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Abstract

This thesis describes an experiment which studies a cloud of magneto-optically trapped
potassium-39 atoms inside an optical ring cavity. The potassium atoms are firstly cooled
in a two-dimensional magneto-optical trap (MOT) and are then transferred into a three-
dimensional MOT which overlaps with the cavity mode. In this thesis, the optimisation
of the MOT systems and the characterisation and construction of the optical ring cavity
are discussed.

After exploring these two systems independently, the two systems are then coupled to-
gether to provide an atom-cavity system, which exhibits collective strong coupling. The
system is shown to exhibit normal-mode splitting, with a collective Rabi splitting of
G = 27 (6.25+0.50)MHz, corresponding to (4.7 +0.6) x 10* atoms in the cavity. Whilst
collective strong coupling has been achieved before in other experiments, we believe this
is the first experiment to achieve this with potassium.

The next goal in the experiment is to control the group refractive index of the atoms
inside the cavity. The modification of the group index using electromagnetically-induced
transparency (EIT) on hot atoms inside a vapour cell has already been previously demon-
strated by this experiment; and using the same laser system we aim to demonstrate EIT
on the cold intra-cavity atoms as well. Gain mechanisms could also be used to create
a ring laser with a controllable group index. These techniques could lead to a range of
applications such as enhanced-sensitivity laser ring gyroscopes and active optical clocks.
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CHAPTER 1

Introduction

The question of how light and matter interact with one another has been fascinating
physicists for some time, and since the discovery of the photon and the advent of quantum
mechanics, physicists have gained considerable ground in finding answers to this question.
In 1946, Purcell pointed out that the rate of spontaneous emission from an excited atom
can be modified by placing the atom in a resonant cavity, due to the modification of the
density of final states [1, 2]. This discovery gave birth to the field of cavity quantum
electrodynamics [3, 4] which has since found a myriad of applications [5, 6, 7].

In 1963, Jaynes and Cummings [8] produced a theoretical description of a two-level atom
interacting with a single mode of a cavity. This model (which will be discussed in detail
later) showed that the atom and cavity exchange excitation coherently at a rate g. If this
rate g is fast compared to the rates of decoherence due to mirror losses x and spontaneous
emission 7, then the atom-cavity system is dominated by the interaction [9]. This regime,
where g > k,~ is known as the strong coupling regime. A few years later in 1968, Tavis
and Cummings [10] provided a theoretical model for N atoms interacting with the cavity,
which showed that the single-atom coupling rate g was increased to the N-atom coupling
rate gv/N, and hence strong coupling can also be achieved in the collective sense where
g\/N > R,

Achieving collective strong coupling with a cloud of cold potassium-39 atoms is the main
focus of this thesis. The future goals of this experiment are to incorporate coherent
control of the the refractive index of the intra-cavity atoms to produce a modified group
velocity within the cavity to produce either fast or slow light [11]. A controllable intra-
cavity group index could have a range of applications, such as active optical clocks [12, 13|
and enhanced rotation sensors [14, 15] - where the ring cavity geometry is required. Slow
light and fast light have been of interest to the scientific community for some time, even
without the presence of a cavity, and this experiment has already demonstrated slow
light using electromagnetically induced transparency [16, 17] outside of the cavity, using
warm potassium atoms [18]. Since my departure from the laboratory, work is ongoing to
establish electromagnetically-induced transparency on the cold atoms inside the cavity.



CHAPTER 1. INTRODUCTION 2

Thesis Outline

This thesis presents an experiment which demonstrates collective strong coupling be-
tween potassium atoms and an optical ring cavity [19]. In Chapter 2, the physics of this
atom-cavity interaction are described theoretically. Chapter 2 then ends by discussing the
physics of group index and intra-cavity electromagnetically-induced transparency (EIT).
Although this experiment has not yet demonstrated intra-cavity EIT, the topic is inter-
esting and is necessary for understanding some of the experimental design considerations.

Chapters 3 and 4 focus mostly on the cold-atom aspects of this experiment. In Chapter 3,
I start by briefly discussing the operational principles of magneto-optical trapping. This
experiment uses a three-dimensional magneto-optical trap which is loaded by an atomic
beam generated from a two-dimensional magneto-optical trap, and the aim of this chapter
is to describe the laser system and vacuum system used to achieve this. Then, in Chapter
4, the laser cooling system is characterised and optimised.

The next part of this thesis consists of Chapters 5 and 6, which focus mostly on the
(empty) optical cavity aspects of this experiment. In Chapter 5, I start by discussing the
theory relevant to optical resonators, such as the theoretical transmission spectrum and
mode structure. Chapter 5 continues with discussions of the physical realisation of the
cavity, and ends with a description of the laser system used to probe and stabilise the
cavity length. Chapter 6 then focuses on characterising this cavity.

Finally, in Chapter 7, collective strong coupling is demonstrated, and Chapter 8 gives an
experimental outlook.



CHAPTER 2

Atoms and Cavities

The purpose of this chapter is to introduce the main physical concepts regarding the
interaction of atoms and cavities. Firstly, we will look at the Jaynes-Cumming Hamil-
tonian and extend this to include losses. Then, the collective effects of N atoms will be
discussed.

After this, the group velocity and intra-cavity electromagnetically-induced transparency
(EIT) will be discussed. Although this experiment does not yet exhibit intra-cavity EIT,
a theoretical understanding of EIT is necessary for understanding some of the design
considerations in this experiment. This theory will also be called upon in the experimental
outlook in Chapter 8.

2.1 Interactions Between Cavities and Atoms

2.1.1 The Jaynes-Cummings Hamiltonian

When atoms are positioned inside the cavity mode, the atoms can absorb photons from
the cavity mode, as well as emit photons into it. In this atom-cavity system, the atoms
and cavity no longer act independently and are coupled. To understand this coupling,
this section considers the Jaynes-Cummings model where a simple two-level atom with
states |g) and |e) interacts with a single mode of the cavity in a closed system [8]. The
Hamiltonian for this system takes the form,

H=Hy+He+ Hp (2.1)

where H, and Heo are the Hamiltonians for the bare atom and the empty cavity. H;
is the interaction Hamiltonian, which describes how the atom and cavity are coupled.
Firstly, if the atom’s excited state |e) has energy hw,, then H, is given by,
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Hy = lw,oto™, (2.2)

where o = |e) (g| and 0~ = |g) (e| are the raising and lowering operators for the atomic
state. H¢ for a cavity containing n photons with energy hw,. will be

1
He = hw, (aTa + 5) : (2.3)

where af [n) = v/n+1|n+1) and a|n) = /n|n — 1) are the well-known raising and
hwe
2

can be ignored. Finally, the interaction Hamiltonian H; is described by,

lowering operators for the Fock states [20]. The term is the zero-point energy and

Hy =—d-E(t), (2.4)

where d is the dipole moment operator, and E is the electric field [21]. This interaction
Hamiltonian has made the dipole approximation, which assumes that the atom is small
compared to the wavelength of the electric field, and so spatial dependence of E can be
ignored. The dipole operator should have only off-diagonal terms, and can be written as

d=d,ot + dyeo. (2.5)

The electric field operator for a single mode of the cavity is given by

. Ficon | .
E=¢/ ze:v (ae=et 4 aferiont) (2.6)

where € is the polarisation operator and V' is the volume of the cavity mode. Finally,
Equation 2.4 becomes,

where
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The interaction Hamiltonian can be simplified by making a unitary transformation of
the form H — UTHU where U = e @t = |¢) (e| e~ + |g) (g]. After this transfor-
mation, there are a pair of terms in H; which have frequencies +(w. + w,) and a pair
which have frequencies +(w, — w,). When the cavity is near resonance with the atoms
(Aye = we — wy =~ 0), each pair of terms evolve according to vastly different timescales.
On the timescale of the slowly-evolving terms, the quickly-evolving terms average to zero,
and can be ignored. This is known as the rotating-wave approximation [21], and is valid
when A,. << w, + w,. The resulting Hamiltonian is,

Hy = —gh (acte 2ot 4 qlg™etiteet) (2.8)

By making another unitary transformation of the form H — UTHU where U = ¢~ "0 Aact

le) {e] e Bact 1| g) (g], the time dependence in the interaction Hamiltonian can be removed
completely. The interaction Hamiltonian now has the form,

Hy=—gh(ac™ +d'o7). (2.9)

Finally, putting H4, He and H; into Equation 2.1 results in the well-known Jaynes-
Cummings Hamiltonian [§],

H = hw,0"0” + hwa'a — gh (act +alo™) . (2.10)

Using a subset of the tensor product basis |g,n 4+ 1) and |e, n), this can be written,

