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Abstract

We present an experimental and theoretical study into the behaviour of
thermal atoms confined to bespoke micro- and nano-structured vapour cells.
We detail advancements to our cell platform, and use our cells to study a num-
ber of physical effects at novel lengthscales. We study light-induced atomic
desorption (LIAD) for localised liberation of wall-adsorbed atoms into the va-
pour phase, and demonstrate density increases of up to 5x in a micron-scale
region. We also find that non-resonant laser light can create high density
condensed regions of rubidium on the cell walls. We demonstrate two-colour
excitation and fluorescence spectroscopy in a nano-cell, and use this scheme
to measure the density distribution of atoms confined to a 1 x 1pm chan-
nel. We measure an exponential decay with distance into the channel, with
a lengthscale of 4.0(11) pm. Finally, we study the response of confined va-
pours to resonant nanosecond laser pulses. We measure the decay time of the
fluorescence activity from single-colour excitation to the 5Pz, to be much
less than the natural lifetime, which we conclude to be due to atomic time of
flight. We also perform pulsed excitation to the 5Ds/, state using a two-colour
scheme in various geometries, and produce a Monte Carlo wavefunction simu-
lation to model this. We conclude that, in this case involving the longer lived
5Ds5/o state, velocity selectivity and time of flight both impact the measured
timescale, and use our simulations to extract the contributing velocity classes.
Due to the selectivity imposed by our cells, we measure a decay timescale of
38.71(13) ns in a 1 pm cell, despite the mean atomic time of flight being only
approx. 3ns. We discuss the implications of our results in the context of both

fundamental physics and technological applications throughout.
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Chapter 1
Introduction

Atomic physics has long been a driver of improvements in our knowledge
of fundamental physics concepts, as well as of technological enhancements.
Thermal vapour experiments account for a significant proportion of this re-
search, and have shown promise for applications including optical filtering [3—
5], optical memories and storage [6,7], magnetometry and sensing [8], laser
stabilisation [9,10], and as sources of single photons [11]. Recently, thermal
vapours have facilitated technological advancements in fields as diverse as
terahertz detection [12] and medical sensing [13]. Some recent works have fo-
cused on interfacing and combining atomic systems with other features such
as plasmonic structures [14] or photonic structures [15], towards the devel-
opment of novel technology platforms. Moreover, miniaturisation of such
thermal vapour platforms has opened the field to the development of port-
able and scalable atom-based devices [16,17]. Despite this breadth of research,
there are still many open questions around the fundamental physics of atom-
light interaction, stimulating much ongoing research [18].

Thermal vapour experiments have numerous advantages over cold atom
experiments for the study of atomic physics. Chiefly, they require a much re-
duced number of lasers and optical components - the simplest of experiments
can be done with a single laser, a single vapour cell, a detector, and some
calibration optics. This is in contrast to the laboratory-scale experiments in-
cluding numerous laser systems and vacuum chambers for cold atom studies.
However, thermal vapours also have drawbacks - most notably in terms of
motional effects, which will be discussed throughout this thesis. Some work

has been done towards mitigating the negative impacts of motional dephas-
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ing [19,20], whilst thin cells are also a promising candidate for the mitigation
of effects arising due to thermal atomic motion, as will be shown later in this
work.

Thermal vapour experiments produce large amounts of data and thus
modelling has long been of key importance. Due to this, there now exists
considerable knowledge of the theoretical treatment and modelling of thermal
vapour systems and their spectral responses [3,21,22], making them a con-
venient basis for many investigations. Despite this knowledge, there are still
many open questions and new frontiers existing within the field. In this thesis
we will perform novel thermal vapour experiments using bespoke micro- and
nano-scale vapour cells. In the rest of this chapter, we will introduce the
broader field within which our work lies, and discuss the motivations and

inspirations we have taken from this.

1.1 Motivation

The work in this thesis using thermal vapour cells with micro- and nano-scale
confinement lies within a broad field of atomic physics interests, from the
fundamental knowledge of the interaction of light and atoms, to the applied
areas of atom-based technologies and devices. Our work is influenced by
this vast field and where its future research interests lie. In the following
sections we will discuss both of these areas in more detail, to contextualise

and motivate our own studies.

1.1.1 Fundamental physics investigations

Single atoms are generally regarded as perfect quantum systems with wide-
ranging applications, and considerable research has been devoted to trapping,
isolating, and probing single atom or single dipole systems [23-27]. For exper-
iments using thermal vapours however, very little work has focused on reach-
ing low atom numbers. This is owing to the restrictive nature of the thermal
atom system, notably including undesirable motional effects (such as transit
time broadening) and the limitations on interaction times that are achiev-
able. This is in addition to the complete inability to reach such low atom
number regimes in conventional vapour cells - due to constraints on access-

ible number densities and interaction volumes. Two exceptions to this have
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been using thermal Rydberg ensembles and related work using atomic beams.
For atomic beams, anti-bunching has been observed by using a low atomic
current so as to only interact with one or two atoms at one time [28]. For
thermal Rydberg ensembles, the addition of the Rydberg blockade allowed for
promising initial developments towards single-photon sources in micron-scale
(the order of magnitude of the Rydberg blockade radius) cells [11]. However,
for Rydberg atoms the often-stated benefit of long-range interactions can also
lead to issues such as unwanted interactions with cell walls and other complex
structures one might hope to interface atoms with, especially when working
towards miniaturised atom-based devices.

At the other extreme end of the atom-number scale, the probing of high
densities of atoms allows for the study of collective atomic behaviour. To
probe such effects, it is desirable to enter a regime where the average distance
between adjacent atoms is less than the excitation wavelength, characterised
by a number density (n) such that n > k3 (where & = 27/\ and \ is the
excitation wavelength) [29-31]. At such densities, dipole-dipole interactions
between atoms become significant, and the medium must be treated as an
ensemble rather than individual emitters. Non-linear effects such as non-
classical scattering [32], the dipole blockade [33], and the collective Lamb
shift [29,34] become significant in this regime. There has been some effort to
manufacture vapour cells which can withstand the high temperature opera-
tion required to facilitate the high atomic densities necessary for observing
collective behaviour, however this can prove difficult [35].

For standard experiments with alkali-metal atoms the excitation wavelength
is generally less than 1 nm. Thus, at the atomic densities required to reach this
regime, the absorption of resonant laser light by the medium quickly becomes
100%, even for modest path lengths. Furthermore, re-absorption and re-
scattering of emitted photons becomes increasingly common. This limits the
ability to perform measurements on high density ensembles in conventionally-
sized thermal vapour cells. Thin cells can mitigate these problems, as will be
discussed below. It has even been suggested that atomic behaviour is altered
in the presence of tight confinement, with line-shifts and broadenings being
observed with varying cavity lengths [36], and this is another motivation to
perform studies in such confined regimes.

As illustrated in Fig. 1.1, rubidium vapour (which will be our alkali-metal

atom of choice throughout this thesis) has a favourable number density curve
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Figure 1.1: The variation of rubidium number density, n, (plotted here in
cubic microns) with temperature. Values were calculated using vapour pres-
sure equations valid in a conventional vapour cell (i.e. for an equilibriated
steady-state system), obtained from [38]. A secondary axis (right) shows the
corresponding mean inter-atomic spacing, calculated using 7., = 5/9n"/3
Note that rubidium is a solid below 312K (blue line), and liquid above this
(red line).

for our work, which is emphasised when plotted on the scale of cubic microns.
A modest temperature variation of 150 K facilitates the exploration of four
orders of magnitude in atomic density, beginning with of order one atom on
average per cubic micron at 350 K, up to one thousand at 500 K. These are
temperatures that lie within easy reach for standard laboratory equipment
and thermal vapour cell experiments. The plot also shows the variation in
density in terms of the mean inter-atomic spacing on the secondary axis,
which illustrates that one can access regimes where the spacing is smaller than
the excitation and emission wavelength (which is 780 nm for the majority of
this work) as well as where it is much larger. This suggests that by simply
varying temperature we can move smoothly between regimes where collective
behaviour is important and where it is negligible [37].

Interrogation of atoms on the scale of single cubic microns is not within
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easy reach for standard thermal vapours experiments. Our nano-cells, how-
ever, are designed with such experiments in mind. The thin (0.5 mm) front
panel allows for the use of high-NA optics to produce small interrogation and
collection spot sizes at the location of the vapour which can be of the or-
der of 1 pm (for example, a NA= 0.7 aperture is used to probe atoms within
structures with sizes of less than 1 m later in this work). In terms of confine-
ment, dimensions of less than 11m are within easy reach using our etching
methods [1]. Combining both confinement and tight-focusing, an interaction
volume of order one cubic micron is now easily achievable. Thus our nano-
cells open up novel regimes for the study of fundamental physics in thermal
vapours, facilitating the small volumes necessary for the pursuit of low atom
numbers and single atom behaviour, and also the short path lengths required
to probe high density vapours without excessive absorption and re-scattering.
The high-NA focusing can also be used to achieve high intensities of excita-
tion laser light and thus high Rabi frequencies, and our thin cells mean that
these excitation regions are uniform across our cell thickness (for which it
is necessary that the cell thickness is less than the Rayleigh range). All of
this demonstrates the breadth of possibility facilitated by bespoke micro- and
nano-scale vapour cells.

In thin cells the interaction of atoms with the cell walls becomes im-
portant. There is much interest in the behaviour of emitters close to sur-
faces [39-43]. Systems on reduced lengthscales, where all atoms reside close
to surfaces, have been crucial for a number of recent fundamental physics in-
vestigations, including into collective atomic behaviour [36,44], atom-surface
van der Waals interactions [45-47], and the cooperative Lamb shift [29, 34].
These areas are of interest not only from a fundamental physics standpoint,
but also when considering technological applications and miniaturised devices
(where atoms close to surfaces become increasingly common), as will be dis-

cussed in the following section.

1.1.2 Miniaturised atom-based devices and technolo-
gies
Miniaturisation of atom-based platforms to the on-chip scale has been a key

area of development in recent years, towards the goal of scalable devices [48-
55].  With the advent of vertical-cavity surface-emitting lasers (VCSELs)
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and other miniaturised technologies [17], it is becoming increasingly possible
to manufacture fully integrated and portable devices. Vapour cells are also
becoming increasingly miniaturised, and the rise of micro-electromechanical
system (MEMS) cells has also allowed for more compact setups [56]. But
with miniaturisation comes new challenges; firstly in engineering ever smaller
devices, and secondly in understanding the underlying physics that needs to
be harnessed to realise such devices. For example, some applications require
miniaturised vapour cells [16,53,57-60], and within such cells atoms are in-
creasingly subject to atom-wall interactions and transit time effects. Thus it
is paramount for the community as a whole and for the future development
of atom-based devices that the fundamental physics of atom-light interaction
at ever-reducing lengthscales is studied and understood. The work presen-
ted in this thesis aims to add to the body of knowledge in both the areas of
atom-light interaction at reduced lengthscales and of methodologies for the
fabrication and characterisation of nano-scale features useful for miniaturised
devices.

There has been increasing interest in recent years in coupling guided light
modes confined to waveguide structures with thermal vapours. For example,
in [61], a 50nm slot waveguide structure is used and interfaced with a dense
thermal cloud of atoms. In another work, thermal atoms within micrometric
distances of the surface of a nano-fibre have been interfaced with guided light
modes [62]. Further experiments have filled hollowcore fibres with thermal
atomic vapours, which then interact with the guided light mode within. Such
experiments have suggested potential applications in quantum optics [63].
However, these experiments are limited by long fibre loading times due to
diffusion timescales in these small volumes [64]. There has also been recent
interest in confinement of atoms to cavities [36]. In all of these instances,
atoms are within microns or nanometres of surfaces, and thus the physics of
such systems must be well understood when developing technological applic-
ations.

Magnetometry has also been a large area of research interest in recent
times, with thermal vapours proving a promising candidate for compact and
high-sensitivity devices [8,65]. There is increasing need for compact and
portable magnetometers, for example for medical applications [66], including
for monitoring human heart [67-69] and brain [70] activity. One study even

uses this technology to monitor heart activity in animals [71]. As well as
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these potential applications, magnetometry on micrometre lengthscales has
begun to be studied, with thin cells proving a promising candidate for high
spatial resolution magnetic field mapping [72,73].

Other suggested applications of thin cells include the imaging of knot-
ted vortex light beams through interaction with a thin vapour - such vortex
features can have a spatial extent of order microns [74], and thus imaging
which can select only this portion of the beam is required. As well as this,
thin cells have been posed as a possible source for narrow-band fluorescence
photons (due to the velocity selective nature of thin cells which will be dis-
cussed in detail later in this work), and in this thesis preliminary fluorescence

measurements will be presented.

1.2 Thesis structure

In this chapter we have discussed the motivation for our investigations and
the landscape of other studies and technologies within which our work lies.
We will follow this in chapter 2 with a treatment of the basic theoretical
principles of atom-light interaction which underpin the work throughout this
thesis.

In chapter 3 we will discuss our fabrication techniques for producing cells
with internal confinement dimensions of the order of hundreds of nanometres
(‘nano-cells’), as well as the characterisation of such cells, details about their
operation, and advancements that have been made to their design and cap-
abilities throughout the course of this work. These cells form the platform
for all experiments described in the rest of this thesis.

In chapter 4, we investigate the application of the light induced atomic
desorption (LIAD) effect to thin cells, for controlled on-demand increase of
optical density in regions on the micron-scale. We also observe a competing
effect which we term LICo (light induced condensation), whereby areas of
condensed atoms can be induced on the cell walls using laser light. We discuss
the two effects and their potential applications.

In chapter 5, we move on to applying various spectroscopy techniques to
thermal rubidium vapours within our nano-cells. We discuss the benefits and
drawbacks of a number of fluorescence-based schemes, and measure the line-
shapes produced by each. Specifically, we will discuss two-colour excitation of

rubidium atoms to the 5Dj5 /5 state in both co- and counter-propagating beam
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1.2. Thesis structure

geometries, and apply the former to study the behaviour and distribution of
atoms confined to a 1 pm x 1pm channel.

In chapter 6, we investigate the temporal dynamics of excitation and
emission processes of atoms confined to micro- and nano-cells by employ-
ing nanosecond resonant laser pulses. This allows us to study in more detail
the underlying fundamental physics, and make inferences around the velocity
selection induced by micro- and nano-scale confinement. We study pulsed
excitation experimentally in both one- and two-colour schemes, and develop
a theoretical Monte Carlo wavefunction model for the excitation and emission
dynamics. We discuss and compare the atomic behaviour in regions of the cell
between 2 pm and 500 nm in thickness and channels as small as 0.8 x 0.5 pm.
We also experimentally measure the photon statistics of the emitted light in

the single-colour scheme.



Chapter 2

Atom-light theory

In this chapter we will establish some of the key theoretical concepts that
underpin the work presented in the rest of this thesis. We will begin with
a general description of the calculation of atomic structure and the inter-
action between atoms and light fields. We will then move on to discussing
specific physics relevant for atoms confined to thin cells, including spectral
line broadening and narrowing mechanisms due to atomic times of flight and
atom-wall interactions. We will define terminology used throughout the rest
of this thesis, as well as link the theoretical concepts with experimentally-

measurable quantities.

2.1 Atomic structure

The alkali metals can be described as hydrogen-like atoms, having a single
electron in their outer shell. The energy level structure of such atoms is
well understood, and the basis of this understanding will be explained in
this section. Similar derivations can be found in any respectable quantum
mechanics textbook.

Quantum mechanically, we can describe a system by its Hamiltonian, H ,

and wavefunction ¢ in the well known time-independent Schrédinger equation

Hp)=Ey), (2.1)

where E is the energy of the state. For our system, the Hamiltonian has a



2.1. Atomic structure

general form
A2

2 p
H=—++YV 2.2
om (7). (22)
where the two terms describe the kinetic and potential energy of the electron

respectively. Solving this equation yields stationary states of the form

_72

E, =
2n2

En, (2.3)

where Z is the atomic number, n is an integer, and £}, is the atomic energy

unit. This is given by

02 \2
Ey=mo(——), 9.4
ne=m (47reoh> (24)

with m, the electron mass, e the elementary charge, and ¢y the permittivity
of free space. As such, we have a series of discrete energy states which depend
on n, which is thus a quantum number describing the gross structure of the
electronic energy levels. This is often termed the principal quantum number.

We have defined n above, however there are further corrections which give
rise to further quantum numbers which we use to describe our energy states.
A detailed derivation can be found in any good quantum mechanics text-
book, but we will describe them and their origins briefly here so as to define
the notation and terminology used throughout this work. The azimuthal
quantum number L can take any integer value, and denotes the orbital angu-
lar momentum of the electron, with L = 0, 1, 2, 3 denoting orbitals commonly
referred to as S, P, D, F. The electron also has a spin angular momentum
S, and the coupling of these angular momenta gives the total angular mo-
mentum quantum number J = L+ S. This gives rise to atomic fine structure.
Furthermore, we must consider the atomic nuclear spin I, which couples to
the total angular momentum to give the quantum number F' = I + J. The
levels described by this quantum number are the hyperfine structure of the
atom. Each F' level also has 2F + 1 magnetic (Zeeman) sub-levels (which
are degenerate when no magnetic field is present). These are conventionally
labelled with the mpr quantum number and have integer values that satisfy
—F<mp<F.

Throughout this thesis we will use rubidium as our atomic vapour of
choice. Rubidium has two naturally-occurring isotopes, 8Rb and 8"Rb. Their
ground states are the 5S; /5 states, where we have introduced the nL; term

symbol notation that will be used throughout this work. This is a simplifica-
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Chapter 2. Atom-light theory

T =2351n8
D52
T =243 1ns
—F—— o3y
7=113ns
6Py, ——————
776 nm 776 nm 762 nm
254 ns 1490 ns 335 ns
5P3/o

5P1/2

420 nm
500 ns

780 nm
26.4ns

795 nm
27.9ns

5512

Figure 2.1: Diagram showing some key rubidium energy levels of interest in
this work, with lifetimes of states (7) and the wavelengths and lifetimes asso-
ciated with individual transitions. Lifetimes were obtained from [75]. Each
energy level also has associated hyperfine structure, which is only indicated
for clarity for the 5S;/5 ground state.

tion of the conventional term symbol notation (n?>*1L;), where S is the spin.
For this work the spin is dropped as it is the same for all states. Each ground
state has two associated F' hyperfine levels (the values of which are generally
listed after the term symbol, e.g. 5Si» F' = 0). Accounting for all of the
above, we can map out the energy levels of our rubidium atoms. Shown in
Fig. 2.1 are some commonly probed energy levels, with the hyperfine struc-
ture within each level other than the ground state omitted for clarity. Also
shown are associated state lifetimes. In this thesis we will mainly focus on the
excitation pathway involving the 5P3,, and 5D5/, states. However, the nu-
merous different experimentally-accessible excitation and emission pathways
afforded by the complex energy level structure has allowed for a wide breadth

of previous research.
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2.2. Atom-light interaction

2.2 Atom-light interaction

Electromagnetic fields (such as laser light) can be used to change the state of
our atomic system. Generally we use the semi-classical approach to treat the
theory of such interactions, whereby we consider the atom quantum mech-
anically but the radiation as a classical field. The total Hamiltonian of the

system is then
H - HO -+ Hint<t)7 (25)

where Hj is the atomic Hamiltonian and H;, is the Hamiltonian describing
the interaction between the atom and the field. For a two-level atom the

atomic Hamiltonian can be written

Ey 0O
e B0 oo

where F; are the energies of the states.

Treating the radiation field classically, and making the dipole approxima-
tion, we have E = FEjye coswt, where w is the frequency and FEj the amplitude.
This interacts with the atom via the dipole operator i, and defining the Rabi

frequency

(1] pEo[2) _ Eody
h h

with dg; the dipole matrix element between states 1 and 2, we find the total

Qt) = (2.7)

system Hamiltonian

(2.8)

_h E, RQ(t) cos wt
2 \RQ(t) cos wt E, '

The Rabi frequency, as defined above, quantifies the strength of the atom-
light coupling. Rabi frequencies quoted throughout this work will be defined
in this way. The dipole matrix elements (ds;) for common transitions in
rubidium are well known [75]. For more complex situations requiring more
than two levels (e.g. interaction with a pulse with bandwidth larger than the
hyperfine splitting of the excited state), we will take the approach of averaging
the different dipole matrix element contributions for the various transitions

involved [21]. For an incident light field not on resonance, the atom-light

12
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coupling strength is quantified by the generalised Rabi frequency, defined as

Q=/|Q2 + A2, (2.9)

where we have introduced the concept of the (angular) detuning, A. This
is defined as A = w — wy, where w is the frequency and w, the resonant
transition frequency. Note that in experiments it is A/27 (which we will
term the linear detuning) which is generally measured, and thus this will be
quoted throughout the rest of this thesis.

Taking equation 2.8, we can further simplify the maths by making a unit-
ary transformation and transforming into a frame which rotates with the
frequency of the driving field. We then make the rotating wave approxim-
ation by neglecting the rapid oscillation terms. We will not show the full

maths here, but the result is that for our two-level system we can write the

Lo Q
H=3 (Q _2A> . (2.10)

We can extend our two-level atom picture shown in equation 2.2 to an N-

Hamiltonian as

state system defined by an N x N Hamiltonian involving the detunings from
each state and the Rabi frequencies for each transition.

The above treatment, however, only describes the coherent evolution of the
system. For the work in this thesis, we must also consider the incoherent part,

i.e. spontaneous emission. For this we must introduce the density matrix,
defined as

p=1[¥) (¥l (2.11)

The diagonal elements of the density matrix describe the population of the
state in question, whilst off-diagonal elements describe the coherence between
states. To describe the coherent time evolution of the density matrix we use

the Liouville equation
dp

i
T

A, pl, (2.12)

where [H,p] is the commutator between the Hamiltonian and the density
matrix. To add in the incoherent evolution we add a second term to give the
Lindblad Master equation [76,77]

ih= = [H (), p(t)] + mz 2C,p(t)CE — p()CIC, — CiCp(1)].  (2.13)
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2.2. Atom-light interaction

The additional term incorporates the collapse operators C,.. These operators
have units of s71/2, and after a quantum jump the system collapses into an
eigenstate of C,. For example, for the collapse from state 2 — 1, we would

have
Cor = /T2 2) (1], (2.14)

where I'y; is the line-width for the transition. By summing the contribution
of all possible collapse operators we can model the incoherent part of the
evolution of the system.

By solving the Master equation we can find the temporal dynamics of
a system with a given starting wavefunction and collapse operators. This
is especially important for studying the physics of atoms confined to small
volumes or interacting with small laser spots, as the time which the atoms
spend interacting with the light field is short and thus a steady state solution
for the ensemble may not be reached. Thus conventional modelling employed
for centimeter-scale vapour cells and millimeter-sized laser beams (where the
steady-state solution for p is sought) is often not valid in the regimes studied

in this thesis.

2.2.1 Spectral line-shapes and widths

When performing spectroscopy, spectral lines have a line-shape and finite
width about the discrete energy level value due to a number of effects. Most
fundamentally, the finite lifetime of the excited states induces a Lorentzian
line-shape, which can be understood through the Fourier transform of the

finite lifetime into the frequency domain. This line-shape has the form

1 r

L) = 5o (2.15)

where I is the decay rate of the state (and also the FWHM of the line-shape).
As an example, the most commonly used state in this thesis - the rubidium
5P3/5 state - has I' ~ 27 - 6 MHz.

In a thermal vapour, atomic motion also further broadens spectral lines.
Each atom experiences a different transition frequency due to the Doppler ef-
fect, where the effective detuning experienced by each atom becomes A + kv,
with v the atomic velocity. As each atom experiences a different effective de-

tuning, any models must incorporate the velocity distribution of the thermal

14



Chapter 2. Atom-light theory

atomic ensemble. This distribution leads to Doppler broadening, which is
Gaussian in nature. Accounting for both the Doppler broadening and the
natural Lorentzian line-shape gives a Voigt profile [21], which is the convo-
lution of a Gaussian and a Lorentzian line-shape. For a room temperature
rubidium vapour, the FWHM of the Doppler-broadened line-shape is of the
order 0.5 GHz. This means the hyperfine structure of the excited states can-
not be resolved with conventional spectroscopy setups (e.g. the splitting of
the 5P3/, hyperfine states is of order 100 MHz).

Spectroscopy is a commonly used experimental method of probing an
atomic ensemble. By comparison with careful modelling, the features of a
spectrum can yield information about the ensemble, including the velocity
distribution. The simplest of experiments using rubidium record transmis-
sion or fluorescence on the D1 or D2 lines (795 nm and 780 nm respectively).
Rigorous models based on the treatment above already exist for such spectra
(at least in the weak probe regime, where effects such as optical pumping are
negligible [21]) [3,22]. However, more complex experiments involve higher
levels, for example four wave mixing employing the 5D states (see Fig. 2.1).
Spectroscopy done when using two lasers to excite atoms to the 5Ds/o state

is presented in chapter 5.

2.3 Thin cell physics

There are extra theoretical considerations for thermal vapours confined to
thin cells as compared to those in conventional cells. In this section we will
outline these considerations and their effect on the behaviour of the atomic
ensemble and its resulting spectral response. These concepts will be referred
back to throughout this thesis and are key to understanding the fundamental

physics underlying our experimental results.

2.3.1 Atom-wall interaction

In a sufficiently thin cell, a significant proportion of atoms reside close to
the cell walls. For atom-surface van der Waals interactions (whose strength
decays with distance 7 from the walls as 1/r? [78]), a significant contribution
to spectral features is observed for confinement of a few hundred nanometres

or less. The Cj coefficient of proportionality characterising the van der Waals
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2.3. Thin cell physics

atom-wall interaction has already been measured in thin cells, for atoms of
various alkali metals which reside within tens of nanometres of cell walls [46,
47,79).

Similarly, the adsorption and desorption dynamics between the atoms
and the cell walls are notable in the thin cell regime. In the steady-state, the
rates of the two processes must be equal, and parameters such as the dwell
time of atoms on the cell wall become important. For thin cells, the time
of flight of atoms before a wall collision is generally short (down to a few
nanoseconds on average for a 1pm cell), and thus these processes can have
impact on measurements. Vapour density is not allowed sufficient time to
equilibriate across the cell due to the slow atomic diffusion dynamics, which
are due to frequent atom-wall collisions and associated dwell times in a thin
cell. Thus localised vapour density is influenced by the local population of
wall-adsorbed atoms and their dynamics. There is still much to learn about
the processes which underpin these atom-wall effects in thin cells, and how
they influence related phenomena such as LIAD (which will be discussed in

detail in chapter 4).

2.3.2 Velocity distribution and confinement

The velocity distribution of atoms in a thermal ensemble is a key consider-
ation in experiments with thermal vapours. As discussed in section 2.2.1,
in a conventional centimeter- or millimeter-sized cell, atoms with a non-zero
velocity parallel to the laser beam contribute to spectroscopic signals away
from resonance due to the Doppler effect. This leads to Doppler-broadened
spectral features, which can be GHz wide [3].

There is much interest in suppressing the motional dephasing of an atomic
ensemble which occurs due to this velocity distribution [19,20]. The effects
of the broad velocity distribution in a thermal vapour can also be suppressed
using thin cells. For this kind of experiment, a probe laser would be posi-
tioned perpendicular to the walls of the thin cell (i.e. along the axis of the
confinement). Atoms with higher velocities parallel to the laser beam (and
thus greater Doppler shift) collide with the cell walls more quickly than their
slower counterparts, leading to a reduction in their interaction time and thus
their relative spectroscopic contribution. This is a variant of Dicke narrow-

ing, an effect first proposed in 1953 [80] to explain the narrowing of Doppler-

16



Chapter 2. Atom-light theory

broadened spectral lines through collisional processes, and first observed in
the optical regime almost half a century later (using cells with thicknesses
ranging from 10 pm to 1 mm) [81]. Through this effect, a narrower subset of
the thermal velocity distribution contributes proportionally more to measure-
ments, and thus sub-Doppler features can be achieved without the addition
of the extra laser beams that would be necessary to achieve similar results in
conventional vapour cells [21].

The short interaction time also means that atoms are unlikely to spend
enough time in the beam to reach a steady state (as they would for experi-
ments on conventional lengthscales), and thus we cannot rely on, for example,
the conventional steady-state solutions to the optical Bloch equations to de-
scribe the atomic populations in each state. As such, for simulations in this
thesis we adopt a Monte Carlo wavefunction (also known as quantum jump)
approach to model the behaviour of our atomic ensemble.

Monte Carlo methods generally rely on random sampling of a probabil-
ity distribution to obtain numerical results. For our specific case, we will
calculate the evolution of individual atoms sampled from an ensemble with
a distribution of velocities and positions within our thin cell. By using this
method we can compute the overall evolution of the ensemble by averaging
over calculations done for individual atoms. Each atom is propagated through
a series of discrete time-steps modelling the temporal state dynamics includ-
ing coherent and incoherent processes. Both the coherent evolution and in-
coherent evolution is modelled by solving the Lindblad master equation (as
discussed in section 2.2) for each time step. The motional state of each atom
is modelled classically. The methodology is described in greater detail in
appendix B, and can be easily adopted using QuTiP [77]. QuTiP is an open-
source and optimised python package which provides convenient functions for
performing numerical simulations of quantum mechanical systems, including
Lindblad and Monte Carlo solvers. More information can be found in the
QuTiP documentation.

