensitive atomic sensors
capable of matching the sensitivity of the most sensitive magnetometers,
superconducting quantum interference devices (SQUIDs). Because SQUIDS
require cryogenics to operate, atomic magnetometers provide a sensitive, yet
low-cost alternative. They have found use in many areas such as medicine,
security, explosives detection and fundamental physics research.

One of the primary factors influencing sensitivity is the detuning of the
probe beam from the resonant transitions of the atomic ground state. A caesium
room temperature radio-frequency (rf) magnetometer is constructed and used to
investigate the influence of the probe beam detuning on the magnetometer signal
of the ' =3 and F' = 4 ground states. The results of probing near and far from
resonance revealed an off-resonant regime and two absorptive regimes. In the
off-resonant regime, the atomic spins are unperturbed by the probe beam; it is a
quantum non-demolition (QND) interaction. The two absorptive regimes, found
when the probe beam is in the vicinity of either the 6>S ] F=3— 62P% F'=2,3,4
or the 65 1 F=4— 62P% F’ = 3.,4,5 transitions, is characterised as a non-QND
interaction in which the probe beam influences the measurement.

The sensitivity of the rf magnetometer is determined to be ~ 1.98
fT/ v/Hz. In addition, the exploration of the relationship between the signal to
noise ratio (SNR) and probe beam detuning revealed that the SNR is constant with
detuning but the larger the detuning, the higher the probe beam power needs to be

to reach the optimum SNR.
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Chapter 1

Introduction

For many centuries, magnetometers have played an important role in the mea-
surement of the strength and sometimes direction of magnetic fields [1]. The sim-
plest absolute magnetometer, consisting of a permanent bar magnet suspended hor-
izontally by a gold fibre, was devised by Carl Friedrich Gauss in 1832 [1]]. Modern
day magnetometers have come a long way since then thanks to numerous techno-
logical advancements, leading to the development of a wide range of sensors in use
today. These include the fluxgate magnetometer, superconducting quantum inter-
ference devices (SQUIDs), the proton precession magnetometer, the helium mag-
netometer and of course, atomic magnetometers. A good way of characterising a
magnetometer is to determine its sensitivity to magnetic fields. The field sensitiv-
ity, measured in units of T/ v/Hz, represents the precision obtained after one second
of integration; this improves as the square root of the measurement time, thus de-
tection of short-lived signals require greater sensitivity than long-lived signals [2].
Atomic magnetometers are the focus of this thesis, but to understand and appreciate
their capabilities, it is useful to discuss also the other types of sensors available, and
compare their sensitivities with atomic magnetometers.

The fluxgate magnetometer, used in academic and industrial applications,
utilises two coils wrapped around ring cores of a highly magnetically permeable
alloy to measure magnetic fields. It was originally developed in the 1940s for use in
anti-submarine warfare, and after the second world war, it found use in geophysical

surveys for exploration of natural resources [3]. Though its sensitivity is limited to
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about 1 pT/ V/Hz, it is primarily used for field operation because of its portability
and high measurement accuracy [2].

The proton precession magnetometer was the first magnetometer which used
the same principle underlying atomic magnetometers, which is measuring the fre-
quency of atomic spin precession. These magnetometers were developed in the
1940s and 1950s by Bloch [4} 5], and Varian and Packard [6] as an offshoot of the
research involving nuclear magnetic resonance (NMR). This magnetometer consists
of a coil of wire surrounding a hydrogen-containing liquid such as water, kerosene,
etc. The proton, a magnetic dipole, can be polarised by the application of a magnetic
field produced by a direct current (dc) in the coil. This magnetic field is orthogonal
to the field to be measured. After the protons’ spins are polarised, the current in the
coil is abruptly switched off, and the spinning protons precess about the direction
of the ambient magnetic field to be detected, at a frequency that is proportional to
the field intensity. The precession is detected by magnetic induction, typically in
the same coils used to generate the magnetic field which polarises the spins. The
first commercial proton-precession magnetometers appeared in the 1960s and are
still widely used today for many applications such as ground, marine and airborne
surveys [3]]. This is because the sensors can be used on a mobile platform, as they
measure the field independent of orientation. The maximum sensitivity of commer-
cial magnetometers based on proton precession is generally 0.01 nT [3].

There are two types of helium magnetometers. Optical magnetometers using
4He as the atomic medium have been around since the 1960s [3]]. These magnetome-
ters use polarisation of the 23| metastable state populated by a high-frequency dis-
charge as opposed to atomic magnetometers which utilise ground state polarisation
[7]. Colegrove, Walters and Schearer demonstrated a method for spin-exchange
optical pumping of metastable helium atoms to create spin-polarized He-3 nuclei
[8, 9], which led to the development of the He-3 nuclear free-precession magne-
tometer by Slocum and Marton in 1974 [10]. Commercially, helium magnetome-
ters have been used in many different applications over the years, including geo-

physical, space exploration and military [3]]. Robust and stable helium magnetome-
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ters have demonstrated sensitivities approaching 40 fT/ vHz [3].

Magnetometers based on superconducting quantum interference devices
(SQUIDs) have been known to exhibit the greatest sensitivity (1 fT/ vHz) and are
the greatest competitors of atomic magnetometers [L1]. In 1962, Brian Josephson
predicted that an electron pair could tunnel between closely spaced superconduc-
tors even with no potential difference [12]. This effect was observed by Anderson
and Rowel in 1964 [13]. This discovery led to the development of the SQUID
magnetometer which consists of a circulating current loop of two superconductors,
separated by thin insulating layers to form two parallel Josephson junctions [14].
These junctions are sensitive to magnetic flux perpendicular to the loop, causing
changes in the current flow. SQUID sensors have a large bandwidth, along with
a wide and flat frequency response ranging from dc to several GHz [15], and are
used in a variety of applications because of their high sensitivity. These include
clinical biomagnetic applications (monitoring of the heart and brain), magnetotel-
lurics (measuring electrical currents flowing in the earth), in paleomagnetics (where
rock samples are measured for remnant field direction and density, demagnetised,
then re-measured to determine the sample’s chronological magnetic history), and
stationary electromagnetic surveys as magnetic current sensors [[15]. SQUIDs can-
not be used on mobile platforms because they require cryogenic equipment which
makes them bulky. In addition, the running costs are extremely high. These limita-
tions make SQUIDs unfeasible for many portable applications, hence they are only
used where the highest sensitivity is critical for successful measurements.

Atomic magnetometers have been around for more than fifty years as evi-
denced by the fact that the rubidium magnetometer was first used for geophysical
measurements in 1957 [3]. Early atomic magnetometers utilised an alkali vapour
discharge lamp in which light from the lamp passed through a glass cell containing
the vapour and was focused on a photodetector on the other side of the vapour cell
[L6]], [17]. In recent decades, the availability of inexpensive laser diodes which re-
placed the lamps in many of the devices has been somewhat responsible for increas-

ing the research into atomic magnetometers because such lasers are encouraging
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researchers to create compact, laser-pumped atomic sensors [15]. Recently, atomic
magnetometers using microfabricated vapour cells with volumes of about 10 mm?
have been developed. These devices are portable, with power consumption less
than 200 mW and a total physics package volume less than 10 cm? [18], [19]. Cur-
rently, the most sensitive atomic magnetometer is the spin-exchange-relaxation-free
(SERF) magnetometer. Allred et al. [20] in 2002 first presented this magnetometer
which operates at zero-field to maximise the polarisation lifetime. In 2003, Ko-
minins et al. [21] demonstrated a sensitivity of 10~!7 T/+/Hz in a cell with volume
less than 1 cm?® using this magnetometer, with the potential to achieve sensitivity
better than 1 x 10720 T/\/E

Atomic magnetometers are a low cost alternative to SQUIDS since they do not
require cryogenic equipment and can function at room temperature. They are able to
operate in both shielded and unshielded environments. They can be manufactured
from relatively inexpensive materials and have the capability to be portable. In
terms of sensitivity, they have the potential to surpass that of SQUIDs. Thus, atomic
magnetometers combine all the advantages of the various magnetometers discussed
in this introduction without their disadvantages, thus are a very appealing option.
Figure [I.1] illustrates the sensitivities of various magnetometers, together with the

amplitudes of several important magnetic field signals.
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Figure 1.1: Comparison of the demonstrated sensitivity of various magnetometers, along
with the amplitudes of several magnetic field signals. Image taken from [2].
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Atomic magnetometers have found use in many applications, some of which
will be highlighted here. One prominent application is in the field of biological mag-
netic studies in which detecting magnetic fields of the brain (magnetoencephalog-
raphy (MEQG)) and the heart (magnetocadiography (MCQ)) are the primary focus.
MCG has been shown to yield richer diagnostic information than traditional elec-
trocardiography [22]]. However, MCG for clinical application has been considered
too expensive because magnetically shielded rooms are required, therefore, low cost
sensors able to operate in unshielded environments such as atomic magnetometers
represent a feasible solution. Studies into using the atomic magnetometer for MCG
have produced very good results [23-29]. MEG has been used extensively for func-
tional brain studies [30]. With the exception of atomic magnetometers, there are
no other devices which can rival low critical temperature SQUIDs (Tc-SQUIDs) in
sensitivity at low frequencies, in the range of interest for MEG [16]. It was demon-
strated that a SERF magnetometer can be used successfully for the detection and
imaging of brain activities [31].

Another area of application is the detection of NMR signals. Inductive radio-
frequency (rf) pick-up coils are usually used for NMR detection, however, their sen-
sitivity drops at low frequency, thus limiting low-field NMR applications. SQUIDs
have been used for low-field NMR but as they require cryogenic cooling, they are
not an advantageous alternative due to the bulky setups. Atomic magnetometers
have successfully been used to measure the magnetic fields generated by nuclear
magnetisation [32-34]. One of the promising NMR applications is “remote” NMR,
where spin polarisation, NMR-signal encoding and detection are performed sequen-
tially in different parts of the apparatus [35)]. The most potentially useful atomic
magnetomter for NMR and even magnetic resonance imaging (MRI) applications
is the high-density rf magnetometer developed by Savukov et al. in 2007 [36]. The
principles underlying the rf magnetometer are discussed in detail in chapter 3.

Tests of fundamental physics is another area which has benefited from atomic
magnetometers because atomic magnetometers are intrinsically sensitive probes of

the spin precession and hence, play an important role in tests of fundamental sym-



42 Chapter 1. Introduction

metries. Some of the research areas which have benefited from atomic magnetom-
etry include the search for new fundamental spin dependent interactions such as
spin-gravity coupling [37], anisotropic spin coupling [38]], and detecting axion-like
domain walls [39]. Another example of a fundamental application is the hunt for
permanent electric dipole moments (EDMs). The permanent electric dipole moment
(EDM) of a particle or composite system is a displacement between negative and
positive charges for a neutral object such as an atom or the neutron, or a displace-
ment between the centre of mass and the centre of charge for a non-neutral object
such as the electron. One typical approach is to find the difference between the pre-
cession frequency of a neutral system in the magnetic field parallel and anti-parallel
with the electric field; this frequency difference yields a direct measurement of the
EDM [40, 41]. One of the research teams at the University of California, Berkley
(UC Berkley) is currently working on using a Cs-2*Xe SERF co-magnetometer to
search for EDMs |2, 142-44]].

Soon after the first demonstration of atomic magnetometry, they were being
used to measure the Earth’s magnetic field with great precision. On account of
these early successes, researchers at NASA began collaborating with researchers at
Varian Associates in developing atomic magnetometers for space exploration [3]].
The first alkali vapour magnetometer used in space was in March 1961, aboard the
Explorer X satellite; but their size, mass, and power imposed significant constraints
on their use in space [45]. Thus, currently, most space missions rely on fluxgate
magnetometers because of their small size and power consumption [46]. However,
in advanced space applications, optically pumped “He magnetometers have been the
magnetometer of choice due to their relative simplicity, reliability and high absolute
accuracy [46]. Recent breakthroughs in atomic magnetometry research relating to
both sensitivity and size has reignited its potential in space applications [46].

Other areas which have benefited from atomic magnetometers include geo-
physical exploration, archaeology and military applications. As more research is
undertaken into improving the sensitivity of atomic magnetometers, the number of

potential applications will grow.
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This thesis is intended to contribute original research to the field of atomic
magnetometers by developing a portable, sensitive room temperature rf magne-
tometer. This magnetometer will then be used to investigate the influence of the
probe beam detuning on the magnetometer signal. Chapter 2 provides the nec-
essary background theory for the experiments described in this thesis. Chapter 3
describes the principle behind the rf and dc magnetometers, along with a discus-
sion of the fundamental noise sources and relaxation mechanisms. In Chapter 4,
the technical details of the experimental setup are discussed. Chapter 5 focuses on
examining how the detuning of the probe beam affects the magnetometer signal.
The sensitivity of the magnetometer is estimated in Chapter 6. Finally, Chapter 7
concludes the thesis by highlighting the important results and discusses the future

of the rf magnetometer.
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Chapter 2

Theory and Background

2.1 Introduction

This chapter aims to provide the background theory relevant for the experi-
ments discussed in this thesis. Firstly, the general properties of atoms and light will
be described. Then, the two types interactions between atoms and light, resonant
and off-resonant, will be reviewed. Finally, the interaction of rf magnetic fields with

a polarised atomic medium will be discussed.

2.2 Atomic Ground State Spin

Alkali metal atoms have a single unpaired electron, the valence electron, orbit-
ing a core of closed electronic sub-shells, surrounding the nucleus [47]]. The valence
electron, together with the nucleus, is used to approximate the energy of the atom
[2, 48]]. Alkali metal atomic vapour typically used in atomic magnetometry are
caesium (Cs), rubidium (Rb) and potassium (K).

In this project, Cs is the alkali metal atom of choice for a few reasons. Firstly,
at any given temperature, Cs has an atomic density which is ten times higher than Rb
[49], and at room temperature (22 °C), it has a relatively high atomic density of 0.33
x 10" ¢cm™3 [50]], which is especially relevant because all experiments described
in this project have been performed with Cs at room temperature. Comparison of
the atomic vapour densities of Cs, Rb and K are shown in Appendix [Al Secondly,
the relevant optical transitions of Cs can easily be accessed with inexpensive laser

diodes [51]. Thirdly, Cs is the heaviest stable alkali metal with only one naturally
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occurring stable isotope, caesium-133, 133Cs [52]). Thus, obtaining a pure sample
of Cs is relatively easy because no isotopic separation is required. This contrasts
with Rb and K which have two and three naturally occurring isotopes, respectively
[S2]. Hence, they require isotopic separation in order to obtain a pure sample.

The total atomic spin, F, is a sum of the nuclear angular momentum, /, and the
electronic angular momentum, J, to give F =1+-J. ForCs, [ = % The electronic an-
gular momentum, J, is due to the spin-orbit interaction which is a coupling between
the orbital angular momentum, L, of the electron and its spin angular momentum,
S, to give J = L+ S [33]].

Spectroscopic notation is a standard way in atomic physics of writing down
the angular momentum quantum numbers of a state. The general form is 25*1L;,
where 25 + 1 represents the spin multiplicity which indicates the number of degen-
erate states there are, L is the orbital angular momentum quantum number, written
as S,P,D,F,..., etc. for L=0,1,2,3,....etc, and J is the total electronic angular
momentum quantum number.

Figure illustrates the atomic structure of Cs. The Cs ground state is an “S”
shell with L =0 and J = % Therefore, in spectroscopic notation, the Cs ground
state is represented as 2S e The hyperfine interaction splits this ground state into
two levels, F = 3 and F = 4, separated by 9192 MHz.

The first excited state of Cs is a “P” shell with L = 1. The spin-orbit interaction
results in two values of J, J = % and J = %, spectroscopically represented as ZP%
and ZP% , respectively. The energy transitions between the ground state and the ZP%
and ZP% levels are termed the D and D transitions, respectively. The hyperfine
interaction splits the ZP% state into two levels, F/ = 3 and F’ = 4, while the ZP% state

is split into four levels, resulting in F' = 2,3,4 and 5, respectively.
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Figure 2.1: Caesium (Cs) structure showing the D and D, transitions. Due to the non-zero
nuclear spin, the hyperfine interaction splits the ground state into two levels,
F =3 and F = 4. The spin-orbit interaction splits the first excited state into
two levels with J = % and J = % The hyperfine interaction further splits the
2P, state into two levels, F’ = 3 and F’ = 4, while the ZP% state is split into four

2
levels, F' =2,3,4 and 5.

2.2.1 Atom in an External Magnetic Field

Each hyperfine level (F') contains 2F + 1 magnetic sublevels, mr. These sub-
levels are degenerate. However, in the presence of a magnetic field, the degeneracy
is lifted [33]]. As the experiments described in this thesis involve detecting a mag-
netic field, it is useful to take a closer look at the effect the magnetic field has on the
atom by looking at the Hamiltonian which describes the alkali atom in an external
magnetic field. The Hamiltonian which describes an atom in an external magnetic

field, By, is:
Anag = had.J — #J.BO - #I.Bo @.1)

Equation [2.1] is known as the Breit-Rabi equation [54]. The first term, hayl.J is

the hyperfine interaction as described in section where a; is the strength of the
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magnetic dipole interaction between the electronic and nuclear spin, and 4 is the
Planck constant. The last term in equation always gives a small correction
compared to the second term because the magnitude of the nuclear moment is y; =
—2.582025(4)up [55]], while the magnetic moment of the valence electron, an s-
electron with L = 0, is uy = —1.001159652(41)up [56]. However, the relative
strength between the first and second term depends on By.

The energy shift given by perturbation theory for the Hamiltonian (equation

2.1)) is:

Vs ur hVhss \/ 4mp
Ep, = — N 1 2 22
Fm="0r+1 1" *T ot (2:2)

where + is used for F =1+ %, mp is the magnetic quantum number which is quan-

tised along the magnetic field direction, By = |By|, and Vu = 9192 MHz is the
hyperfine frequency splitting of the F =4 and F' = 3 ground states which is related
to a by hvyg = ("%“')/ (21+1). The parameter, x, is given by:

(-5 +5)Bo

x=~— L T T 2.3)
hVgs

Physically, x is the ratio of the paramagnetic interaction (‘Zeeman energy”) to the
hyperfine separation [57].

For interactions with very small magnetic fields, x is small, hence there is a lin-
ear splitting of energy levels. This is known as the linear Zeeman effect. The energy
difference between neighbouring sublevels is equal and results in the observation of
only one transition frequency. This linearity is the same for very strong fields where
the splitting of energy levels are again linear in By because / and J fully decouple.
This is known as the Paschen-Back effect.

However, in the intermediate region, the situation is somewhat different. As
x increases due to interaction with stronger magnetic fields, the dependence of the
energy levels on By becomes non-linear in what is referred to as the non-linear
Zeeman effect. The degeneracy between neighbouring sublevels is lifted, revealing

several different transition frequencies.
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The magnetic sublevels of a ground state are studied by inducing transitions
with Amp = £1. To find the energy separation between adjacent sublevels, equa-
tion (2.2) is expanded to first order in magnetic field strength, By, (leaving out the

constant shift independent of By). This yields:

Ep.,, = gr UsBomp, (2.4)

1 W K fitft
uB( 1i 2041 ).

The resonance condition for transitions between sublevels, mr and mp for

where the Landé g-factor, gr =

the same F state is obtained by taking the difference between adjacent sublevels,

E(F,mpy1) and E(F,mf). To first order, this gives:

Emnp —Emp _ 8rlBBo

Vi =
L h h )

(2.5)

where vy is the Larmor frequency. It is discussed in more detail in section
Equation (2.9) is true as long as the energy levels are a linear function of By.

To calculate the non-linear Zeeman (NLZ) effect, it is sufficient to do the ap-
proximation t; = 0. Therefore, the resonant transition frequency for adjacent sub-

levels, E(F,mp) and E(F,mp), expanded to first order is:

gF/.LBB() HJ/J gJ[.LBB()
v, = =— By=>2""— 2.6
L h h(2I+1)° " h2I+1) (26)
where g; = ——‘Z{; ! is the electron spin g-factor.

The resonance frequencies correct to second order in By are found to be:

B, 2BlmF 2 Vi
gsuBy  2Bymr (8sUs) =v,— —L(2mp+1). (2.7)

hI+1) R2(2I+1)? Vas

VvV, =

where the mean mp quantum number is mr = mp + % [S8]. From equation (2.7)),
the separation, Vyrz, between two neighbouring sublevels with Amr = £1 is given

by the quadratic term:
2v?

Vhfs

VNLZ = (2.8)
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The experiments in this thesis have been carried out in the presence of magnetic
fields where the linear and non-linear Zeeman effects dominate. Figure [2.2] shows
the difference between the linear and non-linear Zeeman effects in the F = 4 ground

state.
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Figure 2.2: Energy diagram illustrating the linear and non-linear Zeeman effects in the F =
4 ground state. In the linear Zeeman effect, the energy difference between
the adjacent magnetic sublevels is equal, therefore, the various components
all appear at the same transition frequency. In the non-linear Zeeman effect,
the non-equal energy differences between the adjacent sublevels result in the
observation of several different transition frequencies.

It is convenient to describe the atomic system in a static magnetic field using

the collective atomic spin [39]:

Ntl[()mS

F= ; . (2.9)

where N oms 1S the total number of atoms and f () is the spin of the i'" atom [2]. The
component of F parallel to the magnetic field, the quantisation axis, (longitudinal

magnetisation of the medium), is defined by the population imbalance of the ground
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state sublevels [60]. The component of F perpendicular to the magnetic field (the
transverse magnetisation of the system) is represented by ground state coherences

(a linear superposition between sublevels) [60].