_ nwe  —gyn
H_h(—g\/ﬁ nwc—Aac)’ (2.11)

which has the eigenvalues,

Ein A Aac )
%:nwc— 5 i\/( 2) +g%n , (2.12)

and eigenstates (using the method outlined in [22]),

|+,n) = +cosf|g,n+ 1) +sinfle,n),

|—,n) = —sinf|g,n + 1) + cosfle,n), (2.13)
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Bare Atom &® Empty Cavity = Coupled Atom-Cavity System

Figure 2.1: When the bare atom and empty cavity are coupled, the Jaynes-Cummings
ladder of dressed states is formed. In the figure, the atom-cavity detuning is zero. When
the coupling ¢ is zero, the dressed state doublets are degenerate. As the coupling g
increases, the doublets separate in energy by 24/ng.

where
2\/ng

ac

tan 20 =

At Ay =0and g =0, |g,n+ 1) and |e,n) eigenstates are degenerate. However, as the
atom-cavity coupling g increases, the system divides into the new dressed eigenstates
|+,n) and |—,n). Figure 2.1 shows the ladder of doublet states produced by this system,
and the splitting produced when ¢ is non-zero. This splitting is known as normal-mode
splitting (also known as vacuum field Rabi Splitting), and was first experimentally ob-
served in 1989 [23, 24, 25]. It should be noted that the frequency by which the doublets
are split is also the frequency at which the atom and cavity exchange excitation [26, 27],
and hence the coupling constant g is often referred to as the single-photon, single-atom
Rabi frequency.
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2.1.2 Introducing Losses

The last section focused on a two-level atom coupled to a cavity without losses. This
is an unrealistic model, and so the focus of this section will be on extending this model
to retrieve a theoretical spectrum for the cavity transmission. The theoretical results in
this section will be important when interpreting the main results of the experiment in
Chapter 7.

In reality, the system will experience losses due to spontaneous emission from the atoms
and leakage of light from the cavity due to the mirror losses. The atomic excitation will
decay at a rate given by the HWHM natural linewidth ~, and the cavity excitation will
decay due to losses from the mirrors at a rate given by the HWHM linewidth . In
addition to losses, the cavity will be driven by a probe laser of frequency w, at a rate 7.

Incorporating these factors into Equation 2.10 gives the non-Hermitian Hamiltonian,

H = hw,070~ + hwea'a — gh (a0+ + aTU_)
—ihyot o™ —ihka'a — ihn(ae Tt + atemrt). (2.14)

This Hamiltonian can be transformed into a frame rotating at the probe frequency by
transforming twice, with UTHU — h where U = exp(—iht), firstly with h = hw,0"0~ and
then with h = liw,a’a, resulting in the time-independent form [28]

H =hAyoto™ + hAgala — gh (aoct +alo™)
—ihyoTo~ —ihka'a — ihn(a + a'), (2.15)

where A, = w, —wp, and A, = w. —w,. Assuming a weak probe intensity and restricting
ourselves to |g,0), |g,1) and |e, 0), the time-dependent state of the coupled system can
be written as

[W(1) = co(t) |9, 0) + ¢4(t) g, 1) + ce(t) [e, 0) - (2.16)

Putting this Hamiltonian and state vector into the Schrodinger equation,

HI[U(t)) = m% (1) . (2.17)

and taking ¢y ~ 1 since the probe intensity is weak, yields the equations

Cg =1gce — (K + iAgp)cqg + 1, (2.18)
Ce = igcy — (7 + 1Agp)cCe. .
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The cavity transmission will be proportional to the average number of photons inside the
cavity (n). This quantity is given by the probability of the system |¥) being in state
lg, 1), which is given by ]cglz. This quantity can be found in the steady state by solving
Equations 2.18 where ¢, = ¢, = 0,

2

2 —“7 (Aap _ 7;7)
n)=|c = ; ;
() =| g| 9% = (Agp — 1Y) (Agp — 1K)
7 (Ao +7°)
(A6p7 + Aap"’i)2 + (92 + vk — AapA6p)2 ‘

(2.19)

The mean number of photons on resonance (A,,, A, = 0) in an empty cavity (g = 0)
will be n?/k?. Given a resonant, empty cavity transmission of Ty, the transmission of the
detuned atom-cavity system will therefore be

T p 2 /‘%'2 Ag + 72
— = (_) (n) = 2< p2 ) 5 . (2.20)
TO n (Acp’}/ + Aa}o’i) + (g + TR = ACLPACP>

Equation 2.20 is plotted in Figure 2.2 for a range of cavity-atom and probe-atom de-
tunings. It can be seen that when atoms are introduced, the cavity transmission splits
into two peaks around where the empty cavity and bare atom eigenvalues (represented
by dashed lines) cross one another. This image is known as the avoided crossing [29] and
a slice across this shows the normal-mode splitting at a given cavity-atom detuning.

2.1.3 Collective Coupling of N Atoms to the Cavity

So far this chapter has only considered a single atom interacting with the cavity mode.
When many atoms are in the cavity mode, they can act collectively and coherently
[30]. This extension to the Jaynes-Cummings model is known as the Tavis-Cummings
model [10, 31, 32]. In this extension, the Jaynes-Cumming Hamiltonian (Equation 2.10)
becomes,

H = hw,S* + hwea'a — gh (aST +a'S7) , (2.21)

where S** are the collective atomic spin operators for an ensemble of N two-level atoms,
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Figure 2.2: Transmission of the cavity for k = 27 -1 MHz and v = 27 -3 MHz. (a) shows
the cavity transmission for A,. = 0 with the atom (g = 27 - 10 MHz, red) and without
the atom (g = 0, blue). (b) shows the transmission for g = 27 - 10 MHz with respect to
the cavity-atom and probe-atom detunings. The empty cavity and bare atom eigenvalues
are represented as dashed lines.

which take the form

N
5t =3l (gil.
=1

S =2 o) (eil (2.22)
g3 led el —lo) foi

2 )

=1

where |e;) and |g;) represent the excited state and ground state for each atom. For the
case of weak probing, the number of excitations n in the system is less than the number
of atoms in the system (n < N), the energies for each eigenstate can be approximated

by [33]

E(n, j N
() <n — —) Wy — gAac + /AN + A2, (2.23)

h 2

where 0 < n < N and the integer j where —n/2 < j < +n/2 denotes the total atomic
excitation. For a transition between |n, j) and |n + 1,j’), the transition energy will be

AE (i
%7,]) _ wa;wc +(j — 7') V4PN + AZ,, (2.24)
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If a single photon is absorbed per transition, j — j° = £1/2, and thus the normal-mode
splitting around A,. = 0 for N atoms becomes 2gv/N. Hence the single atom Rabi
frequency ¢ becomes the N-atom Rabi frequency G = v/Ng, which can be substituted
directly for g in the cavity transmission spectrum obtained in Equation 2.20 to produce
an N-atom spectrum.

2.1.4 Collective Strong Coupling and Cooperativity

Not only is the transmission spectrum modified by increasing the atom number to N,
but the exchange rate of excitation between the cavity and atoms is also modified from
g to G = gv/N. At this point, it is useful to discuss the meaning of ‘strongly’ coupled
atom-cavity systems.

A cavity and single atom are said to be strongly coupled if the rate at which the atom
and cavity coherently exchange excitation is fast compared to the dissipation rates from
the system x and . The single atom cooperativity is given by

=9 (2.25)

and if C' > 1, the system is dominated by the atom-cavity interaction and the two systems
are said to be strongly coupled. One method of achieving single atom strong coupling
is to use very small cavities known as micro-cavities [34], which have a length of a few
hundred microns. The short length results in a very small mode volume and thus a large
Rabi frequency g. The short length however increases the cavity loss rate x, and thus
micro-cavities are usually required to have ultrahigh finesse [35]. When working in the
microwave regime, the use of long-lived Rydberg excited states can also be used to obtain
a small spontaneous emission rate v [36].

In an N-atom system, the rate of coherent exchange is enhanced from g to gv/N. The
collective cooperativity is given by
N 2 G2
Oy =—% == (2.26)
Ky Ky

where if C'y > 1, the system is said to be collectively strongly coupled. In this case,
strong coupling can be achieved with larger cavities of a few centimetres at significantly
lower finesse. This approach is the approach taken in this work, where we have (g, k, ) =
27(0.09,0.92,2.98)MHz. For these parameters, an intra-cavity atom number of N > 350
is required to enter the collective strong coupling regime.
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2.2 Slow Light and Electromagnetically-Induced Trans-
parency In an Optical Cavity

The purpose of this section is to theoretically discuss the phenomenon of slow light and
how this can arise from electromagnetically-induced transparency (EIT) from a lambda-
style atomic system placed inside an optical cavity. Firstly, the group index and group
velocity will be introduced, and then EIT will be considered.

