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Abstract

In recent years great progress was made in the spatial control of light with dynamic phase and
amplitude modulators such as spatial light modulators and digital micromirror devices. In this work
we describe the theory and practice of light shaping with such devices, detailing the spatial control
of amplitude, phase and polarisation of coherent laser beams. We use our expertise in generating
and measuring light fields with spatially dependent polarisation structures to characterise the
correlations between spatial modes and polarisation in such light fields. We do this by adapting

concurrence, a quantum measure of entanglement, to these classical correlations.

One of the most promising application of coherent laser light is in the control of atomic media
via atom-light interactions. In this work we describe the construction of simple external cavity
diode lasers designed for the generation of resonant light for atomic physics applications. We
exploit these lasers and spatial light modulators to create and measure three-dimensional atomic

population structures in a warm rubidium vapour.

We also implement a magneto-optic and a dynamic dark spontaneous-force optical trap for rubid-
ium. These traps produce dense (~ 10* ecm™3) and cold (~ 100 pK) clouds of rubidium atoms.
We develop the theory of spatially dependent electromagnetically induced transparency in such
traps using rate equations. We find that the absorption of linearly polarised light depends on the
relative direction of a magnetic field and the light polarisation. We use the cold atom clouds to
measure the direction of magnetic fields by using this dependence and laser beams with structured

polarisation.



Acknowledgements

If six years ago you asked me what I would be doing now I would have said something along the lines
of ”I don’t know, but definitely not optics!” My opinion probably wouldn’t have changed without
Sonja Franke-Arnold, who effortlessly convinced me that actually, optics and atoms together are
the coolest thing in the world. One couldn’t ask for a better supervisor, and I’ll always be grateful
to her for seeing something in me that I'm not sure I see even now, and giving me the opportunity

that gave me the best three years of my life, at least so far.

I’ve learned much in the last five years, and in that time I've learned the most from Neal Radwell,
who taught me everything I know about experimental science. Not only that, but he’s also been
a great friend. I'm not sure he knows how much comfort the many-many hours of playing with

plastic spaceships and talking about games has brought, but I'm sincerely very grateful for it all.

It wasn’t just two people who made every weekday in the dungeon of the Kelvin building so
rewarding. I’'m not sure I realise the full extent of just how lucky I was to be part of the Optics
group. Every single member of the group deserves thanks for being extremely welcoming, open
and friendly, providing the perfect work environment. Thanks for making going to work feel like
going home! In particular, thanks to Tom Clark for being a very fun and helpful lab mate, and
enthusiastic collaborator. Special thanks go to the little Optics board gaming group, particularly
Daan Stellinga, Ryan Hawley, Euan Cowie and Francesco Castellucci; I've had a ton of fun, I hope

you did, too.

Very special thanks to Georgi ”Morwoen” Tsaklev, Reni Mihaylova and Kirsty Hair for providing
an amazing home away from home that was always great to return to after work. You've all been

great friends, and your support means a lot. Cheers guys!

It seems like living with Bulgarians is my thing, and never has that worked out better than with
the lovely Dessy Arabadzhiyska. No-one has made me feel more appreciated. Thank you so much

for being there for me! And thanks for all the gerbils.

Végil, de semmiképpen sem utolsésorban, koszonet jar sziileimnek és nagysziileimnek, akik nélkiil
sose juttotam volna el idaig. Nagyon hélas vagyok minden tdmogatdsotokért és azért, hogy végig

hittetek bennem. Ko6szonok mindent!



To the reader

When writing this thesis it has been my goal to collect all knowledge and intuition I gained over
the last five years of doing lots of experiments but not much maths. I hope that the information
contained within will be useful for introducing students to the practicalities of structured light and
atomic physics. Experimental skills take a while to build up in any case, but with good intuition
the process is quicker. I hope I manage to convey why I think about things the way I do, and
through this I might help the reader gain/deepen understanding about the topics in this thesis.
Because of my intention to make this thesis somewhat of a tutorial for new students I am sure
I go into apparently too much detail about some well-known optics, for example. I remember I
was confused about very basic concepts, so I think erring on the side of too much information is
perhaps better. But let me stress that I believe that trying things in the lab is the best and fastest

way of learning and building up intuition.

Before we begin, let me say a few things about notation. There are lots of figures throughout this
thesis that show optical phase in hue. The colour map in these figures is always the one shown

figure 1 below.

B B e
0 /2 T 3n/2 21

Figure 1: Phase to hue map.

There are also lots of figures with plots of polarisation across beam profiles. The polarisation in
these plots is represented by a coloured polarisation ellipse drawn according to the definitions in

figure 1.1. The colour scheme is shown in figure 2 below.
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Figure 2: Polarisation plot legend.

Lastly, I would like to make a comment about footnotes. I like to put information that I feel
supplements the main text but does not necessarily fit into the sentence structure into footnotes.
I also put tangential comments and observations there, and also things that I find fun, funny or

interesting that have nothing to do with the main text!.

LCave, hic sunt iocus.
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Introduction

Light is everywhere. Practically all interactions our minds have with the outside world through
our bodies are mediated electromagnetically via photons, whether they are virtual or real. Every
detector technology we have works mainly by electromagnetic interaction. It is not surprising that
humanity’s most advanced physical understanding is in the field of electromagnetism [1]. But our
understanding of light is not just theoretical either. Recently we have gained exquisite control
over properties of light. With tunable lasers [2] we can produce coherent electromagnetic radiation
in a wide range of frequencies, a technology which has truly wide-ranging applications from com-
munication [3] to gas sensing [4]. With pulsed lasers we can measure distances to objects in the
environment extremely precisely by measuring the time-of-flight of pulses scattered from them [5, 6].
Because of the relatively narrow frequency band emitted even by pulsed lasers such measurements
are pretty much independent from background illumination as well. Through frequency and pulse
length (which are linked to each other through an uncertainty relation, connecting the pulse length
to the inverse bandwidth [7]) we have control over light in the time domain, although for the work

in this thesis this will not be very important.

Of much more relevance is the spatial structure of light. We are used to some rudimentary form
of structured light in everyday life, since our eyes detect spatial information from the environment
because the colour and intensity of light arriving to our retinas carries spatial information. But
there is more to light than colour and intensity. Polarisation is undetectable to us, but apparently
bees, for example, see polarisation and use it to navigate [8]. We exploit polarisation in our liquid
crystal display technology and communication [9], just to name a few. The phase of electromagnetic
radiation is another property we cannot see, and it only becomes important for coherent radiation.
There it leads to interference effects and affects propagation. Both polarisation and phase are

properties of light that change with spatial position, leading to interesting effects on propagation.

Considering beams of coherent, monochromatic laser light, which we will do throughout this thesis,
intensity, phase and polarisation can all vary in a plane transverse to the propagation direction,
more or less independent from each other. Of course, constraints need to be placed on them to be
physically realisable. They also evolve along the propagation direction in a well defined manner,

leading to structures in three dimensions.

In Part I of this thesis we will think about these properties of light, and look at ways of controlling
their structure in experiments. In chapter 1 we introduce the basics of the theory of electromagnetic
waves, including amplitude (which relates to intensity), phase and polarisation. We look at what
structures they take in conventional laser beams, and then we consider ways of manipulating them

with common, simple optical elements, such as lenses, gratings and polarisation optics.

In chapter 2 we introduce two devices that have become rather popular in the optics community in
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recent years because of their versatility. Spatial light modulators (SLMs) and digital micromirror
devices (DMDs) are digital devices originally developed for overhead projectors. They offer high
resolution control over the phase of coherent light, which we show to be sufficient for control of
amplitude and polarisation as well, with some cleverness. We go into quite a bit of detail about
experimental techniques involved in their calibration and operation. We also discuss the design of

digital holograms that these devices can display.

There is, of course, purpose behind gathering all this knowledge. In chapter 3 we use our expertise
in the creation and characterisation of light fields to investigate correlations between space and
polarisation in beams with structured polarisation. With the help of our collaborators we show
that concurrence, a measure of entanglement in quantum mechanics, can be adapted to describe
such classical correlations. We also relate concurrence to easy-to-measure Stokes parameters. We
hope that this technique can enable quantum-like technologies that rely on correlations, but not

non-locality.

But light does not exists only in a vacuum. Matter is also everywhere, and without interaction
between light and matter we would not know anything about the universe. In everyday life we
usually experience the effects of light interacting with bulk solids?, but the interactions between
single atoms (or ensembles atoms in a vapour) can become excitingly different. The electronic
structure of atoms of the same species is identical, which is useful in two ways. If we know how one
reacts to external influences, we know how all of them will react. They can also act collectively,

although this we will not consider in detail here.

Our models for the electronic structure of atomic species with a few electrons in their outermost
shell are excellent. This understanding is exploited in, for example, the definition of time via atomic
time standards [10], precision measurements of gravity [11] and magnetic fields [12], and quantum
computing [13]. In this thesis we are more interested in the interaction of extended atomic vapours
with spatially structured light.

First we need to understand how atoms react to light. Chapter 4 introduces the electronic structure
of rubidium, our atom species of choice. We then describe the most basic atom-light interactions,
absorption and emission. These processes form the basis of all of the atomic physics discussed in
later chapters. As we will see, the frequency of light is of great importance in such interactions,
because of the need to match the energy of photons in the light beam to the separation of energy

levels in the atom.

For this reason in chapter 5 we detail the construction and operation of sources of frequency-tunable
laser light in the form of external cavity diode lasers (ECDLs). Constructed from a laser diode
and a grating, ECDLs are cheap and simple to construct. We describe two types of ECDLs that
were used in our experiments. We also consider how to stabilise their frequency to that of atomic
transitions via Doppler-free spectroscopy. We also discuss the use of acousto-optic modulators

(AOMs) for frequency control and switching.

Chapter 6 brings together our beam shaping expertise from Part I and our understanding of
atomic physics (and a bit of rudimentary thermodynamics) for an experiment where we controlled
the occupation of atomic states in 3D in a warm rubidium vapour. We describe the population
structures theoretically using rate equations. In the experiment we used a concept similar to

electron shelving to measure the populations we inscribed in the vapour, and we get 3D information

20r liquids (I guess glass also counts here even though it looks more solid). And a bit of plasma, if we look up
at a clear sky. Not very frequently in Scotland, then.
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by tomographic reconstruction from fluorescence images. We hope that this work will be useful

for designing 3D quantum memories.

Most high-precision atomic physics experiments benefit from long coherence times that arise at
low temperatures and densities. We are more interested in using the slow movement of cold atoms
during their interaction with structured light. For this reason in chapter 7 we introduce methods
for cooling and trapping a cloud of atoms in a magneto-optical trap (MOT) and a spontaneous
force optical trap (SpOT). We consider both the theory and practice of operating such traps, with

particular attention to controlling magnetic fields.

These magnetic fields play a crucial role in the experiments described in chapter 8. These ex-
periments involve controlling the transparency of a cloud of atoms to resonant laser light via
electromagnetically induced transparency (EIT). We present two theoretical frameworks we used
to explore the absorption of a beam with structured polarisation in the presence of a magnetic field
in a 4-level tripod atomic structure. In the specific example of rubidium 87 such a level structure
is realised with three Zeeman sublevels of a hyperfine ground state, along with one excited state.
First we consider the atoms quantised along the propagation direction of the beam. In this frame
a transverse component of the magnetic field couples the three ground states, making the ab-
sorption dependent on the spatially varying phase difference between the two circular polarisation

components of the laser beam. We find the absorption by evaluating Fermi’s golden rule.

In the second model we consider the atoms quantised along the magnetic field direction. In this
context we describe the absorption in terms of optical pumping between the three ground states,
and derive an expression for the absorption from rate equations. We show that the absorption
patterns depend on the magnetic field direction, allowing us to construct an atomic compass. We
expect that this experiment will be extended to utilise EIT for storage of spatially structured

quantum information.

In the final chapter we briefly introduce two small projects we took part in that are tangentially
related to the core of our work. In one experiment we used a single trapped ytterbium ion in
an attempt to measure the longitudinal polarisation component that arises when a beam with
structured polarisation is strongly focused. Out of interest we introduce the theory of ion trapping
and cooling, which operates on similar principles to the atom traps described in chapter 7, but
afford even better control. Lastly we describe a short investigation into the diffraction of structured

polarisation from double slits in different geometries.
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Chapter 1

Amplitude, phase and polarisation

1.1 Introduction

In its classical description, light is considered a travelling transverse wave of the electromagnetic
field. This has famously been derived from first principles by Maxwell. Maxwell’s equations, in

the absence of any charges, can be written as

0B
‘E= E=—"_ 1.1
v 0 v x = (1.1)
OE
‘B = B = pp€g—
\Y% 0 V x /Loeoat,

where E and B are the electric and magnetic vector fields, respectively, and pg and €y are the
permeability and permittivity of free space, respectively. From these equations, using simple

vector calculus, one can obtain equation (1.2),

1 9°E

2

where we have defined ¢ = ppeg ~ 2.998 x 10® ms™!, the speed of light in vacuum. We recognise
this equation as a wave equation for the electric field. An equation identical in form to (1.2) exists
for the magnetic field as well, but for all purposes in this thesis it is sufficient to consider the electric
field component. Some solutions of this differential equation take the form of a wave travelling in
the 7 direction,

E(r,t) = E(r) expli(k - r — wt + ¢o(r))]é(r), (1.3)

where r = [z,y,2] and t are spatial and temporal coordinates. k is the wave vector, whose
magnitude is |k| = w/e = 27/, and its direction is perpendicular to surfaces of constant phase
¢ =k -r —wt+ ¢o(r). Phase should not be confused with the phase offset ¢o(r), the phase at
x =y =2z=1t=0. éis the unit vector defining the direction in which the electric field oscillates,
known as the polarisation direction. These are all important parameters, but in the following we
will pay particular attention to the control of the spatially dependent terms, the field amplitude
E(r), the phase offset ¢(r) and the polarisation é(r). This is because we notice that fixing the
values of F, , . and ¢, , . at an arbitrary position 0 along the propagation axis z fully determines

their values at any position in space.

We also note that linear superpositions of solutions of the form of equation (1.3) are also solutions
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to equation (1.2). There are some interesting consequences to this fact. Let us consider the sum

of a set of a very simple forms of equation (1.3) in 1 dimension, at an arbitrary time ¢ = 0,
E(z) = X, E;sin(2nz/ X + ¢;)é;, (1.4)

where we have assumed for simplicity that the wavelengths are all the same (which will be the case
throughout this thesis).

1.2 Polarisation

In the very simple case where é; are the same in equation (1.4), the waves simply interfere (com-
plex amplitudes are added). If, however, €; have orthogonal components, the total electric field
oscillation will have a different direction, perhaps even changing as the waves propagate. Since in
the paraxial limit the electric field oscillates in the plane transverse to the propagation direction,
it can be decomposed into two orthogonal components, usually in the z and y directions, with
amplitudes E; , and phases ¢, y,

Exem

E =
Eye¢y

. (1.5)

We define six polarisation basis vectors using this principle:

A 1 . . 1 1 R 1 . 1 |1
l:\/i(h_w):\/il—i]’ rz\/i(h—i-w):ﬁ[i],

where the inclusion of the imaginary number ¢ corresponds to a phase shift of 7/2, and we as-
sert that the polarisation direction is transverse to the propagation direction, so we omit the
z-components of the vectors. These basis vectors are illustrated in figure 1.1. In Jones calculus
matrices describe the action of optical elements on the polarisation of light [14]. These matrices
multiply the electric field vectors written in the form of equation (1.5) to produce the output elec-
tric field vector. The most common polarising elements are polarisers and waveplates, described

in the next few paragraphs.

When thinking about light interacting with polarisation optics it is useful to decompose the polar-
isation of the incoming light field into parallel and perpendicular components with respect to the
axis (axes) of the optic. Polarisers transmit the polarisation component of an incoming light field
that is parallel to their axis, and absorb (or reflect) the perpendicular polarisation. In experiments
polarisers are characterised by an extinction ratio, which describe how much of the ”wrong” po-
larisation is transmitted - the lower this number, the better, but no real polariser block all of the
orthogonal polarisation. They may also absorb some of the polarisation component they are meant
to transmit, and could also introduce phase shifts. Global phase shifts common to both polarisa-

tion components would not matter much unless a polariser was placed into an interferometer. In

0
Jones calculus, a polariser with its axis oriented horizontally is represented by the matrix lo 0] .

Waveplates, or retarders, are usually made from a birefringent material with a fast and a slow axis.

As the names suggest, light whose polarisation is parallel to the fast axis travels faster through
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Figure 1.1: Definitions of polarisation directions used throughout this thesis. Polarisation direc-
tions are viewed along the propagation direction, but the naming convention follows the what the
observer looking against the propagation would see.

the waveplate than the orthogonal polarisation. By appropriately choosing the thickness of the

material one can introduce any phase shift to one polarisation component with respect to the other.

This phase shift is given by

2rAnL
)\ K

where An = nglow — Niast is the difference between the refractive indices of the material along the

A = (1.7)

slow and fast axes, and L is the thickness of the waveplate.

In practice one finds two types of waveplates, quarter- and half-wave plates (abbreviated as A/4
and A/2 plates, respectively). A A\/4 plate a introduces 7/2 phase shift. This turns an input
linear polarisation at 45° to the plate axes into circular polarisation, input circular polarisations
into linear, and input linear polarisations at angles other than m x 45° (m € Z) are turned into

elliptical polarisation. A \/4 plate at an angle « to the horizontal is represented by the matrix
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A/4-plate A/2-plate

/8 A/8

Figure 1.2: Quarter-wave and half-wave Fresnel rhombs. Their action is illustrated for input light
at 45°.

i | cos?a+isin’a (1 —i)sinacosa

exp = o T E
(1 —4)sinacosa  sin” a+icos® a
A )\/2 plate introduces a 7 phase shift between the polarisation components along its axes - this
results in a rotation of the input linear polarisation by an angle given by 2«, where « is the angle
between the input transverse polarisation and the waveplate fast axis. If the input polarisation
is elliptical or circular, the handedness is also reversed. The Jones matrix for a A/2 plate is
. |cos2a  sin 2«

exp =~ [ ] .

2 |sin2a  cos2a

In practice, for optical wavelengths the material thickness required for a waveplate to shift exactly
A/4 (or A/2) would be so thin (a few 100s of nanometres) that handling them would be impossible.
Commercially available birefringent waveplates usually come instead in two varieties, multi-order
and zero-order. A multi-order waveplate is a single slab of birefringent material cut to a thickness
such that A¢ = m2m + A/4 for a given wavelength. A zero-order waveplate is constructed of two
multi-order waveplates with their axes aligned 90° with respect to each other. This leads to a
total phase shift that is the difference of the shift due to each component waveplate, and can be
engineered such that A¢ = \/4. These two flavours of waveplates are equivalent for the wavelength
for which they are designed, but for a multi-order waveplate the cumulative slightly wrong shifts
at a wavelength even minimally different from the design one leads to behaviour that is hard to
predict, and almost certainly wrong. In contrast, zero-order waveplates perform pretty well for a
relatively larger range of wavelengths (although it is still a bad idea to use them more than a few

tens of nanometres off the design wavelength).

There exists an entirely different class of retarders, however, which are effective over a huge range
of wavelengths. These are Fresnel rhombs, which exploit the phase shift arising on total internal
reflection between the s and p polarisation components (which are perpendicular and parallel to
the reflecting surface, respectively). This phase shift is controlled by the rhombs’ internal angle,
which is designed such that the phase shift is very close to A/8 for visible light for most glasses, so
two reflections can be used to generate a A/4 retardance, or four reflections for A/2. Such devices

are shown in figure 1.2.

1.3 Measuring polarisation: Stokes parameters

We measure polarisation using Stokes measurements. This involves projecting the light field to be

measured onto each of at least 4 of the polarisation basis vectors (e.g. fz,f), ci, 7), and measuring
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intensity in these projection. In this work we usually project onto all basis vectors for conceptual

simplicity. From the measured intensities we can calculate the four Stokes parameters,

So=I=I,+1,=1;+1,=1,+1

S1 :Q:Ih_l'u (18)
So=U=1,—1,
Se=V =1, —1I,.

From these expressions it is straightforward to see why four measurements are sufficient, since, for
example, So = Iy — (So — I4). So we need to measure in any pair of orthogonal polarisations to
get Sp, and then in one each from the other two pairs. Another way of thinking about this is that
there are four parameters of the light field that we need to determine (E,, E,, ¢, and ¢,), so we
need four measurements that give information about each one. We can then construct a Stokes

vector

So
S1
Sa
Ss

which is usually normalised such that Sy = 1. It can represent any
polarisation state (including partially polarised states, for which
/57 + 53 + 57 < 1). Pure polarisation states live on the surface
of a sphere known as the Poincaré sphere, shown in figure 1.3, while
partially polarised states are inside the sphere. Pure polarisation

states can be written also in the Jones formalism, although there

is no unique way to compute a Jones vector from a Stokes vector,
because of the existence of an arbitrary global phase. If we set
¢, = 0, then

So + 51
|Ey| = \/ 9 ¢z =0 (1.10) Figure 1.3: The Poincaré

5 =S sphere, showing the relations
2021 ¢, = tan~? <> ) between polarisation basis
2 vectors. The axes shown
in colour also correspond to
Stokes parameters S;_3.

|Ey| =

1.4 Amplitude and phase

So far we have talked quite a bit about the relative phase between orthogonal polarisation com-
ponents, but variations of the phase across a beam profile is also very much worthy of attention,
since this is the property that the most ubiquitous conventional optical elements modify, and it
has a huge effect on the propagation of light. Amplitude is perhaps the most obvious property of
light, being the one that our eyes are sensitive to'. It is also in a sense inseparable from phase due

to diffraction.

For now let us consider a uniformly polarised light beam, é. = €. Then the simplest solution of
equation (1.2) is
E(z,y,2) = Egsin(2wz/A + ¢o)éo, (1.11)

IStrictly speaking most detectors, including our eyes, are sensitive to the intensity I = |Ey exp(icyr)|?, which is
why the phase information is lost.
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a)

24 0
z 4

Figure 1.4: Propagation of a Gaussian beam, showing a) intensity and b) electric field amplitude,
with A = 4/3wp. An example of a curved phase front is shown in red.

which has one amplitude and phase in any transverse plane, and is known as a plane wave solution.
Unfortunately, while easy to think about, it is not physically realisable. This is easy to see from the
fact that the energy content in any transverse plane is infinite, because the electric field amplitude
is finite extending to infinity. Therefore in realistic solutions the amplitude must go to zero at
infinity. The most common solution that behaves like this is the well-known Gaussian beam [15],

written here in radial coordinates,

wo —r? ) r? R
E(r,z) = Eow—z exp (wg) exp (—z (k;z + k‘m — 1@)) éo, (1.12)
where w, is the radius in a transverse plane where the amplitude falls to 1/e of its axial value,
and its value at z = 0 is the waist wg. ¢, = arctan(z/zg) is known as the Gouy phase arising
from a change in phase velocity near the waist and zzr = 7w3/A is the Rayleigh range. The
amplitude cross-section of such beams is a Gaussian that changes only in size as it propagates
due to diffraction. It should be noted that expressions of this type describe modes of propagation
only in the paraxial limit, when the angle that light rays make with the optical axis are small.
Phase fronts, surfaces of constant phase, form parabolic surfaces with the exception of the waist
plane, where the phase front is a plane. This is shown in figure 1.4. In general the smaller the
waist, the larger the wavefront curvature and hence the divergence of the beam. This is a very
general statement for coherent light: a small light structure (whether it is a beam, light through
an aperture or anything else) always diverges faster than a larger one, provided that they don’t

have some weird phase structure?.

From figure 1.4 we can already see the intimate relationship between beam size and phase front
curvature for Gaussian beams. When thinking about changing beam size one optical element in
particular comes to mind, the lens. In fact, the operation of a lens is exactly the application of a
curvature to the phase front of the incoming beam, which results in the focusing (or defocusing)
of the beam. Examples of the phase profile associated with a lens are shown in figure 1.5. A
particularly interesting application of the fact that all that matters for a lens to function is the
phase curvature is a Fresnel lens. Such a lens is designed to minimise the use of glass in the
formation of the lens, and looks very much like figure 1.5¢ (although the segments of course have
many wavelengths of thickness, because of both the refractive index of glass responsible for the

phase shifting and practicality).

For subsequent parts of this thesis it is crucial to understand the action of a lens in slightly
more detail. In particular, we need to look at the relationship between the focal planes in front

and behind a lens. Optical fields can be decomposed into plane waves with unique k-vectors,

2... and the structure in question is not much smaller than the wavelength of light, but in that case the paraxial

approximation breaks down anyway and more careful treatment is required.
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Figure 1.5: Phase profiles of different lenses. The profiles are plotted over 1 mm?. Focal lengths
are a) 200 mm and b,c) 50 mm. The lens profile modulo wavelength is shown in ¢).

determining their propagation direction. It can be seen from simple ray diagrams that a lens maps
each incoming k to a unique position in its back focal plane. The reverse is also true: it maps
each position in its front focal plane to a unique direction in its back focal plane. This already
indicates that these planes are Fourier transforms of each other, and this can be shown rigorously.
Thus a lens maps position space onto direction space (with a scaling factor proportional to its
focal length). It is then no surprise that a large Gaussian beam arriving at a lens focuses to a
smaller Gaussian beam - that is exactly what a Fourier transform does! What may be slightly
surprising at first sight is that a small Gaussian beam focuses to a large one, but even this is
not unexpected when one considers the effect of diffraction mentioned above. These concepts are
beautifully intertwined, and I hope that the reader appreciates this even without showing rigorous
mathematics; intuition that takes all this into account takes a while to build up, but is a powerful

tool indeed.

On a more practical note, aligning lenses with laser beams is quite easy. A lens should always be
centered on the laser beam, perpendicular to its propagation direction. The latter can be a bit
hard to judge, but usually small deviations, on the scale of a few degrees, do not matter much in
practice. To center the lens on the beam, place a screen (piece of paper, detector card, pinhole
or even a camera) relatively far from the intended lens position further along the beam. Note the
position where the beam hits the screen without the lens. Now insert the lens in such a way that
the beam is centered on the same position, and the lens is not tilted appreciably away from being
perpendicular to the beam. Determining the centre of the beam after the lens has been inserted
might be tricky if the beam expanded a lot by the time it reaches the screen. If this is the case, one
can work backwards towards the laser source when placing lenses, starting from the one closest to

the monitoring screen, always maintaining the beam position on the screen.

1.5 Imaging

It is also well known that lenses are capable of imaging, i.e. relaying optical fields from one
plane to another. Two lenses can relay any optical field from one plane to another if positioned
properly, but one lens can only reproduce intensities correctly. As discussed above, a lens Fourier
transforms the optical field at its front focal plane to its back focal plane (also called far field or
Fourier plane), and placing another lens such that its front focal plane coincides with the Fourier
plane of the first allows us to undo that first Fourier transform, up to an unimportant global
phase. This configuration is known as a telescope, or a 4f imaging system (because of the 4 focal

lengths between the object and image planes, see figure 1.6). It can change the transverse scale
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f f f f 2f 2f

Figure 1.6: Imaging with lenses. Both the telescope (left) and single lens (right) imaging systems
are shown in the 1:1 magnification configurations.

of the formed image proportionally to the ratio of the focal lengths of the two lenses, producing a

magnification of fa/f1, where fi o are the focal lengths of the first and second lens, respectively.

A single lens of focal length f can also reproduce the intensity distribution that is a distance p
in front of the lens at a plane ¢ behind it, with a magnification of ¢/p, obeying 1/f = 1/p+ 1/4.
This is, in principle3, how single lens reflex (SLR) cameras form images. We emphasise the fact
that this configuration only reproduces the intensity correctly, because the phase acquires an extra
curvature due to the lens, and so the propagation properties of the light field will be different after
the image plane. This is not the case in the telescope configuration, which reproduces phase as

well as intensity correctly.

Of course, in reality imaging systems can not reproduce the object plane exactly in the image plane
because of the finite size of the lenses, and their imperfections. The former leads to the limited
spatial resolution of the imaging system, often expressed as the Rayleigh resolution limit, which

states that two point sources are resolvable if their angular separation is

A
0>122— 1.13
> 127, (1.13)

where D is the diameter of the lens. This expression is valid as long as the resolution is limited by

the finite size of the aperture.

The other reason lenses in practice often do not image perfectly is that they usually have some
sort of aberration. The most common of these is spherical aberration, arising because most lenses
are ground to have a spherical surface as opposed to the ideal hyperbolic surface?. The effect is
that light rays entering the lens far off-axis do not focus to the same position that rays closer to
the axis do. A spherical lens thus behaves very close to a hyperbolic one only close to its center
because the two shapes are very similar there. Over what range this is true depends on the focal
length and diameter of the lens; standard 1 inch diameter long focal length lenses (f > 40) tend to
be very good approximations of the hyperbolic surface over their entire diameter, but short focal

length lenses should be used with caution.

1.6 Mirrors

Like a lens, a simple tilted mirror is also a spatially dependent phase shifter, because different

parts of the beam arriving at a tilted mirror encounter the mirror surface at different phases.

3In reality SLR lenses are much more complicated designs, even fixed focal length lenses contain many lens
elements to reduce aberrations.
4The reason for this is simply that it is much easier to do.
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Figure 1.7: An example of using two mirrors to direct a laser beam over a set of holes in an
optical table (marked blue). The angle and position of the first mirror selects the position in the
x — y plane where the second mirror needs to be placed. The angle for the second mirror is also
determined by the first. A few options are shown in different colours.

Mirrors themselves are extremely ubiquitous on optical benches because of logistics reasons. A pair
of mirrors allow the precise alignment, both in position and in direction, of laser beams through

5. Two mirrors are usually needed because there are two degrees of

any point of choice in space
freedom (position and direction) of the laser beam that they need to modify, which would be
coupled if only one mirror was used. This is illustrated in figure 1.7. As the figure shows, there
is usually a large number of options for the placement and angles of the mirrors. The choice from
these options the experimentalist has to make is informed by other optical elements on the bench

and properties of the actual mirrors.

Mirrors, especially dielectric ones, cause phase shifts between s- and p-polarised components (that
is, polarisation components perpendicular and parallel to the plane of reflection). Some of this
is inevitable; even an ideal mirror phase shifts reflected light by w. This is not an issue as long
as the polarisation is purely s or p in the plane of reflection. This usually means horizontal or
vertical polarisations if the mirrors deflect beams in the plane of the optical bench surface, the
most common scenario. A second mirror can undo the ideal phase shift, but if the mirrors are not
ideal then this compensation is not perfect, and the output polarisation can be altered. For this
reason mirrors are designed to be used at certain angles (usually either 45° to the beam path, or

nearly perpendicular to it) at which such phase shifts are minimised.

Dielectric mirrors are designed to operate within a narrow band of wavelengths and for a small
range of angles, usually either close to perpendicular or at 45° to the beam propagation, where
they provide exceptional reflectivity. Metallic ones perform better at larger range of angles and
have much less stringent requirements on their operating wavelength, but can be harder to handle.
Metallic mirror surfaces are susceptible to oxidisation, especially in high humidity, which severely
reduces their reflectivity. They are therefore supplied with protective coating, which is very delicate
and so their reflective surface should not be touched. Dielectric mirrors are usually not permanently

damaged by touch®.

When designing optical paths it is generally a good idea to try and make sure that beams are
travelling parallel to lines of holes in the optical table, and keep its height constant. There is no
physical reason for this, it just makes it easier to follow where beams are going in a complicated

setup.

5Provided that they physically fit where they need to go to allow the required alignment, in the sense that they
do not overlap other optical elements.
6 Although they do need cleaning if such a thing happens.
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1.7 Gratings

It is well-known that diffraction gratings disperse polychromatic light into a spectrum that appears
in discrete diffraction orders. Throughout most of this thesis (apart from a brief discussion of exter-
nal cavity diode lasers in chapter 5) we ignore this dispersion because we work with monochromatic
CW laser light. We note that when dealing with polychromatic light, for example ultrashort pulses,
dispersive elements introduce further complications such as pulse front tilt [16]. Here instead we

exploit the fact that gratings can change the propagation direction of light.

With a little effort it can be shown that the first
diffracted order of blazed grating with depth A
a a and blazing angle 6 appears at the same angle

3 7r as if it was reflected off a mirror at the same an-
gle. The situation is shown in figure 1.8. Two
rays (shown in red) interfere constructively in
the far field if their path difference is a multi-

ple of the wavelength. We have chosen two rays

Figure 1.8: Rays (red) reflected from a reflective
diffraction grating (black) of depth A, period d
and blazing angle 6. difference, so that we only need to consider the

that arrive on the grating surface with A path

reflected path difference, denoted a. Thus we require that, for the first diffracted order, a = A.
Through the appearance of similar triangles this implies that 5 = 7/2—6. Then the first diffracted
order is deflected by an angle « = 7 — (8 + 7/2—0) = 7 — 2(7/2 — §) = —20, which is exactly the

expression for a mirror tilted at an angle 6.

1.8 Propagation

The reason we pay so much attention to the phase and amplitude of a beam in a transverse plane
is that the field at any value of z is fundamentally linked to any plane at a different z. One can
obtain the field in the transverse plane at z from a known one at some zy by propagation. We
do this by exploiting the fact that the Fourier plane of a beam is equivalent to its plane wave
decomposition, that is, every point in the Fourier plane contains the amplitude and phase of one
of the plane wave components of the beam [17]. Thus we can take the 2D Fourier transform of a
transverse plane of a beam we wish to propagate, advance the phase of the plane wave components
appropriately, and take the inverse Fourier transform of the modified far field to get the propagated
beam. This method is known as angular spectrum wave propagation [18]. What is left for us to

do is to describe how to calculate the extra phase for the different plane wave components.

Let us reiterate that every point in the Fourier plane corresponds to one of the plane wave com-
ponents of the optical field at zy. The plane wave components are all characterised by one unique
k-vector with a unique set of k., k, and k, components. Since we wish to propagate the beam in
the z direction we need to advance the phase by Azk,, where Az is the propagation distance z — z.
Thus we need to determine the z component of the wavenumber, k,. We can easily determine the
k. and k, components at each position (z,y) in the far field as

27 2w

kx($’y):$—$07 ky(xay):y_y07

(1.14)

which is also a statement of the fact that a larger transverse distance from the beam centre in the
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far field corresponds to higher spatial frequencies in the near field. Then, knowing that |k| = 27/,

21\ 2
ko) = \/ (37) - @2 + Kyt (1.15)
We now have all components necessary to perform the entire propagation:
Ble,y,2) = F7' (F (Blo,y, ) 2540 ) (1.16)

This expression works for both positive and negative Az (and the trivial case Az = 0), meaning

that we can use it to determine the field in a preceding plane as well.

Of course propagation this way assumes that there is no effect that changes the phase or amplitude
between the two planes at zg and z. We can, however, use it to propagate a field from one optical
component to the next, and in the planes of the optical components we can apply their action to
the field there. This allows us to simulate entire optical benches with many optical elements fairly
efficiently, especially in numerical simulations using fast Fourier transforms (FFTs). One can make
a further small speed improvement by restricting ourselves to the paraxial limit. This allows us to
take the Taylor expansion of equation (1.15) about (ks, k,) = (0,0) to get
or k2 + k?/

kz%T_ A/’

(1.17)

which eliminates the need to take square roots, which is relatively computationally expensive.

Throughout this work used this expression to perform beam propagation simulations.

1.9 Higher order modes

So far we have considered very simple fundamental solutions to the wave equation (1.2) in the
paraxial limit. Higher order modes are something of a speciality of the Optics group at the
University of Glasgow, and central to most of the techniques described later on, either as a mo-
tivation or as a tool. The two most commonly used sets of modes are the Hermite-Gaussian and
Laguerre-Gaussian modes [19], and no thesis from the Optics group can be complete without their

terrifying”-looking expressions:

m _m Wo @ @ ex —M

22 402
exp <_Zk(2R—(’;§J)> exp (—ikz) exp (19(2)) €, n,m € N,

(1.18)

LG!(r, ¢, 2) =Eq w“(’z) (;{j) . exp (_ngz)) Ll (wii)) exp (—ilg) x

k 2
exp (—ZZRT(Z)) exp (—ikz) exp (iv(z)) é, teZ,peN,
where all the symbols carry their previously used meanings, and the new ones are R, the wavefront
curvature at z, the Hermite polynomials of order j, H;(z), generalised Laguerre polynomials LLZ‘ (x),
and the Gouy phase picks up a new definition, ¥ (z) = (N 4+ 1)tan™ 1(z/zg). The value of the
combined mode number N for the two classes of beams is different, for the Hermite-Gaussian (HG)

case N = m + n while for the Laguerre-Gaussian (LG) case it is N = |[¢| 4+ 2p. Note that the HG

7At least to me. I mean look at them, they don’t even fit on a single line!



CHAPTER 1. AMPLITUDE, PHASE AND POLARISATION 18

LG

‘
1,0

HG

o

o
Fi." i
-

[
()
~

Figure 1.9: Zoo of higher order Gaussian modes, with intensity on the left and phase on the right.
The indices in the corners are m,n for HG modes and ¢, p for LG modes.
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modes are described in Cartesian coordinates and carry rectangular symmetry, while the LG modes
are in cylindrical coordinates and so have cylindrical symmetry. This can be seen in the case of a

few example modes shown in figure 1.9.

Since these solutions are eigenmodes of propagation, they only change in transverse size on prop-
agation (and they of course pick up a global phase, which is usually unimportant, except in
interferometric setups). It is also worth noting that modes with different indices within either set
are orthogonal to each other. Both mode sets are complete, which means that any light field can

be decomposed into a (potentially infinite) subset of them, in the paraxial approximation.

An interesting relation between phase and intensity can be seen in all HG and LG modes with
non-zero mode number. In points within a light field where the phase is discontinuous (e.g. phase
jumps in HG modes and p-modes, LG modes with non-zero p, and optical vortices at the centre

of f-modes) the intensity is exactly zero.