2.3 Broadening Effects

The linewidth is defined as the width, typically the full width at half maximum
(FWHM), of its optical spectrum. The width of a spectral line is affected by factors
such as natural broadening from spontaneous emission, Doppler broadening due to
atomic motion, collisional broadening due to atomic density, and power broadening
from intense pump and probe beams [61]]. The effect of each of these broadening

mechanisms will be discussed in this section.

2.3.1 Natural Broadening

Any population in the excited state decays to the ground state by spontaneous
emission, emitting photons in all directions. As a consequence of the Heisenberg
uncertainty principle:

AEAt ~ h. (2.10)

The energy level of an excited state can never be determined precisely because its

lifetime, At, is finite. The uncertainty in Az is the natural lifetime of the excited state,

At = T,4. The uncertainty in frequency is given by: Av,,, = ZATEh' Thus, the width of

the spectral line is broadened over a natural linewdith, I, given by [2,162]:

Fna[ — 277:Avun -

(2.11)

That

The spectral distribution characterised by I',,; has a Lorentzian line profile ex-

pressed as:

o) =

AT (v vo) o+ (gA)

(2.12)

where I, is related to the spontaneous decay rates, A;r, of all excited states, i,
into all lower states, f, through I',,;; = ZfAl- - and vy is the centre frequency of the

transition.
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For the D1 and D2 transitions in alkali atoms, the natural linewidth, I',,,, is about

4 — 6 MHz [2].

2.3.2 Collisional or Pressure Broadening

When an atom with energy levels, E; and E}, collides with other atoms or ions,
the electron energy levels will be shifted. The energy shift depends on the structure
of the electron shell of both colliding atoms and on the mutual distance between
the atoms’ centre of masses. The magnitude of this effect is dependent on the fre-
quency of such collisions, which itself is dependent on the number density, n4oms,
of perturbing atoms or molecules. The frequency of collisions can be estimated

from:

Veol = VihMatomsOcol s (2.13)

where v;, = \/W is the most probable thermal speed of the atoms, kg is the
Boltzmann constant, mc, 1s the Cs atomic mass, T is the temperature of the mov-
ing atoms and O, 1s the cross-section for collisions. The line profile is again
Lorentzian, just like the case of natural broadening (equation (2.12))). The effects of
natural and collisional broadening can be combined to give an effective linewidth,

L'err = yar + 2V, With the resulting line profile expressed as:

Feff 1

2 Toiva
AT (v —w)2+ (34)?

o(v) = (2.14)

2.3.3 Doppler Broadening

The random thermal motion of absorbing Cs atoms leads to small variations in
the absorbed frequency of the laser, v;,,,, due to the Doppler effect. When the atom
1s moving towards or away from the laser, it will see radiation that is blue or red-
shifted, respectively. An atom stationary in the rest frame of the laser will absorb
radiation of resonant frequency, vop. However, an atom moving towards the laser
and seeing blue shifted radiation will only be able to absorb radiation at a frequency

less than vy. Similarly, an atom receding from the laser will only absorb radiation
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greater than V. The Doppler effect will shift v;,,, toward:
Vz
Viaser = VO(IZE?)- (2.15)

where v, is the velocity component of the absorbing atom along the line of sight of
the laser beam which in this case is the z-direction, Vy is the resonant frequency of
the transition and c is the speed of light.

Therefore, there will be an ensemble of atoms at different velocities absorbing

a range of laser frequencies, and the Doppler broadened linewidth measured as the

V 2kgT
Avp = 2—01 [Z5B 1. (2.16)
c mcs

where kp is the Boltzmann constant, 7' is the temperature of the moving atoms in

FWHM is found to be:

Kelvin, vy is the resonant frequency of the transition and mc; is the Cs atomic mass.
At room temperature, the Doppler-broadened linewidth, Avp, is significantly larger

than the natural linewidth, I',,,;.

2.3.4 Power Broadening

Power broadening is defined as line broadening of atomic energy levels caused
by the presence of light [63]]. It occurs because the on-resonance absorption in the
centre of the linewidth profile is saturated at much lower intensities than the off-
resonant wings [63]]. Hence, with increasing intensity, absorption in the wings rises
faster than absorption in the centre, leading to a broadening of the spectral profile.

The power broadened linewidth is given as:

/ 1
1_‘power = rnal 1+ I_ (2-17)
sat

where [ is the laser intensity and I, is the saturation intensity. Iy, is the intensity at
which half the atomic population is in the excited state and half in the ground state
so incoming photons have equal probability of exciting atoms in both levels. Iy, is

given by:

7 hel
- 2.18
33 (2.18)

Isat -
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where /4 is the Planck constant, ¢ is the speed of light, I',,,; is the natural linewidth
and A is the wavelength of the light. The saturation intensity of Cs is Iy, = 1.1
mW /cm? [47].

2.4 Polarisation States of Light

Light carries energy, linear momentum and angular momentum which is asso-
ciated with the polarisation state of light [64, 65]. The experiments discussed in this
thesis all involve the interaction of polarised light with atomic spins. Therefore, it is
convenient to define the different types of polarisation states using the Stokes’ vec-
tors [66} 67]. The Stokes’ vector, Ss; = (S, 52,53), for a pulse of light, propagating

in the z-direction is defined as:

S| =E; —E;, (2.19)
Sy = 2EEy cos Byhase, (2.20)
S3 = 2EEysin Bppase. (2.21)

where E is the amplitude of the light in the x-direction, Ey is the amplitude in the
y-direction and [, is the phase angle between the two components. S; represents
linear polarisation which can either be in the x- or y-directions. S, describes £45°
linear polarisation between E, and E,. S3 describes circular polarisation which can
either be right-handed (o) or left-handed (o). The various polarisation states are

shown in Figure 2.3
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Figure 2.3: The different ways of describing the polarisation state of light.

2.5 Interaction between Polarised Light and Atomic

Spins
Any coherent interaction between light and atoms needs to conserve energy,
linear momentum and angular momentum [[68]]. In atomic magnetometry, the focus
is on: (1) the transfer of angular momentum to atoms (optical pumping) and (2)
the mapping of the atomic state onto the light polarisation (Faraday effect). The
former case benefits from a resonant interaction while the latter from an off-resonant

interaction. These two interactions will be the subjects of discussion in this section.

2.5.1 Resonant Interaction

Optical pumping changes the population distribution among the Zeeman sub-
levels of the ground state atoms through transfer of angular momentum [S1,169-71].
In the experiments performed in this thesis, circularly polarised light, referred to as
the pump beam, is used to perform optical pumping.

To have a better understanding of this process, the case where photons are
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resonant with the 625 1 F=4— 62P% F' = 3 transition will be considered. It is
assumed to be a closed transition, in which all atoms that are excited to the upper
state return to the initial state by spontaneous decay [72]. When an atom absorbs
a resonant photon, the angular momentum of the photon is transferred to the atom
because of angular momentum conservation. So, a ¢4 photon will cause a ground
state mp atom to jump to an excited state magnetic sublevel with mp = mp + 1.
From the excited state, the atom can spontaneously decay back down to the ground
state via one of three possible decay channels [[73]. The selection rule which governs
this process is Amr = 0,£1 because the emitted photon can have any polarisation
state. Using Figure to illustrate optical pumping, if an atom is initially in the
F =4, mp = 0 state, the resonant photon will excite the atom to the F' =3, mp = 1
state. From here, it may decay to the F =4, mr = 0, 1, 2 states. This leads to an
overall change of the ground state mr value by 0, +1, or +2. The probabilities for
the absorption and the different decay channels are determined by their Clebsch-
Gordan coefficients [74].

Hence, there is a finite probability that the atom will decay to a larger mp
sublevel. And, if the pumping process is repeated several times, the atom will even-
tually occupy the outermost state, F' = 4, mr = 4. When this happens, the optical
pumping process stops because there is no corresponding state in the excited level
available for transition. For this reason, the atoms in the outermost state, or stretched

state, are called dark states due to their inability to absorb light [51].
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Figure 2.4: Diagram illustrating optical pumping on a closed D, line transition. 6" pho-
tons resonant with the 625 1 F=4— 62P% F' = 3 transition, will cause F = 4

ground state my atoms to jump to the F/ = 3 excited state magnetic sublevel
with mpr = mp 4+ 1. Atoms will spontaneously decay back to the F =4 ground
state level via one of three possible decay channels because Ampg =0, +=1. The
probabilities for the absorption and the different decay channels are determined
by their Clebsch-Gordan coefficients. Eventually, after many pumping cycles,
atoms will accumulate in the outermost state (the stretched state) and cannot
absorb any more photons. Therefore, orientation is produced within the ground
state as the atomic spins are aligned along the same direction as the pump beam
which is parallel to the static magnetic field. Light grey bars represent unper-
turbed energy levels.

The imbalance in the populations of the Zeeman sublevels as a result of optical
pumping using circularly polarised light means that the ensemble of atoms pos-
sesses a net angular momentum, which manifests as a longitudinal magnetisation
of the medium. This is known as orientation, and in terms of the total electronic

angular momentum quantum number, J, is defined as [[75,[76]:

my

S — 2.22
JU+1) (2:22)

<0, >= Z’|cr(mj)|2
my
where o(my) is the differential cross section for excitation of the magnetic sublevels
with quantum number, m;. An oriented distribution of atomic spins is one in which
the spins have both a preferred axis and a preferred direction [77].
When optical pumping is done by linearly polarised light, the atomic ensemble

possesses no net angular momentum and is invariant under a rotation of the symme-
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try axis (the direction of propagation of the beam) [75]]. This is due to the balance of
the populations in the Zeeman sublevels, and is known as alignment [[75-77], which

again can be defined in terms of J [[75, [76]:

[3m3 —J(J+1)]

J(J+1) 2:23)

<4,>=Y |o(m)P

mj

An aligned distribution of atomic spins is one in which the spins have a preferred
axis but no preferred direction [[77].

In the experiments discussed in this thesis, the focus is on producing orienta-
tion within the ground state so that atomic spins are aligned along the same direction
as the magnetic field.
2.5.1.1 Indirect Optical Pumping

In reality, the 625 1 F=4— 62P% F' = 3 transition is not a closed transition.
Some of the atoms in the excited state will inevitably escape to the F' = 3 ground
state. Usually, another laser, known as the repump laser, is employed to transfer
atoms from the F' = 3 ground state to the F' = 4 ground state. One significant dis-
advantage of this method in applications which rely on rf magnetic fields to create
coherences between magnetic sublevels of the ground state is the power broaden-
ing occurring due to the resonant optical interaction with states involved in the rf
transitions [59, 78, [79].

The National Physical Laboratory (NPL) has demonstrated a novel technique
called indirect optical pumping whereby off-resonant pumping, in combination with
spin exchange collisions (SEC), enable a high degree of spin polarisation in a low
density alkali metal vapour. SEC are collisions between two atoms with electrons
having opposite spins, whereby the total atomic spin can be conserved but the in-
dividual electron spins are reversed. SEC are discussed in more detail in chapter 3,
section [3.3.5.1] In their paper, Chalupczak et al. [78] demonstrated that optically
pumping the FF = 3 ground state results indirectly in atomic spin orientation in the
F = 4 state, allowing observation of the relevant narrow rf resonances . The influ-

ence of SEC on the results of optical pumping is different for low and high powers.
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Here, the theory and main findings from the paper are summarised.

In such a scheme, one laser is used. It is tuned to a transition, involving the
ground state that is of no interest. It will be assumed that like in section the
goal is to put most of the atoms in the outermost sublevel of the F = 4 ground state.
Hence, the laser is tuned to the 62S 1 F=3— 62P% F’ =2 transition.

At low light powers (< 1 uW), it can be assumed that the 62 1 F=3—
62P% F' =2 transition is a closed transition so regular optical pumping should only
alter the population of the F = 3 ground state as described in section [2.5.1] while
the F' = 4 ground state sublevels should be left unperturbed, therefore exhibit a flat
population distribution. However, Chalupczak et al. [78] observed that a population
imbalance builds up in the F = 4 ground state, which replicates that produced in the
F = 3 ground state by optical pumping. This occurs because after light generates
orientation in the F' = 3 ground state, SEC which involve all atoms, then distribute
the overall angular momentum (or orientation) among both hyperfine manifolds.
This SEC process is referred to as SEC replication. The results from the experiment

are shown in Figure[2.5]
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Figure 2.5: Results from Chalupczak et al. [78] showing how orientation indirectly builds

up in the F = 4 ground state as a consequence of directly pumping the F = 3
ground state, off-resonant population pumping from the F = 3 to the F = 4 state,
and SECs. At low light powers (< 1 uW), orientation builds up in the F = 4
ground state because after orientation is produced in the F' = 3 ground state by
optical pumping, SEC then distributes the overall angular momentum among
both hyperfine manifolds. Athigher powers (> 1 uW), orientation in the F =4
ground state builds up because of SEC recycling and transfer pumping from
F =3to F =4[78]. Insets show the rf spectra taken with a pump power of 0.1
uW for the two ground states. Image is taken from [78].

At higher light powers (> 1 uW), the 65 1 F=3— 62P% F’ =2 transition can

no longer be considered a closed transition, so atoms can be excited to the F/ = 3

and F’ = 4 states according to quantum mechanics selection rules. By spontaneous

emission, atoms in these states can directly decay to the F’ = 4 ground state. Hence,

there is a transfer of population from the F = 3 ground state to the F' = 4 ground

state. The depletion of all the sublevels in the F' = 3 ground state implies that all

the sublevels of the F = 4 ground state should increase. However, this was not the

case as only the outer sublevels showed an increase. This is again attributed to SEC

which operate under different conditions and reveal new features. The light disturbs

the population balance between both ground state levels such that the F' = 4 ground
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state exceeds F' = 3. SEC will then transfer atoms from F = 4 to F = 3, but there
is some selectivity. Not all of the F = 4 magnetic sublevels are equally prone to be
brought back to F' = 3 because the effective SEC relaxation rates vary significantly
among the sublevels, with the stretched state having the longest relaxation rate. So,
an atom which is transferred from F = 4 to F = 3 will be subjected to intense
optical pumping cycles before being transferred to the F' = 4 ground state. There,
it will most likely occupy a non-stretched sublevel so SEC will transfer it back to
F = 3 where the optical pumping process repeats until the atom finally reaches the
outermost state of F = 4. Once there, it is preserved from SEC relaxation for a
very long time. This selectivity of SEC relaxation allows an accumulation of atoms
in the stretched or outermost state because of the long SEC relaxation rate and
the speeding up of pumping in the other F = 4 sublevels. This SEC mechanism
is referred to as SEC recycling. The combination of optical pumping and SEC
recycling puts most of the atoms in the stretched state, resulting in a high degree of
orientation. The results of the high intensity regime are displayed in Figure 2.5] A

schematic illustration of the two SEC mechanisms for the two intensity regimes is

shown in Figure
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Figure 2.6: Schematic illustration of the distinct SEC contributions to the optical pumping
mechanism for the two light intensity regimes. Image taken from [[78]].

Narrowing of the linewidths became more pronounced in the high intensity
regime, when the medium approached a high degree of orientation. It was ob-

served that the most dominant resonance narrowed by about 5 Hz from its initial
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value in the low intensity regime. This comes from the buildup of orientation in the
stretched state and is known as light narrowing. Light narrowing can be described as
a substantial narrowing of the magnetic resonance linewidth with increasing pump
power. Increasing the pump intensity results in nearly full atomic polarisation in
the medium as almost all of the alkali atoms are in the stretched state, that is, they
are all oriented in the same direction. When two atoms in this state undergo a SEC,
both atoms will have the same orientation at the end of the collision as before the
collision. There is no chance for the atoms to switch hyperfine levels. Therefore,
the phase of the transverse precessing component is preserved and results in a nar-
rowing of the linewidth.

The combination of high orientation and narrow resonance lines creates an
opportunity for enhanced sensitivity of rf magnetometers. With standard optical
pumping, increasing the pump power gives a larger signal amplitude but linewidth
broadens as well. Implementation of indirect pumping combined with SEC ad-
dresses simultaneously two aspects relevant to the sensitivity of the rf magnetome-
ter: (1) it depletes the F = 3 state so that more atoms can contribute to the signal
amplitude and (2) it creates a high degree of orientation in the F' = 4 state, which
leads to narrowing of the largest rf resonances and improved signal to noise ratio

(SNR) [78].

2.5.2 Off-Resonant Interaction

An off-resonant interaction represents the dispersive nature of the coupling
between the polarised light and atoms [80]. Here, the light interacts with the atomic
energy levels through the AC Stark shift, causing a shift in the atomic energy levels.
Because the frequency of the light is far from the transition frequency, spontaneous
emission and absorptive effects can be neglected.

This section will look at how the AC Stark shift arises and the effect the po-
larisability has on the atomic spins. Then, attention will be turned to an effective
Hamiltonian which is useful in describing the interaction between a linearly po-

larised beam and a polarised atomic medium.
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2.5.2.1 AC Stark Shift

Centre of Mass HFS Vector Tensor

Figure 2.7: Diagram illustrating the light shifts in the ground state of an alkali atom. Energy
levels are not to scale. Light grey bars represent unperturbed energy levels.

The Stark shift is the electric analogue to the Zeeman effect in which the split-
ting of atomic spectral lines is a result of an externally applied constant electric field
[81]. When the atom’s energy levels are under the influence of an oscillating elec-
tric field (e.g a laser field), the phenomenon is known as the AC Stark shift or light
shift. The first detailed experiments into light shifts were performed by Arditi and
Carver in 1961 [82]]. The presence of an intense far-detuned electric field shifts the
energy levels of the atoms. The electric dipole moment, d ., of the atom interacts
with the electric field of the probe beam according to the following Hamiltonian
[72]:

H = —duyonE. (2.24)

where E is the electric field.

Generally speaking, the AC Stark shift depends on three factors: the intensity
of the light, the polarisation of the field and the dynamical polarisability of the
atomic state [83]]. It is the polarisability of an atom which governs its response to
an applied electric field. In 1967, Happer and Mathur showed that by exploiting
the rotational symmetry of the interaction of the light with atoms, the total light
shift can be divided into three classes according to the geometry or symmetry of
the interaction of the light with atoms: the scalar, vector and tensor terms [84]. The

total light shift (Figure 2.7), 8E, is represented by a single operator in which each
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term is categorised according to its effect on the atomic ground state [84]:
OE = 8Ey+ hoasl.J — 1,,6H + OE;. (2.25)

The centre-of-mass light shift (8 Ey) is an equal displacement of all the atomic
ground-state sublevels; the atom is shifted as a whole [85]. The hyperfine light
shift (hda,l.J) is equivalent to the change in the magnetic-dipole coupling constant,
causing the hyperfine transition frequencies to change. Both these quantities are
scalar in nature and do not depend on the light polarisation.

The quantity, w,,6H, is called the vector light shift and is thought of as an inter-
action of the magnetic dipole-moment, t,,, of the atom with an effective magnetic
field, 0H, directed parallel or anti-parallel to the the light propagation direction
[86]]. Residual circular polarisation of the probe beam is made up of a superposi-
tion of two incoherent 6™ and o~ polarised beams, which produces the effective
magnetic field along the light propagation direction. The shift is linear in mp.

The last term in equation (2.25)) is called the tensor light shift. It is equiva-
lent to the electric field of the probe beam, applied to the atoms, which results in
an induced dipole, existing perpendicular to the electric field. Normally, in alkali
metals with a low atomic number, Z, the tensor light shift is negligible compared
to the second and third terms in equation (2.23)), because of the small excited state
hyperfine structure. However, in alkali atoms such as Cs and Rb, the first excited
state structure is well resolved under the right conditions and this makes the tensor
light shift non-negligible [84]]. The tensor interaction changes the frequencies of
the individual transitions between neighbouring sublevels thanks to the quadratic

dependence on mp [87]:
AELS — he(3cos® ¢ — 1)[3m% — F(F + 1)]I;. (2.26)

where [ is the light intensity, ¢ is the angle between the initial polarisation and the
magnetic field, and € is a coefficient that depends on the wavelength of light, its

detuning from the transition, and the transition width. The m% dependence leads
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to unequal energy differences between neighbouring sublevels, thus the signal con-
tains components at different frequencies. The light shift can be varied by changing

the light frequency, intensity and the angle, ¢ [87]].

2.5.3 The Effective Hamiltonian

To determine what happens in an off-resonant interaction between polarised
atomic spins and a linearly polarised probe beam, an effective Hamiltonian is used
to describe the interaction in terms of the ground state spin. Details of the deriva-
tion of this effective Hamiltonian have been provided by Julsgaard [80]. Here, the

simplified version is quoted for brevity:
iy = C /0 (QOE2(z,1) + 1 S3(2,1)Fs(2.1) + 06D) pasomicAdz. 2.27)

where A is the area of the atomic cloud, pomic 1s the atomic density, F; is the
component of the polarised atomic spin vector, F, in the z-direction and C and D
are constants. The light is assumed to propagate along the z-direction and goes from
0 to L, where L is the length of the medium. ¢, ¢, and o are the dimensionless
scalar, vector and tensor polarisabilities which are functions of the detuning, A,
defined as:

A=w— . (2.28)

where @y is the resonant transition frequency and o is the probe frequency. Red
(blue) detuning refers to when the probe laser frequency is less (greater) than the
resonance frequency, that is, ® < @y (@ > wyp) [88].

The first term in equation containing the scalar polarisability, o, will
produce a scalar shift of all ground state atoms, proportional to the photon density.
This term is of no interest because it is common to all sublevels in the ground state.