2.2.1 Group Refractive Index

The phase of a plane-wave light beam with frequency w propagating along z is given by

¢ =kz—wt, (2.27)

where the wave number in a medium with refractive index n is given by k = wn/c. A
wavefront (a plane of constant phase) will travel a distance Az during a time At, and
hence the velocity of wavefronts (the phase velocity) is given by

Az

Up -

:Kt_

w c
= (2.28)
If we are instead concerned with the speed of propagation of a pulse of light, this
monochromatic treatment is inadequate since a pulse is described by the sum of its many
Fourier components, at many different frequencies. In this case, the ‘pulse’ is actually a
traveling point where the Fourier components tend to constructively interfere. The pulse
E(z,t) can be described by [37]

E(z,t) = / %E(k‘)ei(kz_“(k)t) : (2.29)

oo 2T

and Taylor expanding w(k) around a central wave number ko up to first order gives,

w(k) ~ wlko) + (k — ko)fl—: . (2.30)
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Putting this into Equation 2.29, and using wy = w(ko) and v, = <dw/dk”k:k0
E(Z, t) — /Oo %E’(k)ei(k(zfvgt)Jrkovgtfwot) 7
oo 2m
—¢i(koz—wot) / h Z_kE(k)euMo)(Mgt), (2.31)
oo 2T

—¢ihoz—wol) p( 5 v,t,0),

and so it can be seen that the wave packet of a pulse E(z,t) travels at the group velocity
vy, whilst the individual Fourier components still propagate at the phase velocity. It is
then useful to define the group refractive index as,

_— c Cdk;
g = — = C7,
Vg dw (2.32)
dn

It can be seen that the group index can potentially be vastly different from n, depending
on the sign and magnitude of the dispersion dn/dw [38]. Although group velocities
greater than ¢ are possible, this does not violate causality, due to the distortion of the
pulse [39, 40, 41].

In this project, the work is currently focused on establishing EIT and using its effects to
modify the group index of the intra-cavity medium. The modified group index will then
modify the cavity decay rate.

2.2.2 Refractive Index and Susceptibility

It is useful to separate the refractive index into its real and imaginary parts using,

7

/
n:n’—{—m”:\/l—l—xz1+%+ix7, (2.33)

where y is the susceptibility, which has real and imaginary parts x’ and x”. Note that
the wave number inside a medium k£ relates to the vacuum number k, as k£ = nk,, and
so the electric field is affected like so,

E(z,t) = Ege'k==+t)

kyz _kvz 1

— E()Gi(kvz_wﬂei z Xle bz

(2.34)
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|92)

|91

Figure 2.3: An EIT lambda-style system. The atom experiences strong pumping on
the |go) — |e) transition due to the EIT coupling beam with frequency w,,, and Rabi
frequency Q.. The atom is also probed weakly on the |g;) — |e) transition using a
beam with frequency w, and Rabi frequency (2.

It can be seen that the refractive index (or susceptibility) affects the field in two ways.
The real part ' describes a phase shift, and the imaginary part x” describes absorption
along z. This information will be useful when deriving a term for the cavity transmission,
where the round-trip phase and losses inside the cavity are modified when n # 1.

2.2.3 Electromagnetically-Induced Transparency in an Optical
Cavity

EIT is a phenomenon which arises in a three-level atom, whereby a narrow transparency
window in the absorption spectrum of the atom appears when the atom is subject to a
weak probe beam and an intense control beam. The purpose of this section is to find
an expression for the the transmission spectrum of a cavity containing an EIT medium.
Here, the three level atom will be considered as a lambda-style system with two ground
states |g1) and |go) and one excited state |e), as shown in Figure 2.3. The low intensity
cavity-atom probe beam at frequency w, addresses the |g;) — |e) transition and an in-
tense EIT control beam at frequency we,, addresses the |go) — |e) transition. At first, a
semi-classical approach will be taken where both of these fields will be considered classi-
cally, whilst the atom is considered quantum mechanically. After this, a fully quantum
mechanical model will be considered and compared with the semi-classical model.
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2.2.4 The Semi-Classical Model

The refractive index of the atomic medium n is related to the susceptibility of the atoms
X(Cdp) bYa
n=+1+x, (2.35)

Since we will only be using a weak cavity field, it is useful to only consider the linear com-
ponent of the susceptibility, X(l)(wp). The linear susceptibility relates atomic polarisation
to the electric field by,

P =e¢xE, (2.36)

where
P = Njig,epg,ec’ 2= (2.37)
E = Eyetkz=wnt) (2.38)

Where N is the density of atoms in the cavity mode, and p,,. and p,, are the dipole
matrix and density matrix elements for the |g1) <> |e) transition [16, 42, 43].

Using Equation 2.7 to relate g, to g,

292h€0v

ltheg|* = = (2.39)

Wp

and using Ey = 7,/ ey, and N' = N/V where 0, is the Rabi frequency for the probe
beam, N is the effective number of atoms in the cavity mode and V is the cavity mode
volume; x") can be shown to be,

2
ORE A
prp g1

(2.40)

The coherence pg,. must be calculated quantum mechanically from a three-level atom in
the presence of the two classical fields. The corresponding Hamiltonian for this system is

A~

= ele) (el + Alga) (gal 2 (192) (el + [e) (9] cos (o)

h (2.41)
~y (1g1) {el + le) {gu) cos (wpt)
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Where the frequencies are shown on Figure 2.3. Making two transformations of the form
H — UTHU — h where U = e~ with h = w, |e) (e| and (w, — weon) |g2) (92|, and making
the rotating wave approximation, this Hamiltonian can be simplified to

A~

A A1) (el ~(Bpeon — A) [g2) (g2]

" Q 0 (2.42)
=55 (lg2) el + led {gal) = 22 (Igu) (el + Ie) {anl)

with A,, = w, — w, representing the detuning between the probe and the |g;) — |e)
transition, and Ay, = Wy — Weon-

The Lindblad master equation [16, 21, 44| for this system will be,

dp (AP A .
L — 2 [, 5] =vens (1€} (el 5+ ple) (el = 211} {el ple) (gnl )
dt h (2.43)
~eas (1) (el 5+ B le) (el = 2192) (el ple) (g2
which can be solved to first order in the probe Rabi frequency €, to yield
1
Pgre = (b 0z - (2.44)
_Apa + 4APCC’”+27;'Ydeph B Z,y

Where 74epn is @ phenomenological parameter which accounts for decoherence between the
two groundstates due to technical limitations of the experiment. Throughout the rest of
this section, vYgepn is taken to be zero. This completes the expression for the susceptibility

from Equation 2.40,
2Ng? 1
X(l) = 0z e (2.45)
W —Ape + WBpeon T

In Section 2.2.2, it was shown that the phase shift of the field due to the presence of the
EIT medium is given by the real part of the refractive index n’, whilst the imaginary
part n” describes the attenuation of the light. When a medium with refractive index n
is placed into a cavity of empty free spectral range wysg = 27 X ¢/ L, the modified phase
accumulation per round-trip becomes,

/
o (i+9).

/
— Py + 22 XE

Wrsr

(2.46)
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where @ (w,) is the empty cavity round-trip phase for probe frequency wj,.

The fraction of power remaining in the cavity will be determined by the mirror reflec-
tivities, as well as the transmission through the EIT medium. The fractional power
remaining after one round-trip for a ring-cavity! will be

P = poT, (2.47)

where py is the fractional remaining power due to the mirrors (discussed in more detail
later, in Section 5.1.1) and T, is the fractional power transmission through the atomic
medium. Assuming that the atomic absorption is small, 7}, will be described by,

T - (exp {—kl%ﬂ}f , (2.48)

~1— ki,

where [ is the length of the absorption medium. Since we are working with a homogeneous
atomic density N spread across the volume of a ring cavity?, we can say that [ is equal
to the full round-trip length, and hence kl = kL = &y, and

Wrsr

With expressions for the phase accumulation and remaining power after one round-trip,
we can use the method outlined in Section 5.1.1 to get an expression for the cavity
transmission, analogous to Equation 5.4,

I 15T,

I (1—VaR+4a/psin® (%) (2.50)

where 717, are the transmission coefficients for the input and output mirrors. If 7" =
Ty = T, and the transmission coefficient of the third mirror is significantly smaller than
T, then py ~ (1 — T)?. This leads to, T1Ts ~ (1 — \/po). Finally, Equation 2.50 becomes

L _ Tl = /o) (2.51)

T _ 7\2 Tainl (1) °
Iy (1—=/p)?+4/p sin” (%)
!Note that for a Fabry-Pérot cavity the light passes through the atomic medium twice, and so the
round-trip loss will be p’ = poT?2,.
2Note that in the case of a Fabry-Pérot cavity, the length of the absorption medium [ is equal to half
of the round-trip length, and so kl = ®4/2.
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Figure 2.4: (a) Calculation of real and imaginary parts of the susceptibility (red and blue
lines) and (b) the cavity transmission with and without the two-level atom (red and black
lines). Here, Q. =0, g = 27 - 20 MHz, k = 27 - 1 MHz and the atom-cavity detuning is

Zero.