As an illustrative example, we have modelled the relative fluorescence
activity contributions from different atomic velocity classes for two cases:
the case of a transmitted laser beam perpendicular to the walls of a thin
cell; and the case of a total internal reflection fluorescence (TIRF) excitation
scheme in the same cell. The difference between the two schemes is illustrated

schematically in Fig. 2.2. A TIRF scheme induces an evanescent field (which
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(a) Transmitted beam

d

Objective
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lens

Figure 2.2: Schematic diagrams of two excitation schemes used in this work
(not to scale). (a) The off-axis transmitted beam scheme, whereby a laser
beam is transmitted through the vapour region at an angle, and fluorescence
is collected via an objective lens. (b) The TIRF case, where the excitation
laser is instead totally internally reflected at the back face of the vapour
region, generating an evanescent field (which decays exponentially from the
surface with of order 100 nm 1/e extent). Atoms in the evanescent field can be
excited and their fluorescence is collected as in (a). In both cases the exiting
laser beam is blocked using a beam block (BB). The nano-cell is denoted as
NC.

can be of order 100 nm in extent) in the vapour region, which interacts with
the atoms. This gives even greater positional selectivity than the thin cell
itself. Previous studies in thin cells have discussed and studied the TIRF
method in more detail [1,82]. For the simulations, we initialised 10* atoms,
each with a random x, y, z coordinate distributed across a 1 um cell thickness
and a velocity chosen from the Maxwell-Boltzmann distribution. We subject
them to excitation by a single resonant continuous wave (CW) laser beam
until such time that they collide with a cell wall, which we take to mean
that they de-excite non-radiatively. Note that, for the purposes of this simple
illustrative simulation, we consider each atom to behave as a two-level system.
However, it is possible (as will be done later in chapter 6) to extend this
modelling to N-level systems.

The velocity distribution of the atoms which contribute to fluorescence
activity is shown in Fig. 2.3, in purple for the case of an excitation laser
beam at normal incidence to the cell walls. We see that there is a broad base,
on top of which there is a much narrower class of velocities that contribute
proportionally more to fluorescence activity. This is the origin of the empir-

ical bi-modal velocity distribution which has been used in previous nano-cell
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Figure 2.3: Velocity distribution of atoms that contribute to fluorescence
activity in a 1pm thin cell, for the cases of an excitation laser beam at nor-
mal incidence (purple), and evanescent excitation region with a characteristic
decay length of 80 nm (red). The Monte Carlo quantum jump simulation was
initialised with 10° atoms, and a ‘new’ atom was seeded when an atom col-
lided with a wall. The excitation Rabi frequency was chosen to be 100 MHz
and the laser light was resonant. The black dashed line indicates a typical
Maxwell-Boltzmann atomic velocity distribution for comparison.

simulations, for example [37]. A section of the starting Maxwell-Boltzmann
velocity distribution used in the simulation is also shown for comparison.
Furthermore, our nano-cell design geometry allows us to be even more
velocity-selective, through the technique of TIRF. Our optically-polished outer
cell faces allow for a laser beam to enter from the side of the cell at an angle
and totally-internally reflect off the back of the nano-regions, imparting an
evanescent field in the nano-region which can interact with the vapour atoms.
The same simulation described above was run again but for an exponentially-
decaying evanescent field with a realistic characteristic 1/e decay length of
80nm. The result of this TIRF simulation is shown in red in Fig. 2.3. The
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2.3. Thin cell physics

additional evanescent field constraint modifies the contributing atomic velo-
city distribution from being symmetric to one in which most atoms have a
negative velocity component in the confinement direction.

It must be noted that evanescent excitation, whilst further narrowing the
contributing velocity distribution, also induces increased transit time broad-
ening (as will be discussed in section 2.3.3) and thus cannot be used to achieve
increasingly narrow spectral features. However, being able to isolate specific
velocity classes within a thermal atomic ensemble may pave the way towards

increasingly controlled experiments with thermal vapours.

2.3.3 Transit time

When studying atoms confined to small volumes, the atomic time of flight
before a collision with surfaces is an important consideration. As described in
section 2.3.2, this time of flight leads to a selective enhancement of the con-
tribution of atoms which are travelling slower in the direction perpendicular
to the walls. But for increasingly thin cells or excitation regions, the short
transit time across the cell induces broadening. The width of such broadening

has the general form
a

)
ttr

where t;, is transit time, and « is a dimensionless factor which depends on the

L (2.16)

geometry of the system [83]. For example, the relevant factor is « = 0.8 for
transit across a Gaussian laser beam (where the transit time is taken as ¢, =
2w /v, with v the atomic velocity and w the half width at half maximum of the
Gaussian beam). We have measured this factor to be approximately o = 0.5
for an exponentially-decaying evanescent excitation region in a thin cell [1].
Transit time broadening has also been characterised for atoms confined to
the micron-scale in hollow-core fibres [84]. Transit time broadening leads to
further deviation of the spectroscopic contributions of fast and slow atoms,

as a faster ensemble will be broader due to the reduced transit time.

2.3.4 Collective behaviour

As is shown in Fig. 1.1, high densities of rubidium vapour atoms (up to the
regime where the atomic spacing is less than A = 780 nm, and even \/27) can

be achieved in a laboratory using moderate temperatures. Such high densities
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may also be achievable through the process of LIAD, which will be discussed
further in chapter 4. Such high densities in conventional cells would lead to
high optical depths and thus be experimentally difficult to probe, however
thin cells open up new opportunities to probe such high density ensembles.
In fact, it is often advantageous to reach such high densities to mitigate the
small atomic response observed from the small volume interrogated in a thin
cell.

At such high densities, the behaviour of N dipoles cannot be obtained
by simply summing the behaviour of a single dipole N times. This is due
to collective behaviours, where the interaction between the dipoles modifies
their response. This can be a disadvantage, giving rise to unwanted fre-
quency shifts [85], as well as making theoretical modelling more complicated.
However, the interaction between atoms can be controlled and used advant-
ageously, generally by using ordered arrays of atoms [30,86-88]. Collective
behaviour is the origin of some commonly studied and exploited effects such
as super- and sub-radiance [89-91]. One such collective effect that has previ-

ously been studied using thin cells is the collective Lamb shift [29, 34].

2.3.5 Other spectroscopic considerations

There are further line broadening mechanisms which will be relevant to spec-
tra presented in this thesis. For thin cells, it is often convenient to use high
laser powers to achieve fluorescence signals with high SNR (where in conven-
tional cells much lower powers would be required). This means that power
broadening of spectral line-shapes is often significant. Power broadening is
an important consideration in the regime where the light intensity exceeds
the saturation intensity of the medium, which can happen with powers as low
as nanowatts for tightly-focused light modes of order of microns in extent.

Power broadening has the form [92]

Aw < T/ 1+ 1/, (2.17)

where Aw is the FWHM of the resonance, I' the natural line-width, I the in-
tensity and I, the saturation intensity. For example, the saturation intensity
for Rb F = 3 — F’ = 4 transition is 3.9mW /cm?. Power broadening, in
combination with transit time broadening, has already been characterised for

atoms confined to micron-scale hollow-core fibres [84].
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2.4. Conclusion

As discussed previously in this chapter, high temperature operation is of-
ten advantageous when using thin cells. This leads to high atomic number
densities, causing dipole-dipole interactions between atoms to become more
significant. These interactions give rise to increased spectral line broadening
in the form of self-broadening. The broadening observed is proportional to the
atomic number density, and the proportionality coefficient for this effect has
been both experimentally measured and theoretically calculated for a rubid-
ium vapour [93]. The effect is generally incorporated in standard theoretical

modelling [3].

2.4 Conclusion

In this chapter we have outlined the theoretical basis for much of the work
discussed in this thesis. Whilst a full theoretical model for the response of
atoms confined to a nano-cell incorporating wall interactions, optical pump-
ing, and all of the above sources of broadening, is beyond the scope of this
work, we will discuss our results throughout this thesis in the context of these
considerations. Other theoretical works exist which treat the theory of con-
fined vapours and their spectroscopy in more detail than is presented here.
Theoretical treatment of the atom-light interaction including the transmitted
and reflected modes in a thin cell, and including atom-surface interactions,
is provided in [47]. An in-depth theoretical treatment of the eigenmodes of a

thin vapour layer is also provided in [94].
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Chapter 3

Thin cell fabrication and

characterisation

3.1 Introduction

Fabrication of alkali-metal vapour cells with reduced lengthscales has been a
rapidly evolving area of work in recent years. A multitude of methodologies
for manufacturing cells now exist [95-97], spanning different substrates and
design capabilities. Considerable continued research and development has
focused on both miniaturisation of overall vapour cell footprints, as well as
manufacturing increasingly small internal confinement dimensions. Cells on
the millimetre-scale have been manufactured using various methodologies [56,
98-102], and the advent of cells on this scale enabled chip-scale atom-based
technologies such as optical clocks [103] and magnetometers [16]. As well as
this, millimetre cells have enabled the observation of physical effects such as
coherent backscattering in the thermal vapour regime [7]. Cells with internal
confinement on the micron scale have also been fabricated [104], and their
potential for uses such as single photon sources has been demonstrated [11].

Nano-cell experimentation in Durham began with a fruitful collabora-
tion with the National Academy of Sciences (NAS), Armenia, who fabricate
wedge-shaped sapphire vapour cells with internal dimensions smoothly vary-
ing from microns to tens of nanometres [105,106]. These cells are robust with
operating lifetimes of the order of years, with operating temperatures up to
350°C. Nano-cells with this design were used successfully at Durham and
elsewhere to study a number of physical effects [29,34,45,46,107,108]. Other
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L2

Figure 3.1: The evolution of nano-cell designs used in Durham. From left to
right: the Armenian sapphire nano-cell, with wedge design; the first iteration
of cells made in a collaboration between Durham and the Max Planck institute
for the Science of Light (Durham-MPL), which feature a thin front panel and
discrete thickness regions; and a more recent Durham-MPL cell, with discrete
thickness regions, nano-structures, and all outer surfaces optically polished.

closely related cell fabrication work includes that of the Institute d’Optique
(Paris, France), who have produced a methodology for fabricating similar
‘super-polished” nano-cells [109], with low-roughness internal surfaces yielding
potential benefits for the study of atom-surface interactions. Sub-micron cells
have also been fabricated using a different methodology which includes etch-
ing and anodic bonding as outlined in [110], where the authors subsequently
used these cells to demonstrate laser frequency stabilisation.

In Durham, extra customisability and versatility than that provided by
the Armenian cells was desired for our next generation of experiments, and as
such cell fabrication was brought in-house in a rewarding collaboration with
the Max Planck Institute for the Science of Light (Erlangen, Germany). A
timeline of nano-cells used in Durham, showing these Durham-MPL collab-
oration cells alongside an Armenian nano-cell, is shown in Fig. 3.1. The basic
fabrication of our current generation cells follows the methodology outlined
in reference [1]. The cells consist of three key parts: an optically polished
glass block with a milled conduit, an etched 0.5 mm thick front panel, and an
atom reservoir. The etched front panel is optical contact bonded to the block
(optical contact bonding is a glue-free process bonding two smooth surfaces
using only intermolecular forces [111]), before baking at 1000°C for 6 hours

at atmospheric pressure. The baking makes the bond permanent, and re-
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Figure 3.2: (a) Side cross-section schematic (not to scale) and (b) front-facing
photograph of the nano-cell. The etched cover slide (i) is contacted onto the
block (ii) such that the etched patterns form a nano-thickness region (iii) and
nano-channels (iv) between the two glass pieces. An optical contact bond
(v) surrounds the etched area to act as a vacuum seal. The rubidium reser-
voir below (vi) is attached to provide atomic vapor into the nano-structured
region. This cell contains areas with confinement in both one and two di-
mensions. Two circular pillars are visible in (b), acting as spacers to reduce
bowing. Newton’s fringes are visible in the unbonded regions in (b), whilst
interference gives distinct colours to the central confinement regions.

moves surface adsorbates. The cell is then evacuated to 10~ mbar, and has
a rubidium reservoir added through glass-blowing. A schematic of the key
components of our cell is shown in Fig. 3.2, as well as a photograph showing
these components in a finished cell. More detailed accounts of the fabrication
process were presented in [82,108]. This generation of nano-cells has proven to
be mechanically robust, with operating lifetimes of the order of years having
been achieved.

Whilst our current generation of cells have a lower maximum operating
temperature than the Armenian cells (due to the fused silica construction
which reacts with rubidium at approximately 200 °C), they boast a number of
key advantages when looking toward technological applications. Firstly, nano-
structures can be etched into these cells in a highly customisable way, allowing
the creation of near-arbitrary vapour confinement geometries. Secondly, the
nano-region is close (< 500 pm) to the front face of the cell, allowing for the
use of conventional short working distance high numerical aperture (NA) op-

tics. Such optics open up the opportunity for more uniform excitation (in
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the direction of laser beam propagation) using high Rabi frequencies than is
possible in conventional cells, as the thickness of our vapour layer can be less
than the Rayleigh range of the tightly focused beam. For example, using a
lens with NA = 0.7 (as will be used later in this thesis), Rabi frequencies
of the order of gigahertz are achievable on the rubidium D2 transition, even
for modest laser powers of order milliwatts. High NA optics also allow for
localised interrogation of atoms confined to nano-scale structures. Thirdly,
all the sides of the cell are optically polished, allowing for numerous possible
input beam geometries (e.g. enabling total internal reflection fluorescence
(TIRF) spectroscopy [1]). Fourthly, heating is integrated directly in the fin-
ished nano-cell through a compact indium-tin-oxide (ITO) patch, deposited
onto external surfaces during cell manufacture (the deposition and operation
of such heaters will be described in detail in section 3.4). Finally, it is worthy
of note that the narrower 4 mm thick stem of the Armenian cells makes them
much more fragile and prone to accidental breakage. Many of the benefits of
our Durham-MPL nano-cells are demonstrated in [1], and will be put to use
throughout this thesis. Some will be discussed further in this chapter.

Further enhancements to our base nano-cell design have been developed
during the course of this work, and these are outlined in the following sec-
tions. Development towards smaller structures and confinement in more than
two spatial dimensions will be demonstrated through the addition of nano-
pocket arrays to our cells, with the long-term goal of studying thermal vapour
nano-cell integrated photonic structures. We also detail more incremental ad-
vancements to the integrated heating of the cells, cell geometry and design,
and the reduction of the overall experimental footprint.

We note that, as discussed previously, throughout this thesis nano-cells
filled with rubidium vapour (at natural isotopic abundance) will be used.
However, the cell fabrication discussed in this chapter is generally applicable
to cells which could be filled with other alkali-metals (in fact we have filled
some cells fabricated in the same way with caesium for future works). We
also note that we do not add buffer gas to our cells. Buffer gas and other
contaminants can cause shifts and broadening of the atomic spectra which

are undesirable in some applications [112].
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3.2 Etch quality and surface roughness

The patterning of micro- and nano-scale regions and structures within our
cells is achieved through a combination of reactive ion etching and laser litho-
graphy. Exploiting the fact that the finished nano-cell acts as a low-finesse
Fabry-Perot etalon, white light measurements have been used previously to
characterise the variation of the confinement thickness on lengthscales of or-
der 100 pm [1]. The resolution of this method was limited by the 100 pm
spot size that was used, and thus only provides thickness measurements av-
eraged over this extent. Some applications, for example measurements of the
atom-surface interaction, likely require very smooth surfaces. Thus an under-
standing of surface roughness is desirable. In any case, it is useful to quantify
the roughness of the etched surfaces, both to verify sufficient optical quality
and to provide potentially useful insight for experiments involving atoms ad-
sorbed to surfaces (e.g. light induced atomic desorption, as will be discussed
later in chapter 4).

As such, we have used atomic force microscopy (AFM) to characterise
the roughness of our etched substrates. An example is shown in Fig. 3.3,
where AFM has been used to characterise a 5 pm square of a surface which
was etched to a depth of 500 nm. The achieved RMS roughness, whilst not as
exceptional as is provided by the super-polish method [109], is of good optical
quality. The Gaussian distribution of points about the mean surface height
plotted in (c) demonstrates that the surface is free from any significant vari-
ations (which may not be evident when simply quoting the RMS roughness).
The figure also shows that defects of order 10 nm in extent may remain after
etching. For the work in this thesis, we believe these do not cause signific-
ant issues. However, large enough defects can in principle be observed and
avoided using high NA optics to image the cell and choose a ‘clean’ region to
experiment in (hence the usefulness of etching multiple copies of each desired
structure, as illustrated later in Fig. 3.4). They could also be removed by
further etching or smoothing steps after the main etch. The surface quality
may vary between etching runs, and as such it is important to characterise

surfaces after etching in the way we have described in this section.
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Figure 3.3: (a) Surface profile map produced using AFM showing the surface
roughness of a fused silica substrate etched to a depth of 500 nm. This surface
was prepared in the same way as the nano-cells used in this work. The
measurement was performed on the etched front panel before any further cell
manufacturing steps been performed. The RMS roughness for this sample was
0.7nm. If the defect at the top of the image is excluded then this becomes
0.6nm. For comparison, an un-etched surface of the same fused silica used
(not shown) gave an RMS roughness of 0.43 nm. Note that the level 0 nm was
chosen to be the average level across the surface map. (b) A horizontal cut
showing the surface profile along the dashed line shown in (a). The average
height is indicated (black dashed). (c) The distribution of points from (b)
relative to the average surface height, with a Gaussian fit (black dashed).

3.3 Nano-pocket arrays

The collective behaviour of atomic systems has long been an area of much
research interest [30,113]. It has been theoretically shown that 1D chains of
atoms and ordered 2D arrays will exhibit novel collective behaviours [87,114],
whilst some special cases with broken symmetries such as Kagome and Lieb
lattices have been shown to enhance the collective response further [30, 86].

There has been some progress in the cold atom community towards observing
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such effects [44,115]. Even in disordered systems, it has been shown that inter-
esting collective behaviour can occur in certain density regimes [2,36,116,117].
Indeed, experimental studies have investigated one such collective effect - the
cooperative Lamb shift - in a nano-cell previously [29]. We propose further
development of the nano-cell platform towards an alternative approach to the
observation of collective effects in semi-ordered systems. In this section we
will outline the tests done towards patterning nano-scale ‘pockets’ or ‘holes’
into our vapour nano-cells, which thus pattern the distribution of the thermal
atomic vapour within. Through this methodology we achieve an analogue to
an array of atoms in a much simpler and cheaper experimental system than
with cold atoms, with the caveat that motional effects will need to be accoun-
ted for.

To this end we have produced patterned substrates with numerous etched
structures. A large section of one such patterned substrate is shown in
Fig. 3.4(a), demonstrating the breadth of our design capability. A variety
of channel structures (which will be probed later in this thesis in chapters 5
and 6) are shown in more detail in (b) (with design details (c) and (d)).
The regular arrays of nano-pockets which we will focus on in this section are
shown in (e)—(h). These holes were etched in a similar way to the channel
structures described in [1]. We began by patterning a 300 nm ZEP 520a resist
layer using a 100keV electron beam, and then transferred the pattern to a
50nm Cr layer by a chlorine-based reactive ion etch. We then used this Cr
layer as a hard mask for a CHF3-based etch to produce the final structures
shown. As it was unclear what (if any) lattice site sizes and spacings would be
optimal for such experiments, as well as to test the versatility of the etching
process, a wide variety of combinations were etched into a single nano-cell
design. We etched both conventional lattices (square, triangular) and their
broken-symmetry counterparts (Lieb, Kagome), in the hope that comparison
between atomic response in these two cases will verify the kinds of differences
that have been theoretically predicted for periodic atomic arrays.

We found that holes with diameters down to less the 200 nm, lattice spa-
cings of less than 200 nm, and depths of over 1.1 pm were readily achievable
with our etching process. Examples of such holes are shown in more detail
in Fig. 3.5(a), with their cross-sections shown in (b). The cross-sections are
not uniform, which is thought to be due to a combination of mask erosion,

material redeposition, and reactive ion depletion. For wider hole diameters
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Figure 3.4: Series of images illustrating the variety of possible confinement
regimes achievable in our nano-cells. (a) The macroscopic structure of part of
the patterned region of our nano-cell. Here we see many different patterned
confinement regions. At the top are nano-channels of widths 5 pm—400 nm.
Repeated copies of these channels were etched to different depths, ranging
from 250nm to 2um, to give a variety of cross-sections. The channels are
shown in more detail in (b). This image shows the more complex confinement
geometries it is possible to pattern, such as tapered channels (far left) or
channels with nano-pockets along their length. One such pocket is shown
in more detail in (c). Narrower channels were also etched with a triangular
entrance aperture, as shown in (d). Below the channel regions in (a), we
see arrays of square regions. These were etched on top of a thin ‘2D’ region
etched beforehand, such that atoms can enter and leave these sites from above.
Each square contains a lattice of holes or ‘nano-pockets’, with varying size
and lattice spacing. Examples are shown, with (e) triangular; (f) Kagome;
(g) square; and (h) Lieb lattices. Note that the white scale bar in each of
(e-h) denotes 500 nm.

we achieved even deeper etches than the 730 nm shown here. That we can
pattern these small and regular structures on sub-wavelength lengthscales
with such precision and integrate them into vapour cells is already a consid-
erable achievement, and development and testing of these methodologies is

a step towards producing versatile devices with many integrated optical ele-
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100 nm

Figure 3.5: (a) SEM image of etched circular holes with 176 nm lattice spa-
cing, in a triangular array. (b) Focused ion beam (FIB) cross section image
showing side profile of holes (taken of a slice through the sample, along the
green dashed line in (a)) showing their depth and variation in width. Before
FIB imaging, carbon was deposited to avoid damage to the sample. A single
hole is indicated in blue.

ments and confinement regions. Complex photonic crystal structures could
in principle be patterned into our nano-cells, and thus atom-light interactions

studied in their vicinity.

3.4 Cell heating and control of rubidium dis-

tribution

For our nano-cell platform to be a good candidate for use in atom-based
devices, a good understanding and control of experimental parameters must
be demonstrated. Of key importance in experiments with thermal vapours is
the number density of atoms in the vapour phase. Generally, the vapour cell
temperature is varied to achieve changes in vapour density, with rubidium
giving favourable density changes of approximately an order of magnitude
with every 20°C change in temperature (see Fig. 1.1).

To this end, our nano-cells can be heated to achieve the same levels of
variation achievable in bulk vapour cells (limited only by the temperature

at which the rubidium begins reacting with the fused silica cell walls, at
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3.4. Cell heating and control of rubidium distribution

around 200°C). However, the kind of bulky ovens often used to heat va-
pour cells add considerable experimental footprint and block optical access
significantly. This is not ideal for versatility or miniaturised devices, so we
have implemented an alternative compact solution. Our cells have a square
ITO layer deposited on the outer surface, which is used as a compact resist-
ive heater. As ITO has a good transparency at our wavelengths of interest
(> 80% at 780nm [118]), this does not compromise our optical access signi-
ficantly.

Generally, a 15mm square patch of I'TO was deposited onto the back
surface of the cell block (to the right on the schematic shown in Fig. 3.2(a)),
to a thickness of 400nm. This deposition was done by sputtering using an
Ar plasma, and annealed in air at 450°C. The ITO was contacted on two
sides by rectangular 15 mm x 4 mm regions made up of a Ti adhesion layer
and an Au layer, which act as electrical contact pads. These are necessary
to distribute current across the whole I'TO layer. An example finished cell
is with I'TO and contact pads is shown later in Fig. 3.9, where the resulting
integrated heater had a resistance of the order 50 Q). Applying an electrical
current across the contacts causes the ITO to dissipate power as heat, and the
glass body of the cell (and thus also the nano-region) reaches an equilibrium
steady-state temperature over a timescale of the order of minutes. Our chosen
layer resistance gives a power dissipation which allows temperature regimes
of interest (20 — 200°C) to be readily achievable using standard laboratory
power supply units. Our heater was tested experimentally to work at cell
temperatures of at least 200°C. Our tests were done with 10.5mm thick
cells, but as discussed later in section 3.7, thinner cells are achievable with
our manufacturing process, which would speed up the equalibriation of the
heating process. A further benefit of our heating solution is that the I'TO
could in future be near-arbitrarily patterned during deposition, which could
prove useful for applications requiring non-uniform heating or optical access
not impeded by the ITO layer at all.

We have two methods of applying a current to the ITO layer. Firstly, two
wires can be simply connected to the contact pads using conductive silver
epoxy. This is the least compromising solution in terms of optical access and
experimental footprint, adding only a few millimetres to the overall size, and
not enclosing any of the cell. However, we find silver epoxy is not a reliable

long-term solution, as over many heat cycles (tested from room temperature
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(a) Microscope
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Figure 3.6: Images illustrating the ‘press-contact’ method of applying current
to the ITO layer used for resistive heating of the nano-cell. (a) Exploded
drawing from Autodesk Inventor, showing the PTFE mount, with brass pins
and springs to hold them firmly against the cell. The outer PTFE plate was
screwed to the mount to hold the sprung brass pin in place, and a wire was
soldered onto the end of the brass pin. This solder is far enough from the
heated cell so as to not be impacted by the heat. (b) Photograph of the
mount in operation around a nano-cell, with features of interest labelled.

to 180°C) the epoxy degrades and eventually becomes detached. We sus-
pect that this arises due to mismatched thermal expansion coefficients of the
different materials making up the contact, and would likely be much less of
an issue for continuous operation at a single temperature rather than heat-
cycling. An alternative solution developed during the course of this work is
a mount with spring-loaded metal contacts, which press against the contact
pads on the nano-cell. A schematic of the mount and a photograph of it in
operation are shown in Fig. 3.6. The mount is made of PTFE (due to its high
melting point and non-conductive nature), which sits a few millimetres thick
around the cell. This press-contact solution does not suffer from degradation
of contacts over time, and has demonstrated reliable operation under temper-
ature cycling and for cell temperatures up to 200 °C. Experimental footprint
and optical access are more compromised using this method than epoxied
wire contacts, though less than a conventional cell oven.

The cell reservoir (which is the ‘stem’ below the cell body, shown at the
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bottom of the images in Fig. 3.1) is generally also heated under normal exper-
imental operation. This heating can be integrated in the same way as the cell
block heater, through a sputtered patch of ITO with contact pads. However,
as experiments are not performed in the reservoir region, optical access is not
required. As well as this, the reservoir is generally kept cooler than the cell
block. Thus a range of other compact heating solutions can also be used, for
example commercially available flexible polyimide foil heaters. Care must be
taken to maintain a temperature gradient between the nano-regions and the
reservoir, for reasons which will be described in section 3.5. Even temperat-
ure gradients within the reservoir itself can change the rubidium distribution
(for example, whether surface deposits reside in the base of the reservoir or in
the conduit close to the nano-regions), which may itself impact the rubidium
density in the nano-regions.

Whilst bulk heating of vapour cells is often the easiest method of con-
trolling vapour number density to implement, other more fast and localised
methods have been suggested. Notably, light-activated dispensers [119], gold
nanoparticles [120], and light induced atomic desorption (LIAD) [121,122]. In
fact, we will present a study of the LIAD effect in our nano-cells in chapter 4.
We will also present investigations into the feasibility of adding nanoparticles

during our cell manufacture process in section 3.6.

3.5 Rubidium depletion and flooding

Another important consideration for micro- and nano-scale vapour confine-
ment is atomic diffusion timescales and the depletion of rubidium vapour
from the confined regions over time. Depletion is not generally a problem in
experiments with bulk vapour cells, where the cell and reservoir are heated
to the same temperature and the whole system is in a steady state equilib-
rium between vapour-phase atoms and atoms adsorbed onto the cell walls.
However, for the case of our nano-cell, the reservoir is generally kept ap-
proximately 30°C cooler than the cell block and confined regions. This is
to stop the confined regions spontaneously filling with liquid rubidium from
the reservoir. This gradient, however, leads to a reduction of vapour number
density in the micro- and nano-regions over time, with timescales generally
of order weeks to months (believed to be dependent on diffusion timescales

and operating temperatures used). As such, for micro- and nano-scale vapour
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cells, we believe understanding ‘local reservoirs’ to be of critical importance.

The interaction of vapour atoms and cell walls have long been of in-
terest [123-125]. There exists an equilibrium between rubidium atoms ad-
sorbed to the cell walls and those in the vapour phase, and due to diffusion
timescales we believe these surface deposits to have significant influence on
the local vapour density in the micro- and nano-regions. Rather than a global
equilibrium, we believe that there is a local equilibrium in a given location
of the cell between the vapour and the adsorbed atoms on the nearby walls.
We observe depletion of vapour phase atoms and surface deposits from our
nano-regions over time, the latter of which is shown in Fig. 3.7. We there-
fore find it important to periodically ‘lood” the confined regions with liquid
rubidium, which we achieve by making the reservoir much hotter than the
confined regions. The exact temperature gradient choice alters the timescale
of the process, but to flood the cell over a period of minutes to hours we found
that temperature differences of at least 50-100 °C were required.