A particularly important property of the Laguerre-Gaussian modes with non-zero ¢ is that they
carry optical orbital angular momentum (OAM) [20, 21]. This is due to the helical phase fronts
introduced by the azimuthally varying phase term, e~*?. The reason this is interesting is that
OAM is a quantity that is conserved in most interactions with matter, with a few exceptions, in
which case it is transferred to spin angular momentum (SAM). We will talk about this spin-orbit
exchange in more detail later on. Spin angular momentum is related to the polarisation of light,
specifically it is associated with circular polarisation. It is interesting to note that SAM can take
two values, Fh corresponding to left- and right-handed polarisation (and their linear combinations),
while OAM can take any integer value (and their linear combinations). In other words, SAM (and
so polarisation) spans a 2-dimensional Hilbert space, while OAM spans an infinite-dimensional

one, a fact that could be useful for high-bandwidth quantum information transfer and storage.

1.10 In summary

We have briefly introduced light as an oscillation of the electromagnetic field and described it
in terms of polarisation, amplitude and phase. We looked at some examples of manipulating
polarisation (polarisers and waveplates) and the changes of propagation due to structured phase
(focusing by a lens and deflection by a mirror/grating). We saw examples of higher order modes of
propagation with structured phase and intensity. In the following, we will look at some methods
of controlling phase, intensity and polarisation, mostly using dynamic optical elements but also

introducing a few static ones.



Chapter 2

Shaping light

2.1 Introduction

Let us remind ourselves of one of the key points of the previous sections: the entire three-
dimensional structure of phase, intensity and polarisation of a laser beam is defined by one single
cross-section of the beam. This is because light behaves according to Maxwell’s equations, so if
we know the electric field in one plane, say, z = 0, we can easily find out what the field looks like
some distance z away by propagation. As long as we restrict ourselves to the paraxial limit, this is
particularly easy. All this means is that if we could arbitrarily control the phase and intensity of a
beam in one plane, we could control its 3-dimensional structure as its transverse structure changes
on propagation. This is exactly what spatial light modulators (SLMs) and digital micromirror
devices (DMDs) allow us to do. We published some of the considerations about the limitations on

beams that can be practically produced by such devices in [22].

2.2 Phase-only Spatial Light Modulators

The section title spoils the key feature of the SLMs we consider here, namely that they offer
direct control over the phase of light. As we will see, this is enough for simultaneous control of
phase, amplitude and polarisation. The theoretical discussions in this chapter are described in [23]

and [22], and references therein.

2.2.1 Phase-only Holograms

It is obvious that a phase-only SLM provides control of the phase of a laser beam reflected from
it, but the ability to control amplitude is more subtle. This is necessary if we wish to be able to
create an arbitrary desired complex field Eqes(2,y) = Ades(, ) exp(igdes(z,y))é in a transverse
plane, where we restricted ourselves to shaping a single polarisation component é for now, which

we will drop from the following discussion for simplicity.

After the interaction with the SLM we wish to spatially separate the newly structured beam from
the remnants of the unstructured light, so that we can use the desired beam without any contam-

ination. This is most easily achieved by deflecting the structured light, changing its wavevector,

Ein(xa y) eXp(ik,in : I‘) eXp(iH(x, y)) = Edes (37, y) eXp(ikdes : I'), (21)

19
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where Ej, is the input complex field travelling in the k’;, direction, the desired field propagates
in the direction given by kges and H is the phase-only hologram displayed on the SLM. Here we
describe the process considering the SLM as a transmissive element, although the ones used in our
experiments are the reflective type - this makes no conceptual difference. Figure 2.1 shows the

relevant directions.

We can easily express the action of the phase-

X only hologram as

k

les
‘ . Edes(xvy) . ,
, exp(tH(x, = —— "~ exp(i(Kges — K'in) - T
/—rkm p(iH(@,y)) = For 5 explilka )-x)
e (2.2)

>

' _
knl - z

= Arcl (.T, y) eXp(i¢rcl (fﬂ, y))?

where Aol = Ages/Ain is the relative amplitude

and ¢re1 = mOd(¢des - ¢in + (kldes - k/in) -r, 277)
is the relative phase, including the direction

Figure 2.1: Propagation directions of diffracted
and input beams on a reflective-type SLM. change. As discussed in section 1.6, a grat-

ing with 27 phase depth behaves like a tilted
mirror, deflecting the beam impinging on it. We can therefore achieve the rotation of the k-vectors
by including the proper grating phase, given by

2
dg(x,y) = ?, thus (2.3)

¢rel - mOd(¢deS - ¢in + ¢g7 27T)a

where d = 27/(Kges — K'in) is the grating period. It is clear from equation (2.2) that we cannot
simply use the relative phase ¢.e; as the phase-only hologram H, because while it would give
the correct phase to the beam in the image plane of the SLM, it would not reproduce the correct
intensity pattern. Instead, the intensity distribution of the input beam would reappear. Additional
amplitude shaping is thus required, but since the phase-only SLMs only give access to phase control

this has to be achieved through the modulation of the relative phase.

Reducing the depth of a blazed diffraction grating while keeping the period constant does not
change the angle of diffraction, but it does change the diffraction efficiency. Shallower gratings
diffract less light into the desired first order and leave more light in the zeroth order. We can
spatially control the grating depth, and thus amplitude in the first grating order, by multiplying

the relative phase by some function of the relative amplitude,

H($,y) = f (Arel(ma y)) ¢rel($7y)~ (24)

One can then place a spatial filter in the Fourier plane of the SLM that blocks the zeroth grating
order, and would then be left with the desired beam. There are multiple choices one could make
for the function f. The simplest method is to simply scale the relative phase by the relative
amplitude, f(Aye1) = Are. This expression assumes that diffraction efficiency depends linearly
on grating depth, which is incorrect. Yet, surprisingly enough, this method works rather well in

practice.

A more rigorous treatment was proposed by Davis et al. [24]. They calculated that the first-order
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Figure 2.2: Calculation of a hologram designed to generate an ¢ = 2 LG mode from a simple
Gaussian input mode. The indicated operations are performed from left to right. The scales of
grayscale images are 0-I,,, for intensity images and 0-27 for phase maps.

r

diffracted light amplitude from a phase grating is given by

Az, y) = exp (i(1 = f(A(z,y)))m) x sinc(n(1 - f(A(z,y)))), (2.5)

where sinc(z) = sin(x)/x, with sinc(0) = 1 at x = 0. We can find the function f, omitting the

exponential term, as
1, _
f(Aa(z,y) =1— —sinc YAl (z,y)). (2.6)

! can be defined on the

The sinc function is not directly invertible, but the inverse function sinc™
domain [0, 7r]. In the rest of this work this will be our preferred method for amplitude shaping with
phase-only SLMs, essentially applying a spatially varying amplitude mask to the phase grating.
There are other methods, which have their own strengths in different scenarios [25], but for our
purposes this simple solution works extremely well. Our hologram calculation process is illustrated

in figure 2.2.

2.2.2 SLM Phase Response

The pixelated device we used during this work was a liquid crystal on silicon (LCOS) type. As the
name suggests, each pixel contains long, thin liquid crystals whose orientation can be controlled
by applying an electric field through them. For this purpose each pixel has electrodes at the front
and back surfaces which minimally affect light transmission. When maximum field is applied, the
long axis of the crystals is perpendicular to the polarisation direction, such that the optical path
through them is minimal (see figure 2.3a). As the electric field is decreased the crystals rotate to be
parallel to the polarisation direction, maximising the optical path when minimum field is applied
(figure 2.3b). We would also like to note that the phase across a single pixel is not uniform, but

shows something approaching a sinusoidal variation.

The SLM used here is a reflective type, which means that the back surface of pixels is a mirror. This

means that light travels through the liquid crystals twice. If the optical retardation between the
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Figure 2.4: Schematic diagram (a) of the setup used to measure the SLM lookup table and measured
power as a function of pixel value displayed on the SLM (b). Measured data is shown in blue, and
the red curve is a sine fit to the data. The period of the fit is 204.3. PBS: polarising beam splitter,
PD: photodiode, HWP: half-wave plate.

minimal and maximal path through the pixels is at least half of the wavelength of the input light
then this system gives arbitrary control of the phase of the input light at each pixel independently.
In practice the crystal orientation in the devices used in this work can be set to one of 28 = 256

settings, but this range may not be fully utilised for a given wavelength.

Let us consider such an SLM that applies a
2) b) phase difference of exactly 27 between the 0

cooo| : and 255 setting of a pixel to light of wave-
length 800nm. This means that the extra op-

tical path introduced at a pixel value of 255

I,
OO
OO O
OO
OO

oo

in a double pass through the device is 800nm.
Figure 2.3: Schematic diagram of liquid crystals
in a pixel of a LCOS SLM, with a) maximum elec-
tric field applied and b) no electric field applied.
Light input direction and polarisation is shown 800/780 x 2 > 2m. This fact means that the
by the arrow, and mirrors on the back surface of control software needs to take into account the
the pixel are shown as hatched areas.

As a result, using 780nm light, between the
settings of 0 and 255 this device would apply

wavelength of light used. In practice this was
done by generating a lookup table to convert
from phase to 8-bit value to be sent to the SLM. The procedure for doing so is outlined below.
To understand how this works it is important to note that the device is polarisation sensitive, it

interacts only with horizontally polarised light and leaves vertically polarised light untouched.

A schematic diagram of the simple experimental setup used to measure the phase response lookup
table is shown in figure 2.4a. The laser light is transmitted through a polarising beam splitter
(PBS), which transmits horizontally (|H)) polarised light and reflects vertically (|V)) polarised
light. The reflected light is blocked. The transmitted, now |H) polarised light passes through
a half-wave plate (HWP) with its fast axis at 22.5° with the horizontal such that it turns the
polarisation to |A). Since the SLM only acts on the |H) component, it can introduce a phase shift
between the |H) and |V) components of this |A)-polarised beam. In this setup we set the SLM
to apply the same phase shift over the entire surface. When this phase shift is 0, the SLM just
acts as a mirror which in this case turns the light from |A) to |D) because it only reverses the
propagation direction. The new | D) polarisation passes once more through the HWP which rotates
the polarisation back into |H). All light with this polarisation is transmitted through the PBS,
not reaching the photodiode, corresponding to minimal signal. The signal from the photodiode is

recorded by the computer controlling the SLM.
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When the SLM applies a phase shift of m between the |H) and |V} components (and after reflection),
the input |A) light turns back into |A), which turns into |V) after the HWP and is reflected by
the PBS. This corresponds to maximal signal from the photodiode. Between these extremes the

amount of light reaching the photodiode varies sinusoidally. This is shown in figure 2.4b.

During the experiment the value displayed on the SLM is ramped from 0 to 255, while recording
the photodiode signal corresponding to each value. By fitting the resulting curve with a sine we
can determine the actual phase shift introduced by a given 8-bit value sent to the SLM, and such
can determine the lookup table for the laser wavelength used. In fact for the SLMs we used it
was sufficient to find the period of the sine because the phase response of these SLMs is (very
nearly) linear with pixel value. This is not, in general, true for all SLMs. The period of the fitted
sine corresponds to the pixel value at 27 phase shift. The data shown in figure 2.4 taken using a
Hamamatsu LCOS X13138-02. The nearly linear response of the SLM can be seen from the close
match between the data and the fitted sine. The period of the fit is 204.3, so this corresponds to
a phase shift of 27 (and ~ 102 would correspond to 7, etc.)

Notice that the minimum (~ 0) phase shift does not occur for a pixel value of 0 (it’s close to 200).
This is not an issue, because for most applications we are only interested in relative phase shifts
introduced by the SLM between parts of a beam. The absolute phase shift only plays a role in a
few measurements, such as the one presented above, or interferometers in which the SLM is only

interacting with one arm.

The measurement described here assumes that the phase shift applied by the SLM for a given
pixel value is the same for all pixels (or at least the ones that the laser beam interacts with). This
is a decent assumption, especially for small beams, but it is not exactly true. SLMs are prone to
aberrations mostly due to their surface not being optically flat, although the phase response of all
pixels are not identical either. We assume the latter to be a small enough effect to be neglected. In
any experiment we performed so far we have never seen any strange behaviour that would need to
be attributed to this, mainly because pixels with reduced phase throw are located near the edges
of the SLM, which we do not often utilise. However, the former is significant and needs to be taken

into account.

2.2.3 Aberrations

Phase aberrations are commonly described in terms of the Zernike polynomials Z7* [26]. The most
frequently encountered examples are shown in figure 2.5. ZJ is known as piston, and describes
the static phase offset we encountered two paragraphs ago. The second row in figure 2.5, Zlil
are tip-tilt, which we recognise as examples of unwanted deflection. So far all of these can almost
always be ignored because tip-tilt is usually automatically corrected in further alignment by the

experimenter constructing an optical bench.

Of more practical importance are the ones in the third row. These are known as defocus (Z9) and
astigmatism (ZQﬂ). We recognise the phase structure of defocus as the same as that of a lens, and
it is due to a bulge in the SLM surface. Astigmatism behaves like a strange lens which has two
focal lengths for two orthogonal directions; a more familiar example of such an optical element
would be a cylindrical lens. These result from bends in the SLM surface; the archetypal phase
patterns look like saddle-shaped bends.

Because of the need for a far-field filter in SLM-based light shaping setups it is technically possible
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in most experiments to correct defocus by moving the two telescope lenses closer to or further away
from the SLM. In practice this is very hard to do right. The most common SLM aberrations are
(mostly) combinations of astigmatism and defocus, so shifting the lenses cannot solve all problems
anyway. We could conceivably insert cylindrical and spherical lenses with the correct focal lengths
to correct the aberrations, but we already have access to a device that can arbitrarily control phases
in the SLM plane - the SLM itself! In the following we describe two methods used to determine

the aberrations of the SLM surface, and we discuss how to correct them.

Our goal is to build up an image of the phase

profile of the SLM. To do this we use concepts

‘ of computational imaging. We illuminate the
0,0 entire SLM surface and display a simple blazed

. grating with 27 phase depth in a small section

) of the SLM, a superpixel. In the far field of

‘,1 1,1 the SLM we then see two spots'. One very

p, ‘ ' bright spot corresponds to the zeroth order of
the grating and the unaffected reflection of the

, l )
‘ ) 4,2 ,2 .2,2 parts of the SLM that do not contain the grat-
" ‘ 6 < ~ ing superpixel, and a much dimmer one con-
|| tains the first order diffraction from the super-
-3 N3 .,3 -«

Figure 2.5: The first few Zernike polynomials,
corresponding to the most common aberrations.
Indices are m,n. sure the relative optical power arriving in any

> ,3 pixel. We can then scan this superpixel across
the SLM surface, and by monitoring the power

in the first order diffracted spot we can mea-

given superixel area. We normalise the first order diffracted powers to the brightest superpixel,
and through interpolation we can build up a smooth distribution of the peak-normalised optical
power arriving on the SLM. This gives us a measurement of the input beam intensity, but does
not tell us anything about the phase yet.

Since we are interested in the relative phase between different parts of the SLM, we can simulta-
neously display two superpixels in different positions on the SLM, and use interference to deduce
their relative phase. We usually place one superpixel in the centre of the SLM because this area
receives the most optical power. We then do not change this superpixel for the duration of the
experiment. A second superpixel is scanned across the SLM. Recall that in the Fourier plane spa-
tial position turns into angle and angle information turns into spatial position. This means that
the first diffracted orders of the two superpixels arrive at the same position in the far field (since
their grating periods are the same), but they will have an angle between them (because they come
from different positions), see figure 2.6. This results in the formation of linear interference fringes.
We then apply a series of global phase shifts to the second superpixel. This moves the interference
fringes. We measure the intensity in a small point within the interference pattern, and observe a
sinusoidal variation as the interference fringe moves across the measurement point. We then fit
this sinusoid, and extract the phase from the fit. This is in fact the relative phase between the
center area of the SLM and the second superpixel position. Of course this is an average phase
within the superpixel, but it is reasonable to assume that the phase is close to flat across small
superpixels. In practice we use 20-by-20 pixel superpixels, in order to maximise resolution and
fringe visibility, and this method works well. We then fit the measured phase with the Zernike
polynomials to obtain the phase map of the light on the SLM.

1... in principle. In practice there will be more spots due to higher orders of diffraction, but power in those

quickly becomes negligible.
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Figure 2.6: SLM aberration measurement process. a) Superpixels containing a phase grating are
scanned and phase-shifted. b) The diffracted orders interfere in the far field. ¢) As the scanned
superpixel is phase-shifted, the interference fringes move and the intensity in a camera pixel varies
sinusoidally. The relative phase ¢, between of the stationary central superpixel and the scanned
one can be extracted from the fit.

There is a slightly different way of using superpixels to determine the SLM phase map [27], for which
we need to assume that the aberrations are relatively well-behaved, i.e. reasonably planar over
superpixels. This can usually be assured by using superpixels of sufficiently small size. Consider
a superpixel containing a grating with some period. We could say that in the far field the light
diffracted from this grating is displaced from the zeroth order propagation direction by an amount
related to the grating period. However, this statement assumes that the SLM phase over this
superpixel is flat. If, however, it contains some extra tip or tilt then the diffracted spot will be
displaced further accordingly. We can then tile the entire SLM surface with superpixels with
different known gratings and get information of excess tip-tilt over each superpixel. We do this by
knowing how much the diffracted light from a superpixel should be displaced from the zeroth order
due to the computer-generated grating and how much it actually is displaced in the experiment,
and retrieving the extra change in k-vector. This can, in principle, be calculated knowing the
grating period and lens focal length, but in reality there is a way to take a calibration image,

which is more reliable in practice because it does not assume perfect alignment.

For this we calculate a multiplexed grating that contains all gratings that we used to tile the SLM

surface. This is simply done like this:

G(z,y) = arg Zexp(ifbg,j(x,y)) , (2.7)

J

where we used j superpixels containing the grating phases ¢4 ;. Such a multiplexed grating creates
an array of spots in the far field, each corresponding to one grating in the set. The important
difference between this set of diffracted spots and the one due to the tiled gratings is that now all
gratings sample phase aberrations of the entire SLM, not just a subset. This means that they will
be displaced by the same amount due to global tip-tilt, and their shapes will be aberrated due to
higher order aberrations. Crucially, they will not be differentially displaced from the the positions
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Figure 2.7: Operating principle of the Shack-Hartmann aberration measurement scheme. The SLM
displays a) multiplexed and b) tiled holograms in sequence. These are shown with the aberration
phase included. Correspondingly, in the far field d) aberrated and e) displaced spots appear. Here
we simulated an aberration consisting of two cylindrical lens phases with different focal lengths,
seen in ¢). This is a fairly common type of aberration. The displacement of the spots is shown by
cyan arrows in f), where the far field of the multiplexed gratings is shown in green and that of the
tiled gratings in red.

dictated by the gratings. This is shown in figure 2.7.

We can thus compare the far field images generated by the tiled and multiplexed gratings, find
the centres of masses of the diffracted spots in each, and calculate displacement vectors due to the
excess tip-tilt over each superpixel. This gives gradients of the SLM phase over each superpixel,
which can be translated into a rough estimate of the SLM aberration map, which can then be
fitted with Zernike polynomials to get a smooth phase map. This method, which we call the
Shack-Hartmann method? has the advantage over the scanning one in acquisition speeds, since

only two images are needed.

The disadvantages are that because of the need to estimate displacement vectors we need to
calculate centres of masses of spots that do not have uniform shapes: recall that because the
multiplexed grating samples the entire SLM its far field spots have differents shapes than in the
tiled case. This issue is further complicated by noise in the images, which is notoriously bad for
calculating centre of mass. There can also be an issue with spot registration; if two spots are
close together in the far field of the tiled grating it can be difficult to know which one corresponds
to which spot from the multiplexed grating. Also, since we never measured actual phase, but
phase gradients, building up an estimate over the SLM surface is a bit more tricky, and needs an
assumption of relative smoothness (which, to be fair, is usually a perfectly reasonable assumption).
Ultimately the increase in acquisition speed could be worth exploring solutions to these issues,

especially if one needs to perform aberration measurements often.

2Because of similarities to the wavefront-measurement sensors used in adaptive optics in astronomy and SLR
autofocus sensors.
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Note that the measurements outlined above does not only measure the SLM aberrations but also
any aberrations in the input beam as well. It is very common to see a relatively large defocus
aberration that does not come from the SLM, but some slightly incorrectly aligned lenses before
the SLM. This is good because it allows us to correct any imperfection in the pre-SLM system so
can be used in a complicated setup to save alignment effort, but it is also bad because it needs to
be done every time the setup changes. I would personally recommend carefully aligning all optical
elements and measuring SLM aberrations once, and correcting for those same aberrations even
when the setup changes; I feel that it is better to have well-aligned systems than to try to measure

aberrations every time something changes®.

The correction itself is very simple. We just need to add the aberration phase to the input phase

in equation (2.2):

Edes (.’E, y)
Ain(z,y) exp(igabe (7, y

exp(iH(z,y)) = M exp(i(Kdes — K'in) - 1), (2.8)
where ¢, is the measured aberration phase, including the input beam phase. The logic of this is
clear, since in the last paragraph we discussed how the method can be used to measure the phase
profile of the entire beam line before and including the SLM; so the correction is simply to explicitly
include our knowledge of the aberrations of the light field at the SLM. We could also equivalently
subtract @,y from the desired phase. Of course the amplitude function from equation 2.4 should

be factored in as well.

2.2.4 Spatial filtering

As mentioned previously, we use gratings to separate the phase- and amplitude-shaped desired
beam from the unwanted remnants of the input beam in the far field of the SLM. This is achieved
by placing a lens its focal length away from the SLM. However, this is obviously not sufficient to
obtain the desired beam, as beyond the far field all grating orders diverge because of the phase
curvature introduced by the lens. We need a second lens to complete a telescope and collimate the
beams again, but this comes with the issue that the telescope forms an image of the SLM plane,
recombining the zeroth order with the first, which is not what we want. We can, however, place
a far field filter in the Fourier plane of the telescope. Such a filter ideally blocks all light from all
orders apart from the first. In practice we use variable aperture irises to transmit the first order.

The effects of changing the far field filter size, discussed below, can be seen in figure 2.8.

An issue with this idea is that beams never quite fall off to zero power, so it is impossible to
filter orders perfectly. Some light from the zeroth order always remains, and some light from the
first order will be cut off. The smaller the filter aperture around the first order, the smaller the
influence of the remaining light from the zeroth order will be. However, recall that in the far
field the Fourier transform of the spatial structure of the desired beam appears. Thus a small far
field filter acts as a low-pass filter, inevitably truncating high spatial frequency components. The
smaller the aperture the stronger this effect. It turns out that for most beams of interest in this
work this is a good thing, since we rarely want beams with hard edges or high frequency details.
In fact far field filters in the form of few tens of ym diameter pinholes are often used to clean up
the messy, non-Gaussian beams that many lasers output. An example of this is shown in figure
2.9.

The larger the separation between the grating orders in the far field the easier it is to filter out

3Which happens very frequently.
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Figure 2.8: Effects of different far field filter sizes. a) Experimental setup used to record the
images. The camera is close to, but not quite in the image plane of the SLM. b) The hologram
here is designed to generate a superposition of LGS and LG3° modes. c¢) Bottom row, left to
right: aperture fully open; aperture cutting (but not blocking entirely) the Oth order; aperture
transmitting the 1st order only; aperture too small, high spatial frequencies truncated. Top right:
Oth order transmitted. Notice the vertical interference fringes where the Oth and 1st orders overlap;
this is an image of the grating.
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a)

Figure 2.9: Filtering a He-Ne laser output mode. The images are deliberately overexposed to
highlight a) the unwanted structure in the unfiltered beam and b) their absence after filtering.
Notice that the filtered beam has a slightly larger diameter because the filter aperture is smaller
than the input beam waist and the Fourier relationship between the far and near fields.

the unwanted orders. Since angles in the near field turn into positions in the far field, we desire
gratings that introduce large angles between the k-vectors of the outgoing orders, so large s in
figure 1.8. The wavelength in any experiment is fixed by the laser, so the only way to change 6
is by varying the grating period. There is an inverse relationship between far field separation and

grating period: short periods lead to large separation and vice versa.

So it seems logical that we desire as small a grating period as we can get. The limit is set by
the SLM pixel size. The smallest period we can have is two pixels per 27 phase cycles. This,
however, is a very poor approximation of the blazed grating phase; in fact it looks like a binary
grating. We investigated this, along with a number of other limitations of SLMs, in [22]. We find
that the gratings appear too discretised below approximately 5 pixels per period and the grating
efficiency is severely reduced. Peak efficiency is reached around 5 pixels per period, so this is the
most practical choice of grating period. More pixels do not gain much in efficiency as the grating
phase is already well represented, but the risk of contamination by the Oth order increases. This
gives a distinct advantage to high resolution SLMs with small pixels, because the 5 pixel period is

represented in a smaller physical size.

The last thing to consider is the fact that since the way the method we described for intensity
shaping works by 'throwing away’ unwanted light from the input beam, the total power in the
generated beam suffers. This gets worse for desired beams that have a small overlap with the
input mode. The worst case scenario would be if the input beam had zero intensity where the
desired beam has its maximum. In a sense, the desired beam needs to ’fit under’ the input beam;
this is where the analogy to sculpting in the title of this thesis comes from. Figure 2.10 illustrates
the idea. In extreme scenarios, where the overlap between the input and desired beam profiles is
small and one would get essentially no power in the desired beam, it may be desirable to not use
the measured input beam for the intensity correction. Instead, one could use a thresholded version
of the input profile, shown in the second row of figure 2.10. Of course the intensity profile of the
output beam will be wrong by doing this, but if the phase profile of the desired beam is more

important for the experiment, this might be a reasonable tradeoff.
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Figure 2.10: Beam sculpting using a-c) the measured input beam and d-f) thresholded input beam.
The input beam is always the same Gaussian, and the desired beam is a LG3 mode with a waist
that is a,d) 1/3, b,e) 2/3 and ¢,f) 3/3 of the input waist. The ratios of the input and output powers
in each scenario are shown under the graphs.

2.3 Digital Micromirror Devices

Digital micromirror devices feature a 2D array of pum-sized mirrors that can be independently
electronically switched to point in two different directions. These devices act on the amplitude
of the incident light, in contrast with the phase modulation of SLMs. The square mirrors in a
DMD are arranged in a diamond pattern, with a hinge along one of their diagonals. They can
flip along this diagonal to point in one of two directions, £12° to the DMD normal. These very
same devices are used in current overhead projectors, in conjunction with RGB LEDs, to produce
full colour images at video rates. This is achieved by pulse width modulation of the red, green
and blue channels in sequence at a very high rate (even the cheapest DMDs run at 5 kHz, with
top-of-the-line ones exceeding 20 kHz) with spatial resolution. To the human eye, with a relatively

long integration time, this appears as a single, coloured image.

Note that because of the diagonal arrangement of DMD pixels the rows of pixels are twice as dense
as the columns are (see figure 2.11), which means that images appear stretched on a DMD. This

needs to be taken into account when designing holograms.

2.3.1 Binary holograms

The DMD acts as a spatially dependent binary intensity modulator; each pixel can be on’ or ’off’,
sending light either in the desired direction, towards the rest of the experiment, or away from it.
It is not immediately obvious that such a device can provide the same flexibility that a phase

modulator SLM can. It turns out DMDs are, in fact, capable of this.

Light in a given order diffracted from a uniform diffraction grating has a flat wavefront. However,
modulating the grating slit positions leads to a curvature of the wavefront. In other words, spatially
dependent lateral shifts of the grating slits introduces spatially dependent phase shifts. This is

because if a grating is shifted in the direction parallel to its surface by 1 grating period the output
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Figure 2.11: Photograph of a (rather dusty) DMD surface, where the micromirrors are resolved.
The bright spots in the inset are mirrors pointing to the right, and dark regions are mirrors pointing
to the left. These mirrors have approximately 7.6um side length. The inset (i) shows the pixel
arrangement, where numbers show the row index and shading shows columns.

light acquires a 27 phase shift [28]. Shifting a slit with respect to the rest of the grating applies
this effect in a spatially dependent manner. Spatial control of the intensity is possible by spatially
varying the slit widths?, simply because this modulates the amount of transmitted light. On the
DMD surface slits translate to ’on’ pixels, surrounded by ’off’ pixels. The binary hologram that
generates a desired optical field Aqes(,y) exp(idges(x,y)) in the image plane of the DMD is given
by [29]

H(z,y) = % + %sgn (cos(¢rel(x, y)) + cos(sin ™ (Ao (, y)))) , (2.9)

where sgn stands for the sign function. Note that the binary nature of the hologram leads to a

reduced efficiency as it does not diffract preferentially to either the +1st or -1st order.

Furthermore, DMDs present an additional challenge in that the pixels, being physically separate
mirror surfaces, also act as an additional grating, with a period corresponding to the pixel size.
The orders of this overall grating each contain the diffraction pattern generated by the computer-
generated grating, and for practical reasons only the brightest order of the pixelation grating is
used in experiments. An example is shown in figure 2.12. This leads to further loss of efficiency,
although it does not degrade beam quality. Practically, it is difficult to achieve more than 10%
efficiency with a DMD.

DMDs also suffer from the same types of aberrations that SLMs do, and because of the use of
gratings for amplitude and phase shaping the generated beams also require spatial filtering. The
techniques described above for SLMs work just as well here. For obvious reasons there is no need

to calibrate the phase response of the DMD for different wavelengths.

4The pulse width modulation (PWM) trick for intensity control that works very well for the human eye is not
capable of generating coherent beams with amplitude shaping. A proper binary hologram works, in principle, for a
single photon, but PWM does not.
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Figure 2.12: A subset of diffraction orders from a DMD using a He-Ne laser. The large, roughly
square-shaped light beams show the pixelation orders of the DMD itself. Surrounding each of
these zeroth orders of the computer-generated hologram one can see the first and higher diffraction
orders of the hologram. Some 1st and -1st orders (intended to be HG} modes) are circled in blue.

2.4 Spatially dependent polarisation

So far all of our discussion was restricted to generating light fields with spatially varying phase
and amplitude, but we did not consider the spatial control of polarisation. As we discussed earlier,
an SLM is polarisation sensitive; it only acts on a single polarisation, usually fL7 so it seems that
spatially dependent polarisation control with such a device is doomed to fail. However, just as a
DMD is capable of phase control even though it does not appear to be at first glance, polarisation

control is also possible with a bit of cleverness.

2.4.1 Using an SLM

Recall the definitions of the polarisation basis vectors in equation (1.6). It can be seen that any
basis vector can be expressed in terms of a pair of others. For example, & = 1/v/2(h — ©) and

7= 1/\/§(ﬁ + ¢0). This is because pure polarisation states span a two-dimensional vector space.

The point really is that if we could, at every point in a plane z, generate arbitrarily weighted
coherent superpositions of two orthogonal polarisation components with an arbitrary phase between
them, we could generate any polarisation at any point in space. For this we need two orthogonally
polarised amplitude and phase shaped laser beams (that are coherent with each other) and overlap
them.

We can use an SLM to generate two (or, in principle, any number of) structured beams propagating
in different directions. This is actually very easy. We need to multiplex gratings with different

periods, each containing the required phase and amplitude information for the different desired
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Figure 2.13: Practical polarisation shaping with an SLM. The grating Oth order is not shown for
clarity. The SLM is drawn in transmission, although in reality it is reflective. HWP: half-wave
plate, BD: calcite beam displacer.

beams, into a single hologram. For n beams this hologram is defined as

H = arg Z Aperj x exp (imod (ges,; — Pin + 0g,5,27)) | » (2.10)
J

where the spatial dependence of the terms is implicitly considered.

An SLM acts only on horizontal polarisation. In order to control polarisation with an SLM,
we need to decompose the desired vector field into horizontally and vertically polarised complex
scalar fields, and generate a hologram using equation (2.10) above to direct them in two different
directions. We then Fourier transform the optical field after the hologram using a lens, just like in
the standard setup for an SLM. In the far field the two first orders of the two computer-generated
gratings are spatially separated because ¢, ; are different. We place a half-wave plate into the beam
corresponding to the beam component that will be vertically polarised to turn it from horizontal
to vertical polarisation. We then overlap the two, now orthogonally polarised, beam components
using a beam displacer. The resulting vector beam? is then collimated by a second lens completing

the telescope, and the desired polarisation structure appears in the image plane of the SLM.

There are a few practical considerations that somewhat alter the description in the preceding
paragraph. First, one needs to carefully choose the two gratings to separate the two first orders.
They should be far enough from the zeroth order to be efficiently filterable. Grating efficiencies
vary in reality with grating period, so the two gratings should have the same period but pointing in
different directions symmetric around the zeroth order to minimise efficiency differences between

the two beam components.

Second, ideally one would like to perform all manipulations of the two beam components in the far
field, where they are maximally separated and where their propagation directions are the same.
This is not practically achievable because of the finite sizes of the optical elements needed. Calcite
beam displacers are particularly long, few centimetres in length. The practical setup is shown in
figure 2.13.

Notice that we use two calcite beam displacers in order to make alignment easier. These optical
elements displace light with polarisation parallel to one of their axes and leave orthogonally po-
larised light unaffected. The half-wave plates before the beam displacers are used to rotate the
polarisation of one of the beams to match the axes of the displacer (and turn the other beam to

be untouched). Two displacers are used for flexibility. The alignment of the displacers is quite

5Throughout this thesis we refer to polarisation-shaped beams as vector beams. Technically all beams are
vectorial, of course, since even a uniformly polarised beam has a polarisation vector associated with it.
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Figure 2.14: Practical polarisation shaping with a DMD. The zeroth orders of the grating are not
shown for clarity. The DMD is drawn in transmission, although in reality it is reflective.

time-consuming and counterintuitive in the first instance, although it does get easier with practice.

The two polarisation components also travel slightly different distances. We need to make sure
that the optical path difference is shorter than the coherence length of the laser, otherwise the
resulting beam becomes not a vector beam, but an incoherent superposition of horizontally and

vertically polarised beams. A much simpler setup can be utilised using a DMD.

2.4.2 Using a DMD

In our DMD-based polarisation shaping device we exploit the fact that the micromirrors are not
polarisation sensitive. Because of this, they can interact with two orthogonal polarisation compo-
nents, shape them appropriately and overlap them, all in a single plane. Our way to do this is

illustrated in figure 2.14.

First, we split a diagonally polarised laser beam into horizontal and vertical components using a
Wollaston prism. Such a prism is a lot like a polarising beam splitter, but the output propagation
angle between the two orthogonally polarised beams is not 90°, but much smallerS. The plane
where the beams are split is imaged onto the DMD using a telescope. The magnification of the
telescope can be used to control the size of the beams on the DMD, but also the angle between
them. In practice, along the propagation direction there is no single transverse plane where the
beam-splitting happens, since the interface within the prism is diagonal. This is not really a
problem, however, because all we really need on the DMD is a large spatial overlap between the

two orthogonally polarised beams; they do not need to be completely overlapped.

We once again need to use a hologram corresponding to two multiplexed gratings, just like in the
SLM case. However, in this case there is an extra consideration to the choice of the grating periods
and directions which was not present in the SLM case. Because we do not need different optical
elements in the two beams that are diffracted from the DMD (since the polarisations are already
orthogonal) we can overlap the two appropriate first diffracted orders immediately after the DMD.
We do this by choosing grating periods and directions in such a way that the input angle between
the two polarisation components is exactly compensated in the first orders of the two gratings.
There is no need for any further optical elements, apart from far field filtering, the desired vector

beam appears immediately behind the DMD.

Since the aligment of overlapping of the two polarisation components is done entirely by the design
of the multiplexed grating, in other words, in software, the efforts required of the experimenter are
minimal. Setting up the two telescopes shown in figure 2.14, as well as positioning the far field
filter, are the only experimental challenges, and none of these are very hard or time-consuming with
a little bit of experience. One can determine an appropriate pair of grating periods and directions

by placing a camera in the far field of the DMD and iteratively modifying the grating parameters

61t depends on the material. 1° for quartz, 1.334° for MgFy and 20° for calcite.



CHAPTER 2. SHAPING LIGHT

35

Table 2.1: Comparison of some experimentally relevant properties of SLMs and DMDs.

SLM DMD
Shaping accuracy very good very good
Output power high (80%) low (10%)
Refresh rate video (60 Hz) | fast (several kHz)
Surface flatness astigmatic a bit less astigmatic
Pixel flatness sinusoid very flat
Ease of polarisation control | difficult easy

until an appropriate overlap of the first orders is achieved at an acceptable separation from the

zeroth orders”. An example of the DMD far field is shown in figure 2.15.

Some experimentally relevant properties of SLMs and
DMDs are compared in table 2.1.

2.4.3 Static devices: Q-plates and Fres-

nel cones

Hopefully based on the discussion in this chapter so far
it is obvious that there are many advantages to using dy-
namic devices for beam shaping. Most importantly, the
action of the dynamic optical elements can be changed
without requiring realignment of entire optical benches.
Aberration compensation can be done easily in situ. Ex-
periments can be automated with computers (one exam-
ple for this is the measurement of aberrations and phase
response of an SLM, but we will see more later). They
can also simplify alignment, as seen in the case of the
DMD polarisation shaping. However, they are limited in
resolution, so creating fields with high spatial frequencies
in phase or amplitude are problematic or impossible. Effi-
ciency also suffers because of the pixelation of the grating
phases. Because of these reasons in some cases it might
be advantageous to use static devices. In the following
we describe two examples of such devices of particular

interest: Q-plates and Fresnel cones.

A Q-plate is a liquid crystal device, like an SLM. It is
characterised by a number ¢ and it affects the two cir-
cular polarisations differently: it imprints an orbital an-
gular momentum (LG) phase of +¢ = 2g and —¢ = —2q

onto # and [, respectively [30]. Thus they can be used to

Oth order Oth order
» »
- »
’h - B -
/
o\ / »
»
- B -

Figure 2.15: DMD far field when gen-
erating a radially polarised beam from
horizontally (red) and vertically (blue)
polarised input beams. In the experi-
mental image (bottom) desired beam is
circled in blue. The zeroth orders are
circled in green.

generate circularly polarised beams with OAM, although they are not capable of amplitude mod-

ulation, so they cannot make proper LG beams. If, however, we send a linearly polarised beam

through a Q-plate, then the output is linearly polarised, with the polarisation direction rotating

with azimuthal angle. Examples of this are shown in figure 2.16. A similar effect can be achieved

with segmented half-wave plates, where the segments have differently oriented axes, but a Q-plate

varies nearly continuously.