To compare this semi-classical approach to a quantum mechanical approach, it’s necessary
to write pg in terms of the cavity field loss rate x (the HWHM linewidth). From Equations
5.7 and 5.8, py can be written as.

po=1—dn" (2.52)

Wrskr

where k has been written in units of angular frequency. It is also useful to write ®4 in
terms of A, with,

By = 27 :27r(“”_“c+ e )

Wrsr Wrsr Wrsr

A

pc

(2.53)
=27

Wrsr

Where w, /wrgr is equal to the longitudinal mode number (an integer) and can be ignored.
A quick comparison between this semi-classical approach and a fully quantum mechanical
approach can be made in the two-level case by removing the EIT coupling beam by setting
. = 0 and thus removing the third level. The results agree perfectly with Equation 2.20,

L _ K (A% +7°)

L , 2.54
I (Apey + Apam)z + (g% + vk — ApaApc)2 ( )
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and are plotted on Figure 2.4. This is interesting, because normal-mode splitting (or
vacuum Rabi splitting) is often perceived to be a consequence of quantum optics (where
an atom and cavity are exchanging a photon) rather than the simple classical effect of
putting a dispersive medium inside an optical cavity [24].

In the three-level case (2. # 0), the transmission spectrum will take the form,

-[t /€2

I_OZ wpX/ 2 wpx”’ 27 (255)
(80 +257) + (+257)

and an example spectrum is shown in Figure 2.5. It can be seen that the inclusion of the
EIT coupling beam causes the absorption x” to vanish around A,, = 0, where a narrow
window of transparency appears and the dispersion of x’ changes slope.

7
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Figure 2.5: (a) Calculation of real and imaginary parts of the susceptibility (red and
blue lines) and (b) cavity transmission (black line shows empty cavity) in the three-level
atom case where ., = 27 - 10MHz. Here, ¢ = 27 - 20MHz, x = 27 - 1 MHz, and
Acon - Aca = 0.

2.2.5 Fully Quantum Model

For a fully quantum mechanical treatment, we must extend the Hamiltonian for the bare
three-level atom (Equation 2.42) to include terms for the cavity field and interaction
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Normalised Cavity Transmission

0]
-30 =20 -10 0 10 20 30
Probe Detunln@pa(M Hz)

Figure 2.6: Comparison of the cavity transmission given by the semi-classical model
(red) and fully quantum model (blue) for (g, x, 7y, Q.) = 27 - (20,1, 3,10)MHz. The black
line shows empty cavity transmission.

terms. Using methods similar to those in Section 2.1, the non-Hermitian Hamiltonian
becomes,

A

= At — A o) el — (B — ) 123 (0a] — 2= (192 (el + ) (]

I
_égommd+wmmo—goﬁﬂda+kﬂmm)_mma+d%(2%)
and the Lindblad master equation will now be,
D L LE0] v (1) (el 3+ le) el = 21 el 1) an))
e (1€) (el 5+ ple) (el =2 ge) (el ple) (ol ) (257
—m(aTa,é + pata — 2a,6aT>,

which was solved numerically for the steady state (dpss/dt = 0) using the quantum optics
Python module, QuTiP [45] for a range of probe-atom detunings. The normalised cavity
transmission is then given by,

()
— = (=) Tr(a'apss). 2.58
= (£) maap) (259
The results are compared with the results of the semi-classical model in Figure 2.6 where

it can be seen that the two models approximately agree.
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CHAPTER 3

Realisation of Magneto-Optical
Trapping with 39K

This chapter details how the atoms are incorporated into the experiment using magneto-
optical trapping. In this experiment, the atoms are held in a three-dimensional 3K
magneto-optical trap (MOT) which is then spatially overlapped with the cavity mode.

3.1 Magneto-Optical Trapping

In 1975 and 1979, Hansch and Schawlow [46] and Wineland and Itano [47] proposed
the idea of cooling neutral atoms by Doppler cooling them with laser light. During 1985,
laser cooling was demonstrated experimentally in one dimension [48], two dimensions [49],
and finally in three dimensions [50]. The technique used is known today as the optical
molasses technique, and uses a laser which is red-detuned from an atomic resonance. Due
to the Doppler shift, the absorption rate is higher for atoms counter-propagating with the
laser beam than those which are co-propagating with it. Once a photon is absorbed, the
atom will spontaneously emit this photon in a random direction, and since the direction is
random, this force will eventually average out to zero after many scattering events. This
leads to a velocity-dependent net force which causes the counter-propagating atoms to
lose momentum faster than the co-propagating atoms gain momentum. Adding a second
beam counter-propagating to the first causes both velocity classes to lose momentum, and
a cooling effect is achieved. Extending this to three dimensions, using three orthogonal
pairs of counter-propagating beams, atoms can be cooled in three dimensions. This
technique is limited however, since although the atoms are cooled, the atoms are not
spatially confined.

To introduce spatial confinement, a quadrupole magnetic field is required. The Zeeman
effect causes the atomic energy levels to split in the presence of a magnetic field according
to the sign of the angular momentum of the energy level, causing the transition energy
change also. A magnetic quadrupole is useful, since there is zero magnetic field at the
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centre, and thus there is no Zeeman splitting. However, at small deviations from the
centre, there becomes a position-dependent transition energy [51, 52]. A one-dimensional
example is shown in Figure 3.1. Since selection rules apply to atomic transitions, only
transitions with Amj; = 0,41 are allowed, where J is the total electronic angular mo-
mentum of the energy level, and m; is the projection of this value along the z axis.
Considering a stationary atom, it can be seen that if a pair of red-detuned laser beams
are being used, the Zeeman splitting will match this detuning at two points away from
the field zero. Since at these points the sign of Am; is opposite, a restoring force can
be achieved by using o polarisation for one beam and o~ polarisations for the other.
This gives rise to a spatially-dependent force and confines the atoms close to the field
zero. This can be extended to three dimensions to generate cooling and trapping in three
dimensions.

This combination of velocity-dependent cooling and spatially-dependent trapping is known
as the magneto-optical trap (MOT) and was first achieved in 1988 [53]. Several years
later in 1997, the Nobel prize was awarded to Chu, Cohen-Tannoudji and Phillips for
their work on laser cooling [54, 55, 56].

AmJ AE AmJ
—)B +1
0
—1
ot o~
2';

Figure 3.1: Operational principle of magneto-optical trapping in one dimension.
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3.1.1 Trapping in Two Dimensions

In addition to confining atoms to a point of zero magnetic field in a 3D MOT, magneto-
optical trapping can be used to confine atoms along a line of zero magnetic field generated
by a two-dimensional magnetic quadrupole. This system is known as a 2D MOT [57]. In
this experiment, a 2D MOT is used to generate an atomic beam. This atomic beam is
then used to load the 3D MOT.

3.1.2 Trapping Potassium-39

In this experiment, 3°K is being trapped. The main benefit for using potassium is that it
has a narrow ground state splitting compared to other alkali metals. Since this splitting
is narrow (460 MHz), it is easy to create a coherent pair of EIT probe and coupling beams
using acousto-optical modulators, allowing us to avoid more technologically challenging
techniques such as injection-locking, which must be used when using larger ground state
splittings. Another reason for using potassium is that it has both bosonic (**K, %K) and
fermionic (1°K) isotopes, which may provide interesting topics for study in the future.

The cooling and trapping occurs on the D, line of 3K, the structure of which appears
in Figure 3.2. As with the commonly used 8"Rb, the cooling and trapping is primarily
done on the F' = 2 — F’ = 3 transition with a red-detuned beam and in order to avoid
optically pumping the atoms into the F' = 1 ground state, the atoms are repumped on
the F =1 — F’ = 2 transition. In contrast to 8"Rb however, potassium has relatively
small hyperfine splitting with respect to the natural atomic linewidth (I' = 27 - 6.04 MHz
for the Dy line [58]). This means that in potassium, all ' = 2 — F’ = 1,2,3 and
F=1— F' =0,1,2 transitions are being addressed; no cycling transition exists and
a six-level model is required to describe the system. In our 3K MOT, this leads to a
requirement for the repump beam to also play a role in cooling, meaning the repumping
beam must also be red-detuned and of comparable intensity to the cooling beam.