Once flooded, we allow the liquid rubidium to deplete from the nano-
regions by going back to our conventional temperature gradient, leaving sur-
face deposits behind. When returning to a conventional temperature gradient
(for example, nano-regions at 100 °C and reservoir 30 °C lower), we have ob-
served standard timescales of 3-6 hours for a 2 pm thick cell region to evacuate
sufficiently for experiments to be performed. However, timescales of up to 30
hours have been observed for the same process, suggesting there is more to
be understood about its exact dynamics. Furthermore, the more confined
regions have been observed to have longer evacuation times: a 500 nm region
is some hours slower than the 2pm region, whilst channel structures (even
those of a few microns width) patterned within our cells take longer to evac-
uate than even the 500 nm ‘slab’ region. The narrowest of channels (down
to 400 nm x 500 nm in size) have been observed to take a number of days of
heating to evacuate visibly and sufficiently to perform experiments.

After the flooding process, the density of the atoms on the cell walls is
replenished, and macroscopic deposits (each on lengthscales of order microns
or tens of microns) are observed. This is illustrated in Fig. 3.7(a). Experi-
ments can be performed on vapour in the clear regions in the vicinity of the
deposits, and it is even possible to partially flood the cell and then perform
experiments in the clear regions close to a visible condensed area of rubidium.

Aggregates were observed to diffuse over time whilst the cell was being heated,
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Figure 3.7: Composite white-backlit images showing the same 2 pm thickness
region of the nano-cell at different times since flooding. The circle at the
bottom is a ‘spacer’ - a pillar added to the design to reduce bowing during
fabrication. The linear features in the top half of the images are sets of vapour
channels of varying widths (400 nm — 5 pm). The line to the right of the image
is the boundary between this 2 pm region and an adjacent 1 pm region. Image
(a) was recorded after the regions were filled with liquid rubidium and then
heated to 100°C (to allow some of the rubidium surface coating to diffuse)
for a few hours. Image (b) was recorded 21 days after (a), with the cell in
operation (heated to approx. 100°C) five days per week. There is a clear
change in surface distribution between (a) and (b). Note that dust on the
camera and optics causes the repeated dark features especially obvious in
(b), and non-uniform illumination duplicated across each image causes the
brightness gradients seen.

as illustrated by comparison between the two images in Fig. 3.7, where image
(b) was taken 21 operational days after image (a). As such, we infer that
thinner surface rubidium coatings (which are not directly observable through

this white-backlight method) also likely diffuse in a similar manner. Under-
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standing this surface coating depletion and replenishment effect may play a
useful role in LIAD studies, which will be discussed further in chapter 4. As
our cells facilitate high-NA imaging, it is even possible to record and observe
the aggregation and diffusion of the rubidium deposits in real time, which
may be useful for further understanding the processes.

As an illustrative experiment, we measured the fluorescence activity from
a 1pm region of one of our cells before and after flooding. This was done
through resonant laser excitation at 780 nm in a TIRF scheme, with a power
of 100nW and a cell temperature of 100°C. The history of this cell was as
follows: the cell was heated once to 200 °C after manufacture for approxim-
ately one hour (for testing purposes), and after this initial testing the cell
was then left for approximately one year unheated. The cell had never been
flooded until this experiment. We found that the fluorescence activity on
resonance after flooding was 10° times higher than before flooding. This is
a considerable and somewhat unexpected increase, suggesting that diffusion
timescales and surface distribution of rubidium are incredibly important to
the density of atoms in the vapour phase. Despite the numerous studies us-
ing thin cells in recent years (referenced throughout this work), the number
density of atoms within such cells and how this is related to surface reservoirs
and diffusion behaviour has not, to the author’s knowledge, been previously
studied in any detail. It is possible that surface wetting and curing and dif-
fusion of rubidium into the bulk of the fused silica plays a role in modifying
the vapour density distribution (alongside the atomic diffusion timescales and

temperature gradients).

3.6 Nanoparticles and internal surface coat-
ings

As discussed in section 3.4, the atomic number density is an important para-
meter in vapour cell experiments. One proposed method for fast and localised
control of atomic number density is based on the use of nanoparticles of e.g.
gold or platinum. These particles can be heated using light, which causes
condensed rubidium on their surfaces to desorb and enter the vapour phase.
This process was demonstrated for gold nanoparticles in [120], whereby the

effect was used to induce an approximately 16x increase in vapour density
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over less than 20 ms. Thus these particles can act as fast and localised sources
of vapour atoms. As well as this, interfacing atomic vapours with integrated
plasmonic structures has been suggested as a candidate for all-optical devices
and scalable logic gates [14]. Given the promising nature of such techniques,
we have investigated the feasibility of including gold nanoparticles in our
nano-cells, the results of which are detailed below. These results are an-
other illustration of the versatility of our manufacturing methods, showing
the promise of nano-cells as candidates for atom-based devices. It is possible
that the small extent of these particles combined with our high-NA capab-
ilities could facilitate localised vapour density control, whilst larger regular
arrays of these particles could be used to stimulate a patterned vapour density
variation across the cell.

We tested both platinum and gold as candidates for nanoparticles to be
deposited in our thin cells, and the methodology by which these nanoparticles
were deposited is as follows. The glass slide was etched in our conventional
way to produce micro- and nano-regions, as described in [1]. After the etching
process, a positive electron beam (e-beam) resist (200 nm ZEP520A) was ad-
ded on top of the fused silica. A water solvable electrical discharge layer (AR
5090.02) was also applied in order to avoid charging during e-beam exposure.
Samples were then coated with 3nm Ti, and 60 nm of gold or platinum to
achieve the required structures. Disks between 300 nm and 500 nm, as well as
larger continuous metallic areas, were patterned in this way. The sample was
then tempered at 900 °C for 6 hours, to simulate the bonding process which
would usually be undertaken during cell manufacture. The results of this
testing using gold are summarised in Fig. 3.8. We observed that after heat-
ing, the disks remained in their well-defined positions, as shown. However,
any larger continuous layer regions became mobile and formed islands during
the heating process. The same behaviour was observed with platinum disks
and layer regions. We thus conclude that both platinum and gold disks of the
sizes tested could be placed into our cells during the manufacturing process
and survive the subsequent heating and filling stages of manufacture. Further
testing needs to be done using these particles in a finished cell to quantify
the vapour density control potential that their integration can bring.

In the same testing run as for the nanoparticles, an inner surface coating
for our cells was also tested. As discussed in the introduction to this chapter,

Armenian nano-cells constructed with sapphire windows could be heated to
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20 pm

Figure 3.8: Images showing gold nanoparticles and structures that have been
deposited onto a fused silica surface and baked for 6h at 900°C. (a) Mi-
croscopy image of a region containing gold disks of various sizes, arranged
in seven columns and ranging in diameter from 290 nm (leftmost column) to
495 nm (rightmost column). The far right vertical line was patterned as a con-
tinuous layer of gold, but after baking this had migrated into larger particles
as is shown. The dashed square is the region shown in more detail in (c). (b)
Microscopy image of “350 nC”, which was patterned as continuous lines on
the cell, but (in the same way as the line in (a)) became mobile and formed
islands during heating. (c) SEM image at 45° showing the region marked in
(a), showing both nanoparticles and the continuous line (far right) which has
migrated and formed larger particles.

much higher temperatures than our fused silica cells without the alkali metal
atoms reacting with the cell surfaces. As such, adding an inner sapphire
coating to our cells may allow for similar versatility. Furthermore, it has
been suggested that there exists a repulsive van der Waals interaction for the
Cs 6D3/y state with sapphire surfaces [39,43], through virtual emission at
12.15 pm which lies within the resonant polariton modes of sapphire. Thus,
we tested the feasibility of adding aluminium oxide (AlOx, also referred to
as sapphire) coatings to the internal surfaces of our cells. In addition to the
nanoparticles as described above, a 25 nm AlOx layer was added to both the
etched surface and the un-etched glass surface, such that when bonded both
the front and back internal surfaces of the cell would be AlOx coated. This
coating survived the deposition and heating process (900 °C for 6 hours), and

thus we have demonstrated that this is also a feasible addition to future cells
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made using our methodology.

3.7 Cell dimensions and window design

As demonstrated in [1,82], the versatility of optical access is an important and
useful aspect of our cell design, for example for allowing the beam geometry
required for the TIRF excitation scheme. However, for TIRF measurements
at certain angles, in past experiments it became necessary to use a prism
contacted to the side of the cell with index-matching oil. This adds to exper-
imental complexity and bulkiness, and so an alternative solution was sought.
In Fig. 3.9(a), we illustrate a revised cell design, whereby the back corners
of the cell are chamfered at close to 45°, to allow for better optical access for
TIRF incident angles of interest. This demonstrates the customisability of
our cell design, and this cell is now in regular use for TIRF experiments.

The size of the whole cell is also a consideration for possible technolo-
gical applications. The thickness of the glass block had not been a significant
consideration in previous designs, aside from simplicity of manufacture, ro-
bustness, and ease of mounting. Thus our cells had previously been thicker
overall than, for example, Armenian nano-cells (as can be seen in Fig. 3.1).
However, during the course of this study, we tested an alternative cell design
with a much thinner footprint. The glass block which forms the back part of
the cell was reduced from 10 mm thick down to 4 mm, which also required a
thinner elliptical reservoir connection. The finished glass block with reservoir
inlet is shown in Fig. 3.9(b). In principle an even thinner block is possible,
limited only by reservoir aperture milling and robustness. This could open
up the option of high-NA optical access to the nano-regions at both the front
and back faces of the cell.

Both of the design features described above optimise our nano-cell plat-
form for different issues and experiments. In the future it may be that differ-
ent variations on our nano-cell design will be needed for different applications,
and here we have illustrated that this is readily achievable for two specific

issues we encountered during this work.

40



Chapter 3. Thin cell fabrication and characterisation

Contact pad Nano-regions

Chamfer

|

_—
i
ot

'» 4 mm

» .
<«— Reservoir

Figure 3.9: Photographs showing two nano-cell body design variants, under
white light illumination. Various cell features are labelled on both images.
(a) Back view of a cell with chamfered back corners, to allow for better
optical access in the TIRF geometry. The chamfers, as for all sides, are
optically polished. The two gold contact pads and the ITO region between
them are clearly visible on the back face. (b) Front view of a cell with a 4 mm
thick body, making for a total cell thickness of 4.5 mm including the etched
front slide. This cell features an elliptical conduit onto which the reservoir
was subsequently connected. The nano-regions are clearly visible, whilst the
various coloured spots in the otherwise clear glass outside of this indicate
unbonded regions (e.g. due to dust particles inhibiting bonding).

3.8 Conclusion

In this chapter, we have demonstrated the design capabilities of our current
generation nano-cells, and investigated the limits of our manufacturing meth-
ods. During this work, we have developed new cells with confinement in
the ‘slab’ geometry down to 250 nm, and ‘channels’ and ‘pockets’ down to
less than 200 nm across - considerably smaller than previous iterations of our
nano-cell design (whose smallest features were 500 nm). We have also char-
acterised our cell features through quantifying the surface roughness of our

etched surfaces for the first time. Furthermore, we have demonstrated de-
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position of nanoparticles and surface coatings into our cells, which have been
shown to survive the manufacturing process. The versatility and customisab-
ility of our nano-cell platform, demonstrated by the innovation presented in
this chapter, provides huge potential for further additions and improvements.

We have tested the possibility of the integration of metallic nanoparticles
into our nano-cell platform, and concluded that gold and platinum disks with
diameters as low as 300 nm and thicknesses of 60 nm can be patterned into our
nano-cells and survive cell manufacturing conditions. In terms of structuring,
we have now demonstrated various features including channels, pockets, and
metallic disks, which could all act to pattern the distribution of vapour within
our cells. Further work is needed to identify the most interesting lengthscales
and geometries for such patterning, but this development paves the way to-
wards the creation of thermal vapour atomic metamaterials, whose properties
and optical response are modified by the patterning of the vapour distribution
by our cells. This could open up the study of novel physical systems in the
thermal vapour regime.

We have also shown in this chapter that it is possible to reduce overall cell
thickness from 10.5 mm to 4.5 mm, and that there is a viable compact heating
solution for our cell in the form of ITO coating. These are first steps towards
optimising our platform for applications involving miniaturised, scalable, and
portable atom-based devices.

Overall, we have demonstrated the versatility and customisability of our
nano-cells as a platform for fundamental physics studies and potential tech-
nological applications. As has already been demonstrated in this chapter, we
envisage that further improvements and changes will be targeted to specific
applications, and that the evolution of the platform will be in further diversi-
fication towards bespoke cells for specific purposes. It will also be interesting
to continue to push the manufacturing limits in terms of etched and deposited

structure sizes, surface roughness, and overall experimental footprint.
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Chapter 4

Light induced atomic
desorption and condensation on

the micron scale

For experiments with thermal vapours, a key control parameter is atomic
number density. Traditionally this is controlled through cell temperature,
which can be related to the vapour pressure inside a standard vapour cell
in a well understood manner [38]. However, this control is slow (requiring
timescales of order minutes to hours for thermal equilibriation) and also not
localised. Temperature-based control also has limitations, for example at
higher temperatures alkali metals can react with cell substrates such as fused
silica. Whilst there has been some effort to manufacture vapour cells which
can withstand very high temperature operation (e.g. using other materials
such as sapphire), this can prove difficult [35] and such cells often have short
operating lifetimes of the order of only hours or days. Furthermore other
desirable features, such as antirelaxation coatings, generally do not withstand
high temperature operation [126].

It has been suggested the conventional relationship between density and
temperature does not hold in systems with nano-scale confinement geomet-
ries [1] (due, for example, to atomic diffusion timescales). This is alongside
the fact that miniaturisation of vapour cells has the consequence of reducing
the optical path length, requiring ever higher temperatures to produce optical
depths necessary for spectroscopy experiments. One proposed solution to the

problem of low number density involves using light to heat nanoparticles de-
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posited within a coated vapour cell [127], and in fact initial steps towards test-
ing deposition of nanoparticles in our nano-cells are discussed in section 3.6.
This achieves the desired localisation, but adds additional complexity to the
cell manufacturing process. In this chapter we detail an alternative solution
for vapour density control in our nano-cells, using light to liberate atoms from

the fused silica cell surfaces.

4.1 Introduction

The method of light induced atomic desorption (LIAD), by comparison to
conventional heating, has the potential to yield both much faster and much
more localised atomic density control. The LIAD process was first reported
in the 1990s [128,129], and involves the use of non-resonant light to liber-
ate adsorbed atoms from surfaces. It has been well documented for use in a
wide range of applications: from improving the loading efficiency of magneto-
optical traps [130, 131] - where it has helped enable compact portable ap-
plications [132] - to the creation of high optical depths in thermal vapour
systems [133,134]. Some empirical rate-equation modelling of LIAD dynam-
ics has been done based on experiments in these various regimes [135-137],
whilst other studies have shed light on the photon energy and power de-
pendence of the LIAD effect [138]. Measurements have shown that LIAD is
non-thermal and it is considered to be single-photon in origin [139], however
there is much work still to be done to characterise the process and its under-
lying mechanisms. It has been suggested that the exact temporal dynamics of
the LIAD process may depend on surface defects, impurities, and the prepar-
ation method of surfaces (and even that the LIAD response could be used to
characterise surfaces) [140]. Studies have begun to shed light on the applicab-
ility of the effect with different materials, including porous glass [141], porous
alumina [142], pyrex and quartz [143], and sapphire [139], as well as surfaces
with coatings including paraffin [144,145]. The study in reference [144] also
documents the LIAD effect for different alkali atoms (Na, K, Rb, Cs), and
finds considerable differences in the response for each.

LIAD studies in thermal vapours have in the past generally been confined
to conventional centimeter-sized vapour cells, with more recent works hav-
ing exploited the effect in microfabricated millimeter-sized cells [122] and in

micron-scale hollowcore fibres [121]. The former study also shows how the
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effect can have technological applications, by demonstrating its use both as
part of an optical isolator setup and a laser locking setup. In more con-
fined regimes such as micrometre-sized cells, the LIAD effect should give a
favourable increase in vapour density, owing to the high ratio of wall area to
vapour volume. Heating-free all-optical control of number density would have
numerous experimental benefits, including fast and localised control for dif-
fusion studies or for remote or compact applications where electrical currents
from heaters may be problematic (or heaters may be difficult to incorporate
and stabilise). One recent study demonstrated the LIAD effect in micrometre-
sized vapour cells [31], and used the resulting transient high vapour density
regimes (whereby n > k?) to study dipole-dipole interactions through line
broadenings and shifts. The only other known LIAD study in micron-scale
thermal vapour cells was reported briefly in [82]. That study by Hamlyn used
the technique of selective reflection to record the atomic activity dynamics
upon subjecting a 1 pm thick cell to nanosecond pulses of 355 nm laser light.
Their data has significant noise, and its dynamics are still poorly understood,
so we seek to build upon this.

The interaction of atoms and surfaces is also an area of significant interest
and ongoing study. The interaction of vapour atoms with cell walls is of great
importance in thin cells, where wall collisions are common and a considerable
fraction of the vapour atoms reside close to the cell walls at a given time, and
thus our studies are intrinsically linked to atom-wall interactions. The impact
of the wall distribution of adsorbed rubidium has already been discussed
in section 3.4, whereby it was suggested that the amount of wall-adsorbed
rubidium can vary considerably and impact the vapour-phase atomic density.
Further parameters of interest include the dwell time of an atom on the cell
wall [146], which will also impact the vapour distribution.

Overall, whilst significant efforts have been made to study the LIAD effect
in a number of regimes, there are still many open questions about its exact
dynamics, underlying mechanisms, regimes of applicability, and reproducib-
ility. In this chapter, we will report on LIAD experiments done using our
nano-structured rubidium vapour cell under illumination with non-resonant
450 nm laser light, with view to understanding the process in more detail
through measurements of the atomic fluorescence activity dynamics.

As well as LIAD, we will report our observations of another effect found

to occur in a similar atom-light interaction regime. This effect induces mac-
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roscopic regions of condensed rubidium atoms on the inner surfaces of our
nano-cell upon illumination with our 450 nm light. We term this second ef-
fect light induced condensation (LICo). To the author’s knowledge, similar
effects have received little attention in publications to date. A similar effect is
presented in [147], whereby it is suggested that radiation can induce dipoles
which cause the surface migration of adsorbed particles. It is also discussed
in [141,148] that in porous glass light can induce a large decrease in transpar-
ency due to LIAD increasing the number of surface Rb nanoparticles. This is
because atoms are detached from pore surfaces and recondense on the walls
forming clusters. These clusters have considerable absorption plasmon bands
in the infrared region. It has also been suggested that different substrates
have different aggregation and diffusion dynamics for atoms adsorbed within
the walls [143], and the understanding of these processes in various substrates
is vital to controlling and harnessing this effect. In this chapter we will study
the LICo effect on the microscopic scale within our fused silica thin cells,

shedding light on a new regime in which this effect has been observed.

4.2 Methodology

In this work, we used a nano-structured alkali metal vapour cell, constructed
in-house using the methodology explained in detail in [1] and further discussed
in chapter 3. The cell was constructed of uncoated fused silica, and contained
no buffer gas. Confinement regions with thicknesses of 500 nm, 1pum, and
2 pm were produced during the etching step in the cell manufacturing process.
Substrates prepared in this manner have an RMS roughness of order 0.7 nm,
as shown in [1].

The basic experimental scheme used for observation of both LIAD and
LICo effects is shown in Fig. 4.1, with a more detailed optical layout shown
in appendix A.4. To study atoms in the vapour phase, a 780 nm laser beam,
frequency-stabilised to be resonant with the ®*Rb D2 5S; /5 — 5P5/2 (F =3 —
F’ = 4) transition, was used. This beam was totally-internally reflected from
the back face of the vapour region, producing an evanescent field in the nano-
region which interacts with the vapour atoms. This methodology, known
as total internal reflection fluorescence (TIRF), can be used to record atomic
fluorescence activity in a way that is generally dark-field [1]. The fluorescence

was collected by an objective lens and recorded using a photon counter. Before
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Figure 4.1: Experimental setup (not to scale) used for observing LIAD and
LICo in a nano-cell (shown as a top-down schematic). A 780 nm excitation
beam was totally-internally reflected at the glass-vapour interface, giving rise
to an evanescent field in the vapour region which interacts with the rubid-
ium vapour [1]. The atoms could be excited and subsequently fluoresce, and
this light was collected by an objective lens (either a Mitutoyo MY100X-806
f =2mm plan apochromat microscope objective or a f = 30mm sing-
let lens). Fluorescence was recorded using a single photon avalanche di-
ode (SPAD). A non-resonant 450 nm activation laser was focused into the
nano-structured region with the same objective. The nano-structured region
comprised regions with thickness: (i) 2pm, (i) 1pm, and (iii) 500 nm. For
alignment and imaging, a broadband backlight was placed behind the cell
(to the right on this schematic), such that transmitted light was incident on
the CCD. Other components shown are: F - spectral filters; NPBS - non-
polarising beamsplitter; DM - dichroic mirror.

experiments were performed, the laser was scanned around resonance to verify
that detected light was of atomic origin and thus displayed characteristic
resonance line-shapes, rather than being background or scattered laser light.

For both LIAD and LICo, a non-resonant 450 nm ‘activation’ laser was
employed. This laser was an inexpensive Osram Opto PLTB 450B, with a
maximum output power of 1.6 W. For our experiments we focused up to
500mW of this power into our cell using the same objective lens used to
collect fluorescence. The switching on of this laser incident on the cell caused
the desorption and condensation effects studied in this work. After turning on
the 450 nm laser, atomic fluorescence activity was used to study the dynamics
of atoms in the vapour phase (i.e. those liberated from the walls by LIAD,
as well as in the background vapour), as detailed above. However, for LICo

it was atoms condensed onto the cell walls that were of interest. To study
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such atoms, a broadband backlight was used to image the cell onto a CCD
(after spectral filtering to extinguish any reflected 450 nm light). The areas
of condensed rubidium blocked the backlight, creating a darker region. The
recorded formation and dissipation dynamics of this region, as well as imaging
of the cell beforehand, sets it apart from any other dark defects present within

the cell or optical setup.

4.3 Results and discussion

4.3.1 Light induced atomic desorption

We will firstly probe the LIAD response in an incredibly localised manner,
by studying the vapour response upon illumination with 450 nm laser light
focused to a spot size of order 1 pm. The fluorescence activity dynamics under
illumination for approximately 14s in a 2pum thickness region of the cell is
shown in Fig. 4.2. Increases in the fluorescence activity recorded from the
cell upon 450 nm illumination are a clear signature of an increase in vapour-
phase atoms and thus LIAD. We observed complex temporal dynamics in the
activity profile over the course of the illumination, beginning with a fast (3 ms)
increase in activity to 6x the background level. We believe the speed of the
increase was limited by the turn on time of our laser light. The considerable
increase in vapour density is to be expected, given the favourable ratio of
surface area to volume in a thin cell. However, there is a trade-off between
this and the wall-to-wall time of flight, meaning that atoms liberated from
the walls and travelling at thermal speeds can, on average, only contribute
to fluorescence signals for a few nanoseconds before collision. As will be
discussed in chapter 6, the excitation and fluorescence dynamics of atoms
confined to a thin cell are complex, given that an average atom will not
reach the conventional steady state in the short time before it collides with
a wall. Thus we expect that the majority of atoms will not fluoresce (the
natural lifetime of the state in question is 26 ns, much longer than the mean
wall-to-wall time of flight), and so this 6x increase in fluorescence may under-
represent the real increase in number of atoms.

Before discussing further dynamics, we will focus on the initial activity
peak and study its dependencies. As shown in Fig. 4.3(a), the peak activity

of the initial peak activity upon 450 nm illumination increased with increas-
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Figure 4.2: Fluorescence activity (red) from a 2 pum thick cell during a typical
LIAD measurement sequence. The 780nm excitation laser had a power of
200nW and was stabilised on resonance with the rubidium D2 line. The
450 nm laser was focused into the nano-cell with an f = 2mm microscope
objective and had a power of 80 mW, and the cell was at a temperature of
100°C. The experimental sequence was as follows: To begin, the 450 nm laser
was off, giving the background atomic fluorescence activity level (i). The
450 nm laser was then switched on (ii), causing an increase in fluorescence
activity up to 6x the background level, which occurred over 3ms. This peak
decayed (iii) to a new steady-state fluorescence. When this laser was turned
off (iv), we observed a dip in fluorescence down to a factor of 2 lower than the
background level. Blue shading indicates the period that the 450 nm laser was
on. The dip then returned (v) back to the background level (vi). The decay
after the initial peak was empirically fitted with two exponential functions
(shown black dashed). A slow decay was fitted to the data with 100 ms bins
(main plot) and a fast decay was fitted to the data with 1 ms bins (inset). A
double-exponential fit was chosen as it is expected that multiple timescales
will be present in the dynamics. Note that, due to the wider bins of the main
plot averaging over the narrow peak, the peak activity appears higher in the
inset. The fits yielded a fast decay with a 1/e timescale of 8.3(16) ms, and a
slow decay with 830(50) ms.

ing 450 nm power in the range 10-500 mW. This appears to be linear after
approximately 100 mW, which corroborates previous reports of linear intens-

ity dependence [138]. Below about 100 mW, any activity spike was obscured
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Figure 4.3: (a) Dependence of the initial LIAD fluorescence activity peak
on the power of the 450 nm laser. Datasets were taken in the same way as
in Fig. 4.2, in a 2pm region of the cell at a temperature of 100°C, with a
780nm laser power of 200 pW, and a f = 30 mm objective lens to focus the
450 nm light into the cell. (b) Dependence of the LIAD fluorescence activity
peak on cell temperature. Datasets were taken in the 1 pm region of the cell,
with a 780 nm laser power of 800 pW and a 450 nm laser power of 170 mW,
focused into the cell with an f = 30 mm objective lens. Note that the peak
fluorescence activity is taken as the magnitude of the highest activity bin
after the LIAD laser is turned on, and errorbars on these peak values (which
were calculated from the Poissonian statistics of the photon counts) for both
plots are too small to be seen.

by our detection noise. We also found that the peak activity had a temper-
ature dependence, with little response observed below approximately 50 °C,
as shown in Fig. 4.3(b). However, this dataset was taken in a 1pm region
of the cell, meaning that it was subject to noise due to LICo (which will be
discussed in more detail the following section). This may explain the consid-
erable stochastic variation observed in the datapoints (despite the errorbars
on most datapoints being too small to be seen). However, we still consider
the qualitative result that the LIAD response increases with temperature to
be valid.

Referring back to Fig. 4.2, we observed that the transient peak observed
initially decayed to a new higher steady-state fluorescence activity. We believe

this is due to the newly shifted equilibrium between the rates of adsorption
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onto- and desorption from the cell walls due to LIAD. We empirically fitted
the sum of two exponentials to this decay, yielding a fast 8.3(16) ms and a slow
830(50) ms decay. The double-exponential fit was chosen as it is expected that
multiple timescales influence the dynamics of the process, including vapour
diffusion and adsorbate depletion from the cell walls. After the initial decay
the new equilibrium activity was 17% higher than the background fluorescence
rate, and we observed that this higher vapour density persisted for at least
10s under continued 450 nm illumination without decaying appreciably. We
postulate that the two decay rates are from two desorption processes, as has
been discussed in [121]. In that study, the authors suggest that rubidium on
the surfaces can either be in the form of a contiguous metallic layer, or of
metallic clusters. It is suggested that the clusters are desorbed efficiently by
the LIAD light through plasmon resonances and thus depleted quickly, and
can then take hours to re-form. By contrast, the metallic layer is desorbed
less efficiently and re-forms almost immediately [149]. Thus the continuous
higher vapour density observed whilst the LIAD light is on (between (iii)
and (iv) in Fig. 4.2) is likely a consequence of the continuous desorption and
re-formation of the metallic layer, whilst the initial spike is the desorption of
the clusters. The initial diffusion of vapour-phase atoms from the localised
higher density region produced by the LIAD effect will also contribute to the
transient dynamics before a new equilibrium is reached. A combination of
the desorption of clusters and layer atoms, and vapour diffusion into and out
of the region of interest must be considered to fully understand the LIAD
dynamics we observe.

Upon ceasing 450 nm illumination, we observed a fluorescence activity dip
down to half the background rate, which happened over a 10 ms timeframe.
This is likely to have been limited by the turning off time of the 450 nm laser,
which was of the order of milliseconds in our setup, but could be improved
to hundreds of nanoseconds (e.g. through the addition of an AOM). We then
observed a return to the background level with an exponential form, for which
fitting yields a 1/e timescale of 520(60) ms. We propose that this is due to the
shifting equilibrium between the adsorption and desorption rates of the cell
walls between the cases of 450 nm illumination and no illumination. A higher
rate of atoms are adsorbed than desorbed transiently due to the imbalance
induced during illumination, and thus there is a period where the local dens-

ity of atoms in the vapour phase dips below the equilibrium density, before
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being repopulated by vapour diffusion from the surrounding cell. Finally the
system returned to the pre-illumination equilibrium between vapour-phase
atom density and wall-adsorbed atom density.