7of which there are two now, because of the two input beams.
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Figure 2.16: a) The action of a ¢ = 1/2 Q-plate on an |D) polarised input beam. The linear input
beam (indicated by green polarisation lines) is decomposed into left- and right-handed polarisation
components (shown in blue and red circles, respectively). These components acquire +2¢ OAM
(shown by the helical phase maps). In this example the coherent superposition of these components
gives a radially polarised beam. b) Photograph of a ¢ = 2 plate (green hue) between two orthogonal
polarisers, illustrating the polarisation structure.

Since Q-plates work by applying spatially dependent phase shifts, their operation is wavelength-
dependent. For this reason they come with electrodes, just like an SLM pixel, where a voltage can
be applied. In the case of the Q-plate the standard operation requires supplying an AC voltage with
a frequency of around 1 kHz. The amplitude of this signal determines the operating wavelength.
The Q-plates we used (see chapter 8) are luckily designed exactly for the wavelength used in the

experiments so do not require this AC voltage to work well.

We find it interesting to mention that it is possible to obtain both OAM and structured polarisation
from an extremely simple optical element, a glass cone with cone angle of 90°. Although we did

not use a cone in our experiments we include them here for completeness and interest.

Light entering a 90° cone from the flat side undergoes total internal reflection twice and leaves
propagating in the inverse direction. In other words the cone is a retroreflector. If a left-hand
circularly polarised beam enters such a cone, after the two total internal reflections it leaves left
circularly polarised, but travelling in the opposite direction. Thus, in the original frame of reference,
it loses 2 units of angular momentum. Since the cone is cylindrically symmetric this angular
momentum cannot be imparted by a torque to the cone. Instead it is transferred to orbital angular
momentum, such that the beam leaving the cone carries 2 units of OAM, that is, has a phase term

of the form exp(i2¢), where ¢ is the azimuthal coordinate.

It has been known since the early 19th century that on total internal reflection the polarisation
components perpendicular and parallel to the plane of reflection undergo different phase shifts.
The differential phase shift between these s and p components are the reason Fresnel rhombs
(described in section 1.2) work. It so happens that in most glasses the relative phase shift between
s and p is very close to 7/4. Because of the cylindrical geometry of the glass cone, the s and
p decomposition of an incoming light beam is azimuthally changing [25]. This leads to uniform
input polarisations turning into azimuthally varying polarisations as they exit the cone. Of most
interest are beams produced from circularly polarised input beams. Circular polarisation is always
equally decomposed into s and p components, but the axis of the decomposition is azimuthally
varying. After the two 7/4 phase shifts between the components the output light is always linearly
polarised, but the direction of the polarisation is spatially dependent. Such beams exhibit a swirly
polarisation pattern, but this can be easily turned into radially or azimuthally polarised beams

using a half-wave plate.
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2.5 In summary

In this chapter we looked in great detail at the practical details of using SLMs and DMDs to
structure light. We talked about correctly designing phase-only holograms that allow us to gener-
ate beams with arbitrary spatially dependent phase and amplitude. We also saw how to measure
and correct aberrations of optical systems including an SLM. We described how to design binary
holograms for use with a DMD to achieve the same capabilites that an SLM has (albeit at lower
powers, but much higher refresh rates). We showed two setups for spatially controlling the polari-
sation of laser beams using dynamic elements, and introduced two static elements that can be used
to generate useful polarisation structures at the expense of amplitude control. In the next chapter
we will apply some of this knowledge to investigate correlations that mimic some properties of

quantum entanglement.



Chapter 3

Measuring concurrence in

structured polarisation

3.1 Introduction

In order to illustrate the power of structured light we investigate correlations within vector beams as
a classical analogue to quantum entanglement. At the time of writing the work in this chapter has
been submitted for publication', although not reviewed. Here we will outline a method to calculate
concurrence, a measure of entanglement in quantum mechanics, for vector beams. In this situation
concurrence will be used to characterise correlations between spatial modes and polarisation. We
then describe an experiment where we generate various beams with different degrees of correlations
and measure their concurrence, showing that concurrence is indeed an accurate and practical
measure for these correlations. I have built the experiment setup in Glasgow, used it take data

and I have analysed the data.

3.2 Correlations and Concurrence

The inherent correlations between the spatial and polarisation degrees of freedom in a vector beam
shares mathematical properties with quantum entanglement, with the notable exception of non-
locality [32, 33, 34, 35, 36]. This means that the kinds of correlations we are about to discuss
are inherently local, because the correlations exist between degrees of freedom of the same photon,
not degrees of freedom of a set of photons. In any case, in the experiment we do not work with

individual photons.

In particular, we can determine spatial location based on polarisation measurements using these
correlations [37], which have been used as a resource for wide ranging applications [38] including
laser material processing [39], optical manipulations [40, 41], high resolution microscopy [42], and

classical and quantum communications and information [43, 44, 45, 46, 47].

Vector beams can be quantified and analyzed using a variety of approaches, including geometric
phase measurement [48], shear interferometry [49], Bell violations [50, 34, 51], and quantum state

tomographies via projection measurements [52]. Projection measurements only work for a subset

IFor the time being see [31].

38
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of vector beams, because one needs to project into a subset of the infinite set of spatial modes.
This requires a priori knowledge of the possible spatial modes involved. However, the correlations
exist no matter what the measurement basis is, which suggests that there ought to be a method

for quantifying them without the need to project onto spatial modes.

In the following we show that concurrence can be expressed in terms of Stokes parameters, allowing
us to characterise vector beams without knowledge of its spatial mode degree of freedom. Stokes
parameters can be measured in a spatially resolved manner with appropriate detectors, although
they still require projection onto the polarisation basis states. However, polarisation is a finite-

dimensional space, and so this does not lead to experimental restrictions.

Concurrence is a measure of entanglement used for bipartite states and can be thought of as
a measure that tells us how much information we could gain about a quantity by measuring a
different, correlated quantity. Here the correlation is between spatial structure and polarisation,
for which we shall define the concurrence. The following proof is originally due to Dr Sarah Croke
at the Quantum Theory group of the University of Glasgow, and it is gratefully acknowledged.
Later, we compare the results of this basis-independent method with a projection measurement
method which was developed at the University of Witwatersrand by Dr Carmelo Rosales-Guzmén

and Prof Andrew Forbes, who kindly agreed to the reproduction of some of their results.

3.2.1 Concurrence

Let us start by considering the kinds of beams we study here. They are composed by two orthogonal

polarisation components, each with an arbitrary amplitude and phase,

‘\Ilvec> = |H>|1/;H> + |V>|1ZV>
with (3.1)

v (z,y) = /dxdyAH,v(% y)e Py Dz g,

In this description |z,y) are position eigenstates, and the beam is defined by electric fields with
spatially varying amplitudes A and phases ¢ in two orthogonal polarisation directions, which are

|H) and |V') here. Such beams can be written in the form
|Wyee) = al00) + bJO1) + ¢|10) + d|11), (3.2)

where |p, s) contain polarisation (p) and spatial (s) modes. The orthogonal polarisation states p
can be e.g. |[H) =0 and |V) = 1, and for the spatial modes s any orthogonal pair of modes can be
represented by 0 and 1. We can transform equation 3.1 into the form of equation 3.2 by making a

number of substitutions, defined as

pur = (@),
1) 1)
[vm) = = , (3.3)
" Jibnlb) VPR
pv = (vl
) = 191

Na%

Stokes measurements are insensitive to global phase, that is, phase that is common to both |H) and

|V) polarisation components. Luckily, global phase does not matter for our purposes here. Thus



CHAPTER 3. MEASURING CONCURRENCE IN STRUCTURED POLARISATION 40

we can define, without loss of generality, the global phase of |ty ) such that (Yg|Yv) = (Vg |y )*.

And so we can use the following orthonormal qubit basis:

1

1= fcf_uwm o)) (34)
With Ci: ‘< H|¢V>|

Choosing such a basis is going to be useful for defining a concurrence, since we can now explicitly

write |W¥,e.) in the form of equation (3.2), since

|YE) = \/20+|0 + - \/20 1), (3.5)
o) = 230 _,\/zc 1y

and thus

[Woee) = VBI 5 v/2ex EI0) + VB yer/2e [H)1) + VBV /25 V)I0) = VBv 3 V2 V)]1),
(3.6)

where |0, 1) refer to two orthogonal spatial modes. We then find the expression for the concurrence

in terms of the parameters from equation (3.2) in the form suggested by [53],
C(|¥)) = 2|ad — be|, (3.7)

which we can do by comparison with the expression in equation (3.6). This yields

C(|Wpec)) =2 ‘—\/pHPV;\/C+C - \/PHPV%\/@Cf =2ypupvV1—[Yulbv)?

— 2/ (Gl v v — (Dl )12, (3.8)

where we have defined the polarisation basis as |H) = |0) and |V) = |1). Stokes parameter
measurements can provide all information required here. Spatially resolved Stokes parameters are
obtained from spatially resolved intensity measurements of the state ¥,.. projected onto the 6

polarisation basis vectors:

I (z,y) = [(H[(2, Y| Vyee) [,

Iy (z,y) = [(V[(2,y[Vpee) |,

Ip(2,y) = (DI, y|¥yee)|?, (3.9)
La(z,y) = (AN, yWpee) %,

Ir(z,y) = [(RI(z, y[Wyee) %,

In(z,y) = (LI, y[Poee) .

Using the definitions of the polarisation basis states from section 1.2 and equation (3.1), and

dropping the explicit spatial dependence of Ay v and ¢g v for conciseness, we can calculate these
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as

In(,9) =, yloom)” = | Anf?

Iy (e,) = oyl = |4 (310)
(sl (o) £ ) [2 = 5 (A% + A %245 Ay cos (611 — 6v).

(A% + A% + 245 Ay sin (¢ — dv)) -

N —

e,y (W) £ i) [2 =

It can be shown that the concurrence in (3.8) can be expressed in terms of these as

C(|Wuee)) = VT + Iv)? = ((In = Iv)? + (Ip — 1a)? + (Ir — I1)?), (3.11)

where the Stokes parameters are integrated over space. This is a particularly simple formula
that is very easy to use with experimentally available data. In the following section we outline
the experimental procedure where we use this expression to quantify the correlations in several
vector beams, and briefly compare the results with an alternative approach based on projection

measurement.

3.3 The Glasgow experiment

Based on the above description we expect that we can use concurrence to quantify correlations
within light fields with spatially varying polarisation. Therefore we need to generate and measure
such beams. Any of the dynamic polarisation-shaping setups described in section 2.4 would be
capable of doing this; we opted to use the DMD and Wollaston prism-based device (see figure 2.14)
because of its simplicity and the lack of need for high optical powers. The laser beam from a He-
Ne source polarised using a PBS, and it is spatially filtered by placing a 50 pm pinhole in the
far field of a telescope (lenses: 40 mm to 75 mm). It is then rotated to |A) polarisation using a
Fresnel rhomb, and enters the Wollaston prism. The imaging telescope between the prism and the
DMD is comprised of a 100 mm and a 125 mm lens. The DMD is imaged onto a camera (Allied
Vision GC660) using another telescope (both lenses 200 mm), with a far field filter in the form of
a variable aperture (Thorlabs ID36/M) placed in the appropriate plane.

At the two extreme ends of the correlation spectrum are beams with uniform polarisation and some
classes of vector beams in which the spatial modes for the two orthogonal polarisation components
are also orthogonal. In this section we will call beams in the second category maximally correlated
beams. A beam with uniform polarisation carries no correlation between spatial structure and
polarisation. For such beams the concurrence is 0. For example, consider any |H)-polarised
beam: C' = \/(IH +0)2—((Ig —0)2+ (1/2Ig —1/2Iy)?> + (1/2Ix — 1/2I)?) = 0. On the other

hand, for maximally correlated beams the concurrence evaluates as 1 if the Stokes parameters are

normalised, although this is more involved to show, and we will not do so here.

While it is possible to analytically evaluate the concurrence for all beams discussed here, we opt
to do the calculation numerically. We can then pass the measured Stokes parameters and those
calculated numerically through the same analysis pipeline. The analysis and numerical simulations

are carried out in LabVIEW, using parts of the WaveTrace package.

We generate beams where the two orthogonal polarisation components are |H) and |V) and the
corresponding spatial profiles are those of Laguerre-Gaussian modes. We include a parameter

the value of which allows us to tune the degree of correlation. The beams are then described in
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Figure 3.1: Evolution of the polarisation structure of a vector beam (cos(d/2)LGLh +
sin(f/2) LG '9). Insets show theoretical structures. Note that the only information missing from
these measurements is the spatially dependent phases of the h and 9 components, but their relative
phases are manifested in the polarisation structures.

the form
E-= COS(@/Q)LGZ{ZE + sin(@/Q)LGf,“’/ 0. (3.12)

Here varying 6 from 0 to 7 the concurrence should go from 0 through 1to 0. At =0 E = LGf};’jx
soC=0andatf =7 E= LGﬁ‘(/ 0, for which C' = 0 also. At 6 = 7/2 we have an equal weighting
of the two polarisation components, and C = 1. Some examples of such beams are shown in
figure 3.1.

The Stokes parameters are measured using a simple auto-

)\/4 /\/2 PBS Cam mated polarimeter setup shown in figure 3.2. The vector
beam passes through a quarter- and a half-wave plate

followed by a polariser (in the form of a polarising beam

splitter) and finally arrives at a detector in the image
& plane of the DMD. Different orientations of the wave-
plates allow the polariser to project the incoming beam

Figure 3.2: Polarimeter setup. Details onto all the polarisation basis states according to table
in main text. PBS: polarising beam

3.1. This is the most efficient way of measuring all six
splitter.

projections, requiring one to turn only one waveplate for
each projection. It is possible to calculate Stokes parameters from only four measurements, how-
ever, by using the relation I'y + Iy = Ip + 14 = Igr + I},. Later in this section we will discuss why

we have not done this.

The automation comes in with the waveplates being placed in 3D-

A . . . . : . 2

8 D5 1 h C printed rotation stages driven by stepper motors and controlled

= D6—2 g 15— | © by Arduino boards connected to the experiment control computer.
5 p7—1® 14— "6 .

O pg— 81— s The Arduino boards need to be connected to the stepper motor

(o] B

< E: z ij C through a small control board that we built ourselves. The circuit

[; > 12 %_ diagram for this is shown in figure 3.3. Depending on the reduction

ratio of the stepper motors this system can measure all Stokes

— parameters in about 10 seconds. Of course a higher reduction ratio

2.2 nF results in increased accuracy but reduced speed. The components

of the 3D printed rotation stage, designed by Ermes Toninelli at

GND +12V the University of Glasgow, are shown in figure 3.4.

Figure 3.3: Stepper motor

driver circuit diagram. For [In principle one could also replace the half-wave plate with a sheet
the Arduino connection dif-

polariser, remove the beam splitter, and rotate the polariser by
ferent ports can also be used.

double the half-wave plate angles listed in table 3.1. The reason

we choose not to do this is because the sheet polarisers available to us were mounted between
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Table 3.1: Waveplate angles with respect to the horizontal for projection onto the polarisation
basis states for Stokes measurements.

Polarisation state | \/4 | \/2
[H) 0° | 0°
R) 0° | 225°
V) 0° | 45°
I) 0° | 67.5°
A) 45° | 67.5°
D) 45° | 225°

Ball

bearing
Optic Large Small Back  Stepper Post
holder cog cog plate motor mount

Figure 3.4: Components of the 3D printed rotation stages used to measure Stokes parameters.
The waveplates in the experiment were mounted into the 1 inch internal diameter optic holder
(green), which was attached to the large cog (cyan). The large cog had teeth on its inner surface,
connecting to a small cog (yellow) driven by a stepper motor (dark gray). The stepper motor was
attached to a back plate (light purple), which connected to the large cog with a ball bearing (gray)
and also to a post mount (light gray) to which standard Thorlabs posts could be attached via M6
grub screws. The assembly provides a roughly 1 cm diameter through path for optical access. The
components were held together by M3 screws at the connections indicated by the dashed black
lines.
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two relatively thick plates of acrylic. This is not, in itself, a problem, but if they are not placed
in the beam path exactly perpendicular to the propagation direction then the beam is displaced
due to refraction. This is still not much of an issue, but if the rotation stage wobbles, then the
displacement due to refraction changes with polariser angle, which leads to the beam moving on
the detector. This is undesirable, because it would make the calculation of polarisation patterns
difficult, since it would make it necessary to align the recorded Stokes images in software. Since the
Stokes parameters used in determining concurrence are integrated over the beam profile one could

focus the output of the polarimeter setup onto a photodiode instead of imaging onto a camera.

Noise is a significant issue for Stokes parameter measurements because of normalisation. The

expression for the concurrence, including the normalisation chosen for the experiment, is a form of

Iy —Iv\° (IDIA>2 (IRIL)2
C=|1- = ) 4= 4+ (== . 3.13
((IH+IV> Ip+ 14 I+ 1, ( )

Of course in theory Iy + Iy = Ip + 14 = I + I, but it is possible that in the experiment we

equation 3.11,

have optical elements that absorb in different ways for different polarisation states, in which case a
slightly more reliable normalisation could be obtained using the expression in (3.13). Issues arise in
areas of the images where the signal-to-noise ration (SNR) is low, i.e. in areas where there is little
light in the beams. Because of the division in the normalisation these areas are prone to causing
large fluctuations in the Stokes parameters. Recall that the point of the concurrence measurement
is to discern whether there is spatial information correlated with polarisation. If there is any kind

of spatial fluctuation due to noise this will cause us to overestimate concurrence.

In a way this is not surprising at all. The background noise does not carry polarisation structure,
but neither is it associated with any particular polarisation. The main sources for this noise
is background light scattered from room lights, LEDs and screens in the lab, and CCD noise.
Scattered light is unpolarised, and CCD noise is not related to polarisation at all. A characteristic
of unpolarised light is that the normalised Bloch vector, the vector comprised of the last three
normalised Stokes parameters S 2 3, associated with it has a magnitude less than 1. But looking
at the definition of concurrence, this property is shared with vector beams, if we integrate over
the beam profile! The Bloch vector of vector beams integrated over their profile is indeed shorter
than 1, and it has a length 0 for maximally correlated beams. So unpolarised light, like noise, is
indistinguishable from vector beams using this measure. This is why we pay careful attention to
reducing noise in the recorded images. The way we do this is by low-pass filtering the images. We
Fourier transform the images and remove a few of the highest frequency components. In practice
we chose to remove the two highest frequency components as this gave very good results without
an overly harsh reduction of detail in the beams. This, of course, limits the spatial resolution that
we can detect in the beams, but for the smooth beam profiles we were interested in this was not

an issue.

Results of the measurements are shown in figure 3.5. It can be seen that there is excellent agreement
between the numerical simulations and the measured data. We obtain the error bars by performing

the same measurement 21 times and taking the standard deviation of the calculated concurrences.
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Figure 3.5: Concurrence measurements calculated from data (blue) and numerical simulations

(orange) from Stokes measurements at the University of Glasgow. The polarisation basis is fz,@.
The LG modes used are, in the format [¢y, po; £1,p1], a) [1,0;-1,0], b) [1,1;-1,1], ¢) [3,0;1,1].

Laser PBS N4 plate  DMD Aperture N/4 plate SLM

Figure 3.6: Vector beam generating and measurement setup built at the University of Witwater-
srand.

3.4 A related experiment at the University of Witwater-

srand

Our collaborators at the University of Witwatersrand carried out a different experiment intended to
measure the concurrence of vector beams. Their experimental setup for generating vector beams,
shown in figure 3.6 was conceptually identical and practically similar to ours as well. They have
opted to use a polarising beam splitter instead of a Wollaston prism and overlapped the two
orthogonal polarsation components on the DMD by directing one of the outputs from the beam
splitter using a mirror. They have included a quarter-wave plate before the DMD to transform

from the |H) — |V') basis to the circular one.

Of more interest is the difference in concurrence measurement setups. Our collaborators projected
the vector beams onto not only polarisation basis states but also spatial modes using an SLM in
the reverse operation compared to how it would be used for beam shaping, followed by on-axis
intensity measurement. This exploits that beam propagation is symmetric in z; in other words, if
we know the optical field in any plane we can determine it in any other plane. Thus if we propagate
for example a LGf; beam backwards through a hologram that is designed to generate a LGf; beam
from a Gaussian, the output field will be a Gaussian. This is a form of projection; the more the
output of such a hologram is like a Gaussian the more the projected beam was like the one the
hologram was designed to generate if a Gaussian propagated through it. In fact, one can measure

the on-axis intensity of the output, which is related to the projection (U;,|Pscst).

Naturally, for this to work one needs to know which subspace of spatial modes to test, since the
whole space of spatial modes is infinite. With this restriction, though, the method works very well,
as can be seen in figure 3.7 showing measurement results kindly provided by our collaborators. The
uncertainty in these measurements depends on the particular beam chosen. The measurement was
performed using a camera, and uncertainty was calculated by taking the standard deviation of the
64 pixels around the on-axis pixel as the uncertainty of the on-axis pixel value, and propagating

this through equation 2 in [52]. Interestingly these measurements have a tendency to overestimate
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Figure 3.7: Concurrence measurements calculated from data (blue) and numerical simulations
(orange) from projection measurements at the University of Witwatersrand. The polarisation
basis is 7,1. The LG modes used are, in the format [{g, po; ¢1, p1], ) [1,3;-1,3], b) [3,1;-3,1] and c)
[4,0;-4,0].

concurrence, which suggests that it is also susceptible to noise issues. Our collaborators generated

beams of a form similar to ours in 3.5 but using the |R) — |L) polarisation basis,
E = cos(0/2)LGYE + sin(0/2) LGYE L. (3.14)

It can be seen that their results also agree very well with the theoretical predictions. However, to
achieve these results a subset of spatial modes that contain the ones that make up the vector beams
needed to be known a priori, which would be difficult to guarantee if the beams to be characterised

would be unknown.

Let us return briefly to the idea that based on

Al concurrence measurement we cannot tell the
difference between structured polarisation and

0.8r 1 unpolarised light. The difference between the

Ef 0.6k | two cases is, of course, that for structured po-
3 larisation the polarisation state at any point in
S 0.4f 1 space, and more critically any transverse plane,
0l | is well-defined, whereas for unpolarised light it
/ is not. So we can tell the difference between

0O 0‘.2 o‘.4 0‘16 o‘.s . the two cases if we test the polarisation at a

Fraction of beam area covered single point. Of course for such a scenario con-
Figure 3.8: Concurrence evaluated for sub-areas Ccurrence would be zero, since there would be
of a maximally correlated beam. The inset shows no spatial information to support a correlation.
some example sub-areas. Notice how concurrence  Thig Jeads to a question: if we look at a single
reaches its maximum value as soon as all polari-

. . . . . ixel i tiall lved Stok -
sation directions are included in the sub-area. Pixel I OUr spatially resoive OKES Ieasure

ments for a maximally correlated beams, we
measure zero concurrence, but if we integrate over the entire beam we measure maximal concur-
rence, so how exactly does the observed area influence our measured concurrence? We investigated
this question numerically with one example of a maximally correlated beam that was radially po-
larised. We evaluated the concurrence for growing sub-areas of the beam, as shown in figure 3.8.
While the exact shape of the curve in the figure depends on the polarisation structure of the beam
in question, the key observation is that the concurrence reaches its maximal value as soon as all
polarisation directions are included in the sub-area. This suggests that for beams with certain
symmetries it is not necessary to integrate over the entire beam, but it is sufficient to interrogate
a small area which contains all polarisations. This should be the case for vector vortex beams, for

example, but not for full Poincaré beams [54].
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3.5 In summary

We have shown that Stokes measurements can be used to calculate concurrence for the internal
degrees of freedom (polarisation and spatial modes) of vector beams. We have experimentally
demonstrated the effectiveness of this approach for quantifying correlations in vector beams. We
also compared our method to the estabilished technique of projection measurements on both de-

grees of freedom.
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Chapter 4

Fluorescence and the optical

Bloch equations

4.1 Introduction

So far in this thesis we have exclusively dealt with optics, in manipulating light using dynamic
and static elements, and saw how we can extract information about correlation between degrees of
freedom of photons using only such things. It is time to turn our attention to the effects of light on
the material world, and look into how light-matter interactions can be used to manipulate matter,

especially through using properties of structured light.

The system we will be concerned with is rubidium atoms under the influence of resonant, and later
near resonant, coherent laser radiation. Atoms are nice for the study of light-matter interactions
because they interact rather strongly with electromagnetic radiation near resonance to an atomic
transition (and in some cases even far from resonance the effects can be surprisingly strong [55]).
Atoms of the same species and isotope are absolutely identical so they also interact with a light

field in the same way,! enhancing or suppressing interaction when working in concert [56, 57, 58].

Rubidium is a particularly experiment-friendly species of atoms for two reasons. First, rubidium
has only one electron in its outermost shell, which leads to a rather simple, almost hydrogen-like
electronic level structure. Despite being simple, there are enough levels to provide a rich system
with many opportunities to investigate new physics even today, when atomic physics has been at

the centre of significant research efforts for a century.

Second, some very useful rubidium transitions are in the near infrared (IR), extremely close in
frequency to that of laser diodes found in DVD drives, which used to make laser sources extremely
cheap until DVDs went out of style in favour of online streaming services?. Coincidentally, detec-
tors such as CCDs and photodiodes are usually very sensitive to near-IR light, which makes the
detection and analysis of radiation scattered/transmitted by rubidium atoms easy. Liquid crystal
devices developed for visible light are also an excellent base technology on which to build spatial

light modulators and Q-plates for near-IR.

1Provided that they do not experience different external environmental parameters, such as magnetic fields.
2Isn’t it interesting how two such seemingly unconnected fields as atomic physics and the entertainment industry
can have connections? The history of technology is, I'm sure, full of such fascinating connections.

49
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In this part of this thesis we will first look at scattering phenomena, using the scattering properties
and electronic level structure of rubidium to learn something about the intensity structure of
shaped laser beams, and in turn dictate the electronic state of atoms in three dimensions. Then,
we will describe methods of cooling atoms to extremely low temperatures, and exploit the very slow
thermal motion of cold atoms and the magnetic coupling of electronic levels to gain information

about magnetic fields.

4.2 Rubidium level structure

Figure 4.1 summarises the structure of the electronic states of both relevant isotopes of rubidium.
Throughout Part IT of this thesis we will need to consider different structures of these levels, so
it makes sense to discuss all of the details here. We will look at energy level shifts due to various

effects in order of magnitude.

In a very rudimentary picture of an atom one can consider electrons to orbit the nucleus®. For our
purposes here it is sufficient to consider two orbital angular momentum states of the outermost
electron of the rubidium atom, or two orbitals. These are the S and P orbitals, with angular
momentum quantum numbers L = 0 and L = 1, respectively. The S orbital is the ground state for
this electron, and is separated by the P orbital by roughly 380 THz* [59], or in units of wavelength,
790 nm.

The electron, being a spin 1/2 particle, carries its own spin angular momentum as well as orbital
angular momentum. The spin angular momentum quantum number can take the values S = +1/2.
The two angular momenta can interact, an effect that is known as spin-orbit coupling. The total
electronic angular momentum can then be expressed as J = L 4+ S (since angular momenta are
vectors) [60]. |J| can take values between |L — S| < J < L + S, which means that for the S state
J = 1/2. However, for the P state, with L = 1, J can take two values: J = 1/2 and J = 3/2.
This is known the fine splitting, indicated in figure 4.1 by the spectroscopic notation L. This fine

splitting is of the order of 7 THz, or, expressed in more conventional units for this range, 15 nm.

The electron is not the only particle with angular momentum in the atom, however. The nucleus
carries its own angular momentum I, which also couples to the electronic angular momentum,
leading to a total atomic angular momentum F = J+1, the magnitude of which again takes values
between |J — I| < F < J + I. Therefore the fine structure levels also contain sublevels labelled by
F, an effect known as the hyperfine splitting. This is where we encounter the first major difference
between the two relevant isotopes of rubidium. The nuclear angular momentum quantum number
is different for the isotopes: Iss = 5/2, while Is; = 3/2. This means that the F' quantum numbers
for Rb are higher by 1 when compared to 8’Rb. There are too many hyperfine levels to list
here, but they are clearly labelled in figure 4.1. In any dipole-allowed transition |[AF| < 1. The
hyperfine levels are separated by a few gigahertz in the ground state S, and by energies from a few

tens to a few hundreds of megahertz for the excited P levels.

The last structure we need to consider is the magnetic structure of the hyperfine levels. Each
hyperfine level contains 2F + 1 magnetic sublevels, labelled by the quantum number my, which
can take values between —F < mp < F. The magnetic sublevels are degenerate in the absence of

external magnetic fields, but they undergo Zeeman shift in the presence of one. This shift is given

3Tt is well known that this picture is inaccurate, but for this discussion this simple and intuitive picture will
work.

4When we refer to some energy F in units of frequency w, we mean that £ = hw. Wavelength is meant in a
similar way.
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Figure 4.1: Electronic level structure of the outermost electron (5s) of two isotopes of rubidium,
85Rb and 8"Rb. Energy increases from the bottom to the top, although level spacings are not
to scale. Fine and hyperfine structure are shown, with splitting energies expressed in nanometres
for fine structure and units of frequency for hyperfine splitting. Magnetic (mz) sublevels are also
shown, with the Zeeman shift per mp indicated on the right.
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by
AE,,, = upgrmrB., (4.1)

where pp is the Bohr magneton, as usual, B, is the z-component of the magnetic field, with z

being the atomic quantisation axis, and g is the hyperfine Landé g-factor, given by

F(F41)—I(I+1)+J(J +1)

= 4.2
gr = 4gJ 2F(F 1) ( )
. JJ+1)—L(L+1)+S(S+1

where on the first line we omitted a factor proportional to the nuclear g-factor due to its three
orders of magnitude smaller effect, and on the second line we took the approximate values for the
spin and orbital g-factors gs ~ 2 and g;, =~ 1. Because of the weakness of magnetic interaction
the energy shift due to the Zeeman effect is usually rather small. Neighbouring mp states tend to
shift by around 0.5 MHz per Gauss external field, and even the difference between the two furthest
magnetic sublevels P3/, manifold of 8Rb is, at 1 G, less than 7 MHz, which is on the scale of
the linewidth of these transitions. The scales of the energy separations between adjacent levels in

orbital, fine, hyperfine and Zeeman levels in rubidium is shown for interest in figure 4.2.

Fine and hyperfine levels are separated in energy enough

10 to be easily resolved even by cheap, home-made lasers,

101 which will be described in the following experimental
w10t ‘ chapter. In fact, it is not the laser linewidth that prevents
%% o ' us from resolving the magnetic sublevels, but rather the
;%w ’ . natural transition linewidth. However, just because the

o : mpr levels are not resolvable, it does not mean that they

10°f ° cannot be addressed. They are, in fact, crucial to our

10% : ‘ ‘ | ‘ ~ work on cold atoms.

Orbit Fine  HyperfineS  HyperfineP  Zeeman

Figure 4.2: Scales of energy separations 4.3 AbSOI‘ptiOH and emission
between adjacent levels in orbitals, fine,
hyperfine and Zeeman levels in rubid-
ium.

structure of atoms can be influenced by the presence of light®. Perhaps the most obvious interaction

As we have mentioned a few times already, the electronic

between atoms and light is the absorption of light. In everyday life we are familiar with opaque
materials (which are, of course, made of atoms) that absorb light; this is usually a solid state

phenomenon, however, and has quite different properties compared to atomic interactions.

An atom can only absorb photons from a light field whose energy is equal to the energy difference
between two electronic energy levels of the atom, iw = AFE. Even this can only happen when the
atom is in the lower energy state. In such a scenario the photon is removed from the external light
field, and the atom is excited to the higher energy state®. Excited states have a finite lifetime,
meaning that atoms decay to lower energy states over some time with the emission of a photon of
the same energy. This is known as spontaneous emission. The finite lifetime 7 leads to a broadening
of the emission spectrum due to the uncertainty relationship between the energy and lifetime of
the state, AET ~ hi. The naturally broadened emission line has the shape of a Lorentzian [60] with
a width related to the inverse of the lifetime of the excited state I' = 1/7, which is the radiative

decay rate. I' gives the rate of spontaneous emission from an atom if there are enough photons in

5This should come as no surprise, since the electrons are bound to the nucleus through electromagnetic interaction,
which is, in a way, not very different from light.

6In a more accurate description the photon and atom become a single ”thing”, but this makes little difference
here.
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Figure 4.3: Lorentzian shape of natural broadening (left) and Gaussian shape of Doppler broad-
ening (right). Their relative width for the rubidium transitions considered here is shown on the
right.

the external light field to excite it from the lower state over a time that is much shorter than the
excited state lifetime. We also ignore the time it takes for an atom to enter the excited state, since
this is extremely short for atoms” It is also possible to de-excite an atom by using an external light
field. This process is called stimulated emission. This process is crucial to the operation of lasers,

but we will not consider it here as it is not relevant to the processes we study.

During absorption and emission processes a number of quantities are conserved. In subsequent
chapters the conservation of linear momentum during absorption (and emission) of radiation will

be of great importance. It can be expressed as

Pfinal = Pinitial 1+ hkphotona (43)

where the p is the linear momentum of the atom. Naturally, energy is also conserved, so

AE, 1 = (Ee 4 pﬁna;]'wl?ﬁnal) _ (hw VB, + pinitia;Jinitial> 7 (4.4)
hk hoton * Pinitial h2k hoton * k hoton

50 hw = hw P P P

i ot M * oM ’

where E, — F, = hwy is the energy difference between the atomic states, iw is the photon energy,
M is the total atomic mass. The second and third terms on the right hand side in the second line
of equations 4.4 correspond to the Doppler shift and recoil energy, respectively. Since the recoil
energy varies strongly with photon energy, it is significant only for high frequency transitions, and

for the optical transitions considered here it is insignificant and so we ignore it.

In a thermal gas of temperature T the atomic momentum distribution follows the Maxwell-
Boltzmann law, so it has a Gaussian profile with a width of wpeppler & Ephoton \/m . The
absorption and emission spectra are broadened by this momentum distribution, and they also have
a Gaussian shape® with a width hwpoppler.- For room temperature rubidium this broadening is
on the order of 500 MHz. The shapes and relative widths of natural and Doppler broadening are

shown in figure 4.3.

"But the transition can be observed in other analogue systems, and it has been shown that the evolution from
one state to another is a continuous, coherent process that can even be reversed with appropriately high temporal
resolution in the experiment control [61].

8Technically speaking their profile is the convolution of the Doppler Gaussian with the natural Lorentzian known
as the Voigt profile, but the natural width is so narrow compared to the Doppler width that this hardly matters.
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Polarisation | Ampg
O'+ +1
Iy 0
o_ -1

Table 4.1: Changes in magnetic quantum numbers under the influence of different light polarisa-
tions.

We should note that for absorption the photon momentum k is dictated by the laser, both in
magnitude and direction. For spontaneous emission, however, there is no constraint on its direction

and so spontaneous emission is isotropic.

Angular momentum is also conserved during absorption

-2 -1 0 +1 +2  and emission. This leads to selection rules on the possible

/ transitions for different polarisations of the light field [62].
\ Here we only consider dipole-allowed transitions. In this
situation we need to consider three types of light polari-
/ sations: o4, o_ and w. Depending on the angle between

\ the atomic quantisation axis® and the light propagation

-1 0 +1 direction these map to different light polarisations. In the

case when the two axes are aligned =1, 0_=+and
Figure 4.4: Polarisation selection rules when WO AXES arc aughec o+ 7 "t

for dipole-allowed transitions, illus-
trated here for the S;,,F = 1 — alternatively, linear polarisation emitted orthogonally to
Py o F" = 2 transition of STRb. All pos-  the atomic quantisation axis, where the polarisation di-
sible decay and excitation channels are
shown. Notice that the mp = £2 can
only be reached by (and decay through)
o+ respectively. Interaction with these polarisations affects the magnetic

7 corresponds to polarisation along the z-direction (or,

rection is along the quantisation axis).

mp sublevels differently. For all of the transitions consid-
ered here the electronic orbital angular momentum changes by 1, AL = 1. During such interactions
Amp = 0, £1. How these correspond to the three light polarisations is summarised in table 4.1.
These selection rules are extremely important as they make it possible to manipulate the internal
structure of atoms simply by an appropriate choice of light polarisation, which we have excellent

control over (see chapters 1 and 2).

Figure 4.4 illustrates the polarisation selection rules for the S;pF =1 — Py /o F ’ = 2 transition
of 87Rb. Note that most mp levels can be excited, and can decay to, a number of other levels.
Usually the laser field, in conjunction with the atomic quantisation axis, dictates which excitation
channels are utilised in any experiment. The polarisation of spontaneous emission depends on the
specific decay channel. The probability of following any specific transition is proportional to the
overlap of the angular momenta of the start and end states, which is quantified by square of the

Clebsch-Gordan coefficients. These numbers can be found in data tables.

We would like to draw attention to a configuration of magnetic sublevels that can be found in
F — F’ = F + 1 transitions. In such transitions there exist two pairs of magnetic sublevels,
|mp| = F — |mz| = F + 1, which are connected by only one possible excitation and decay
channel, through o1 polarisation. An example is shown in colour in figure 4.4. Such mp = +F’
states are often called stretched states, and the transitions to them are known as cycling transitions,
because if an atom can undergo one such transition once, it can only decay to a level from which

it must undergo the same transition, provided that the polarisation of the driving light does not

9The quantisation axis is the direction onto which angular momenta are projected to find values of quantum
numbers.
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contain polarisation that can drive the other transitions. The redistribution of atomic populations

between states by interaction with light is called optical pumping.