3.2 MOT Laser System

This section details the laser system required for achieving laser cooling and trapping
so that atoms can be placed into the cavity mode. To do this, atoms are suspended in
a 3D MOT which is spatially overlapped with the cavity mode. The laser system used
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Figure 3.2: Transition diagram for the Dy line of 3K, with cooling and repump frequen-
cies shown in red. Numbers in brackets show the values of the hyperfine splittings for
each energy level. All frequencies are in units of MHz.
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in probing the cavity and achieving EIT is discussed in Section 5.3. In the previous
generation of the experiment, there was a problem with the cavity mirrors getting dirty
from dispenser usage [59, 60]. In order to circumvent this problem, the experiment has
recently been updated to load the 3D MOT from an atomic beam generated from a 2D
MOT, rather than loading directly from the potassium dispensers. For simplicity, the
cooling and repump frequencies for the 3D MOT are the same as those used in the 2D
MOT. In addition to the cooling and repump beams, a pushing beam is required to push
atoms from the 2D MOT into the the 3D MOT.

The laser system used is outlined in Figure 3.3. The laser system consists of three
homemade extended-cavity diode lasers (ECDLs) operating on the Dy line of **K. The
first laser is the master laser, which provides a frequency reference for the other two lasers.

The master laser frequency is stabilised to the potassium spectrum using a magnetically-
induced dichroism lock [61].
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The second laser is locked to the master using a beat-offset lock [62]. This laser is used
as the pushing laser, which has the sole purpose of pushing the atoms from the 2D MOT
into the 3D MOT. The third laser is beat-offset locked to the pushing laser and is used as
the MOT laser, which provides the cooling and repump beams. The MOT laser operates
at the cooling frequency, and the repump beam is generated from the repump double-
pass acousto-optical modulator (DPAOM). Both cooling and repump beams are then
amplified using tapered amplifiers (TAs) before being sent to the 2D and 3D MOTs.

It is often useful to pump the 3D MOT atoms into the F' = 1 ground state before probing
the cavity by completely switching off the repump light. This can be done by switching
off the RF to the repump AOM. It is also useful to switch the 3D MOT beams on and
off. This can be done by switching the 3D MOT switching AOMs. This pair of AOMs
operate at the same frequency, with one increasing the frequency of the MOT beams,
and the other decreasing the frequency by the same amount. In principal, the frequency
of the 3D MOT beams could be tuned with respect to the 2D MOT beams using these
AOMs, which may be a future avenue for optimisation for the system.

3.2.1 Magnetically-Induced Dichroism Spectroscopy Lock

A spectrum for standard Doppler-free saturation spectroscopy is shown in Figure 3.4(a).
As the figure shows, there are not many features where locking is possible due to the
small hyperfine splitting compared to the natural linewidth of the atoms. In order to
generate frequencies useful for the MOT), it is useful to stabilise a ‘master laser’ using
spectroscopy, and use more flexible beat-offset locks to generate the correct frequencies
required for the MOT.

The method of spectroscopy used to lock the master laser is a form of magnetically-
induced dichroism spectroscopy. A solenoid wrapped around the vapour cell creates a
longitudinal magnetic field, which causes the hyperfine levels of the atom to split accord-
ing to their mp, due to the Zeeman effect. Two probe beams are used to probe the vapour
cell, each polarised circularly, with opposite handedness. Since the longitudinal magnetic
field is in place, these polarisations correspond to o™ and o~ polarisations. These beams
are then retro-reflected to form a type of Doppler-free spectroscopy. Each of these probes
are then measured on separate photodiodes of a balanced photodetector, which outputs
the difference signal between each photodiode.

In the case of zero magnetic field, the o™ and o~ probes experience the same absorption
and the difference signal is zero. As the magnetic field strength is increased, the mp levels



CHAPTER 3. REALISATION OF THE *K MOT 27

8 T T T T T T T
> or F=1-F
g F=25F co
% 4_\/\ i

2 1 1 1 1 1 1
—-400 —-300 —-200 —100 0 100 200 300 400
) Frequency (MHz)

Signal (V)
[e)

-1

—-400 —-300 —-200 —100 0 100 200 300 400
b) Frequency (MHz)

Figure 3.4: (a) shows the Doppler-free saturated absorption spectroscopy of the potas-
sium Dy line. The leftmost of the three main features corresponds to the ' = 2 —
F’ = 1,2, 3 transitions, the rightmost corresponds to the F = 1 — F' = 0,1,2 tran-
sitions, and the central feature is the crossover (CO) between the six transitions. The
probe absorption is enhanced at the crossover due to hyperfine pumping between the
two ground states. (b) shows the error signal obtained from the magnetically-induced

dichroism method.

split, with positive mp levels increasing in energy and negative mp levels decreasing in
energy. This causes the o and o~ absorption spectra to shift in frequency in opposite
directions, and thus a dispersive signal is created at the difference signal, as shown in
Figure 3.4(b). For a good error signal to be obtained, the Zeeman splitting should be
comparable to the width of the spectral feature.

In this experiment, the master laser is locked to the ground state crossover feature,
where F,|mp| =1 — F',|mj| = 2 and F,|mp| = 2 — F',|mx| = 3 are the dominant
transitions. With the solenoid producing a field of 14 G, the corresponding Zeeman shifts
for these transitions are 19 MHz and 35 MHz respectively, which are both comparable
to the width of the crossover feature. This provides a lock with a large capture range,
and a lock stability of approximately 0.80 MHz. This is most likely limited by the poor
bandwidth of the feedback electronics.
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3.2.2 Beat-Offset Locking

The push and MOT lasers are frequency stabilised to the master laser using a method
known as beat-offset locking [62]. This method works by beating two lasers together and
stabilising the beat note between them to a desired value. This method is very flexible,
since the desired beat note can be specified using an arbitrary reference frequency.

As can be seen from Figure 3.3 and 3.5, a beat note wp between the two lasers is estab-
lished by coupling both beams into a single mode fibre to maximise spatial overlap. This
light is then sent to a fast photodiode, which has a high bandwidth. The photodiode
signal is mixed with the reference frequency wg, to create signal components oscillating
at |wp £ wg|. The high frequency component is filtered off using a low-pass filter (LPF)
leaving only the low frequency component oscillating at |wp — wg|. This signal is then
split into two separate arms. One arm is sent through a high-pass filter (HPF), which
has a 3 dB point at wg. After the HPF, the signal passes through a positive rectifier.
The second arm contains a 3 dB attenuator and a negative rectifier.

When these two arms are added together, an error signal is produced, as appears in
Figure 3.5. It can be seen that when |wp — wr| = wr, the attenuation from both arms is
the same, thus the error signal is equal to zero at four points. Two of these points occur
at wp = wr £ wp, and two points occur at wg = —(wgr £ wWr).
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Figure 3.5: Error signal for the beat-offset lock between the master and pushing laser.
The lock-point used is the zero-crossing around 205 MHz.

Using this method, the pushing laser is locked roughly to the vicinity of the repump
transition, and the MOT laser is locked to the cooling frequency, with lock stabilities
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of approximately 0.95 and 0.89 MHz respectively. The frequencies used to achieve these
locks are summarised in Table 3.1.

Beat-Offset Lock Desired wp | HPF frequency wr | Reference frequency wgr
Pushing to Master +205 164 368
MOT laser to Pushing —450 164 286

Table 3.1: Summary of frequencies used in the beat-offset locks. All units are in MHz.

3.2.3 Repump AOM

The MOT laser stabilised at the cooling transition frequency, and then passes through a
double-pass acousto-optical modulator (DPAOM) setup. The DPAOM operates around
+2 x 227 MHz, and generates light at the repump transition frequency. Unlike most
DPAOM setups, the zeroth-order diffraction mode of the AOM is reflected back though
the AOM, and overlapped with the doubly-shifted repump beam. This way, a beam
containing both cooling and repump frequencies is generated.

As mentioned earlier, the intensity balance between cooling and repump beams is an
important factor in potassium MOTs. This DPAOM setup allows some intensity control
by changing the AOM efficiency with the driving RF power. For an incident beam with
intensity [, diffracting with single-pass efficiency € into the first diffraction order, the
power in the cooling and repump of the combined beam after the DPAOM will be,

Ic=(1—¢?ly and Ip= ¢y,

and so the DPAOM single-pass efficiency € is deliberately set to around 45%, to give
a cooling-repump ratio of around 3:2. This method is inefficient in that a fraction of
2¢(1 — €) of the incident optical power is wasted at the AOM; however the combined
cooling-repump beam is sent to a tapered amplifier for amplification, and so the power
here is not important provided that the optical power is high enough to saturate the
tapered amplifier. Furthermore, alternative methods of overlapping two beams so that
they share the same polarisation always come at the cost of efficiency. A non-polarising
(50:50) beam splitter, for example is less efficient than our DPAOM setup.