We can calculate a simple order of magnitude estimate for the number
of atoms involved in the LIAD response. For this, we will begin with the
example dataset in Fig. 4.2. Here the cell was held at a temperature of
100°C, and the 450 nm laser had a power of 80 mW and was focused to a spot
size of approximately 1pum in a 2 pm thickness region. We collected 780 nm
fluorescence light via the same objective lens and into a single-mode fibre to a
photon counter. This setup gave a collection volume of approximately 10 pm?.
Using standard vapour pressure calculations, a temperature of 100°C gives

a mean number density of 6 pm™3.

This means approximately 60 atoms on
average within our collection volume contributed to our background activity
of 28 keps. When the 450 nm laser was turned on, we observed an increase
in activity which peaked at 175 kcps, approximately 6x higher. Thus we es-
timate that 6x the number of atoms contributed to this fluorescence activity,
meaning that LIAD caused 300 atoms to contribute this extra fluorescence
spike. However, our atoms only survive to be able contribute to fluorescence
for on average a few nanoseconds (before leaving the collection volume or
colliding with the cell walls), meaning most atoms do not fluoresce, as will be
discussed further in chapter 6. Accounting for this gives a rate of liberation
during the initial 3 ms spike of approximately 10°s™1. Accounting for the area
upon which the 450 nm laser was incident (including both back and front cell
walls) yields a rate of 0.5 x 10%s~'um™2. However, this estimate has consid-
erable uncertainty. Most significantly, we believe the vapour-phase number
density in our thin cells does not fully obey the steady state vapour pressure
solutions (see section 3.5), and thus our initial estimate of the background
atom number may be incorrect.

We also note that, whilst LIAD results obtained were reproducible in
the same location of the cell with the same experimental parameters, results
varied with choice of location in the cell (within the same cell thickness region)
and with cell history (e.g. time after flooding), suggesting that underlying
distributions of wall-adsorbed atoms influence the effect in a way that we do
not yet fully appreciate. For performing experiments, it is advantageous to
be able to move around the cell and choose a location with a considerable

LIAD response, but more work needs to be done to understand and improve
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Figure 4.4: Above: Sequence of stills illustrating the time dynamics of the
LICo effect. A broadband backlight was placed behind the nano-cell (to the
right of the schematic in Fig. 4.1), and using a f = 30mm lens the cell was
imaged onto a CCD. For this dataset the 780nm laser remained off, with
only the 450nm laser used (with a power of 30mW, and focused into the
cell using the same f = 30mm lens). Images were taken in a region of
the cell with 500 nm confinement, at a temperature of 100°C. The 450 nm
laser was switched on at 0s, causing a dark region of condensed rubidium
to steadily form. The laser was turned off at 2.3s, after which the dark
region dissipated over a much shorter timescale of order 0.5s. The shape of
the spot was due to the profile of the 450 nm laser beam used (which was
not directly observed here as 450 nm light was removed by spectral filtering
before imaging). Below: Graph quantifying the change in count rate on the
CCD within the condensed dark region, relative to a control region outside
of this region (to account for changes in background light levels). The blue
shaded region indicates when the 450 nm laser was on.

the reproducibility of the response in our cells. Reproducibility is a problem

in many other LIAD works, though is little discussed in the literature.
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4.3.2 Light induced condensation

The effect we term LICo was observed under similar conditions to those re-
quired for LIAD, but on longer timescales. The white-light backlit images in
Fig. 4.4 show the formation and subsequent diffusion of a condensed rubidium
region, with the bottom graph quantifying the darkening of the region over
time. The opacity increased approximately linearly over time whilst under
450 nm illumination, before decaying exponentially back to the background
level as the dark region visibly diffused. Unlike LIAD, we found that the LICo
effect could be clearly observed with the cell at room temperature as well as
at 100°C, suggesting a lack of strong temperature dependence. However we
found that its magnitude varied based on the cell history, and was greatest
after the thin regions of the cell had been flooded with rubidium. This is
likely because the flooding replenishes the reservoirs of wall-adsorbed atoms
which deplete over time.

In our experiments, LICo was observed in 500 nm and 1 pm thickness cell
regions, but was not observed in a 2pm thick cell. One possible explanation
is that the effect may be dependent on surface roughness. We have measured
the roughness of a standard etched 500 nm region in section 3.2, however
during this work we did not characterise the deeper etches in the same way.
Whilst we have not performed quantitative measurements, under inspection
the 2 pm region is visibly rougher. it is possible that the roughness alters the
wetting properties of the surface and thus changes the formation dynamics of
clusters. Another possible explanation is that the effect is intrinsically linked
to the more confined regimes. It has been suggested that in narrow pores
LIAD liberates atoms from being adsorbed within surfaces only for them to
form clusters on the surface [141], and perhaps it is true that in our more
confined geometries the liberated atoms quickly collide with the walls and
form clusters. By contrast, it is possible that in less confined geometries the
atoms diffuse more effectively in the vapour phase away from the focal spot.
By comparison with LICo, LIAD was observed in all three cell thickness
regions listed, but experiments in the thinner two regions were hampered
by the LICo condensed rubidium spot formation. This spot scattered laser
light onto our detector causing considerable noise in our results. Hence we
presented LIAD data from the 2 um region in Fig. 4.2.

Having observed the LICo spots form with lengthscales of order 50 pm
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Figure 4.5: Sequences of stills illustrating the microscopic properties of the
LICo effect and a potential application. The 450nm laser had a power of
16 mW and was focused via a f = 2mm focal length, NA = 0.7 plan apochro-
mat objective lens into a region of the nano-cell with 500 nm confinement.
Imaging was done using the same objective onto a CCD, with a broadband
backlight (450 nm light was filtered out before the CCD). Top: LICo cluster
formation images in the ‘slab’ 500 nm region: (i) before the 450 nm laser was
turned on; (ii) after 2.4s of 450 nm illumination; (iii) after 6.7s of 450 nm
illumination. Middle: Cluster movement images occurring after (iii). In
the images the ‘slab’ 500 nm region is below, with a 5 pm x 500 nm channel
above. Between (iv) and (viii) the focal spot of the 450 nm laser was trans-
lated upwards into the channel entrance, moving the clusters upwards and
some finally into the channel. Bottom: Subsequent images after moving the
droplets 100 pm along the channel. The laser was turned off at (ix), and the
droplets were allowed to diffuse. Images (x) and (xi) are 2s and 4s after (ix),
respectively. Note that the two dark spots to the right of the channel are
other etched structures in the cell and not condensed rubidium.

(as shown in Fig. 4.4), it was decided that to understand more about the
effect and its potential applications it would be useful to study the effect on

the micron-scale. This meant moving to a high-NA illumination and imaging
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setup, and results of this are shown in Fig. 4.5. In this figure we image the mi-
croscopic properties of the condensed rubidium clusters, and also demonstrate
a potential application of the LICo effect. Firstly we show cluster formation
on the micron scale, showing that clusters of order 1pm or smaller firstly
formed, before combining to form larger clusters up to 3um over an illumin-
ation timescale of around 7s. We then show that by moving the 450 nm laser
focal spot, it was possible to move these clusters around the cell. Here we
moved the clusters from a 500 nm thickness ‘slab’ region into a 500 nm x 5 pm
channel above. Finally we observed the dissipation of these clusters upon
ceasing 450 nm illumination, with clusters persisting for a timescale of at
least 4s. It has already been suggested that diffusion dynamics play a role in
vapour distribution in thin cells (especially in more confined geometries such
as channels [1]), and the 4s timescale observed here is longer than the 0.5s
timescale for cluster dissipation in Fig. 4.4. However, we postulate that due to
the greater magnification in these images we can observe smaller clusters for
more of their lifetime. It is still unclear from these results whether dissipation
into the vapour phase and the dynamics of vapour diffusion is considerable, or
whether dissipation into the glass substrate and its dynamics is dominant. As
such, later in Fig. 4.6 we will present the fluorescence activity from a region
close to a LICo spot.

We postulate that the LICo effect we have measured is of similar origin
to those described in [141, 147], as discussed in section 4.1. However, much
further study is required to understand the effect and its mechanisms in detail.
Another potential explanation for the effect observed is the possibility of
electric fields being induced at cell surfaces, which could induce dipoles in the
rubidium atoms and thus attract them. We could test the theory that the
effect we observe is the formation of Rb nanoparticles on surfaces further using
methods as described in [150]. In that work, the authors illuminate the formed
nanoparticles with NIR light, detaching atoms from the clusters leading to
them no longer being visible. However, one considerable difference between
their experiment and the one presented in this work lies in the substrate
choice. This is likely to be a factor in the considerably different timescales
observed for their clusters to diffuse naturally (hours in their work compared
to seconds in our study).

To test one potential use case of the LICo effect, we decided to study the

atomic fluorescence in a 500 nm region of the cell before and after a LICo spot
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Figure 4.6: Graph showing the atomic fluorescence activity at 420nm
(purple), before and after illumination for approximately 12s with 450 nm
light. This illumination caused condensed regions of rubidium to form in the
vicinity on the cell surfaces, through the effect we term LICo. The vapour
phase atoms were excited to the 5Dj /5 state using co-propagating 780 nm and
776 nm lasers (both with powers of 300 pW), and could then decay via the
emission of a 420 nm photon. We used 7mW of 450 nm laser light, incident
on a cell thickness region of 500 nm at a temperature of 70 °C. All lasers were
focused into the cell using an f = 2mm objective lens. The black dashed
line indicates the average background fluorescence count rate before 450 nm
illumination.

had been formed. For this we used a two-colour excitation scheme (which will
be discussed at length in chapter 5). Two lasers (at 780 nm and 776 nm) were
used to excite vapour atoms to the 5D5/5 state, from which they could decay
via the 6P3/, state and emit a photon at 420 nm. This technique is particularly
useful for situations where scattering can be an issue, as the emitted photons
are far from the excitation wavelengths, meaning standard spectral filtering
can easily separate the two. As such we opted for it here where single-colour
excitation would be hampered by the LICo condensed regions scattering laser
light onto the detectors. For this experiment, we studied the atomic fluores-

cence activity at 420 nm before and after illumination using our 450 nm laser,
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and the results of this are shown in Fig. 4.6. With our setup (and due to
the power of the 450 nm laser used) we could not observe fluorescence during
the formation of the LICo spots. However, we recorded fluorescence activity
before and after this. We observed that the atomic fluorescence activity after
LICo spot formation is indeed higher than before, suggesting some atoms
diffuse into the vapour phase from the transient higher wall-adsorbed atom
density due to LICo. The higher density decays slightly over a timescale of
order 10s. However, the effect is only a 6% increase on the background level
before the illumination, and further study would be needed to verify this in-
crease and quantify it in more detail including the time dynamics and decay
of the higher density. This increase is not considered to be of LIAD origin,
as the fluorescence activity is higher after the turn off of the 450 nm laser
and decays back toward the background level, in stark contrast to the LIAD

results shown in Fig. 4.2.

4.4 Conclusion

In conclusion, for the simple case of non-resonant illumination of a rubidium
nano-cell using an inexpensive 450 nm laser diode setup, we have observed two
complex and competing effects. For LIAD, we have quantified the increase in
vapour density achievable in a 2 pm thick uncoated fused silica vapour cell,
adding to the information already available as to the effectiveness of LIAD
in different regimes. We have also studied in detail the temporal dynamics of
the LIAD process over seconds of 450 nm illumination in our cells, measuring
the various decays and timescales involved. We have further demonstrated
that LIAD can be performed in an incredibly localised manner, using our
high-NA objective to focus our activation laser down to approximately 1pm,
paving the way for experiments with localised on-demand density variation
and gradients.

We have observed a contrasting effect which we term LICo, whereby a
buildup of condensed atoms is observed at the location of the 450 nm laser
spot. This effect has previously received relatively little attention in the
literature, and our cells facilitate study of the effect on lengthscales previously
little-explored. We have induced the effect in a localised manner using a laser
focal spot of order 1 pm, and imaged the resulting clusters with sub-micron

resolution, enabling the measurement of cluster sizes. Understanding the
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LICo effect is crucial, not least in avoiding its adverse impacts during LIAD
experiments, whereby the dark spot induces noise by blocking and scattering
laser light.

We studied the variation of the two effects (LIAD and LICo) with tem-
perature, and found that LIAD is more effective in hotter cells, whilst LICo
was observed across a range of cell temperatures including room temperature.
This thus informs parameter choices for future experiments in these regimes.
The difference in timescales between the two processes is also thus of key im-
portance, and given the timescales we have measured (milliseconds for LIAD
and seconds for LICo), we suggest that using short pulses of 450 nm light is
a promising avenue of further study. In this way it may be possible to gain
the fast millisecond vapour density variation benefits of LIAD without allow-
ing for the slower buildup of condensed rubidium of LICo over the course of
seconds. However, future studies would need to assess the appropriate duty

cycle of the pulses to stop the formation of LICo clusters.
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Chapter 5

Two-colour spectroscopy in

micron-scale structures

5.1 Introduction

Spectroscopy of atoms in confined geometries and close to surfaces has long
been an area of much interest, with techniques such as selective reflection al-
lowing early insights through excitation of atoms via short (of order 100 nm)
evanescent fields [151]. Later, thin vapour cells were developed, where the
tight confinement ensures all vapour-phase atoms exist within a given distance
from a cell surface [45]. This development also allowed for other conventional
spectroscopic methods to be used in atom-surface investigations [46]. Spectro-
scopy of vapours confined to small volumes has now been the subject of much
study, for example with atoms confined to the micron-scale core of hollow-
core fibres [84]. In that work, the authors assessed the relative contributions
of power broadening and transit time broadening to spectral line-shapes, and
proposed these to be limiting factors for technological applications of atoms
close to surfaces. As that study demonstrates, spectroscopy provides a good
measure of atomic behaviour and is a key tool in understanding the behaviour
of confined atoms and the technological limitations of atom-based devices.
Spectroscopy of thermal vapours confined specifically to thin cells has been
an active area of research for many years [152]. A number of techniques have
been used successfully, including transmission spectroscopy [37,108], total in-
ternal reflection fluorescence (TIRF) [1,82], and selective reflection [72,106].

The various methods studied each have benefits and drawbacks. Transmission
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spectroscopy is a standard technique in conventional vapour cell experiments,
is simple to implement, and has generally well-understood results for which
robust models exist [3,22]. However, the optical depth of the sample in a
micro- or nano-cell is generally much lower than in conventional vapour cells,
and thus transmission spectroscopy results in a much lower signal-to-noise
ratio than in conventional cells, necessitating higher temperature operation
(which is less desirable for some applications, and induces extra spectral line-
broadening). The TIRF technique, meanwhile, employs an evanescent field of
order 100 nm in extent, useful for probing atoms close to surfaces. It can give a
high signal-to-background ratio [1] for spectroscopy, as well as generating un-
conventional polarisation modes to interact with the atomic sample [153,154].
However, the technique has limitations in terms of requiring a planar surface
for total internal reflection to occur at, as well as requiring optical access at
an angle to the cell surface. Our nano-cells were designed to overcome some
of these issues, as detailed in chapter 3, however the requirement of a planar
surface is still an issue for probing atoms confined in complex structures (such
as those shown in Fig. 3.4).

For rubidium, the techniques outlined above often use a single laser fre-
quency to interact with the vapour atoms, a common example being the
pathway labelled (a) in Fig. 5.1. Here the atoms are excited to the 5P,
state using 780 nm laser light, and emitted photons of the same wavelength
are detected. The inability to use spectral filtering to separate the input and
output light is the main drawback of such single-colour fluorescence tech-
niques, meaning that although geometries such as TIRF allows for single-
colour spectroscopy which is theoretically dark-field, in practice results are
often not free of background noise. Generally such noise is due to scattered
laser photons from, for example, cell surfaces and features. This noise poses a
problem, in particular for cells with more complex structures such as micro-
and nano-channels or pockets (see, for example, Fig. 3.4(b-h)), where laser
light is efficiently scattered into the detection path by feature edges. Hence,
in complex structures, spatially-filtering the excitation laser light away from
the detection pathway using the TIRF geometry is no longer sufficient to
remove background laser photons.

In this chapter, we detail and demonstrate an alternative two-colour ex-
citation scheme which allows spectroscopy in our thin cells (and specifically

of atoms confined to nano-structures) via fluorescence detection at 420 nm.
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Figure 5.1: Partial rubidium energy level diagram showing the key transitions
used in this work to probe the atoms inside the nano-cell. Relevant hyperfine
states are indicated for ¥ Rb, ®Rb (note that these are omitted for 6P,
which we do not spectroscopically probe). The two fluorescence detection
pathways used in this work are labelled (a) and (b). Scheme (a) relies on
a single excitation laser at 780 nm addressing the rubidium D2 line, driving
population to the 5P3/; state which then decays via emission of a photon of
the same frequency. Scheme (b) employs two lasers at 780 nm and 776 nm to
drive atoms to the 5Dj5 /5 state, from which they can decay via the 6P/, state
and produce a photon at 420nm. The lifetimes, 7, of each of these upper
states are indicated.

The scheme is depicted in Fig. 5.1, with the fluorescence pathway used for
detection labelled (b). The scheme for producing this 420 nm fluorescence is
already well-documented, with numerous existing studies [157-159] and vari-
ous applications including the generation of collimated 420nm light [160].
Fluorescence spectroscopy has even been performed using this scheme in a
hollowcore fibre with 45 pm internal diameter [161], demonstrating narrow
line-widths and high optical depths. However, reported results from more
confined systems such as nano-cells have been limited. Some are described
in [82] and [1], the latter of which will form the basis for this chapter. One
study asserted that using this scheme in a thin cell may be advantageous,
as the emission at 420 nm as compared to other pathways is more favourable

than would be expected from branching ratios. The relative increase in fluor-

63



5.2. Methodology

escence from this pathway in a thin cell is due to incomplete quenching of the
5D3/, state at the cell walls [162].

As fluorescence (420 nm) and excitation (780 nm and 776 nm) photons are
considerably separated in wavelength in the two-colour scheme used in this
chapter, we can perform straightforward spectral filtering of any excitation
photons scattered by the substrate (using commercially available bandpass
filters). This facilitates dark-field measurements in arbitrarily complex geo-
metries, whereby 420 nm photons are only generated where the two beams
overlap in locations containing vapour atoms. In this chapter we will show
that adopting this two-colour excitation scheme in combination with the ap-
proach of tightly-focusing one or both excitation beams into the nano-cell al-
lows for novel experiments probing atomic vapour confined to nano-structures.
Such experiments include studies of vapour distribution and diffusion in these
confinement regimes, which may prove useful in the development of compact
atom-based devices. The study of vapour diffusion in confined geometries is
important in many fields, for example for understanding the filling rate of
hollowcore fibres [163].

5.2 Methodology

As detailed in [1], the thin front panel of our nano-cell design allows for the
use of high NA optics to image cell features and probe atoms within. With
such high-NA lenses it is possible to optically resolve individual nano-scale
structures, as well as address individual structures with laser light and collect
fluorescence from atoms confined within. In this work we employed a NA =
0.7 plan apochromat microscope objective to address atoms within volumes
of order A3 confined in nano-scale structures, where spatial confinement is
typically < 1pm in one or two dimensions. Figure 5.2 shows the experimental
setup, where the two excitation lasers are delivered to the nano-regions in
one of two geometries. We will investigate both geometries, with the beams
delivered in either co- or counter-propagating arrangements (labelled (a) and
(b) respectively). For co-propagation, the two excitation lasers were both
tightly-focused into the cell via the microscope objective, whereas for counter-
propagation the 780 nm excitation beam was instead incident on the nano-
regions through the back-face of the cell, via a f = 100 mm lens (whilst the

776 nm laser was incident through the microscope objective as before).
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Figure 5.2: Top-down schematic (not to scale) of the fundamental components
in the two-photon fluorescence microscopy (TPFM) setup. Probe lasers at
780nm and 776 nm were delivered to the nano-regions of the vapour cell, with
the 780nm beam co-propagating (a) or counter-propagating (b) relative to
the 776 nm beam. Beams from position (a) were focused into the nano-cell by
a 100x plan apochromat microscope objective, with 2 mm focal length, 6 mm
working distance, and NA = 0.7. From (b) 780 nm the beam was weakly
focused through the back face of the cell (and ITO coating) using an f =
100 mm lens. Atoms inside the nano-structures produce 420 nm fluorescence
(see the excitation scheme in Fig. 5.1) which was collected by the microscope
objective, and reflected by a dichroic mirror onto a photon-counting photo-
multiplier tube (PMT) for detection. Bandpasss filters at 420 nm (with 5nm
FWHM) excluded background light from the PMT.

Nano-cell

i <)

/ ' 780 nm

Fluorescence at 420 nm was collected via the microscope objective, separ-
ated by a dichroic mirror, and detected by Hamamatsu H10682-210 photon-
counting photomultiplier tube (PMT). Photon counts were recorded by a
sensL, HRM-TDC single-photon counting module (or by a LeCroy WaveRun-
ner 6257i oscilloscope for more crude measurements and testing - however this
was slower and gave a reduced timing resolution). Multiple bandpass filters
were placed before the PMT, and these typically had 5nm FWHM centred
at 420 nm (giving 97% transmission at 420 nm and OD7 around 780nm). Us-
ing a number of these in combination allowed for near-perfect extinction of
emitted or scattered light at 780 nm and 776 nm, as well as other background
light.

For spectroscopic measurements, the atomic response was studied as the
780 nm laser was frequency scanned through resonance. Excited state polar-

ization spectroscopy [164] was employed to frequency stabilize a second laser
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at 776 nm to the 5P3/5 — 5D5/o transition. More details of the experimental
setup can be found in Appendix A.2. Using this methodology, we spectrally
probed the D2 transition through detecting 420 nm fluorescence photons from
the 6P3/0 — 531/, transition (see Fig. 5.1). By splitting off a portion of the
scanning 780 nm laser light before the experiment, and passing this through
a reference 75 mm rubidium vapour cell in a counter-propagating geometry,
scans were calibrated using the known frequencies of the relevant rubidium
sub-Doppler hyperfine features [21]. A Fabry-Perot etalon was also used in
the calibration, to correct for non-linearity in the variation of frequency with
time during a laser scan. This was necessitated by the use of a DFB laser

diode which had a significantly non-linear scan rate.

5.3 Discussion

5.3.1 Counterpropagation

In thermal vapour physics, it is common to use two beams (of the same or
differing frequencies) to resolve sub-Doppler spectral features [21] for use as
reference spectra (e.g. see the top panel of Fig. 5.4). In a counter-propagating
geometry, an atom that is Doppler-shifted away from resonance with one
beam due to its velocity component parallel to the beam (i.e. an effective de-
tuning from resonance of A = kjv) is Doppler shifted in the opposite direction
with respect to the second beam (i.e. A = —kyv). Thus, in the limit where the
two beams have similar enough frequencies, i.e. k; ~ ko, the Doppler shifts
are cancelled. We have implemented such a scheme for TPFM, in which the
two excitation beams are counter-propagating (see Fig. 5.2, with the 780 nm
laser along pathway (b)). As both excitation lasers are close in wavelength,
this scheme would give sub-Doppler resolution in a conventional cell. In thin
cells there are other sources of broadening such as due to the transit time of
the atoms. However, as can be seen from the resulting fluorescence spectrum
shown in Fig. 5.3, this scheme gives well resolved sub-Doppler resonance line-
shapes in our thin cell. The lines observed correspond to the transitions from
hyperfine 55, /, ground states to the allowed 5P3/, hyperfine states (which are
indicated above the main plot). Due to the nature of the two-photon scheme,
and in contrast to single frequency pump-probe schemes [21], crossover res-

onances are absent. This affords better resolution of the allowed hyperfine
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Figure 5.3: 420nm fluorescence (purple histogram) recorded from a 1pm
thick cell (i.e. 1pm confinement along z in Fig. 5.2). A counter-propagating
two-photon excitation geometry was used. An empirical fit comprising six
Voigt profiles is shown (black dashed line). For fitting, the locations of
the resonances were constrained to the relevant hyperfine transition frequen-
cies, their relative magnitudes were constrained to the isotopic abundance-
weighted transition strengths, and their widths were set to be equal (but
allowed to vary as a fit parameter). Partial energy level diagrams are shown
above the main plot for reference. For this dataset, powers of 350 pW at
780 nm (focused into the nano-region with the f = 100 mm lens) and 20 pW
at 776 nm (focused with the f = 2mm lens) were used, with a cell temperat-
ure of 60°C and an integration time of 12 hours.

transitions.

Our empirical Voigt fit to the resonance line-shapes gave a FWHM value
of 31.8(8) MHz, much less than the usual (unconfined) Doppler width which
is of order 1 GHz. The fit also constrained the ratios of the peak heights
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to be the isotopic abundance-weighted transition strengths for the relevant
transitions. The best-fit line shows good agreement with the data, suggesting
the peak heights are weighted in the expected way, which is notable given
the possible extra processes at play such as hyperfine pumping and collisional
effects. We also observed a high ratio of signal to background, demonstrating
the usefulness of this two-colour scheme. However, the long integration time
of 12h is a trade-off for using such low laser powers, and extra broadening

would be induced at higher powers.

5.3.2 Copropagation

For comparison to the counter-propagation case, spectra were also obtained
using the TPFM method with a co-propagating geometry, and a selection
of these are shown in Fig. 5.4. For this experiment the nano-cell was posi-
tioned at various distances from the focal point of the f = 2 mm microscope
objective, such that atoms in the nano-region experienced the local field at
each displacement. The excitation beams had powers of 7pW at 780 nm and
20pW at 776 nm (with each dataset having an integration time of 1-10 min
at a cell temperature of 65°C). The spectral features in the datasets arise due
to the hyperfine structure of the 5P3/, state, though not all hyperfine states
were fully resolved. For ®®Rb we observed a secondary resonance to the left
of the main peak. This is due to contribution from a hyperfine level which
is slightly off-resonance with respect to the 776 nm laser. This peak appears
shifted, and whilst for the purposes of this dataset no specific effort has been
made to perfect the calibration of the spectra, we speculate that this is a shift
akin to those seen in EIT studies [165].

The dataset shown in Fig. 5.4 illustrates the potential of micro- and nano-
scale alkali-metal vapour cells for sensing applications: as the thin atomic me-
dium is translated, it has a clear spectral response to changes in the spatially-
varying intensity. The observed modification of the spectra can be attributed
to two effects. Firstly, power broadening causes the broader spectral features
closer to the focus (z = Opm) due to the higher intensities experienced by
the atoms. Secondly, moving away from the focus alters the amount of fluor-
escence generated by the atoms (via changing both intensity and illuminated
area) and also collected by the objective lens, causing the changes in count

rates observed. The spectra which do not strongly exhibit the effects of power
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Figure 5.4: Top: Sub-Doppler transmission spectrum produced using pump-
probe spectroscopy in a 75mm vapour cell, used as a frequency reference.
Sub-Doppler features associated with the hyperfine splitting of the 5P, state
(see Fig. 5.3) appear within the Doppler-broadened profiles of the hyperfine
ground states of the two Rb isotopes (the chosen states are labelled). Below:
TPFM spectra recorded with 780 nm and 776 nm beams co-propagating (both
along path (a) in Fig. 5.2) incident on a region of the cell with 1 pm thick-
ness in the direction of the excitation beams. The cell was translated with
respect to the focal point of the beams (labelled 0 pm), such that the atoms
experienced different intensities at different z positions (labelled). The inset
diagrams illustrate this translation of the cell (and thus the atomic layer).
High intensities at the focus gave rise to power broadening, and differing
count rates were due to the changing collection efficiency and illumination
area. Features in the TPFM spectra relate to the hyperfine 5P3/, states,
though some were not fully resolved or observed.
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broadening (for example those at z = £ 125 um) also illustrate the benefit of
nano-scale confinement of atoms: narrow sub-Doppler fluorescence resonances
are obtained in a co-propagating geometry as well as the counter-propagating
one seen in Fig. 5.3. This property of thin cells allows for a compact scheme
whereby a single objective lens delivers both excitation beams to a tightly fo-
cused spot in the atomic medium, as well as collecting the atomic fluorescence.
Fitting a Voigt profile to the uppermost spectrum (z = 125pm) in Fig. 5.4
yields a FWHM of 57.5(6) MHz, which is the same order of magnitude as was
achieved in the counter-propagating case. We attribute this to the velocity
selection effects in micro- and nano-thickness vapours (which are discussed
in chapter 2 and will be studied in more detail in chapter 6), which suppress
spectral contributions from atoms with higher velocity components perpen-
dicular to the cell walls. This allows sub-Doppler spectroscopy in geometries
which would, in bulk vapours, produce Doppler-broadened spectra [166].