The principal relevant term from equation is the second term. This term
containing the vector polarisability, &, produces a rotation in which the Stokes
vector, Sg;, will be rotated around the z-axis. The rotation will be proportional to
F,. The 6* components of S3 experience a difference in refractive index due to F,

which leads to a phase shift between the two components and results in a rotation
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of the polarisation of Sg;. For small rotation angles, the components of Sg; is:

S =Sy, (2.29)
S5U = S 4 bF,(1)S (1), (2.30)
§gu = s, (2.31)

where 8™ and §° denote the light before and after the interaction, and » which is
proportional to ¢, is a constant that describes the strength of the interaction. The S
component of the Stokes vector, S;, is rotated around the z-axis by bF.(t) because
F; 1s imprinted on the output of S. This is known as the Faraday effect.

In the standard Faraday effect, the plane of polarisation of a linearly polarised
probe beam propagating through the medium is rotated when the medium is subject
to a magnetic field, applied in the direction of light propagation. Linearly polarised
light is defined as light in which the electric field vector is confined to a single
plane along the direction of propagation. It can be thought of as a superposition
of two orthogonal circularly polarised fields. The refractive index, n, associated
with the medium of atomic spins is the same for both components. The splitting
of energy levels in the presence of a magnetic field leads to a difference between
the resonance frequencies for the two circular polarisations, which displaces the
individual dispersion curves. The medium is said to be circularly birefringent. The
difference between n and n_ leads to a difference in phase velocities for the two
components which manifests as a rotation of the plane of polarisation.

To understand this phenomenon, a simple two-level atomic model will be used
to demonstrate how the atoms rotate the plane of polarisation. The derivation pre-
sented here largely follows that given in [89]]. The two oppositely directed circularly
polarised electric fields of equal amplitude, propagating independently through the

medium in the +z-direction can be mathematically represented as:

E i (z,t) = Eo(X £ i) exp i(kz — ot), (2.32)
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The incident field may be written as a superposition:
E(0,1) =E.(0,) + E_(0,t) = 2EpX exp i(kO — ot), (2.33)

where Ej is the initial amplitude of the wave, @ is the angular frequency of the
wave and 7 is a given point in space. Equation (2.33)) indicates an electric field with
polarisation along the x-direction.

Because the speed of electromagnetic waves in a medium is governed by its
refractive index, n, it is assumed that the two circularly polarised fields, E ., propa-
gate with indices of refraction, n4. The wavenumber for the two fields, k. is given

by [90] :
27 27 27

ke = — = — = ——
:t a{m Av/ni A,n:t’

(2.34)

where 4,, is the wavelength of the waves in the medium and A is the wavelength of
the light measured in a vacuum.

Any attenuation of the waves in the medium is taken into account by including
the attenuation constants, B+, and assuming that there is equal attenuation for the
two polarisations, that is, B, = B_ = B. Hence, the emergent field through the
medium of length, L, is:

2nny +n_

E . (L,t) =2Ep exp(—BL)(XcosAB —ysinAB) exp 1(7 5

L—or). (2.35)

Equation (2.35]) shows that the plane of the linearly polarised light has been rotated
by an angle, AO, given by:

27
AG_T(

ny —n—
2

)L. (2.36)

Equation (2.36) indicates that the angle the plane of polarisation has rotated by is
dependent on the difference between the two refractive indices.
To understand how the macroscopic quantity, n, is related to the microscopic

behaviour of the medium, it is first assumed that the medium as a whole develops a
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polarisation, P, in response to the electric field, E, of the incident light, given by:

P=¢&yyE, (2.37)

where & is the permittivity of free space and Y is the electric susceptibility. y is a
dimensionless, complex and frequency dependent quantity which characterises how
the medium responds to light.

Now, for the medium of atoms with number density, n4ms, @ very simple
atomic model in which the atomic ground state is non-degenerate and the excited
state has three magnetic sublevels which split in the presence of a small static mag-

netic field, By = Bz, as illustrated in Figure2.8] is assumed.

m -1 0 +1

Figure 2.8: A simple atomic model used to compute Faraday rotation in an alkali vapour
(not to scale). The ground state is non-degenerate and the excited level is split
into three magnetic sublevels by a small static magnetic field applied in the
z-direction, By = ByZ. Grey bars indicate the unperturbed energy levels.

Because of conservation of angular momentum, it is known that each circu-
larly polarised field in equation can only induce transitions in the medium
with Am = =1, therefore, each circular polarisation will separately interact with its
own two-level system, and consequently travel through the medium with its own
index of refraction and attenuation constant. These values can be obtained from the

susceptibility of a generic two-level atomic system, which is given as a function of
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optical frequency by [91]:

_ nal ()msl 3 1

X(V) - 1671'37: (VO—V> —i%,

(2.38)

where A = ¢/v, vy is the centre frequency of the transition, Av = (27, pon)’1 is the
FWHM (in non-angular frequency), and 7., is the spontaneous decay rate of the
upper state lifetime.
It is seen that the refractive index as a function of frequency, n(v), is found to
be [91]]:
RatomsA> Vo—V

n(v)—1= , 2.39
( ) 3277:31'5170}1 (V—Vo)z‘l'(ATv)z ( )

which shows a dispersive dependence on frequency.

Consequently, it is found that the rotation angle, A0, is:
. nat()mslzL Vor —V Vo——V

AB(v) = - : 2.4
B 7T N e

where vy are the shifted resonance frequencies due to the magnetic field.

The Faraday readout of spin, F;, from the effective Hamiltonian (equation
(2.27)) is a quantum non-demolition measurement (QND) [92] 93]. QND requires
the fulfilment of the sufficient condition: the measured quantity, F;, must be an in-
tegral of the motion for the coupled probe and atomic spins, that is, it must not only
return to its initial value (in the Heisenberg picture) at the end of the interaction, but
it must remain constant throughout the interaction [94]. This condition is equivalent
to the relation:

Hins] = 0. (2.41)

As E, is constant during the interaction with the probe beam, it has no explicit time

dependence, so:
oF;
0. 2.42
T (2.42)

Therefore, it follows that for the measurement to be QND, F, must commute with
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the effective interaction Hamiltonian, Hiy,:

>

[F2, Hint) = 0. (2.43)

and since H;,; o S3FZ, this condition is fulfilled for the Faraday effect. Thus, in-
formation about the atomic spin is able to be obtained via the probe beam without
interfering with it. The atomic spin is unperturbed by the probe light and subsequent
interrogations will yield the same result [94].

Now, the term which contains the tensor polarisability, o, produces higher
order couplings between the light and atoms, represented by the constant, D. This
type of interaction is a non-QND interaction, indicating a perturbation of the probe
that alters the state of the atoms. It arises due to the quadratic dependence of mr on
the energy.

The relative magnitude of the last two terms in equation is dependent
on the strength of the coupling between the probe beam and atomic spins. The
dependence of the signal on the detuning defines the spectral line. To probe in the
limit where the tensor term is negligible means that the probe beam should be at a
low intensity or with its detuning far greater than the frequency separation between
the hyperfine components of the excited levels. Conversely, higher intensities and

smaller detunings will magnify the tensor interaction.

2.6 Interaction with rf Magnetic Fields

In section [2.5.1] it was stated that optical pumping with circularly polarised
light is used to orient atoms, producing a longitudinal macroscopic polarisation
parallel to the magnetic field, By, which is assumed to lie along the x-axis, that is,
By = Bpx.

Addition of a weak oscillating rf magnetic field, B, s, transverse to By in the
y-direction will tilt the magnetisation vector away from the x-axis, causing it to
precess around By, if its oscillation frequency is approximately equal to the Larmor
frequency, @y, defined as [95]]:

o, = YBy. (2.44)
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where 7 is the atomic gyromagnetic ratio.
Assuming that B,y = B,scos(w;t)y is applied in the y-directon, the evolution

of M in the presence of B,y and By in the laboratory frame is:

dM N .
7 YoM x (Box + Bycos(m1)P). (2.45)

When solving equation (2.45), it is convenient to eliminate the time dependence by
using the rotating coordinate system in which the y- and z-axes, denoted by y" and
7 rotate around the x-axis at angular frequency, @; = ®|X. @ is a vector whose
magnitude gives the angular frequency of rotation of the rotating system, which is
the same as the angular frequency of B, s, and whose direction is the axis about
which the system rotates, that is, the x-axis. Ignoring for the moment B, ¢, the rate
of change of M as viewed from the rotating frame is related to the rate of change of

M as viewed in the laboratory frame by the expression:

dM adM
(E)ROT = (W)LAB_(‘OI xM), (2.46)
dM
(W)ROT = YM x (By+ %). (2.47)

Equation indicates that as far as the rate of change of M is concerned, trans-
forming to the rotating frame at @; is the same as adding a fictitious field, % SO

that the total effective field is given by [90]:
(0]
B.js=Bo+ (2.48)

It follows that around resonance, M is constant in the rotating frame because B, s
is 0, which can only happen if @ = —yBy [96]. Thus, the effective field acts in the

x-direction and is given by:

o,
B.s = (By— 71).x (2.49)

Now, B,s = B,scos(wit)¥ can be thought of as a superposition of two counter-



72 Chapter 2. Theory and Background

. . . . . B,s
propagating rotational magnetic fields at frequencies +®; and amplitudes —". One

component oscillates at a negative frequency with respect to the atomic spins so has
no effect on the spins. Thus, only the co-rotating component is of interest and in the
rotating reference frame, it appears stationary.

Consequently, the total resultant field in the rotating frame is:
d (2.50)

Therefore, the evolution of M in the presence of B, is:

M ©, B,
(=, JroT = YM X Byos = YM x (Bo—71+7f). 2.51)

Physically, equation (2.5T)) states that M acts as though it experiences a static resul-
tant field, B,.s, which causes it to precess in a cone of fixed angle about the direction

of By, at angular frequency, YB., (Figure[2.9).

Figure 2.9: Diagram illustrating the evolution of M in the presence of a static magnetic field
(Bo) and a weak oscillating rf magnetic field (B,y) in the rotating coordinate
system.
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Taking relaxation into account, equation (2.51)) becomes:

M (0] B,
(— )ror = YM x (By — 71 + —f)

_ Myy' + Mz (M —Mo)i

2.52
- T (2.52)

dt 2

where 77 and T3 are the lifetimes of the longitudinal and transverse magnetisations,
respectively, and My = MyXx is the longitudinal magnetisation in the absence of rf
excitation. The steady state solutions for equation (2.52)) can be be found by setting

(%I)ROT = 0 and solving for the three magnetisation components:

QT

My, =M, 2.53
Y T Y (A0 P+ Q2T T (2.53)
M., = —M, AwTy (2.54)

7= 0 1+ (A(DTz)z —|—.Q.2T1 Tz7 '

1+ (AwT)?

M, =M, . 2.55
. 0 14+ (ACOTz)z + Q2T1 T ( )

where A®w = @ — 0y and Q = }/1%.

The component of the magnetisation that is of interest is along the z-axis in the
laboratory frame, that is, M,. So, transferring from the rotating to laboratory frame
gives:

M = M cos(wt) — My sin(oy1), (2.56)

T> cos(@;t) + AT} sin( ;1)

M, = MyQ
S L (AwD)2 + Q2T T,

(2.57)

The measured signal has a Lorentzian absorptive component that is in-phase with

the rf oscillating field and a dispersive out of phase component (Figure[2.10).
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Figure 2.10: Diagram illustrating the absorptive component which is in phase with the rf
oscillating field and the dispersive component which is out of phase with the
rf oscillating field.
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Chapter 3

Theory of Atomic Magnetometers

3.1 Introduction

The purpose of this chapter is to provide the general background theory be-
hind atomic magnetometers. An atomic magnetometer is a sensor which is used
to measure a magnetic field through its interaction with the atomic sample. The
fundamental components of an atomic magnetometer are an alkali metal vapour, a
laser beam to polarise the atoms (the pump beam) and another laser beam to probe
the evolution of the polarised atoms (the probe beam) in a magnetic field. The
general schematic of the atomic magnetometer is shown in Figure Its prin-
cipal of operation will be described through the concepts presented in chapter 2.
In addition, the two classes of magnetometers: the rf and dc magnetometers will be
discussed. While the operating principle is the same for both classes, there are some
differences in the measurement procedures. The principle difference is attributed to
the way in which the two magnetometers measure the transverse component of the
macroscopic spin polarisation vector. Finally, the factors which affect the sensitivity

of the magnetometer will be examined.
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Figure 3.1: General schematic of an atomic magnetometer. The pump beam polarises the

atoms, the atomic polarisation orthogonal to the magnetic field precesses about
the field and the resultant state of the atoms’ polarisation is detected by mea-
suring the polarisation rotation of the probe beam.

3.2 Principle of Operation

Measurement of a magnetic field with an atomic magnetometer consists of

three phases which occur simultaneously:

1.)

2)

3.)

Preparation of the atomic spin by optical pumping. In a configuration rel-
evant to the experiments described in this project, circularly polarised light,
referred to as the pump beam, is used to create the collective atomic spin. This
is achieved by the process of optical pumping [97] as described in chapter 2,
section Other configurations may employ linear polarisation and other

types of geometries for optical pumping.

Interaction of the atomic spin with the magnetic field. In the presence of a
magnetic field orthogonal to the atomic polarisation, the atomic spins’ precess

about the field axis at the Larmor frequency, @y.

Detection of the magnetic field strength. The precessing magnetisation is
detected by utilising the Faraday effect to measure the polarisation rotation of

the probe beam, which is linearly polarised. Choosing the polarisation method
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offers certain inherent advantages, such as a reduced sensitivity to laser intensity

fluctuations, and the ability to detect very small polarisation-rotation angles [3l].

3.2.1 Classes of Atomic Magnetometers

Atomic magnetometers can be used for rf and dc magnetic field measurement.
While the operating principle of each type is the same, there are some differences
in measurement procedures.

Generally, the atomic magnetometer monitors the ground state coherences.
These are equivalent to spin components orthogonal to the static magnetic field.
The static magnetic field defines the quantisation axis. These spin components pre-

cess about the magnetic field at @wy. There are two ways to produce the coherences:

* A weak rf magnetic field oscillating at @y, perpendicular to the direction of
both the static magnetic field and collective atomic spin, creates a polarised
spin component transverse to the static magnetic field, which precesses about
that field at wy. This is the principle behind the rf magnetometer, which
measures the field through observation of the amplitude of the transverse po-

larisation component, that is, the amplitude of the coherences.

* Modulation of the pump beam at @y, applied in a direction perpendicular to
the static magnetic field produces a collective atomic spin component which
precesses about the field. This is the concept underlying the dc magnetometer
which measures the field through observation of the frequency of the coher-

ence oscillation.

3.2.1.1 The rf Magnetometer

Savukov et al. [98] in 2005 introduced a tunable rf atomic magnetometer for
detection of rf magnetic fields. They showed that that by tuning the Zeeman spin
resonance frequency of the atoms to the rf, it was possible to achieve high sensitivity
to the rf field. The magnetometer operated at a resonant frequency of 99 kHz with
a bandwidth of 400 Hz and had a demonstrated sensitivity of 2 fT/y/Hz, along
with a calculated fundamental sensitivity of 0.01 fT/ VHz [98]. In 2007, the rf

magnetometer was first used for NMR where it was shown to be intrinsically more
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sensitive than an inductive pickup coil of comparable size for frequencies below
50 MHz [36]. In 2006, Lee et al. [99] used the rf magnetometer for detection
of nuclear quadrupole resonance (NQR) where a sensitivity of 0.24 fT/v/Hz at
a resonant frequency of 423 kHz was demonstrated. In 2012 Chalupczak et al.
[100] demonstrated a room temperature rf magnetometer with a sensitivity of 1.16
fT/ VvHz in a range of 10 — 500 kHz. A high density 3’Rb magnetometer with
sensitivity 5 fT/+/Hz and fundamental sensitivity of 3 fT/v/Hz was demonstrated
by Savukov et al. [101] in 2014.

The standard setup consists of the cell placed in a static magnetic field, which
is applied in a direction, arbitrarily taken to be the x-direction. The static magnetic
field is used to tune the Zeeman sublevels in resonance with a measured rf magnetic
field.

The circularly polarised pump beam, applied in the same direction as the static
magnetic field, pumps the alkali atoms so that they are polarised along x. As dis-
cussed in chapter 2, section[2.5.1] the pump beam creates a population imbalance in
the ground state by pumping the atoms into the stretched state, thereby generating
a longitudinal magnetisation component along the static magnetic field direction.

The weak, oscillating rf field, applied orthogonally (y-direction) to the static
magnetic field with a frequency that coincides with the energy splitting of adja-
cent mp sublevels, creates ground state coherences between neighbouring sublevels.
This is equivalent to a transverse spin component that precesses about the magnetic
field at oy, as described in chapter 2, section [2.6] The amplitude of the transverse
polarisation is proportional to the strength of the rf field.

As the transverse spin component precesses, it will interact with the linearly
polarised probe beam, which propagates in a direction orthogonal to the static and
rf magnetic fields (z-direction). The precessing spin component will result in an
oscillation of the plane of polarisation of the probe beam, which is detected using
the Faraday effect.

The rf magnetometer offers many advantages. It is able to operate in an un-

shielded or partially shielded environment [36]. Adjusting the static magnetic field
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allows the rf magnetometer to be tuned to detect rf fields anywhere up to many MHz,
with minimal variation in the resonance response amplitude [2]. Consequently, it
can be used to quickly scan over a broad frequency range for the appropriate res-
onance signal [2]. High frequency operation reduces magnetic noise produced by
Johnson electrical currents in neighbouring conductors, and it is relatively insensi-

tive to vibrations and laser noise at these frequencies [36, [102].

P
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Figure 3.2: Principle of the rf magnetometer. Circularly polarised light, propagating in the
x-direction, is used to pump the atoms, producing a macroscopic polarisation,
F,, parallel to the static magnetic field (By). A weak oscillating rf magnetic
field, B, s, orthogonal to By induces a transverse spin component which pre-
cesses about By at the Larmor frequency, @;. The precessing component is
detected as a rotation of the plane of polarisation of the linearly polarised probe
beam, propogating orthogonally to B, and B, .

3.2.1.2 The dc Magnetometer

William E. Bell and Arnold L. Bloom in 1961 noticed that an alternative to
using rf excitation to produce the ground state coherences was to modulate the op-
tical pumping rate with a frequency resonant with the Larmor precession of atomic
spins, in what is referred to as synchronous optical pumping [97]]. Since then, there
have been numerous research into the application of synchronous optical pumping
in the context of atomic magnetometry.

In 1995, Cheron et al. [103-1035] demonstrated the realisation of a “He
magnetometer based on optical pumping with a frequency modulated (FM) semi-

conductor laser diode, with followup work done in 1996 and 2001. Budker et al.
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[106] in 2002, used FM modulated light in an 8’Rb magnetometer, but in contrast to
the work carried out previously [103-1035]], where the resonant signal was detected
by monitoring the transmitted light through the cell, Budker measured the optical
rotation of the beam. In 2006, Gawlik et al. [[107] focused on using amplitude mod-
ulated (AM) light for optical pumping in atomic magnetometry as an alternative to
FM light modulation. Polarisation modulation (SM) was first explored by Gilles et
al. [108] in 1991, then by Klepel et al. [109] in 1992 and its application to atomic
magnetometers was demonstrated by Kish and Romalis [[110] in 2010, Huang et al.
[111] in 2012 and Fescenko et al. [112] in 2013. Other research into synchronous
optical pumping applied to atomic magnetometry can be found in [[113H117]].

In the dc magnetometer, the magnetic field to be detected, along the x-direction,
is perpendicular to the pump beam, which propagates along y. The circularly po-
larised pump beam resonant with an atomic transition pumps atoms, producing a
macroscopic polarisation in the same direction as the pump beam.

Because the macroscopic spin polarisation component is transverse to the static
magnetic field, it will begin to precess about the magnetic field at @;, immediately
after optical pumping. To ensure that the the polarisation component precesses with
the same phase each time atoms are optically pumped, the pump beam is modulated
at @y [3]. Modulation of the pump beam can either be achieved through AM, FM
or SM of the beam. These techniques enable the precession of the collective atomic
spin and the modulated pumping rate to be synchronised [118]. If modulation is
at any other frequency, the precessing polarisation at a particular time will have a
different phase to the polarisation produced at an earlier time, hence, coherence of
the atomic polarisation will be lost.

Now, if the pump rate is modulated at @y, atoms will only ever be pumped after
they have completed one complete precessional cycle and are again aligned with the
pumping direction [2]. Hence, atoms will always precess in phase with each other.
This is the optically driven spin precession first demonstrated by Bell and Bloom
in 1961 [97]. Consequently, this type of configuration is known as a Bell-Bloom

configuration.
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In AM modulation, the pump laser is turned on and pumping occurs when
the macroscopic atomic spin polarisation is in the forward direction with respect
to the wave vector, k, of the propagating pump beam but turned off when the spin
polarisation is in the backward direction [15]. Similarly, in FM modulation, the
pump laser is on resonance only when the precessing atomic spins are in the forward
direction with respect to k [15]. However, in SM modulation, pumping occurs in
both directions, in the forward direction by ¢ light and in the backward direction
by o~ light. Because of this property, SM-pumping is also referred to as “push-pull
pumping” [[15]].

Like the rf magnetometer, the precessing component is detected as a rotation
of the plane of polarisation of the linearly polarised probe beam by utilising the
Faraday effect.