4.4 Fluorescence and the optical Bloch equations
The discussion in this chapter follows the work outlined in [63] and [59].

When illuminated by a continuous stream of coherent photons, in other words, CW laser radiation
near resonance, atoms continuously absorb and spontaneously emit light. As we have said before,
the emission is isotropic, and is called fluorescence. We are interested in the rate at which fluores-
cence photons are emitted by the atoms. This, of course, depends on the intensity of the incoming
light field as well as properties of the states. To find this rate we need to introduce the optical
Bloch equations. Here we will consider only two levels, which requires a bit of justification. All
levels apart from the magnetic sublevels are easily resolved by the narrow linewidth lasers we use,

because their separation is large compared to the atomic linewidth.

This is not the case for the magnetic sublevels. However, there are several scenarios in which we do
not have to worry about treating them as separate levels. If the laser field carries polarisation that
contains oy, o_ and 7 polarisation simultaneously,'? then there is no selectivity in the interaction
between the magnetic sublevels and they can be all addressed and the interaction is averaged over
them. In the case of atoms optically pumped into a stretched state the interaction can only happen

between two Zeeman sublevels, so the 2-level approximation makes sense again.

We begin by introducing the quantum mechanical density operator for a state of a two-level atom
|¥) = cglg)+cele), where the ground |g) and excited |e) states have complex probability amplitudes.
The density operator is then defined as p = |[¥)(¥|. It is, however, more commonly written in the

form of a matrix, the well-known density matrix:

NN .
Peg  Pgg CeCq  CgCy

The diagonal elements of the density matrix, pyy and pe., are known as populations of the states
|g) and |e) respectively. They represent to the probability of finding the atom in the corresponding
state, and for ensembles of atoms they can represent the occupation of the states in the ensemble.
The off-diagonal elements are called coherences, and depend on the relative phases between the
complex amplitudes associated with the states. The density matrix formalism can be readily
extended to multiple levels, where the elements contain pairwise coherences between levels in the

off-diagonal elements. The diagonal always contains the populations of the levels.

Of course absorption and spontaneous emission processes are all time-dependent, so we need to
be able to express the evolution of the density matrix under the influence of an external radiation
field. The von Neumann equation gives this time evolution, if the interaction can be written as a
Hamiltonian operator H: R .

% - % [ﬁ, H] . (4.6)
Unfortunately, spontaneous emission cannot be described in terms of a Hamiltonian. However, the
power of the density matrix approach is that it allows us to incorporate even such processes. In
the previous section (4.3) we stated that excited states decay at a rate given by the inverse lifetime

of the state, I'. After this decay a two-level atom must be in the ground state, so it fills up at the

10This is achievable with an appropriate angle between the atomic quantisation axis and the laser direction.
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same rate. So we can write, for the populations, that

dpee dpgg
= — f —F ee- 4 7
dt dt P (47)

We also need to describe the evolution of the coherences. It turns out that they also depend on

the decay rate,

dpegy r dpge r
=——pe d = ——Pge- 4.
dt gles AT T 9/ (48)
We can thus write down the entire time evolution of the density matrix as
d ) 5 F ee -L e
L=t lpa]+| ) 2Pge ) (4.9)
dt h —5Peg —I'pee

All we have to do now is obtain an expression for the interaction Hamiltonian, and we can write

down the complete time-evolution of the populations. To do this, we start with the Schrodinger

equation,
ov¥(r,t .
im0 e, (4.10)
ot
with the atomic wavefunction
(W) (r,t) = cq(t)|g) + ce(t)|e)e™ """ (4.11)

The Hamiltonian in equation 4.10 is constructed from two parts, one corresponding to the bare
atom (with eigenstates |g) and |e)), and one to the external field, which is due to the atomic dipole
interacting with the external field: d-E. Using these with equations 4.10 and 4.11, we obtain
time-evolution equations for the complex amplitudes ¢ c,

deg A

i = cogld - Bleye " (4.12)

dce

ih i cg<e|(Z~E|g>e+iw“t.

The laser field that we consider here is a monochromatic plane wave, which we can write as the
expression at the beginning of this thesis, equation 1.3, recast to the form E = Eexp[i(k-r —wt)]é.

Then, we can write equations 4.12 as

d i(w—wo)t —i(w+wo)t
m% — O (e 4—2@ ) (4.13)
de, ei(w-‘rwo)t +e—i(w—wo)t
Zhﬁ = CghQ < B) > s

where we have defined the Rabi frequency Q = E/hie|d - é|g), which charaterises the strength of
the interaction between the light field and the atom. It depends on the light intensity'' and the
dipole matrix element d- ¢, but because the latter is fixed for each transition we often consider the

Rabi frequency analogous to intensity.

Note that on the right-hand side of equations 4.13 there are oscillations with two frequencies, w—wy
and w + wg. Close to resonance the former is small whereas the latter is very large. Because of
this we can make the approximation that over the slow evolution of the complex amplitudes terms

with the large frequency undergo many oscillations and their value averages to 0. This is known

HRecall that I = |E|2.
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the Rotating Wave Approximation. We can then write equations 4.13 in the much simpler form

d At
m% — c hQ* 62 (4.14)
. dee e IAL
ih 7 = cyhQ 5

by defining the detuning A = w — wy, the difference between the frequency of the driving field and

that of the atomic transition.

Comparing these expressions with 4.10 we could read off the matrix form of the Hamiltonian, but
at this point it would contain time-dependent terms. We can move the time-dependence to the

complex amplitudes by moving into a new, time-dependent basis (in a reference frame co-rotating
;o it

with the light field). This can be done by making the new definitions ¢,

_
cg and ¢, = c.

)

which allows us to rewrite equations 4.14 as

dc, hQ
. g _ p 188
zh—dt Ce (4.15)
Lde,  ,hQ
Zhﬁ = 697 — CehA.

We can thus write down the time-independent Hamiltonian:

. hf-2A Q
H:2<Q o)' (4.16)

We are finally at the stage where we can substitute H into equation 4.9 and write down the optical

Bloch equations in full glory,

. 2, ~ _

Pee = 9 (pge - peg) — I'pee

B i _ _

Pog = & (Pge = Peg) + Thec (4.17)
. i) - n o~ -

Pge = 9 (Pee = Pgg) — ZApge§pge

- Q) 5 I A

Peg = o5 (Pee — pgg) + ZAPEg Epegv

where we transformed the density matrix to the co-rotating reference frame as well, indicated by
the tilde above the matrix elements, e.g. pge = pgee_mt. Note that the trace of the density matrix
is 1, 80 pee + pgg = 1 at all times, because there are no other states that the atom could occupy.
The same logic can be used to extend these equations for any number of levels, although they
do get quite messy very quickly. Solving the optical Bloch equations is another matter entirely;
analytical solutions are known for a few special cases, but usually we solve them numerically. We
also note that it is possible to incorporate the decohering effect of collisions into these equations
by an additional term, —ipge/cq7e, in the equations for the coherences, where the collisional decay
rate 7. can be obtained from various models for collisions. For the densities and temperatures that

we work with collisions between atoms are negligible, so we need not worry about this.

Luckily, in order to obtain an expression for the steady-state fluorescence rate all we need to know
is the population in the excited state pee, since only atoms in the excited state can fluoresce, so
the fluorescence (or scattering) rate is just Ije.. Setting jee = 0 (steady state) we find that the

fluorescence rate is

r (I/Isat)
2

Ry =Thee =517 AAT + (I Low)’

(4.18)
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Figure 4.5: Rabi oscillations of the ground and excited state populations using a CW laser.

where we have defined the saturation intensity

ceol2h2

= 4.19
NEE (4.19)

sat

such that /I, = 2(£2/T)%. We will revisit the expression for the fluorescence rate in a subsequent

chapter on controlling the populations in a warm vapour in a spatially resolved manner.

4.5 Rabi flops

Let us return briefly to equations 4.14. It is possible to find solutions to these equations by

differentiation, which gives

d?cy dey, Q2

, A -9 _ =
a2~ " at 4
d?c. de. P

dt2 +ZAE + Ice =0.

0 (4.20)

It is interesting to look at how the populations, |c.|? and |cy|?, vary with time in the presence of
the external radiation field. Taking the initial condition that at t = 0 ¢, = 1 (and consequently

ce = 0) yields the solution

02 Q't
2 2
|Cg(t)| = ﬁCOb <2> (421)
02 Q't
O = g5 (1),

where we have defined Q' = /Q2 + A2, figure 4.5 shows the time-evolution of the two states. The
probability to find the atom in either state varies sinusoidally, an effect known as Rabi oscillation,

or Rabi flops.

Note that if the radiation field was turned on for a time ¢, = 27/’ the population of the ground
state would be completely and coherently transferred to the excited state. A pulse of this length is
known as a m-pulse. The other notable pulse length is ¢, o = 7/’ for a 7 /2-pulse, which transfers
the population to an equal superposition of the ground and excited states. Sequences of such pulses
are extremely important in optical clocks and quantum information processing, but they are less

critical for our work and so will not be considered further!2.

12Despite the rich possibilities... It’s a shame that there is finite time for PhDs.
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4.6 In summary

We have introduced enough concepts of atom-light interactions to allow us to understand the more
advanced techniques of subsequent chapters. We looked at the electronic and magnetic structure
of energy levels of the 5s electron in two isotopes of rubidium, 8°Rb and 8”Rb. We have described
the absorption and spontaneous emission of (near-)resonant light by atoms. We have obtained the
optical Bloch equations and used them to find an expression for the scattering rate. In the next

chapter we will look at ways of obtaining resonant laser light for use in atom optics experiments.



Chapter 5

Resonant laser light for working

with atoms

5.1 Introduction

In the previous chapter we saw that the internal state of atoms can be manipulated by (near-
Jresonant electromagnetic fields. Through the conservation of linear and angular momentum ex-
ternal, motional states are also controllable by such fields, which leads to various cooling and
trapping schemes, some of which are described later in this thesis. All such manipulations require
monochromatic coherent radiation with tunable frequency. Sometimes internal state manipulation
can be done by microwave radiation (a good example is in the operation of caesium clocks), but
usually useful atomic transitions require optical frequencies ranging from the ultraviolet to the
infrared. For example, the rubidium transitions we work with are all in the near IR. At these

wavelengths we use lasers to obtain coherent radiation.

There are many different tunable laser designs, and the experimental requirements' should deter-
mine which one is to be used. On the most versatile end of the scale we have Ti:Sapphire lasers
with extremely large frequency ranges (typically ~ 300 nm [64] that can be increased by frequency
conversion [65]), low linewidths (a few dozen kilohertz) and high output powers in the range of a
few watts. However, for many important applications much simpler laser systems are sufficient.
In our experiments we use external cavity diode lasers (ECDLs), which still provide wavelength
tunability over a few nanometres, with a couple of hundred kilohertz linewidth and around 100 mW

of output power [66]. Let us look into how they work in more detail.

5.2 External cavity diode lasers

Bare laser diodes are not very useful for atomic physics applications because of their broad
linewidth, on the scale of 100s of megahertz, and the difficulty of precisely controlling their fre-
quency. One can introduce a frequency-selective feedback to reduce the linewidth of diode lasers by
placing the diode in an external cavity. The frequency selectivity is provided by a reflective grating
completing the cavity. The grating splits the relatively broadband laser light into a spectrum. By

carefully tuning the angle of the grating with respect to the laser propagation direction one can

land available funding...
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direct a specific frequency component back to the diode, completing the cavity for that wavelength

and thus forcing the gain medium in the diode to amplify the selected wavelength.

It can then be seen that for a given grating period greater cavity lengths lead to narrower linewidths.
This is because the grating dispersion angle is fixed by the period, and so for shorter cavities more
wavelengths are allowed to circulate in the cavity. This is illustrated in figure 5.1. A competing
effect is that the free spectral range of a cavity is inversely proportional to its length, Av =
¢/2L. This translates to a reduced mode-hop-free tuning range for ECDLs, essentially limiting the
scannable frequency range. Longer cavities are also more sensitive to angle noise on the grating.
As a result in practice one needs to find an optimal external cavity length that yields an acceptable

linewidth and tuning range.

The ECDL frequency can obviously be tuned by chang-
ing the grating angle, selecting a different frequency for
feedback. There are, however, other parameters that
need to be considered. The diode gain properties are
temperature-dependent, which means that their output

spectra vary with temperature. The gain medium is elec-

trically pumped, which makes the spectrum depend on
the driving current as well. As a result stable control

of these three parameters (grating angle, diode current

and temperature) is desirable if one wishes to have good ! L !

control over the output frequency of an ECDL. Figure 5.1: Frequency selective feed-

back in an ECDL. Initially the laser
5.2.1 Older ECDL design is relatively broadband (white beam),
which is dispersed by the grating, and
diffracted back towards the diode on
The older ECDLs used in our cold atom experiments were the left. Only a limited wavelength
constructed from collimator tubes and gratings fixed to range, dependent on the external cav-
ity length L, is captured by the colli-
mating lens and are amplified by the

gain medium in the diode. The output
contained in the collimator tube, which was attached to ig then narrow-band (red beam).

kinematic mirror mounts attached to large aluminium

blocks. The laser diode and its collimating lens were

the kinematic mirror mount back plate by screws, with

thermal paste between them ensuring good thermal contact. A holographic diffraction grating
(1800 lines/mm) was glued to an aluminium spacer which was screwed to the kinematic mount front
plate. The external cavity length was chosen to be close to 20 mm, which gives a sub-MHz linewidth
and reasonably large (> 7 GHz) mode-hop-free tuning range. A hole was drilled into the mirror
mount front plate opposite to the horizontal angle adjustment screw, and a piezoelectric transducer
(PZT?) was fixed into this hole for electronic fine control of the grating angle. The kinematic mount
assembly was screwed to large (approximately 10 x 10 x 5 cm) aluminium blocks used as heat sinks,
with a Peltier cooler between the mount and aluminium block for active temperature control. A
thermistor was attached to the mirror mount for feedback to the temperature controller. This
construction is shown in figure 5.2. The electronic control of diode current and temperature was

handled by commercial Thorlabs diode laser driver boards.

These older ECDLs are in the so-called Littrow configuration, where the grating angle provides the
frequency control, but unfortunately the beam output direction also depends on the grating angle.

This results in unwanted beam deflection as the frequency is tuned. To be fair, the deflection is

2We realise that the abbreviation is often used to refer to lead zirconate titanate, a specific piezoelectric material.
Apologies for the confusion.
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TOP view FRONT view
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Figure 5.2: Schematic ECDL design for the older models used in our experiments. LD: laser diode;
PZT: piezo-electric transducer.
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Figure 5.3: Schematic diagram of the new generation ECDLs, excluding the Peltier unit and the
adjustable height platform.

extremely small once the laser is set up to emit close to the desired frequency, and is usually barely

detectable even after metres of propagation.

5.2.2 New generation ECDLs

Recently a new generation of ECDLs were constructed and used for our warm atom work. The
design is based on work by Robert Wylie, Ewan MacLagan, Paul Griffin and Erling Riis. The
operating principle of this new design is very similar to that of the older design detailed above,
with one modification. A mirror is inserted opposite and parallel to the grating, and its angle is
tuned in unison with the grating (they are mounted together). This ensures that the beam output
direction is independent of the laser frequency [67] because the additional deflection caused by a
change in the grating angle is exactly compensated by the rotation of the parallel mirror. Note
that while the beam output direction is unchanged under tuning, there is a very small lateral

displacement. This is negligible for all our experiments.

Another change for the new designs is the lack of commercial parts. Most parts of the extended
cavity were machined from aluminium at the local workshop. The design comprises 5 main parts:
a collimating tube, a housing for the collimating tube, a grating and mirror mount, a front plate,
and an adjustable height mounting platform. These parts are shown in figure 5.3. Collimation
tube contained a threaded mounted 6.24 mm focal length aspheric collimating lens (Thorlabs
C110TME-B). The laser diode was secured to the aluminium tube by a brass back plate screwed
to the tube with 3 screws. The collimation tube tightly fit into the aluminium housing block, which

provides adequate thermal contact. It was secured by a plastic-ended grub screw. The grating and
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the mirror were glued to the machined mount, which was attached to the aluminium front plate
via two tight springs. The front plate and grating mount assembly was secured to the collimation

tube housing via another two springs.

The front plate assembly was allowed to pivot around a vertically aligned metal cylinder glued to
the housing held between two identical cylinders glued to the front plate. The horizontal angle of
the front plate assembly was controlled by a long ball-ended brass screw going through the housing.
The ball end rested against a sapphire pad attached to a PZT, which pressed against a screwed-on
retainer plate on the front plate. On the other side of the housing, near the horizontal pivot point,
a spring-loaded ball-ended screw rested against the front plate to increase the plate movement
stability at high frequencies. The vertical tilt of the front plate assembly was adjusted by a small
ball-ended brass screw going through the front plate above the laser output port, resting between
two small metal cylinders glued to the housing. The front plate can be tilted through less than

10° in both horizontal and vertical directions.

The ECDL assembly was mounted on a bespoke adjustable height mounting platform by four
screws. A Peltier thermal control unit was inserted between the mounting platform and the laser
housing, with the thermistor supplying temperature feedback inserted into a small drilled hole
in the laser housing immediately above the Peltier unit, surrounded by ample thermal paste to

provide reliable information on the housing temperature.

5.2.3 Setting up an ECDL for spectroscopy

Once basic construction is complete, setting up an ECDL is a multi-stage process taking a few
hours for a practiced operator. The first step is collimation, followed by setting up the external
cavity for feedback at the desired operating temperature, then a rough frequency calibration takes
place. After this the laser can usually be operated with only occasional minimal adjustments for
many years, unless something breaks. We will now give a detailed walkthrough for the above stages.
We refer to the new generation ECDLs in details, but the principles translate straightforwardly to

the older versions. Most of the observations should be equivalent for other ECDL designs as well.

For collimation the collimation tube is removed from the housing and secured in a position that
allows the output beam to propagate several metres, either in a straight line, or using mirrors to
fold the beam path. We usually clamp the collimation tube in a V-mount, for example Thorlabs
VC3C/M. Straight propagation is preferred because adjusting the collimating lens causes it to shift
laterally slightly in the tube, which changes the beam output direction significantly, potentially
causing it to miss the mirrors. Because of this it is advisable to place signs outside the area in
use warning of possible stray light. The laser diode should be driven at currents such that the
output power is low, between 2-5 mW should do. Because of the beam direction changing during
collimation we usually compare the beam size in two planes, on an infrared detector card, by eye?
first. The collimating lens position is adjusted* such that the beam size is the same in two plane
separated by as much distance as practically achievable. Since the size of the beam changes less
close to the diode, matching the far plane size to the close plane size is the way to go. We make
sure that there is no focal point between the two planes by scanning the detector card along the
entire propagation. The beam size of diode lasers is usually difficult to determine with accuracy

because they change shape on propagation (they are highly elliptical, with axis ratios changing

3This should not need saying, but just in case, NEVER look directly into a laser beam or a specular reflection
of it! This is a bad idea even with safety goggles on.

4Usually this is done by poking the lens tube with a small precision screwdriver because we find that in practice
this tool gives the best control, provided that the operator has decent steady hands.
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significantly over long distances). One can use beam profilers, either commercial devices or home
made ones built of a camera and a software that fits gaussians to the recorded beam profile, to get
more quantitative metrics of beam size along different axes in the two planes. However, we find
that in practice very good results can be achieved just by eye; often, intuition about equivalent

beam sizes is better than trying to compare the widths of differently shaped beams.

Once satisfactory collimation has been achieved, the collimation tube is placed back in the housing
and secured in such a way that the laser polarisation is vertical (the elliptical beam should have
its major axis horizontal to sample most of the grating for good frequency selectivity). This can
be checked with a polarising beam splitter, by maximising the reflected (not diffracted) power
from the grating, or by noting that the major axis of the elliptical beam profile corresponds to the
direction of polarisation for most diodes. Vertical polarisation is chosen to minimise the grating
efficiency. Only a small amount of diffracted light is necessary in the external cavity, because the
laser gain will quickly suppress other wavelengths, and we usually want as much output power in
the Oth order of the grating as we can get. This is also the time to set the external cavity length.
We set this by aligning the brass retainer plate of the laser diode to be co-planar with the back
plane of the housing. This gives an approximately 2 cm long external cavity, which seems to be
optimal for tunability and stability. Once the collimation tube is secure we bring the laser assembly

to operating temperature using the Peltier unit.

At this point the external cavity is very likely to be misaligned. To align it, the diode current
is lowered to just above lasing threshold. For our diodes® this is around 40-45 mA, where the
ECDL output power is around 1 mW. The output power is then observed on a power meter or
an oscilloscope using a photodiode. The goal is to maximise the output power. A jump to at
least twice, but likely 3 or 4 times the output power is a hallmark of good feedback and hence
cavity alignment. This is because the external cavity enhances the diode laser operation, pushing
it further past threshold. First, the horizontal direction is adjusted to maximise laser power. We
observe a wide power curve with a slow change in output power. A scan of a few degrees is usually
necessary to find this maximum. Then, the vertical direction is optimised. This is a much harder
process, and may need repeating for a couple of horizontal alignments. The power curve along the
vertical direction is mostly flat with a few jumps to much higher laser powers, and it is extremely
sensitive to the vertical angle. Sometimes it can be difficult to find one peak in power that is
obviously larger than the rest; this indicates a need to change the horizontal direction a bit. A
correctly aligned cavity produces dramatically more power than the other configurations for which

power peaks are seen.

When feedback is achieved, or in doubt, the power meter is replaced with a spectrometer. The
cavity is aligned correctly if when the horizontal adjustment screw is carefully rotated the laser
spectral line moves smoothly and continuously, without jumps and secondary spectral lines ap-
pearing, over several nanometres. A good diode, cavity length and alignment allows scanning at
least 3-5 nm. If the tuning range is narrower and the spectral line jumps, sometimes this can be
fixed by adjusting the vertical screw just after a jump has occurred, such that the spectral line
jumps back to the last position along the smooth scan. If this is doable, one can try to scan back
and forth again and see if the scanning range is extended. This is difficult to do and does not
always work. If it does not, the alignment should be started from the beginning again, looking at

the output power near threshold.

This process assumes that the vertical and horizontal screws tilt the grating in orthogonal direc-

5Unfortunately their make and model is unknown, nobody remembers what they are and they are in an unlabeled
box.
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tions. This is not the case if the grating was glued on tilted in such a way so as to couple these
directions. If this is the case it might be impossible to get very good tunability, but even then it
should be possible to achieve 1-2 nm tuning range, unless the tilt is excessive. If the tuning range
does not reach 1 nm the grating needs re-mounting. When satisfactory tunability is achieved at low
powers the driving current should be increased smoothly to operating current, while monitoring
the laser spectrum. We frequently see small secondary spectral lines appearing around 100 mA
driving current, and sometimes all power concentrates in these at operating currents of > 130 mA.
Do not exceed 150 mA for long periods of time with these diodes, it is likely that their lifetime
shortens considerably above those currents. We observe that sometimes in this power range previ-
ously good tunability deteriorates, or completely disappears. When this is observed the feedback
needs to be optimised at low powers again, before ramping up to operating current again. If the
ECDL tunes well at operating power we tune it within a few gigahertz of its intended frequency.
In our experiments this is done by picking off a small amount (< 10 mW) of the laser light and
direct it through a rubidium reference cell. We observe the cell, either through an IR viewer or
by an IR camera, while slowly scanning the laser frequency over the expected resonance frequency
using the horizontal screw. When fluorescence is detected the laser is ready for stabilisation to a

rubidium transition via Doppler-free spectroscopy, a process described in the following sections.

We built three copies of the new generation ECDLs. Only two were ever stabilised, but both of
those showed identical performance. As far as deterioration is concerned, we have observed laser
diodes ceasing operation only after several years; also, on one occasion a PZT needed replacing as
well, after around 10 years of operation. We have observed glued gratings becoming loose early in
the life of the new generation ECDLs, but after re-gluing three years ago they seem to be stable.
At the time we observed that the gratings had an oval pattern on their surface, likely dust or glue
fumes burned on by the laser. However, this does not seem to affect operation in any way. The
new generation ECDLs were built in 2015, with one laser diode last replaced in 2017 because of
the then high temperature operation. The older designs had their diodes replaced in 2018. We
expect that under normal operating conditions all lasers should function adequately until at least
2022.

5.3 Doppler-free Spectroscopy

The ECDLs described above provide narrow linewidth monochromatic coherent light to interact
with the atoms. The task that is left is to tune their frequencies to match that of atomic transitions.
One advantage of working with neutral atoms is that it is easy to get a frequency reference.
We use glass cells filled with low pressure rubidium vapour at room temperature (e.g. Thorlabs
GC25075-RB). As described in section 4.3, the natural linewidth of the transitions of interest is
~ 21 x 6 MHz and the hyperfine separation for the excited states is a couple dozen megahertz,
so the few hundred kilohertz laser linewidth should allow us to resolve all of them. Unfortunately
the Doppler broadening at room temperature of around 500 MHz makes it impossible to resolve
the excited hyperfine states without doing something more clever than just pointing a laser beam

through the vapour cell and looking at the absorption signal with changing laser wavelength.

The standard technique to get around the Doppler broadening issue is saturated absorption spec-
troscopy [68]. This requires two laser beams propagating in opposite directions, called the pump
and probe beams, and can be easily achieved by placing a mirror behind the reference cell, as
shown in figure 5.4. We can look at the returning probe beam by placing a non-polarising beam

splitter before the reference cell and placing a photodiode into its reflected arm.
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is resonant with a transition. This condition is satis-

fied for atoms with velocity v; = (w — wp)/k, where w

is the laser frequency, wq is the transition frequency and

k is laser wavenumber. The probe beam interacts with
Figure 5.4: Doppler-free spectroscopy atoms in a similar manner, but because of the inverted
setup. propagation direction it is absorbed by atoms with veloc-

ity vo = —(w — wp)/k. An atom can interact with both
beams, but in this case v; = v2%, which implies that w = wg (or w = 0, which is not the case
because light has a finite frequency). This means that for atoms interact with both beams the
Doppler shift is eliminated, essentially they travel in a transverse direction to the beam axes. The
probe beam sees less such atoms in the ground state because they have been excited by the pump
beam, and so the absorption of the probe beam is reduced. Thus we observe narrow dips in the
absorption spectrum, or peaks in the oscilloscope trace (since the photodiode detects transmission,

not absorption), at the hyperfine resonances, which have a width of only the natural linewidth.

If there are multiple excited states within the laser scan range, it is possible that the probe beam
sees a depleted ground state population not just for stationary atoms, but also atoms moving with
a velocity such that the pump beam depleted them on a transition different from what the probe
beam is probing [69]. This translates to the condition that w+ kv = wg 1 and w — kv = wp 2, in the
case where an atom is moving at such a speed that 2kv = wg 1 — wp 2. Thus we observe another
transmission peak at a frequency w = (wo,1 + wo,2)/2, halfway between the two actual transition
frequencies. These crossover peaks are usually much stronger than the peaks corresponding to the

actual resonances.

In saturated absorption spectroscopy the pump beam is much more intense than the probe beam,
which could be achieved in a setup like figure 5.4 by placing a neutral density (ND) filter between
the cell and mirror, but in practice we find that this does not improve the signal, so we keep
both beams at comparable intensity. To avoid confusion we simply call this setup Doppler-free

spectroscopy.

In the experiments we scan the laser frequency by supplying a time-dependent voltage signal to
the PZTs in the ECDLs. In the older ECDLs the PZTs were driven with a triangle wave at 30 Hz
with an amplitude of 5-10 V, while the new ones were driven with a sawtooth wave at 19 Hz
with an amplitude up to 100 V. The scan range could be adjusted by changing the amplitude of
the voltage signal, and the centre of the scan range could be chosen by applying a DC offset to
the signal. Example oscilloscope traces for all relevant transitions are shown in figure 5.5, with

hyperfine transitions labelled by their F' quantum number.

Let us give some more practical remarks on obtaining the absorption spectra shown in figure 5.5.
In the following we assume that the laser temperature is stabilised to a reasonable value. For the
D5 lines (780 nm) room temperature, or slightly below room temperature, is satisfactory, whereas
for the Dy lines (795 nm) a higher temperature of around 50°C is required. The first step is always’
to use the ECDL wavelength tuning screw while monitoring fluorescence from the reference cell,
while the piezo scan is on and scanning a wide range. This helps the operator to spot fluorescence.
The laser should be roughly tuned to produce some fluorescence, at which point the oscilloscope

trace should show one or more absorption dips. If this is seen, but hyperfine peaks cannot be seen,

6Since it is the same atom, it has only one velocity.
7Unless absorption spectra have already been observed recently.
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Figure 5.5: Measured oscilloscope traces showing hyperfine transition and crossover peaks within
a Doppler-broadened envelope. The top row (37Rb) shows relevant transitions for our cold atom
experiments, and the bottom row (®*°Rb) is relevant for our warm atom work.
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Figure 5.6: Oscilloscope traces showing absorption spectra (yellow) in the case when (a) a laser
side-mode or (b) the main mode is resonant with atomic transitions. The two spectra were taken
one minute apart, only the laser diode current was changed by about 5 mA.

two things can be done. The laser current can be slowly adjusted in a small range. This changes
the diode gain characteristics and changes the spectral composition of its output, so can help if
the gain properties were not favourable to lasing on the required frequencies. If this does not help,
the retroreflector mirror in figure 5.4 needs to be fine-tuned. To do this, set the oscilloscope to AC

coupled mode, and adjust the mirror angle to get maximum peak visibility.

We observe that at high operating currents (130-150 mA) the diodes are often slightly multimode,
lasing on usually a few distinct frequency modes that are fairly close together, so our spectrometers
have a hard time resolving them. Changing the diode gain characteristics a little can have a
dramatic effect on the power distribution in these modes, but the key effect is that it is possible
to observe a decent-looking absorption spectrum while most of the output power is in the wrong
mode, which makes experimental results rather poor. We observe that in these cases there usually is
another absorption spectrum identical in shape but with much better contrast less than a milliamp
(or few mA) of diode current away. Slowly adjusting the current, often towards higher currents,
results in a sort of ’front’ sweeping across the absorption spectrum. On either sides of this 'front’
the contrasts are different. An example of two spectra, one on a side-mode and one on the main
mode, are shown in figure 5.6. In this specific case the good spectrum was found at about 5 mA

higher current, which is an unusually large difference.

5.4 Laser locking

With our ECDLs we clearly have the ability to address single hyperfine transitions of rubidium,
since the laser linewidth is narrow enough to resolve them. We can also tune the lasers onto
resonance with individual hyperfine transitions, as shown by the absorption spectra in figure 5.5.
It is still a challenge to keep the laser frequency tuned to a hyperfine transition, because the laser
frequency drifts more than the atomic linewidth on the scale of seconds due to small temperature
and diode current fluctuations in the ECDL. However, on a good day the amplitude of these drifts
is relatively small, below 100 MHz®, which is well within the mode-hop-free tuning range of the
ECDL, which means that it should be possible to correct the drift by active feedback via the PZT.

In the following we describe how we lock our lasers to hyperfine transitions.

The idea is to supply a drift-dependent voltage to the PZT, which would act to compensate the
frequency drift. Therefore this so-called error signal should be zero when the laser is resonant

with a transition, add a negative voltage if the laser frequency is too low and a positive voltage

8 And even on bad days, when the air conditioning system is acting up, the drift is not more than a few gigahertz.
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Figure 5.7: (a) Generating a derivative signal by adding a small frequency scan with amplitude Av
to the laser. Scanning a relatively flat part of the spectrum leads to a small intensity amplitude
(AIy), whereas scanning over a steep feature gives a large intensity amplitude (Al). The scan
ranges are vastly exaggerated for illustrative effect. (b) An example absorption spectrum with the
corresponding derivative signal calculated numerically using this method.

if it is too high. This is because a positive voltage decreases the laser frequency with our PZT

configuration.

The simplest idea would be to use the absorption spectrum directly as the error signal. A DC offset
can be added to the absorption signals such that the chosen hyperfine peak crosses zero. Then the
laser can be locked to the side of the absorption feature, specifically the right side of the peaks in
figure 5.5 since these have the correct slope. There are two problems with this approach. First, the
laser frequency is some 3 MHz detuned from the actual transition, because the laser is locked to
the side of the absorption feature. This can be a problem if the light frequency is not manipulated
further in the experiment, since the laser is not resonant with the atomic transition. Second, by
looking at the oscilloscope traces in figure 5.5, we can see that the peaks corresponding to the
actual transitions are small, with a relatively small side slope, so the lock stability is expected to
be rather weak, especially if the measured intensity at the photodiode varies, which can happen

due to air currents, for example.

A much better idea is to obtain the derivative signal of the absorption spectrum. This has the
advantages of crossing zero at the centre of the absorption features and large slopes even for
small peaks. A derivative signal can be obtained by adding a small amplitude, high frequency
voltage signal to the piezo drive. The frequency of this signal should be high compared to the
scan frequency, but low compared to the atomic linewidth. In the older ECDLs we use 20.3 kHz,
while the newer ones were supplied with 250 kHz. This fast scan essentially probes the amplitude
range of the absorption signal. If the gradient of the absorption feature is high, a small scan in
laser frequency will result in large changes in the photodiode signal, and for small gradients the
photodiode signal becomes flat. So the amplitude of the photodiode signal at the high frequency
scan corresponds to the slope, or derivative, of the absorption signal. This concept is illustrated in
figure 5.7. The amplitude of the photodiode signal at the scan frequency can be extracted using a
lock-in amplifier, which has the added benefit of rejecting detector noise at frequencies other than

that the modulation frequency.

We operated the two sets of ECDLs (the older and newer designs) with different electronics. The



CHAPTER 5. RESONANT LASER LIGHT FOR WORKING WITH ATOMS 70

current to the laser diodes in the older ECDLs was supplied by Thorlabs laser diode drivers (ITC-
102 with ITC-100D). These drivers supplied temperature control as well, except in one case where
the temperature control circuit has been burned out. For this laser temperature was stabilised
by an ILX Lightwave LDT-5412. The low frequency triangle wave scan signal was supplied to all
old ECDLs by a TTI TG1010 programmable function generator?. The high frequency scan signal
was supplied from the internal oscillator of an EG&G 5208 lock-in amplifier. This lock-in, along
with an EG&G 5210 and a Femto LIA-MV-150, also performed the extraction of the derivative
signal from the photodiode signal. Two of the older ECDLs were locked to their error signals by
home-built integrators, the circuit diagrams of which can be found in [70, 71]. The third laser of
that design was locked using a Sacher LB2001 servo controller'®. The new generation ECDLs were
controlled entirely by MOGLabs DLC202s (MOGBoxes). These units provided current control,
temperature stabilisation, error signal generation and PZT feedback, which made experimental

control a bit easier!'!.

In an attempt to abstract away the different electronics for all the different ECDLs, wires to
the ECDL components (laser diode, Peltier unit, thermistor and piezoelectric transducer) were
bundled together into a convenient serial port connector. For historical reasons the older ECDLs’
PZT control was separate to the serial connectors. In the case of the MOGBoxes the output was
already bundled into a DVI connector, which we built a converter for. The pinout of the serial
connectors is shown in figure 5.8. These common connectors turned out to be a very good idea
when the EG&G 5210 lock-in amplifier was destroyed by overcurrent, and one of the home-built
integrators failed in 2018 and two of the older ECDLs had to be controlled by the MOGBoxes.

5.5 Frequency control after the laser: acousto-optic modu-

lators

We should mention one more way of controlling light frequency that is completely external to the
laser, using acousto-optic modulators (AOMs). These devices contain an acousto-optic crystal,
tellurium dioxide or quartz in the ones we use, a piezoelectric transducer on one side of the crystal
and an acoustic absorber on the other. The PZT is driven with some radio frequency (RF) signal,
typically ranging from a few dozen to a few hundred megahertz. The PZT strikes the crystal, and
sets up a standing acoustic wave of changing density and hence refractive index. This acts as a

diffraction grating due to Brillouin scattering.

As light is diffracted to the mth diffraction order from this acoustic grating its frequency is also
shifted by m - f, where f is the PZT driving frequency. This can be thought of as a consequence
of a three-wave mixing process between laser photons and acoustic phonons in which the energy
and momentum of m phonons are transferred to one photon, which accounts for the deflection as
well. We can use this sum-frequency generation to tune the laser frequency. Positive frequency
shifted orders are always deflected away from the PZT, and negative ones towards the PZT. The
amount of light diffracted into the m # 0 orders depends on the amplitude of the PZT drive
signal, for the same reason as a phase grating efficiency depends on its grating depth. This makes
AOMs useful for switching beams on and off fast as well [72], without the need to disturb the laser
diode operation or having mechanical shutters which lead to large mechanical vibrations. They

can also be used for fine electronic control of laser intensities by controlling the power in the RF

9With a broken display, so the settings could not be checked. Fun.

10 Although to my knowledge nobody at Glasgow ever really understood how that thing worked.

11Here’s a general rule for experimental science: you can pay either money for complete control solutions, or pay
time in developing/building your own.



CHAPTER 5. RESONANT LASER LIGHT FOR WORKING WITH ATOMS 71

Main Expt.

Laser side Controller side
(male) (female)

6range: LD cathode)
Blue: Thermistor
Brown: TEC +

\__Solid colour

Brown: TEC GND
Blue: Thermistor
Orange: LD GND

Stripes

Controller side
(female)

Laser side
(male)

(Orange: LD cathode€)
Blue: Thermistor
Brown: TEC +
Green: PZT +

\_ Solid colour

——( Green: PZT GND |——
Brown: TEC GND
Blue: Thermistor
Orange: LD GND

Stripes

All connectors viewed from rear (wired side)

Figure 5.8: Laser driver serial port pinouts.
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Figure 5.9: Circuit diagram for current buffers to provide non-neglighle power TTL signals to
mixers. The 500 Q resistor determines the amount of current (and hence power) this circuit
supplies. If this buffer does not allow one to zero the output signal when the TTL is off, the
22 MQQ resistor can be exchanged for a lower resistance one to give a larger range of voltages to be
added to the TTL.

drive signal. Typically the maximum diffraction efficiency of AOMs in the first order is 80% at
their central frequency, but diminishes when driving the PZT with different frequencies. The exact

curves depend on the AOM design, their manuals should contain this information.