The RF can also be turned off completely, to direct all power into the cooling beam,
which is useful for pumping the atoms in the MOT into the F' = 1 ground state, which
is where the cavity-atom system is probed.
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3.2.4 Light Amplification System

Once a beam containing both repump and cooling frequencies is obtained, the total beam
power is only around 10 mW. This optical power is insufficient for laser cooling [63], and
thus amplification is required. The amplification is done using two tapered amplifiers

(TAs).

Firstly, the beams from the repump DPAOM are amplified using a home-built TA system,
using an M2K TA-0765-100043 chip. The design of this TA system is detailed in Komal
Pahwa’s thesis [60]. From here, the light is divided for use at the 2D MOT and the 3D
MOT.

The output beam from the home-built TA occupies a variety of high-order spatial modes,
which can be difficult to align with. For this reason, it is helpful to couple the 3D MOT
beam through a single mode polarisation-maintaining (PM) fibre to filter off these high-
order modes, leaving only the TEMyy mode. This beam is then passed through a pair
of AOMs, both operating at 110 MHz, the first shifts the light into the +1 diffraction
mode, and the second shifts the light into the -1 diffraction mode, resulting in zero net
frequency shift. The 3D MOT light can then be switched on and off using these AOMs,
with a switching time of 250 ns. After the switching AOMs, the light is coupled into two
PM fibres for the vertical and horizontal beams for the 3D MOT. This setup provides
roughly 15mW per 3D MOT beam.

Since the 2D MOT requires significantly more optical power than the 3D MOT, the
2D MOT light is passed through to a second fibre-coupled commercial TA (New Focus
TA-6713-P) which provides 100 mW per beam at the 2D MOT.

This method of amplifying both repump and cooling beams together is limited by the fact
that the home-built TA is very sensitive to alignment, and so correctly overlapping the
beams from the repump AOM is critical. To check that both beams are being amplified
correctly, the MOT beam fibres can be injected into a fibre ring resonator, which can be
used to spectrally analyse the light and confirm that both repump and cooling frequencies
are present, and occur with the desired intensity ratios.

3.3 Vacuum System

Collisions between MOT atoms and the background gas lead to heating and loss of
atoms from the MOT. For this reason, it is not possible to create a MOT at atmospheric
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pressure, and so the experiment takes place inside an ultra-high vacuum (UHV) system.
The vacuum system is shown in Figure 3.6 and has been updated from the the original
design (discussed in References [59, 60]) in order to eradicate the problem of the cavity
mirrors becoming dirty from dispenser usage (discussed in Section 5.2.1). The new setup
loads the 3D MOT from a 2D MOT, as opposed to loading directly from the background
pressure produced by the potassium dispensers.

The potassium dispensers are located near to the 2D MOT chamber. This 2D MOT
chamber consists of a six-way cross and four viewports. These viewports allow optical
access for the two pairs of 2D MOT beams. The pushing beam is shone through a fifth
viewport, onto the 2D MOT, which causes the atoms to be pushed along the direction of
the pushing beam, and an atomic beam is formed. This atomic beam is directed along
a graphite tube into the science chamber. The science chamber has eight viewports, six
allowing access for the three pairs of orthogonal MOT beams, and two for coupling light
into and out of the cavity. Once the atomic beam emerges from the graphite tube, it
continues to travel into the 3D MOT capture region, where the 3D MOT is formed. The
system has been designed so that the 3D MOT region spatially overlaps with the cavity
mode. Small adjustments to the position of the 3D MOT can be made by adjusting
the alignment of the 3D MOT beams and the position of the 3D magnetic field. The
science chamber is pumped by an Agilent Starcell ion pump, which has a pumping rate
of 20Ls™ L

3.3.1 Potassium Dispensers

The dispensers used in this experiment are K/NF/4.5/25/FT10 dispensers available from
SAES Getters. These dispensers are trapezoidal strips encasing potassium salt and reduc-
ing agent. These salt-based dispensers were chosen over a purer ampoule-based solution
in order to reduce the complexity of the vacuum system.

The strips are connected to an electrical feed-through (as shown in Figure 3.7) and are
heated by passing a current of 5 A through them. As the strips heat up, the metal casing
expands and a narrow slit opens up, allowing potassium to evaporate into the vacuum.
These slits are directed towards the inner walls of an extension nipple. This nipple and
the dispenser cross (15 and 16 on Figure 3.6) are heated from the outside using a flexible

silicon heating strip to prevent the potassium from condensing before it reaches the 2D
MOT region.
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(b) Cutaway view of science chamber.

Figure 3.6: The layout of the vacuum system.(1) Ion Pump, (2) Valve, (3) Cavity, (4) 3D
MOT coils, (5) 3D MOT viewports, (6) Cavity input/output viewports, (7) Science chamber,
(8) Cavity piezo feed-through, (9) Nipple housing graphite tube, (10) 2D MOT coils, (11) 2D
MOT correction coils, (12) 2D MOT viewport, (13) Six-way cross used for 2D MOT chamber,
(14) Dispenser feed-through, (15) Dispenser cross, (16) Dispenser extension, (17) Push beam
viewport, (18) Cavity frame, blue mirrors are cavity mirrors, gold mirrors are steering mirrors,
(19) Flexure mount with piezo and ceramic spacers, (20) 45° wedge piece, (21) Steel pipe housing
graphite tube.
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Figure 3.7: Photograph of dispensers. The dispensers are connected to an electrical
feed-through using custom-built copper screw terminals.

3.3.2 The Graphite Tube

The graphite tube (purchased from GoodFellow) is 10cm long, with outer and inner
diameters of 6 mm and 3mm. This tube has a very low vacuum conductance, and was
chosen to keep the pressure in the science chamber as low as possible. The primary
intention of keeping the science chamber pressure low is to keep the cavity mirrors as
clean as possible, but a low pressure is also beneficial for reducing collisions between
background gas and atoms in the MOT, and thus extending the 3D MOT lifetime and
atom number. The tube is held in a 12cm steel pipe welded into a modified Kurt J.
Lesker double-blank DN40CF flange. To avoid machining the delicate graphite tube, the
tube is held in place using a steel split-cylinder retainer.

3.3.3 The Cavity-Mounting Flange

The cavity is mounted onto a modified Kurt J. Lesker zero-length DN100CF-DN40CF
reducer flange. The modifications include the addition of an electrical feed-through for
the piezo and three tapped holes for mounting the cavity frame. There are additional
tapped holes for metal straps, to restrict movement of the piezo wires. Figure 3.8 shows
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the cavity, mounted on the mounting flange. The piezo wires attach to the feed-through
using copper screw terminals.

Figure 3.8: Photograph of the cavity mounting flange.

3.3.4 Estimating the Pressure in Each Chamber

In order to have some estimate of the pressure difference between the science chamber
and the 2D MOT chamber, it is necessary to consider a vacuum conductance calculation
[64]. The vacuum throughput @ is proportional to the mass flow rate. Since our vacuum
system only has one pump, the vacuum throughput will have the same value throughout
all parts of the vacuum system. From Figure 3.9, the throughput at the pump will be,

Q= SoF, (3.1)

where P, is the pressure measured at the pump, and Sy is the pumping speed of the
pump. This pump is connected to the science chamber by two straight nipples. The
throughput here is given by

Q=0 (P -h), (3.2)



CHAPTER 3. REALISATION OF THE *K MOT 35

Ion Pump Science Chamber 2D MOT Chamber

So <& So ¢—" 4:'51 = =
Py Ch Py Coy Py

Figure 3.9: Symbolic representation of vacuum system for vacuum conductance calcu-
lation. Grey sections represent conducting tubes of vacuum conductances Cj o which
connect the three main regions of the vacuum system which have pressures Fy 2.

where P; is the pressure in the science chamber, and C} is the vacuum conductance
of the nipples. This vacuum conductance is analogous to electrical conductance, and
tubes with low vacuum resistance will have high vacuum conductance. At low vacuum
pressures, vacuum dynamics operate in the molecular-flow regime. In this regime, the
vacuum conductance C' of a cylinder of inner diameter D and length L (in centimetres)
is given by [65]