The advantages of the dc magnetometer include a simpler design than the rf
magnetometer, and when used as part of an array of sensors, there is no cross talk
among the magnetometers. Cross talk is sometimes a problem among the rf coils of

rf array-based magnetometers.

modulated g .'r‘. EEEEm

pump '

Figure 3.3: Principle of the dc magnetometer. The pump and probe beams are orthogonal
to the static magnetic field, By so that immediately after pumping, the polarisa-
tion begins to precess about the magnetic field. The pump beam is modulated
at the Larmor frequency, wy, to ensure that the precessing polarisation is al-
ways in phase with the polarisation produced at an earlier time. The precessing
component is detected as a rotation of the plane of polarisation of the linearly
polarised probe beam.
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3.3 Sensitivity of the Magnetometer

The sensitivity of a magnetometer can be defined in two ways: it is either the
smallest change in the magnetic field level that the sensor is able to distinguish or it
is the size of the smallest magnetic field it can detect [2].

The atomic magnetometer is a quantum device and like all quantum devices, it
has an intrinsic limit on its sensitivity imposed by quantum mechanics. Therefore,
the ability of the atomic magnetometer to make a precise measurement of the mag-
netic field is fundamentally limited by three sources of noise, excluding electronic
noise. These are the atomic projection noise which is the fluctuation of atomic spins,
the photonic shot noise caused by fluctuations in the number of photons in the po-
larimeter used for detection and quantum back-action arising from perturbation of

the atomic spins by the probe beam.

3.3.1 Atomic Projection Noise

The atomic projection noise arises from the fact that if an atom is polarised in
a particular direction, there is a certain amount of uncertainty in a measurement in
an orthogonal direction.

For a fully polarised spin state along the x-axis, where < F, >= F, there will
be quantum fluctuations in the measurement of < F; > and < F, > because of co-
herence precession which are picked up by the probe beam along an orthogonal
direction such as the z-direction. The standard deviation due to these fluctuations of

many measurements on many different atoms is given by [3]:
o(F,)=1/=. (3.1)

The general formula that takes into account uncertainty in the atomic spin compo-
nent due to quantum fluctuations in the measurement of alkali atoms is described

by [46]]:
1 1

YVNDT

where 7 is the gyromagnetic ratio, 7> is the lifetime of the transverse magnetisation,

8Bupn = (32)
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N is the number of interrogated atoms and 7 is the measurement time. Equation
(3.2) is derived from the observation that a measurement with a single atom with
a duration 7 produces an uncertainty in the Larmor precession angle on the order
of one radian [46] [49]. With N atoms, this is improved by VN, and repeating
the measurement multiple times gains another factor of \/TZ2 [46]]. According to
equation (3.2), the sensitivity is dependent on N, 7> and 7. With this information, a
number of potential strategies for improving sensitivity can be realised [15]. Such

strategies will be discussed in section [3.3.4]

3.3.2 Photonic Shot Noise

The second factor which limits the fundamental sensitivity is related to the
quantised nature of photons. Photonic shot noise arises as a consequence of the
quantised nature of the probe beam photons, in which each individual photon event
detected, is independent of all other events, thus the number of photons detected in
equal time intervals vary randomly. In other words, their flux per unit time fluctu-
ates over time around its mean value, ZW with amplitude, W Consequently,
the intensity and polarisation of light can be determined with a finite precision given
by —— where N, is the number of probe photons. This sets a limit on the pre-

\/ NprT

cision of spin-state determination and hence the sensitivity of magnetic-field mea-

surements. One way to mitigate this problem is to operate with higher probe light
intensities where the SNR increases, thereby increasing the sensitivity. However,
using higher probe beam intensities can result in optical pumping by the probe.
Hence, the probe beam should be detuned from the optical transition in order to
reduce this effect.

In the balanced polarimetry technique which is used for detection in the exper-
iments described in this thesis, there will be fluctuations in the number of photons
collected in each photodiode. If N, photons pass through the atomic ensemble with
negligible absorption, then each photodiode will record on average N, = ]%, with

shot noise uncertainty:

(3.3)
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This leads to an uncertainty in the rotation angle of the plane of polarisation of the
probe beam:
1

o(6) = 57—
pr

(3.4)

From the fluctuations in the rotation angle, one finds that the uncertainty in the
measurement of the < F; > component of the collective atomic spin due to photonic

shot noise is described by the following equation:

1 1 A A
gF.uBTN Npr 1—‘nat 2'2‘

O0Bshot = (3.5)

where gr is the Landé g-factor, up is the Bohr magneton, 7 is the measurement
time, N is the number of interrogated atoms, N, is the number of photons reaching
the detector, I, is the natural transition width, A is the area of the cross section of
the atomic medium, A is the wavelength of the probe beam and A is the detuning of

the probe beam from the resonant transition.

3.3.3 Quantum Back-action

The final contribution which limits the magnetic field sensitivity arises from
the quantum back-action of the probe light onto the atoms. It arises from the AC
Stark shift, mentioned in chapter 2 section [2.5.2.1] in which the electric field of the
probe light modifies the Zeeman sublevel energies [15].

Even though the probe beam is linearly polarised, there will be quantum fluc-
tuations in the degree of circular polarisation which produces a fictitious magnetic
field along the direction of light propagation. As a result, the precessional frequency
of the atomic spins change, mimicking the change of the static magnetic field [15]].
Thereby, the fundamental fluctuations in light intensity may contribute to the uncer-
tainty in the spin-state determination [15]].

Other instances when the quantum back-action noise is pronounced are when
the pump beam is off-resonance, and the magnetic field to be detected is not orthog-
onal to both laser beams. When the laser beams are orthogonal to the magnetic field
to be measured, then any light shift fluctuations add quadratically to the field and

only contributes in second order to the absolute value of the magnetic field to be
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measured. In the setup described in this thesis, quantum back-action is a problem
because the transverse spin polarisation component is in the same direction as the
propagating probe beam.
3.3.3.1 Electronic Noise

Though not one of the fundamental noise sources, electronic noise inherent in
all electrical devices is present in all measurements, therefore it warrants discus-
sion. The sources of electronic noise originate from the electronic equipment used
for locking the pump and probe beams, the electrical components of the photodiode
detector used for converting the optical signal into an electrical signal, and the elec-
trical components of the lock-in amplifier used to demodulate the electrical signal.

The basic types of noise are:

» Johnson noise: arises from fluctuations in voltage across a resistor and exists
in all electrical conductors. It was observed by J.B Johnson in 1927 and takes

the form [[119, 120]:

AV = \/4ksTRAY. (3.6)

where kp is the Boltzmaan constant, T is the temperature in Kelvin, R is the
resistance of the resistor and Af is the bandwidth in Hz. The Johnson noise
for a resistor at room temperature is 0.13v/R nV / v/Hz. The magnitude of
this type of noise is flat as a function of frequency and is referred to as “white

noise”.

* 1/f noise: also known as “pink noise” arises from fluctuations in the value of
the resistance itself, due probably to motion of impurities [[121]. This type of

noise is the same for each decade of frequency.

» Shot noise: arises from the quantisation of electric charge.

3.3.4 Improving Sensitivity

The sensitivity, AB, depends on the SNR, as well as the linewidth of the res-

onance signal. The lifetime of the transverse magnetisation, that is, the coherence
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lifetime, 7>, determines the width of the resonance in the frequency domain [2]:

AB="—""t— (3.7)

A narrow linewidth means that the transverse spin relaxation rate, ¥, is small (7.,
is the inverse of 73). A long polarisation lifetime is essential for obtaining a sensitive
magnetometer. There are several ways to improve sensitivity.

One such way is by pumping atoms into the stretched state, thereby having
a high degree of orientation. A second improvement is to increase the number of
alkali atoms in the cell. This can be achieved by using a larger cell or by increasing
the alkali vapour density by increasing the temperature of the cell. It was stated
in chapter 2, section 2 that Cs was used because it has a relatively high vapour
pressure at room temperature compared to Rb and K. This is advantageous because
a sensitive magnetometer which can be used in real world conditions is feasible
to produce. In addition, pump and probe intensities need not be too high as the
atomic vapour at room temperature is not optically thick. High intensity pump
and probe beams will lead to power broadening of the resonant transition. A third
improvement is to detune the resonant frequency of the probe beam from that of the
pump beam so that it does not destroy the macroscopic polarisation created by the

pump beam.

3.3.5 Relaxation Mechanisms

The optimum magnetometer sensitivity depends on the lifetime of the macro-
scopic spin polarisation produced by optical pumping. The lifetime of the spin
polarisation depends on the lifetimes of the longitudinal (77) and transverse (7>)
components. In all media, there are relaxation mechanisms which oppose optical
pumping and try to re-establish thermal population distributions. Here, the relax-
ation mechanisms pertinent to the experiments described in this thesis which were

performed at room temperature, are discussed.
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3.3.5.1 Spin-Exchange Collisions (SEC)

SEC are the dominant type of interaction between atoms in an alkali metal
vapour at room temperature. When two atoms with electrons having opposite spins
collide, the total atomic spin can be conserved but the individual electron spins are

reversed. Symbolically, this is represented as:

A +B() = AL +B(1). (3.8)

where (1) refers to spin-up and () refers to spin-down.

These collisions happen so quickly that only electron spins are affected; nu-
clear spins are largely unaffected.

The physical basis of this is the electrostatic “exchange potentials”, which are
different for symmetric and anti-symmetric combinations of the atomic orbitals.
The two atom complex is described by mixtures of the two combinations, and under
the effect of the exchange potentials, one component advances in phase over the
other, leading to an interchange in the electron spin components [122].

Even though the total atomic spin is conserved, such collisions can result in
a loss of spin coherence [46]]. The direction of magnetic precession, determined
by the relative orientation of the electron spin with respect to the total atomic spin,
is opposite for the two hyperfine states. So, atoms in the two ground state hyper-
fine levels precess with approximately the same frequency but in opposite direc-
tions [2, 46]. Thus, in the presence of a magnetic field, SEC can randomly trans-
fer atoms between the two hyperfine ground states, causing a redistribution of the
atoms among the mfg sublevels [2]. Atoms exchanging ground states means that the
populations of the two hyperfine levels no longer precess in phase with each other
because the atoms’ angular momenta are all at random angles with respect to each

other [2,/46]]. This leads to destruction of the transverse polarisation component.
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0,9

Figure 3.4: Diagram illustrating the concept of a spin exchange collision (SEC). When two
atoms with electrons having opposite spins collide, the total atomic is con-
served but the individual electron spins are reversed.

3.3.5.2 Spin-destruction Collisions

The second most important mechanism for spin relaxation is spin-destruction
collisions in which the total atomic spin of the atomic ensemble is not preserved.
In collisions of this type which involve only alkali atoms, spin angular momentum
is transferred to the orbital angular momentum of the colliding pair. The transfer of
angular momentum is thought to be due to a magnetic dipole spin-spin interaction
of the form:

2 .
Hss = S 2.8a-(3RR—1).8.. (3.9)

where S, = S, + S}, is the total electronic spin of the colliding atoms, R is the di-
rection of the internuclear axis of the colliding pair and A is the interaction constant
[123]]. The spin-destruction rates are about 1% of the spin-exchange rates [123].

Like equation (3.8), spin-destruction collisions can be represented symbolically as:

AT +B() = AW +B(). (3.10)
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Figure 3.5: Diagram illustrating a spin-destruction collision. The total atomic spin of the
atomic ensemble is not conserved. In collisions of this type, there is a transfer
of spin angular momentum to the orbital angular momentum of the colliding
pair.

3.3.5.3 Wall Collisions

When an atom collides with the bare glass surface of the cell, it becomes stuck
to the surface for a finite amount of time. During this period, the local electric and
magnetic fields of the glass ions and molecules rapidly depolarise the atomic spin.
This is very undesirable, so efforts have to be made to eliminate this effect as much
as possible. Two such elimination methods are the addition of buffer gas atoms to
the cell or the use of anti-relaxation wall coatings.

Buffer gas atoms reduce wall-induced relaxation by slowing down the diffusion
of the alkali atoms from the centre of the cell to the glass walls. Therefore, they
collide with the walls less often. The more buffer gas atoms there are, the longer
the alkali atoms take to diffuse toward the walls. The relaxation rate is a balance
between the diffusion-mediated wall collisions and collisions between the buffer
gas atoms and the alkali atoms. Bernheim et al. [124] showed that disorientation
of the alkali atom due to collisions between the buffer gas atoms and alkali atoms
arise from a spin-orbit coupling between the alkali valence electron spin and the
relative orbital angular momentum of the two particles in the alkali atom-buffer gas
collision, which randomises the electron spin. Helium is the most commonly used
buffer gas because it has a low probability of spin-destruction collisions due to the

small amount of spin-orbit interaction between the alkali atom and helium atom
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[124]. Hence, it has a small disorientation cross section compared to other gases
[124]]. The disorientation cross section which characterises the alkali atom-buffer
gas collision is roughly proportional to the cube of the atomic number, and helium
has the lowest atomic number of the noble gases [[125]].

In the experiments described here, anti-relaxation wall coatings were chosen
over buffer gas atoms for reasons which will become apparent later in this section.
Essentially, wall coatings are molecules which cover the surface and prevent the
alkali atoms from touching the bare glass surface. They are chemically inert and
allow the atoms to bounce off the walls numerous times without depolarisation. For
magnetometers operating at room temperature such as the one described in this the-
sis, paraffin is used to coat the glass walls. Paraffin has a very low polarisability.
Using paraffin-coated glass cells to contain atoms was first proposed in the 1950’s
by Ramsey [126]], and in 1958, Dehmelt, Robinson, and Ensberg experimentally ob-
served that the polarisation of the atomic spins were preserved in a paraffin-coated
glass cell [[127]. Since then, numerous experiments into paraffin have resulted in
the development of an extremely high quality coating capable of allowing atoms to
bounce off the walls at least one thousand times without losing its orientation [2].
Paraffin melts and loses its effectiveness above temperatures of about 60— 80 °C [2],
hence it is the preferred choice for magnetometers operating at room temperature.

Using paraffin-coated cells offers several advantages over buffer gas atoms.
Spin-destruction collisions between alkali atoms and buffer gas atoms cause broad-
ening of the signal linewidth which limits the magnetometer performance especially
in high pressure cells. On the other hand, a superior quality paraffin-coated cell re-
sults in very minimal depolarisation. The smaller the cell, the higher the buffer
gas pressure needs to be in order to maintain the same diffusion time. Hence, the
linewidth improvement using paraffin-coated cells over buffer gas atoms is more
pronounced for smaller cells.

The presence of magnetic field gradients results in atoms in different parts of
the cell experiencing different local fields thus they precess at different frequencies.

Because they take a long time to diffuse to the walls, most of the alkali atoms in
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a high pressure glass cell spend most of their time in the centre of the cell. These
atoms will feel their own local field while atoms nearer to the walls will experience
a different field. Consequently, the precession at different frequencies will lead to
a broadening of the linewidth of the recorded signal. In contrast, the atoms in a
paraffin-coated cell are free to move all over, thus they effectively average the field
over the entire cell volume. This also means that it is not necessary to expand the
diameter of the probe beam to the same size as the cell in order to measure the
atoms’ Larmor precession; a small diameter can suffice. In a similar fashion, when
creating the collective atomic spin, the pump beam can also remain small because
paraffin preserves the polarisation of the atomic spins in the parts of the cell not

actively pumped.
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Chapter 4

Experimental Setup

4.1 Introduction

This chapter will provide the technical details of the rf magnetometer used in
the work described in this thesis. A schematic of the setup is shown in Figure

The cell is placed in a uniform static magnetic field, By, created by a solenoid.
By is directed along the x-axis. The weak oscillating rf magnetic field, B, , oriented
orthogonally to By, in the y-direction, is produced by the rf coils. B,y generates the
transverse spin polarisation component. Sweeping the rf field allows an rf spectrum
to be recorded. Surrounding the solenoid are three cylindrical layers of mu-metal
shields with end caps which cancel the ambient magnetic field and any stray inho-
mogeneities.

The master laser, frequency locked to the 62 1 F=3— 62P% F'=3,4 Cs
crossover transition and then frequency shifted by 160 MHz to the red by an
acousto-optic modulator (AOM) in a double pass configuration, produces the 8
mm diameter circularly polarised pump beam which optically pumps the atoms.
Pumping is achieved using indirect optical pumping, described in chapter 2 sec-
tion [2.5.1.1] in which off-resonant optical pumping combined with SEC is used to
transfer the orientation created in the F' = 3 ground state to the F' = 4 ground state.

The probe beam is produced by another laser, called the slave, which is offset
locked to the master. It propagates along the z-axis with polarisation parallel to By

and has a diameter of 8 mm. After traversing the cell, the probe beam is analysed by
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a polarimeter consisting of a polarising beam splitter (PBS) and two photodiodes.
The two orthogonally polarised output components from the PBS are sent to two
photodiodes of a Thorlabs balanced photodetector. The signal representing the dif-
ference between the photocurrents of the photodiodes is then processed by a lock-in
amplifier or a spectrum analyser. Each of these setup components, along with the

process of offset locking, will be described in detail in this chapter.

Static magnetic field B

\ Polarimeter

rf magnetic field By

Figure 4.1: Geometry of the experiment. Cs atoms are contained in a cross-shaped glass
cell with paraffin coated walls. An 8 mm diameter circularly polarised pump
beam tuned to the 62SF = 3 — 6°P;F’ = 3,4 crossover transition pumps
atoms along the static nzlagnetic field, éo. The oscillating rf field along the y-
direction, B, s, induces a transverse spin component which precesses about B.
An 8 mm diameter probe beam propagating along the z-direction and linearly
polarised along the x-direction is used to detect the transverse spin component
by using a balanced polarimeter consisting of a polarising beam splitter (PBS)
and commercial balanced photodiodes.

One of the main objectives of this thesis was to develop a sensitive, compact
magnetometer able to be easily transportable. With this criterion in mind, the setup
that was developed is divided into sections to aid easy assembly and disassembly.

This is achieved by using four breadboards. The laser modules are housed on one
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breadboard, the components required to produce the appropriate pump and probe
beams are placed on their own individual breadboards, and the fourth breadboard
houses the detection components. The laser modules are linked to the pump and
probe beam systems using optical fibres. The advantages of such a setup will be

discussed.

4.2 Optical System

The purpose of the optical system is to produce two beams (a pump and a
probe) with fixed polarisation and frequency but adjustable intensity. It consists of
a Thorlabs 300 x 300 x 25 mm breadboard attached to a Thorlabs 600 x 600 x 50
mm breadboard. The 300 x 300 x 25 mm breadboard holds the lasers and optical
modules produced by Vescent Photonics, while the Thorlabs 600 x 600 x 50 mm
breadboard accommodates the components required to produce intensity modulated

pump and probe beams.

4.2.1 Optical Units Breadboard

The 300 x 300 x 25 mm breadboard houses the two laser modules, along with
the optical units which enable offset locking of the slave to the master. This section

will look at the role of each module and the process of offset locking.
4.2.1.1 Vescent Optical Modules

Two D2-100 distributed Bragg reflector (DBR) lasers are used to provide the
pump and probe beams. A DBR laser consists of a gain region and a separate DBR
grating region, monolithically fabricated over a continuous waveguide [128]. The
DBR grating region is a Bragg mirror, that is, a light-reflecting device (a mirror)
based on Bragg reflection at a periodic structure [[129]. This provides wavelength-
dependent feedback to define the emission wavelength of the beam. The two DBR
laser modules operate on the Cs D2 line at a wavelength of 852 nm with a maximum

current of 150 mA and maximum output power of 80 mW [130].



98 Chapter 4. Experimental Setup

Figure 4.2: Picture of Vescent D2-100 distributed Bragg reflector (DBR) laser used in the
experiments described in this thesis. The laser operates on the Cs D2 line at
a wavelength of 852 nm with a maximum current of 150 mA and maximum
output power of 80 mW. Image taken from [130].

4.2.1.2 Saturated Absorption Spectroscopy Module

The beam from the master laser module enters the D2-210 saturated absorp-
tion spectroscopy module. This module provides the error signal, derived from the
saturated absorption spectroscopy of atomic Cs, to stablilise (lock) the frequency
of the master laser to a particular Cs D2 hyperfine transition, by removing Doppler
broadening [131].

As stated in chapter 2 section[2.3.3] Doppler broadening is due to the motion of
the Cs atoms. An atom moving towards the laser and seeing blue shifted radiation,
will only be able to absorb radiation at a frequency less than the resonant frequency,
Vo, of a transition from an F to F’ level when the atom is stationary in the rest
frame of the laser [62]. Similarly, an atom receding from the laser will only absorb

radiation greater than vy. Mathematically, this is given as [62]:
Vz
Vlaser:VO(li?)' “4.1)

where vy, 1s the laser frequency absorbed by the atom, v, is the velocity of the
atom moving in the z-direction which is along the line of sight of the laser, and ¢

is the speed of light. Therefore, there will be an ensemble of atoms at different
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velocities absorbing a range of laser frequencies.

The saturated absorption spectroscopy module, containing two Cs vapour cells,
picks off a tiny portion of the main beam and splits it into three beams: two less
intense probe beams and one intense pump beam. One probe beam, propagating in
the z-direction, passes through the reference vapour cell to the reference photodiode.
This signal is a Doppler broadened absorption spectroscopy signal. The other probe
beam, together with the pump beam, are oriented using optics (PBSs, mirrors, half-
waveplate) so that they counter-propagate, in the z-direction, through the second
vapour cell. The signal from the probe beam after it passes through the cell is
detected on another photodiode while the exiting pump beam is blocked [131]. The
two beams interact with the atoms’ z-component of velocity, v,, in the cell. The
pump beam, propagating in the left direction, will interact with atoms moving to
the right towards the pump beam. These atoms will see the laser frequency, V;4ger
blue shifted, that is, it will be at a higher frequency. When the atoms are at the
appropriate velocity, v,, given by equation (4.1)), the laser frequency will be shifted
to Vg in the rest frame of the atom, hence the atoms will be able to absorb the
pump beam. Similarly, by the same logic, those atoms moving toward the right-
propagating probe beam will be able to absorb its light when they are at the same
v, as the atoms that absorbed the pump light. Conversely, atoms moving away from
both beams will see the laser frequencies red-shifted, that is, at a lower frequency.
When they are at the correct v,, they will be able to absorb the light. It is important
to note that the pump and probe beams interact with different groups of atoms [62].