Typically, the AOM is supplied with an RF signal generated by a voltage controlled oscillator
(VCO) passed through an amplifier. The frequency of the signal can be controlled by al? control
voltage that can be supplied by simple voltage divider circuits using a potentiometer, or by analogue
outputs of computer controlled input/output (I/O) cards. Additionally, the amplitude of the signal,
and hence the diffraction efficiency of the AOM, can be controlled in multiple ways. A common
strategy is to pass the VCO signal through a voltage variable attenuator (VVA), which can be
controlled the same way as a VCO. We have used VVAs in such a way before, but we found them
to behave strangely in some cases, introducing delays on the order of milliseconds to the AOM
response (which is normally on the scale of fractions of microseconds) and changing the polarisation
of the light leaving the AOM. We could not explain these behaviours, but changing to a different

strategy for amplitude control resolved the issues.

We can turn the AOM grating on and off by mixing the VCO signal with a TTL signal from an
I/0O card. This allows us to switch the diffracted beams on or off with precise timing, although
to have fine, non-binary, amplitude control we would need an analogue voltage signal from the
I/O card, which is also possible. Unfortunately the I/O cards output negligible current, so there
is no power in the TTL signal, which means that the mixers output no signal, irrespective of the
state of the TTL voltage. For this reason we built a current buffer for each TTL channel. The
circuit diagram for these current buffers is shown in figure 5.9. The purpose of these was to supply
the same voltage as their input (the TTL signal), but provide a non-negligible current. They also
allow the fine-tuning of the zero voltage of their output by adding a small, positive or negative,
voltage to the input TTL, allowing us to make sure that when we want to turn the AOMs off we

can actually supply zero voltage to the mixers.

Of course changing the AOM frequency changes the laser deflection angle, which makes AOMs
difficult to use in experiments that require a range of frequencies and stable beam alignments. A
solution to this is to use them in a double pass configuration, shown in figure 5.10. The laser

beam is directed through a polarising beam splitter and focused!® onto the AOM aperture. The

12You guessed it...
I3 There is an alternative approach, which can produce a much smaller footprint in an experiment. The interested
reader is directed to [73] for more information.
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Figure 5.10: AOM in double-pass configuration. The first order of the AOM is reflected straight
back, and the laser frequency is shifted twice (once on passing through in either direction). The
two passes through the A/4 plate rotate the polarisation by 7, so the output is reflected from the
polarising beam splitter rather than transmitted. Due to the geometry of the two diffractions the
beam output direction is independent of the frequency shift.

AOM produces diffraction orders which are collimated by a second lens. The diffracted orders are
parallel after the lens, but spatially separated, so we can place an aperture around the first order,
blocking the others. This first order is reflected straight back by a mirror, and passes through a
A/4 plate twice. This rotates its polarisation to the orthogonal polarisation. The retroreflected
beam enters the AOM at an angle, and is diffracted again. Because the deflection direction of a
diffraction order depends on the frequency shift applied to that order, the first order on the way
back is deflected to the same path as the original input. We can place an aperture around this
order as well after the input side lens collimates the beams. The orthogonally polarised, doubly
frequency shifted beam leaves the polarising beam splitter at the other output instead of being
directed back towards the laser. The two deflections due to the two frequency shifts cancel out,

and so the output direction of such a setup is independent of the frequency shift.

Aligning AOMs in such a setup can be deceptively difficult. After the PBS the first focusing lens
should be inserted, centered on the beam such that it does not change the beam propagation
direction. The AOM should be turned on and placed at the focus of the first lens. The task at this
point is to align it for maximum diffraction efficiency by translating it in the plane transverse to
the beam propagation, and rotating it around two axes (horizontal and vertical) while monitoring
the output initially on a screen (piece of paper or detector card). Because of the many degrees
of freedom the initial placement can be a bit tricky. To make this easier, the AOM should be
kept horizontal. Then aligning the laser with the AOM aperture should not be too difficult, which
leaves rotation around the vertical axis as a free parameter. This should be adjusted, along with
small adjustments to the transverse position to keep the beam centred on the AOM aperture, until
multiple orders are observed on the screen. At this point all degrees of freedom should be slowly
optimised while monitoring power in the first order'* using a power meter. A particularly good
indicator of the quality of the initial placement is the AOM tilt in the z —y plane. If it needs to be
rotated more than a degree to find maximum diffraction efficiency the height of the AOM is likely
to be wrong, and should be adjusted instead of the tilt.

Once the AOM is placed the second lens should be inserted, ideally such that it is centered on
the zeroth order, but if this configuration would place the first order too close to the edge of the
lens it is more important to keep this order. An aperture should be placed around the first order
after the lens, and the waveplate and mirror should be inserted. The quarter-wave plate should be
rotated to 45° with respect to the laser polarisation. The mirror should then be aligned such that
the beam is propagating along the same path back through the AOM. The second lens position
should be optimised to minimise the deflection of the output beam with changing AOM frequency.

140r negative first order, if a negative frequency shift is desired.
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The power in the output of the PBS should be monitored and optimised last by small changes to
the mirror alignment and, to a smaller extent, the waveplate angle. The AOM angle can also be

adjusted slightly to optimise for double-pass efficiency over single-pass efficiency.

5.6 In summary

In this chapter we explained the operation principle of external cavity diode lasers, described the
two ECDL designs we used in our experiments and looked in detail at the procedure for setting them
up. We also examined Doppler-free spectroscopy as a method for obtaining reference frequencies
for atomic transitions to tune the ECDLs to. We described ways of using the absorption spectrum
of a reference vapour to provide an error signal for laser locking, either by using the absorption
spectrum itself, or its derivative. We briefly described how a derivative signal can be obtained.
We also described how to use AOMs to switch lasers on and off and shift their frequency without
the need to change the ECDL lock. In the next chapter we will combine our understanding of
light shaping from Part 1, atomic structure from Chapter 4 and laser control from this chapter to
generate and measure three-dimensional population structures in a room temperature rubidium

vapour.



Chapter 6

Experiment: 3D population

patterns

6.1 Introduction

The idea of this experiment came about to follow on from a previous work by Radwell, et al.
[74]. In that paper the 3D structure of a shaped light field was reconstructed using fluorescence
from room temperature rubidium vapour. This worked because at intensities below the saturation
intensity (I/Is,+ << 1) the fluorescence rate is linear with intensity, i.e. equation 4.18 becomes,
on resonance,

r
Ry = 5]/15,1,5. (6.1)

Then, in the homogeneous vapour in a reference cell the fluorescence from each point is proportional
to the laser intensity at that point. This assumes that the atoms act as passive scatterers, which

is a reasonable assumption in the case when there is only one low intensity beam present.

Here we show that simultaneously, the internal state of the atoms can change due to the interaction
with the laser. Specifically, in the electronic level structure of rubidium there are two hyperfine S
ground states (see figure 4.1) separated far enough in energy that it is possible to drive atoms from
one state to the other via excitation to a P state from which spontaneous emission to both ground
states is possible. In such a situation fluorescence from the driving laser, exciting atoms from
the upper ground state, is not proportional to its local intensity, because eventually the atom will
decay to a lower energy ground state which is not accessible for the laser and fluorescence stops. At
the same time, in a thermal vapour the upper ground state is repopulated by atoms entering from
outside the laser beam, and the volume outside the laser acts as a reservoir of atoms distributed
between the ground states. Fluorescence from a separate, spatially uniform laser driving a cycling
transition from the same ground state as the first laser can be used to interrogate the internal
state of the atoms. In this chapter we investigate the atomic physics in this two-laser system, and
describe the tomographic technique we used for reconstructing 3D atomic state structures. This

work has been recently published [75].

(0]
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Figure 6.1: a) Simplified energy level scheme of 3°Rb showing spectroscopic notation. D; and Do
transitions are shown in red and blue, respectively. b) Interpretation in terms of electron shelving.

Detection of fluorescence of the probe light indicates that an atom was in |1), and excitation by
the control beam and subsequent spontaneous decay transfers atoms from |1) to |0).

6.2 Atomic states in motion: structured light in warm atoms

We will study the interaction of room-temperature rubidium with two laser beams addressing
two transitions in a configuration reminiscent to electron shelving. A ubiquitous technique in ion
trapping, electron shelving is used to probe the quantum state of an atom [76, 77]. Typically two
lasers are used, one for the control of the state and one for detection. The strong control laser is
resonant with a transition of the atom between a stable ground state and a metastable (long-lived)
excited state. The probe laser, usually much weaker, is resonant with a transition to a short-lived
excited state. When the control laser is on, the atom produces fluorescence from the probe beam,
indicating that it is in the ground state. Shining the control beam onto the particle induces Rabi
oscillation between the metastable and ground states, so there is no interaction with the probe and

fluorescence stops.

Our analogues to the control and probe lasers drive the Dy and D transitions of rubidium-85
at 795 nm and 780 nm respectively as shown in figure 6.1, coupling to the excited states 5sP; /o
F’=3 (denoted as |C)) and 5sP;3/, F'=4 (denoted as |P)). These two transitions share the ground
state 5sS51/o F=3, which we refer to as |1). The control beam is shaped by an SLM and the
probe beam retains a simple Gaussian profile, expanded to a waist that is larger than the control
beam. Selection rules permit |C) to decay to either of the ground states |1) and |0) (5552 F=2),
with branching ratio 2:1. This means that where the control laser is bright atoms quickly decay
into |0), which is a dark state of both lasers. As a result fluorescence from the probe ceases.
Conversely, in volumes of zero intensity in the control beam the probe beam produces fluorescence.
By monitoring the probe fluorescence in 3D we can, in principle, characterise darkness structures
within the control beam. Crucially, this is done at a wavelength different from that of the control
beam, which enables the use of this technique in cases where light from the control laser is difficult

to detect.

Inside a room temperature vapour things are slightly more complicated since rubidium atoms
move at ~170 ms~! under such conditions. They collide with the walls of the vapour cell, which
randomly resets their ground state before they reenter the interaction regions. This process leads
to an effective repopulation of |1), so the probe produces some fluorescence even in regions of
high intensity volumes in the control beam. Before we get into the details we would like to thank
our internship student Sylvain Fayard who derived and calculated equation 6.3 during his stay in

Glasgow during the summer of 2016.
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Initially, in the absence of light, atoms are distributed between states |0) and |1) with a ratio of
5:7. This ratio comes from the fact that atoms in |0) can be in any one of the 5 Zeeman sublevels,
and similarly in one of 7 for |1), and the energy difference between |0) and |1) is too small to
lead to a noticable difference in thermal population. As we said before, the control beam rapidly
drives atoms into the dark state |0), in regions of high intensity in the control beam. Of course
where the control beam has no intensity atoms remain in |1). In the presence of the probe beam
the populations in the various states could be calculated using the optical Bloch equations, in a
spatially dependent fashion, but this is rather complicated. It turns out that for our purposes
here, however, it is sufficient to consider rate equations, because we assume that coherences do
not matter much in this system. This is a reasonable assumption because at room temperatures

decoherence times are very short.

The rates of change of populations can be written as

Py =TcoPo,
P, = —(Ric + Rip)Pr + Tc1Po +TpPp,
PC = Rlel — (FCO =+ FCl)Pc, (62)

Pp = RipP, — T'pPp,
1=PF+ P+ FPc+ Pp,

where R;; is the transition rate from state ¢ to j, caused by excitation due to a laser and I';(j)

refers to spontaneous emission from state ¢ (to state j).

We can make a number of simplifying assumptions here. First, the lifetimes of the two excited
states are short compared to the lifetimes of the ground states, so they are essentially never
populated. This means that we can forget about Pp completely. Pg is still relevant, since atoms
are transferred to |0) through |C). Because of the assumption that |C) is populated for negligible
times, which comes from the short lifetime and hence fast decay of |C) (I'¢ >> R¢, which is
true for low control intensities), we can re-interpret the system as a two-level system, where the

excitation rate from |1) to |0) incorporates the excitation rate from |1) to |C) and from |C) to |0).

In this case we have a system that is essentially identical to the populations in equation 4.17. Then
we can find the spatially dependent depletion rate of |1) as %Po = —%Pl = R4P;. The depletion
rate is essentially given by the fluorescence rate on the control transition, modified because of the
fact that from the excited state |C') the atom can decay back to |1) as well as |0). We have already
derived the fluorescence rate in equation 4.18. Here we need to find the detuning A in terms of
Doppler shifts due to the atoms in motion. This can be done by integrating the Maxwell-Boltzmann

velocity distribution in 3D. Then R, is given by

T'A r I(r)/Ig

1
Rd r) = — - ;
(x) 34./3mkyT /mppss 2 \/1+1(r)/1Is

(6.3)

where I(r) is the intensity of the control beam at a position r, T ~ 293 K the temperature in the
cell, mppgs is the mass of a rubidium 85 atom, A = 795 nm the wavelength, Is = 4.49 mW /cm?
the saturation intensity and the decay rate is I' = 27 x 5.75 MHz [78]. The leading factor of 1/3
comes from the branching ratio and relative pumping rate between the probe and control beams,

and represents the probability of the atom decaying to |0) rather than back into |1).

As we said before, without the two laser beams, the atoms within the cell are distributed between
the hyperfine ground states according to their degeneracy, Py = 5/12 and P, = 7/12. This
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distribution is maintained through collisions with the cell wall, which resets their state between
the ground states randomly. The probe beam drives a transition to an excited state that cannot
decay to any other state than the one the same beam excites, so this beam cannot change the

populations between |0) and |1).

In the presence of resonant light, the local population distribution is determined by two competing
processes. Consider an observation region near the middle of the control beam. The |1) population
is depleted at a rate R4 given by equation 6.3, which depends on the local control beam intensity.
At the same time it is repopulated by atoms that have collided with cell walls and drifted back into
the observation region. However, atoms in |1) may not reach the observation region, because they
may have had to pass through high intensity regions of the control beam and so may be depleted.
This depends on the exact spatial profile of the control beam and the path atoms take through
the cell. The vapour density in unheated vapour cells is low (on the order of 10=% Torr), which
means that the mean free path between atom-atom collisions is on the order of kilometres so we

can assume that atoms travel along straight lines.

It is also sufficient to consider atoms travelling in a plane transverse to the beam propagation. This
is because we use laser light resonant with stationary atoms because we lock them to Doppler-free
spectroscopy features. Therefore the atoms which have a component of their velocity along the
beam propagation direction see the laser Doppler-shifted out of resonance. Both the control and
probe beams need to address the same velocity class of atoms in order for us to be able to measure
Py. This means that the combined detuning of the two lasers needs to be within a narrow frequency
band which we measured to be approximately 40 MHz wide, corresponding roughly to the width

of the convolution of the probe and pump transition line profiles.

Considering a 1D slice in a transverse plane these arguments can be combined to show that the

variation of |1) population of atoms passing through the cell can be written as

ar, _ap ar _ PR,
dr At 'dt T v,

(6.4)

where v, = \/m is the most probable transverse speed of atoms. Technically we could
obtain a more accurate expression by integrating the Maxwell-Boltzmann distribution in 2D, but
we find that using this value for v, works very well. Integrating this equation, considering all the
directions an atom can travel along in 2D we find that the |1) population at a position (z,y) in a

transverse plane can be expressed as

2m

Pi(z,y) x %/d@PLg(H), with
0

(6.5)
wall R 0 o+ )
Pro(8) = exp / dr (T cos J;:z:,rsm Yy ’
0 T

where 0 and r are polar coordinates with the origin at (z,y) and the prefactor of 7/12 is the initial

value of Py, as described above.

The population in |1) is detected from the fluorescence of the probe beam, so it should have a
uniform intensity throughout the cell, or at least in any transverse plane. In practice it is hard to
make a flat-top beam that propagates a reasonable distance, so we use a beam with a truncated
Gaussian profile with a width exceeding the control beam diameter. This is obtained by passing

a wide Gaussian through a variable aperture. The probe fluorescence is related to the population
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in |1) through a rate R, identical in form to Rg4, of course with the appropriate values for the
saturation intensity Iyq; = 3.90 mW /cm?, decay rate I' = 27 x 6.07 MHz and the prefactor (equal
to 1) due to the branching ratio for this cycling transition. Then the probe fluorescence rate is
proportional to PiR,. For a spatially uniform R, the populations can be inferred directly from
the fluorescence, but even for a non-uniform R, we can recover the population by dividing by the

spatial structure of the probe beam.

We note that this discussion has implications for techniques that rely on measuring the absorption
of laser light due to thermal atoms, such as Doppler-free spectroscopy discussed in chapter 6. As
long as the laser beams used in those techniques have a small' cross-section and intensity, the
repopulation due to new atoms can be considered homogeneous throughout the beam and leads
to a systematic increase in absorption. However, for extended beams or very high intensities
atoms in the centre of the beam will be depleted while atoms in the outer regions of the beams
still experience repopulation. The result is that one observes different levels of absorption when

measuring different parts of the beam.

In subsequent sections we will experimentally generate light structures in the control beam and
measure the populations these structures imprint on the atoms. We will first look at the experi-

mental methods used.

6.2.1 Tomographic reconstruction

Tomography is the reconstruction of 3D struc-
tures from 2D images. We reconstruct the spa-
tial structure of the fluorescence using the to-
mographic technique described in [74]. The flu-
orescence in the cell is imaged from the side,
giving a projection of the intensity onto the
yz plane. While a single image of the fluores-
cence contains information about only a two-
dimensional projection of the populations, we

can also obtain three-dimensional information.

In simple terms, tomographic reconstruction is
the process of obtaining two-dimensional infor-

mation from a series of one-dimensional data2.

Our series of 1D data are columns of pixels from

the images taken from the side of the cell, cor- X
responding to a particular distance along the 0

ropagation axis z. The multiple images are
propag P & Figure 6.2: Hlustration of the tomographic recon-

struction process for 3 rotation angles. A column
by an angle 6 around its propagation axis z. of pixels is taken from a series of 3 fluorescence
This is equivalent to using cameras viewing the images recorded at different rotation angles of the
control beam. These pixel columns are stretched
into 2D, the resulting squares are rotated to the
appropriate angle and they are summed to pro-
temporal offset between multiple rotation an- duce a reconstructed cross-section.

recorded, each after the control beam is rotated

cell from different angles, where the spatial off-

set between multiple cameras is translated to a

gles of the beam. Each recorded image correspond to a different projection of the 3D structure of

IWhat constitutes ’small’ depends on the temperature and size of vapour cell.
2Although mathematically the same ideas can be used to generate N-dimensional data from a series of (N-1)-
dimensional data.
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the fluorescence onto the detector plane. We need to undo this projection. We use a process called
filtered back projection, based on an inverse Radon transform [79, 80]. The Radon transform is the
gives the projection of a 2D structure onto a 1D line by integrating along the direction transverse
to the 1D line, and its inverse allows us to undo such a projection. The process is illustrated in
figure 6.2.

Each n pixel long column from the images is Fourier transformed, and a ramp filter is applied
to the frequency space data in order to compensate for the oversampling of regions closer to the
rotation axis. The inverse Fourier transform is then applied, and the n pixel long 1D column
is ’stretched’ to an n x n square in 2D. These squares are rotated by the angle that the control
beam was rotated at in the given image. The rotated squares are summed together to produce
cross-sections at the corresponding z-coordinate. The full 3D structure within the cell is built up

from all the cross-sections.

6.3 Experimental setup

The experimental setup is shown in figure 6.3. In this experiment two new generation external
cavity diode lasers were used. To achieve the required frequency for the control laser the diode was
heated to close to 48°C. This required a small modification to one of the MOGBoxes, a variable
resistor needed to be changed to allow setting the temperature controller target so high. The probe
laser was locked to the Dy F=3 F’=2,3 crossover and tuned to the F=3 F’=4 transition using an
acousto-optic modulator (AOM) for fine frequency and power control. Both lasers were linearly

polarised, which was ensured by Faraday isolators placed immediately after the ECDL exit port.

780nm
filter

Camera Helmholtz coils

M4 N2

SLM N2 PD PD

Control

Probe
M4 AOM A2 PBS 95/5 \_/
ECDLs

Figure 6.3: Experimental setup as described in the main text.

The control beam was cleaned through a pinhole and was then directed onto an SLM (Hamamatsu
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LCOS) where it interacted with an amplitude modulated holographic grating to acquire a chosen
shape, for details see chapter 2. All orders except from the first order of the grating were filtered
out by an aperture placed in the Fourier plane of the SLM. After collimation the control beam
passed through a A/2 and a A\/4 plate for polarisation control, and it entered a non-polarising

beamsplitter used to combine the two beams.

The probe beam was sent through the AOM in double-pass configuration. The AOM frequency
was kept at 76.15 MHz to offset the laser frequency from the crossover to the F=3 F'=4 transition
(the frequency difference between the crossover and the transition is 2 x 76.15 = 152.3 MHz). This
beam was sent through a A\/2 and a A\/4 plate, it was magnified such that its cross-section was

larger than that of the shaped beam, and then the two beams were combined.

After the beamsplitter the now co-propagating beams passed through a rubidium vapour cell con-
taining both 8°Rb and 8"Rb in their natural isotopic abundance of 72:28, to produce fluorescence.
The fluorescence from the cell was imaged onto a camera using a camera-mounted imaging lens
(16 mm focal length), chosen for its decent depth of field. The lens was adjusted such that the
centre of the beams were in focus. A narrow-band filter centered on 780 nm (bandwidth ~10 nm)
was inserted before the imaging lens so that only fluorescence from the probe beam was recorded;

example images are shown in the next section.

6.3.1 Experiment control software

The software used to run the experiment was written in LabVIEW, progressing through many

3, used to take all data below, was constructed for maximum memory

iterations. The final version
efficiency, since during the experiments large amounts of image data was recorded, which had
a tendency to fill the available random-access memory. The software had to perform four major
functions: designing of light structures for the control beam and calculating holograms for the SLM;
displaying the holograms, while controlling the frequency and intensity of the probe laser via an
AOM; recording fluorescence images while the control beam is rotating; and finally reconstructing

fluorescence cross-sections.

The holograms were constructed using the techniques in chapter 2. The intensity and phase
structures could be generated in a very flexible manner in the software. There were options
for generating superpositions of Laguerre-Gaussian or Hermite-Gaussian modes, beams with flat
phases, only their amplitude shaped, or beams with completely arbitrary phase and amplitude
structures defined as PNG files, generated in other software. The experiment control software took
care of amplitude and phase correction, although the corresponding profiles of the input beam were

measured with other software written specifically for that purpose.

For each beam several holograms were generated, corresponding to different rotation angles of the
control beam. The software was designed to take into account rotational symmetries of the desired
beams. For example, a HG} has a 2-fold symmetry under rotation by 360°, in other words, rotation
by 180° returns to the beam at 0° (up to an unimportant global phase). Therefore it is sufficient to
record data for half the full 360° rotation, the second half would contain no new information, since
the holograms would be identical. We can exploit this to either perform experiments faster (using
less rotation angles) or get higher spatial frequencies in the reconstruction (by using a large number
of rotation angles in a smaller overall rotation). These were relevant concerns because during most

of the measurements presented here laser locking stability was rather low, with ECDLs coming

3Access at http://dx.doi.org/10.5525/gla.researchdata.630
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off lock over periods on the scale of 30 minutes, which limited the available time for recording

fluorescence images from the same control beam under the same conditions.

Each hologram was saved to hard disk to save memory space. During the experiment they were
individually loaded by the control software and displayed on the SLM. Because in this experiment
we had no access to the SLM refresh timings we waited 100 ms after the display request to give
ample time to the SLM to display the required hologram. We have seen in tests that waiting less
would occasionally result in the previous hologram still being displayed. Then the camera exposure

would begin, and on completion of the exposure the fluorescence image was saved to hard disk.

For the reconstruction the images were loaded one by one, and only the columns from a chosen
subset were kept in memory. A bandpass filter was applied to the columns in order to remove high
frequency detector noise. In practice we used quite aggressive smoothing (removed the top 20% of
frequency components) because the beams we used had reasonably low spatial frequencies. Then
the ramp filter was applied to the smoothed pixel columns, the 2D squares were calculated and

they were summed together to produce fluorescence cross-sections.

It was important that the centre of rotation of the beams be identified accurately for the recon-
struction to work. A small displacement (less than 5 pixels) of the reconstruction axis resulted
in completely wrong results. We could identify the rotation axis by generating a known pattern,
measuring the fluorescence of the control beam alone and comparing the reconstruction with the
desired pattern. Great care was taken to make sure that both the control and probe beams prop-
agate horizontally and coaxially, parallel to the camera horizontal, so that the rotation axis would
not change throughout the camera images. This was done by monitoring the fluorescence from
either beam in real time, and fitting Gaussians to two columns of pixels, separated significantly.
We could then match the centres of the Gaussian fits by careful alignment of the beams using the
mirrors and beamsplitters. This has worked very well, giving us an estimated precision of +0.5

pixels when determining the beam axes.

6.4 Results

First we attempted to determine the ideal combination of beam powers (hence pumping rates)
that produces the best reconstructed images, with the aim of maximising contrast. In order
to quantify the quality of data we introduced different measures for the contrast. First, let us
describe the measurements available to us. We first propagated only the Gaussian-shaped probe
beam through the cell, blocking the control beam, and recorded the fluorescence at some value of
the propagation distance z. This cross-section serves as a reference to which we can compare the
following measurements. We then unblocked the control beam, gave it a simple Gaussian profile
and recorded the fluorescence. Finally we 'threw away’ a part of the shaped beam, making a hole
in it, and recorded the fluorescence. This cycle was repeated for different combinations of powers
in both the probe and shaped beam controlled by the AOM and the grating depth, respectively.
We performed this 2D power scan for a number of different polarisations in the beams, and at
different magnetic fields and directions. Sample cross-sections of these fluorescence measurements

are shown in figure 6.4a.

We then calculate the difference between the first and second fluorescence profiles, shown in fig-
ure 6.4b. Here we have a number of choices that we can make in order to find a single value for
the contrast. We can either fit the difference profile with a Gaussian and find its peak, or we can

integrate it. Whichever method we choose we call the result ’bright contrast’, and it measures how
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Figure 6.4: a) Sample cross-sections of fluorescence measurements. Blue: fluorescence from the
probe beam only. Yellow: fluorescence from the probe beam with the Gaussian-shaped beam
turned on. Green: same as yellow, with a imprinting a hole in the shaped beam. b) Sample
contrast profiles. Blue: bright contrast, yellow: dark contrast.

well the depletion process works.

Of more interest is another quantity we call ’dark contrast’, which measures how well we can
differentiate between the shaped beam having a hole or not based on the reconstruction. This is
calculated by first taking the difference between the first and the third profiles, and subtracting
this from the bright contrast profile. Both the bright and dark contrast profiles, calculated from
the data shown in figure 6.4a, are shown in figure 6.4b. Here we again have the choice of finding

the peak of the profile or integrating. The result of both of these is shown in figure 6.5.

From figure 6.5 it can be seen that in general higher power in the shaped beam gives better contrast.
It can be seen that contrast ramps up for low probe powers and then flattens, however this is not
related to the atom-light interactions. It arises simply because the exposure time for the camera
was too short for low probe powers and the profiles were very small. Once there was enough light
so that the CCD would have saturated the exposure was lowered to prevent this, so all profiles
had roughly the same peak values and the contrast flattens. The length of the initial ramp can be
changed significantly by choosing different initial settings for the exposure. These measurements

suggest that overall high powers in both beams are desirable for a good contrast.

Also of note are a set of dispersive features seen in the middle of figure 6.5b (and to a lesser
extent, figure 6.5a). These features are present for the same powers irrespective of relative beam
polarisations (not shown in figures), but shift with changing magnetic fields. This can be seen from
figure 6.5d, taken at a different magnetic field, where the features shifted to higher powers in both
beams. We believe that these features are caused by the difference in saturation intensities for the

two transitions, but the exact mechanism is not understood and was not investigated further.

In order to show the complementarity of the control and probe fluorescences we generated a control
beam with a Yin-yang symbol cross-section show in figure 6.6a. We have used our reconstruction
technique to produce the cross-sections in 6.6b and d. As can be seen in the figure, control
and probe fluorescence cross-sections are indeed visually complementary to each other, with some
notable differences. The the probe cross-section has less sharp edges. From figure 6.6 it also
seems that the technique is less accurate at reproducing population patterns due to dark features
surrounded by brightness than bright regions surrounded by darkness, leading to a loss of contrast.
This contrast loss can be explained by the fact that atoms need to cross high intensity regions in

the control beam to get to dark holes.

We investigated the variation of contrast measured at a dark hole in a beam as a function of the

amount of surrounding control light power. We numerically simulated the populations in a beam
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Figure 6.5: Dark contrast measurement results. Left: contrast measured in terms of fluorescence
peak, right: contrast measured in terms of integrated fluorescence. Top: no applied magnetic field,
bottom: magnetic field of approximately 0.75 G aligned with beam propagation direction

Figure 6.6: Simulated and reconstructed cross-sections from a control beam with a yin-yang symbol
profile, measured in the image plane of the SLM. a) Desired control intensity profile. b) Light
reconstruction from fluorescence of the control beam. ¢) Simulation of the reconstruction of probe
fluorescence indicating population in |1). d) Measured probe fluorescence reconstruction.
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Figure 6.7: Normalised population contrast as a function of varying a) dark core radii R in a
flat-top control beam and b) temperature. In a) radii R are ranging from 0 c¢cm (shown in dark
blue) to the full beam radius of 0.5 cm (cyan) at a temperature of 300 K. In b) the temperature
is ranging from 1 K (shown in red) to 300 K (yellow), for R=0.3. Fits show as black lines are
smoothed spline interpolations calculated from 15 data points in both figures. Inset i) shows the
control beam shape, indicating the definition of R. Insets ii) and iii) show population pattern
cross-sections through the centre of the control beam.

with a central dark core of varying radius R. The outer beam radius was fixed at 0.5 cm and
the local intensity in each pixel of the simulated beam was 0.1Ig. To evaluate the population
contrast we defined it as the difference between the minimum |1) population within the pattern
and population in the beam centre. The results are shown in figure 6.7. If the hole radius is 0
(no hole), there is of course no contrast, and we see that the population of |1) in the centre is
reduced compared to the outer regions. With increasing dark core radii, the contrast peaks at
a radius of approximately 0.3 cm. For larger dark core radii the contrast decreases because the
control beam no longer has enough power to effectively pump atoms into |0) during the transit
across the annulus of brightness. For beams of complicated shapes the exact population contrast
structure can become hard to predict without simulations, but these observations should provide

some intuition.

Naturally, the temperature of the atoms in the vapour makes a significant impact on the population
structures we can inscribe. Figure 6.7 b) shows simulations using the same control beam as in the
previous paragraph, but this time with a fixed core radius of R= 0.3 cm and evaluating the contrast
for a range of temperatures. It can be seen that at very low temperatures, below approximately
20 K, the contrast is low. This is because the slow-moving cold atoms traverse the bright control
beam annulus slowly and have a long time to be efficiently transferred to |0), and so atoms in |1)
cannot reach the dark core. For higher temperatures, above around 100 K, contrast becomes low
again because of the opposite reason to the cold atom case: hot, fast atoms do not spend sufficient
time in the control beam to be transferred out of |1). So for the parameters used here there is
an optimal temperature range, close to 50 K, for maximising contrast. Again, this generalises to
complicated beam structures, but the exact optimal temperature can be hard to determine without

a lot of numerical simulation.

In order to further investigate the relationship between control beam shape and |1) populations
we performed the experiment using a control beam with a linear intensity ramp in the azimuthal
direction. These results are shown in figure 6.8. It is particularly instructive to look at the
measured control and probe azimuthal intensity profile. We expect the control profile to be linear
and increasing with azimuthal angle ¢. This is confirmed by the results in figure 6.8. It can
be seen that both control and probe reconstructions possess reasonably linear profiles away from

sharp edges, as expected. However, the probe reconstruction is significantly less sharp near high
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Figure 6.8: Reconstructed cross-sections from a control beam with a linear azimuthal intensity
ramp. a) Desired control intensity profile. b) Control fluorescence reconstruction. c¢) Simulated
|1) populations. d) Reconstruction of state |1) populations. e) Unwrapped control (blue) and
probe (red) fluorescence profiles at a fixed beam radius corresponding to the red dashed circle in
a). Solid lines are simulations. Error bars represent the standard deviation calculated from 10
cross-sections.

contrast edges as can be seen from the smooth curving of the red curve around ¢ = 7. A naive
way of modeling the expected dark intensity profile would be subtracting the control profile from
a constant value, since the intensity of the probe is azimuthally constant. It is apparent from the
measured intensity curve that the probe images, and hence the populations, are blurred. This
blurring is in fact a direct consequence of the fact that at points within the control beam atoms

sample areas of varying intensity from different directions, as expressed in equation 6.5.

Figure 6.9 shows full 3D control and probe reconstructions. The control beams used here were a
3-by-3 array of discs, and a superposition of Laguerre-Gaussian modes with {; = 3 and [, = 11.
The waists and relative amplitudes corresponding to the two modes are chosen such that the
superposition gives a so-called optical ferris wheel [81]. Both the control and probe beams were
focused by a lens with focal length 75 mm placed immediately after the recombining beam splitter.
The cross-sections used to build up the 3D structures were peak normalised. The halo due to the
larger diameter of the probe beam, seen in the probe cross-sections in 6.9b), was removed from the

corresponding 3D reconstruction where possible for clarity.

It can be seen that the control reconstruction retains good resolution throughout most of the
propagation. The dark lobes are still clearly resolved 2 cm from the focus. In contrast, the probe
reconstruction does not show the corresponding bright lobes at the same distance. As can be seen
in the 3D image the ability to resolve these lobes within the bright halo is lost near a distance of 4
cm from the focus. Furthermore, the overall contrast between the bright lobes and the background
is also lower than the contrast observed in the control cross-sections. This illustrates the resolution
limit at which we can manipulate atomic population structures in a warm vapour. In our case the
transverse resolution limit is around 200 pym. We made this estimate by convolving a sawtooth by
a Gaussian, and fit the result to the measured population shown in figure 6.8. Using a Gaussian

with a width of 200 um gave a very good fit.
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Figure 6.9: Full 3D reconstructions from focused control (top) and probe (bottom) beams. The
control beams had a cross-section of a) a 3-by-3 array of discs and b) an optical Ferris wheel.
Sample cross-sections are also shown. The dimensions of the boxes are approximately 1 cm x 1
cm x 7 cm. Propagation distances z are measured from the focus. For clarity, isosurfaces were
plotted at intensities indicated in the colourboxes. In these figures the beams propagate in the —z
direction.
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6.5 In summary

We have described an experiment that uses all our expertise with beam shaping and atomic physics
to inscribe 3D population patterns into a room temperature rubidium vapour. We reconstructed
the inscribed population patterns using fluorescence imaging and tomographic techniques. We
paid particular attention the the limitations of resolution and contrast in the achievable atomic
populations due to the competition between local population depletion and globally sampled re-
population, developing numerical simulations based on rate equations that match our experimental
results extremely well. We note that all the work here, both theoretical and experimental was done
using CW lasers, and it might be interesting to consider the possibilities of a pulsed control beam,
which would allow us to effectively generate a short-lived 3D image memory. In any case, in the
next chapter we look at a completely different regime of atomic physics in setting up a cold atom

trap.



Chapter 7

Cold atom physics: optical traps

7.1 Introduction

Widely accessible warm atomic vapours already offer an interesting and useful platform to study
atom-light interactions, and they can be used very practically for example in high-sensitivity mag-
netometry [82] or quantum information storage [83]. The main issue with using warm vapours for
such applications used to be the very short coherence times of the atoms at these temperatures,
essentially because they frequently collide with the cell walls which causes decoherence. While re-
cently this issue has been somewhat resolved by the use of anti-relaxation coatings [84, 85] and/or
buffer gases [86], the classic approach of cooling and trapping atoms in a small volume is widely
used, for example in high-stability optical clocks [87]. We need cold atoms for their slow movement,
to avoid smearing out spatial structures when atoms interact with shaped light. Slow atoms also
enhance atom-light interaction because the lack of Doppler shift allows the light to be resonant
with more atoms. Here we look at the basic theory of magneto-optical traps, their construction and
operation, and we describe a more advanced trapping configuration known as a dark spontaneous

force optical trap.

In section 7.2 I describe the theory of magneto-optical traps, and in the subsequent sections in this

chapter I describe my work on building and optimising such a trap.

7.2 Magneto-optical trap

Consider a two-level atom at rest in its electronic ground state, with a laser beam shining on it.
The atom will only interact with photons in the beam with the appropriate wavelength to match
the difference in energy between the two atomic levels (on resonance). Such a photon will be
absorbed, and in line with the conservation of momentum cause the atom to move in the direction
of travel of the photon. During the absorption process the atom will be promoted to its excited
state and after a short time decay back to the ground state through the spontaneous emission of
a photon of identical wavelength in a random direction. If the spontaneously emitted photon is
emitted in the same direction as the absorbed photon the atom will end up at rest. However, in

all other cases its kinetic energy will be higher compared to that before the interaction.

The same process can be used to cool the atom if the laser beam is red-detuned! and the atoms

IThe laser wavelength is tuned slightly off-resonant towards longer wavelengths.

89
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Figure 7.1: Velocity-dependent acceleration in Doppler cooling for rubidium-87 and different de-
tunings 0 and I=Ig,4.

are in thermal motion [88, 89]. In this case in the frame of atoms moving towards the laser source
photons will be blue-shifted to resonance with the internal transition and be readily absorbed. Due
to the geometry of the situation this reduces the momentum of the absorbing atom. Since the effect
of spontaneous emission is, averaged over a large number of interaction cycles, zero, the net effect
is the slowing of atoms moving towards the laser source. On the other hand in the frame of atoms
not moving towards the laser there will not be resonant photons to be absorbed provided that the
laser spectrum is narrow enough, and hence will not be affected. This process ’burns a hole’ in the
velocity distribution, but does not slow all atoms if the laser linewidth is narrow. One can choose
the speeds affected by selecting the laser detuning. In the case of two counter-propagating laser

beams the acceleration experienced by atoms is given by [90]

7@5 I/Isat B I/Isat
T om 2 \1+4(0 —kv)2/T2 +21 /Iy 14+4(0+kv)2/T2 + 211 )’

a(v) (7.1)
where 7k is the photon momentum and m is the atomic mass. This expression essentially amounts
to the statement that absorbed photons change the momentum of the atom, and photons are

absorbed at the scattering rate.