D3
C= Tv x 2.6 x 107'Ls!, (3.3)
where ¥ is the mean atomic velocity. For *K at room temperature, v ~ 4 x 10*cms™!.
For these nipples, the diameter D is 3.5cm and the total length L is 25cm, leading to
a vacuum conductance C; of roughly 18 Ls™!. The conductivity of the science chamber
will be neglected, since it has a very large relative diameter. The vacuum throughput at

the science chamber will be

Q=5P, (3.4)
where S; is the volume flow rate at the science chamber. Equating Equations 3.1 and
3.2, it can be seen that for a pump rate Sy of 20 Ls™!,

P S+
PO_ C(1

~ 2, (3.5)

and so the pressure in the science chamber is roughly two times higher than the pressure
measured at the ion pump. Using this result with Equations 3.1 and 3.4 gives that
S1 ~ Sp/2. The vacuum throughput at the graphite tube will be

Q=0Cy (- D), (3.6)

where P, is the pressure at the 2D MOT chamber. C5 can be calculated using Equation
3.3, and with a length of 10 cm and diameter 0.3 cm, Cy is roughly 2.8 x 1072Ls™ 1.
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The vacuum throughput at the 2D MOT chamber will be given by

Q= 5B, (3.7)

and equating Equations 3.6 and 3.7, and using that S ~ Sy/2,

Py, (So/2)+ Cy
— =17 "%~ 340 3.8
Pl 02 Y ( )

and so it can be seen that by using the graphite tube, the pressure in the science chamber
will be kept at much lower pressures than the 2D MOT chamber and is indeed significantly
isolated from the potassium dispensers. This is advantageous in that it should help
keep the cavity mirrors clean, however, it also means that the 2D MOT chamber is also
significantly isolated from the ion pump, and the pressure in the 2D MOT chamber is
limited by P,/Py ~ 700. Ideally, we would use ion pumps on both sides, but due to
financial limitations, this was not possible at the time of construction. In practice, the
only pressure measurable to us is Py using the ion pump. The pressure readout here is
usually below detection threshold, which is around 10~ °mbar.

3.3.5 Vacuum Pump-Down and Bakeout

Once the Vacuum system was assembled, the system was pumped down and baked. The
system was pumped down from both the science chamber side and the 2D MOT side,
by connecting a turbo pump to both valves in the system. These valves were positioned
so that each is either side of the graphite tube, allowing both sides of the chamber to
be pumped down directly. The vacuum system was baked at 150 °C for two weeks. The
pressure and temperature profile of this bake is shown in Figure 3.10.

3.4 Magnetic Field System

In order to generate a spatially-dependent trapping force, a magnetic quadrupole is re-
quired. This experiment requires two magnetic quadrupoles, one for each 2D and 3D
MOT. Each quadrupole is generated by a set of four rectangular coils, as shown in Fig-
ures 3.6 and 3.11.
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Figure 3.10: Pressure and temperature of the vacuum system over the course of the two
week long bakeout. The bakeout improved the pressure by two orders of magnitude.
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Figure 3.11: Geometry of magnetic coils used in the experiment. In total, three sets of
coils are used. One set is used for each 2D and 3D MOT, whilst the third coil removes
the field created by the 3D MOT coils at the position of the 2D MOT.



CHAPTER 3. REALISATION OF THE *K MOT 38

3.4.1 Magnetic Field Geometry of the 2D MOT

The magnetic field geometry for the 2D MOT is a two-dimensional quadrupole field
generated by four rectangular coils. This field geometry creates a line of zero magnetic
field along the longitudinal axis of the coil setup (y-axis), creating an axis along which
atoms can be cooled and trapped. The two pairs of MOT beams are orthogonal to this
axis.

Each coil has 222 turns and creates a gradient of 4G cm™! per amp. Since these coils
are not cooled, the current in the coils is limited to 2.5 A, creating a total gradient of
10Gem™! at the 2D MOT region.

3.4.2 Magnetic Field Geometry of the 3D MOT

Since this experiment is concerned with overlapping the MOT atoms with the cavity
mode, we have somewhat unconventionally chosen to use a two-dimensional magnetic
quadrupole rather than a three-dimensional quadrupole to create the 3D MOT [66]. The
2D magnetic quadrupole has a line rather than a point of zero magnetic field and thus
creates a cigar-shaped atomic cloud rather than the roughly spherical cloud generated
by a three-dimensional quadrupole. This is potentially beneficial, since if the cloud is
elongated along the cavity axis, more atoms can be overlapped with the cavity mode. In
practice however, we did not find elongation to be advantageous.

This setup differs from a 2D MO'T setup in that there are three pairs of orthogonal beams,
rather than just two. In a regular, four-beam 2D MOT system, the two effects which
result in magneto-optical trapping (Doppler cooling and spatially-dependent trapping)
are only present in two directions. The inclusion of the third pair of orthogonal beams
introduces Doppler cooling in the third direction, which is enough to form a stable 3D
trap. This setup also differs from a standard six-beam 2D MOT in that two of the
orthogonal beam pairs are incident at 45° to the longitudinal axis of the magnetic field.
The reason for this is that it allows optical access to the longitudinal axis of the MOT,
which is required for the cavity probe beam. It is believed that this unconventional 45°
angle of incidence is not required to maintain a stable trap [66].

The field is generated from four rectangular coils wound onto hollow copper frames, which
are water-cooled. Each coil is made from 40 turns, and generate 0.3Gcm™! per amp.
The coils are connected in series and are driven using a single current supply. The coils
are operated at 30 A, creating 9Gcm™! at the centre of the 3D MOT. The simulated



CHAPTER 3. REALISATION OF THE *K MOT 39

magnetic field along each axis is shown in Figure 3.12, it can be seen that the magnetic
field gradient generated along the axis of the cavity is small, and thus elongation is
expected along this axis.
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Figure 3.12: Magnetic field components along each axis. With the geometry shown in
Figure 3.11, z is the axis which is along the cavity mode, and in the direction that MOT
elongation is expected.

Due to reasons discussed in Section 4.2.5, these coils have recently been replaced with
more conventional anti-Helmholtz style coils, generating a three-dimensional magnetic
quadrupole field, however all results in this thesis were generated using these elongated
coils.

3.4.3 Correction Coils

Due to the large physical size of the 3D MOT coils, the magnetic field created by these
coils extends over a relatively large distance. This creates a problem at the 2D MOT
whereby the longitudinal magnetic field is non-zero due to components from the 3D MOT
coils. For this reason, it was not possible to create a 2D MOT without the addition of a
third set of ‘correction’ coils. These correction coils are wound around the six-way cross
as shown in Figure 3.6, and create a magnetic field along the y axis which cancels out
the problematic field from the 3D MOT coils. Each coil consists of 20 turns and operate
at 1.05 A and 0.45A.

These correction coils were designed and simulated using Radia!, and the results are

'Radia is a free software developed by the European Synchrotron Radiation Facility which interfaces
with Mathematica [67]
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plotted in Figure 3.13. The simulation shows that without the correction coils, the
magnetic field at the centre of the 2D MOT is 11.5 G, which can be reduced to effectively
zero with a relatively flat gradient when the correct correction coil currents are used. The
correction coils are small and thus the field created by these coils is very small at the
position of the 3D MOT.
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Figure 3.13: Simulated results for the longitudinal magnetic field B, at the 2D MOT.

The centre of the 2D MOT lies at y = 300mm. The blue and red curves indicate the
field with and without the correction coils.



CHAPTER 4

Measurements and Characterisation
of the 3K MOT

4.1 Procedure for Measuring the Number of Atoms

To measure the number of atoms, a fluorescence image of the MOT is taken and the
number of atoms is inferred. The number of atoms N, can be related to the number of
photons N, detected at the camera during an exposure time of ¢, by,

N,

J (4.1)

Na = )
R~ tony - (d2/47)

where R is the fluorescence rate per atom and df)/47 is the fractional solid angle being
sampled by the camera.

Obviously, the number of photons cannot be measured directly. The camera will convert
the photon number N, to pixel values (or ‘counts’) N.. These quantities are be related
by a calibration constant 7,

n=—. (4.2)

The fractional solid angle was estimated using,

ROR 43

where r is the radius of the lens aperture and d is the distance from the camera lens to
the MOT.

41
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4.1.1 Fluorescence Rate and the Six-Level Model

The final quantity to be understood is the fluorescence rate R per atom in the MOT.
For most alkali metals used in cold atom experiments, a two-level model of the atom is
usually adequate to deduce R [68]. In potassium however, the narrow hyperfine splitting
of the Dy line means that the two-level atom is inadequate, and a full six-level model
must be used. Williamson has an excellent description of this six-level model in his thesis
[69], which can be used to deduce the steady-state population fraction for each level for
given cooling and repump powers and detunings. A brief outline of this model is given in
Appendix B, along with the relevant strength coefficients and branching ratios for %K.