As discussed in section 5.1, the two-colour method facilitates dark-field
spectroscopy of atoms confined to complex micro- and nano-scale structures.
To illustrate this, the TPFM method in the co-propagating geometry was ap-
plied to probe atomic vapour confined along a channel with width 1pm and
depth 1 pm, yielding the results shown in Fig. 5.5. By translating our cell and
studying the fluorescence activity at various distances along a 1pm x 1pm
channel, we studied the distribution and behaviour of atoms confined within.
We found that the fluorescence intensity reduced along the channel (with all
other experimental parameters held constant between measurement sites),
suggesting that a density gradient existed in the vapour. Given that this
particular cell had been in operation for 1 year, it would be reasonable to
expect that an effective steady state had been reached in terms of atomic
vapour distribution. However, as is shown by the decaying integrated count
rate in Fig. 5.5(b), this is not the case. By repeating such measurements, we
have found that atomic vapour density was reproducibly not uniform along
channels with confinement on lengthscales < 1pum. This provides new and
important insight into the diffusion properties of atoms inside micro- and
nano-scale structures. The vapour pressure is perturbed simply by the pres-
ence of tight confinement, which is a result that has also been observed in
hollow core photonic crystal fibres [63]. Our cell platform allows for novel
insight by facilitating measurements on the lengthscales over which this ef-

fect occurs (singular microns), both in terms of atomic confinement but also
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Figure 5.5: (a) Bright-field image of a single channel, with a width and depth
of 1 pm. In this image the source of rubidium atoms (reservoir) is to the left,
as indicated. TPFM spectra were recorded at various locations along this
channel (indicated). All spectra were empirically fitted with Voigt profiles,
and the integrated activity (b) and FWHMs (c) obtained from these fits are
plotted as a function of position. An empirical exponential decay was fitted to
the activity data (black dashed line), which yielded a characteristic 1/e decay
length of 4.0(11) pm. Error bars for both the activity and FWHM values were
estimated using the functional approach [167]. Plots (d) and (e) show two
example spectra from the extreme points studied. For this experiment, the
excitation beam powers used were a compromise between signal strength and
power broadening, with 50 nW of both 780 nm and 776 nm light focused to an
approximately 1pm spot. Integration times varied between 0.5 hours for the
0pm dataset up to 9 hours for the 40 pm dataset, and the cell temperature
was 60 °C.
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spatial resolution (i.e. the micron-scale laser spot size allows for measurement
of the change in response over micrometric distances).

To the author’s knowledge, the only similar result to this density-dependence
along a thin channel was published in a previous work [82] by Hamlyn. In
that study, the cell was kept at room temperature, and a smaller channel
cross-section (500 nm x 1 pm) was used. It is likely that different laser powers
were also used. However, experiments were performed in a similar way and
using the same excitation scheme to obtain fluorescence spectra. In both stud-
ies the same qualitative reduction in atomic fluorescence (and thus density)
along a thin channel was observed, for two different nano-cells at different
temperatures and with different histories of heating and flooding. Indeed,
later in this thesis in section 6.5.4 we report the same effect using a slightly
different methodology in a cell with a different history. Thus we can conclude
that this density variation is a property of vapours confined to thin channels.

That we can achieve the required SNR to perform spectroscopy on va-
pours confined to micron-scale channels is also a significant achievement. By
fitting Voigt profiles to the spectra shown in Fig. 5.5(d) and (e), we obtained
FWHMs of 155(4) MHz and 130(30) MHz, respectively. This alludes to the
tight focussing of the beam, which leads to power broadening of the spectra.
However, the width of these spectral features is still smaller than the Dop-
pler width, owing to the velocity-selective nature of thin cells. The FWHM
of all spectra obtained at different distances along the channel are shown in
Fig. 5.5(c), and it was observed that the FWHM of the resonances did not
vary significantly in the tight confinement regimes studied.

The TPFM method applied to a nano-cell offers promise for the detection
and study of low numbers of vapour atoms confined to complex nano-scale
structures. From the count rates observed in Fig. 5.5(e), we have extracted
an estimate of the number of atoms excited to the 5Ds/, state. Accounting for
the efficiency and throughput of our detection setup, as well as the lifetime
of the 5Dj5/5 state, we estimate that the on resonance count rate observed
corresponds to a mean value of just 0.01 of these excited atoms within the
excitation volume. If instead we extract the atomic number density from
the measured cell temperature and the rubidium vapour pressure curve, as is
standard in experiments with bulk vapour cells [38], we find a mean ground
state atom number of 1.5 within the same volume. This could be consistent,

as we would expect that only a fraction of these are excited to the 5Ds/;

72



Chapter 5. Two-colour spectroscopy in micron-scale structures

state, and an even smaller fraction have chance to decay and emit a photon
before colliding with a cell wall (see chapter 6). We have also illustrated that
tight confinement impacts atomic density, and thus it is unlikely that even
the mean ground state atom number is as high in our confinement regimes as
vapour pressure curves would predict. However this crude estimate provides

an approximate order of magnitude atom number for context.

5.4 Conclusion

In this chapter, we have demonstrated thin cell spectroscopy in various con-
finement regimes and laser beam geometries. Overall, this demonstrates the
versatility of our bespoke cell platform and aids in the fundamental under-
standing of spectroscopy of tightly-confined vapours. Furthermore, our results
are an initial step towards the development of technological applications, for
example in the demonstrations of the differing vapour-layer response when
translated across a tightly-focused beam. Using this spectral data combined
with imaging the atomic response could be useful to give a full picture of
a tightly focused laser beam or more complex field with variations on the
micron-scale.

Our data have shown that it is possible to spectrally filter fluorescence
signals using the TPFM scheme in such a way that the noise observed far off
resonance, such as that in the spectra shown in Fig. 5.3 and Figs. 5.5(d) and
(e), is consistent with the dark count rate for the photon-counting photomul-
tiplier tube used (approximately < 5cps). This was true for laser powers
in the regime of pW-nW. From this observation we can see that the meth-
odology is highly sensitive, whilst also allowing for long integration times to
accumulate sufficient signals. In fact, our estimates suggest that we have
probed mean atom numbers of less than one atom in the focal spot of our
laser beam at a given time. Given our demonstrated experimental versatility
and considerable control over atom numbers through cell temperatures and
confinement, work towards interrogating and studying the response of low
numbers of atoms is a promising avenue of further study.

We have performed novel measurements of the reduction of fluorescence
activity from an atomic vapour confined along a micron-scale channel struc-
ture. Our cell design facilitated novel measurements of the decay lengthscale

of this effect, which was found to be in the micrometre range. We conclude
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5.4. Conclusion

from this result that the confinement itself alters the vapour density distri-
bution. This result provides important insight into the diffusion properties of
thermal atomic vapours, and should inform future experiments with highly

confined atoms.
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Chapter 6

Pulsed excitation of atoms in

thin cells

6.1 Introduction

As we have discussed throughout this thesis, experiments using thermal va-
pours hold some key benefits over those using cold atoms, including in terms
of equipment cost, simplicity, and scalability. However, they also have draw-
backs, notably stemming from the fact that the atoms being probed are trav-
elling at thermal velocities. In a nano-cell with confinement on the order of
hundreds of nanometres, the wall-to-wall transit time for the average thermal
atom (with most probable speed u ~ 300ms~! at room temperature) can
be as little as a few nanoseconds. This short timescale poses a problem for
experiments where e.g. a long excited state lifetime or atom-atom interaction
time may be required. However, this wall collision timescale also gives rise
the velocity-selective nature of such cells, whereby faster atoms contribute
proportionately less to overall spectroscopic signals due to quenching at the
cell walls. This effect was first noted by Dicke in 1953 [80] and has since
been used advantageously, for example as a method of sub-Doppler spectro-
scopy [105,107]. In fact, some spectroscopic studies utilising this velocity-
selection already exist, using schemes such as spatially-separated pump and
probe beams in a micro-cell [168]. However, the temporal dynamics of atomic
excitation and emission processes under micro- and nano-scale confinement
have received relatively little attention to date. A brief study exists in [37],

where a Pockels cell is used to generate resonant laser pulses to interact with
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6.1. Introduction

atoms confined to a nanocell. This study by Keaveney suggests that the wall-
to-wall transit time becomes the limiting factor on the effective excited state
lifetime in a thin cell. The Keaveney experiment, however, was limited by
the low (kHz) repetition rate of the input pulses from the Pockels cell.

In this chapter we will investigate the excited state population dynamics
of atoms confined to thin cells and build upon the work of Keaveney. Pulsed
excitation in thermal vapours has previously been used to demonstrate co-
herent dynamics [169] and study excited state transition dynamics through
effects such as quantum beats [170,171]. Pulsed excitation is a powerful tool
in understanding the time dependence of atomic systems, and has been used
previously in cold atom systems to study effects such as the Wigner time
delay [26]. Excitation using nanosecond pulses is also a potential method of
mitigating the impact of the decoherence time due to atomic motion (which
can be of order of nanoseconds in thermal vapour systems), which would
help towards the development of technologies based on coherent processes
in thermal atomic systems. Thus it is of key importance to understand the
vapour response to such short light pulses. In [37], the author shows some
preliminary evidence of coherent dynamics in a thermal vapour confined to
a thin cell under pulsed excitation, however no other such studies are known
to the author.

Velocity selection could also be of crucial importance in future thermal
vapours experiments. The observation of some effects (for example certain
features in g(® correlations) can be dependent on interactions between atoms
and their emitted fields, which necessitate atoms being in close proximity for
a certain period of time [2]. Otherwise, effects such as motional dephasing can
become problematic. Thus selecting ‘slow’ atoms from a thermal vapour en-
semble may enhance the response of such collective behaviours. Short pulses
on nanosecond timescales also open doors to performing operations on atoms
on a shorter timescale than the timescales over which motional dephasing or
wall-to-wall transit occurs. This could allow for experiments which overcome
the traditional motional issues encountered in atomic vapour physics, without
the need for bulky and costly cooling and trapping setups.

As discussed previously in this thesis, the pursuit of low atom numbers
in the thermal regime could help towards the realisation of scalable single-
photon sources. However, an understanding of the velocity and lifetime of

the atoms which can be isolated and interrogated needs to be achieved so as
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Chapter 6. Pulsed excitation of atoms in thin cells

to understand the limitations of such devices. In this chapter, we will study
such effects with a scheme using 1.5 ns resonant laser pulses to excite rubidium
atoms confined to a nano-cell with internal dimensions as low as 500 nm. We
firstly employ a quantum jump type Monte Carlo model (see section 2.3.2) to
simulate the overall dynamics of the atomic fluorescence activity under pulsed
excitation, as well as understand the relative contributions of different atomic
velocity classes. We then experimentally observe fluorescence from atoms
confined to a nano-cell and excited using 1.5 ns resonant laser pulses, which
allows us to measure the effective excited state decay lifetime. By comparison
with theory, we will then infer the velocity classes which contribute to our
fluorescence signals. Such novel insight may be useful in shaping the future of
experiments with thermal vapours in confined geometries, whilst the velocity-
selective nature of the combination of our confinement and excitation schemes

may prove useful for isolating slow atoms within a thermal vapour population.

6.2 Quantum jump simulations

To simulate the behaviour of an ensemble of atoms with thermal velocities,
distributed over a Gaussian laser spot and across a vapour cell with nano-scale
confinement, it was decided that a Monte Carlo approach would be most fruit-
ful. It was decided that the motional state of the atoms would be modelled
classically, whilst the internal state of the atoms would be modelled using
the quantum jump (or Monte Carlo wavefunction) method. For simplicity,
the QuTiP python package [77] was used for most internal state simulations,
which has a built-in function mcsolve to perform quantum jump calculations.
The quantum jump method and use of the QuTiP python package has been
introduced previously in section 2.3.2.

Our simulations were initialised with up to 107 starting ground-state
atoms, which were each assigned a uniformly randomly chosen x,y,z co-
ordinate (within the boundaries of the chosen cell confinement and laser spot
size), and a thermal velocity randomly chosen from the Maxwell-Boltzmann
distribution. For simplicity, we considered the atoms to be non-interacting.
For experiments in this section at room temperature this is valid, as the
inter-atomic spacing is much greater than A\/2w. However, deviation may be
observed at higher densities - indeed one aim of comparing simulation to ex-

periment later in this chapter is to ascertain whether such assumptions remain
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valid in the regimes studied. Each simulation atom was attributed an effect-
ive detuning A.g = kv, based on its velocity component in the z-direction,
v, (perpendicular to the cell walls and parallel to the laser propagation dir-
ection). For each atom, the quantum jump simulation was continued until
such time that it collided with a cell wall, which we assume to be quenching
and return the atom to the ground state. After this occurred, we added a
‘new’ atom to the simulation at one of the boundaries to maintain a constant
atom number, which was assigned a new set of random parameters. We also
applied the Knudsen “cos” law for the angular distribution of atoms leav-
ing the cell surfaces [172]. Effectively our simulations constitute a classical
wrapper containing the motional state of the atoms, whilst the internal state
is calculated using the standard methodology for quantum jump calculations.
More specific details of our simulations are given in appendix B. Note that
in reality the internal and motional states of the atom are coupled through
atomic recoil upon fluorescence, however we neglect this. This approximation
is valid as each atom is likely to undergo at most one fluorescence event before
colliding with the cell walls, owing to the short pulse duration and thin cell.

We considered our atoms to be distributed across a Gaussian laser spot in
the zy-plane (i.e. we averaged over a Gaussian intensity distribution, which
amounts to a distribution of Rabi frequencies experienced by different atoms).
Averaging over the contributions of all atoms gave us the overall evolution of
the ensemble over time, and thus the temporal dynamics of the atomic fluores-
cence activity (which is an experimentally-measurable quantity). Meanwhile,
information about which simulation atoms performed a quantum jump was
retained, allowing us to probe, for example, which velocity classes of atoms
contributed to fluorescence activity. Below we will outline some of the key
observations from the simulations, before comparing them to experimental
data in the rest of this chapter.

Note that in this section the parameters input into the simulations are
those relevant to rubidium atoms, as we have ready access to rubidium-filled
nano-cells and lasers for experimentation. However, the method could be

more generally applied to other alkali metal vapours confined to thin cells.
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Figure 6.1: Simulated excited state probability upon interaction with a 1.5ns
resonant laser pulse (top), and velocity classes which contribute to atomic
fluorescence activity (bottom), for three cases: (a,d) 1mm ‘bulk’ cell; (b,e)
1 pm thin (‘slab’) cell; (c,f) 1pm x 1pm ‘channel’” (shown x3). The top plots
(a,b,c) show the quantum jump events (purple histogram), as well as the
excited state probability dynamics (purple line) with an exponential decay
fit (black dashed line). The bottom plots (d,e,f) show the perpendicular
velocities (v,) of atoms which perform a quantum jump (purple histogram)
for the same three cases as above, with a Gaussian fit (black dashed line).
The initial thermal Maxwell-Boltzmann distribution of velocities is shown
for comparison (grey histogram). The fitted decay lifetimes and associated
velocity distribution FWHMs for the three cases are: (a,d) 25.992(10)ns,
265(3) ms™!; (b,e) 8.60(3) ns, 72(2) ms™!; (c,f) 4.216(17) ns, 60(4) ms~. For
comparison, the Maxwell-Boltzmann distribution has a width of 318(4) ms™!.
All simulations were run with 10° starting two-level atoms, a peak pulse
Rabi frequency of 100 MHz and a pulse FWHM of 1.5ns, and with a cell
temperature of 100 °C. The pulse was modelled as a Gaussian with a peak at
4 ns.

6.2.1 Dimensionality dependence

Our nano-cell design allows for the probing of different dimensionalities of
atomic confinement, in principle from confinement in one spatial dimension
up to confinement in all three dimensions. The result of our simulations

for three different dimensionalities is shown in Fig. 6.1. Here we compare
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the effective decay lifetime and velocity distribution (in the z-direction) of
atoms contributing to fluorescence activity for three cases: a 1mm ‘bulk’
cell, a 1pm thin (‘slab’) cell, and a 1pm x 1pm ‘channel’. The 1mm cell
gives the expected rubidium D2 lifetime of 26 ns, with a considerable width
of atomic velocity classes contributing to fluorescence activity. Reducing the
dimensionality to a thin ‘slab’ and then further to a ‘channel’ reduces both
the effective fluorescence lifetime and the width of the contributing velocity
distribution. This is due to the decreased atomic time-of-flight before a wall
collision in the more confined geometries, illustrating the considerable impact
that the choice of geometry has on atomic excitation dynamics.

The technique of TIRF facilitated by our nano-cell geometry has shown to
be fruitful for spectroscopy [1]. By extending our simulations to an exponentially-
decaying evanescent excitation region (which has a 1/e decay length of order
100 nm), we can attempt to understand more about the dynamics of the ex-
citation and emission processes with a new constraint. The results are shown
in Fig. 6.2, and compared to those for the case of a transmitted excitation
beam. We observe a change in the decay dynamics, to a curve which is much
further departed from a single exponential decay. This is because the excited
atoms are now further constrained to be close to one wall, and thus a sig-
nificant number (those travelling towards the nearby wall) will decay more
quickly, whilst the others (travelling away) will have more time to fluoresce.
We also observe that fluorescence activity in the TIRF geometry preferentially
comes from atoms travelling in one direction (in z), shown by the unequal
distribution of velocities on the right hand middle graph. Furthermore, the
position of atoms at the point of fluorescence is confined largely to a few
hundred nanometres from the cell wall, in a similar way to the evanescent
field itself. This extra imposition of confinement of both position and velo-
city of emitters could be useful towards allowing further precise control and
selection of specific classes of atoms confined to thin cells, and especially in
preferentially selecting atoms close to walls. This kind of selectivity may be

useful for atom-surface studies.

6.2.2 Coherent dynamics

Another notable aim for many experiments is to observe coherent dynamics

in the form of Rabi oscillations. Indeed preliminary data in reference [37]
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Figure 6.2: Comparison between simulations for the case of a transmitted
excitation laser (left), and a TIRF geometry with an exponentially decaying
field (right). Simulations were initialised with 10° random atoms distributed
across a 1um cell. Top: Excited state probability after a 1.5ns excitation
pulse with a peak Rabi frequency of 100 MHz (modelled as a Gaussian with
a peak at 4ns). For the transmitted case, the decay is approximately expo-
nential (dashed fit), but for the case of TIRF this is not a good fit. Middle:
Velocity distribution of atoms which contributed to fluorescence. A Lorent-
zian fit is shown to the left plot, which yields a FWHM of 11ms~!. The
Maxwell-Boltzmann starting velocity distribution is shown for comparison
(grey dashed). Bottom: Position of atoms within the cell at the time they
underwent a quantum jump.
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Figure 6.3: Quantum jump simulations for two different regimes: (a) a uni-
form intensity excitation region; (b) an excitation region with exponentially-
decaying intensity, which is analogous to the evanescent excitation region
imposed during a TIRF experiment. The excited state probability is plotted
(purple line) alongside the histogram of spontaneous decay events (purple
bars). This illustrates that decay events follow the excited state population
trend as expected. Note the Rabi oscillation observed in (a) but absent in
(b). Both simulations were run with 10° starting two-level atoms, a peak
pulse Rabi frequency of 1 GHz and a pulse width of 1.5ns, and with a cell
temperature of 100 °C. The pulse was modelled as a Gaussian with a peak at
4ns.

suggests it may be possible to observe such oscillations even in a thermal
vapour confined to a nano-cell. Our simulations help to illustrate the regime
necessary to observe such effects. As a simple test, we set the peak pulse
Rabi frequency to 1 GHz (so that dynamics are observable over timescales on
the order of 1ns), and ran the simulations for the case of uniform intensity
illumination, and for an exponentially-decaying intensity.

The results of our simulations are shown in Fig. 6.3, where it can clearly
be seen that the simple addition of averaging over an exponentially-decaying
field has the effect of washing out any Rabi oscillations which would be clearly
visible in the uniform illumination case. Thus our simulations can be used
to set limits on the intensity uniformity needed to see oscillations, further
illustrating the usefulness of the quantum jump methodology. Similarly, even
without an evanescently-decaying field, experiments commonly use a laser
spot with a Gaussian intensity distribution, which amounts to a similar dis-

tribution of Rabi frequencies experienced by the atoms. Averaging over this
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distribution has the same effect as shown above, washing out any observable

coherent dynamics.

6.2.3 Detuning dependence

Whilst potential experiments are envisaged to use resonant pulsed excitation
light, it is interesting to expand our simulations to mapping out the detun-
ing dependence of the excitation dynamics. This allows us to, for example,
test whether an experimental laser drift from resonance would considerably
impact results. Furthermore, due to the Doppler shift induced by atomic
motion, in a conventional bulk vapour cell scanning a laser across a range
of detuning values excites a range of different velocity classes (which in con-
ventional spectroscopy leads to a Doppler-broadened feature). However, it is
useful to map out the relative spectral contributions from different velocity
classes in a nano-cell, where the atoms with non-zero velocities perpendicular
to the cell walls (which would conventionally contribute to the wings of the
Doppler-broadened feature) now contribute proportionally less to the overall
signal due to quenching collisions with the cell walls.

We ran our two-level atom simulations with 10° starting atoms at several
discrete detuning values, yielding an excitation and decay curve for each
(similar to those shown in e.g. Fig. 6.1 and Fig. B.1). We then calculated the
area under each of these curves, as a measure of the excited state population.
This is shown as a function of detuning for various cell thicknesses in Fig. 6.4.

As can be seen in Fig. 6.4, the spectral width of the features for all cell
thicknesses is considerably larger than the conventional Doppler width for
room-temperature rubidium of 0.5 GHz [22]. This is because we are using high
excitation Rabi frequencies, leading to considerable power broadening (see, for
example, [92]). There are several reasons for using such high powers. Firstly,
the considerable broadening makes the system less sensitive to deviations
in laser frequency and less sensitive to specific velocity groups. Secondly,
the high laser intensity will lead to high levels of excitation, yielding larger
experimental signals. Thirdly, to be able to perform some experiments, it
is advantageous to be able to perform operations quickly. For example, to
be able to perform a full Rabi cycle before a thermal atom has moved a
distance of the order of a wavelength, and to mitigate problems with motional

dephasing and atomic movement outside of the excitation volume or into
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Figure 6.4: Results of quantum jump simulations for a range of detunings,
illustrating the spectral widths obtained for the cases of confinement of 1pm
(purple) and 500nm (red), and the case of a TIRF evanescent excitation
region with a 1/e lengthscale of 100nm in a 1pm cell (blue). Simulations
were run for 20 discrete detuning values, each with 10° starting atoms, and
the area under the excited state probability curve was recorded. The trend
of area against detuning for each case was fitted with a Gaussian line-shape

to produce the curves shown here. All curves are normalised to have a peak
height of 1.

a wall. This is another benefit of our thin cells, in that very high Rabi
frequencies of order GHz can be achieved at relatively low laser powers using
high-NA objectives, and can be interfaced with our atomic ensemble without
averaging in the direction parallel to the laser beam (as our cell length can be
shorter than the Rayleigh range). Note that in a thin cell we will still average
over the Gaussian intensity distribution, unless different optics are used for
the collection and excitation pathways or the cell has sub-micron confinement
in more than one dimension.

We note that the curves for the nano-cell thicknesses (500 nm and 1 pm)
are narrower than for atoms in a bulk cell subjected to the same intensity
field, which is to be expected. The process of power broadening involves
saturation of atomic velocity classes firstly close to zero perpendicular velocity

(v, in the direction of laser propagation and perpendicular to the cell walls),
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Figure 6.5: Results of quantum jump simulations showing the numbers of
atoms which contribute to fluorescence signals as a function of perpendic-
ular velocity (v,) for three different values of linear detuning (A/2r =
—3,0,3 GHz), for the cases of (a) a 50mm bulk cell, and (b) a 500 nm thin
cell. Each simulation was performed with a discrete value of laser detun-
ing, and was initialised with 10° starting atoms with a Maxwell-Boltzmann
distribution of velocities.

L contributing to the

with velocity classes of atoms further from v, = Oms~
spectral feature at larger detuning values and thus in the wings of the line-
shape. Whilst these atoms contribute proportionally more to signals in the
power-broadening dominated case than in the standard Doppler-broadened
case, we also know that these atoms contribute proportionally less in a thin
cell. This is due to the well-known velocity selectivity imposed by the cell wall
confinement as described throughout this section. We observe that the curve
shown in Fig. 6.4 for a 1 pm cell is slightly narrower than for a 500 nm cell, and
attribute this to the extra transit time broadening in the thinner cell case. The
same explanation holds true for the TIRF curve, where the 100 nm evanescent
field extent imposes even greater transit time broadening. Simulations such
as these provide greater understanding of the complex interplay between the
effects of transit time broadening, power broadening, and Dicke narrowing as
we have shown here.

We can also go further and extract which atomic velocity classes contrib-
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uted to fluorescence signals for a given detuning. The results of this are shown
in Fig. 6.5, comparing the response of a bulk cell (a) to that of a thin cell
(b). For the bulk cell, as expected we observe that at non-zero detunings,
the relevant velocity classes are non-zero, and shifted onto resonance by the
Doppler effect. However, the thin cell results are in stark contrast to this.
We observe that in a thin cell, regardless of the detuning of the laser beam,
the velocity classes that contribute are centred around zero. This is due to
the velocity selective nature of thin cells, whereby the faster velocity classes
which would, in a bulk cell, contribute to the signals for non-zero detuning
now hit the cell walls more quickly than they can fluoresce and contribute.
The velocity classes that contribute are also much narrower in the thin cell
case, for the same reason.

Note that our simulations for both the bulk and thin cell shown in Fig. 6.5
are for a power-broadened line-shape with a width as shown in Fig. 6.4.
Thus at 3 GHz, there is still a significant absorption or fluorescence signal.
However, the question of which atoms contribute to a signal further from
resonance even in a bulk cell is not trivial, and is discussed in detail by
Hughes in [173].

6.2.4 Conclusion

In this section we have shown the versatility and usefulness of the quantum
jump method for computationally simulating the behaviour of an atomic en-
semble confined to a thin cell. We have shown that velocity selectivity can
impact the observed emission dynamics of the ensemble, as well as invest-
igating the impacts of different beam geometries. Having simulated these
situations in detail and gained greater understanding of the underlying pro-
cesses, we will move on in the rest of this chapter to performing experiments

and comparing their results to our simulations.

6.3 Single-colour pulsed excitation

Our experimentation will begin with the simple case of using a single resonant
pulsed laser to excite atoms confined to the nano-cell. This allows for simple
tests of the excitation dynamics and measurements of the effective excited

state lifetime of our atoms, which we will study by recording the fluorescence
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Figure 6.6: Experimental setup schematic (not to scale) for single-colour
pulsed excitation in a nano-cell. A 780 nm laser with 1.5 ns pulses at a repeti-
tion rate of 1 MHz was incident on the back face of the nano-regions (focused
to a spot size of order 100 pm at this location). This laser was resonant with
the ®Rb D2 5S;/2 — 5P3» (F = 3 — F' = 4) transition. This incident
beam undergoes total internal reflection, producing an evanescent field in the
vapour region. Atomic fluorescence at 780 nm was collected by an objective
lens (which was either an f = 2mm or f = 30mm lens depending on the
desired collection volume), and was passed through a 780 nm bandpass filter
before being coupled into a fibre and onto a single photon avalanche diode

(SPAD).

activity of the atoms after a pulse event.

6.3.1 Experimental methods

For this work, we again used our nano-structured alkali metal vapour cell
(nano-cell), constructed in-house using the methodology explained in detail
in [1] and discussed further in chapter 3. Confinement regions with thicknesses
ranging from 500 nm to 2 pm in one and two spatial dimensions were used for
experimentation.

The experimental setup is shown in Fig. 6.6. For this single-colour excit-
ation scheme, a single 780 nm laser with 1.5ns pulses at a repetition rate of
1 MHz, resonant with the Rb D2 5S;/, — 5P30 (F =3 — F' = 4) trans-

ition, was incident on the nano-region of interest. The pulses were produced
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using an Aerodiode SOM-std fibre optic modulator, seeded by a resonant CW
780 nm laser source (stabilised on resonance using the methodology outlined
in appendix A.1). Atomic fluorescence photons at 780 nm were collected via
the objective lens and recorded on a single-photon avalanche diode (SPAD).
The 780 nm laser was incident on the back face of the cell in a total internal
reflection geometry, producing an evanescent field in the vapour as explained
in [1]. Fluorescence photon counts were recorded over many pulse events to
build up a histogram of the overall fluorescence activity profile relative to the
time elapsed after a pulse trigger. This repetition was necessary to mitigate
the impact of the dead-time of the detectors and the low count rates observed
(down to of order 0.001 counts per repetition for some of the experiments in
this chapter). The experiment was run at a 1 MHz repetition rate, and collec-
tion times for the results shown in this work varied from the order of minutes

to hours depending on the laser powers used.

6.3.2 Fluorescence dynamics

We measured the temporal dynamics of the atomic fluorescence activity of the
ensemble under pulsed excitation by building up a histogram of count rate
versus time (since a pulse trigger) over many subsequent pulse events. In
this section we will discuss and analyse in detail the features of the resulting
fluorescence activity curve, an example of which is shown in Fig. 6.7. Here we
observed a sharp turn on in activity on a similar timescale to the pulse itself.
The fluorescence activity subsequently decayed. This decay was empirically
fitted to a sum of two exponentials (with additional sinusoidal components
which will be discussed later), yielding 1/e lifetimes of 7 = 3.8(2)ns and
7o = 11.0(2) ns. We observe stochastic residuals, indicating our empirical fit
curve is a good fit to the data. The reduced chi squared value for this fit was
X2 = 1.3, further indicating a good fit [167].