As we said before, this velocity-dependent acceleration burns a hole in the velocity distribution
around the speed where the Doppler shift brings the atoms exactly to resonance. For room tem-
perature rubidium the detuning would be close to 800 MHz if we wanted to slow the most atoms?.
However, in that case atoms with lower speeds would not be affected, and the velocity distribution
would not be compressed appropriately. At low detunings the acceleration is pretty much linear
around 0 m/s, up to a peak at some speed v. known as the capture velocity. This is shown in
figure 7.1. In this regime cooling can be modelled as linear damping, and it allows us to efficiently
achieve low temperatures. We chose a detuning of around 16 MHz because we find that it is
optimal for trapping, even though the highest capture velocity with proper cooling would occur
at around 10 MHz higher detuning. As we will see in the next paragraph, in the presence of a
magnetic field gradient needed for trapping there is an extra detuning due to energy level shifts,
which optimises the capture velocity for the lower laser detuning we set here. The downside of this
is that the lasers are talking to a relatively small fraction of all velocity classes, but for rubidium

this is still sufficient to capture a good number of atoms.

2The most probable speed is around 100 m/s.
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Figure 7.3: X marks the MOT: fluorescence from the trap beams is visible when the vapour pressure
is high.

Doppler-cooling allows us to slow atoms down to a few 100 pK, and other effects can cool even
further [91, 92, 93], but they do not readily allow us to collect atoms in a small volume. In magneto-
optical traps (MOTs) this is achieved by a quadrupole magnetic field generated by a pair of anti-
Helmholtz coils [94], see figure 7.2. The quadrupole field results in a spatially-dependent force seen
by the atoms because of the Zeeman effect [95]. The magnetic sublevels of the hyperfine structure
of the atomic energy levels are not degenerate in the presence of an external magnetic field. In fact
the magnetic sublevels are split proportionally to the supplied magnetic field strength and direction.
Atoms at different positions within the quadrupole field experience different laser detunings because
their energy levels are shifted closer to resonance, provided that the lasers are circularly polarised.
This effectively increases the capture velocity and cooling efficiency, but slow atoms are also pushed
towards the trap centre. Since the quadrupole magnetic field gets stronger away from the trap
centre the Zeeman shifted levels of slow atoms get closer to resonance, and so such atoms will scatter
more light farther out, experiencing a restoring force pushing them towards the middle. In the case
of neutral atom traps one normally needs counter-propagating lasers in three orthogonal directions
with appropriately balanced intensities to slow all atoms, compressing their velocity distribution
and so cooling them. This is shown in figure 7.3. Several other configurations also exist [96, 97].

The intensities of lasers in different configurations can be calculated by following [98], for example.

Another important point to consider is that
to efficiently cool atoms a suitable set of en-
ergy levels needs to exist in the atoms. This
is because after scattering events atoms need
to return to their original ground state in or-
der to interact with the laser again in a closed
loop transition; otherwise the energy difference
between the new ground state and the upper
state does not match that of the photons, and
interaction stops. If the atoms do fall into

such a dark state, another 'repump’ laser can

be used to excite them from the dark state of

the trap laser into another excited state, from - - 0o 2

which they can again decay back into the orig-

Figure 7.2: Quadrupole magnetic field centered

on the trapping region. Represented area is

plicated the (hyper)fine structure of an atomic 1 ¢mx1 cm, and the maximum field magnitude

species is the more repump lasers are necessary in this region is close to 2 G and it is 0 G in the
centre.

inal ground state. In general the more com-



CHAPTER 7. COLD ATOM PHYSICS: OPTICAL TRAPS 92

9 P b 9
poz A 6P 784
NP 332 2]
poo (I A
. F=2
5S;
P F=1

Figure 7.4: Simplified level scheme of 8"Rb D, line showing a) MOT transitions. Red: trap laser,
green: repump. Curved lines indicate decays and thin solid lines indicate off-resonant pumping.
ECDL lock points are shown for b) trap (F=2—F’=3) and c¢) repump (F=1—F’=1) transitions,
indicating frequency shifts in MHz from the lock point to the transition. DP indicates that the
AOM is in double pass configuration, so its frequency shift should be half of the indicated number.

and the less efficient cooling becomes; for ru-

bidium 87 used in our experiments one repump beam is sufficient. This is because we address the
F=2 F’=3 D, transition with our trap laser, which can only decay back to the F=2 ground state;
however, because of the finite line width of the atomic levels and the laser, occasionally atoms are
off-resonantly excited to the F'=2 excited state, from which they can decay into the F=1 ground
state as well. A repump tuned to the F=1 F’=1 transition can return these atoms to the cooling

cycle. This level scheme is illustrated in figure 7.4a.

7.3 Aligning the MOT

The correct alignment of the trapping beams is
essential to the good operation of the trap. A
schematic model of the key components of the
trap setup are shown in figure 7.5. Previously,
the alignment was done simply by aligning the
horizontal beams to pass directly over a set of

holes in the optical table in a 90° cross pattern,

and aligning the vertical beam with the cen-

ter hole. The anti-Helmholtz coils were placed
such that the magnetic field zero would be at
the beam crossing point. Then, the trap qual-

ity was iteratively improved by making small

changes to the beam alignment. This process
does not explicitly take into account refraction
Figure 7.5: Schematic diagram of the current
MOT setup, top view. Red lasers are respon-
sible for forming the trap and the orange beam through reflection, so it was a slow, difficult
is used for probing the atoms. Quarter-wave and non-rigorous process. Since the experi-
plates placed in front of mirrors ensure the cor-
rect polarisation of the returning beams. Note the
highly exaggerated refraction through the vac-
uum cell walls. Lenses L1 and L2 in the horizon- to speed up alignment and potentially improve
tal beams before they enter the cell are respon- trap quality.

sible for correcting the returning beam intensity.
Quadrupole (brown) and compensation (copper)
magnetic coils are also shown.

at the vacuum chamber walls, nor power loss

ment was recently disassembled for cleaning,

we performed calculations of the above effects

Firstly, we calculated the effect of refraction at
the vacuum cell walls on the beam travel paths.
We found that inside the vacuum chamber the horizontal beams, propagating at 45° to the cell

walls, are displaced by about 2.7 mm on a single refraction. This means that after exiting the
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Figure 7.6: 3D printed alignment aids. The tall ones were used for the vertical MOT beam. The
various smaller ones were used for aligning the horizontal arms and other beam paths.

cell they are displaced by approximately 5.4 mm compared to going straight through (without any
glass present). As a result the magnetic field zero needs to be displaced from its previous position

by 2.7 mm?

. To guarantee this we 3D printed support structures for the coils that ensure the
correct magnetic field zero position. The vertical beam also needed to be displaced by the same
amount, to do this we again 3D printed a small indicator plate that keys into holes in the optical
table, with the correct beam position marked on it. The vertical beam was then aligned with this

indicator.

We also need to be able to accurately align the horizontal beams with the magnetic field zero. For
this purpose we again 3D printed alignment markers that could be screwed to the optical table in
various positions. They had holes at the correct height and transverse location at the corresponding
position on the optical table. The trap and repump beams could be aligned through these holes by
maximising transmission monitored on a power meter. This allowed very quick alignment of these
beams. Because the beams were not perfectly symmetric Gaussians, however, it was difficult to
judge when they were aligned best through the holes. As a result the beam alignments all could be
optimised after this initial alignment. However, we estimate that the improvements to the initial
alignment technique reduced alignment time by about 75%, to about one hour. Figure 7.6 shows

the 3D printed alignment aids used in our experiments.

We then turned our attention to the effect of power loss through reflection from the vacuum chamber
walls. We found that approximately 5% of light is lost per surface in the horizontal beams. This
means that beam intensities between the incident and returning beams are imbalanced, resulting
a shift of trap position and change in the trap shape. Since this shift moves the optical trapping
region away from the magnetic field zero it reduces trap quality. This effect can be minimised if

we reduce the returning beam size such that intensity is the same in the retroreflected beam at

3Since it is within the cell.
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the trap location as it was on the first pass of the beam. This was achieved by placing lenses in
front of the cell (see figure 7.5).

The beams pass through the glass walls four
—I times after the MOT region, once on exiting

the vacuum cell and once entering again af-

d ' d, d, ' ter retroreflection. Thus the returning power

5 f is Py = 0.95*P;. This means that the radius of
the returning beam needs to be Ry = 0.95%R;.
Flgu.re 7..7: Compensating intensity losses on T~ The lens we need is going to be of a very long
flection in the MOT vacuum chamber by using

lenses, decreasing beam area to compensate for
hpamawdinear. Then, using similar triangles, the distance between the lens and the trap position

focal length, so we can treat the focusing of the

di and the distance from the trap to the mirror d, are related to the lens focal length f as

(f —dy) —2dy = 0.95%(f — d1), so

(7.2)
2dy + 0.05d; = 0.05f,

see figure 7.7.

The parameters are constrained by the placement of magnetic field compensation coils (described
later), which imply that we need a focal length that is as long as possible. The longest focal length
commercial lens we could find has f = 2500 mm. In this case 2ds + 0.05d; = 125 mm. The closest
we can place the lens to the cell is around 60 mm, in which case 2ds ~ 122 mm so ds ~ 61 mm.
Unfortunately the mirrors could not be placed in these exact locations, so we placed them as close
to the ideal locations as possible. The error in the placement was no more than 10 mm, which

leads to an intensity error of less than 1%.

After implementing these improvements we measured the number of atoms trapped without any
further optimisation. We determined atom numbers from absorption measurements. Using a
camera we measure the intensity of a probe beam, tuned to resonance with the trap transition, in
the absence of a trapped cloud (I;;,) and in its presence (I,,:). The atom number N was found by
integrating the two-dimensional projection of the atomic density distribution, assuming low optical

density. The density distribution is related to the measured images via

o LU [ [ () o

where I is the average intensity of the probe beam, A is the probe detuning, which in our experiment
was zero, I is the natural linewidth of the probe transition, and the resonant scattering cross-section
is A =2.90 x 1071 m~2 and the saturation intensity of the transition is Is = 1.67 mW /cm? [59].
The absorption imaging process is illustrated in figure 7.8. After the initial alignment of the trap
with the new technique, without further optimisation, we find atom numbers of approximately
2.5x108, which are consistent with the best results that were previously achieved after lengthy

alignment. The shape of the cloud, shown in figure 7.9, is also qualitatively better, more symmetric.

We also measured the MOT temperature. This is done by loading a MOT, turning the trapping
beams and quadrupole field off and letting the cloud expand for some time §¢, then turning the
probe beam on and recording a absorption image. The size of the expanded cloud is estimated by
fitting it as a 3D Gaussian. This process is repeated with a number of different d¢, and from the

series of cloud sizes after different times of expansion the most probable atomic speed is estimated.



CHAPTER 7. COLD ATOM PHYSICS: OPTICAL TRAPS 95

Background Probe Probe+atoms Optical density

- BN

Figure 7.8: Absorption imaging proces. The natural logarithm of the ratio of the background-
subtracted probe beam images without and with the atom cloud present is the optical density, or
absorption image, up to a constant factor. The greyscale images were scaled to show detail; the
background is usually barely perceptible when view on the same scale as the probe beam.

— —
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Figure 7.9: Fluorescence images of a MOT when viewed a) along the probe direction and b)
perpendicular to the probe direction. The two images are not to the same scale. The green circles
were meant to help alignment in the experiment, and are not intended to indicate the same volume.

This can be related to temperature by

7 M2 T
T kg 6t3 -6t} (7.4)

j€{z,y}

where m is the atomic mass, and os are the cloud widths along the j direction at times dt. We
find initial temperatures of T, ~ 220uK and T}, ~ 385K, which are on the warm side, but similar

to previously measured results.

7.4 Magnetic field control

There are numerous sources of magnetic fields affecting the atomic clouds used in the experiments.
The largest contribution likely comes from the magnetic field of the Earth, but the control electron-
ics, and especially the vacuum pump located in close proximity to the experiment volume, provide
significant contributions. These must be accounted for, and compensated, in order to perform all

experiments presented in this thesis.

Magnetic fields in and around the trap region are controlled by 4 sets of coils. A pair of circular
coils in anti-Helmholtz configuration provide the quadrupole field necessary for the MOT, and

three pairs of rectangular coils in Helmholtz configuration are responsible for cancelling the Earth’s
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probe
25°

Figure 7.10: Location and orientation of the four pairs of coils around the vacuum cell of the trap.
Coil dimensions and the number of turns N in each coil are indicated. Inset shows the labelling of
the compensation coils and the directions of the magnetic fields generated by them.

residual magnetic field and providing a small bias field determining the quantisation axis of the

atoms. The location and orientation of these coils are shown in figure 7.10.

The magnetic fields generated by the coils depends on the current driven through them. In practice
we do this by setting a voltage, which sets a current through Ohm’s law, V = I R. The problem
is that the resistance of the wires that make up the coil is temperature dependent, and the coils
heat up considerably when driven at the high currents we use. This means that if the set voltage
is constant the current is temperature dependent, and stabilises to different values depending on
external factors such as the room temperature and air currents. The current also takes a long time
to stabilise, because the coils thermalise on the order of several minutes. This is not acceptable if

we need fast switching of fields, which we do.

This issue is solved by a current driver shown in figure 7.11. The current in the coil is monitored
by the voltage across a 1€ resistance. If a TTL signal is on, switching the coils on, this voltage
is compared to a reference set either by a potentiometer or an analogue voltage from an I/O card
connected to the experiment control computer. The difference between the reference and monitor
voltages passes through a low-pass filter to reduce ringing and is used to control the resistance of

a FET in series with the coil, thus feeding back to the current through the coil.

7.4.1 Field strengths and coil currents

It is useful to be able to determine the transverse and longitudinal components of the bias field in
the frame of the probe direction. Assuming that the Earth’s field is properly compensated, coil 3
does not contribute to either of these since the bias field is applied only by coils 1 and 2. Then, the

two components of interest, longitudinal and transverse, can be found in a straightforward fashion:

Biong = B15in25° + Bj cos 25°

(7.5)
Btrans = Bl cos 25° — BQ sin 25°.
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Figure 7.11: Coil current driver circuit diagram. The PSU supplies a constant voltage, and the
current in the coil-side circuit is adjusted by feeding back to a BUK9575 FET in series with the
coil.

However, in the experiment we can directly control B; and Bs. Equations 7.5 can be inverted to

find how the experimentally controllable parameters depend on the ones of theoretical interest:

Blong tan 25° + Btrans

cos 25° + sin 25° tan 25°
Blon cot 25° — Btrans :
By = & = Bion 25° — Biran 25°.
27 §in25° + cos 250 cot 250 lone €OP trans SIT

B =

= Biong 8in 25° + Birans c0s 25°
(7.6)

Experimentally these fields are generated by pairs of rectangular coils. For such coils with N turns,
dimensions a, b and separation h the current I required to generate a desired magnetic field is given
by

;_ BB (@®+h?) (0* +1%) va? + 52 + B2

- 8N ab (a? + b2 4 2h2?) (7.7)

The direction of the current in the coils required to give the desired magnetic field direction can
easily be determined using the right-hand rule. In the experiment the compensation coils have
been wired to produce magnetic fields in the directions indicated in figure 7.10. Coil 3 provides a

magnetic field pointing upwards.

7.4.2 Magnetic field rise-time

Because of the non-zero inductance

of the coils used to generate mag-

netic fields in the experiment it takes
a finite time for the current in the
coils, and hence the magnetic fields,
to reach their intended value after

supplying the coils with a voltage.

rarbitrary units)

The current at time ¢ after switching
a voltage Vy on is given by equation 2
7.8,

I

I:%(l—e*tﬁ), (7.8) £ (us)
Figure 7.12: Time-dependence of the currents driven in the
different coils used for the MOT. Blue: compensation coils,
is the inductance of the coil. These orange: quadrupole field coils. Vertical dashed lines in-
can be determined from experimen- dicate experimentally measured times by which magnetic
fields reach their intended value.

where R is the coil resistance and L

tally measurable quantities, listed in
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Quantity Symbol  Value Unit

Number of loops per layer n 20 -

Number of layers m 4 -

Coil radius r 0.04 [m]

Coil length 1 0.015 [m]
d [m]
p [

Wire diameter 0.0075
Material resistivity 1.724 x 1078

Table 7.1: Physical parameters of the quadrupole field coils.

Quantity Symbol  Value Unit
Number of loops per layer n 15 -
Number of layers m 2 -
Coil radius® r 0.0575 [m]
Coil length 1 0.005 m
Wire diameter d 0.0045 m
Material resistivity p 1.724 x 1078 [Qm]

Table 7.2: Physical parameters of the compensation field coils.

tables 7.1 and 7.2, as described in equations 7.9 and 7.10.

2Npr
R=—=. 7.9
To find the total inductance L..; of a multi-layered cylindrical coil with n current loops in m
layers we need to consider the self-inductances L of each circular current loop as well as the

mutual inductance Mj ;. of all pairs j, k of circular loops,

nxm nxXxm mnxm

Lcoil - Z Lz + Z Z M',k- (710)
i=1

J=1 k=1k#j
The self-inductance of a current loop can be expressed as [99]

1— k2
k3

S

E(ks) +

3 2 _
_ 8uor (ka 1 (711)

. 472
L= ¥ 3 (ks) — 1) with ks = 1

r2 +d2’
where r is the loop radius, d is the wire diameter and K (k) and E(k) are the complete elliptic
integrals of the first and second kind, respectively. The mutual inductance of a pair of coaxial

circular loops is given by [100]

\/(rj )’ \/(rj —73)° 4 a2

\/(rj ) a2+ \/(rj —r)? + 22

8 ‘
M, = SUAAFILE (K (k) — B(kp)) with k,, =

e . (712)

where r; and rj are the radii of the two current loops and z is the separation of their centres.
These formulae hold for a single coil and do not take into account the fact that in the experiment
coils come in pairs and the pairs are near other coil pairs. However, experimentally measured

rise-times agree nicely with the results obtained using these expressions, see figure 7.12.

4Since the compensation coils are rectangular, and each has different dimensions, it is incorrect to use the
equations for cylindrical coils. However, it turns out that one can use an approximate radius, calculated as the
mean of the side lengths, and get a rise-time that agrees well with the experimentally measured rise-time.
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Figure 7.13: Schematic diagram showing magnetic coil parameters, labeled as in tables 7.1 and
7.2, relevant for calculating rise-times.

7.5 Background field compensation
The quadrupole magnetic field due to a pair of cylindrical coils in anti-Helmholtz configuration,
Taylor-expanded to 3rd order around the origin, is given by

-1 3r3 3y 3r2y
Baunar) = (B, ), By (o) = B (o) + ot (B = 25200 = 20) g

with
24w Nd?s 967 Nd?s(4s? — 3d?)

B = =
1 5(d2 + s2)5/2 3 (d2 + 52)9/2 ’

(7.14)

where N is the number of turns of the coils, d is their diameter, s is their separation and [ is the

current throught them.

Figure 7.2 a few pages ago shows this quadrupole magnetic field in the x — y plane centered on
the trap location in a region roughly corresponding to the area imaged by a camera in the actual
experiment for a typical trapping current I = 2.5A. In this region for this current the field is very
close to being linear, with a gradient of approximately 4 Gem ™! in the y-direction and 2 Gem™!

in the x-direction (and equivalently in the z-direction).

Since a MOT forms around the absolute zero of the magnetic field, in the absence of any background
fields the trap would be located at the origin of the quadrupole field. However, any background
field will offset the MOT, as it forms where the quadrupole field exactly cancels the background
field. Naturally, for different quadrupole field gradients this occurs at different positions. This
effect can be used to determine the background field which in turn can be used to cancel it. In the
regime where the linear part of the quardupole field dominates (which we define as Byyad,iinear >
10Bguad,non—linear, Which corresponds to a transverse area with dimensions 14.6cm x 0.55cm for
the lowest field, 0.5G, that can be supplied by the quadupole coils and still obtain a decent MOT),
the MOT position in the radial r-directions and vertical y direction respectively are given simply

by rearranging equation 7.13, omitting the higher order terms:

r=2Byy,/Bil

(7.15)
y = Byyy/B1l.

So the MOT position offset is inversely proportional to the current supplied to the coils. In principle
this makes the measurement of the background field rather straightforward, all one has to do is
record the MOT position recorded by two orthogonal cameras for a known coil current, and the
background field can be directly obtained. However in reality this is slightly complicated by the
fact that the location of the quadrupole field zero, the origin of the above system, is not known to

begin with, and as a result the offset position cannot be immediately determined. Happily, this is
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not an insurmountable problem, as equations 7.16 are only slightly modified by this situation:

T = 2Bbg,r/B1-[ — 70

(7.16)
Yy = Bbg,y/BII — Yo,

where 79 and yo are the unknown coordinates of the quadrupole field zero in the cameras’ frame
of reference. Loading a series of MOTs for a series of different coil currents and monitoring their
position by centre-of-mass estimation of their fluorescence allows one to produce r and y plots
agains I, and fitting these for 17! it is straightforward to obtain rg and 1 and hence calculate the
background field.

Figure 7.14a) shows a set of measurements used to determine the background field. The data for
these graphs was obtained with an arbitrary known level of compensation field applied, because
without such a field the MOT formed outside the field of view (FOV) of the cameras observing
the trapping region. The arbitrary additional field applied to keep the MOT visible even for low
quadrupole coil currents was B(z,y,2) = (1.4 G, 4.5 G, 2 G). Using the fits shown in the figure,
we determined that the additional compensation field required to cancel all background magnetic
fields was (0.1 G, 0.69 G, 0.33 G), giving a total compensation field of (1.5 G, 5.19 G, 2.33 G). It
can be seen that the measured positions in the x and y directions match the expected curve, but
the z-displacements are not a good match. This was because the MOT shape changed as a function
of atoms in the trap, and for larger quadrupole field gradients more atoms were trapped. This
made it very difficult to estimate the MOT position when the shape was not symmetric. To reduce
this effect we ran a similar experiment with a very short MOT loading time of 2 s, such that the
trap would contain a small, and hopefully consistent, number of atoms for each quadrupole field
gradient. The downside of this approach was that because of the low atom numbers background
light threw off the centre-of-mass estimations. Figure 7.14b) shows these results, which gave a
compensation field estimate of (1.48 G, 5.15 G, 2.48 G).

In practice a good approximation to zero background field can also be achieved by simply observing
the MOT position using a high coil current, and adjusting the compensation coil fields until the
MOT forms in the same place for low quadrupole coil currents. We needed to do this, because the
results obtained above were not good enough to achieve satisfactory compensation. The reason
for this is that in practice it was exceedingly difficult to determine the position at which the MOT
forms, as the trapped cloud was asymmetrical in our case, being highly elongated in the z direction
with bulges in both the x and y direction. As a result the position measurements were not quite
as precise as we would have needed them to be for a good compensation. However, the measured
compensation field was very close to the one deemed good enough, which was (1.6 G, 5.35 G,
2.57 G). In the end these values were confirmed by the most sensitive test we have access to, which
is based on spatially dependent electromagnetically induced transparency, which will be detailed
in the next chapter. It is unclear whether the background magnetic field changes on the scale we
measure it over periods longer than a few weeks, but it certainly appears to be constant for at

least two weeks, which was the length of the longest continuous experimental run.

7.6 Dark spontaneous force optical trap

In our experiment we have the ability to holographically shape our laser beams using an SLM. This
allows us to use different trapping configurations other than the standard MOT. One particularly
useful configuration is the so-called dark spontaneous-force optical trap (SpOT) [101, 102, 103].
In a standard MOT temperatures and densities are limited by recoil heating and radiation trap-

ping [104]. Ideally, hot atoms should be exposed to a high light intensity so that they cool quickly.
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Figure 7.14: MOT displacement as a function of quadrupole field gradient, written here in terms of
current in the quadrupole coils, with uncompensated background magnetic field. The top row (a)
was measured using a long MOT loading time of 10 s, which allowed us to collect a large number
of atoms. The bottom row (b) was measured using a short loading time, 2 s, so that the MOT was
as symmetric as possible.

However, cold atoms should not encounter large photon numbers because at temperatures where
the kinetic energy of atoms is comparable to that provided by the absorption-emission cycles laser
cooling turns into heating. At the same time the scattered trapping light from the trapped, cold
cloud produces radiation pressure pushing the atoms apart, limiting density. The dark SpOT ap-
proach is one way to combat this. In such a trap the repump laser has a dark core in its middle,
where atoms slowly decay to the F=1 ground state via off-resonant excitation by the trap laser to
the F’=2 excited state. These atoms no longer interact with any light as the trap beam does not
drive transitions from this level and the repump beam is dark. In practice this decay in rubidium
is too slow, especially since the cooling beam is off-resonant for cold atoms. This is helpful for a
MOT, but undesirable for the SpOT. We introduce another laser called the ’"depump’ to encourage
atoms to decay to the F=1 ground state, shown in figure 7.15a. The depump beam drives the
F=2 F’=2 transition, and it has the opposite purpose to that of the repump laser. The depump is
shaped to fit exactly in the dark core of the repump beam. Using the dark SpOT trap has several
benefits, such as increased density and a different electronic state for the trapped atoms, which is

the main benefit for us.

There is a downside to using a SpOT, though, in that loading the trap from background pressure
is not very efficient, in contrast with the MOT. This is because the lack of repump light severely
limits the number of atoms that we can load into the trap. This is where using an SLM gives us a
remarkable advantage. We can first load a standard MOT with high atom numbers at an already
low temperature, then holographically shape the repump beam into one with a dark core filled with
depump light. Such a loading sequence allows us to retain most of the atoms from the MOT with
all the advantages of the SpOT. This advantage comes with its own challenges, however. Aligning
the MOT well is already not trivial as discussed above, but optimising a SpOT requires precise

control over three new degrees of freedom: the size of the hole in the repump, the intensity of the
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Figure 7.15: Simplified level scheme of 8’Rb Dy line showing a) SpOT transitions. Red: trap
laser, green: repump, blue: depump. Curved lines indicate decays and thin solid lines indicate off-
resonant pumping. ECDL lock points are shown for b) trap and depump (F=2—F’=3 and F’=2)
and ¢) repump (F=1—F’=1) transitions, indicating frequency shifts in MHz from the lock point to
the transition. DP indicates that the AOM is in double pass configuration, so its frequency shift
should be half of the indicated number.

depump, and the SpOT loading time (the time for which the trap is in the SpOT configuration
after loading a MOT but before any probing). We find that the SpOT is much more sensitive to
beam alignment accuracy compared to the MOT. It is also harder to characterise the SpOT, since
the atoms in this trap are in the F=1 ground state from which there are no cycling transitions,
because any o or 7 polarised light on the F=1—F’=0 transition would drive the atoms into a
dark state, so we cannot use absorption imaging to determine atom numbers. This problem can
be alleviated somewhat by either mixing different polarisations in the probe beam or applying
a magnetic field that mixes the Zeeman sublevels. In either of these cases, however, it is more

difficult to calculate the saturation intensity with any accuracy.

A simple solution is to transfer the atoms back to the F=2 ground state and measure their numbers
there. The issue with this approach is that there are MOT atoms in the F=2 ground state at all
times because of the presence of the repump light around the edges. To illustrate this, consider a
very small dark core in the repump. In this case we effectively still have a MOT, with a little bit
of a SpOT. So we need to somehow determine how many atoms are still in the MOT to be able to
determine how many are in the SpOT. The procedure for this is as follows. We first load a MOT
for 10 seconds, then transfer to a SpOT, and measure atom numbers using absorption imaging on
the usual F=2—F’=3 probe transition. This gives us the number of atoms left in the MOT after
changing over to the SpOT configuration. Second, we load a MOT again, transfer to the SpOT,
but this time we apply repump light for a short time to get all atoms back into the F=2 ground
state, and perform absorption imaging to determine the total number of atoms in both the MOT
and the SpOT. The difference of the two numbers gives us the number of atoms in the SpOT. Of
course all of these measurements need to be done several times and the results averaged, because
there is a small but noticeable difference in numbers from one trap to the next. The SpOT density
could be measured by using a repump beam along the probe path for absorption imaging. This
is a good approach for recording the shape and size of the SpOT cloud, but cannot be used to
measure atom numbers. The SpOT size can then be calculated by fitting a 2D Gaussian to the
recorded SpOT image, and assuming that the depth is similar to the width of one of the transverse
Gaussians, e.g. 0, = 0., we can estimate the volume as V = (27r)‘°’/2aggayaz7 where o, is the j
direction. The SpOT density is then

o Ntotal - NMOT

= 7.17
(2m)3/ 20,040, (7.17)

Now that we have some diagnostics for the SpOT, we can proceed to discuss how to optimise
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the trap. A well-aligned MOT with high atom numbers is paramount to getting a good SpOT.
The MOT should be built such that the repump beam comes from the first order of a blazed
grating displayed on the SLM, without any amplitude shaping to maximise power. The shape of
the repump is not critical for a good MOT, a large size, at least covering the trap beam volume, is
much more important. In our traps the repump beams are only included in the horizontal arms,
but not in the vertical. This has purely practical reasons; for the SpOT we need to image the
SLM plane onto the atoms, which we did with a single lens, but in this case the path lengths for
all arms containing repump light needed to be the same. This was manageable for the horizontal
arms, but difficult to include the vertical arm as well, and since a tiny amount of repump light
is enough for effective trapping, it was not critical to have repump light in the vertical direction
anyway. The depump laser was then directed onto the same area of the SLM as the repump, but
under a slightly different angle. This angle was chosen such that the zeroth order reflection of the
grating for the depump coincided with the first order diffraction for the repump. This is shown in
figure 7.16.

The co-linear alignment of the repump and depump

1st+0th

beams was important for the effective operation of the SLM

Oth

SpOT, requiring precision beyond what could be achieved
by looking at the beams on a detector card. Instead, we "
st

constructed a telescope to image the MOT centre onto

a camera. The camera could also be placed into the far

SpOT
field of the telescope. We then iteratively aligned the Repump P
depump into the hole of the repump using the combining
beamsplitter and a mirrors before it, observing the align- Trap

ment of the two beams in the image and far field planes.

Depump

We could use the same camera setup to precisely align

th -d binati ith the t b . ..
¢ Tepuip-aeptimp cotbination wi ¢ trap beat, Figure 7.16: Schematic diagram of

SpOT beam alignments, with emphasis
both the trap and repump were very large, making it on the SLM orders. The arrangement is

hard to estimate the position of their centres®. a bit different in the actual experiment,
see figure 7.19.

although this was much harder since in the image plane

Confident in the alignment we turned our attention to the new degrees of freedom. Our strategy
was to perform a rough scan for each property in order, keeping the rough optimal value from
each scan to the next, then optimised around the best values found this way. We decided that for
our experiments atom number in the SpOT was more important than density, so we optimised for
atom number. The experiment timing sequence is shown in figure 7.17. In all experiments a MOT
is loaded first for about 10 seconds (trap and repump beams and quadrupole coils on, everything
else off). Then the SLM is commanded to switch to the SpOT configuration, cutting a hole in
the repump. Unfortunately we do not have direct access to the internal clock of the SLM, so it
is challenging to synchronise the experiments to the SLM refresh. We manage this by utilising a
small section of the SLM as a separate grating from the repump shaping grating. A small beam
(derived from the first order of the depump AOM) is diffracted off this part of the SLM, whose first
order is detected by a photodiode. When the SLM is in MOT mode (unshaped repump) there is
no grating on this ’trigger’ part of the SLM and the photodiode signal is low. The SpOT hologram
contains a grating in the trigger area, so when the SLM is displaying this the photodiode signal
is high. The photodiode signal is sent through a Schmitt trigger, connected to the experiment

control electronics and used as a trigger signal for the rest of the experiment.

5And their messy, non-Gaussian shapes did not help either.
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Figure 7.17: Experiment timings for loading and characterising a SpOT. The graphs indicate
when the respective beams, magnetic fields, or cameras are on (high) or off (low). Time axis is not
uniform or to scale.

Table 7.3: Typical timings for loading and characterising a SpOT.

Pulse tload trise tcxpand trcpump tprobc tdrop
Duration (us) | 250000 | 800 | 1500 1000 2000 | 150000

When the SLM switched over to the SpOT configuration and triggered the timing electronics, the
SpOT loading begins (t=0 on figure 7.17). The depump is turned on at this time, and remains on
while the SpOT is loading, for tjo,q. After this time all trapping beams and the quadrupole field
are turned off. The quantisation field, supplied by the compensation coils, needs to be on at this
time, so it is turned on slightly earlier as determined by the coil risetime t,isc (see figure 7.12).
The cloud of atoms is allowed to expand and fall under gravity for a time texpana to reduce density
to a point where the cloud does not absorb all photons from the probe beam®. In this time the
repump probe beam may be turned on for tiepump to repump all atoms to the F=2 ground state
when required (see above about measuring SpOT numbers). Then the probe beam is turned on for
tprobe and the camera is exposed to record an absorption image. Afterwards all beams are turned
off and the cloud is allowed to drop out of the detection region over tgyo,. The probe beam is
then turned back on and the camera is exposed for another tprope to record an image of the probe
beam in the absence of atoms. After another delay (typically t4rop) the camera is exposed again
without any beams on for tyrone to measure the background illumination. Typical durations of

these 'pulses’ are shown in table 7.3.

For the optimisation, first we set the depump power and SpOT loading times to some reasonable
value based on [103] and changed the radius of the dark core in the repump at the SLM in 10
pixel increments from 100 to 200 pixels. The SLM is imaged onto the atoms with a magnifaction
dictated by the lens focal length and the distance between the trap and the SLM. 100 SLM pixels
are magnified to approximately 4 mm at the trap (which corresponds to a 2x magnification). The
optimal was usually found between a 150 to 180 pixel radius, depending on the alignment of the

beams. We then kept the depump hole size at the rough optimal value and scanned the depump

6If it was allowed to absorb all photons we would not be able to measure accurate numbers, but an estimate of
the lowest possible number.
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Figure 7.18: Sample data from the SpOT optimisation process from May 2017.

power using a variable ND filter”. Too little depump power would lead to too small atom numbers
in the SpOT because atoms would not decay to the MOT dark state (F=1) efficiently. At too high
depump powers we again find very few atoms in the SpOT because then the depump overwhelms
even the small amount of repump light and we are left with no trap. We typically found that
very small amounts of depump power were sufficient, but it was strongly dependent on alignment
and the optimum was within a broad range, between 45 and 1600 W measured before the SLM.
Lastly, we adjusted the SpOT loading time tjpoaq from 50000 ps to 350000 wps in 50000 us steps.
We expected behaviour similar to the depump power scan for similar reasons: at too short loading
times we don’t have enough atoms, and at too long times atoms diffuse out of the trap. We found
the optimal load time to be around 250000 us. Before further experiments these parameters were
optimised around these best values, although we almost always found that there was no noticeable
benefit to departing from the rough values. We found beam alignment (influencing the dark core
radius and depump power required) to be the most critical parameter for a good SpOT. Sample

data from such scans is shown in figure 7.18.

7.7 In summary

In this chapter we have looked at the basics of the theory of neutral atom trapping, describing the
operation of a standard magneto-optical trap. We paid a lot of attention to the practical operation
of our MOT, including the alignment of the setup and absorption imaging as the primary means of
measuring atom numbers, density and temperature in the trap. We have looked at the control of
magnetic fields with the available coils in great detail, which, we will see, is extremely important
for experiments in the next chapter. We also described our improvement on the standard MOT
in the form of a MOT-loaded dynamic dark spontaneous force optical trap, and examined our
method for optimising atom numbers in the SpOT. In the next chapter we will put this trap to use
in our investigation of the interaction of atomic states and magnetic fields, driven by laser light

with structured polarisation.

7Originally a stack of fixed ND filters were used, and the increments were highly discretised by the available ND
filters.
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Figure 7.19: Detailed diagram of the cold atoms experiment, showing all optical elements at the time of writing.
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Chapter 8

Experiment: atomic compass

8.1 Introduction

In this last chapter on our work with atoms we finally gather all our knowledge of structured light
and atoms to investigate the interaction of atomic states in a modified A level configuration with
light with structured polarisation. In particular, we are interested in the absorption (or lack of
absorption) of resonant laser light in electromagnetically induced transparency (EIT). EIT is a
quantum effect arising in atoms when two electronic states are coupled to a third state by two
exciting light fields. Usually studied in terms of the detuning of one of these beams while the other
is kept on resonance, under certain conditions the excitation amplitudes on the two transitions
cancel such that the atoms become transparent to resonant radiation they would absorb if it was
on its own, hence the name. In our system this picture is slightly modified because of the presence
of a fourth atomic level. It turns out that we can incorporate this level to manipulate the EIT
condition, making it dependent on the relative phase between the two driving laser fields. It has
been shown [105] that EIT dependent on the local polarisation direction can be observed in such a
system. It was observed that small magnetic fields transverse to the propagation direction of the
laser light is required for this polarisation dependence to manifest. Here we investigate in detail the
role of this magnetic field, and show that its direction influences the observed pattern of absorption
produced by the atom-light interaction. The magnetic field dependence can be exploited to deduce
the direction of a magnetic field from a single absorption image. In this sense the atoms act as a

sort of compass needle.

Since we develop a technique for measuring the direction of magnetic fields it is sensible to give
an overview of current technologies used for this. There are a wide variety of techniques used to
measure magnetic fields that can be used as a compass, with various sensitivities and complexi-
ties, such as Hall effect, search coil, anisotropic magnetoresistance, SQUID and optically pumped
magnetometers to name only a few. For a recent review of magnetic sensors see [106]. It is worth
discussing the operation of optically pumped magnetometers (OPMs) since they exploit similar

physics to what we will look at in section 8.4.