Now, atoms with v, = 0 in the region overlapping the two beams can absorb
light from both of them. The stronger pump beam depletes the populations by op-
tical pumping causing most atoms to occupy a dark state. These atoms will absorb
fewer photons from the probe beam which will pass on with reduced absorption, and
the intensity reaching the signal photodiode will increase [132]]. This only happens
because the pump and probe beams are interacting with the same atoms. The signal
will contain Doppler free dips “riding” on a Doppler broadened profile [62]. These

dips correspond to the three hyperfine transitions from one of the ground states to
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the excited states. The reference probe beam interacts with a different set of atoms
so does not feel the effect of the pump beam, therefore the intensity recorded on the
reference photodiode will be less than the signal photodiode. Subtraction of the two
beams will reveal the hyperfine transitions because Doppler broadening from both
beams has been eliminated.

In addition to the hyperfine transitions, there are three “crossover’” absorption
peaks of similar width, but larger amplitude, located exactly midway between each
pair of hyperfine transitions [63} [132]]. The crossover peaks occur when the laser
frequency is halfway between two transitions that share a common ground state, for
example, the 625%F =3— 62S%F’ = 2 transition and the 62S%F =3— 6zS%F’ =3
transition. When the laser frequency is at the midpoint of the two transition fre-
quencies, a group of atoms at the appropriate velocity will see the probe beam
blue-shifted to the 62§ 1 F =36 3 F' = 2 transition and the pump beam red-
shifted to the 625 1 F =36 %F ! = 3 transition. Additionally, another group of
atoms will see the opposite Doppler shifts of the probe and pump beams that results
in a crossover resonance at the same frequency. For each crossover resonance, the
absorption is saturated, not by stationary atoms but by two classes of moving ones
[62].

This signal from the saturated absorption spectroscopy module is sent to the
D2-125 laser servo which allows the master to be locked to any of the transitions

from either the F = 3 or F' = 4 ground states to the excited states.
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Figure 4.3: Diagram illustrating the components inside the D2-210 spectroscopy module
[131]. This module uses the principle of saturated absorption spectroscopy
to reveal the Cs D2 hyperfine transitions by eliminating Doppler broadening
caused by atomic motion. In one cell, known as the signal cell, atoms with
a velocity component, v, = 0 in the region overlapping the counter propagat-
ing pump and probe beams in the z-direction will be able to absorb photons
from both beams. The stronger pump beam depletes the population of the
ground state which means fewer photons are absorbed from the probe beam
so it passes through the cell with reduced absorption, to the signal photodiode.
The resulting signal consists of saturated absorption dips “riding” on a Doppler
broadened signal. This signal is subtracted from the Doppler broadened ref-
erence signal, obtained from the second vapour cell in which a second probe
beam passes through to the reference photodiode. The resulting signal shows
the Doppler-free hyperfine transitions. Image taken from

4.2.2 Offset Locking

Offset locking is made possible through the use of the D2-150 heterodyne mod-
ule and the D2-135 Offset Phase Lock Servo (OPLS) [133].

The OPLS is used to offset lock the slave laser to the master by locking the
frequency and phase of the input beatnote to a (multiple of the) reference frequency

[134]]. A beatnote is a measurement of the frequency difference (or offset) between
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the two lasers when they interfere with each other. The beatnote is produced using
the heterodyne module in which the master and slave laser beams enter the module,
such that they are oriented 90° relative to each other [[135]. A tiny portion from
each beam is picked off using adjustable PBSs and made to overlap, producing the
beatnote signal [135]. The beatnote to the OPLS is divided by the user controlled
parameter, N, which can be 8, 16, 32 or 64, before its frequency and phase is com-
pared to the reference frequency [[134]. The reference frequency is obtained either
internally from a voltage controlled oscillator (VCO), or provided externally by the
user. A VCO is an electronic oscillator where the input tuning voltage is used to
set the oscillation frequency [136]. For the experiments described in this thesis, the
VCO was used to provide the reference frequency.

The comparison of the phase and frequency of the divided-by-N beatnote with
the reference frequency is performed by the phase sensitive detector (PFD) of the
OPLS. When no phase slips exist between the two signal input frequencies, the PFD
outputs a signal proportional to the phase difference between the two frequencies.
This output signal is a true phase-lock error signal. When phase slips occur, the
PFD acts as a frequency comparator, aiding the initial lock and enabling the OPLS
to function as a frequency offset lock for lasers which have significant phase noise
such as the DBR and distributed feedback (DFB) lasers [[134]].

The output of the OPLS adjusts the frequency of the slave laser to lock the
frequency offset between the two lasers. The locked frequency offset is given by

the formula [134]:

Of fset = N X Re ference Frequency. 4.2)

By adjusting either the reference frequency or N, the desired offset frequency can
be set.

The offset frequency can be anywhere from 250 MHz up to 10 GHz [134]]. To
enable successful offset locking at a particular frequency, the OPLS has to be in
the correct operating mode. The operating mode is determined by the divide-by-N

settings and the reference frequency settings. Table shows the offset frequency
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ranges for the twelve different modes [[134].
Reference Frequency Setting Divide-by-N Settings
N=8 N=16 N=32 N=64
External 250-1920 | 480-3840 | 960-7680 | 1920-10000
External Reference Input Frequency 30-240
VCO Low 385-850 | 770-1700 | 1540-3400 | 3080-6800
VCO High 770-1700 | 1540-3400 | 3080-6800 | 6160-10000

Table 4.1: Table showing the offset frequency ranges for the twelve modes of the D2-135
Offset Lock Servo [[134]. All frequencies are in MHz.

02-135 Offaet
ﬂ Phase Lock Servo

Finer-coupled optical
beaal nobe suipul

Figure 4.4: Diagram showing the setup used for offset locking the slave laser to the master.
The D2-150 heterodyne module produces a beatnote which is the frequency
difference between the master and slave. The beatnote is sent to the D2-135
Offset Lock Servo (OPLS) which compares its frequency and phase to the ref-
erence frequency of the voltage controlled oscillator (VCO). The output of the
OPLS adjusts the frequency of the slave laser to lock the frequency offset be-
tween the two lasers. The offset frequency range is from 250 MHz up to £10
GHz. Image taken from [[135].

The unused portion of each beam exits the heterodyne module through its re-
spective aperture, to be used for experimental purposes.
4.2.2.1 Dependence of the Offset Frequency (Beatnote) on the Slave Laser
Current

Section [4.2.2] described how the process of locking at a particular offset fre-

quency is performed. Now, to find the desired offset frequency, the slave laser
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current is used to adjust the frequency difference between the two lasers before
locking is done. In addition, the current indicates on which side of the fixed mas-
ter frequency, lies the slave. If an increase in current leads to a decrease in the
offset frequency, the slave is blue to master (higher frequency). Conversely, if the
increase in current leads to an increase in the offset frequency, the slave is red to
master (lower frequency).

To investigate the relationship between the offset frequency lock-point of the
slave and its diode laser current, the master was locked to the 6%S 1 F=3—
62P% F’ = 3 transition. Then, for every offset frequency within the range 250 MHz

to 10 GHz, the slave current was recorded. Figure 4.5|displays these results.
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Figure 4.5: Dependence of the offset frequency lock-point of the slave on its laser current.
Lock point frequency expressed in terms of how far the slave frequency is from
the 625 1 F=3— 62P% F’ = 3 transition (lock-point of the master). Positive
offset values indicate the slave is at a higher frequency than the master while
negative offset values signify the slave is at a lower frequency.

The results indicate a linear dependence between the slave lock-point offset
frequency, Freqofrer, and its laser diode current, I aye. According to Figure [4.5]
positive offset frequencies indicate that the slave is at a higher frequency than the
master, while negative offsets signify that the slave is at a lower frequency. Gaps

in the data close to 0 GHz offset frequency reveal that it is not possible to perform
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offset locking because a beatnote cannot be produced.

4.2.3 Optical Elements Breadboard

The 600 x 600 x 50 mm breadboard contains the optical elements necessary to
produce two pump and two probe beams of adjustable intensities. Figure 4.6 shows
the arrangement of the elements used to produce the four beams. All elements used
were manufactured by Thorlabs except the AOMs. Two important elements in the

setup will be the topics of discussion in this section.
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D2-210 D2-100 DBR
spectroscopy laser

/ module
D2-150 5
_| |_ D2-100 DBR
heterodyne laser
module
L
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Probe
fibre
Pump J_
fibre /
Key
Element Description Identifying Code
Thorlabs ¥%" diameter broadband dielectric mirror, 750- | BBO5-ED3
———— 1100 nm- BBO5-EO3
Thorlabs 1/2" diameter mounted Zero-Order Half-Wave | WPHO5M-850
— Plate, @1" Mount, 850 nm
Thorlabs 1/2" diameter Polarizing Beamsplitter (PBS) Cube, | PBS122
620 - 1000 nm
Crystal Technologies Gooch and Housego AOM 3080-122
— Thorlabs 1/2" diameter mounted Zero-Order Quarter- | WPQO5M-850
Wave Plate, @1" Mount, 850 nm
C:D Thorlabs N-BK7 Plano-Convex Lens, @1", f = 100.0 mm, AR | LA1509-B
Coating: 650-1050 nm
Thorlabs SM1 Lever-Actuated Iris Diaphragm (0.8 - 12 mm | SM1D12
— diameter)
Thorlabs FiberPort, FC/PC, f=11.0 mm, 600 - 1050 nm; | PAF-X-18-PC-B
@2.38 mm Waist.
Thorlabs Patch Cable, PM, FC/APC,780 nm, Panda style, 5m | P3-780PM-FC-5

Figure 4.6: Schematic of the optical system. A 300 x 300 x 25 mm breadboard houses the
lasers and optical modules to allow offset locking of the slave to the master.
This breadboard sits on a 600 x 600 x 50 mm which contains the components
able to produce pump and probe beams of adjustable intensities.
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The first key element is the AOM. There are four Crystal Technology 3080-
120 80 MHz AOMs [137]], set in a double pass configuration for the purpose of
shifting the frequencies of the four beams, and providing a means with which to
control the beam intensities. An AOM is a device which is used to modulate the
intensity, frequency and direction of a laser beam [136]]. It uses the acousto-optic
effect which is the interaction of sound (most often in the rf range) and light in a
crystalline material to diffract and shift the frequency of the light. An rf signal ap-
plied to a piezo-electric transducer causes it to vibrate, generating acoustic waves
in the crystalline material, attached to the transducer. Areas of compression and
rarefaction are created in the crystal, resulting in periodic changes in the refractive
index. When light is input on the device, it is diffracted into different orders. The
beam diffraction angle is a function of the modulation frequency. This can cause
alignment problems in any setup when the AOM is frequency scanned. Therefore,
to eliminate such issues in experiments, the AOM is used in a double pass configura-
tion that focuses on the first order diffracted beam [138]]. The components required
for the double pass are a quarter waveplate, a plano-convex lens and a mirror set
in a cat’s eye configuration with an iris between the lens and mirror. In a standard
cat’s eye configuration, the distance between the AOM and lens, and the lens and
mirror is equal to the focal length of the lens. The advantage of the cat’s eye is that
regardless of the beam diffraction angle, all the rays emanate from the focal point
of the lens, hence the zeroth and first order beams are parallel, so changing the fre-
quency only changes the spacing between the beams [138]]. The quarter waveplate
circularises the polarisation of the output beam from the AOM. The iris blocks the
undiffracted zeroth order before the mirror, so only the first order, shifted by 80
MHz, is retroreflected from the cat’s eye, and passes through the quarter waveplate,
where its circular polarisation is converted back to linear polarisation such that the
polarisation vector is perpendicular to the polarisation vector of the original inci-
dent beam. On its second pass through the AOM, it is again diffracted, resulting
in the new first order overlapping the original incident beam. This new first order

beam is again shifted by 80 MHz, making the total frequency shift 160 MHz. This



108 Chapter 4. Experimental Setup

beam can be separated from the original incident beam with a PBS. Figure il-
lustrates the double pass configuration. The two pump beams are diffracted to the
—1 order, therefore, their frequencies are shifted 160 MHz to the red while the two
probe beams are diffracted to the +1 order, thus, they are shifted 160 MHz to the
blue. The amount of light diffracted into the first order depends on the intensity of
the acoustic waves in the material. Therefore, the beam intensity is controlled by

modulating the intensity of the acoustic waves.

ﬂ /4 Lens Mlirrar
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Figure 4.7: Diagram showing the double pass AOM setup. On the first pass, the quarter
waveplate (A /4) circularises the output polarisation beam. The undiffracted
zeroth order is blocked whilst the first order is reflected back through A /4,
which converts the polarisation back to linearly polarised light, such that the
polarisation vector is perpendicular to the polarisation vector of the original
incident beam. The AOM diffracts the beam a second time, resulting in the
new first order overlapping the original input beam. The PBS separates the two
beams. The beam after the PBS has been shifted a total of 160 MHz (80 MHz
on both passes).

The second key element is the single-mode polarisation maintaining fibre patch
cable (P3-780PM-FC-10), of which there are four. The Fibreport collimator (PAF-
X-18-PC-B) with an 18.4 mm coupling lens allows injection of the beam into the
fibre patch cable. A polarisation maintaining fibre is a specially designed fibre with
a strong built-in birefringence [139]. If the light injected into the fibre is aligned
with one of the birefringent axes, the polarisation state will be maintained through-
out the fibre, even if the fibre is bent. Stress rods run parallel to the fibre’s core and
apply stress, creating birefringence within the core. The style of fibre which is used
in the experiments described in this thesis is the panda style which has cylindrical
stress rods. Historically, they have been used in telecom applications because it is

easier to maintain uniformity in the cylindrical stress rods, over very long lengths
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when manufacturing [140]. This feature is advantageous because it means that the
polarisation maintaining capability is not restricted by the length of fibre [140].
On both ends of the patch cable are fibre connectors with angled physical contact
(FC/APC). These connectors are made by polishing the fibre at an 8° angle to en-
sure that reflections at the fibre-air interface are not sent back to the core, thereby
reducing back reflections and feedback problems, hence improving stability.

In order to minimise the polarisation fluctuations at the output of the fibre,
quarter- and half-wave plates were used to match the polarisation of the light, cou-
pled into the fibre, with the fibre axis.

The fibre patch cables allow flexibility in the distance of the pump and probe
beams from the lasers, and how and where the rf magnetometer is set up. In addi-
tion, the fibres allow the lasers to be used in other setups.

Though the optical elements breadboard provides two pump and two probe
beams, only one pump and one probe beam were required for the experiments de-

scribed in this thesis.

4.2.4 The Pump Beam System

A 300 x 300 x 25 mm breadboard holds the elements necessary to produce a
circularly polarised collimated beam appropriate for indirect optical pumping. All
elements used, including the breadboard, were manufactured by Thorlabs.

A f=100 mm 25.4 mm diameter plano-convex lens (LA1309-B) was necessary
to collimate the divergent output beam from the fibre. When the light was coupled
into the fibre, it was ensured that the polarisation of the light was aligned with
the fibre axis using quarter- and half-waveplates. However, small oscillations in
the polarisation of the light at the fibre output were observed. This is most likely
due to the birefringence introduced by the connectors which reduce the polarisation
level at the output. In chapter 3 section it was stated that the sensitivity of the
magnetometer depends on producing a long polarisation lifetime. Thus, it is critical
for the pump beam to have a very stable polarisation. To reduce these fluctuations,
a 10 x 10 mm clear aperture Glan Thompson polariser (GTHIOM-A) was used.

This polariser consists of two right angled prisms cemented together by their long
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faces so no air gap exists. It has an extinction ratio of 100000 : 1 [141]. This
was necessary to ensure that only one polarisation state was transmitted. The iris
(SM1D12) sets a beam diameter of 8 mm so that the beam passes unattenuated
through the 12.5 mm diameter quarter waveplate (WPQO05M-850) which circularly
polarises the light.

A very important benefit of the breadboard design is that after the beam is
circularly polarised it encounters two mirrors arranged in a periscope setup before

entering the cell. This allows maximum flexibility as the beam can be adjusted to

any desired height.
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Figure 4.8: The Thorlabs optical elements used to produce the circularly polarised pump
beam. The divergent beam from the fibre is collimated with a f = 100 mm
plano-convex lens before passing through the Glan Thompson polariser which
ensures only one polarisation state is transmitted. The iris sets a beam diameter
of 8 mm and the quarter waveplate (A /4) circularises the beam before it enters
the cell.

4.2.5 The Probe Beam System

The 300 x 300 x 25 mm probe beam breadboard is used to accommodate the

components used to produce a horizontally linearly polarised probe beam. All com-



4.2. Optical System 111

ponents used, including the breadboard, were manufactured by Thorlabs.

Like the pump beam breadboard, the output beam from the probe fibre is colli-
mated with a 25.4 mm diameter plano-convex lens with focal length, f = 100 mm. To
ensure that only horizontal linearly polarised light is produced, a 12.5 mm diameter
half waveplate (WPHO05M-850) placed immediately after the fibre output before it
diverges greatly, together with a 10 mm x 10 mm clear aperture Glan Thompson po-
lariser (GTH10M-A) after the lens ensures that only horizontally linearly polarised
light is produced. This is essential for balanced polarimetry, as discussed in section
4.2.8] The diameter of the beam was reduced using two 25.4 mm diameter lenses
of focal lengths, f = 100 mm and f = 50 mm, to a diameter of 8 mm marked by an
iris (SM1D12) so that it is small enough to enter and exit the cell. Like the pump
beam, the probe beam encounters two mirrors arranged in a periscope setup before

entering the cell.
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Figure 4.9: The Thorlabs optical elements used to produce the linearly polarised probe
beam. The divergent beam from the fibre is collimated with a f = 100 mm
plano-convex lens. The half waveplate (A /2) and the Glan Thompson polariser
ensure that horizontal linearly polarised light is produced. The f = 100 mm and
f = 50 mm plano-convex lenses reduce the size of the beam before it passes
through an iris which sets a beam diameter of 8 mm into the cell.
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4.2.6 Non-Optical Setup

4.2.6.1 Atomic Vapour Cell

The cell containing the Cs alkali atoms in a vapour is the heart of the mag-
netometer. The cell is a cross-shaped glass cell which can be thought of as two
intersecting cylinders of length 22 mm, with four windows of diameter 22 mm.
The volume of the overlap of the two cylinders, known as the bicylinder, can be
calculated from the following formula [142]:

165 16

V= 37 =3 113 ~ 71 mm°. (4.3)

where the radius, r = 11 mm. The cross-shape ensures that the pump and probe
beams are at right angles to each other. The walls are coated with paraffin to prevent
relaxation of the spins’ polarisation when the atomic spins collide with the walls, as
discussed in chapter 3, section [3.3.5.3]

A stem attached to the top of the centre of the cell contains droplets of solid
Cs. The amount of Cs vapour in the cell is governed by the temperature of the cell,
which is room temperature for the experiments described in this thesis. This means

that the atoms are moving with average velocity [80]:

3kgT
mcyg

=137 ms~ . (4.4)

Vims =

where v, is the root mean square velocity of the atoms in any single direction, kp
is the Boltzmaan constant, 7 = 295.15 K is the room temperature in Kelvin (22°C)
and mcy is the Cs atomic mass. The atomic density is ncy = 0.33 X 10T em =3 [30)).

The cell is placed in an oven for protection and stability.
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Figure 4.10: (a) The cross-shaped glass cell containing Cs atomic vapour at room temper-
ature. There are four windows of diameter 22 mm and the distance between
two opposite windows is 22 mm. (b) The cell placed in the oven.

4.2.6.2 The Bias Solenoid

The uniform static magnetic field, By, is created by a solenoid consisting of
two axial coils placed next to each other but separated by a distance of 6 mm to
allow the probe beam to enter and exit [100]. The length of the solenoid is 350 mm
with a diameter of 160 mm. Each coil has one hundred turns. By is directed along

the x-axis.

Figure 4.11: The solenoid used to produce the static magnetic field, By. It consists of two
axial coils separated by 6 mm to allow the probe beam to enter and exit. Each
coil has one hundred turns and the length of the solenoid is 350 mm with a
diameter of 160 mm.
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4.2.6.3 Magnetic Shielding

To remove ambient magnetic field noise, three layers of mu-metal cylindrical
shields were used (Figure . Mu-metal is an alloy of 75% nickel, 15% iron,
with copper and molybedenum added for ductility [49]]. It has a high magnetic
permeability which creates an easier path for magnetic fields to follow, guiding

the magnetic field to follow outside of the shielding. The static shielding factor is

defined as:
B in

Tshieta = (4.5)

out
where B;, and B,,; are the magnitudes of the magnetic fields at a point with and
without the shields in place.

It has been demonstrated both experimentally and theoretically that using mul-
tilayer shielding is more beneficial that using a thick single shield [3]. The com-
bination of ferromagnetic and air layers can reduce the magnetic fields inside the
shields [[143]. Thus, introducing air gaps between the shells can help maintain the
same shielding efficiency despite removing a significant part of the shielding mate-
rial.

The shielding efficiency of cylindrical shields is dependent on the direction of
the magnetic field. The axial shielding factor of closed cylindrical shells decreases
with shield length. Sumner et al. [[144] showed that with a given length, shielding

improves with larger radial spacing.
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Figure 4.12: (a) The three layers of mu-metal shields used in the experimental setup. (b)
The cell, rf coils and solenoid placed inside the mu-metal shields.