To model the decay timescale for this dataset, we first employed a simpler
simulation than the quantum jump simulations discussed in the previous sec-
tion. We began with 10° simulation atoms, with velocities selected at random
from a Maxwell-Boltzmann distribution and positioned at random across the
cell. We then calculated the time at which each atom collided with a cell
wall, and thus mapped out the population reduction in the region of interest

over time. We then multiplied this decaying population function with an ex-
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Figure 6.7: Fluorescence activity at 780 nm (red) from a 1pm thick cell un-
der excitation by 1.5ns resonant 780 nm laser pulses. Also shown is a simple
simulation based on the decay lifetime of the 5P3/, state and the ‘lifetime’
of the atomic ensemble due to wall collisions (black dashed line), and an
empirical fit (blue dashed line). The empirical fit is the sum of two expo-
nential decay curves multiplied by a sinusoidally-oscillating curve (modelling
quantum beats), and the normalised residuals from this fit are shown below.
The fit assumes Poissonian statistics for the number of counts. Inset is the
same plot on a logarithmic scale. For the experimental data, the peak 780 nm
pulse power was 30 pW with a focal spot size of 100 pm, and the cell tem-
perature was 100°C. The 1/e decay timescales extracted from the empirical
fit are 7 = 3.8(2)ns and 7 = 11.0(2) ns. The oscillations observed in the
experimental data are considered to be quantum beats due to the hyperfine
structure of the rubidium 5P3/, state (where the hyperfine level spacings are
less than the bandwidth of the laser pulse), which was not considered in the
simulation. The zero point of the time axis is chosen to be at the peak of the
activity curve.

ponential decay with a 26 ns (1/e) lifetime, modelling the conventional decay

of atoms from the 5P3/, state. The results of this simulation are shown (black
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6.3. Single-colour pulsed excitation

dashed line) alongside the experimental data in Fig. 6.7, and give a reasonable
agreement with the experimental data. We also found that a similarly good
agreement was achievable using the same model and comparing to data from
a 2 pm thickness cell. We thus conclude that the ensemble behaves largely as
if all the atoms were excited and thus the timescales observed in the fluor-
escence activity decay depend mostly on two parameters: cell thickness and
excited state lifetime.

For comparison, a quantum jump simulation performed in the same way
as described in the previous section for the experimental parameters used
here yields a double-exponential with decay timescales of 74 = 4.2ns and
79 = 13.5ns. These are similar to the values given by the empirical fit to the
dataset in Fig. 6.7 (73 = 3.8(2) ns and 7 = 11.0(2) ns), however do not agree
within error. Despite this, the two types of simulation shown do reproduce
qualitatively the reduction in fluorescence lifetime shown in the experimental
data for a thin cell as compared to a bulk cell. This agreement is notable
given the simplicity of both models, which do not include details such as the
hyperfine states, atom-atom collisions, surface roughness, multiple scattering
events, or atom-wall interactions. In the case of the simpler model, even
new atoms entering the system from the cell walls and outside the excitation
volume as well as the Gaussian laser spot and the excitation pulse shape are
not considered. It is likely that a combination of such factors accounts for
the small discrepancies in timescales between the simulations and the exper-
imental data. It is also worth noting that the ‘simpler’ simulation described
here only models the decay timescale for the atomic fluorescence, and cannot
be used to study the full dynamics of the excitation and emission process in
the same way that the full quantum jump simulations can.

The decay timescales measured in this study are significantly reduced from
the 26 ns lifetime of the excited 5P3/, state (which would be expected from
a measurement in a conventional vapour cell), showing the influence of the
confinement on the decay dynamics. However, conversely it also illustrates
how a proportion of the atoms survive well beyond the few nanoseconds that
the average atom would take to collide with a cell wall. One could envision
that these ‘slow’ atoms could be ‘selected’ in this way, for example by simply
waiting a given time after a pulse event or using a second pulse, temporally
offset from the first, to excite the narrower velocity class of excited atoms

to a higher-lying state. This would allow the study of dynamics of only the
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chosen population. As a first step to this end, in the section 6.5 we will study
a more complex excitation setup using two lasers to excite atoms to the 5D5 o
state.

We observed oscillations on the approximately 10ns timescale in the de-
caying part of the experimental data presented in Fig 6.7. Our input laser
was frequency-stabilised to the ®Rb 5S1/2 — P30 F' =3 — F" = 4 trans-
ition, however we propose that the oscillations observed were due to quantum
beating with the nearby hyperfine levels F’ = 3 and F’ = 2. Our pulse width
is only 1.5ns and thus has a bandwidth of order 700 MHz. The F’ = 3 and
F" = 2 levels lie only 120 MHz and 183 MHz away from the F’' = 4 level,
respectively. To test our hypothesis of quantum beats, we empirically fitted
an exponential decay multiplied by two sinusoidal functions with periodicity
corresponding to these two hyperfine splittings (shown as a blue dashed line
in Fig. 6.7). From this fit we found that the magnitude of the contribution
from the further away F’ = 2 hyperfine level was six times less than that
from the F' = 3 level. As shown in the lower plot of Fig. 6.7, we observed
stochastic residuals, suggesting our empirical fit describes these oscillations
well. The fit also has a reduced chi squared value Y2 = 1.3, indicative of a
good fit [167]. Thus we conclude that the oscillations we observe are indeed
quantum beats.

We can also compare our work to that presented by Keaveney in [37]. In
his study, Keaveney suggested that the lifetime of the state varied linearly
with cell thickness, with a trend 7 ~ [/u. Here 7 is the 1/e decay lifetime,
[ is the cell length, and u ~ 300ms~! is the most probable thermal velocity
of the atoms. In comparison, we find that our data better fits to the sum of
two exponential decays than a single exponential. The shorter of these (7 =
3.8(2) ns for a 1 pm cell, and 7 = 6.9(2) ns for a 2 um cell) are not dissimilar to
the trend observed by Keaveney, though do not agree within error. However,
we also observed a longer second decay timescale (7 = 11.0(2) ns for a 1um
cell, and 7 = 16.60(10) ns for a 2pm cell) which is not alluded to in the
work of Keaveney. Results from our simulations also fit better to a double
exponential decay curve than a single exponential decay, adding weight to the
conclusion that the fitting of a double exponential to our experimental data is
valid. The experimental setups used in both our study and that of Keaveney
were fundamentally similar, with similarly short pulses and fluorescence-based

detection methods. Differences lie in the type of cell used (fused silica cells
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in the present work, Armenian sapphire nano-cells by Keaveney), as well as
the specific experimental parameters such as laser power, pulse length, spot
size, beam geometry, and cell temperature, which were used. The low signal-
to-noise ratio due to the low repetition rate of the Keaveney experiment
may have hampered the observation of the longer but lower magnitude decay
‘tail’, explaining why a double-exponential fit was not necessary. However,
more work is required to understand the physical origin of the difference in
timescales measured even for the shorter decay.

We can also compare our experimental results to more sophisticated quantum
jump simulations, as discussed in section 6.2, and contrast this with the simple
model shown (black dashed line) in Fig. 6.7. The simple model combines the
atom-wall flight time with the excited state lifetime to produce remarkably
good fits, and is fast to compute. However, it does not predict the full dynam-
ics of the fluorescence activity over time, being unable to predict the excited
state population dynamics during the laser pulse. Our Monte Carlo quantum
jump simulations are more computationally intensive, requiring minutes to
hours of computation time on a standard computer. However, these more
sophisticated simulations can be used to predict the dynamics of the excited
state population rise and fall including during the laser pulse. They also
yield greater insights into the classes of atoms which contribute to fluores-
cence activity at a given time, as the trajectories of individual simulation
atoms are recorded.

The comparison between the results of a quantum jump simulation and
the 1pm experimental data (which has already been presented in Fig. 6.7)
are shown in Fig. 6.8. We observe good qualitative agreement between the
simulation and the experiment, and reasonable quantitative agreement given
the simplifications made in modelling (neglecting hyperfine levels and atom-
atom collisions, for example). The rise time of the atomic fluorescence activ-
ity as the pulse is turned on is predicted with good accuracy, however the
model over-estimates the atomic fluorescence expected at longer times after
the pulse. This suggests the model expects more atoms to survive (relative
to the numbers observed at short times) to longer times and fluoresce than
we observe. It is possible that a simplification of our model becomes less
valid in the longer timescale regime (e.g. when there has been more time for
an atom-atom collision to have taken place). The discrepancy, however, is

relatively small (as emphasised on a logarithmic scale, shown in the inset in
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Figure 6.8: (a) Experimental fluorescence activity from a 1pm cell (red his-
togram, as previously shown in Fig. 6.7) compared to quantum jump simu-
lations (black dashed line) for the same parameters used in the experiment.
Inset is the same plot on a logarithmic scale. Below are three graphs showing
which atomic velocity classes (where velocity, v, is perpendicular to the cell
confinement direction) contribute to fluorescence activity at different time
intervals in the simulation: (b) 0-15ns; (c) 15-30ns; (d) 30-45ns. The
boundaries between these intervals are indicated by the vertical grey lines
in (a). A thermal Maxwell-Boltzmann distribution is shown for comparison

(grey line).

Fig. 6.8), and thus we conclude that the model can still be used to give good
predictions for experimental results.

Having verified the validity of our simulations by comparing their results
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6.3. Single-colour pulsed excitation

to experimental data above, we can move to extracting further information
from our simulations which cannot be directly observed experimentally. In
the lower plots of Fig. 6.8 the (simulated) perpendicular velocity (v,) classes
which contribute to fluorescence for three discrete time intervals are shown.
We observe a considerable narrowing of the velocity classes which contribute
at later times, owing to the faster velocity classes having collided with the
cell walls before having chance to excite and subsequently fluoresce. Thus
our combination of thin vapour cells and a pulsed excitation scheme gives
velocity selectivity from a thermal atomic ensemble.

In further sections of this chapter we will go on to measure similar curves
to that shown in Fig. 6.7 but for differing experimental parameters, to gain a
greater insight into the fundamental physics of our system. Note that whilst
we have discussed above that a double-exponential decay fit is better than
a single-exponential for these datasets, for some future datasets presented
in this work a single-exponential decay will be fitted. This is for simplicity
where the signal-to-noise ratio is much lower, and is considered to be valid
for comparisons between datasets given that the contribution of the longer
of the two exponentials is proportionally less than the shorter one. For such
datasets the quantum beats are also not discernible above the noise and so

are also neglected from the fits.

6.3.3 Timing of pulse and fluorescence

Whilst we have now dealt with the temporal dynamics of the fluorescence
activity, we have not yet considered the dynamics in relation to the arrival
time of the input laser pulse. To study this, we can record one fluorescence
activity measurement as described above, and then subsequently cool the cell
to room temperature and record a second dataset in the same way. In the
latter case at room temperature, the density of atoms will be reduced by
almost three orders of magnitude as compared to a typical experimental cell
temperature of 90 °C (see Fig. 1.1). Thus the atomic fluorescence activity will
also be considerably reduced, leaving a much greater fraction of the activity
detected by the SPAD being due to scattered laser light from the input pulse
(which is scattered by, for example, cell surfaces and defects). Thus our
measured activity now maps out the pulse shape rather than the atomic

fluorescence dynamics. With all other experimental parameters remaining
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Figure 6.9: Graph illustrating the time delay between the excitation pulse and
the subsequent atomic fluorescence activity rise. This experiment was done
in a 1 m thickness cell using a TIRF geometry, as for previous experiments
in this section. For the fluorescence activity curve (red) the cell was held
at 90°C. The pulse arrival time was measured with the same setup but at
room temperature, such that the atomic density in the cell was low and thus
measured counts on the detectors were largely due to scattered laser light
from cell surfaces. The pulse curve is shown in purple. A Gaussian was fitted
to the pulse and to the peak of the fluorescence data (black dashed lines). As
emphasised by the vertical dashed lines, the time delay between the peaks
of the two curves was measured to be 1.14(4)ns. The Gaussian fit to the
pulse yields a FWHM of 1.630(13) ns. The peak pulse power for this dataset
was 500 pW, which gave a peak Rabi frequency of 0.9 GHz (calculated as
described in section 2.2).

the same between the two measurements, we can use this method to directly
compare the arrival time of the pulse at the location of the atoms and the
turn-on dynamics of the atomic fluorescence.

An example measurement is shown in Fig. 6.9. By fitting a Gaussian
line-shape to both the pulse and the top part of the fluorescence curve (as
shown), we can find the locations of the peak of each. We see that for this
pulse, with peak Rabi frequency of 0.9 GHz, we had a 1.14(4) ns time delay

between the peak pulse intensity and the subsequent peak in atomic fluores-
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cence. We believe that for this ‘two-level” case with a single 780 nm excitation
laser, the rise time is related to the reciprocal of the Rabi frequency, as this
sets the rate at which atoms are excited to the 5P/, state. Our quantum
jump simulations predict a 1ns delay between the pulse peak and the peak
fluorescence for the same input parameters as used in this experiment. This
is reasonable agreement with the experimental data and adds weight to the
claim that the simulations can be used to accurately predict the atomic en-
semble behaviour. Such excitation dynamics can be mapped out using the
quantum jump method but not the ‘simple’ simulations described in the pre-
vious section (as these only model emission decay timescales and not the full

absorption and emission process).

6.3.4 Density dependence of fluorescence decay

Another parameter of interest in any thermal vapours experiment is dens-
ity, which is generally varied by varying cell temperature (as described in
chapter 1). We thus decided to study the dynamics of the atomic fluores-
cence activity as we have above, but whilst varying the cell temperature. For
each temperature we recorded a curve similar to that shown in Fig. 6.7, and
fitted this with a double exponential decay. The results of this fitting for all
datasets are shown in Fig. 6.10. No clear trend was observed in the shorter
fitted decay timescale with density, with a negligible variation over 0.3 ns.
However, there is a clear negative trend in the longer timescale with increas-
ing activity, with a variation in decay constant of 4 ns over the range studied.
We postulate that this may be the result of collective effects becoming more
dominant at higher densities, and having more impact on the system dynam-
ics. Collective effects will have less impact for the fast atoms which dephase
and hit the walls quickly, hence why the shorter decay timescale shows little
variation but the longer timescale does.

We note that we have chosen total activity as the parameter which most
closely relates to atomic density in the region of interest, rather than tem-
perature. This is because we believe that due to diffusion timescales in the
nano-cell, the number density of atoms in the vapour phase can deviate from
the standard vapour pressure-temperature equations. This effect is described
in section 3.4. We observed at the highest temperatures studied the total

activity began to reduce, suggesting the nano-regions were depleting of ru-
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Figure 6.10: Plots showing fitted fluorescence decay timescales against total
fluorescence activity. For this experiment, a 1 pm cell thickness was used, with
a resonant 1.5 ns excitation pulse in the TIRF geometry. Each datapoint rep-
resents one experimental run at a fixed temperature, which produced a curve
similar to that shown in Fig. 6.7. To this curve, the sum of two exponential
decays (plus quantum beats) was fitted, and it is these fitted 1/e decay times-
cales that are plotted here. We believe total activity to be a better relative
measure of atomic density than temperature in our nano-cells, and thus this
was chosen as the appropriate x-axis unit. Also note the difference in scale
of the y-axes between (a) and (b). We observe that the shorter timescale (a)
varies in a stochastic manner with no discernible trend. However, the longer
timescale (b) has a clear negative trend with increasing total activity (and
thus increasing atomic density).

bidium vapour. Changing the parameter of interest to total activity from
temperature made the trend in Fig. 6.10 much clearer.

For context, the temperature range used to achieve the activity (and thus
density) range in Fig. 6.10 was 125-185°C. Whilst we have discussed above
that we are unlikely to have the conventional mapping from temperature to
density described by the steady-state vapour-pressure equations (see Fig. 1.1),
we can still use this as a crude order-of-magnitude estimate of the vapour
densities and thus atomic spacings involved. This temperature range covers
an approximate mean inter-atomic spacing variation between 200nm and
70nm, well within the sub-wavelength (A = 780nm) regime and even into
the regime of below A/27 whereby collective behaviour becomes much more

significant (see section 2.3.4).
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6.4 Pulsed fluorescence photon statistics

Another method for understanding the nature of the atomic ensemble under
resonant excitation is by studying the photon statistics of the emitted light.
One metric is the the second order correlation function, which is a measure
of the correlations between photons emitted by the system. This is defined

as [174]
DI+ 7))

{1(1))?

for a light beam with intensity I(¢) and time delay between subsequent

g?(r) = (6.1)

photons 7 (and where (.) denotes the time average). A classical thermal
source emits bunched light with ¢ (0) > 1; a coherent source such as a laser
gives ¢ (0) = 1; whilst an ideal single-photon source such as a single emit-
ter gives g™ (0) = 0. Previously, perfect bunching (¢®(0) = 2) has been
observed in thermal atomic vapour systems [175]. However, some previous
¢? studies using thermal vapours have been impacted by multiple scattering
events [176]. The frequency of such events should be reduced in a thin vapour
confined to a nano-cell. One experimental study has previously dealt briefly
with the photon statistics of a thermal ensemble of rubidium atoms confined
to a nano-cell under excitation with CW laser light [82]. Theoretical studies
have shed light on the potential availability of various photon statistics re-
gimes in a disordered thermal vapour confined to a nano-cell [2,117], however
such non-classical statistics have not been observed in previous works. To the
author’s knowledge, there has been no similar previous study of the photon
statistics of a thermal atomic vapour under pulsed excitation.

Pulsed excitation has some potential key benefits over CW excitation for
photon statistics measurements. For example, using short nanosecond pulses
ensures all excited atoms were initialised into the excited state within the
same time window. This should make for a cleaner system in which it is less
likely that two observed photons are from two uncorrelated atoms that were
excited at different times. Short (nanosecond) pulses are more likely to fully
capture the atomic dynamics as they are shorter than the relevant decoherence
timescales, such as the excited state lifetime (26ns for the rubidium 5P/,
state) and the wall-to-wall transit time (of order 3 ns for the average thermal

atom in a 1pm thick cell).
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Figure 6.11: Experimental setup schematic (not to scale) for pulsed photon
statistics (¢(®)) measurements in a nano-cell. Atoms confined to the nano-
regions were excited by a pulsed 780nm laser, resonant with the ®Rb D2
5S1/2 — 5P3/ (F =3 — F' = 4) transition, in a similar way to that shown in
Fig. 6.6. The 780 nm atomic fluorescence produced was then passed through
a 780nm bandpass filter (F) and a polariser to select only one of the two
orthogonal polarisation modes, and then collected by an objective lens and
split 50:50 by a non-polarising beamsplitter (NPBS) onto two SPADs. The
correlation between the photon detection times on each of the two SPADs
was analysed on a computer, yielding our ¢'® measurement.

6.4.1 Experimental methods

In this section we use the conventional Hanbury Brown-Twiss setup [177] for
measuring the second order correlation function (¢g(®)(7)) of the fluorescence
from atoms confined to our nano-cell. The setup is shown in Fig. 6.11. By
studying the rate of coincidences (the observation of one photon on each
detector with a given time delay, 7), we can deduce whether the emitted
photons have super- or sub-Poissonian statistics (i.e. the light is bunched or
anti-bunched).

Whilst in the CW case one can simply study the peak at 7 = 0 (accounting
for time delays due to the electronics of the detection setup), in the pulsed
case we observe a peak in coincidences at intervals described by 7 = nT,
where T is the period between excitation pulses and n is an integer. This is

due to a peak in fluorescence activity occurring after each pulse event, and
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subsequently decaying away over the course of the effective atomic lifetime
(as measured in previous sections). Thus we have not chosen to plot g®(7)
in this section, but to illustrate this by plotting the occurrence of a photon
on each detector with various delay time (7) bins. By comparing the height
of the 7 = 0 peak (which relates to coincidences during a single pulse event)
with subsequent 7 = nT peaks, one can deduce the value of ¢(®(0). This
is because photons within one peak can be correlated with each other, but
not with photons in a subsequent peak. For example, a peak at 7 = 0
which is taller than subsequent peaks indicates bunching, whilst a shorter
peak indicates anti-bunching. As a simple test, we inputted a small amount
of pulsed laser light directly into the HBT setup, which yielded an initial
peak at 7 = 0 which was the same height (within error) as the mean of the
subsequent peaks. This data is shown in Fig. 6.12. For laser light we have
9(2)(0) = 1, so the data agrees with the theory and verifies our method for

this test case.

6.4.2 Results and discussion

An example nano-cell photon statistics dataset is shown in Fig. 6.13, using
a single-colour excitation scheme in the TIRF geometry (the same scheme
as was used in section 6.3). Here we observe a peak in occurrences of two
photons with close to zero time delay on both detectors (around 7 = 0) which
is taller than subsequent peaks, indicating bunching. By normalising the data
by the height of the subsequent peaks and fitting a double-exponential decay
to the feature, we measure the value ¢®(0) = 1.312(13). This is a signature of
classical bunching and is generally observed from thermal light sources. The
value of g (0) is consistent with previous CW ¢®(0) measurements [82],
which showed similar values for this cell temperature with some variation de-
pendent on the excitation Rabi frequency. However, the cited work measured
a variation with temperature that was not observed in the current work. In
this investigation we observed a stochastic variation in ¢?(0) values between
1.25 and 1.35 across a temperature range of 90-170°C, suggesting a lack of
strong temperature (and thus density) dependence. One might logically ex-
pect a variation in ¢ (7) curve for different density regimes: at low enough
densities one could expect single atom behaviour, giving antibunching, whilst

at high densities collective effects may alter the decay timescale and height
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Figure 6.12: Occurrence of delay times 7 between photon arrivals on two
detectors (red), for pulsed laser light. Photons were recorded using a Hanbury
Brown-Twiss setup. The y-axis is normalised by the mean height of all peaks
excluding the first. The height of the first peak (i.e. number of coincidence
events with no delay between the two detectors) relative to the other peaks
(which are spaced by the pulse repetition rate) gives a measure of g(¥(0).
The horizontal black dashed line at 1 is a guide to the eye. By fitting a
Gaussian to the initial peak and accounting for the uncertainty in the mean
peak height of the subsequent peaks, we find ¢g®(0) = 1.02(3), in agreement
with the expected value for laser light of g (0) = 1.

of the g®(7) peak. It is not clear why this study differs from the CW study
in reference [82] in terms of density dependence, however further study could
focus on broadening the temperature regimes investigated using the pulsed
scheme.

We also note that the chosen double-exponential fit may under-estimate
the peak value, g (0). It is clear from Fig. 6.13(b) that the points around
the peak all lie above the best-fit line, and do not vary stochastically around
it. Thus we conclude that our chosen fit function may not be the perfect
choice for this dataset, and that thus the quoted ¢(® (0) value may be an
underestimate. The datapoints at the very peak of the curve are at around
1.45. However, this is still classical bunched light and so our conclusions

remain the same.
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Figure 6.13: Measurement of the second order correlation function for pulsed
laser light, illustrating our method. The occurrence of different delay times
7 between photon arrivals on opposite detectors is plotted (red). The y-axis
is normalised by the mean height of all peaks excluding the first. Photons
were recorded using a Hanbury Brown-Twiss setup, for atoms confined to a
1 pum cell region at 150 °C, interacting with 780 nm Gaussian laser pulses with
1.7ns FWHM, a repetition rate of 10 MHz, and a peak Rabi frequency of
0.9 GHz (calculated as discussed in section 2.2), in a TIRF geometry. (a) We
observe regular peaks spaced by the repetition period of the excitation laser
pulses, with the 7 = 0 peak being taller than subsequent peaks. This indicates
bunching. (b) The 7 = 0 peak in detail, with a double-exponential fit (black
dashed). This fit yields ¢ (0) = 1.312(13), and a 1/e decay timescale of
3.09(2) ns. Note that the data in (a) is more coarsely binned as compared to
(b), and thus the initial peak height appears reduced.

We can also compare the timescale of the decay of the coincidence count
rate with the timescale of fluorescence decay recorded on a single detector
(the latter being measured in the same way as the results shown in Fig. 6.7).
By fitting a simple exponential decay to each, we find a timescale of 3.09(2) ns
for the coincidence rate, and 2.988(10) ns for the overall fluorescence activity.
Whilst these values do not agree within their uncertainty, they are negli-
gibly far apart, especially given that the maximum resolution of our photon
counting is 26 ps. We postulated that collective effects may impact our meas-
urements at higher densities, however we observed no trend in the coincidence
decay rate with varying temperature. Indeed, the timescales measured from

a single exponential decay fit show no trend, as was shown for the dominant
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‘short’ timescale fits in Fig. 6.10.

6.5 Two-colour pulsed excitation

In the previous sections, we used only a single laser frequency to excite atoms
confined to our nano-cell, and utilised fluorescence at the same frequency to
measure their effective lifetime. As explained in chapter 5, to probe atoms
and test their response in more complex geometries (such as nano-channels
or nano-pockets, see chapter 3) we cannot use such simple excitation schemes
without inducing considerable scattered laser light (and thus noise). As such,
to enable pulsed measurements in more confined geometries, a more complex
scheme was required. This scheme employed two lasers to excite atoms to
a higher energy state, with a much longer lifetime than the 26 ns of the
rubidium D2 transition used in the previous section. Thus we postulate that
the velocity-selective dynamics of the excitation and emission process may
also change, changing the effective lifetime from those which we measured

above.

6.5.1 Experimental methods

The experimental methodology for two-colour pulsed excitation follows closely
that already outlined for single-colour pulsed excitation in section 6.3.1, whilst
the new two-colour excitation scheme has been described and deomonstrated
previously in chapter 5. The modified setup is shown in Fig. 6.14. The key
differences between this and the single-colour setup lie in the addition of a
second laser beam and the choice of beam geometry. For this two-colour excit-
ation scheme, a CW laser at 776 nm was added, which was frequency stabilised
on resonance with the 5P3/, — 5Dj/, transition (using excited state polar-
isation spectroscopy as outlined in appendix A.2). Through this addition,
atoms could be excited to the 5Ds/, state, from which there is approxim-
ately 7.5 % probability that they will decay via the 6P3/, state and produce
a 420nm photon [75]. These 420 nm fluorescence photons were collected by
the objective lens and recorded on a Hamamatsu H10682 photon-counting
photomultiplier tube (PMT).
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Figure 6.14: Experimental setup schematic (not to scale) for two-colour
pulsed excitation in a nano-cel. A CW 776nm laser beam resonant with
the Rb 5P3/5 — 5Ds5/, transition was incident on the nano-regions via the
objective lens. The 780nm laser with 1.5ns pulses at a repetition rate of
1 MHz was incident on the nano-regions in one of two geometries: (a) in a
total internal reflection geometry in the same way as Fig. 6.6 (focussed to a
spot size of order 100 pm at the nano-regions); (b) confocally via the same
objective as the 776 nm laser. Atomic fluorescence at 420 nm was collected via
the objective lens and onto a photon-counting photomultiplier tube (PMT).
420 nm bandpass filters were used to extinguish reflected laser light before
the PMT.

6.5.2 Pulsed fluorescence dynamics

In this section we employ a scheme using 1.5ns 780 nm laser pulses as in the
previous section, but with the addition of a CW laser at 776 nm. Atoms are
excited by the two lasers to the 5D5 ; state, from which they can decay via the
6P3/, state and emit at 420 nm (see chapter 5, and Fig. 5.1 for details). The
5D5/o — 6P3/9 transition has a lifetime of 822ns, whilst the 6P3/5 — 5S;/2
transition has a lifetime of 500 ns [75]. As such, the whole two-colour scheme
has a much longer natural lifetime than the 26 ns of the scheme in the previous
section.

In Fig. 6.15, we show the excitation and decay dynamics for this new
scheme through the 420 nm fluorescence activity for three different nano-cell
thicknesses. We observe a trend of reducing 1/e decay timescale with redu-

cing thickness, as would be expected for a lifetime limited by wall collisions.
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Figure 6.15: Fluorescence activity at 420 nm under pulsed excitation, from
atoms confined to three different cell thicknesses: 2 pm (purple), 1 um (blue),
and 500nm (red). Each plot is vertically offset by 100 kcps for clarity. Em-
pirical exponential decay fits (black dashed) yielded 1/e decay timescales of
42.75(10) ns, 38.71(13) ns and 28.03(14) ns, respectively. The zero point of the
time axis was chosen to be at the peak of the 2 pm activity curve, however all
curves share a common experimental trigger (i.e. the time at which the pulse
arrived at the cell was the same for each one). The atoms were excited by a
1.7ns FWHM 780 nm pulse with peak power of 400 pyW in a TIRF geometry

(pathway (a) in Fig. 6.14), and a CW 400 pW 776 nm laser perpendicular to
the cell walls. The cell temperature was 120 °C.

However, we observe that the lifetimes are still proportionally longer than
those measured in the previous section for single-colour excitation. We can
still observe fluorescence activity above the background level in the 1 pm cell
at at least 100 ns, which is considerable given the atomic wall-to-wall time of
flight of an average thermal atom for this confinement is on the order of a
few nanoseconds.