OPMs use warm alkali vapours to probe magnetic fields. A circularly polarised laser beam with
a frequency matching a F — F’=F transition is directed through the vapour cell. Provided that
any background magnetic field is not exactly perpendicular to the beam propagation direction this

light drives o4 (or o_) transitions in the atoms, which drives the atoms into a dark state (similar

107
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to pumping into a stretched state, as discussed in section 4.3). This is called a dark state because
atoms in this state can no longer absorb photons from the laser because there is no mpg state in the
excited state reachable by a o4 (or o_) transition. If a large population of atoms in the vapour
can be maintained in such a state, for example by suppressing spin-exchange relaxation [107], the
atomic medium becomes highly sensitive to magnetic fields because the atomic dipole precesses
around the magnetic field vector, redistributing populations in the mp states, destroying the dark
state. The absorption of the laser beam through the cell in this a regime is then related to the
strength of the magnetic field. Using laser amplitude modulation and lock-in techniques (e.g. Bell-
Bloom method [108], analogous to the error signal generation in the dither laser lock in chapter 5)
this dependence can be made linear within a narrow range of magnetic field strengths [109]. OPMs
have exquisite sensitivity, achieving 1 pT/ VvHz [110]. Our system is not dissimilar to that used in
OPMs, although we interpret it in different ways, considering EIT.

In this chapter we will first look at why EIT arises in the first place, studied in the common
A system in terms of detuning. Then we introduce a fourth level present in the real rubidium
system we use, and investigate how its presence affects absorption. We first do this by following
the arguments of Thomas Clark! [111], then from a different perspective that is, in our opinion,
simpler. We then show that recently obtained data agrees with the predictions of both theoretical
approaches. Lastly we describe how we can deduce the direction of a magnetic field from an
absorption image, and also how we can use multiple absorption images to very accurately cancel

residual magnetic fields.

8.2 Electromagnetically induced transparency

The following discussion roughly follows [112] and [113]. Con-

|3> sider a 3-level atom in a A configuration shown in figure 8.1. In

Al T this system there are two ground states (|1) and |2)) coupled
to a common excited state (|3)) by two optical transitions (¢
for coupling and p for probe), but crucially there is no dipole-
allowed transition between the ground states. Let us have two
lasers driving these transitions with Rabi frequencies 2. and
2, respectively, and the probe beam detuned from resonance

by a frequency A. We keep the control beam on resonance.

We can describe the evolution of the states using a Hamilto-
| 1> nian, but of course in the presence of (near-)resonant radiation

|2> we need to augment the bare atomic Hamiltonian H, with a
Figure 8.1: A-type EIT level Hamiltonian describing the interaction, H;,;: H = Ho+ Hing.
scheme. The ground states are Unfortunately the eigenstates of the bare atomic Hamiltonian,
cpupled to.the excited state via op- |1} |2) and |3), are not, in general, eigenstates of H. It makes
tical transitions. sense then to find at the eigenstates of the interaction Hamil-

tonian. It is actually fairly straightforward to write down the H [114] in the basis (|1), |2}, |3)),

(00
H=-210 0 o | (8.1)
Q, Q. —2A

where we have taken the rotating wave approximation as usual.

1Previously PhD student at Glasgow, at the time of writing postdoc at the Wigner Institute, Budapest.
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The eigenstates of H are then

|[+) = sin@sin ¢|1) + cos O sin ¢|2) + cos ¢|3),
|—) = sin 6 cos @|1) + cos 0 cos ¢|2) — sin p|3), (8.2)
|0) = cosf|1) — sin 6]2),

where we have defined the so-called mixing angles 6 and ¢, given by

/2 4+ Q2

Q c

tanf = -2 and tan¢ = ! . (8.3)
e 22+ A2+ A

These dressed states correspond to viewing the atomic states in a basis more appropriate in the

presence of light, and we could express the bare states in terms of them. The interesting thing
about these new states is that one of them, |0), does not couple to the atomic excited state |3).
Since there are no optical transitions from |0) it is a dark state. The idea is that the coupling
beam transfers the atoms into this dark state via spontaneous emission from |3), at which point
the atoms cannot interact with the beams anymore, and they become transparent. Of course
the presence of the probe beam is entirely necessary for this process. The definition of state |0)
intimately involves the intensity of the probe beam through its Rabi frequency. The downside of
the dressed state approach is that often it is quite difficult to intuitively interpret what the dressed
states and transitions between them mean, since the dressed states mix the bare atomic states that

are easy to understand.

The most intriguing aspects of EIT are revealed when we consider the phenomenon in terms of the
detuning A. For the proper treatment we need to include spontaneous emission, which the above
discussion does not include. We do this the same way as we did in chapter 4, through the density
matrix approach. As always, the time evolution of the density matrix is given by equation 4.6.
We have all the necessary components already with the Hamiltonian given in equation 8.1, so we
can write down the optical Bloch equations for our 3-level system, adding in the decay terms v as
before,
Q

P11 = —if(ﬁm — p31) + 71033,

pa .Qc ~ ~ ~
P22 = —27(023 — p32) + V32033,

B Qe _ Q, _
P33 = i—(Pag — p32) + Zl(pw —p31) — (M1 + 72) P33,

2 2
. . Q. 0 (8.4)
pi2 = Py = (—y12 +iA)p12 — i7ﬁ13 + ifﬁ?,z,
2 Zx . - Qe Q. -
p13 = P31 = (—n3 +iA)p13 — i P12t 1717(/’33 - p11),
P23 = P3g = —Y23p23 + Z7(p33 — pa22) — 27021,

where the off-diagonal decay rates ~;; are given by v;; = (v; + v;)/2. These equations would be
rather cumbersome to work with as is, but thankfully under certain conditions we can simplify
things quite a bit. Looking at equations 8.2 and 8.3, we can see that if the probe intensity is much
lower than that of the coupling beam then sinf = 0, cosf ~ 1 and so |[0) — |1). So in such a
configuration the bare atomic state |1) becomes the dark state and we expect that over time most

of the population accumulates there. Thus p1; &~ 1 and pas = p33 ~ 0. This allows us to write
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equation 8.4 as

B A~ Qe Qy
p12 = (=712 + iA)p12 — i—p13 + i—= P32,

2 2
L o~ Q. Q
p13 = (—m13 + iA)p13 — 270012 - 27;;, (8.5)

P23 = —Y23Pa3 — i?pﬁm,

where we do not show the complex conjugates for simplicity. The advantage of these expressions
is that now ,523 depends on (2, linearly, so the term i%ﬁgg in ﬁlg is quadratic in §2,. This is
great, because the low probe intensity assumption allows us to drop this very small term. This
decouples ,512 and 523, leaving us with a much simpler pair of coupled equations (since 523 is now

independent of the other two equations),

- o~ Qe
p12 = (=2 +iA)p12 — i— P13,

2 8.6)
. Q. 0 (8.
p13 = (=713 +iA)p1g — Z'?ﬁu — 2.7;7.

A symbolic algebra package like Mathematica has no trouble solving these in steady state, giving

~ o Qch

P2 = T Aims + A)(imis + A)
_ 2(iy12 + A)Q,
=2+ A2 + A)(ims + A)

(8.7)

P13

This is all well and good, but density matrix elements are not directly measurable in an experiment.
We need to relate them to observable parameters, such as absorption. We do this by noting that
the complex linear susceptibility of an ensemble of atoms as perceived by a light field driving the
J — k transition is proportional to p;i. The imaginary part of the linear susceptibility is related to
absorption and its real part to the refractive index of the ensemble at the driving frequency. The
imaginary and real parts of p13 are plotted figure 8.2 in the presence and absence of coupling light.
The absorption and dispersion profiles follow these curves. Notice that absorption goes to zero on
resonance. At the same time the large negative gradient of the dispersion leads to a dramatically
increased refractive index of the atoms. This can be exploited to produce slow, or even stopped
light? [115, 116, 117].

8.3 Spatially dependent EIT

All right, let us complicate things a bit more by adding one extra level into the mix. In our SpOT
we have atoms trapped in the F=1 ground state, from which we can drive transitions to the F’=0
excited state. If we use circularly polarised light we can have a system very much like the one
shown in figure 8.1, if we consider the m¢ = F1 levels to be |1) and |2), respectively. The m¢ =0
excited state corresponds to |3), shown in figure 8.3. The complication is that there is one more
ground state, my = 0. Let us relabel these states as follows: F=1, m; = F1,0 — |g),|g0) and
F'=0, mf =0 — |e).

The original reason for considering this system was to see if EIT can be made dependent on the
optical phase difference between the two driving fields. In this section we will follow this logic,
summarising the thinking outlined in [111]. An easy way to see this phase difference dependence
in an experiment would be to give one or both of the light fields a spatially varying phase. Then

EIT should vary in space, which would be visible in an absorption image, hence the name spatially

2 Although in a sense on interaction with the atoms the light and atoms stop being separate things.
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a) [ T T T T T T b)
Q=173

Im(p,3) Im(py3)

P13 (arb. units)

1 - - . -
A/713 A/’y13

Figure 8.2: Absorption (proportional to Im(py3)) and dispersion (proportional to Re(p13)) curves
(a) in the absence of coupling light and (b) in EIT.

dependent EIT (SEIT). But for the phase dependence to manifest in this atomic system the tran-
sitions involved should form a closed loop [118]. Therefore we need to provide a coupling between
|g+), which can be achieved using magnetic fields. Specifically, any magnetic field transverse to
the quantisation axis set by the two beams’ propagation direction will introduce magnetic coupling

between all ground states |g). This is shown by green arrows in figure 8.3.

This complicates the interaction Hamiltonian a bit. It now has two components, corresponding to

the electric and magnetic interactions:

Hin = Hp + Hp. (8.8)

Let us define the magnetic field in spherical coordinates, pointing in some direction relative to the
quantisation axis 2, B = By(cosfpZ + sinfp cos ¢ppi + sinfp sin ¢pg). This magnetic field then

contributes to the total interaction Hamiltonian via

Qr cosfp —e+i¢B%QL sinfp 0 0
—i¢p 1 i _etidp 1 i
HB:}; e’ BﬂQLsmﬁg ’ 1O e BﬁQLSHﬂB 0 7 (8.9)
e B _L_ ] —
0 e \/§QL sinfg Qr cosfp 0
0 0 0 0
where we have defined the Larmor frequency 2, = grupBo, with gr = —1/2 the hyperfine

Landé g-factor and pp the Bohr magneton. The basis here is (|g-),|g0),|9+), |e}). This matrix
incorporates two effects of the magnetic field. The energies of |g+) are Zeeman shifted due to the
magnetic field component along the quantisation axis, captured in the diagonal elements. The off-
diagonal elements indicate a new coupling between |go) and |g+) due to the transverse component
of the magnetic field. The direction of the transverse component breaks the cylindrical symmetry

set up by the Z quantisation direction, defining an azimuthal direction ¢p = 0.

The light fields are also a bit different from the ones considered so far in this chapter, in that they
acquire a spatially varying phase. We use light fields described by
Ey(r)

E(r,¢) = 5 (lAe_wd) + feHw) , (8.10)
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which can easily be generated using Q-plates
(see chapter 1). Such beams comprise two or-
thogonal circularly polarised components cor-
responding to o4, each with +¢h orbital angu-
lar momentum, represented by the azimuthal
phase exp £if¢. An alternative way of inter-
preting these beams is that they are linearly

polarised, but the polarisation direction rotates

AB azimuthally. For example, the { = 1 Q-plate

beam is radially polarised. The intensity of
me=-1 m= 0 m; = +1 these beams is allowed to vary radially, and in
reality it does vary quite a bit, for simplicity we
Figure 8.3: EIT level scheme on the 3"Rb Dy line,
with the quantisation axis along the beam direc-
tion. The my = F1 ground states are coupled Testricting our analysis to some r = rg. With
to the my = 0 excited state via optical transi- this in mind, the Hamiltonian for the electric
tions. In the presence of a transverse magnetic
field they are also coupled to the m¢ = 0 ground
state magnetically. The central ground state is
not optically coupled.

will not take this into account in the following,

interaction can be written, similarly to before

but including the azimuthal phase, as

0 0 0 %em)Q
Hy— h 0 0 0 0.
2 0 0 0 %e—wm
%e*iwﬁ 0 %eiwﬁ 0
(8.11)

where we have assumed that both beams are resonant and have the same intensity (hence Rabi
frequency ). The factors of 1/v/6 = 1/v/2Fita1 + 1 are geometrical coefficient coming from the
Wigner-Eckart theorem, arising from the orientation of the atomic dipole. We can now write down

the total interaction Hamiltonian,

Qr cosfp —eti®B %QL sinfp 0 %ewd’ﬁ
Bl e 2 1Q;sing 0 —eti¥s L0 sinf 0
Hint = 5 B I (8.12)
0 —e ﬁQLmnGB —Qy cosbp 75 Q
1 —ild 1 it
75€ Q 0 NG Q 0

This is a rather complicated Hamiltonian, which is difficult to manipulate. The associated Bloch
equations can be solved numerically relatively painlessly, which we did using the AtomicDensity-
Matrix Mathematica package® and we show some results from such a solution at the end of this
section. But it is possible to simplify the Hamiltonian by a clever choice of basis, allowing some
level of analytic solution. We can construct a system in which new levels, built from the bare
atomic states, are coupled by the optical and magnetic interactions in a sort of cascade. Let us

define the following new levels:

one) = % (clg_) F e *|g, ),
|Wo) = N1¢) (cosbplgne) +sinbp sin(lp — ¢B)|g0)) , (8.13)
Une) = —— (isin 0 sin(lp — d)|gne) — cos05lg0)) ,

N(9)

with the normalisation done by N(¢) = \/cos2 O — sin® O cos2(lp — ¢). Using this basis, the

Shttp://rochesterscientific.com/ADM/
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Figure 8.5: Comparison of SEIT patterns predicted by numerical solutions of the optical Bloch
equations (yellow) and Fermi’s golden rule (orange, dashed) for £ = 1 at magnetic field inclination
angle (a) 0p = 7/36, (b) 0 = 7/3 and (c¢) g = 7/2. The Bloch equations were evaluated with
experimentally relevant parameters, By = 0.2 G, I;,; = 200 mW /cm?2. Curves are individually
peak-normalised.

interaction Hamiltonian can be written in a simpler form in the new basis (|¥nc¢), |[Po), |9c), |€)),

0 iQp sinfp cos(bep — ¢p) 0 0
h | —iQ sinfp cos(fp — 0 QN 0
Hy =" rsinfpcos(lp — ép) LN () 1 (8.14)
1
0 0 mQ 0
In this basis the states are pairwise coupled. The excited state is optically
coupled to the coupling state |gc). This in turn is magnetically coupled — |e>

to the intermediate state |¥g), which is also magnetically coupled to the
(sometimes) non-coupling state |¥ y¢), forming the ladder system shown in
figure 8.4. Notice how the coupling between |¥g) and |¥y¢) turns off at
certain angles ¢ — ¢ = nw/l, n € N. At these angles |¥ y¢) is a dark state

which allows EIT, and we can see that the phase dependence between the

— ¥

—— e

Figure 8.4: Ladder
basis for SEIT.

— g
\

two circular polarisation components of the driving light sets whether EIT
occurs or not. Since this relative phase is space dependent, EIT also follows
this.

For the weak driving fields considered here we can estimate the absorption
using Fermi’s golden rule, since the excited state population then remains negligible and so the

absorption is proportional to the probability of excitation from the sometimes non-coupling state,

27\° K 1 , 1
Taomse o (5 ) 11RO 5 0 st cos(to ~ om)PI30N @R, (5.5
which can be written, after expanding N(¢), as
s o o 2 2 .2 ;2
Ty e X %QLQR sin® 05 cos®({p — ¢) (cos® O + sin® O sin®(lp — ¢)) . (8.16)

The azimuthal variation of absorption is shown in figure 8.5 at different magnetic field inclination
angles 6. At small 0 we see a (squared) sinusoidal variation in transmission, with 2¢ lobes.
Strikingly, however, at larger 05 the lobes of EIT split, transitioning to 4¢ lobes at 5 = /2. We

will get a more intuitive picture in the next section as to why this happens.
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The absorption pattern also shifts with ¢p, rotating from one lobe to the next in A¢p = 7. This
is very easy to see from equation 8.16, where ¢ only appears alongside £¢, and can be understood
as the azimuthal angle of the magnetic field being the origin of the azimuthal component of the
coordinate system. This is because in this picture it is the magnetic field that breaks the cylindrical

symmetry.

Figure 8.5 also shows the absorption patterns predicted by a numerical solution of the optical
Bloch equations following from equation 8.12. In this picture we consider the absorption to be
proportional to the excited state population, since the only way to populate the excited state is via
the absorption of photons. We can see that the general, qualitative behaviour is very similar: 2/
lobes at small 65 and 4¢ lobes at f = 7/2. At intermediate values of 85 the absorption patterns
are similar in character, but the depth of the lobe splitting is slightly different. This effect is
sensitive to beam intensity; the figure shows results calculated for the intensity measured in the
experiment. This result highlights the fact the Fermi’s golden rule is only applicable when certain

assumptions, mainly low beam intensity, are met.

8.4 SEIT: a simpler model

Another way to look at the SEIT process in-

me= 0 volves a different choice of quantisation axis.
F=0 Instead of the probe direction Z, we can also
choose the magnetic field direction®. Again,

the magnetic field is given by

Dz sin g cos ¢
B =58 | sinfgsingp | . (8.17)

cosfp
_ A .

F=1 --- The electric field vector of the vector vortex

beams we are considering here point in a direc-
mf:']. mf:O mf:+1 . .
tion given by

Figure 8.6: EIT level scheme on the 8"Rb Dy

line, with the quantisation axis along the mag- cos ¢
netic field. The m¢ = F1 ground states are cou- E(r,¢,2) = Eo | sinto |, (8.18)
pled to the my = 0 excited state via oy + o_ 0

transitions and the my = 0 ground state is cou-

led to th ited state vi t sition. R .
plec 1o the excited state via a m transiion which is all in a plane transverse to the prop-

agation of the beam. If our quantisation axis follows the magnetic field, however, the electric
field does not necessarily oscillate in a transverse plane to the quantisation axis. It is well-known
that linear polarisation transverse to the quantisation axis drives superpositions of o4 and o_
transitions, just like we had in the previous section. The component of the electric field along the
quantisation axis, however, drives a 7 transition, for which Am; = 0. The intensities of the =
and o4 and o_ superposition driving fields can be calculated from the parallel and perpendicular

components of the electric field to the magnetic field,

1 (E-B\’ 1
I = sceo ( ) = —ceoEZ cos?({p — pp) sin® O,

2 Bo 2

1 E-B\?) 1 (8:19)
I, = €0 (ES - (Bo ) ) = iceoEg (1 —cos*(¢p — ¢p)sin®Op) .

4In fact we could choose any direction we like, but these two are probably the most obvious options.
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The atomic states are very simple when viewed along this quantisation axis, because the ground
states are not coupled by magnetic fields, shown in figure 8.6. We can use the bare states, although
it makes sense to make a small modification. Since the magnetic field is now along the quantisation
axis, it does not mix the Zeeman sublevels, but it does introduce a Zeeman shift. However, if
the laser is tuned to resonance with the un-shifted levels, then the Zeeman shifts are equal and
opposite for the my = £1 states, so the effective laser detuning is the same for both of them,
although with a different sign, but that will not matter for our discussion. Then it is perhaps
more sensible to consider their superposition states, |[+) = (1/v2)(jm; = 1) + |m; = —1)) and
|-) = (1/v2)(lmy = 1) — jmy = —1)). |+) is driven by the o, + o_ light, whereas |—) is not
accessible by spontaneous emission, which we consider to be by far the dominant decay process
from the excited state, so we assume that its population is 0. These states should be familiar from

the previous section, where they were called the coupling and non-coupling ground states, |gc, nc)-

Then we can write down rate equations for the populations in the atomic states. We calculate the

Rabi frequency as [59]

I E-d .

Q” = 5 IS‘(llt = > cos2(€¢ — gzﬁB) sin? 0p

and (8.20)
r /I E-d

O =/ =L+ = = (1 — cos*(le — ¢p)sin®Op),
2 Isat h

with I, = cegI?h?/(4|E - d/Ey|?). The rate equations for the populations P; in this system are

Pp = Qqcos?(lp — ¢p)sin? 0p Py + (Qo(1 — cos? (£ — ¢p)sin® 0) + Q) Py — ' Pp,

. 1
Py=-Q COSQ(fd) — ¢B) sin2 0pPy + =I'Pg,
3 (8.21)

5 2
P = —(Q(1 — cos’(£p — op)sin* ) + Qr) Py + 3P,

1:PE+P0+P+

where we have defined g = E - d/i, and the Larmor frequency 2, represents the detuning due

to Zeeman shift for |[+). The steady-state solutions for the populations are rather involved:

—1

P — ( - 20 3Qq cos?(lp — ¢) sin? 03)
—Qo + (Q + Q) csc? Op sec?(bp — ¢ p) r ’
p_ 2007
T Qo + Q)T esc2 0 sec2(ld — o) + Qo(3(Qo + Qr) + T — 3Q0 cos2(b — ) sin O

—3Qg cos®(lp — ¢B) sin? 05(—Qr — Qo + Qo cos?(lp — o) sin?6p)
(QO + QL)F + Qp COSQ(Z(b — ¢B) sin? 93(3(90 + QL) + T —3Q COSQ(&ﬁ — gf)B) sin? 03)
(8.22)

Pg =

We can relate the absorption to these populations through noting that the only way to get from
either ground state to the excited state is via the absorption of a photon. Hence the absorption
is proportional to the excited state population Pg, although the excited state population itself is
very small; the maximum excited state population is approximately 0.02 for a reasonable choice
of parameters (I' &~ 10Q¢ ~ 1009;). Figure 8.7 compares the predictions of this result with
the absorption obtained using Fermi’s Golden Rule in the previous section. The two results are
extremely similar in appearance, and they both produce the expected behaviour with changing
magnetic field direction. This is shown explicitly only for the peak splitting, since the rotation is

trivial.
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Figure 8.7: Comparison of SEIT patterns predicted by rate equations (blue) and Fermi’s Golden
Rule (orange, dashed) for £ = 1 at magnetic field inclination angle (a) g = 7/36, (b) 5 = 7/3
and (c¢) 0p = /2. In these simulations the magnetic field strength was small, Q7 = 0.1Qp, and
the decay was fast, I' = 100€).

The two models are in nearly perfect agreement at small and large magnetic field inclination angles
0. The slightly different splitting depth seen in figure 8.7 b) for intermediate #s is not entirely
unexpected, since the very same behaviour can be seen if we numerically solve the full optical
Bloch equations for this system at intermediate probe intensities (I < Igq¢ but not I < Iga:). A
comparison of such numerical solutions with the absorption obtained from Fermi’s Golden Rule was
shown in figure 8.5. We see that the absorption pattern obtained from the excited state population
in the numerical solutions is again very similar to the pattern obtained from the rate equation

model.

This investigation suggests that all of these methods are valid ways of analysing SEIT. They are
perhaps useful in different situations. I think it is easiest to think about the situation when the
quantisation axis follows the magnetic field, since in this case we can think about populations in
the bare atomic states. It is easy to see how the dark states arise, and how they are populated
via optical pumping. In this picture it is easier to think of the SEIT as polarisation dependent

absorption. The populations in this picture are analytic, so can be used in fast calculations.

The Fermi’s golden rule picture is also analytic, and its predictions are remarkable in their sim-
plicity. It is worth noting that the Fourier transform of the absorption profile predicted by Fermi’s
golden rule is analytic. As we will see in the next section, this gives very simple and reliable
predictions for the experiments so it is preferable for investigating the experimental results. While
the absorption profile obtained from rate equations can also be Fourier transformed analytically,

the result is too complicated to be of any practical use®

. I would not use the full optical Bloch
equations, because its solution is cumbersome, but in our investigations it, too, gave similar results

to the other two methods.

8.5 Experimental results

As we discussed above, the four-level tripod shown in figures 8.3 and 8.6 is realised in rubidium 87
on the F=1—F’=0 transition on the D5 line. Our SpOT collects cold atoms in the ground state of
this transition, which is excellent since we can ignore the Doppler effect for the probing, because
its effects are minimal. We generate optical fields much like those in equation 8.18 using Q-plates

introduced in chapter 2. The Q-plate and a lens are placed such that the atoms are in the far field

5It took Mathematica about an hour to come up with the transform, and it is far too complicated for me to
interpret in any meaningful way.
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of the Q-plate, because in this case the beam from the plate becomes a good approximation of
a superpositon of circularly polarised Laguerre-Gaussian beams with ¢ = +2¢ due to diffraction.
This helps clean up the phase as well. This far field plane is imaged onto a camera by a single lens.

The complete experiment setup can be seen in figure 7.19 at the end of the previous chapter.

The magnetic field used to set the quantisation direction is controlled by the coils responsible for
compensating background magnetic fields. On their own these coils only allow the quantisation
axis to point in 7/2 sr solid angle defined by their axes and the direction of current flow through
them. In the experiment we had no way of reversing the current flow, which causes this limitation.
However, because the coils were designed to work against the background magnetic field, if we turn
them off we get a field pointing in a direction opposite to what the coils can generate. Therefore
as long as we use small enough fields® we can exploit the background field to give us access to full
47 sr of pointing direction. This gives us all the tools we need to experimentally investigate the

models derived in sections 8.3 and 8.4.

We performed absorption imaging (see chapter 7) using the Q-plate beam as the probe at different
quantisation field angles, using a magnetic field of 0.2 G. The atom cloud was allowed to expand
for 2 ms to grow to a large enough size to encompass the Q-plate beam. This also reduced the
density of the cloud to a point where the absorption would not be saturated by the atoms. If the
cloud was too dense parts of the beam which had a low probability to be absorbed by a single
atom would still be absorbed, which would change the observed absorption pattern compared to
what we would expect from theory. A sample set of absorption images are shown in figure 8.8,
showing the splitting and rotation of the EIT lobes. These absorption images are extremely noisy
where the beam has no appreciable intensity because of the division in equation 7.3. This is not a

problem for the analysis of the absorption.

During the analysis absorption images were azimuthally unwrapped around the beam centre. We
found the beam centre by assuming that the outer edge of the beam was circular due to diffraction
from a pinhole in the beam path. The central vortex of the beams was not useful for determining
the beam centre, because the Q-plates did not work very well near their centre so the central dark
region was rather asymmetric. We then took the Fourier transform of the azimuthal variation of
absorption at a radius of choice, usually at the peak intensity. The 2¢ and 4¢ components of the
complex Fourier transform contain information about the quantisation magnetic field direction,
and we can relate them easily to the absorption function given by Fermi’s golden rule. The Fourier
transform is calculated along ¢, F(T'(¢)) = t(®). The argument of the 2¢ is immediately related
to ¢p via

arg(F(® = 20)) = 2¢p, (8.23)

where the factor of 2 comes from the symmetry of the specific beams we used, i.e. the fact that

all specific linear polarisations appear an even number of times in the beam cross section.

The splitting of the EIT lobes can be seen in the Fourier transform as the appearance of a 4/

component as a function of the inclination angle 6p,

1
|F(® = 40)| = 4\/§sin4 0p. (8.24)

It could be interesting to look at the variation of the 2¢ component with 5 as well. This is given

6The magnitude of the desired magnetic field is less than that of the background magnetic field.
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Figure 8.8: SEIT absorption images, demonstrating the rotation and splitting of the EIT lobes
with magnetic field angles 6 and ¢p. The images have been thresholded to enhance the visibility
of the absorption lobes.
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by a very similar expression,

|F(® =20)| = \/5(2052 Opsin? 0. (8.25)

This has twice the frequency of the 4¢ component amplitude, being zero for g = 0 and 0 = 7/2

and maximum for O = 7/4 and 0 = 37/4.

Figure 8.9 shows the argument of the 2¢ and the amplitude of the 4¢ Fourier components, both
for data and the above expressions. The data presented in figure 8.9b) were all normalised to the
¢ =1 data set. Error bars are only shown for the ¢ = 1 case, and we assume the uncertainty for
the other beams is comparable. We calculated the uncertainty by repeating each experiment 10
times and calculating the standard deviation of the calculated Fourier components. Note that the
¢p-dependence was negative because of a mistake in the definition of the coordinate system used
to generate magnetic fields in the experiment; the xz-axis was reversed. We take this into account

when calculating the model dependence.

In any case, the data and theory are generally in very good agreement. A small discrepancy
can be seen in both the 2/ and the 4¢ components. The arguments of the 2¢ component were
consistently too large for ¢p < 7/2 and too small (although by a smaller amount) for ¢ > 7/2.
The amplitude of the 4¢ component changed slightly with ¢ as shown in the inset in figure 8.9a),
which was not expected. We attribute these phenomena to either a slightly incorrect background
field compensation, or imprecisely generated magnetic fields. A small offset magnetic field would
displace the origin of the coordinate system for the quantisation axis rotation, which can explain
the systematic discrepancies between theory and data. The magnetic field generated was never
measured, we only measured the coil currents from which we could calculate the magnetic field
generated. However, given experimental uncertainties in the dimensions and alignment of the coils
it is possible that the actually generated fields differed somewhat from the intended fields, but this

was not measured.

It is possible to introduce further uncertainty to the Fourier components when unwrapping the
absorption images. If the centre around which the unwrapping is performed is chosen slightly off
the actual beam axis, or the pattern is not circularly symmetric, then the unwrapped profile will
have additional low frequency components not due to the absorption pattern. However, we expect
that these effects would have a diminishing effect with spatial frequency. In any case, care was
taken to find the centre for unwrapping by iteratively choosing a range of centre points and making
sure that the unwrapped profile was as azimuthally symmetric as possible (which assumes that
the beams themselves were azimuthally symmetric). Image noise can be neglected as a source of
uncertainty, because it is at very high spatial frequencies and so does not affect the low Fourier

components we are concerned with here.

We can also see that for larger values of ¢ the results were somewhat less in agreement with theory,
especially in the case of the amplitudes of the 4¢ component. There were a couple of reasons for
this. Firstly, beams with higher ¢ are larger in the far field, meaning that they overlapped with
fewer atoms at the edge of the cloud leading to lower signal-to-noise ratio. To counteract this we
could expand the cloud for longer, but this lead to other issues. During a longer expansion the
cloud slightly shifts under gravity, meaning that if the beam was centered on the trap location
the absorption images would be slightly less symmetric, which leads to undesired variations in the
Fourier components, distorting the results. A more expanded cloud is also less dense, although it

is at least more uniformly so. Technically these effects could all be compensated with careful beam
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Figure 8.9: Fourier transform components of SEIT as a function of magnetic field angles. Model
curves were obtained from Fermi’s golden rule.

alignment and by adjusting the beam power to account for fewer atoms in a larger cloud or at the
edge of the cloud. However, we decided that such adjustments between data sets would make their
comparison more difficult because of the new free parameters, so we performed all experiments
with the same expansion and beam power. Note that keeping beam power constant did change

the intensity of the beams, as larger beams had slightly less intensity.

Another reason for the data for different ¢ to look somewhat different is that the Q-plates we used
were, at this point, quite old, over 4 years old. Q-plates degrade over time, their phase retardation
changes. As a result, some of the beams we used were better representations of equation 8.18 than
others. This can be seen in figure 8.8. For example, the £ = 2 beam looks markedly worse than
the others in the figure, with a strange radial variation in absorption, and non-uniform azimuthal
variation. Even so, the corresponding Fourier components behaved remarkably similar to theory,
which demonstrates that the Fourier method of analysis is rather robust. This is likely because we
specifically analyse spatial frequency components of interest, and so the method is insensitive to

noise at other frequencies.

8.6 An atomic compass

The results in the previous sections show that the absorption patterns that appear when a vector
vortex beam interacts with our rubidium SpOT in the presence of a magnetic field depend on
the direction of the magnetic field. This means that we can deduce the direction of the magnetic
field just by looking at an absorption image, or, more precisely, the Fourier components of the
unwrapped absorption images. In this sense the atoms can be used more or less as a compass.
We can calculate the azimuthal and inclination angles of the magnetic field from the Fourier
components by inverting equations 8.23 and 8.24. The results of this calculation are shown in
figure 8.10. The error bars here are calculated from the uncertainties shown in figure 8.9 by adding
and subtracting the uncertainty from the corresponding Fourier component before performing the

inverse of equations 8.23 and 8.24.

The average error in our measured angles is +£2.4°. It is difficult to compare this value to other
currently available devices that can be used to measure the direction of magnetic fields, because
their specifications are stated in terms of sensitivity. As an example we take a commercially
available OPM from QuSpin”. They quote the heading error, the error in the measured field due
to the alignment between the device axis and the total magnetic field, as 3 nT in the 1-100 puT

"https://quspin.com/qtfm/
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Figure 8.10: Measuring magnetic field angles using SEIT. Model curves were obtained from Fermi’s
golden rule.

range for their device. Since we used a 20 pT field we can compare our results to this OPM.
Let us assume an unfavourable configuration for the OPM, where we use two devices at right
angles to measure the direction of a 20uT magnetic field in the plane of the two devices, aligned
with the magnetic field such that the heading error is large for both, i.e. at 45° to both. In
this case both devices would measure a 20/\/§ 4+ 0.003 = 14.142 £+ 0.003 pT field, where we have
taken the maximum heading error for worst case scenario. Then the uncertainty in the measured
field angle is 45° — tan—! ((14.142 — 0.003)/(14.142 + 0.003)) = 0.01°. This shows that even in an
scenario unfavourable to commercial devices our method of measuring magnetic field angle cannot

yet compete with their sensitivity.

In fact cheap commercially available orienteering sensors are available at a direction accuracy
comparable to our atomic sensor, with a far lower complexity [106]. Having said that, our sensor
has very low maturity with room for improvement, discussed below. We also note that we exploit
a new approach that, to our knowledge, has not been used to measure magnetic fields before.

Because of this we believe there is inherent scientific interest in our technique.

There are a couple of things to notice about the deduced angles, some of which indicate sources of
our uncertainty. First, the measured values of ¢ have twice the periodicity of the generated ¢p
because of the even symmetry of the polarisation patterns in the beams we used. This means that
with such beams this technique cannot tell the difference between a rotation by ® and ® + n,
n € N. This limitation is quite easy to remove, however. One only needs to use beams where
the polarisation has an odd azimuthal symmetry. These can be generated by specially designed
Q-plates, but are easy to make using any of the dynamic polarisation shaping setups discussed in

chapter 2.

A similar issue exists for determining the inclination angle 5. We can see from equation 8.24, and
figures 8.9 and 8.10, that the technique cannot differentiate between 5 and 7/2— mod (65, 7/2).
This is because to determine #p we are essentially looking at how split the absorption lobes are,
which monitors how transverse the magnetic field is to the beam propagation direction. Unfortu-

nately there is no easy way around this.

There was a suggestion by Thomas Clark® that detuning the beam from resonance with the m r=
0 —my = 0 transition would be able to lift this degeneracy. The logic was that the Zeeman shifted
my = £1 states would lead to different absorption on the oy and o_ transitions if the beam is

detuned, because one or the other would be closer to resonance. This should be detectable as a

8Personal communication.
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Figure 8.11: Polarisation of vector vortex beams before and after interacting with the SpOT.

change of ellipticity of the polarisation of the beam as it passes through the atoms. We investigated
this by using spatially resolved Stokes polarimetry as described in chapter 3. Sample plots of the

recorded polarisation patterns are shown in figure 8.11.

Because the atom numbers in the SpOT changed somewhat between experiments we performed
the experiment with the same settings 14 times, and averaged the absorption images for each
polarisation projection (ﬁ,@, a,d, 7 and i) Unfortunately the results were still inconclusive. We
saw no obvious pattern in the way polarisation patterns change as a function of detuning. It would
perhaps be more useful to compare the absorption of the two circular polarisation components,
since a detuning of the laser beam would bring one of the o4 components closer to resonance when
the ground state levels are Zeeman shifted, so we expect to see a difference in the absorption of the
circular polarisation components. This could give us an experimental improvement, too: we could
use a quarter wave plate and a Wollaston prism to simultaneously record absorption images for the
two orthogonal circular polarisation components using the same atom cloud. We expect that such
a method should show some difference between the components. We attempted this experiment,
but, at the time of writing, there are no results to speak of due to unexpected experimental issues.
The Wollaston prism we used has a large (20°) beam separation angle, which lead to one of the
beams being compressed in one dimension, see figure 8.12. New, small angle Wollaston prisms
have since been purchased, but the experiment has not yet been done with them. Of course, the

stretched images could be rescaled in post-processing, but this could introduce further unnecessary
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a)

i

Figure 8.12: Compressing effect of a large separation angle Wollaston prism, shown in (a) the
absorption image of two orthogonal polarisation components, where the shape of the two beams
appear different and (b) conceptually, showing how two rays are separated by a Wollaston prism.

complications.

Returning to figure 8.10, we note that our observations about figure 8.9 still hold, in that the
deduced ¢p values are not linear, and the measured 6 values have a ’shoulder’, we never measured
values less than 7/8. We attribute these effects to incorrect background field compensation. In
fact it seems like there was a small remaining field lying mostly in the x — y plane. We suspect that
it had basically no component along the z axis, because such a component would make measured
0p values asymmetric around 7/2, which we do not see. It is also possible that Fermi’s golden
rule is simply not an accurate enough approximation to the real system with the parameters we
used. Looking at the absorption images in figure 8.8, we can see that at 5 = 7/2 the absorption
patterns are not completely azimuthally symmetric. This feature appears in both the numerical
solutions to the optical Bloch equations and the solutions to the rate equations, but is missing
from Fermi’s golden rule. Since in the two more complete solutions the splitting (and so the 4¢
component) appears for lower §p using Fermi’s golden rule would overestimate this angle for low
angles. Figure 8.13 shows an example where shoulders appear in the angles measured when 0p
is calculated from the numerical fast Fourier transform of the absorption pattern using the rate
equations solution. The graph was obtained by violating the low intensity assumption (Q¢ =

50T") and with an uncompensated transverse background magnetic field with strength of 0.5B.