4.2.7 The rf Coils

Two rf coils in a Helmholtz configuration are used to produce the weak os-
cillating rf field in the y-direction. In such a configuration, a pair of thin, parallel
and identical coils separated by a distance equal to their radius is used to generate

the highly uniform magnetic field in the space between the coils [143]]. These coils
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surround the oven containing the cell. The diameter of the coils is 100 mm and
each coil has 8 turns. The weak oscillating magnetic field is a 1 Vp — p sine wave
produced by the Agilent 33220A 20 MHz waveform generator. Figure 4.14] shows

that the uniformity of the magnetic field is maintained beyond the length of the cell

which is 22 mm (0.022 m).
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Figure 4.13: Configuration of a pair of Helmhotz coils. The radius, a, of the coils is equal
to the distance, d, between the coils in order to produce a highly uniform field
in the space between the coils. Image taken from [146].
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Magnetic Field Strength of RF Coils, B/NI*10 7T
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Figure 4.14: Graph showing how the magnetic field, B/NI x 10~'T produced by the rf
coils varies as a function of the distance from the axis of symmetry passing
between the centres of both coils, r.
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Figure 4.15: (a) The rf coils in a Helmholtz configuration, surrounding the oven containing
the Cs cell. (b) The oven and rf coils inside the solenoid.

4.2.8 Detection

There are many methods for detecting the polarisation of the plane of the probe
beam but the method used in the experiments discussed in this thesis is the balanced
polarimetry technique [[147]. Balanced polarimetry measures the orientation of lin-

early polarised light by splitting the beam into orthogonal polarisation components
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and detecting each separately [148]]. The advantages of balanced polarimetry are
discussed by Bouchiat et al. [[149].

In this technique, the cell of alkali atoms is placed between a polariser and
PBS (analyser) such that the angle between the incident polarisation and the PBS
transmission axis is 45°. Therefore, the intensities of the transmitted and reflected
components are equal [150]. In the absence of optical rotation, the intensities of
the two components remain the same. Interaction of the probe beam with the alkali
atoms by the Faraday effect will rotate the the polarisation by some angle, resulting
in non-equal intensities in the two components. The two non-equal intensities will
reveal how much the polarisation has rotated.

Mathematically, the two beam intensities are given by:
T
I :I()Sinz(e—z), (46)

b = Iycos*(6 — g). 4.7)

whereby the incident intensity, Iy, is given by Iy = I} + I, I; is the intensity of the
light hitting the first photodiode, I, is the intensity of the light striking the second
photodiode and 0 is the rotation angle. When 6 = 0, the intensities are balanced;
when 6 # 0, the intensities are imbalanced. For rotation angles in which 6 << 1,

the following equation is used [[150]:

L-12

R —2(11 N (4.8)
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)

Figure 4.16: Diagram illustrating how the plane of polarisation of linearly polarised light
polarised in the x-direction (blue arrows) is rotated as the light propagates in
the z-direction through a medium of polarised atomic spins.
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For the experiments described in this thesis, the polarimeter consisted of a
Thorlabs 12.5 mm diameter PBS with its transmission axis set at 45° to the ini-
tial polarisation of the probe beam and, a balanced photodetector. The balanced
photodetector is manufactured by Thorlabs (PDB150A Switchable Gain Balanced
Amplified Photodetector, Si) and has a maximum input power of 20 mW and oper-
ating wavelength range of 320 — 1000 nm. It has a variable gain, is relatively quiet
and has two inputs for monitoring the transmitted and reflected intensity compo-
nents of the probe beam, along with an output which delivers a voltage proportional
to the difference between the two optical input signals. This output signal is sent
to the Stanford Research Systems SR844 lock-in amplifier or the Agilent N9O10A

spectrum analyser.
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Figure 4.17: The setup for measuring the polarisation rotation of the probe beam. The
half waveplate (1/2) and polariser sets the polarisation state of the linearly
polarised light so that it is horizontally polarised. This means that the angle
between the incident polarisation and the PBS transmission axis is 45°. When
the polarisation plane is rotated, the two photodiodes will record non-equal
light intensities which are dependent on the rotation angle.
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Chapter 5

The Role of the Probe Beam in rf
Spectroscopy

5.1 Introduction

In this chapter, the role of the probe beam in rf spectroscopy will be investi-
gated. The studies presented here have been performed in the context of optimisa-
tion of the rf atomic magnetometer with respect to the probe beam parameter, laser
frequency. So far, the studies of the probe laser frequency have been performed in
the context of the self-oscillation magnetometer using a modulated pump frequency
[151]. The focus in this chapter is on modifications of the magnetometer signal
amplitude, linewidth and shape as a function of the probe beam frequency. This is
done by exploring the configuration in which indirect optical pumping creates a lon-
gitudinal macroscopic polarisation along a static magnetic field, By, in the ground
state of Cs. By defines the quantisation axis and the spin component along this axis
(x-axis) is represented by the population imbalance within the Zeeman sublevels
of the F =3 and F = 4 ground state levels. A weak oscillating rf magnetic field,
B, ¢, orthogonal to B (y-axis) produces a magnetisation component transverse to
the field by creating coherences between adjacent Zeeman sublevels. The atomic
coherence evolution in the presence of Bj is monitored by the linearly polarised
probe beam propagating orthogonally to By. This is achieved by utilising the Fara-

day effect in which the evolution of the atomic spin is mapped onto the probe beam.
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This mapping results from the circular birefringence of the medium which causes
a difference in refractive indices of the two circular components of the linearly po-
larised probe beam. Consequently, the plane of polarisation of the probe beam is
rotated.

Optical probing of the atomic spin with a frequency tuned near and far from
resonance can be divided into two categories. The first category is known as the
off-resonant regime. In this regime, an effective Hamiltonian is used to describe the
interaction between the probe beam and the atomic spins (equation of chap-
ter 2, section [2.5.3)). This Hamiltonian contains two terms which are of relevance.
The first term gives rise to the Faraday effect and represents a QND measurement.
This means that the atomic spins’ precession is unaffected by the probe beam and
subsequent interrogations will give the same result. The second term contains an
alignment tensor which disturbs the atomic state. The strength of the coupling be-
tween the probe beam and the atoms determines the relative magnitude between the
two terms: (1) probing in the limit where the tensor term is negligible, for exam-
ple, at lower intensities or probe detunings far greater then the hyperfine frequency
separation of the excited state or (2) probing in the limit where the tensor term is
magnified, for example, at lower detunings or higher intensities. The effect that the
detuning has on this relative magnitude will be examined.

The second category is called the absorptive regime. Here, photons from the
probe beam resonantly excite the Zeeman coherences of the ground state, destroy-
ing the atoms’ precessional frequency. This results in quantum demolitional prob-
ing where the probe influences the recorded measurement, and in this chapter, this

behaviour will be explored.
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5.2 The rf Spectrum
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Figure 5.1: rf spectrum showing the magnetometer signals of the ' =4 and F = 3 ground
states in the presence of a small magnetic field. The linear Zeeman effect re-
sults in the observation of one transition frequency in a particular ground state
because the energy difference between sublevels is equal. The red solid line
shows the in-phase component while the blue dashed line shows the out-of-
phase component. The spectrum was recorded with By = 9.3 uT which results
in a 104 Hz difference between the two signals. The measurement was recorded
with a probe beam power of 500 W and a pump beam power of 30 uW.

Figure [5.1] shows the typical polarisation rotation signals of the F = 4 and
F = 3 ground states measured as a function of the rf field frequency. The spectrum
was obtained by following the method described in chapter 4, section Solid red
and dashed blue lines represent the in-phase and out-of-phase signal components
recorded by the lock-in amplifier, respectively. The two components differ in phase
by 90°. The polarisation rotation resonances are observed because the rf field fre-
quency matches the splitting of the Zeeman sublevels introduced by By. To be able
to monitor the signals created by the coherences of both the ' = 3 and F = 4 ground
state levels, a relatively low pump power of 30 uW was used. This power ensures
that orientation is produced in both ground state levels, but prevents excessive trans-
fer between them. The amplitudes of the resonances depend on the strength of the
coherences created by B,s. The linewidths of the rf spectrum profiles are governed
by the lifetime of the coherences between ground state magnetic sublevels.

A low By was chosen because:

1. The position of the resonance is characterised by the energy difference be-
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tween magnetic sublevels. At magnetic fields higher than 70 u7" (v; ~ 245
kHz), the signal is split into several components due to the non-linear Zeeman
effect. Each component corresponds to the coherence amplitude between two
adjacent sublevels. For the work described in this chapter, it is sufficient to
only consider the total coherence amplitude of a ground state level; what hap-
pens between sublevels is of no interest. Therefore, in the presence of the low
B value (9.3 uT), the linear Zeeman effect is observed and the frequency
of all the transitions in a particular manifold are equal, hence, only one reso-

nance peak is observed.

2. Asalready mentioned in Chapter 2 section[2.2] the hyperfine interaction arises
from the coupling between / and J to give the total atomic spin as FF =1+ J.
Thus, the ground state is split into two levels, FF = 3 and F' = 4. The Landé
g-factors, gr, corresponding to these two ground state hyperfine components
differ only by the nuclear moments, ;:

Lo S+

= (- =4+ L 1) 1
8F=r+1 .UB( 7 N1 ) (3.1

gr—4 =0.250390 for F =4 and gr—3 = —0.251194 for F = 3 [50}59], where
the measured nuclear moment is t; = —2.582025(4) up [55] and the magnetic
moment of an s-electron (L = 0) is py = 1.001159652(41)up [56]. The dif-
ference in g-factors of these two levels results in the resonances of the ground
states being detected at different rf frequencies. For By = 9.3 uT, the differ-
ence in resonance frequencies between the F =4 and F = 3 ground states is

104 Hz.

5.3 Results and Discussion

At every probe beam detuning, the rf field was swept and the spectrum was
recorded by the lock-in amplifier at two probe powers: 500 uW and 1140 uW.
Each recorded rf spectrum then went through a LabVIEW fitting procedure in which

each resonance peak was fitted with a Lorentzian profile. This was done to extract
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the amplitude and linewidth of the peaks. Figure [5.2] shows the dependence of the
magnetometer signal amplitude on the probe beam detuning from the 62 1 F=3—
62P% F' =2 transition while Figure [5.3|shows the dependence of the linewidth of the

signal on the probe beam detuning from the 62§ 1 F=3— 62P% F' = 2 transition.
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Figure 5.2: Dependence of the polarisation rotation signal amplitude on the probe beam de-

tuning from the 625 1 F=3— 62P3 F’ =2 transition for the F =3 (a) and F =4

(b) components. On the graphs, the 65 1 F=3— 62Pz F' =2 transition serves
as the reference point and is represented by a detunlng of 0 GHz. Measure-
ments were done at two probe beam powers: 500 W (blue squares) and 1140
UW (red diamonds), and pump power of 30 uW. The red vertical lines denote
the separation between the 625 1 F=3— 62P3 F'=2,3,4 transitions. The black

vertical lines denote the separatlon between the 62S1 F=4—6"PF' =3,4,5
transitions. The results show the presence of three detunmg reguznes an off-
resonant and 2 absorptive regimes. The off-resonant regime is characterised
by the dispersive dependence of the ' = 3 and F' = 4 signal amplitudes on the
probe beam detuning. The two absorptive regimes occur in the regions near 0
GHz and 9 GHz, as a result of vanishing dispersion.
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Figure 5.3: Dependence of the magnetometer signal linewidth on the probe beam detuning

from the 62S1 F=3— 62P3 F’ = 2 transition for the (a) F =3 and (b) F =4

components. On the graph, the 625 1 F=3— 62P3 F' = 2 transition serves as
the reference point and is represented by a detumng of 0 GHz. Measurements
were done at two probe beam powers: 500 uW (blue squares) and 1140 uW
(red diamonds), and pump power of 30 uW. The red vertical lines denote the
separation between the 625 1 F=3— 62P3 F' =2,3,4 transitions. The black
vertical lines denote the separatlon between the 6> 1 F=4— 62P3 F' =345
transitions. Pure off-resonance frequency range of the probe beam is defined
where the linewidth of the magnetometer signal does not change with detuning.
It is observed that the linewidth does not change when the probe beam is red
or blue detuned by an amount greater than 4000 MHz from the 62 1 F=3—

62P% F’ =2 transition.
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In Figure[5.2](a), it is observed that for the detunings around 0 GHz, the F = 3
component significantly departs from a Lorentzian profile. Similarly, in Figure [5.2]
(b), the F =4 component at detunings 0 GHz and 9 GHz can no longer be described
as Lorentzian. These observations reveal the presence of three detuning regimes:

the off-resonant regime and two absorptive regimes.

5.3.1 Off-Resonant Regime

From Figure[5.2] it is observed that the off-resonant regime is characterised by
the dispersive dependence of the F' = 3 and F = 4 signal amplitudes on the probe
beam detuning. The width of the dispersive frequency dependence on the signal
amplitude increases with probe power.

Pure off-resonance frequency range of the probe beam is defined where the
linewidth of the magnetometer signal does not change with detuning. From Figure
[5.3] it is observed that the linewidth does not change when the probe beam is red or
blue detuned by an amount greater than 4000 MHz from the 6>S 1F=3— 62P% F' =
2 transition. So, it is indicated that for detunings greater than 4000 MHz, the probe
beam falls within the QND region and will not affect the measurement.

Now, for detunings smaller than 4000 MHz, one reason for the broadening of
the F = 3 component is due to the tensor light shift which occurs for red detunings
between 750 MHz to 1150 MHz from the 625 1 F=3— 62P% F' =2 transition. As
the frequency of the probe beam is close to the frequency of transitions involving
the F = 3 ground state, there is a strong coupling between the probe beam and
atomic spins. This means that the second term in the effective Hamiltonian (equa-
tion of chapter 2) dominates, leading to a splitting of the magnetic sublevels
due to unequal energy differences between neighbouring sublevels. The rf spectra
recorded for detunings between 750 MHz to 1150 MHz at both probe powers (500
uW and 1140uW), demonstrating the tensor light shift, are shown in Figure It
is observed that the tensor light shift is stronger at the higher probe powers because
the electric field of the probe beam couples very strongly to the atoms. The other

reason for the broadening is due to pumping by the probe beam which is discussed

in detail in section
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Figure 5.4: rf spectra showing the tensor light shift in the F' = 3 ground state for red de-
tunings between 750 MHz to 1150 MHz from the 6ZS%F =3 62P%F’ =2
transition. Like Figure [5.1] the red solid line in each spectrum shows the in-
phase component while the blue solid line shows the out-of-phase component.
(a) and (b) correspond to a detuning of 750 MHz at probe powers 500 uW and
1140 uW, respectively. (c) and (d) correspond to a detuning of 950 MHz at
probe powers 500 uW and 1140 uW, respectively. (e) and (f) correspond to a
detuning of 1150 MHz at probe powers 500 uW and 1140 uW, respectively.
It can be seen that the tensor light shift is most pronounced at the higher probe
power (1140 uW) as the splitting in the F' = 3 ground state is more pronounced
in Figures (b), (d) and (f).

5.3.2 Absorptive Regimes

Here, the focus is on describing the interaction between the atomic spins and
the probe beam which has a frequency tuned very close to the resonant atomic tran-

sitions. Absorptive effects can no longer be ignored as photons from the probe beam
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will be absorbed by the atoms, destroying the Zeeman coherences of the ground
states. These absorptive effects can be inferred through polarisation rotation of the
probe beam because the polarisation rotation angle has a frequency dependence as
shown by equation (2.40) in chapter 2, section[2.5.3]

Chapter 2, section [2.2.1| mentioned that the experiments are carried out with
Cs atomic vapour at room temperature. The Doppler broadening width of atomic

transitions due to the atoms moving at this temperature is:

Vo [2kpTIn2
Avp =220 [ZEB2 T2
c

mcsg

=200MHz. (5.2)

where Vv is the resonant frequency, kp is the Boltzmann constant, mcy is the atomic
mass of Cs and 7T is the room temperature which is taken to be 295.15 K (22°C).
Because the Doppler width is 200 MHz, the hyperfine structure is partially resolved
while the ground state is fully resolved due to the 9192 MHz detuning between the
F =3 and F = 4 states.

To gain an insight into what happens in this region, Skalla et al. [152] demon-
strated that the complex Cs level scheme can be reduced to a six-level model system.
This model is not perfect in describing the results presented in this section but it is
included because it is useful in helping to understand the results. A more concrete
model for describing the results is currently being devised.

In the six-level model system by Skalla et al. [152], each ground state multi-
plet (F = 3 and F = 4) is modelled by a spin-% system with my; = £1, where my
describes the projection of the total electron angular momentum onto the quanti-
sation axis. They are connected to a single excited state doublet with m/, = +1
because the hyperfine splitting is not well resolved due to Doppler broadening. The
model works with the assumptions that there is no spectral overlap between the two
ground state hyperfine components and the intensity of the pump beam does not
saturate the optical transitions so the transitions from the two ground states to the
excited state multiplet may be treated separately, therefore, the six-level system is

split into two four-level systems as depicted in Figure[5.5]
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Figure 5.5: Simplified six-level scheme of Cs to explain what happens in the absorptive
regime. Levels (1,2) and (3,4) represent the two ground state hyperfine multi-
plets, FF =4 and F = 3, respectively. The excited state is assumed to be un-
resolved due to Doppler broadening and is modelled as a single doublet (5,6).
Optical excitation occurs from both ground states multiplets.

The Hamiltonian which describes the relevant interaction between the atom
and the electrical field component of the probe beam, E, propagating along the

z-direction, and the static magnetic field, B, oriented along the x-axis is given by:
H=Hy—pp.E—u, By (5.3)

where Hj is the Hamiltonian of the atomic system without external fields, p g 18
the electric transition dipole moment of the atom and g, is the magnetic dipole
moment of the atom. The quantisation axis is the direction of propagation of the
light beam, that is, the z-axis. —;.E couples the levels 1 and 5, 3 and 5 (o light),
and 2 and 6, 4 and 6 (o_ light) to produce the the optical coherences, p;s, P35, P26
and p46. —M,,.Bo couples levels 1 and 2, 3 and 4, and 5 and 6 to give rise to
the Zeeman coherences, p12, P34 and psg. The simultaneous presence of E and By
creates coherences between levels 1 and 6, 2 and 5, 3 and 6, and 4 and 5.

The electric field, E(z,t), propagating along the z-direction, can be written as
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a monochromatic plane wave using the standard spherical basis:

E(z,t)= %Z(—l)qEq(z)eAqexp(ia)t)+c.c. (5.4)

q
where é+ = F(&+iéy)/y2 and éy = é;, and c.c represents the complex conjugate.
Here, E (E_) is the electric field amplitude of the 6 (6_) polarised components of
the probe beam and Ey = 0.

The optical polarisation of the medium is given by:

1
P(z,t) = 5 Z(—l)qPqé_q exp(iot) 4 c.c = ngromsTr(Ugp). (5.5)
q

where n4oms denotes the atomic number density. When equation (5.5]) is compared
with the expression, P = gx+E+, it is seen that the macroscopic susceptibility
of the medium is related to the microscopic density matrix of the system. The

evolution of the density matrix is given by the Liouville equation:
R A .
p=—I1Hp]-Tp. (5.6)

where I is a relaxation operator introduced phenomenologically to describe all re-
laxation processes [153]. For the decay of the optical coherences, a single decay
rate, ¥;, will be assumed.

Several simplifying assumptions can be made in order to solve equation (5.6)
[154]. The relaxation of the optical coherences pis, P26, P35, P46> P16s P365 P25, and
P45 1s assumed to be fast with respect to all changes of field amplitudes, thus these
quantities can be adiabatically eliminated. The procedure for adiabatic elimination
is to set the time derivatives of the optical coherences to O in the Liouville equation
because, though the optical coherences fluctuate, their mean values will be those
of the steady state [72]]. Thus, using the adiabatic approximation means that the
equations are valid over timescales long enough that the fluctuations can be aver-
aged [[72]]. The population of the excited state and the Zeeman coherence within this

state are neglected. The ground state Larmor frequency, @y, is assumed to be small
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compared to the optical linewidth, 7y, that is, @y << ;. The Zeeman coherence
and the population densities in the ground state are assumed to decay with equal
time constants to their equilibrium values. With these simplifications, the equations
of motion for the density matrix can be found [[154].

Consequently, the polarisation components, P, for the six-level scheme are
given by:

+ Q-i-

Py =2N( ——>—p33), (5.7)

L+
A 1+de Asz +iyy
Qf Qf

P_ = —5 Py ——
Aer + Yy Ags + 1Yy

Pas). (5.8)

where Q;; = ug;jE+/2n is the electric dipole coupling strength and A;; = @ — ;; is
the detuning of the laser frequency, @, from the transition frequency, @;;, of the
i — j transition.