The peak of the activity curve also varies with thickness. We observe
an earlier and narrower peak before activity decays for the thinner cells.
We postulate that this is due to the increased velocity selection imposed by
the closer cell walls. For a thinner cell, we will have fewer atoms entering

the excitation region from the sides, and those that do will have a narrower
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velocity distribution in the transverse direction. Thus they will experience a
narrower range of Rabi frequencies and thus the excitation timescale will be
less smeared out. In a thinner cell wall collisions will be more significant at
earlier times, and thus begin to reduce the fluorescence activity earlier than
in a thicker cell. Thus we believe these factors explain the shorter turn-over
time and thus narrower peak.

We note that the ratio of the total fluorescence counts within each curve
for the three thickness regions is 1 : 0.38 : 0.16 for 2pm, 1 pum and 500 nm
respectively. That the ratio of fluorescence counts is not 1 : 0.5 : 0.25
following the ratio of cell thicknesses is believed to be due to quenching at
the walls. If, for example, atoms fluoresced upon colliding with the walls,
the ratio of the total fluorescence counts should be proportional to the cell
thickness ratios as all atoms would fluoresce (just with different temporal
dynamics). However, if atoms collide with the cell walls and decay non-
radiatively, the reduction in count rate will not be linear with thickness, as
disproportionately more atoms in thinner cells collide non-radiatively without
having chance to fluoresce whilst in the vapour phase.

We reported in section 6.3 that a good fit to our fluorescence activity
decay dynamics was achieved by a simple model - multiplying together the
decay curves due to the natural lifetime of the state and the rate of atom
loss due to cell wall collisions. The lifetimes of the states involved in the
excitation scheme used in this section are now much longer. However, even
combining the lifetimes of the decays involved (5D5/, — 6P3/, has a lifetime
of 822mns, 6P3» — 531/, has 500ns), using the same simple methodology
considerably underestimates the decay lifetime of the 420nm fluorescence
activity observed. This simple model yielded an exponential decay time of
only 9.3ns for a 2pm thick cell, which is considerably different from the
measured value of 42.75(10) ns. This suggests that the simple model is now
no longer encapsulating the full dynamics of the system. Thus we will instead
compare our results to a four-level Monte Carlo wavefunction simulation,
similar to those described in section 6.2.

The results of our simulations compared to experimental data are shown
in Fig. 6.16 for a 1pm cell. The simulations also predict the rise time and
turnover time of the curve with reasonable accuracy. However, the simu-
lated results have a longer exponential decay timescale than the experimental

results, meaning that the simulation predicts proportionally more atoms de-
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Figure 6.16: Results of a four-level quantum jump simulation (black dashed
line) as compared to experimental data for a 1 pm cell. The simulation was
initialised with 5 x 10° starting atoms, with input parameters matched to
those of the experiment (see Fig. 6.15 where this experimental data was ini-
tially presented along with parameters).

caying at longer times than the experiment shows. There are some possible
explanations for this discrepancy. Firstly, this four-level scheme involves a
transition from 5Ds/5 to 6P3/p, which is 5pm in wavelength. This means
that collective behaviour for this transition could become considerable at
much lower densities than for other transitions we probe in this work (e.g. at
780nm). The 5pm wavelength is also within the range of the substrate
phonon absorption spectrum, and it is possible that this alters the atom-wall
interaction behaviour. Incomplete quenching of the 5Dj /5 state for this reason
when interacting with a sapphire substrate has been studied previously [162].
Other possible causes of the discrepancy lie with the simplicity of the sim-
ulation: the level structure of rubidium including all hyperfine levels is not
accounted for, nor are the two rubidium isotopes or atom-atom collisions.
However, this quantum jump simulation does much more closely predict the
decay timescale observed in the experiment than the simple simulations in-
volving only the state lifetimes and the decay in atom number due to wall

collisions.
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We repeated similar experiments to those which yielded the results shown
in Fig. 6.15, but with varying peak pulse power and varying cell temperature.
For the case of varying 780 nm peak pulse power, measurements were taken
in the range 4-1000 pW. This was done in a 500 nm thickness cell region at
130°C, with a CW 776 nm power of 380 ptW. The fitted decay timescales var-
ied negligibly for these datasets, suggesting there was no trend with varying
780 nm power over the range studied.

For the case of temperature variation, measurements were taken in the
range 60-130°C in a 2pum thickness cell region. There was negligible vari-
ation and no discernible trend for the fitted decay timescales with temper-
ature. Using conventional steady-state vapour-pressure equations, this range
amounts to a variation of nearly three orders of magnitude in atomic number
density, and whilst these equations may not hold exactly in tightly-confined
regimes [1], a measured variation in fluorescence activity of two orders of
magnitude suggests a considerable density variation was achieved. In con-
trast, we have already demonstrated in Fig. 6.10 that for the single-colour
excitation case there is some variation in decay timescale with density (and
thus temperature). This, however, was measured over a higher temperature
range (125-185°C), whereby the considerably lower mean atomic spacings are
more likely to facilitate collective behaviour. It would be interesting in future
works to test whether this potential collective behaviour is also observed in

the case of two-colour excitation.

6.5.3 Comparison between thin and bulk cells

So far in this chapter, we have presented results solely from thin cells. To
verify that the behaviour we observe is related to the tight confinement as
we have postulated, we decided to perform a similar two-colour pulsed ex-
citation experiment in a bulk 75mm vapour cell (filled with rubidium at
natural abundance). The experimental methodology was closely related to
that presented in section 6.5.1, with some modifications. The nano-cell was
replaced with the 75mm cell, and the 780 nm and 776 nm laser beams were
overlapped and co-propagated into the cell without a focusing lens (with a
beam diameter of approximately 1mm). As we would expect longer decay
timescales than in the thin cell case, the 780 nm laser was pulsed at a repe-
tition rate of 100 kHz rather than 1 MHz to ensure that the whole timescale
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Figure 6.17: Experimental data and simulations for two-colour pulsed excit-
ation in a 75 mm vapour cell. Experimental data is shown (purple dots) with
an exponential decay fit (purple line). This fit yielded a 1/e decay time of
550(60) ns. The cell was at room temperature, and the two excitation lasers
were co-propagated through the cell, with beam diameters of 1 mm. The
780 nm laser had 1.7 ns pulses with a peak power of 500 pW, and the 776 nm
laser was CW with a power of 400 pW. Shown for comparison are the results
of a four-level quantum jump simulation (black dashed).

of the fluorescence dynamics could be recorded before a subsequent pulse.
Fluorescence was collected orthogonally to the laser beams through the side
of the cell, and recorded via a PMT.

We endeavoured to understand the temporal fluorescence dynamics for
vapour atoms in the bulk cell case from both a theoretical and experimental
standpoint, and data for both are shown in Fig. 6.17. For our theoretical
model, we again used the quantum jump approach (described in more detail
in appendix B). For simulations in a bulk cell, wall collisions are rare and
atoms spend much longer in the beam. Atoms which enter the 6P/, state
can decay to the ground state via our pathway of interest, through emission
of a 420nm photon. We will denote the rate of decay for this pathway as
Aj. However, they can also decay via alternative pathways which we do not

measure photons from, with a higher rate. The total lifetime of the state
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is 113 ns [75], but the effective lifetime of our transition of interest is much
longer (1/A; = 500ns).

In contrast to the simulations, our experimental fluorescence activity data
shown in Fig. 6.17 shows a longer decay lifetime of 550(60) ns. This is con-
sistent within error with the effective lifetime of our transition in question
(1/A; = 500ns). The observed discrepancy between theory and experiment
could be due to a number of factors. We believe the main contributing factor
to be the CW 776 nm laser re-exciting atoms that decayed from the 6P3/,
state via the 6S;/, state into the 5P3/, state. These atoms could then be
re-excited to the 5Dj5/o state and thus the rate of decay of population from
the 6P3/, state is governed most significantly by the decay back to the ground
state (from which they cannot be re-excited after the duration of the 780 nm
pulse). We have added such decays to our model by adding a pathway to
return to 5P3/5 from 6P3/5, however this did not account for the decay life-
time of the 6S;/, state, or further possible transitions. The rise time of the
simulation is also much quicker than the experiment, which may be impacted
by the spread of Rabi frequencies experienced by the atoms, as well as atoms
more freely entering and leaving the beam in the bulk cell. Other factors not
considered in our simple simulations include atom-atom interactions, hyper-
fine structure, and pumping processes, which may also impact the timescales
observed.

Comparing the experimental results shown in Fig. 6.17(b) for a 75 mm va-
pour cell to the results we have presented in a 1 pm cell in Fig. 6.16, we observe
a stark difference. The 1/e decay timescale for a 1 pm cell is 38.71(13) ns, as
compared to 550(60) ns in the 75 mm cell. This shows the considerable im-
pact of the imposition of micron-scale confinement in reducing the timescale
observed. We also observe differences in rise time and turn-over time of the
curve, which we postulate are due to a combination of the different Rabi
frequencies used between the two experiments and the velocity selectivity in
the thin cell which has been discussed above. Whilst our simulations do not
quantitatively fit the experimentally observed data well, they do qualitatively
reproduce the stark difference in timescales and dynamics observed between

bulk and thin cells.
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6.5.4 Pulsed fluorescence in a micro- and nano-channel

In the section 6.5, we gained an understanding of the atomic dynamics under
two-colour pulsed excitation in a conventional thin cell (with confinement in
one dimension). As such, we can now move to probing atoms confined to
the more complex structures facilitated by our cell manufacturing methodo-
logy [1]. We have already found that confinement in more than one dimension
can lead to variation in atomic density (see section 5.3.2 and references [1,82]),
and we postulate that this extra confinement may alter the dynamics of the
atom-light interaction process further. For example, in a ‘channel’ structure,
atoms which have a higher speed in not one but two different dimensions now
collide more quickly with the cell walls and thus have less time to interact and
emit. As well as this, the supply of new vapour atoms into the interaction
region is now only from the cell walls or along the channel in one dimension,
the latter limiting the possible velocity classes.

To test the pulsed excitation response in the channel regime, we have used
a similar two-colour pulsed excitation scheme to that described in section 6.5.
For this experiment we employed a NA = (0.7 microscope objective to focus
the excitation laser light to a spot size of order 1pm such that we could
probe atoms confined to a single micron-scale channel. We collected atomic
fluorescence light at 420 nm using the same objective, and filtered this from
scattered laser light and other background light using a dichroic mirror and
420 nm bandpass filters. This setup bears similarities to that which was shown
to be effective for spectroscopy of atoms in channel structures in chapter 5.
As in section 6.5.1, atomic fluorescence was collected onto a photon counter
and recorded over many pulse events.

Our first experiment studied the difference in dynamics between a ‘slab’
(confinement only in one dimension) and a ‘channel’ (confinement in two
dimensions) region, as shown in Fig. 6.18. Here we measured the temporal
fluorescence activity dynamics as was done in section 6.5.2, however with a
different beam geometry. In this case both the pulsed 780 nm laser and the
CW 776 nm laser were co-propagating and incident on the thin regions via the
front face of the cell, with atomic fluorescence collected back along the same
path (as shown in Fig. 6.14 with the 780 nm laser along pathway (b)). The
‘slab” dataset (red) was for the same regime as the 1 pm data in Fig. 6.15, but

with this differing beam geometry and also different experimental parameters
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Figure 6.18: (a) Comparison between the atomic 420 nm fluorescence activity
dynamics under pulsed excitation of a ‘slab’ region with 1 pm confinement in
one dimension (red) and a ‘channel’ with 1 pm confinement in two dimensions
(blue). Both datasets have been normalised to have a peak activity of 1 and
had the background count rate subtracted for clarity of comparison. The peak
activity before normalisation was 5x higher in the ‘slab’ than the ‘channel’
case. Exponential decay fits (black dashed lines) yielded 1/e decay timescales
of 39.13(14) ns and 19.05(8) ns respectively. Note that the fits were chosen
to start at different times due to the difference in ‘turn-over’ time of the two
curves. For both datasets the cell temperature was 130°C, and the atoms
were excited to the 5D3/y state with pulsed 1.7ns FWHM 780 nm light with
a peak power of 1.2mW (at a repetition rate of 1 MHz), and 380 pW CW
776 nm light (both focused to a spot size of order 1 pm via an f = 2mm lens,
see Fig. 6.14 pathway (b)). (b) Bright-field image showing the ‘channel’ (top)
and ‘slab’ region (bottom), showing the y position at which each dataset was
taken.

(laser powers and cell temperature). The timescales measured in both cases
are in reasonable agreement considering these changes. To take the channel
dataset (blue), the cell was translated such that the laser beam was instead
incident on a 1pm x 1pum channel. We observed a considerable change in
dynamics between the slab and channel cases. Firstly, the rise time was
shorter for the channel case, with the peak in activity occurring much earlier.
The peak was narrower, with a much quicker ‘turn-over’ time before activity
began to decay. As well as this, the decay timescale was considerably shorter
(39.13(14) ns for the slab compared to 19.05(8) ns for the channel case). We
postulate that both of these differences are due to the increased confinement

and thus shortened average time before an excited atom collides with a cell
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Figure 6.19: Comparison between the atomic 420 nm fluorescence activity dy-
namics under pulsed excitation from a ‘slab’ region with 500 nm confinement
in one dimension (red) and positions along a ‘channel” with 500 nm x 800 nm
confinement (blue). (a) Activity dynamics for the ‘slab’ region and for a
point 50 pm along the channel. Both datasets have been normalised to have
a peak activity of 1 and had the background count rate subtracted for clarity
of comparison. Exponential decay fits (black dashed lines) yielded 1/e de-
cay timescales of 25.06(6) ns and 22.0(12) ns respectively. (b) The change in
peak activity with distance along the channel. Error bars are smaller than
the datapoints. For the extreme cases shown in (a), and denoted by their
respective colours here, the peak activity was 46x higher in the ‘slab’ than
the ‘channel’. The fitted exponential decay (black dashed line) yielded a 1/e
lengthscale of 6.37(13) um. For all datasets the cell temperature was 130 °C,
and the atoms were excited to the 5Dz, state with pulsed 1.7ns FWHM
780 nm light with a peak power of 500 pW (repetition rate of 1 MHz), and
400 pW CW 776 nm light (both focused to a spot size of order 1pum via an
f = 2mm lens, see Fig. 6.14 pathway (b)). (c) Bright-field image showing
the channel structure probed, with crosses indicating the points at which
datasets were taken. Note that a 2um x 2 um x 500 nm ‘pocket’ is located at
y = 40 pm.

wall in the channel. We also tested a second point within the same channel
(data not shown), which gave the same response dynamics as the first channel
dataset, verifying that the results are an effect of the channel confinement and
not specific to one singular location or dataset.

We studied a second channel with a smaller cross-section (0.5 pm x 0.8 um)

in more detail. Datasets were recorded (in the same manner as above) at six

113



6.5. Two-colour pulsed excitation

points along the channel (as well as one outside the channel in the 500 nm
thickness ‘slab’ region) in order to test for any change in dynamics. The
results are summarised in Fig. 6.19. We firstly observe in (a) that the stark
change in dynamics which was observed in Fig. 6.18 when moving from the
1pm ‘slab’ region to the 1pm channel is not present in this more confined
geometry. There is still a reduction in 1/e timescale when moving to the
more confined channel geometry as observed previously (25.06(6) ns in the
slab as compared to 22.0(12) ns in the channel), but this difference is much
less significant than in the data shown in Fig. 6.18. We postulate that the
tighter confinement in the 500 nm region already leads to a more consider-
able suppression of the fluorescence decay timescale, and thus any additional
reduction due to the extra confinement dimension in the nano-channel has
proportionally less impact. We note that the second confinement dimension in
the channel is larger than the initial confinement in the ‘slab’ region (800 nm
vs 500 nm), whilst in the previous experiment they were equal. This is likely
also the reason why the difference in peak activity between the two datasets
in Fig. 6.19 is much larger than in Fig. 6.18. It would be interesting in future
work to test whether a channel of (or narrower than) 500 nm width would
produce a discernible difference from the ‘slab’ 500 nm region (this width of
channel was the smallest achieved in our current generation of cells).

We also studied the change in activity with distance along the channel, and
the results are shown in Fig. 6.19(b). We observed an exponentially-decaying
activity, reducing to a background level. We observed little impact of the
larger 2pm x 2pm X 500 nm ‘pocket’ present in the channel at y = 40 pm,
with only a small increase in activity as compared to the previous datapoint.
This is interesting as it may be expected that the larger area would contain
more atoms which could be probed by the approximately 1 um excitation laser
spot, and also atoms in this region would take longer on average to hit the
cell walls than in the rest of the channel. However, clearly diffusion dynamics
still mean the atom number is low. From our activity results, we concluded
that the number of atoms contributing to fluorescence, and thus the atomic
density, was reducing along the channel. This matches our conclusion in sec-
tion 5.3.2. In that section the 1/e decay timescale for this effect was measured
to be 4.0(11) pm, whereas in this pulsed setup we found 6.37(13) pm. Whilst
these do not agree within error, the values are relatively close, and there are

some key differences between the two experiments. Firstly, the experiment
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in section 5.3.2 summed the count rate under the whole width of two spec-
troscopic features, not just on resonance with one transition as in this case.
They thus accounted for contributions of a wider range of atomic velocity
classes and also for more transitions: those from both 8"Rb 5S; 2 F'=1and
8Rb 5S1/2 F' = 2 to the relevant 5P3 5 hyperfine states. Other differences lay
in the channel cross-sections (1pm x 1pum vs 0.5 pm x 0.8 pm in this case),
laser powers, and in the use of pulsed or CW excitation. As well as these
differences, the history of the cell at the time of each experiment was dif-
ferent, so it is possible that the distribution of atoms adsorbed onto the cell
walls had changed, which we understand to impact local vapour density (see
chapter 3). Whilst without considerable further study of the parameter space
it is hard to evaluate the relative contributions of any of these differences, we
can at least conclude that both experiments verify and corroborate the con-
clusion that atomic density reduces exponentially along a thin channel with

a lengthscale of order microns.

6.6 Conclusion

In this study we have performed novel (to the author’s knowledge) studies of
the response of a thin atomic layer to nanosecond resonant laser pulses. We
have investigated different excitation schemes and how their relative times-
cales and lifetimes impact the state of the atomic ensemble, which we infer
from measured fluorescence activity. We find that for a single-colour pulsed
excitation scheme resonant with the rubidium D2 line, the ensemble behaves
as if every atom partakes in the excitation, with the turn-on time being related
to the excitation Rabi frequency and the decay time simply a product of the
state lifetime and the lifetime of atoms within the cell before wall-collision.
However, perhaps more surprisingly, we have found that for a two-colour ex-
citation scheme (with multiple levels and much longer lifetimes) the dynamics
cannot be explained by this simple model. We propose that the longer times-
cales impart a velocity selectivity to the process, an effect which could be
harnessed and would benefit from further study.

We have presented quantum jump type simulations which corroborate
our velocity selectivity hypothesis. We have also demonstrated the extra in-
sight that can be gained through pairing experimental measurements with

such simulations, extracting information about the likely position and velo-
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city distributions of the atoms in the excited state over time. Whilst our
simulations do not perfectly agree quantitatively with all experimental data-
sets, their reasonable agreement and good qualitative agreement demonstrate
that this is still a promising route of study. Overall, this investigation shows
that there is still much to learn and understand about even seemingly simple
test cases of atom-light interaction. We propose that our nano-cells provide
a good test-bed to study such physics, as we have illustrated in this chapter
and throughout this thesis.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

In this thesis, we have presented a number of studies involving our nano-
structured alkali metal vapour cell platform. Each chapter presents a novel
investigative route, each of which contributes to the development of the plat-
form and understanding of the behaviour of thermal vapours and the funda-
mental physics of atom-light interaction in confined geometries. The aim for
our platform is to facilitate both novel fundamental physics experiments and
technological applications, and each of the investigations presented in this
thesis provides critical insights and initial steps.

In chapter 3, we discussed advances to the fabrication and design of our
nano-cell, which represent progress towards the cells forming the basis for
atom-based technologies. Such incremental improvements and diversification
of the platform are necessary for maturation towards a diverse range of ap-
plications. We have also tested the limits of our manufacturing process, and
progressed towards incorporating ever smaller integrated features in our cells.
We have demonstrated the new capability of integrating metal nanoparticles
into our cells, as well as adding further confinement geometries in the form
of arrays of pockets on the order of 100 nm in extent.

In chapter 4, we demonstrated the well-known LIAD effect on a novel
lengthscale facilitated by our thin cell design. We demonstrated that vapour
density within our cells can be controlled in a localised manner using non-
resonant 450 nm laser light with a spot size of order 1pm, and that with our

fused silica substrate we can achieve density increases of up to 5x the back-
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ground level. This adds critical insight to the body of knowledge already built
up of the LIAD effect and its limitations and regimes of applicability. We also
observed the competing effect we term LICo, and performed measurements of
this effect at novel lengthscales. We have characterised the regimes in which
it is applicable, and compared these to those relevant for LIAD, which will
prove useful for future studies of both effects. As the LICo effect is little
mentioned in scientific literature, our study provides novel insight into its
behaviour in a new regime.

In chapters 5 and 6 (and briefly in 4) we used a two-colour excitation
scheme to facilitate the study of atoms confined to nano-scale structures
through fluorescence-based measurements. In chapter 5 we characterised the
line-widths achievable for atoms in our confinement regimes with this scheme.
The methodology was shown to be low-noise and effective in studying atoms
in complex nano-scale confinement geometries. Our work paves the way to-
ward further studies at reduced lengthscales, including of atoms confined to
smaller and more complex structures. We demonstrated in chapter 3 the
versatility of our cell manufacturing process and some further possibilities
for patterning of our thermal vapour medium, and it would be interesting to
further this by probing thermal atoms confined to patterned regular arrays
and searching for enhanced collective responses.

In both chapters 5 and 6 we observed an exponential decay in fluores-
cence activity along a micron-scale or sub-micron etched channel with a hot
(of order 100°C) vapour. The same effect of confinement on vapour density
in a nano-cell was first suggested in [82] in a study done at room temper-
ature. We have both corroborated the observation of such an effect, and
added to the knowledge surrounding it: we now understand that it occurs
at higher temperatures and not just room temperature, and for cells with a
much longer history of heating, cooling and flooding. Our cell design facilit-
ated the necessary spatial resolution to perform measurements of the decay
length in two different channels with differing micrometric and sub-micron
cross-sections. This diffusive effect is still new to the thermal vapours com-
munity, and it could have applications in controlling the distribution of vapour
number density without heating.

Finally, we provided insight into the fundamental physics of the atom-light
interaction process in our thin cells as compared to conventional vapour cells,

through the novel experiments and simulations involving the time-dependence
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of the atomic response presented in chapter 6. Such work presents new know-
ledge in this little-studied area of thermal vapour physics, and has the po-
tential to be built upon in future by more advanced modelling and more
complex experiments (e.g. involving multiple pulsed lasers). Building upon
this insight is critical for the development of thermal-vapour based devices
where interactions and processes can be achieved on short timescales before
motional effects such as dephasing become problematic.

Overall, throughout this work we have pushed the boundaries of our nano-
cell platform, and demonstrated its versatility and applicability to a varied
selection of technological problems and fundamental physics questions. We
have demonstrated novel experimental results at lengthscales previously dif-
ficult to access for the thermal vapours community. In the following section,
we will provide suggestions for further experiments and directions of study to
build upon the basis of knowledge presented in this thesis. These will both
push forward knowledge in the field of fundamental atom-light interaction

and further our platform as a potential basis for technological applications.

7.2 Outlook

7.2.1 Nano-cell fabrication and characterisation

In chapter 3, we demonstrated an array of novel design capabilities and
advancements to our nano-cell platform. Further development should fo-
cus on further pushing the limits of our manufacturing methods, towards
smaller and more complex integrated structures. For example, the integra-
tion of waveguides into thermal vapour environments, and interfacing these
with atoms (often through evanescent coupling), has previously been demon-
strated [61,178-181]. Integration of such waveguide structures into our robust
nano-cell platform could allow for further investigation of atom-light interac-
tion physics with confinement of both the vapour atoms and the interacting
light field. There are other possible integrated structures of interest which
could be added to our cells, which include opto-mechanical features [182],
diffractive elements [59], or complex photonic structures. Furthermore, solid
immersion lenses could be integrated into the front face of our cell, allowing
for even higher NA interrogation and imaging than is currently afforded by

our current thin front panel and objective combination. This would allow
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for smaller structures to be probed and improve mechanical stability during
experiments by coupling the motion of the lens and the cell itself.

One specific proposed technological application involves integration of ma-
terials which would reside inside the finished nano-cell, close to the vapour
layer. Thermal vapours have already been demonstrated as convenient mag-
netometers (8,16, 72| and thus this capability could enable magnetic field
measurements extremely close to material surfaces. The proximity and short
extent of the vapour layer would mean that little averaging over the field at
different distances from the surface would occur. We have already demon-
strated metal particle and AlOx deposition which survives cell manufacture
and bonding, so it is reasonable to expect that other materials may be pos-
sible. Other related possibilities include the deposition of anti-relaxation
coatings on internal surfaces, which have been proven to be useful in other
works [58,126].

Miniaturisation has been a great driver of recent thermal vapour experi-
ment innovations (as discussed in chapter 1), and is a possible area for im-
provement for our cells. We have already shown in chapter 3 that it is possible
to reduce our overall cell thickness from 10.5mm to 4.5 mm, and that there
is a viable compact heating solution for our cell in the form of ITO coating.
Cell dimensions, however, could be reduced further, perhaps even enough
to allow high-NA access from both sides of the cell. This, however, would
reduce mechanical robustness, and thus the question of improvements be-
comes application-specific. The rubidium reservoir would then become the
size-limiting feature. This is currently approximately 50 mm in length and
8mm in diameter, but could potentially be reduced, or an altogether differ-
ent methodology used to insert rubidium into the cells. Getter pills are a
potential candidate, and have been used in millimetre-sized MEMS cells as a

source of alkali-metal vapour [56,101].

7.2.2 LIAD and LICo in thin cells

In chapter 4, we demonstrated the effects of LIAD and LICo at novel length-
scales, and used them for the generation of high densities of rubidium atoms
in both the vapour phase and condensed onto the walls of our thin cells. In
terms of LICo, we demonstrated potential to harness the effect for practical

purposes. One possibility is creating transient high-density regions of wall-
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adsorbed atoms, allowing for the redistribution of local reservoirs of rubidium
within the cell. Since diffusion plays a key role in vapour distribution in thin
cells, we believe such local reservoirs are of critical importance in maintain-
ing vapour density locally (as described in section 3.4). Thus the ability to
create and manipulate local reservoirs would be a useful tool to allow for
more precise control of vapour density in future experiments. We have re-
corded results suggesting it may be possible to influence local vapour density
by leveraging the LICo effect (see Fig. 4.6), but much more work needs to
be done to verify and optimise this process. As discussed in section 3.4,
diffusion of wall-adsorbed atoms appears to happen more slowly in thinner
regions and in regions of greater confinement (e.g. channels, with confinement
in two dimensions), and thus inducing a condensed region of rubidium atoms
via LICo in one of these regions and studying the subsequent fluorescence
may give higher vapour densities which do not diffuse as quickly as in the
less confined regions. It would also be useful to study the LICo effect in, for
example, a wedge-shaped cell. As we only observed the LICo effect in two
of our three discrete thickness regions, this would allow us to measure the
thickness at which this effect becomes significant (or indeed verify whether
another parameter such as the etched surface roughness caused the differences
between regions).

With view to technological applications, it would be interesting to test the
wavelength dependence of the LIAD effect in our cells, so as to optimise the
procedure of vapour generation. Towards the goal of fast and reproducible
control of atomic density, it would also be useful to use an excitation laser
with short pulses rather than simply switching on a CW laser. This is because
we believe the turn-on time of our CW laser limited the rise time of our
atomic density, and so faster pulsing could enable study of the underlying
fundamental timescales of the turn on and off of the LIAD effect which could
not be accessed here. It would be useful to then quantify, over many pulse
events, the stability and reproducibility of the vapour density increase, as a
lack of reproducibility is a common problem in LIAD experiments (though
often not discussed in the literature). Along similar lines, it would be useful
to investigate the reproducibility of the LIAD effect more quantitatively in
relation to the history of our cells, as it has been suggested in previous works
that ‘curing’ of the surface when exposed to the vapour of choice, as well as

previous illumination, may factor in the subsequent LIAD response [138]. We
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already know that the density of wall-adsorbed atoms varies with cell history
through flooding and depletion (as was shown in section 3.5), and it is likely

that time after flooding is a part of this history-dependent LIAD response.

7.2.3 Spectroscopy of atoms confined to thin cells

In chapter 5 we demonstrated a two-colour scheme for fluorescence-based
spectroscopy in a variety of micro- and nano-scale geometries. For this work,
rubidium was a convenient atom of choice given the availability of lasers
and optics at the correct wavelengths. However, the two naturally-abundant
rubidium isotopes make for complicated spectroscopy, especially if one wants
to isolate a specific hyperfine transition (for example by addition of a magnetic
field). As such, it would be interesting to revisit nano-cell spectroscopy in
another commonly studied alkali metal such as caesium, with a single isotope
and thus less complexity. Nano-cells have already begun to be produced
containing other alkali metals such as caesium using our methodology and so
this is a viable avenue of further work.