Nevertheless, our observations suggest that

™
SEIT can also be used to very accurately com-
pensate background magnetic fields, as long as g
we have precise control over the magnetic field <~
=
generated by the coils. In our experiments we % /2
attempted to cancel the background magnetic <

field by the following process. First, we applied

no quantisation field, and iteratively adjusted

the compensation field (in the z-y plane) until 0

0 /2 7l
Generated 6‘B (rad)

the azimuthal absorption contrast (given by the

difference between the maximum and minimum

absorption at a chosen radius) was minimised. Figure 8.13: Measured 6p (orange) can be over-
estimated if beam intensities are too high and/or
o i . there is an uncompensated background magnetic
the remaining field was along the z direction. fie]q. The blue curve is calculated from Fermi’s

It can be seen from equations 8.22 that the ex- golden rule. Compare with figure 8.10b.

This way we set the compensation such that

cited state population, and so the absorption,
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is zero irrespective of ¢ if 0 = mm, m € N, i.e. the magnetic field is axial. Then, we applied a
quantisation field such that 04,4n: = 7/2. We then maximised the azimuthal absorption contrast

by iteratively adjusting the axial compensation field strength.

This process can actually be made much more efficient. Consider a controlled quantisation field
of strength B,. Let us set the direction of this field to ¢41,42 = 0, 041 = 7/4 and 6,2 = 37/4, and
measure 61 2 of the total magnetic field using the 4¢ Fourier component according to equation 8.24.
The geometry of the situation is shown in figure 8.14. The x and y components of the total magnetic

field are the same for both cases, so we can write down

V2B, + By sin f sin ¢y

ﬁBq + By cos 6y
and (8.26)
ﬁBq + By sin 6y sin ¢g

—\/§Bq + Bycosly

tanfp; =

tan 932 =

We can calculate the ratio
tanfp; f\@Bq + By cos 6y

= , 8.27
tanfpa /2B, + By cos b (8.27)
which we can rearrange to find the z-component of the background field By,
2v2B
By,» = By costly = % —V2B,. (8.28)
L+ tan 0 go

This is then easily compensated by adjusting the z-

Bsind,sing,

Bsinfsing, . component of the compensation field by —By .. To de-

termine the azimuthal angle of the remaining background
field we generate a series of controlled quantisation fields

with 0 < ¢4 < 27 and retrieve the measured ¢p using

equation 8.23. ¢p lie on a curve that crosses the ¢p = ¢,

Figure 8.14: Measuring the - line when ¢4 = ¢¢ or ¢4 = —¢p, because in these cases
component of a background magnetic the background field is collinear with the generated quan-
field (blue) using SEIT by setting a
controlled quantisation field (green) to

two inclination angles 6,7 = 7/4 and
Op =31/ =7 — /4. directly read off |¢|. The transverse part of the back-

tisation field, so the measured direction is the same as

the one set by the quantisation field. This way we can

ground field can be compensated by adding a component in the |¢g| direction to the compensation
field, and varying its strength until the absorption contrast goes to zero. At that point the back-

ground field will be exactly compensated.

Of course we could measure the background field direction simply by turning any compensation
or quantisation field off. In this case we would be uncertain about the 6y direction as discussed
above, and we would have no information about the strength of the field. We could try setting
the compensation field against one of the possible By directions and vary the strength of the
compensation field, attempting to minimise the absorption contrast. Unfortunately if we choose
the wrong 6y we would never achieve zero contrast. We could monitor the rate of change of the
splitting with positive and negative compensation fields, since the total magnetic field direction
05 would change slower with the compensation field pointing in a direction close to By than away

from it if they are not collinear.

It is perhaps worthwhile to point out that the system presented here cannot compete in sensitivity
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with existing magnetometers, whether based on atoms [82, 119] or other technologies [120]. We
think that SEIT is interesting from a fundamental scientific point of view, allowing us to deduce
(with some ambiguity) the direction of a magnetic field from an absorption image. This can be done
because our cloud of atoms maps the projection of an electric field vector (in the light field) onto
the magnetic field vector onto the transmitted intensity of the probe light. Having said that, the
technique for compensating stray magnetic fields outlined in the preceding few paragraphs could
be of practical use in atom traps, where it is impractical or impossible to place magnetometers of

other kinds close to the trap volume.

8.7 In summary

In this chapter we have described electromagnetically induced transparency, and developed the-
oretical descriptions for investigating EIT in a 4-level tripod system. This system is realised in
our experiments comprising the Zeeman sublevels in the F=1—F’=0 Dy manifold of rubidium &87.
We found that in this system absorption depends on the angle between the polarisation direction
and the quantisation axis set by an external magnetic field. We can exploit this, in conjunction
with beams with structured polarisation, such as the vector vortex beams used here, to deduce
the direction of the magnetic field. Here we were only sensitive to magnetic field direction within
7 sr solid angle because of the even azimuthal symmetry of the beams and the degeneracy of the
system with magnetic field inclination angle. By using beams with an odd azimuthal symmetry we
can extend the detection range to 27 sr, which is equivalent to a compass with an added orthog-
onal alignment measurement. We have shown data obtained from vector vortex beams generated
from Q-plates. We also described how to use this system to measure and compensate an unknown
background magnetic field.

For further study it would be interesting to investigate dispersion in SEIT. We showed in figure 8.2
that the reduced absorption is accompanied by an increased dispersion. This effect reflects the
Kramers-Kronig relations for the real and imaginary parts of complex functions. The same relations
must hold for our spatial EIT, in which case we should be able to engineer the dispersion by
structuring the light field driving SEIT. If so, we can perhaps engineer the dispersion profile in
a spatially structured manner, in a scheme that could be used as a spatial quantum memory.
We think that we can investigate the dispersion by looking at the rotation of beam polarisation,
since polarisation components experiencing EIT ought to experience a different refractive index

compared to polarisation components that are more absorbed, and so should be phase shifted.



The end

The previous chapter marked the end of the core chapters of this thesis. In Part I we learned about
light as electromagnetic radiation, and learned to control the amplitude, phase and polarisation
nearly arbitrarily in any plane transverse to optical beam propagation. These light structures
extend into three dimensions via propagation, and we described a simple way of calculating this in
the paraxial limit. We explored in detail methods of controlling light using digital devices, spatial
light modulators and digital micromirror devices, their advantages and disadvantages, and their
optimal use through calibration and aberration correction. In the last chapter of the first part we
used our knowledge of beam shaping and analysis to quantify correlations between spatial and po-
larisation degrees of freedom in vector vortex beams. These correlations mimic the mathematics of
quantum entanglement, although they are physically distinct in that entanglement can involve non-
local effects whereas classical correlations cannot. Nevertheless, quantum entanglement measures
can be adapted to these correlations. In particular we related concurrence to Stokes parameter
measurements. Quantifying correlations this way may be useful, apart from their pure scientific

interest, for quantum algorithms that require correlations, but not non-locality.

We began Part II by introducing basic atomic physics, including absorption and scattering of (near-
Jresonant coherent light. We introduced the optical Bloch equations for a 2-level atom. Then we
described in quite a lot of detail how to generate the resonant coherent light using external cavity
diode lasers. We detailed the construction of the ECDLs used in the experiments in the subsequent
chapters, and explained how to stabilise the laser frequency to atomic transitions of rubidium, the
atomic species of choice for our experiments. We described an experiment in which we combined
the knowledge gained in Part I about structured light with the atomic state control via interaction
between atoms and light. We used structured light to drive atoms to dark states in specific volumes
in a warm rubidium vapour, and probed the populations of atoms remaining in bright states using
a separate probe beam. We reconstructed the population structures tomographically from the
fluorescence of the probe beam. We also modelled the populations using rate equations, taking
into account the transverse velocity of atoms in the warm cell, which yielded good predictions

matched by the experimental results.

We then turned up the complexity another notch, exploring cold atom traps. We described how
the Doppler effect can be exploited to cool atoms with red-detuned laser light. We introduced
magneto-optical traps, in which cold atoms are collected around the zero of a quadrupole mag-
netic field. We discussed in detail experimental considerations in our trap, mostly considering
alignment and magnetic field control. We also introduced a more advanced trap configuration,
where atoms are trapped in a dark state, leading to higher densities because of the elimination
of re-radiation pressure from scattered photons within the cold atom cloud. This spontaneous-
force optical trap formed the backbone of our next, most complicated experiment, where we once

again used structured light and atoms, this time of the cold variety. We developed a theory of
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polarisation-dependent EIT, where the absorption of the cold atom cloud is controlled by the an-
gle between a magnetic field setting the quantisation axis for the atoms and the polarisation of a
vector vortex beam. We showed that this system allows us to deduce the magnetic field direction,
acting like a 3D compass, although with some restrictions that lead to sensitivity to only 27 sr

solid angle.

In the remainder of this thesis we report on short projects we took part in that are tangentially
related to the main matter of this thesis. I feel they are worth including because they helped build
my intuition about topics that form the core of this work?. There will be some more talk of atoms
when we look at single ion trapping in an experiment to measure the longitudinal component of
a focused radially polarised beam. We will also briefly investigate the diffraction of vector vortex

beams.

9And because I think they are interesting.
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Chapter 9

Short projects

9.1 Introduction

In this short chapter we describe two projects we worked on that are tangentially related to the
preceding core chapters of this thesis. The first of these projects is related to our work on spatial
polarisation control (chapter 2), here put to use in the context of single ion trapping. The physics
of ion trapping is similar to atom trapping (chapter 7), although it is possible to manipulate the
motion of ions with higher precision than the motion of neutral atoms in a magneto-optic trap®.
In the project described in section 9.2.2 we combined our expertise in beam shaping with the
ion trapping expertise in the Schmidt-Kaler group at the Johannes Gutenberg University, Mainz,
Germany. I visited the Schmidt-Kaler group in March 2017, and the work described here was
carried out then. I also present a detailed discussion of ion trapping theory; while I only did minor
work on the construction and operation of ion traps, I find the concept exciting, which is why the

theory is included here.

Our work in the project described in section 9.3 involved simulations of double-slit diffraction of
vector vortex beams, using methods described in chapter 1. This work complemented student
projects carried out in the experiments we built to generate arbitrary polarisation structures, as
described in chapter 2. We include the simulation results here out of interest, as well as future
reference. I built the experiment and wrote the simulations during the summer of 2018, alongside

the work presented in chapter 8.

9.2 Ion traps

In chapter 1 we briefly touched on the fact that in the paraxial limit the electric (and magnetic)
fields of a propagating light field oscillate transverse to the propagation direction. In strongly
focusing, high numerical aperture systems this is no longer necessarily valid. For example, at a
tight focus radially polarised beams have a strong longitudinal electric field component oscillating
in the propagation direction. Due to the extremely small focal spots in such situations the electric
field distributions are difficult to measure. Previously, gold nanoparticles were used to perform
such measurements [122, 123]. In collaboration with the Schmidt-Kaler group at the Johannes

Gutenberg University of Mainz we intended to measure the distribution of the various polarisation

L Although it is possible to exert comparable level of control over neutral atoms, for example in optical lattices [121]
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components of tightly focused radially and azimuthally polarised beams using single ytterbium

ions.

Today laser cooling is routinely used to prepare experiments investigating the properties of single
atoms or ions, and recently using both individual ions and ion strings for quantum computing and
quantum simulation. However, just sixty years ago such experiments were considered to never be
feasible; this is well illustrated by the famous statement by Rutherford in 1952: ”... we never
experiment with just one electron or atom or (small) molecule. In thought experiments, we some-
times assume that we do; this invariably entails ridiculous consequences...” Indeed, the difficulty
of isolating single particles and performing measurements on it would be insurmountable without
tunable lasers. The first tunable dye lasers were invented in the 1960s, and two decades after
Rutherford’s statement the first narrow-band tunable laser was reported[124]. This development
led to the first ion trapping experiments performed by Neuhauser et al. [125] and Wineland et
al. [126] in 1978. Soon after experiments with single trapped ions were realised. Today experi-
ments with single trapped ions are used as accurate time and frequency standards, for precision

spectroscopy and quantum computing and simulation.

The early experiments used tunable lasers to cool the ions in conjunction with static quadrupole
electromagnetic fields to form the trap. This configuration is known as a Penning trap, proposed
in 1936 [127]. In this essay we will focus on a different setup proposed by Paul in 1990 [128].
Paul traps use a dynamic electric field, oscillating at a radio frequency, to generate the quadrupole
trapping potential. We will first describe the quantum-mechanical treatment of this potential. We
will then look at the interactions between the trapped ions and laser fields. Finally, we apply
the concepts developed in these sections to describe laser cooling in this context. This section is
largely based on the reviews of Leibfried, et al. [129] and Eschner, et al. [130], and the PhD thesis
of Cornelius Hempel [131].

9.2.1 Cooling to the motional ground state in a linear Paul trap

Let us first look at the form of the potential in a Paul trap. It is easy to see that in order to trap
a particle we require a restoring force that is proportional to the distance from the trap centre.

This condition is satisfied by the quadrupole potential in a Paul trap, which has the form

(0/1'2 +5/y2+7/22) (91)

[N

1
P = U§ (am2 + By + 722) + Urp cos(wrrpt + drr)

where U, Ugrp correspond to voltages applied to the trap electrodes, wrp is the trap drive frequency
and coefficients «, 3,7 determine the shape of the potential. Note that the potential is a sum of
separate time-dependent and time-independent parts. To constrain the coefficients one has to solve
the Laplace equation V2® = 0. Doing so yields the relations a4+ 8+~ = 0 and o/ + '+~ = 0.

A common choice for these coefficients is

—(a+pB)=79, o =-4 (9.2)

which results in a potential that generates confinement in the z-y plane via the oscillating field
and by a static field in the z direction; this configuration is known as a linear Paul trap, shown in
Fig. 9.1. Such traps are attractive because they can be used to trap strings of ions, for example for
applications in quantum computing. Note that the sign difference between the different coefficients
indicates that there is no static minimum of the potential in all three dimensions, hence ions will

be trapped dynamically.
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We now transform into a quantum mechanical picture by
replacing the coordinates with their respective operators.
Since the potential in different dimensions can be decou-
pled it is sufficient to look at the part of the potential
in the x direction; the other directions can be treated

analogously. So the potential V(¢) can be written as

1 1
V(t) = 5mw%2 + 5mvvﬁ,m? (9.3)

where m is the ion mass and we have made the substitu-

tions .\
Ua Figure 9.1: Diagram of a linear Paul
m trap. The trap consists of four blade
Urrd cos(wrpt + Orr) 9.4 electrodes and two end-cap electrodes.
m (94) RF voltage is applied to two oppo-
site blade electrodes (shown in copper)
First, let us look at the time-independent part. It is while the rest of the electrodes are held
straightforward to write down the Hamiltonian for this at a constant voltage (grey).

part of the ion motion

W:

Wrr =

Hyo = 2+ %W@Q (9.5)

We recognise this Hamiltonian as that of the familiar harmonic oscillator. In fact we can introduce

the creation and annihilation operators

it = ™V (e Y anda= ™Y (a4 L
a o7 (m me) and a on | & + P (9.6)
Using these operators we can rewrite the time-independent part of equation 9.3 as

~ At 1 _ . 1

Hy,, =W la a+§ =W N+§ (97)

The simultaneous eigenstates of H h.o. and N are known as number states or Fock states, and they
are evenly spaced with a ground state |0) with energy Ey = iW/2. The repeated application of
the creation operator to the ground state yields all possible eigenstates. The eigenvalues n of N
corresponding to |n) give the number of motional states or phonons. The motion described by

these states is known as secular motion.

We can now consider the time-dependent part of the potential. The total Hamiltonian is given by
ﬁ = I:Ih.o, + I:IRF (98)

where Hgp is the perturbing Hamiltonian corresponding to the time-dependent potential. This
induces a driven oscillation at the trap drive frequency; the resultant motion is called micromotion.
The magnitude of micromotion is much smaller than that of secular motion, and its frequency is
normally much higher, which is why it is often neglected. However, because of its large frequency
it does contribute to the energy in the system|[132]. It is easy to find the effect of the micromotion

Hamiltonian by performing the transformation
Hipy = U HrpUo, (9.9)

—iﬁh‘o‘t/h

where Uy = e is simply the time-evolution of the unperturbed system. This transforma-

tion to the so-called interaction picture separates the perturbing Hamiltonian from the unperturbed
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(harmonic oscillator) system. It is convenient to express the RF Hamiltonian in terms of a time-

dependent force:

N A . .

Hpp = —(a+ &T)‘TO? (6z(wRFt+¢>RF) + 6*1(WRFt+¢RF)> = —(a+ (AZT)I()F, (9.10)
i

where we have expressed & in terms of the creation and annihilation operators, with the char-

acteristic length scale of the harmonic oscillator o = /h/(2mW). We have also replaced the

time-dependent trigonometric function by its exponential form. Having done this, the full interac-

tion Hamiltonian can be written down:

f{int — l‘Oé. (C"le*i((W‘FwRF)t‘f’d)RF) + Ge~ {W—wrr)t—6rr)

21
+afelW—wrp)i—¢rr) | dTei((W+wRF)t+¢RF)) ) (9.11)

To obtain this we have used the identities

One can now perform the rotating wave approximation neglecting terms with frequency sums to
simplify this to

ﬁint - 55'0; (&e—i((W—wRF)t—¢RF) + dTei((W—wRF)t—¢RF)) ] (9.12)
7

On resonance (i.e. when the trap drive frequency is the same as that of the harmonic oscillator)

this further simplifies to

A, . ,
Hiny = w0 (ae'®rr + gle~ionr) (9.13)
1

The time evolution corresponding to this Hamiltonian can be re-written as a displacement operator
D(a) = ¢ —07a, (9.14)

where we have introduced the dimensionless amplitude a = e~**®F Azt /(2h). Applying the dis-
placement operator to the ground (vacuum) state creates a coherent state[133]. Coherent states
have a Gaussian probability distribution with the same shape as the ground state wave packet in
the harmonic oscillator, but their centre follows the trajectory of the ion (including micromotion)

and do not spread.

To describe the dynamics of ion-laser interactions we will assume that the internal electronic level
structure of the ion is well approximated by that of a two-level atom, with states |g) and |e) the
ground and excited states respectively. This simple model is adequate in most experiments, where
the energy separation of two electronic levels addressed by the laser is very different compared to
other level separations (i.e. the laser detuning is small only for these two levels) and the Rabi

frequencies (and consequently laser intensities) are small compared to this difference as well.

Let us revisit the two-level atom introduced in chapter 4. The Hamiltonian describing the internal

states of a two-level atom is given by

A We + W We — W
He = h=——"(le) (el + 9} (9]) + h———"(le} {e| = 19) (9]} , (9.15)
where hw, and hw, are the energies of the ground and excited states respectively. It is convenient

to re-cast this expression in terms of the familiar Pauli matrices. This can be done because the
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algebra of two-level operators is identical to the spin-1/2 algebra if one maps ground and excited

states |g) , |e) to the down- and up-spin states |}), |1) respectively. We perform the change of basis

le) (e +19) (g] = T, |g) (e] + |e) (g] = I,
i(lg) (el = le) (g) = Gy, e) (e] — |g) (9] = &=,

with gy the 2x2 identity matrix to write Eq. 9.15 as

i, = h%o— (9.16)

where fwg is the energy difference between the ground and excited states. The first part of
equation 9.15 could be removed because it is state-independent and does not influence the analysis
that follows (its removal can be considered a choice of a zero energy level halfway between the
two levels). In the spin-1/2 formalism one can define the electronic raising and lowering operators

o+ = (05 £ i0y) /2 which will be of use later.

Having described the energy of the two-level atom on its own let us now consider the effect of an
incident laser field. Such a light field will induce a flipping between the two states at the Rabi

frequency €2, proportional to the electric field amplitude of the incoming field:
H, = hQ6, cos(wt + ¢), (9.17)

where w is the frequency of the incident (monochromatic) light field and ¢ is its phase, and ¢ is the
duration of the laser pulse. We note that in our definition the Rabi frequency corresponds to the
frequency at which populations are exchanged between the ground and excited levels. The total

atomic Hamiltonian is the sum of the two Hamiltonians in equations 9.16 and 9.17

i, = h%&z + 16, cos(wt + ¢). (9.18)

Once again it is useful to transform to an interaction picture to look at the dynamics induced by
the laser pulse. The transformation again takes the form Ugﬁl Uy with Uy = e~ #Het/h — e‘iwotoz/z,
and expressing cos(wt + ¢) = 3 (!9 4 e~i(wtH9)) yields, after quite some algebra,
- hQ
Ja) o

int = 1 <€i((w7w0)t+¢)o'x + 67i(<w7w0)t+¢)0$

J’,Z'ei((w*‘h'f))t“r(ls)o—y _ ie*i((w*wo)t+¢)0y> , (9.19)

where we performed a rotating wave approximation to drop terms with frequency sums since,
considering the optical frequencies involved, they oscillate too fast to affect the time evolution of
the remainder. Finally, we make use of the electronic raising and lowering operators defined above
and trigonometric identities to arrive to

N @(

int —

i At 5, 4 ei(At+¢>)07) ’ (9.20)

where we also introduced the laser detuning A = w —wy. Unsurprisingly, for a resonant laser beam

7Z-FI7‘,ntt/FL

(A = 0) during the time evolution of the interaction Hamiltonian e populations in the

ground and excited states are exchanged periodically.

In order to adequately describe the interaction between ions in a trap with incident laser beams
we have to combine the motional and electronic Hamiltonians. We start with combining the

Hamiltonian corresponding to the motion in a quantum harmonic oscillator (equation 9.7) and the
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Hamiltonian corresponding to the energy of the unperturbed two-level atom (equation 9.16) to

obtain a description of the unperturbed system

. 1
Hy = hW <a*a + 2) + h%o (9.21)

The laser-ion interaction is described as a perturbation on this system, which takes the form of

equation 9.20 modified by the inclusion of a factor coupling the motional and electronic states:

H) = ?(Oﬂs— +o_) (ei"(&+df)e”(“’t+¢) + eii"(&ﬂﬂ)ei(w“ﬂb)) , (9.22)
where we have defined the Lamb-Dicke parameter n = 27” ﬁ cos(#), which includes the laser

wavelength A and the angle of incidence 6 relative to the motion of the ion.

To investigate this perturbation we transform to the interaction picture with Uy = e—iflot/h,

. hQ [ e o
- toz —i5 to;
= 2 (800,80
. ATA . ~ ,\1— . ,\T,\ s
% (etha aezn(aJra )e iWta ae i(wt+¢)

N eiwmf@e,m(ammeqwm*aei(mw)) ) (9.23)

This can be simplified using the following relations:

67'2020'i€ 1502 eiu‘)o_i

nata oA At _ipata . ~—i0 | ~t 16
619(1 aem(a—i-a )e iwa'a _ ezn(ae +a'e )

Performing the simplifications, recognising the laser detuning A = w—wq and performing a rotating

wave approximation leaves us with

N hQ ) (s Wt At iWE
Hint _ 7O_+671(At7¢)ezn(ae Wtiate!W ) + H.e. (924)

where H.c. denotes the Hermitian conjugate.

In the so-called Lamb-Dicke regime the spatial extent of the wavepacket of the ion is much smaller

than the laser wavelength and the following inequality is satisfied:
m/{(@a+ah))y=nvon+1<1 (9.25)

where 7 is the mean phonon number. We can then Taylor-expand the second exponential in

equation 9.24,

A —iWt

(e Hale™) g i (g™ afe™ ) + 0 (n?) . (9.26)

We can justify the omission of terms of order 12 in the case when 7 < 20 which is normally satisfied

after Doppler cooling in experiments. We can then rewrite equation 9.24 in its final form
2 Y —i(At—) L Wt | At W
Hipt = —oye (1 +1in (ae +a'e )) + H.c. (9.27)
This Hamiltonian contains three resonances. The first one at A = 0 takes the form
P 97

Hca'r‘ - 2 (ei¢o+ + e_i(ﬁaf) ) (928)

where we have defined the Rabi frequency €y as the coupling strength at n = 0 and where we
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assumed the resolved sideband limit Q@ < W to neglect terms with T (this is another rotating
wave approximation). This carrier transition couples the states |g,n) <> |e, n); this means that it
induces (de-)excitation in the internal electronic states but does not affect the motional state of

the ion.

The condition A = —W leads to a transition of the form

ae®oy +ale o) (9.29)

~ _ ihﬂn,n,ﬂ] (
rsb 9

with Rabi frequency Q,, ,—1 = 1nv/n€. This red sideband transition couples |g,n) + |e,n — 1),

i.e. it lowers the phonon number of the motional state by one unit.

Finally, the third resonance, at A = W gives rise to

A iFLQn7n+1 77

Hysp = — (a'e®oy +ae™"%o_) (9.30)

coupling |g,n) <> |e,n+ 1), with Rabi frequency Q, ,—1 = nvn+ 1Qy. It raises the phonon
number by one unit. The level scheme described here is shown in Fig. 9.2.

The red sideband transition is of interest in general because it
entangles the motional and electronic states of the ion, and is in
fact equivalent in form to the well-known Jaynes-Cummings Hamil-
tonian describing the interaction between a two-level atom and
The blue

sideband transition is sometimes known as anti-Jaynes-Cummings

optical cavity modes, widely used in quantum optics.

coupling, and is not analogous to any cavity QED phenomenon (in
fact an analogous interaction would violate energy conservation).
Figure 9.2: Resolved side-
band level structure in a har-
monic oscillator. The mo-
tional states |m) form a lad-
der with energy offset AWV,
and each motional state has
an electronic ground and ex-
cited state. The electronic

However, the red sideband transition can also be used for the pur-

pose of cooling; this shall be our focus for the next few paragraphs.

In many ion trapping experiments it is desirable to bring ions to
their motional ground state. In most cases this is achieved by a two-

stage cooling process. First, after ions are released into the trap

volume they are slowed down by Doppler cooling; this is no different
from Doppler cooling for neutral atoms described in chapter 7.

This allows for an ion (or chain of ions) to be confined in the trap,

states are coupled by the car-
rier (car) transition, and the
motional states are coupled

to the internal states via the
blue sideband (bsb) and red
sideband (rsb) transitions.

where they are cooled by the same process until they reach the
Lamb-Dicke regime. Then resolved sideband cooling is applied to
bring the ion to its motional ground state. Let us look at this

procedure in more detail.

The principle of resolved sideband cooling is very similar to that of Doppler cooling. Provided that
the linewidth of the decay on the cooling transition is narrower than the frequency of the motional
state of the ion the red and blue sidebands are resolved (hence the name resolved sideband cooling).
We can neglect the sidebands due to micromotion here because they are at a much higher frequency
and so they are far from resonance. It is then possible to tune the cooling laser to the (secular) red
sideband transition. In the Lamb-Dicke regime the ion will absorb photons on this transition but
spontaneous emission will predominantly occur on the carrier transition which does not change the
motional state, so in the cooling cycle the motional state of the ion will be lowered. This process

can be repeated until the ion will be in its motional ground state with high probability. This can
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be seen relatively easily by looking at rate equations, as we shall do in what follows.

If there were no heating mechanisms present, after a sufficiently large number of cooling cycles
the ion would arrive to the motional ground state |n = 0), and since this is a dark state for red
sideband detuning the ion would stay in this state indefinitely. However, there are two obvious
heating effects, namely excitation on the carrier and on the blue sideband. Carrier excitation occurs
with probability (€2/ (2W))? and will decay on the blue sideband with probability (/ (2W))? 7T,
where I' is the decay rate of the excited state in a given motional state. The Lamb-Dicke factor 7
is different from that of the excitation (and the red sideband excitation) because the decay is not
restricted in direction to that of the cooling beam. Note that there is a much higher probability
that the carrier excitation will decay on the carrier transition, but since that does not change the
motional state we ignore it. Also note that we consider the detuning of transitions from the red
sideband. The probability of excitation on the blue sideband is (7€2/ (4W))? and decay on the
carrier after this excitation occurs with probability (7€2/ (4W))*T'. Here we ignore the process of
excitation and decay both happening on the blue sideband because the net effect is no change in

the motional state.

We can now write down the rate equations for the motional ground state and the first excited state

0),]1):
) (n2)? Q 1\, n\?
— _ - r+(2-)r
Po=pp— =g ) T \aw

P1 = —Po (9.31)

In the case of a steady state (i.e. the rates being equal to zero) the probability of finding the ion

in the motion ground state is given by

r N\’ (1 /(7))
=1 = Z A 9.32
m== () (i) 63
where I' < W so the first bracketed term is close to zero meaning that the ion reaches the motional

ground state with a probability close to unity.

State-of-the-art experiments with trapped ions, used in a wide variety of contexts ranging from
high-precision time standards to quantum computing, require precise, high-fidelity state prepa-
ration and control. This includes the treatment of both motional and internal electronic states
of ions. State preparation is routinely achieved through a multi-stage cooling process, including
Doppler cooling and resolved sideband cooling. So far we have described the quantum mechanical
treatment of ion motion in the harmonic potential of a linear Paul trap as well as the coupling of
the internal states of a two-level ion to its motion via the red and blue sideband transitions. We
have also outlined the principles involved in the standard method of cooling via Doppler cooling
and sideband cooling in the Lamb-Dicke regime. We note that other cooling processes have been
proposed (some also experimentally realised) that were not discussed here; these include cooling
via electromagnetically induced transparency (EIT), Sisyphus cooling, and state selection cooling,.

The interested reader is referred to [130] and references therein for more details.

9.2.2 Experiment: single ion in a vector vortex

In 2017 we proposed an experiment with Christian Schmiegelow from the University of Buenos

Aires, Argentina, during his visit at Glasgow. In this experiment we measured the polarisation
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components of strongly focused radially and azimuthally polarised vector beams by observing their
interaction with a dipole transition. Specifically, a DMD-based vector beam generating device
(described in chapter 2) was placed in the repump beam of an ytterbium trap and fluorescence
on the Doppler cooling transition was measured. The experimental setup is shown in figure 9.3.
Whether the repump transition driven by certain polarisations is allowed or forbidden depends on
the Zeemann sublevels. The selection rules for the different magnetic sublevels in turn depend on
the projection of the field components on the quantisation direction given by an external magnetic
field. This is very similar to our understanding of SEIT in chapter 8. A light field parallel to
the magnetic field (a 7 field) cannot exert torque so only transition with Am = 0 are allowed. A
linearly polarised field perpendicular to the magnetic field (a field containing equal amounts of o™
and o~ polarisations) exerts torque but in no specific direction so the allowed transitions are both
Am = +1. A field perpendicular and rotating with respect to the magnetic field (a o™ or o~ field)

exerts torque in its sense of rotation so the allowed transition will be either Am =1 or Am = —1.

As a result different polarisation components

can drive different transitions depending on the yzs
Doppler cooling

angle between the beam propagation direction
o

and the external magnetic field. In simple cases Repump{ ]
of parallel and perpendicular magnetic fields

the following situations can arise:

Detection

Wollaston prism

e Parallel magnetic field and beam propa-

gation direction. Ybion  Dichroic mirror

<

o~ field respectively. Figure 9.3: Experimental setup used to measure
polarisation components of vector beams using
single ions. The dichroic mirror transmits 935 nm
o~ mixture. light and reflects 370 nm.

— circular polarisation is seen as ¢ or

— linear polarisation is seen as a o +

— longitudinal polarisation is seen as a
7 field.

e Perpendicular magnetic field and beam

propagation direction.

— circular polarisation is seen as ¢ + o~ + 7 mixture.

— linear polarisation is seen as a o + ¢~ mixture or as a 7 field depending whether it
is polarised perpendicular parallel to the plane formed by the magnetic field and the

propagation direction.

— longitudinal polarisation is seen as a o + o~ mixture.

Figure 9.4 shows the energy levels of singly charged Yb™ ions. In the Zeeman sublevel structure of
the levels involved in the repump transition 7, o_ or o light drives the ion into a dark state where
it cannot be repumped so cannot produce fluorescence. Consequently only o_ + o light can drive
the repump transition. In particular, the interesting longitudinal component of radially polarised
beams can be measured by observing the difference of fluorescence for the two magnetic field
directions described above. The experiment can be repeated for an azimuthally polarised repump
beam, in which case we expect no difference of the fluorescences since azimuthally polarised beams
do not have any longitudinal component at a focus. Comparing the radial and azimuthal cases

gives us information about the strength of the longitudinal polarisation component at the position
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Figure 9.5: Photograph and schematic diagram of a ring ion trap.

of the ion. Either the ion or the beam can be scanned to build up a 3D structure of longitudinal

polarisation near the focus.

F=
¥ i

It is very easy to scan the position of an ion

0 ®D[3/2];, in a segmented linear Paul trap. Unfortu-
nately one was not available for this experi-
ment. Instead we used a much simpler ring
935nm trap in which ions are confined well only in a
specific spot and cannot be moved. This ring

trap, shown in figure 9.5, was built by Christian

F=2 2D3/2

— F=1 Schmiegelow, Martin Drechsler and Abasalt

Bahrami?. We opted to scan the beam in-
stead, which is straightforward using the DMD
already in the setup. The trap was constructed

in Mainz, but has since been transported to

Figure 9.4: Singly charged ytterbium ion level Buenos Aires to become the first functioning

scheme. Blue and red solid lines indicate Doppler
cooling and repump transitions, respectively, and

ion trap in Latin America. Since it was recently

dotted lines indicate relevant spontaneous decays. Put into operation most components were not

optimised yet, and unfortunately to date no

conclusive measurements of longitudinal polarisation components were made.

9.3 Double slit diffraction of vector vortex beams

Figure 9.6: Rectangular slits.

The following project was run as a student project on an experi-
ment I built, and I took part in the day-to-day supervision of the
students. I produced the simulations shown below to complement

the students’ work.

In 2012 Li et al. investigated the diffraction patterns produced
by vector vortex beams passing through double slits [134]. They
found that far from the propagation axis along the slit direction
the usual double slit diffraction pattern is recovered. However, near
the propagation axis there is a more intricate interference pattern.
This pattern arises from different, spatially dependent, polarisation
components interfering constructively and destructively in different

places. Of course this means that the interference pattern depends

2... if I remember right. I apologise if this list is inaccurate.
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Horizontal polarisation ~ Vertical polarisation Total

Figure 9.7: Simulated double slit interference of a radially polarised beam, where the slit height b
is related to the beam waist w as shown on the left. The width of the slits was always a = 0.1w
and their separation was Az = 0.4w. The horizontally and vertically polarised components of the
interference in the far field are also shown.

strongly on how many polarisation directions are transmitted through the slits, which is not dis-
cussed in [134]. We had a setup capable of generating any vector field using a DMD (the same setup
as in chapter 3), as well as arbitrary slit patterns by multiplying the hologram by programmed slit

masks. This prompted us to investigate double slit diffraction.

Consider a radially polarised beam. Placing two slits, shown in figure 9.6 that are small compared
to the beam size along the x axis would mostly admit horizontally polarised light, and we expect
interference pattern very similar to the standard double slit interference. However, if the slits
are larger in the y direction they start to sample more polarisations, and the interference pattern
becomes more intricate. This is shown in figure 9.7, where we numerically evaluated the interference
in the far field. We can see that when the slits are larger additional interference fringes appear with
a different structure. In this case we have a vertically polarised component appearing away from
the z axis in two lobes, which is responsible for the dark, horizontally aligned hole intersecting the
vertically polarised interference fringes. For higher order vector vortex beams the number of lobes
in the vertical direction will depend on the number of polarisation lobes that the slits allow to pass
through.

But this discussion suggests that for vector vortex beams rectan-
gular slits are not ideal, because while they allow us to sample
different polarisations, they oversample certain polarisations be-
cause the intensity of the beams is not uniform. They also never
allow us to sample all polarisations. Since the beams are cylindri-
cally symmetric it would perhaps be better to define the slits in
cylindrical coordinates, shown in figure 9.8. These are just as easy
to generate in our system as the rectangular slits, and numerical

simulations are shown in figure 9.9. Of course when the slit open-

ing angle is set to m we just generated an annular aperture, and so
the diffraction patterns are just the annular diffraction patterns of Figure 9.8: Circular slits.
the component beams, which, in the case of a radially polarised beam in the horizontal and vertical

polarisations shown in the figures, are just Hermite-Gaussian modes.

Project students also generated these beams and slit patterns in an experiment, and measured
their polarisation structure. The data was in good agreement with our numerical simulations.

Interestingly, we never saw the simple double slit interference patterns emerge far from the z axis
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Horizontal polarisation ~ Vertical polarisation Total

Figure 9.9: Simulated circular slit interference of a radially polarised beam, where the slit opening
angle ¢ is shown on the left. The radial width of the slits was always related to the beam waist w
by r = 0.1w, and their radial separation was Ar = 0.4w. The horizontally and vertically polarised
components of the interference in the far field are also shown.

as shown by Li et al., neither in the simulations nor in the experiment. However, a project student
developed analytical expressions for calculating the interference patterns, and in her simulations
those features appeared. We are not quite sure why this is, but due to lack of time we did not

investigate this further.

9.4 In summary

In this chapter we described the theory of cooling a single ion to its motional ground state in a
harmonic trap, discussed in the context of a linear Paul trap. We then described an experiment
that can use selection rules in atomic transitions to measure longitudinal polarisation components
arising from strongly focused radially polarised beams. In this experiment we intended to use a
singly charged ytterbium ion in a simple ring trap with a magnetic field setting its quantisation axis
to which the polarisation of the illuminating strongly focused repump beam would be compared.
This is actually very similar in concept to how we thought about SEIT in chapter 8. Unfortunately

to date the experiment yielded no results.

Then we briefly described far field interference of vector vortex beams when they pass through
double slits, motivated by a study by Li et al. in 2012. We extended study to slits with circular
symmetry, and showed some numerical simulations of far field interference for horizontal and
vertical polarisation components. These are in qualitative agreement with experimental results,
but interestingly enough, are somewhat different from the results of Li et al. Unfortunately due

to a lack of time at the time of writing this was not investigated further.
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