The population in the ground state levels (i = 1,2,3,4) in the laboratory frame are
described by the density matrix elements, p;;, whereby the quantisation axis is de-
fined as being in the direction of the probe beam (z-axis), which is transverse to By.
The diagonal matrix elements, p11, P22, P33 and ps4, are obtained by determining
the action of the rf pulse, in the y-direction, on the density matrix, p(O). p(O) de-
scribes the initial situation after optical pumping of the longitudinal magnetisation

along the x-axis. These matrix elements are found to be:

o =501+ ) + (0%~ pif)cos(er, ), (5.9)
p =50+ ) — 3 (0~ pif)cos(er, ), (5.10)
pss = 50+ i) + 3 (0 — Pl eos( ot — ), (5.11)
pus= 508 +0) ~ 50l —peos(ont —m). (512)

where @, is the Larmor frequency for transition i — j of the (1,2) subsystem (F' =4
ground state) and @y, is the Larmor frequency for transition i — j of the (3,4)
subsystem (F = 3 ground state). The phase shift of 7 in equations (3.11]) and (5.12))

is due to the different sign of gr of the F = 3 ground state.
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For a dilute sample, the refractive index, n, is related to the susceptibility of
the medium. Equation (2.36) in chapter 2 section 5.2.2 showed that due to circular
birefringence of the medium, the two circular polarisations of the probe beam, Py,
experience a difference in refractive index, ny. For a dilute sample, n, is related

to the susceptibility, x4, according to the following equation:
1
ny ~ 1+ EReXi- (5.13)

Therefore, the angle that the polarisation plane of the linearly polarised light is

rotated by is:

2w ny —n_ wL
AO = — L=— —n_
0=—(—F5)L=—5-(ny—n)
Asy
< E((pY — )2 cos(ay, 1)
2 11 AL+ Ly (5.14)

—(pl9—p0) As3

44— P3 mws(%f—”))-

where E is a constant, L is the length of the medium and c is the speed of light.

It is observed that the polarisation rotation angle depends on the population

differences, Pz(g) — pl((l)) and pﬁ) — p3((3)), within each ground state level, along with
the optical dispersion parameter, Azﬁ’yz. The two circular components of the probe
i Tl

beam excite the coherences of the Zeeman sublevels of the two ground states which
changes the polarisation of the medium and give rise to the population difference
within the two ground states.

If the probe laser is on resonance with one hyperfine transition, the splitting
of the other hyperfine transition is detected. This occurs because the balanced po-
larimetry technique used relies on dispersive effects. So, on resonance, the dis-
persion sensitivity is O for one hyperfine transition because the dispersion of the
medium is O at that wavelength, while the other hyperfine transition is detected with
some sensitivity corresponding to the dispersion at that resonance offset given by
the ground state hyperfine splitting.

Two regions were identified which fall under the absorptive regime. These



two regions are when the probe laser is in the vicinity of either the 62 1 F=3—
62P%F’ =2,3.4 or the 6ZS%F =4 — 62P%F’ = 3,4,5 transitions. In these regions,

the coherences between the Zeeman sublevels of the two ground states are reso-

5.3. Results and Discussion

nantly excited by the probe beam.

In the vicinity of the 6 ! F=3— 62P% F' = 2,3,4 transitions, that is, when
the probe beam has a red detuning less than 750 MHz and a blue detuning less
than 652 MHz from the 625 1 F=3— 62P%F ! = 2 transition, it is observed that the
signal created by the F' = 3 atoms vanishes in accordance to the model described

earlier, while the amplitude and shape of the F' = 4 signal profile changes as shown

in Figures [5.6]and [5.7] for specific detuning cases.
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Figure 5.6: rf spectra showing absorption in the F = 3 ground state for different blue de-
tunings from the 62 1 F=3— 62P% F' = 2 transition. Like Figure , the
red solid line in each spectrum shows the in-phase component while the blue
solid line shows the out-of-phase component. (a) and (b) correspond to a de-
tuning of 616 MHz at probe powers 500 uW and 1140 uW, respectively. (c)
and (d) correspond to a detuning of 452 MHz at probe powers 500 uW and
1140 uW, respectively. The spectra demonstrate that for detunings less than
652 MHz from the 625, F = 3 — 62P; F' = 2 transition, the signal created by
the F = 3 atoms Vanishzes, while the azmplitude and shape of the F' = 4 signal
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Figure 5.7: rf spectra showing absorption in the F = 3 ground state for different red de-
tunings from the 625 1 F=3— 62P% F’ = 2 transition. Like Figure the red
solid line in each spectrum shows the in-phase component while the blue solid
line shows the out-of-phase component. (a) and (b) correspond to a detuning
of 113 MHz at probe powers 500 uW and 1140 uW, respectively. (c) and
(d) correspond to a detuning of 349 MHz at probe powers 500 uW and 1140
UW, respectively. The spectra demonstrate that for red detunings less than 750
MHz from the 625, F = 3 — 6*P; F/ = 2 transition, the signal created by the

F =3 atoms Vanishzes, while the anznplitude and shape of the F' = 4 signal profile
changes.

Strong saturation and power broadening of the F' = 3 ground state by the reso-
nant probe beam causes depletion of the atomic population in this state. The popu-
lation is transferred to the F' = 4 ground state by optical pumping. What this means
is that the linearly polarised probe beam becomes the leading pumping mechanism
because the circularly polarised pump beam is too weak, hence, the probe beam
creates its own population imbalance. The change in the sign of the detuning with
respect to the 625 1 F=3— 62P%F " =2 transitions leads to the F = 4 signal having
opposite sign. Chalupczak et al. [155] observed similar pumping behaviour be-
tween ground state manifolds in the rf spectra generated by linearly polarised light
tuned to the D1 transition. When the probe beam is detuned slightly from the reso-
nant transitions but still within the absorptive region, the atomic population builds

up in both ground states. This is because atoms excited to the F' =3 or F/ =4
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states can spontaneously decay to either ground state. This behaviour is confirmed
by the line strengths of the Cs D2 transitions (Figure[5.8) in which the line strengths

of the F’ = 3,4 states are interconnected with the F = 3,4 ground states.

]
Lid
g
L

Figure 5.8: Cs D2 line strengths showing the interconnected F’ = 3,4 and F = 3,4 ground
states.

Figure 5.9 shows a continuous 3D graph of how the F = 3 and F = 4 compo-
nent changes when the probe beam is in the vicinity of the 62§ 1 F=3— 62P% F' =

2,3,4 transitions.
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Figure 5.9: Dependence of the magneto-optical rotation signal amplitude on the probe
beam detuning from the 625 1 F=3— 62P% F' = 2 transition (vicinity of the
F =3 lines). Measurements have been done with probe beam power = 500 uW
and pump power = 30 uW.
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Figure 5.10: Dependence of the magneto-optical rotation signal amplitude on the probe
beam detuning from the 625 1 F=3— 62P% F' = 2 transition (vicinity of the
F = 4 lines). Measurements have been done with probe beam power = 500
UW and pump power = 30 uW.

Figure [5.10] illustrates a 3D graph of how the F =4 and F = 3 components
change when the probe beam is in the vicinity of the 625 1 F=4— 62P%F '=3,4,5
transitions. This vicinity corresponds to when the probe beam is red detuned
8149 — 10050 MHz from the 625 1 F=3— 62P%F ! = 2 transition. When the probe
beam is resonant with the 625 1 F=4— 62P% F' = 3,4,5 transitions, huge power
broadening and saturation causes the F' = 4 component to disappear, then a pro-

nounced maximum or minimum F = 4 peak and small F' = 3 peak are observed, as
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demonstrated in Figure [5.10} and for specific detunings in Figures [5.11] and [5.12]
These features reveal that there is no transfer of atomic population from the F = 3
to F = 4 ground state as was observed earlier. Most of the population accumulates
in the F = 4 ground state with very little in the F' = 3 ground state. This is due to
the fact that most of the atoms excited by the probe beam jump to the F’ = 5 level.
When they decay, they can only return to the the F' = 4 ground state because the
62P3 F'=5-6%S 1 F =3 is a forbidden transition, hence, they populate the F = 4

ground state only.
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Figure 5.11: rf spectra showing absorption in the F = 4 ground state for different red de-
tunings from the 62 1 F=3— 62P2 F' =2 transition. Like Figure [5.1] the
red solid line in each spectrum shows the in-phase component while the blue
solid line shows the out-of-phase component. (a) and (b) correspond to a de-
tuning of 8350 MHz at probe powers 500 uW and 1140 uW, respectively.
(c) and (d) correspond to a detuning of 8550 MHz at probe powers 500 uW
and 1140 uW, respectively. Note that (a), (b), and (c), (d) correspond to blue
detunings of 239.5 MHz and 39.5 MHz from the 62le 4 — 62Pz F'=5
transition, respectively. The rf spectra illustrate that the F=3 ground state
does not change shape so there is no transfer of atomic population between
the F = 3 and F = 4 ground states. Most of the population accumulates in
the F = 4 ground state. This is due to the fact that most of the atoms excited
by the probe beam jump to the F’ = 5 level. When they decay, they can only
return to the the F' = 4 ground state because the 62P3 F'=5—6°S 1 F=3is
a forbidden transition. Hence, they populate the F' = 4 ground state only
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Figure 5.12: rf spectra showing absorption in the F' = 4 ground state for different red de-

tunings from the 625 1 F=3— 62P% F' = 2 transition. Like Figure the
red solid line in each spectrum shows the in-phase component while the blue
solid line shows the out-of-phase component. (a) and (b) correspond to a de-
tuning of 9650 MHz at probe powers 500 uW and 1140 uW respectively.
(c) and(d) correspond to a detuning of 10050 MHz at probe powers 500 uW
and 1140 uW, respectively. Note that (a), (b), and (c), (d) correspond to red
detunings of 157 MHz and 556.6 MHz from the 6°S1F =4 — 6’P;F' =5
transition, respectively. The rf spectra illustrate that the F = 3 ground state
does not change shape so there is no transfer of atomic population between
the F = 3 and F = 4 ground states. Most of the population accumulates in
the F' = 4 ground state. This is due to the fact that most of the atoms excited
by the probe beam jump to the F’ =5 level. When they decay, they can only
return to the the F = 4 ground state because the 62P% F'=5—6°S 1 F=3is
a forbidden transition. Hence, they populate the F' = 4 ground state only.

5.4 Summary of Important Results

This chapter has investigated the effect of the probe beam detuning on the

atomic magnetometer signal. Three detuning regimes were observed.

The first regime, the off-resonant regime, was characterised by the dispersive

dependence of the FF = 3 and F = 4 signal amplitudes on the probe beam detuning.

The linewidth of the magnetometer signal did not change when the probe is red or

blue detuned by an amount greater than 4000 MHz from the 625 1 F=3— 62P% F'=

2 transition,

indicating that the probe falls within the QND regime. For detunings
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smaller than 4000 MHz in the F = 3 ground state, the two terms in the effective
Hamiltonian (chapter 2, section[2.5.3] equation (2.27)) begin to compete with each
other with the tensor light shift dominating and leading to a splitting of the magnetic
sublevels for red detunings between 750 MHz to 1150 MHz.

There are two absorptive regimes. These are when the probe beam is tuned in
the vicinity of either the 6QS%F =3 62P%F’ =2,3,40r 6ZS%F =4 62P%F’ =
3,4, 5 transitions.

In the vicinity of the 625 1 F=3— 62P% F' = 2.,3,4 transitions, (probe beam
is red detuned less than 750 MHz and blue detuned less than 652 MHz from the
628 1 F=3— 62P% F' =2 transition), the signal from the F = 3 component vanishes
while the amplitude and shape of the F' = 4 signal profile changes. This occurs be-
cause the linearly polarised probe beam becomes the leading pumping mechanism
and transfers atoms from the F' = 3 ground state to the F' = 4 ground state.

When the probe beam is in the vicinity of the 625 1 F=4— 62P% F'=3,4,5
transitions (probe beam is red detuned 8149 — 10050 MHz from the 625 1 F =
3 — 62P% F' = 2 transition), a pronounced F = 4 peak and a small F = 3 peak
are observed. This reveals that most of the population is found in the F = 4
ground state with very little in the F = 3 ground state. This signifies that most
of the atoms excited by the probe beam jump to the F/ = 5 level. Because the
62P% F'=5—6°S 1 F =3 is a forbidden transition, these atoms can only sponta-

neously decay to the ' = 4 ground state.
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Chapter 6

Determining the Sensitivity of the

Magnetometer

6.1 Introduction

In this chapter, the sensitivity of the rf atomic magnetometer is evaluated. As
mentioned in chapter 3, section [3.3] the sensitivity is defined as either the smallest
change in the magnetic field able to be detected or it is the smallest detectable
magnetic field. Here, the focus is on finding the smallest magnetic field using the
F = 4 ground state. This is because the indirect pumping technique discussed in
chapter 2, section is used, in which the master laser is locked to one of
the transitions involving the F = 3 ground state. Through off-resonant pumping
and SEC, orientation builds up in the F' = 4 ground state. This will improve the
sensitivity of the atomic magnetometer by addressing simultaneously two points:
(1) depletion of the F' = 3 ground state will enable more atoms to contribute to the
amplitude of the measured signal and (2) a high degree of orientation will be created
in the F = 4 ground state, which leads to narrowing of the largest rf resonances and
improved signal to noise ratio.

The static magnetic field in the x-direction, By, is used to tune the Zeeman
sublevels of the F' = 4 ground state in resonance with the weak oscillating rf mag-
netic field, B, ¢. Orientation within the F' = 4 ground state is achieved by indirectly

pumping atoms into the stretched state. This generates a longitudinal macroscopic
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polarisation component along the static magnetic field, which serves as the quantisa-
tion axis. B, s, applied in the y-direction, alters the anisotropy of the atomic medium
by producing a transverse magnetisation component which precesses about By. The
atomic coherence evolution in the magnetic field is monitored by the linearly po-
larised probe beam propagating orthogonally to the longitudinal macroscopic polar-
isation by utilising the Faraday effect in which the atomic spin is mapped onto the
probe beam.

This chapter is divided into two parts. The first part investigates how the sen-
sitivity of the magnetometer is determined at a probe beam detuning of 4740 MHz
from the 62 1 F=4— 62P% F’ =5 transition. The second part examines the re-
lationship between the SNR and the probe beam detuning. Four detunings of the

probe beam from the 6>S 1 F=4— 62P% F' = 5 transition are explored.

6.2 Determining the rf magnetometer sensitivity

6.2.1 The rf Spectrum

The static magnetic field, By, used was 141 uT which corresponds to @y, ~ 493
kHz. In such a field, the non-linear Zeeman effect lifts the degeneracy between sub-
levels. This leads to non-equal energy differences between the adjacent magnetic
sublevels because the energy spacings grow quadratically with the field. Conse-
quently, the Zeeman coherences between neighbouring sublevels are well separated,
resulting in the observation of several different rf transition frequencies. The sepa-
ration between the components is 53 Hz, according to equation in chapter 2,
section2.2.11

This magnetic field was chosen because it enables selective monitoring of
the individual rf resonances between neighbouring F' = 4 Zeeman sublevels. The
master laser which generated the pump beam was locked to the 62 ! F=3—
62P% F’ = 3 transition and the slave laser which produced the probe was red de-
tuned from that transition by 4000 MHz. This means that the slave was 5192 MHz
from the 6°S1F =4 — 6’P;F' = 3 transition, which itself is 452 MHz from the
62S 1 F=4— 62P% F' =5 transition. Hence, the slave was detuned by 4740 MHz
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from the 625 P =4 62P% F' =5 transition. The circularly polarised () pump
beam polarised the atomic vapour using the indirect pumping technique. The fre-
quency of B,y was swept and the signal was demodulated by the lock-in amplifier.
Sweeping the B, ; frequency allows a spectrum of eight peaks to be recorded. Figure

6.1 shows a typical rf spectrum acquired in the presence of By.
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Figure 6.1: Typical rf spectrum obtained in a high magnetic field (14 u7). The non-linear
Zeeman effect results in eight distinct rf resonances corresponding to the tran-
sitions between successive magnetic sublevels (m <> m' =m— 1) in the F = 4
ground state. Spectrum was taken for probe power = 573 uW and pump power
=993 uw.

The amplitude of each peak in Figure is proportional to the population
difference between neighbouring sublevels, and allows deduction of the population
distribution at a given pumping intensity level.

One noticeable feature in Figure [6.1] is that the ratio of the two biggest reso-
nances is 1.44. This is lower than the value obtained by Chalupczak et al. [100]
in 2011, in which the strongest rf resonance was four times larger than the adjacent
resonance (Figure[6.2). The discrepancy in the two values is due to the setup used.
The setup used by Chalupczak et al. [100] used five layers of mu-metal shields
to cancel the ambient magnetic field whilst the setup described in this thesis uses
three layers. It confirms that the efficiency of the indirect pumping technique using
three layers of shields is lower than that recorded with five layers. The purpose of

the shields is to cancel the ambient magnetic field and any field inhomogeneities,
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allowing the quantisation axis to be effectively defined by By. A well defined quan-
tisation axis ensures that optical pumping will produce a long polarisation lifetime
which is essential for a sensitive atomic magnetometer. The more mu-metal shields
there are, the better the cancellation of the ambient magnetic field and any stray

inhomogeneities, hence the more efficient pumping will be.
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Figure 6.2: rf spectrum taken from Chalupczak et al. [100] showing that the amplitude of
the largest resonance is about four times larger than the adjacent resonance.
The efficiency of indirect optical pumping was very efficient within five layers
of mu-metal magnetic shields because the shields are very good at cancelling
the ambient magnetic field and any stray inhomogeneities. The inset picture
shows the spectrum obtained in the low field regime. Spectra were measured
with pump beam power = 600 uW and a probe beam power = 1 uW. Image
taken from [100].

The second important observation is that as a consequence of indirect pumping,
there is negligible power broadening of the components, even for the relatively high
laser power (993 uW). The linewidths of the peaks can be affected by optical power
broadening for laser powers above 1 uW [155].

The amplitudes of the rf resonances depend on the population difference be-
tween two rf-coupled Zeeman sublevels so achievement of the highest possible ori-
entation in the atom is desired [100, [156]. In the experimental setup described in
this thesis, the degree of orientation that can be produced within an atomic density
at room temperature depends on the power of the pump laser. To gain a deeper

insight into how the pump power affects the rf resonances of the ground state, the



6.2. Determining the rf magnetometer sensitivity 151

rf spectra at various pump powers were recorded. The amplitudes and linewidths
of the four largest rf components of each spectrum were fitted with a Lorentzian
profile using a LabVIEW program in order to extract the amplitudes and linewidths
of the resonances.

A plot of the change in linewidth of the magnetometer signal with increasing
pump beam power in Figure indicates that the F' = 4 rf components are not

power broadened by the pump beam as it is coupled to the F = 3 ground state.
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Figure 6.3: Linewidth of the four largest rf resonances of the F' = 4 ground state against
pump power. Yellow triangles indicate the (4-1 <+ O 1f peak), grey squares
indicate the (+2 <> +1) rf peak, orange diamonds indicate the (+3 <> +2) rf
resonance and blue circles indicate the (+4 <> +3) rf resonance.

Now, a plot of the change in amplitude of the magnetometer signal with in-
creasing pump power reveals that as the pumping becomes better, the amplitudes of
the last two peaks grow as more atoms come to occupy the last three sublevels. Each
blue circle is proportional to the signal amplitude of the population difference be-
tween the penultimate and last sublevel at a given pump power. This indicates that
there is a large population difference between those two peaks, and when compared
with the orange circles which are proportional to the population difference between
the third to last and penultimate sublevels, it is deduced that a large proportion of
the atoms occupy the last magnetic sublevel (the stretched state). The optimum
power of the strongest rf resonance (mr = +4 <+ mp = 43 transition) occurs at 361

UW, and for the power range 396 — 991 uW, it is noticed that the amplitude level
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contracts slightly. This is attributed to a reduction in pump intensity caused by a
decrease in diffraction efficiency of the AOM when the rf drive power is too high
[157]. Because the strongest rf resonance corresponds to the mr = +4 <> mp = +3

transition, the magnetometer is operated using this rf resonance.
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Figure 6.4: Amplitude of the four largest rf peaks of the F' = 4 ground state versus pump
beam power. The amplitudes of each peak is proportional to the population
difference between the adjacent sublevels. Yellow triangles indicate the (+1 >
0 rf peak), grey squares indicate the (+2 <> +1) 1f peak, orange diamonds
indicate the (43 <> +2) rf resonance and blue circles indicate the (+4 < +3)
rf resonance.

6.2.2 Signal to Noise Ratio (SNR)

Now that the optimum pump power for producing a high degree of orientation
in the atomic vapour has been established in section, [0.2.1] the next stage is to find
the SNR. This is done by looking at the amplitudes of the magnetometer signal and
various noise components as a function of probe power. The probe power was varied
from 0.19 — 4268 uW while the pump power was fixed at 361 uW. For each probe
power, rf spectra of the magnetometer signal and the various noise components
were recorded by sweeping the rf field and processing the signal using the lock-in
amplifier.

As stated in chapter 3 section [3.3] the sensitivity of the magnetometer is fun-

damentally limited by three sources of noise, excluding electronic noise: the atomic
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projection noise, the photonic shot noise and quantum back-action. To record the
atomic projection noise and probe beam quantum back-action at each probe power,
B, was turned off. The atomic projection noise arises as a result of stochastic
atomic spin fluctuations which are mapped onto the fluctuations of the polarisation
plane of the probe beam. Aleksandrov and Zapasskii [158] pointed out that fluctua-
tions of the magnetisation along the static magnetic field are caused by fluctuations
of populations of the magnetic sublevels, while fluctuations of the transverse mag-
netisations are due to fluctuations of the coherences of the magnetic sublevels. So
turning B, ¢ off enables the generation of the spontaneous coherences by the random
fluctuations. As described in chapter 3 section quantum back-action is due
to a fictitious magnetic field produced along the propagation direction of the probe
beam as a result of the quantum fluctuations in the degree of circular polarisation,
that changes the atoms’ precessional frequency by shifting the energy levels of the
ground state, replicating the change by By. So, in the absence of B, r, the sponta-
neous coherences between the shifted neighbouring sublevels reveal the presence of
quantum back-action.

The photonic shot noise was obtained by turning off both By and B, ;. This
was done to record the photon flux hitting the two photodiodes.