A variation of the scheme used in chapter 5 employs only a single laser
at 778 nm to excite atoms via a two-photon transition to the 5Ds/, state.
Possible further work could study this scheme in a nano-cell, which would
simplify the experimental setup and complexity further. With two counter-
propagating beams this two-photon setup could allow Doppler-free spectra,
and studies have already suggested that such a scheme has potential applic-
ations in atomic clocks [183]. Other possible excitation schemes worthy of
investigation include four wave mixing (see, for example, reference [184]).
Four wave mixing schemes have been suggested as candidates for heralded
single photons (through excitation to e.g. the 5D3/, state in rubidium and

then observing photons on the subsequent decays to 5P/, and then 55, /2).

7.2.4 Pulsed excitation of atoms in thin cells

In chapter 6 we demonstrated novel experiments probing the temporal excited
state dynamics of an atomic ensemble confined to a thin cell. There are a
number of potential future experiments which could add to the knowledge
gained in this study. Firstly, it would be interesting to continue to try to
observe coherent dynamics in a nano-cell setting. There has already been

evidence of Rabi oscillations in a nano-cell [37,108], however such oscillations
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were not observed in this work. However, coherent dynamics in the form of
quantum beats were observed, suggesting that coherence can be maintained in
our thermal vapour system. Our simulations have shed light on the regimes
in which it may be possible to observe Rabi oscillations, and suggest that
future work should focus on achieving a more uniform excitation region. This
could be done, for example, by using optics to generate a laser spot with
more spatially uniform intensity, or by using a large excitation laser spot but
collecting fluorescence from a much smaller area.

Another experiment of interest would be to further the multi-level ex-
citation investigation by pulsing both lasers (rather than having one pulsed
and one CW). This may help to uncover the link between the level structure
and the different timescales in the excitation and fluorescence dynamics. A
related experiment would be to offset the two pulses in time. The first pulse,
resonant with the D2 line, would prepare an ensemble of atoms in the 5P3/,
state. This ensemble would decay over time as the faster atoms hit the cell
walls. Thus after some time, there will be proportionally more excited ‘slow’
atoms left in the vapour phase and in the region of interest. To then excite
these atoms further to the 5Ds/, state with another pulse and watch them
decay would be interesting, as one might expect the subsequent decay of this
prepared ensemble of ‘slow’ excited atoms to be less impacted by shortening
due to cell wall collisions.

We also briefly explored photon statistics measurements in a nano-cell
using a pulsed excitation scheme. It has already been shown [185] that the
second order correlation function can vary for excitation to higher states via
one- or two-photon transitions, and so it may be interesting to move to a
more complex excitation scheme, such as that described in chapter 5 and
which has been begun to be investigated in section 6.5, and perform further
photon statistics measurements. This scheme would have the further benefit
that spectral filtering could be used to distinguish fluorescence photons at
420 nm from input infrared laser photons, and thus should produce cleaner

signals.

7.2.5 Summary

In summary, we have outlined a diverse range of future directions of study in-

volving thin cells and towards maturing our nano-cell platform. The diversity
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of both the work presented in this thesis and the possible future experiments
demonstrates the breadth of opportunity for development within our field.
The opportunities described above are afforded by entering the new confine-
ment regime for thermal vapour experiments facilitated by the development

of nano-cells and furthered by our nano-structured cells.
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Appendix A

Experimental setup and laser

stabilisation

Throughout this thesis, experimental setups generally rely on one or two
lasers to excite rubidium atoms from the ground 5S;/,, level to higher en-
ergy states. The most conventional is a single laser at 780 nm to excite from
the ground state to the 5P3/, state (commonly referred to as the D2 trans-
ition). For such experiments where resonant light was required, the 780 nm
laser was frequency stabilised on resonance using ground state polarisation
spectroscopy [186, 187]. Some experiments also employed a second laser at
776 nm, to excite atoms from the 5P3/; state to the 5Ds/o state. This second
laser was frequency stabilised on resonance using excited state polarisation
spectroscopy. In this section we will detail these two methods, along with
how we produced resonant pulsed laser light with possible repetition rates up
to 10 MHz and Gaussian pulses with FWHM of less than 2ns.

A.1 Ground state polarisation spectroscopy

The technique of ground state polarisation spectroscopy is a sub-Doppler
pump-probe frequency stabilisation method, allowing for active stabilisation
to a single hyperfine transition frequency to within a few MHz. In this work,
we generally chose the strongest transition, *Rb 5S1 /2 F' = 3 — 5P3/5 F' =4,
for maximum signal and stability. However this method works generally for
other choices of hyperfine transition.

Our stabilisation optical setup is shown in Fig. A.1 used a conventional
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Figure A.1: Schematic diagram (not to scale) showing the optical setup for
ground state polarisation spectroscopy. The laser used was a Toptica DL
Pro at 780 nm, and the beam pathway is shown in red. Other components
were: OI - optical isolator; PBS - polarising beamsplitter; FC - fibre coupler
(sending laser light to the main experiment); RC - 75 mm rubidium cell (with
magnetic shielding); L - f = 50 mm lens; DPD - differencing photodiode.

75mm rubidium reference cell (with rubidium isotopes at natural abund-
ance), which for this purpose did not require heating. The cell was, however,
magnetically-shielded to reduce the impact of external magnetic fields on sta-
bility. We used a Toptica DL Pro laser with a CW output at 780 nm, which
had a frequency scan range larger than the splitting of the four rubidium
ground states (two hyperfine ground states for each natural isotope). We
firstly split this laser beam into a weak linearly-polarised probe beam, and
a stronger circularly-polarised pump beam. The pump beam was counter-
propagated through the 75 mm cell at a small angle and overlapped with the
probe.

The basic premise of the polarisation spectroscopy technique is to induce a
birefringence in the atomic medium, and interrogate this using a weak probe
beam. The circularly polarised pump beam drives o transitions, pumping
population into the mp = F' ground state. The linearly polarised probe beam
can be considered a sum of two components, equal in amplitude but with op-
posite circular polarisation. The two components drive different transitions
(6 or 07), and due to the presence of the pump these will have differing
absorption. This differing absorption results in a rotation of the probe beam
polarisation, which can be measured by splitting this beam onto two pho-
todiodes via a polarising beamsplitter cube (PBS). Taking the difference of

these two signals gives the sharp error-function type signal at the frequency
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Figure A.2: Schematic diagram (not to scale) showing the optical setup for
excited state polarisation spectroscopy. The two lasers used were both Top-
tica DL Pros, at 780nm and 776 nm. Their beam pathways are shown in
different shades of red. Other components were: OI - optical isolator; PBS -
polarising beamsplitter; RC - 75 mm rubidium cell (with magnetic shielding);
L - f = 50mm lens; DPD - differencing photodiode. Note that some of the
780 nm laser is picked off before the cell to be used in its own stabilisation
setup (denoted as ‘lock’, shown in Fig. A.1) and to go to the main nano-cell
experiment.

of the transition in question, which was used for frequency stabilisation. This
signal has a strong gradient around the resonant frequency, making it a good

candidate for active stabilisation [186].

A.2 Excited state polarisation spectroscopy

The excited state polarisation spectroscopy technique follows a similar prin-
ciple to that of ground state polarisation spectroscopy outlined in the previous
section. However, in this case the pump and probe beams are at different fre-
quencies. We used this technique to stabilise our 776 nm laser to the %Rb
5Py F' =4 — 5D5)p F" = 3,4,5 state (the hyperfine splitting of the 5D5 /o
state is much smaller than that of the 5Pj3/, state and thus individual F”
hyperfine states were not resolved).

The setup is shown in Fig. A.2, and was based around another 75mm
natural abundance rubidium reference cell. This cell was again magnetically-
shielded, and was heated to 60 °C to increase vapour density and thus signal
strength. We took our 780nm beam (frequency stabilised as described in
the previous section) and imparted a circular polarisation. In this setup this

780 nm beam was our pump, and transferred population into the mp = F’
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state. We also had a probe beam from a second Toptica DL Pro at 776 nm,
which was counter-propagated through the cell relative to the pump. Again an
anisotropy is created in the medium, and thus the probe experiences differing
absorption of left- and right-circularly polarised components. This difference
was measured, as above, by taking the difference of two photodiode signals
after splitting the two polarisation components using a PBS. The resulting
signal again has a steep slope about the frequency of interest, and is a good
candidate for frequency stabilisation [164]. We note that as this method used
a stabilised laser as the first step, any fluctuations in the stability of that
first step laser will carry through and potentially disrupt this second step

stabilisation.

A.3 Producing nanosecond laser pulses

To produce the pulses of resonant laser light used in chapter 6, we began with
a Toptica DL Pro CW laser, which was frequency stabilised as described in
section A.1. This CW light was then coupled into an Aerodiode semicon-
ductor optical modulator (SOM), which was triggered by an external function
generator. This setup produced output light pulses down to approximately
1.5ns in FWHM, which were Gaussian in shape for this short pulse duration
(longer square pulses were also possible).

To measure the width and shape of the pulses, we used one of three
methods. Two of these are shown in Fig. A.3. Firstly, we coupled the pulsed
light into a fibre connected to a photon counting module (Excelitas SPCM-
ARQH), making sure to lower the intensity sufficiently using neutral density
(ND) filters so as to be far from saturating the counter. By correlating the
counts incident on the photon counter with the pulse triggers and building
up a histogram over many pulse events, a pulse profile was recovered which
could be used to characterise the pulse width. The second method was to
use a fast photodiode (EOT ET-2030A, with a rise and fall time of < 500 ps)
to measure the pulse shape. The photon counting method gave a pulse with
FWHM 1.5843(14) ns, whilst the photodiode gave a pulse width 2.581(17) ns.
For the photodiode, the 500 ps timescale is sufficiently close to the pulse width
that it had an impact on the measured width, whilst electronic ringing was
also evident after the pulse.

The third method to measure the pulse width and shape was shown in
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Figure A.3: Pulse width measured on the nanosecond timescale via two meth-
ods. An EOT ET-2030A photodiode (with a rise time of < 500 ps) gave a
pulse width of 2.581(17)ns (purple line). Coupling a small amount of the
pulsed laser light into a fibre and onto an Excelitas SPCM-ARQH photon
counter yielded a width of 1.5843(14)ns (red line). We conclude that the
latter method yields the correct measurement of the width, whilst the former
measurement is convolved with the rise and fall time of the photodiode.

Fig. 6.9. This method was very similar to that of coupling some pulsed laser
light into a fibre and measuring the pulse over many repetitions using a photon
counter. Here instead we had the setup exactly the same as for experiments
described in chapter 6, and simply held the nano-cell at room temperature.
In this regime, the vapour-phase atom number is so low in the micron-scale
regions that the majority of the light detected by the photon counter was
scattered laser light (e.g. from cell surfaces and defects) rather than atomic
fluorescence. This method was convenient as it did not require a change of

setup, just time to allow the cell to cool after an experimental run.

A.4 LIAD optical setup

For the measurements of LIAD in chapter 4, a different optical setup was

used. This setup is shown in Fig. A.4. The 780nm laser was stabilised
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Figure A.4: Schematic diagram (not to scale) showing the optical setup for
LIAD measurements. A Toptica DL Pro laser at 780 nm was used to excite
the rubidium atoms in our nano-cell (NC). This excitation laser was stabilised
as described in section A.1, and was incident on the cell in a total internal
reflection geometry (generating an evanescent field in the vapour region).
Fluorescence at 780 nm was recorded using a SPAD. A second laser at 450 nm
was used to perform the LIAD and liberate atoms from the cell walls into the
vapour phase. Imaging, if required, was done by splitting some light onto a
CCD. Other components were: L1 - f = 100 mm lenses; L2 - f = 75 mm lens;
L3 - objective lens (different focal lengths were used depending on the desired
experiment); L4 - f = 100 mm lens; GT - Glan-Taylor polariser; P - 50 pm
pinhole; BS - 50:50 non-polarising beamsplitter (this could be removed to
allow all light towards the SPAD); DM - dichroic mirror; FC - fibre coupler;
F - 780 nm band-pass filter.

on resonance as described in section A.1. This was used to excite atoms
through an evanescent field produced by totally internally reflecting the beam
at the back cell wall surface. Fluorescence at 780 nm was collected using the
objective lens (L4 in the figure), and recorded using a SPAD. A second laser
at 450 nm was used as the activation laser for the LIAD effect. This was an
inexpensive Osram diode, and was focused into the cell via the same objective
lens as was used to collect atomic fluorescence. A pinhole was used to clean
up the beam shape from the Osram diode, whilst a Glan-Taylor polariser was
used to clean up the polarisation.

For a typical experiment, the background fluorescence activity was meas-
ured before with only the 780 nm laser turned on. Then, the 450 nm laser was
turned on for some time, and the atomic fluorescence activity was continually
recorded during the turn on and turn off. This produced an activity curve

where any increase in activity above the background level would correspond
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to an increase in atomic number density.
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Quantum jump simulations

The quantum jump method (otherwise known as the Monte Carlo wavefunc-
tion method) allows for simulating individual realisations of system dynamics,
which can then be averaged to find the full system response. We employed
this method for the case of excitation of rubidium atoms in our thin cells using
CW laser light in chapter 2, and using pulsed laser light in chapter 6. In this
section we will describe the method in detail. Whilst any numerical results
presented in this thesis were gained by inputting the relevant parameters for
our rubidium atoms, however the method could be applied generally to any
similar atomic level scheme.

The evolution of the system is governed by the Schrodinger equation with

an effective Hamiltonian
ih n
Hey = Hgys — 5 Z CrC,, (B.1)

where ), are collapse operators corresponding to a transition between given
states, and Hy is the system Hamiltonian incorporating the Rabi frequencies
(©) and detunings (A) for the transitions in question.

We choose our initial wavefunction [1(0)) = 3 «a; |A4;) for states A; with
probabilities a?. It can then be shown that

it + 60 = (1 - 50) oy (B2)

Thus we can evolve the system through a set of discrete timesteps, provided
that dt is much smaller than the decay lifetime of any particular state. At each

timestep we test for a quantum jump, which corresponds to a spontaneous
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emission event occurring. For our specific case of thin cell dynamics, we also
test for a wall collision at each timestep, and after collision we consider the
system to also return to the ground state, through a non-radiative quenching
event. A new atom is then added to the model, to simulate the conservation
of local atomic number density in the vapour by continuous adsorption and
desorption at the cell walls, as well as by atomic motion into and out of the
interrogation volume from the surrounding cell.

For all simulations, an ensemble of 10 — 10° atoms was initialised. Each
atom was assigned a velocity chosen at random from the Maxwell-Boltzmann
distribution, and also an initial position within the cell. From this informa-
tion, the time until the atom collides with a cell wall was calculated. Our sim-
ulations constitute a classical wrapper which considers the atomic motional
state, combined with internal state calculations handled using the quantum
jump method described above. We consider the motional and internal states

to be uncoupled.

B.1 Two-level atoms

For the two-level case, we chose to write the problem in the rotation matrix

formalism. The rotation matrix is

0 A s 0 Q 0
2 —(==¢gin ¢ — =% sin ¢

RZ(COS2 "0 ST 2 for BT 2 ) (B.3)
Q 0 0 L A 0] :
Q. S g (:085—1—2—96ff sin 5

where Qo = V2 + A2 and 0 = Qegdt, with dt the timestep, A the detuning,
and 2 the Rabi frequency. This Rabi frequency is a time-dependent function,
which uses a Gaussian curve centred at 4ns and with a FWHM of 1.5ns to
model a laser pulse. The peak Rabi frequency is chosen to match experimental
values. At each timestep, the rotation matrix is applied to the state of each
individual realisation of the system. A random number r is then chosen, and
the system is tested for a wall collision or a quantum jump. The latter occurs
when the condition P,I'dt > r is satisfied, where dt is the timestep, I' is the
natural decay lifetime, and B, the excited state probability.

Whilst more control and understanding can be gained using the rotation
matrix method outlined above, another convenient entry point into Monte

Carlo wavefunction modelling is the QuTiP python package [77]. We com-
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pared our rotation matrix method outlined above to using the QuTiP mc-
solve function, and found they both gave the same results with the same input
parameters for this two-level system. Due to the complexity of problems with
more than two levels, it was decided to use the QuTiP package for further

calculations, as outlined in the following section.

B.2 Four-level atoms

To simulate the evolution of an ensemble of four-level atoms, we used the

QuTiP mesolve function. We began with the Hamiltonian

0 /2 0 0
M/2 —Ay 0 Q)2
- | b/ (B.4)
0 0 0 0
0 /2 0 —(As+Ay)

Here €); are the Rabi frequencies for the relevant transitions, which can be time
dependent to encapsulate the Gaussian laser pulse. The detunings for each
transition are denoted A;, which include the effective detuning A.gs = kv, of
each atom from resonance due to the Doppler effect, based on velocity parallel
to the laser propagation direction (and perpendicular to the cell confinement
direction). We also then defined collapse operators for each possible transition
j—ias Oy = \/ITJl i) (j|, where I'j; is the natural decay rate for this transition.
The mcsolve function tests for a quantum jump at each timestep in the same
way as was described in the previous section, but now for each of the possible

transitions defined by their various collapse operators.

B.3 Illustrative test simulation

A graph illustrating the quantum jump method is shown in Fig. B.1, for the
two-level atom case. The pulse is shown in green (with arbitrary magnitude),
and the temporal dynamics of the excited state probability averaged over all
individual realisations of the system is shown in red. Some individual realisa-
tions are shown grey (for atoms which did not fluoresce, but could return to
the ground state via wall collision) and purple (for atoms which fluoresced).

We record the position and velocity of the atoms which fluoresce, which gives
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Figure B.1: Excited state probability plot illustrating the Monte Carlo
quantum jump simulation method, for 600 atoms in a 1 um cell subject to a
1.5ns pulse (shaded green, height is arbitrary) with a peak Rabi frequency
of 100 MHz. Individual atomic contributions are shown, in purple for those
atoms which perform a quantum jump, and in grey for others (which may
de-excite by hitting a wall). The excited state probability averaged over all
simulation atoms is shown in red. We found that for a 1pm cell, 99.9%
of atoms hit a wall within the 60ns simulation, but only 0.8% performed a
quantum jump. For comparison, in a 1mm cell these figures would be 1.7%
and 12% respectively.

us further insight on the process and the velocity classes of atoms that are
involved. We observe that a significant number of atoms survive for long
enough for their individual system realisation to reproduce the 26 ns decay
lifetime of the excited state. However, averaging these with the realisations
which return to the ground state either through spontaneous decay or a wall
collision gives an overall reduced effective lifetime.

The key parameters that we can vary in our simulations and experiment-
ally are: pulse width (and shape), pulse Rabi frequency (which relates to
pulse intensity measured in the experiment), cell confinement geometry, ex-
citation beam shape (for e.g. averaging over a laser spot with a Gaussian
intensity distribution, or for excitation with an evanescent field). There are

other parameters we cannot vary so easily in the experiment, which are coded
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into our simulations. For example, our simulations also use the standard
parameters for rubidium atoms (but these could be changed to any other al-
kali metal), and we set the initial velocities of the simulation atoms to be a
Maxwell-Boltzmann type distribution. We also set the number of simulation
atoms, which is a trade-off between higher resolution simulation results and
a longer computation time.

There are numerous initial tests which can be performed to check the
validity of the simulation. Perhaps the simplest is to remove the imposition
of the thin cell and collisions with the walls, and instead simulating atomic
behaviour in a conventional millimetre- or centimetre-sized vapour cell. In
this case, for the two-level system we recover the well known 26 ns decay
lifetime for the rubidium D2 transition as expected. As discussed previously,
for the two-level simulations we also compared the rotation matrix method

to the QuTiP python package methods and achieved the same results.

B.4 Python code

Below, a minimal example of the python code used for the four-level quantum

jump simulations described in the previous sections is shown.

import numpy as np

from scipy.interpolate import interpld as interp
from scipy.special import erf

import multiprocessing as mp

import psutil

import qutip as qt

def gaussian(x, sigma, x0, a, c):

gauss = c+ax*np.exp((-(x-x0)**2)/(2*xsigma**2))

return gauss

def Lorentzian(x,gamma,x0,a,c):

return c+ axgammax*2/((x-x0)**2+gamma**2)

def MB_CDF(v,m,T):

¢“‘Cumulative distribution function of the
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Maxwell-Boltzmann speed distribution’’’
kB = 1.38e-23

a = np.sqrt(kB*T/m)
b = erf(v/(np.sqrt(2)*a))
c = np.sqrt(2/np.pi)* v*np.exp(-v**2/(2xa*xx2))/a

return b-c

def random_atoms(N_atoms) :
‘“‘Returns arrays: atom speeds (m/s), atom thetas, atom phis.

Each has length N_atoms.’’’

atom_speed = inv_cdf (np.random.rand(N_atoms)) # from MB dist

atom_theta = np.arccos(np.random.uniform(-1,1,N_atoms))
atom_phi = np.random.uniform(0,2+*np.pi,N_atoms)

return atom_speed, atom_theta, atom_phi

def the_mp_subroutine_qutip4lvl(args3):
‘“‘Subroutine for multiprocessing.’’’
perp_velocity,vx,Omega0,0mega776,times,sigma,z_coords,x_coords,
y_coords,L,psi_O,hit_times,spotsize,cell_thickness,

evanescent_depth,atom_i = args3

#### TIME DEP HAMILTONIAN ####

# (time dependence in function below)

H1 = qt.Qobj([[0, 1, 0, 0],
[1, 0, 0, 0],
[0, 0, 0, 0],
[0, 0, 0, 011)

### DETUNINGS
delta b
delta_a

2*np.pi/780e-9 * perp_velocity[atom_i]

2*np.pi/776e-9 * perp_velocity[atom_i]

### GAUSSIAN AVERAGING

f = gaussian2D(x_coords[atom_i],y_coords[atom_i],1e-6,0,0,1,0)

### HAMILTONIAN (constant part, per atom)
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HO = qt.Qobj([[0, O, 0, 0],
[0, -delta b, 0, Omega776x%f/2],
[0, o, 0, 0],

[0, Omega776%f/2, 0, -(delta_a+delta_b)]])

def H_timedep(t, args):
expl = np.exp(-0.5%((t-4e-9)/sigma)**2)
return np.array(le-15+0OmegaO*f*expl)
H=[HO, [H1,H_timedep]]

sol = qt.mcsolve(H, psi_O, times[times<hit_times[atom_i]],

L, [], ntraj=1) # solve until atom hits a wall

coll_time = sol.col_times
coll operator = sol.col_which
final state = np.zeros((len(times),4,1),dtype=complex)
for i, time in enumerate(times):
if i >= len(times[times<hit times[atom i]]):

final statel[i]

psi_O

else:

final statel[i] sol.states[0,1]
hit_state = sol.states[0,-1]
results = [[final state],coll time,coll operator, [hit_state]]
return np.array(results)

if _name__ == "_main__":

# create CDF

vs = np.arange(0,2500,0.1)

cdf = MB_CDF(vs,mass,T) # essentially y = f(x)

#create interpolation function to CDF, for picking velocities later

inv_cdf = interp(cdf,vs)

#### Parameters #i#t##
amu = 1.66e-27
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mass = 85*amu # Rb 85

T = 273.15+100 # Temp in K

N_atoms = 5000 # number of sim atoms

npts=7200 # number of timesteps to run simulation over
tmax=720.0e-9 # max time to simulate to (seconds)

times = np.linspace(0,tmax,npts) # set time points

Omega0 = 1e8 # pulse Rabi freq
Omega776 = 1e8 # pulse Rabi freq

fwhm = 1.7e-9 # pulse FWHM

cell_thicknesses = [75e-3] # array of cell thicknesses simulation over
psi_O=qt.basis(4,0) # initial wavefunction

evanescent_depth = np.inf # evanescent field length

# set above to inf for transmitted beam

spotsize = 2e-3 # collection spot size in m

#### Collapse operators ####

gammalO = 2*np.pi * 6.0666*1e6 # Rb D2 780nm, 26ns lifetime
L10 = np.sqrt(gammall)*qt.basis(4,0)*qt.basis(4,1) .dag()
gamma2l = 1/(235e-9) - 1/(822e-9) #### TEST

L21 = np.sqrt(gamma2l)*qt.basis(4,1)*qt.basis(4,3) .dag()
gamma23 = 1/(822e-9)

L23 = np.sqrt(gamma23)*qt.basis(4,2)*qt.basis(4,3) .dag()
gamma30 = 1/(500e-9)

L30 = np.sqrt(gamma30)*qt.basis(4,0)*qt.basis(4,2) .dag()
gamma35 = 1/(113e-9)-1/(500e-9)

L35 = np.sqrt(gamma30)*qt.basis(4,3)*qt.basis(4,2) .dag()

Ls = [L10,L21,L23,L30,L35] # all collapse operators for qutip

#### Pulse ####
sigma = fwhm/(2*np.sqrt(2*np.log(2))) # 1/e width of Guassian
Omega = le-15+0megalO*np.exp(-0.5*((times-4e-9)/sigma)**2)
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# small offset or sqrt returns NaN # Gaussian pulse

# do the simulation for each thickness for a number of reps
and average (to improve memory load)

reps =1

for th in range(len(cell_thicknesses)):
cell thickness = cell thicknesses[th]
avg, avg2, avg3, avgd = 0, 0, 0, O
jump_times, jump_velocities = [],[]
hit_times_res, perp_velocity_res = [],[]
leave_times_res, leave_times resy = [],[]
num_decays = 0
for rep in range(reps):

# initialise random atoms

atom_speed, atom_theta, atom_phi = random_atoms(N_atoms)

z_coords = np.random.rand(N_atoms)*cell thickness

x_coords = (np.random.rand(N_atoms)-0.5)*1e-3

y_coords = (np.random.rand(N_atoms)-0.5)*1e-3

perp_velocity = atom_speed * np.cos(atom_theta)
vx = atom_speed * np.sin(atom_theta) * np.cos(atom_phi)
vy = atom_speed * np.sin(atom_theta) * np.sin(atom_phi)

perp_velocity_res.append(perp_velocity)

# calculate time to hit wall for each atom
z_distances = []
for atom_i in range(len(atom_theta)):
if perp_velocityl[atom_i]>0:
z_distances.append(cell thickness-z_coords[atom_i])
else:
z_distances.append(z_coords[atom_i])
hit_times=(z_distances/np.abs(perp_velocity))

hit_times_res.append(hit_times)
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# calculate time to leave collection spot in x
x_distances = []
for atom_i in range(len(atom_theta)):
if vx[atom_i]>0:
x_distances.append(spotsize/2-x_coords[atom_i])
else:
x_distances.append(spotsize/2+x_coords[atom_i])

leave_times=(x_distances/np.abs(vx))

# calculate time to leave collection spot in y
y_distances = []
for atom_i in range(len(atom_theta)):
if vylatom_i]>0:
y_distances.append(spotsize/2-y_coords[atom_i])
else:
y_distances.append(spotsize/2+y_coords[atom_i])

leave_timesy=(y_distances/np.abs(vy))

for i in range(len(hit_times)): # set time to run sim for
each atom to be the shorter of: time to hit wall and time
to leave collection area
if hit_times[i]>leave times[i]:
hit_times[i]=leave_times[i]
if hit_times[i]>leave_timesy[i]:

hit_times[i]=leave_timesy[i]

#ud##HH##AAH RUN SIMULATION #######4####

atomsss = range(N_atoms)

argsl = ((perp_velocity,vx,0Omega0,0mega776,times,sigma,
z_coords,x_coords,y_coords,Ls,psi_O,hit_times,
spotsize,cell_thickness,evanescent_depth,
atom_i) for atom_i in atomsss)

pool = mp.Pool()

## low priority
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parent = psutil.Process()
parent.nice(psutil.BELOW_NORMAL PRIORITY_CLASS)
for child in parent.children():
child.nice(psutil.IDLE_PRIORITY CLASS)

#run multiprocessing loop

#close pool and join

res = pool.map_async(the_mp_subroutine_qutip4lvl,argsl)
pool.close()

pool.join()

resl = np.array(res.get())

final states = resi[:,0]
col ops = resi[:,2][:,0]
hit_state2 res = resi[:,3][:,0]

jump_vels res = resi[:,1][:,0]

for element in range(len(col_ops)):
if np.array(col_ops[element]).size>0:
for elementofelement in range(
len(col_ops[element])):
if col_ops[element] [elementofelement] ==
jump_velocities.append(jump_vels_res
[element] [elementofelement])
num_decays+=1
else:

pass

for k in range(N_atoms):
final state = np.array(final states[k]) [0][:,0]
prob = abs(final state)**2

avg+=prob

final state2 = np.array(final states[k]) [0][:,1]
prob2 = abs(final state2)**2
avg2+=prob2
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final_state3 = np.array(final_states([k]) [0][:,2]
prob3 = abs(final state3)**2
avg3+=prob3

final state4 = np.array(final states([k])[0][:,3]
prob4 = abs(final_stated)**2
avgd+=prob4

output = np.array([np.array(times).flatten(),

np.array(avg) .flatten() ,np.array(avg2) .flatten(),
np.array(avg3) .flatten() ,np.array(avg4) .flatten()])
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