Lastly, the electronic noise was recorded by again turning off B and B, s, along
with blocking the pump and probe beams. This allowed only the fluctuations due to

electrical components to be recorded.
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Figure 6.5: The blue circles show the amplitude of the magnetometer signal versus the
probe beam power. Background of the noise (yellow squares) includes elec-
tronic noise and photonic shot noise, while the green diamonds is the noise
component oscillating at wy. It consists of the atomic projection noise and
probe beam quantum back-action. The sum of the various components of the
noise is depicted by the purple diamonds. The brown dashed line represents the
ratio between the signal and the noise. The probe laser is detuned by 4740MHz
from the 6°S 1F = 4 — 62P% F' =5 transition.

In Figure [6.5] the magnetometer signal is a linear function of the probe beam
power. This is due to the relatively big detuning, 4740 MHz, of the probe laser from
the 625 1 F=4— 62P% F’ =5 transition. In other words, the probe beam does not
affect the Zeeman coherences of the ground state, thus, there is no saturation in the
signal, even at the highest probe powers.

For probe powers below 10 uW, the electronic noise of the detection system
characterises the the noise level of the atomic magnetometer [159]. Above that
power, the leading contribution comes from the photonic shot noise. This noise
scales with the square root of the probe laser power. Both these components con-
tribute to the background noise (yellow squares in Figure [6.5). The atomic projec-
tion noise and probe beam quantum back-action are visible from around 1562 uW
(green diamonds in Figure [6.5). The small non-linearity in the amplitude of the
atomic noise with probe power is due to a small modification by the tensor term
in the effective Hamiltonian (equation in chapter 2, section that de-
scribes the atom-probe-light interaction [160]. The amplitude of the atomic noise

component is inversely proportional to the probe beam detuning; smaller detunings
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result in a larger atomic projection noise component. For the detuning used in cur-
rent measurements (4740 MHz from the 625 1 F=4— 62P% F’ = 5 transition), this
amplitude was lower than the amplitude of the photonic shot noise. The combined
noise is shown with the purple diamonds. The brown dotted line represents the SNR
which shows no saturation at the higher powers. This is because of the relatively
low amplitude of the atomic noise component which is a consequence of the ratio
between the probe laser power and its detuning from the 62 F=4- 62P% F'=5

transition.

6.2.3 The Calibrated rf Magnetic Field

To find the sensitivity of the magnetometer, it was necessary to calibrate
the rf magnetic field. This was done using the atomic spins’ response to the rf
magnetic field. It relies on monitoring the amplitude and the linewidth of the
mp = +4 <> mp = +3 coherence as a function of the amplitude of B,;. When
the amplitude of B, (in terms of Rabi frequency) is equal to the linewidth of the
coherence, saturation in the amplitude of the signal is observed, and simultaneously
the linewidth of the rf resonance increases by the factor of V2.

The Rabi frequency is expressed as:

Wr = ’}/Brf = %Brf = %Brf (61)

where g; = 2.00231930436182(52) [56] is the absolute value of the electron spin

g-factor. B, s in terms of the Rabi frequency can be found by re-arranging equation

. (L)Rh
HB
Figures [6.6a] and [6.6b] show how the amplitude and linewidth of the coherence vary

B, (6.2)

with the amplitude of the rf magnetic field. The amplitude of the rf field was varied
by changing the rf power (in dBm) of the waveform generator that produced the
rf field and recording the rf spectrum by sweeping the rf field while keeping the
pump and probe powers fixed at 361 uW and 100 uW, respectively. Then the

mp = +4 <+ mr = +3 coherence from each spectrum was fitted with a Lorentzian
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profile using a LabVIEW program in order to extract the amplitude and linewidth.
The results were plotted against the rf power to produce Figures [6.6a) and [6.6b] The
gap in both graphs is due to the fact that an additional two attenuators were added to
the output of the waveform generator during the measurement taking. This was done
because B,y saturated very quickly so the two attenuators were added to decrease
the output rf power. Thus, the gap in the graphs show which measurements were
taken with the addition of the attenuators and which were taken without. From
Figure [6.64] it is observed that saturation of the signal occurs at —2 dBm. The

linewidth at saturation, I's47 is:
Usar = \/E(DR (6.3)

where I'sa7 = 27 x 40 Hz, according to Figure [6.6b]
Therefore, inserting equation (6.3) into equation gives the rf magnetic

field at saturation:

sat __ FSAT h

— AT 6.4
rf \/5 Uz ( )
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Figure 6.6: rf amplitude (a) and rf linewidth (b) of the mr = +4 <> mp = +3 coherence
against rf power. The gap in both graphs is due to the fact that an additional two
attenuators were added to the output of the waveform generator that generated
the rf magnetic field, during the measurement taking.

Bi;‘f turns out to be 2.02 nT. The amplitude around saturation according to
Figure is 4.16 mV. For the experiments described here, an rf power of —75
dBm was set. This value was chosen because it enabled the generation of a large
coherence signal without greatly affecting the linewidth of the signal. The am-
plitude corresponding to —75 dBm is 0.0048 mV. Looking at the graph, there
is a linear dependence between the amplitude of B, and the rf power before sat-
uration occurs. Therefore, the ratio of the rf amplitudes at —2 dBbm and —75
dBm can be used to determine the amplitude of the magnetic field at —75 dBm.

4.16

This ratio is 5005 = 863. Consequently, the amplitude of B¢ at —75 dBm is
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2.02x107° _ -12
z;XT =2.342 x 10 T.

6.2.4 Sensitivity of the Magnetometer

Now, the next step is to use the calibrated rf magnetic field, B,y = 2.342 x
10~'2 T to find the sensitivity of the rf magnetometer. Figure shows the mag-
netometer signal and noise components recorded by the Agilent N9O10A spectrum
analyser. The pump and probe powers were 361 uW and 4200 uW, respectively.
The large peak tuned to the centre of the mr = +4 <+ mp = +3 transition, repre-
sents the signal recorded with the rf field on. This peak is calibrated to be 2.342
x10712 T or (2342 T).
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Figure 6.7: Noise spectrum of the magnetometer recorded with (red solid line) and without
(blue solid line) an rf magnetic field. The blue sold line shows the atomic pro-
jection noise and probe beam quantum back-action spectrum while the photonic
shot noise level is marked with a green solid line. The resolution bandwidth for
the measurement was 1 Hz.

From Figure[6.7] the green solid line shows the photonic shot noise level which
has a value of ~ 7.34 fT/v/Hz. The red solid line shows the rf spectrum recorded
with B, ¢ turned on while the blue solid line depicts the rf spectrum recorded without

any rf field. The blue solid line shows the probe beam quantum back-action, along
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with the atomic projection noise spectrum which as a consequence of the fluctuation
dissipation theorem, mirrors that generated by the interaction with an rf magnetic
field [161]. When the atomic medium is not completely oriented, there will be
components of the atomic projection noise and probe beam quantum back-action at
frequencies lower than that of the mr = +4 <> mp = 43 transition [100]. At low
static magnetic fields, the signal and the noise increase because the different tran-
sitions overlap. Thus, to first order, when noise is dominated by atomic projection
noise and probe beam quantum back-action, the sensitivity of the magnetometer
does not depend on frequency of the magnetic field to be detected. The value of
this noise from Figureis ~ 12.08 fT/+/Hz. Using this information, the smallest
magnetic field that is able to be detected by the magnetometer is ~ 12.08 fT/ VvHz.

6.3 Evaluating the SNR at different probe beam de-

tunings

One of the most important indicators of the sensitivity of a magnetometer is
the SNR. The higher the SNR, the better the sensitivity. This section takes a closer
look at the relationship between the SNR and probe beam detuning so as to explore
what happens to the SNR when the detuning of the probe beam is changed. The
SNRs at four probe beam detunings are explored.

The master laser was locked to the 625 1 F=3— 62P%F " = 3 transition and the
probe was red detuned by 6940 MHz, 7340 MHz, 7940 MHz and 8140 MHz from
the master, so that it is closer to the F' = 4 resonance. Hence, the probe is detuned
1800 MHz, 1400 MHz, 800 MHz and 600 MHz from the 625%F =4 62P%F’ =
5 transition, respectively. The power of the pump used was 100 uW. However,
it should be noted that it was not the optimum pump power as the focus of this
experiment was the recording of the SNR at various probe beam detunings.

Like section [6.2.2] at every probe beam detuning, the amplitudes of the mag-
netometer signal and the various noise components, were recorded as a function of

the probe power. These results are shown in Figure
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Figure 6.8: The blue circles show the amplitude of the magnetometer signal versus the
probe beam power. Background of the noise (yellow diamonds) includes elec-
tronic noise and photonic shot noise, while the green triangles represent the
noise component oscillating at w;, which consists of the atomic projection noise
and probe beam quantum back-action. The sum of the various components of
the noise is depicted by the purple squares. The probe laser is detuned by 1800
MHz (a) and 1400 MHz (b) from the 6°S1 F =4 — 6?PyF' = 5 transition. The
pump power used was 100 uW.
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Figure 6.9: The blue circles show the amplitude of the magnetometer signal versus the
probe beam power. Background of the noise (yellow diamonds) includes elec-
tronic noise and photonic shot noise, while the green triangles represent the
noise component oscillating at @;, which consists of the atomic-projection noise
and probe beam quantum back-action. The sum of the various components of
the noise is depicted by the purple squares. The probe laser is detuned by 800
MHz (a) and 600 MHz (b) from the 6°S1 F =4 — 6?P;F' = 5 transition. The
pump power used was 100 uW.

In Figure [6.84] it is observed that at the large detuning of 1800 MHz, there is
no saturation in the signal. But as the detuning gets smaller, saturation of the signal

is observed (Figures [6.8b] [6.94] [6.9b). Figure [6.10] shows the comparison of the

SNR for the different probe beam detunings as a function of the probe power.
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Figure 6.10: Signal to noise ratios (SNRs) of different probe beam detunings from the
6°S1F =4 — 6>P;F' = 5 transition as a function of probe power. The de-
tunizngs are 600 MZHZ (blue squares), 800 MHz (yellow circles), 1400 MHz
(orange triangles) and 1800 MHz (grey diamonds).

The first important observation that can be made from Figure is that the
SNR does not change with probe beam detuning. Even though the difference be-
tween the largest and smallest detuning is 1800 MHz —600 MHz = 1200 MHz,
the SNR remains constant at about 5000. This indicates that the sensitivity is not
improved significantly the more off-resonant the probe beam is.

The second important observation is that in order to reach the optimum SNR
at the probe beam detuning of 1800 MHZ, the probe power required is 3713 uW,
while at the detuning of 600 MHz, only 348 uW is required. There is an order of
magnitude difference in probe power for the largest and smallest detuning. This
suggests that the further the probe beam is from the resonant transition, the higher

the probe power needs to be in order to reach the optimum SNR.
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6.4 Summary of Important Results

In this chapter, the sensitivity of the rf atomic magnetometer was evaluated at
a probe beam detuning of 4740 MHz from the 625 1 F=4— 62P% F' =5 transition.
The optimum pump power for producing orientation in the room temperature atomic
vapour was found to be 361 uW. The signal from the magnetometer was a linear
function of probe power, with no saturation. This indicated that the probe beam does
not affect the Zeeman coherences of the F' = 4 ground state and is a consequence of
the probe beam detuning. In addition, there was no saturation of the SNR which is a
result of the relatively low atomic-projection noise component. Using a calibrated rf
magnetic field, the sensitivity of the rf magnetometer was determined to be ~ 12.08
fT/v/Hz.

When investigating the relationship between the SNR and probe beam detun-
ing, it was found that the SNR does not change with probe beam detuning, hence,
sensitivity is not significantly improved with detuning. However, to reach the opti-

mum SNR at larger detunings, the higher the probe power needs to be.
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Chapter 7

Summary and Conclusions

This thesis has described the development of a room temperature Cs rf mag-
netometer. Exploration of the atomic magnetometer commenced by examining the
effect of probe beam detuning on the magnetometer signal of the FF =3 and F =4
ground states. This was done using a small magnetic field (9.3 uT) so that the lin-
ear Zeeman effect dominated because it was only the total coherence amplitude that
was of interest. Optical probing is divided into two categories depending on the
detuning of the probe beam: absorptive or off-resonant.

It was found that there were two absorptive regimes. These were when
the probe beam was in the vicinity of either the 62§ 1 F=3— 62P% F'=2,3,4
or the 6%S 1 F=4— 62P%F ' = 3,4,5 transitions. When in the vicinity of the
6%S 1 F=3— 62P% F' = 2,34 transitions, the probe beam transferred atoms from
the F' = 3 ground state to the F = 4 ground state. This was evidenced by the disap-
pearance of the signal amplitude of the F = 3 component, along with the changing
of the amplitude and shape of the F = 4 ground state signal component. When near
the 625 ] F=4— 62P% F' =3,4,5 transitions, there was no transfer of atomic popu-
lation between the F' = 3 and F' = 4 ground states; only the F' = 4 signal amplitude
and shape changed. This is indicative of the fact that most of the atoms excited by
the probe beam were excited to the F/ = 5 level. When they decayed, they were
only able to return to the F' = 4 ground state because the 62P%F '=5-62S 1 F=3
is a forbidden transition.

The off-resonant regime was characterised by the dispersive dependence of
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the F = 3 and F' = 4 signal amplitudes on the probe beam detuning. The regime
is described by the effective Hamiltonian which contains two terms: the first term
represents the polarisation rotation by the Faraday effect and is a QND interaction
while the second term represents an alignment tensor that represents a perturbation
of the probe that alters the state of the atoms. The relative magnitude of these
two terms depends on the probe beam detuning. There was no broadening of the
linewdith of the FF = 3 ground state component for detunings greater than 4000
MHz from the 625 1F=3- 62P% F’ = 2 transition. This indicated that the the
probe beam did not perturb the atomic spins. The tensor light shift was observed for
red detunings between 750 MHz to 1150 MHz from the 625 1 F=3— 62P% F'=2
transition, indicating a perturbation by the probe beam.

The second stage of exploration entailed determining the sensitivity of the
magnetometer. From a calibrated rf magnetic field, it was shown that the smallest
magnetic field measurable by the rf atomic magnetometer was ~ 12.08 fT//Hz.
When this value is compared with the sensitivities obtained in current research, it is
found to be not as good. Chalupczak et al. [100] in 2012 demonstrated a sensitivity
of ~ 1 fT/+/Hz using a room temperature Cs rf atomic magnetometer. The setup
used five layers of mu-metal shields to cancel the ambient magnetic field and stray
inhomogeneities. This resulted in a high degree of orientation (92%) within the
atomic vapour because the quantisation axis was well defined by the static magnetic
field, By. Sheng et al. [162] in 2013 demonstrated a sensitivity of 0.34 fT/ v/Hz with
a Rb scalar atomic gradiometer that used two multipass optical cells. It operated in
a pulsed pump-probe mode and took advantage of spin-squeezing techniques. As
mentioned in the introductory chapter, the most sensitive atomic magnetometers are
the SERF magnetometers. In 2009, Smullin et al.[163] demonstrated a sensitivity
of 7T/ v/Hz using a high density optically pumped K atomic magnetometer with
an active measurement volume of 1.5 cm?. Sheng et al. [[164] in 2017 demonstrated
a sensitivity of 10 fT/v/Hz using a compact Cs atomic magnetometer. Their value
was attributed to the higher atomic density (temperature of the cell was heated to

approximately 120°), the five layer magnetic shielding which suppressed the back-
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ground magnetic noise, and the higher purity of the polarisation. In 2016, Savukov
et al. [165] demonstrated a sensitivity of 5 fT/ vHz at 50 Hz using a high den-
sity Rb atomic magnetometer, operating in the SERF regime. This was achieved
by heating the cell of Rb atomic vapour to 200°. The sensitivity of the rf atomic
magnetometer described in this thesis is limited by the number of magnetic shields
used. As discussed in chapter 6 section[6.2.1] the efficiency of the indirect pumping
technique used to produce orientation within the atomic vapour is lower with three
layers of mu-metal shields than with five layers, which was the number used by
Chalupczak et al. [100]. Effective optical pumping will produce a long polarisation
lifetime which is essential for a sensitive atomic magnetometer. The more mu-metal
shields there are, the better the cancellation of the ambient magnetic field and any
stray inhomogeneities, hence the more efficient pumping will be. A good solution
to this limitation would be to use compensation coils within the shields to cancel
the magnetic field noise. The other limitation is the atomic density used. Sensi-
tivity increases with density. However, the atomic density used in the experiments
described in this thesis was kept at room temperature because a potential use for the
atomic magnetometer is in real world applications so there was a trade-off between
sensitivity and mimicking real world conditions.

In addition, the investigation into the relationship between the SNR of the mag-
netometer and the probe beam detuning revealed that the SNR does not change with
detuning, however, for bigger detunings, a higher probe power was necessary to ob-
tain the optimum SNR.

One of the limitations of the experimental method was the significant loss of
intensity at the output of the fibre due to the very large divergent beam. It was
impossible to collimate the entire beam. The beam diverged very quickly with a
diameter larger than the diameter of the lens used. Another limitation was the use
of the AOM in a double pass configuration. Only fifty percent of the light was able
to be injected into the AOM on the second pass while eighty percent of the light
was injected on the first pass. Thus, for future experiments the optical elements

breadboard will be modified for single pass AOMs.
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In terms of the results, a larger slave offset frequency range would have been
useful to examine the F' = 4 component thoroughly. Secondly, a better model of the
absorptive regime is currently being devised.

The next step in the exploration of the rf atomic magnetometer is in the field
of biomedical applications, where it will be used as the sensor in Magnetic Induc-
tion Tomography (MIT). Magnetic induction tomography is a recently developed
technique for the investigation of the electrical and magnetic properties of an object
[166, 167]. It is a non-invasive technique for imaging the passive electromagnetic
properties of materials at frequencies below 2 MHz. It uses a magnetic field gener-
ated by an excitation coil to induce eddy currents in the object of interest, causing
them to produce their own magnetic fields, which are then detected by sensing coils.
Its non-invasive nature allows a direct mapping of conductivity, ¢, permittivity, €,
and permeability, i, without requiring any physical contact [167].

MIT applies an AC magnetic field (the primary magnetic field), By, from an
excitation coil in order to induce eddy currents in the object of interest [[166, [167].
The density of these currents depends on the electromagnetic properties of the ob-
ject [168]]. They produce a secondary magnetic field, B, which opposes B;. The
amplitude and phase of the total magnetic field, Bror = B + B>, contains infor-
mation about the distribution of ¢, € and u [168]]. By performing position-resolved
measurements of Bror, a map of the electromagnetic properties can be constructed
[168]].

If the penetration depth of Bj is larger than the thickness of the object of inter-

est, then B, oscillating at the frequency @, can be estimated as:

B)(w) = Qoulwey (e — 1) —ioc] + P(u, — 1)By (o) (7.1)

where Q and P are geometrical factors, & is the relative permittivity, and y, is the
relative permeability [169]. The eddy currents in the material cause a component of
B, which is proportional to @ and lags By by 90° [166]. In general, B, will have
real and imaginary components representing the permittivity and conductivity of the

sample, respectively [166]. The conductivity (imaginary component) in biological
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tissues is normally dominant [[166].

The ultimate performance of an MIT system is dependent on the magnetic sen-
sor [118]]. A typical MIT setup consists of a standard coil of wire which produces
B, along with either a second single coil or an array of coils for detection. How-
ever, such devices suffer from the limitations and drawbacks of the coils. Some of
the limitations of conventional setups include reduced sensitivity at low frequen-
cies, insufficient bandwidth to adapt to different, non-conductive objects, and can-
not be reduced below the physical size of the sensing coil/s, thus, limiting the spatial
resolution [167]. Consequently, there have been advances in alternative detection
techniques. One such advancement is using the atomic magnetometer. Because
they have been shown to have sensitivities as good as SQUIDs and potential for
miniaturisation, atomic magnetometers are a very attractive option for MIT setups.
Indeed, MIT measurements with an atomic magnetometer have been very promis-
ing. In 2013, Wickenbrock et al. [[118] showed that when a conductive material is
placed in close proximity (1.5 cm) to the magnetometer, it is possible to measure
the phase variation of the magnetic fields produced by eddy currents in the mate-
rial and in 2014, Wickenbrock et al. [170] created a conductivity map of a few
2 mm thick aluminium objects of different shapes and sizes. Subsequent research
has been just as successful in creating conductivity maps of metallic objects using
atomic magnetometers [171}|172]].

MIT has found use in many different areas such as the process industry [[173-
176], and the defence and surveillance industry [177H180]. Within the biomedical
field, there is currently no technique for mapping the conductivity of biological
tissues such as the heart. Traditional techniques such as MCG and electrocardio-
graphy (ECG) do not provide any direct information on conductivity. Combining
the advantages of MIT with that of atomic magnetometers will provide a sensitive

means of acquiring information about the conductivity of biological tissues.
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Appendix A

Alkali Vapour Densities

The saturated density of the alkali vapour in units of cm ™ at a temperature T

in Kelvin is given by the equation:

n=—
T

1 B
1021 .866+A—T

(A.1)

The appropriate value of the constants, A and B, are given in table

Atomic Metal | Melting Point (°C) Solid Liquid
A B A B
Potassium 63.5 4.961 | 4646 | 4.402 | 4453
Rubidium 39.3 4.857 | 4215 | 4.312 | 4040
Caesium 28.5 4.711 | 3999 | 4.165 | 3830

Table A.1: Values for equation (A.I)) to find the alkali vapour density at a given tempera-
ture. The parameters are different depending on whether the metal is above or
below the melting point. Density parameters are taken from [181]].
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Figure A.1: Comparison of the alkali vapour densities, caesium (blue), rubidium (orange)
and potassium (potassium), as a function of temperature. The alkali metal
vapour densities were calculated from equation (A.T).
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