In Figure 4.1, the excited state fraction is obtained from simulations of the six-level
model for a variety of total intensities and cooling-repump ratios. In this simulation, the
detunings of the repump and cooling beams were set to the values used in the experiment
(—18 and —27 MHz respectively).

0.7 T T T T

Excited State Fraction

0 0.2 0.4 0.6 0.8 1
Fraction of Intensity on Cooling (F=2 to F’=3) Transition

Figure 4.1: Excited state fractions obtained from the six-level model, plotted for total
intensities of (1, 10, 30, 100 and co) saturation intensities (blue, green, cyan, red and pink).
The detunings used here are —18 and —27 MHz for the repump and cooling beams. The
black cross shows where this experiment operates.

In the limit of infinite total intensity, all levels become equally populated, and so the
maximum excited state fraction becomes 2/3, rather than the more-familiar value of 1/2
obtained from the two-level model. At the intensities used in our experiment, the excited
state fraction is usually around 0.3.
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Once the excited state fraction f., has been estimated, the expected fluorescence rate
will be,
R=f.,I, (4.4)

where I' = 27 - 6.035 MHz is the natural linewidth of Dy line [58].

4.1.2 Fitting the MOT Image

The camera used in this experiment is a Pike F-145B from Allied Vision Technologies.
It observes the MOT from the large viewport on the top-side of the science chamber.
The camera views the MOT along a line perpendicular to the axis of zero magnetic field
created by the 3D MOT coils.

The image of the MOT is fit to a 2D Gaussian using Matlab,

[(y — yo) cos O — (z — z0) sinB]*  [(y — o) sin @ + (z — z) sin 6]°
2 + 2 )
20, 20
(4.5)
where A is the amplitude, yo and 2y are the centroids, o, . are the RMS widths in each

[(y,z):A-eXp{

direction, and 6 is the angular rotation of the MOT with respect to the image. From
this, the total number of camera counts can be deduced and thus, the number of atoms
in the MOT.

For each image of the MOT, a background image is taken with the magnetic field turned
off, which is then subtracted from the MOT image. An example fit is shown in Figure
4.2.

4.2 Elongation of 3D MOT

As described in Section 3.4.2, in order to maximise the number of atoms inside the cavity,
the 3D MOT uses a 2D quadrupole field rather than a more conventional 3D quadrupole.
The intention is to achieve elongation of the MOT along the cavity mode, and potentially
place more atoms inside the cavity.

In this section, the effects of magnetic field gradient and beam size on the aspect ratio of
the MOT and estimated intra-cavity atom number are discussed. After this, the elongated
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Mot Image Fitted Image Residual Image

50 100 150 200 50 100 150 200

Figure 4.2: An example of MOT fitting. The image on the left has already undergone
background subtraction.

four-coil setup is compared with an elongated two-coil setup (using the same coils, but
removing two of them). The reason for the interest in the two-coil system is due to the
unfortunate and significant thermal damage incurred by two of the coils when a problem
with the water cooling system occurred. Although the coils are repairable, the elongated
coils have been replaced completely for a conventional 3D quadrupole since my departure
from the laboratory. The section will conclude by discussing the benefits and drawbacks
of an elongated system, and explain our move towards a more conventional system.

Figure 4.3: A photograph of an elongated MOT. The RMS widths o, . are shown. The
x direction is perpendicular to the page.
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4.2.1 Estimating the Number of Atoms Inside the Cavity

An elongated MOT is shown in Figure 4.3. It can be seen that the width in one direction
is significantly longer than the other. Using the analysis described earlier, the RMS sizes
oy.. for each direction can be found. There is obviously a third width o, which cannot
be measured from the 2D image, so we assume cylindrical symmetry around the axis of
zero magnetic field, and hence assume that o, and o, are equal.

The number of atoms overlapping with the cavity mode can be estimated by taking the
ratio between the cross-sectional areas of the cavity mode and MOT perpendicular to the
zero-field axis. If the cavity mode is parallel to the zero-field axis, the number of atoms
in the MOT multiplied by this ratio should be roughly equal to the number of atoms in

the cavity,

Acav . Nyor wpw,

Neav = Nyor (4-6)

- )
Avor 4 OO0y

where the factor of 4 arises from comparing Gaussian RMS widths o, to 1/e* widths
Wy . This method not only assumes that o, and o, are equal, but it also assumes that
the zero-field axis and MOT are aligned and overlap perfectly with the cavity in all four
degrees of freedom. Since we are not using the cavity in this section this is not an issue,
however when the cavity is being used, alignment will be critical. For this reason, the
estimated intra-cavity atom number given here is an upper-limit, which may be difficult
to achieve in practice.

4.2.2 Elongation due to Magnetic Field Gradient

Measurements of the MOT were taken for a range of coil currents. The coil currents were
converted into magnetic field gradient using a previous calibration. Since the experiment
does not have a dedicated set of coils to compensate for the Earth’s field, the experiment
experiences significant difficulty when changes to the field strength of the coils are made.
The coils were positioned and the 3D MOT beams were aligned such that movement of
the centre of the MOT was minimal as the coil current was varied. Across the range,
the total movement of the MOT centre was deduced to be 1.5 mm which is significantly
smaller than the size of the MOT beams. The results are shown in Figure 4.4.

The results show that the MOT does not operate well below 5 G cm ™!, however as the field
gradient increases beyond 8 G em™!, the total number of atoms in the MOT is affected
negatively. The results also show that the aspect ratio can be doubled by increasing
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the field gradient from 3 to 9 Gem™!. The increased aspect ratio in turn, increases the
estimated number of atoms in the cavity. At high field gradient, the negative effect on
total MOT number and positive effect on aspect ratio appear to counteract one another,

resulting in an optimal intra-cavity atom number at 9 G cm™.

4.2.3 Elongation Due to Beam Size

Irises were positioned in front of each 3D MOT beam, and the aperture size was varied.
Images of the MOT were taken, and aspect ratio, total MOT number and the number of
atoms in the cavity were estimated for each beam size. The results are shown in Figure
4.4.

The results show that there is a clear benefit for having larger beams. There is only
a small improvement between the aspect ratio and the beam size, but there is a vast
improvement in the number of atoms in the MOT, which benefits the number of intra-
cavity atoms. No optimum was reached as the beam size is limited to 2cm by the cavity
frame.

4.2.4 Two-Coil Setups vs Four-Coil Setups

In addition to the four-coil configuration, two additional two-coil configurations were
investigated. These two configurations are shown in Figure 4.5. In the first configuration,
the coils were at the top and bottom of the chamber, and in the second configuration, the
coils were placed either side. In each configuration, the separation of the coils was set to
achieve maximum field gradients along x and y. In the case of the top-bottom geometry,
this was limited by the chamber size to be 110cm. In the side-side geometry, this was
set to be 85 cm.

The MOTSs created by these field geometries are shown in Figure 4.6, and it was found
that the aspect ratios achievable with each configuration were significantly different. The
average aspect ratios achievable were 3.94, 1.94 and 5.14 for the four-coil, top-bottom
and side-side geometries respectively.

A possible explanation for the different aspect ratios could be the difference in magnetic
field gradients along the z axis for each configuration. In the ideal four-coil configuration,
the x and y magnetic field gradients are equal, and so the gradient in z is zero. In the
two-coil configurations, the x and y gradients are no longer identical, and thus a gradient
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Figure 4.4: The effect of the field gradient (left) and 3D MOT beam size (right) on (a) the
MOT aspect ratio (0./0,), (b) MOT atom number and (c) estimated number of atoms
in the cavity.
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(a) Top-bottom configuration (b) Side-side configuration

Figure 4.5: Two-coil magnetic field configurations. Red arrows show positions of the 3D
MOT beams. The cavity mode lies along the z -axis.

Field Gradient G cm™!

Axis | Top-Bottom | Side-Side
x -9.13 —8.29
Yy +7.90 +9.39
z +1.24 —1.10

Table 4.1: Simulated magnetic field gradients for each two-coil configuration.

along z arises. Simulated gradients along each axis for each configuration are summarised
in Table 4.1.

It can be seen that the sign of the gradient along z is opposite for each geometry. In
a conventional MOT setup using a conventional 3D quadrupole, the sign of the y and
z gradients should be identical to produce a restoring force along each direction. This
is the case with the top-bottom configuration, and may explain why the aspect ratio is
smaller for this configuration. In the side-side configuration however, the gradient along
z is opposite, which potentially causes a small amount of anti-trapping, causing the MOT
to be elongated along this direction, increasing the aspect ratio of the cloud.
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Figure 4.6: Images of the different MOTSs created by each magnetic field configuration.

4.2.5 Conclusions on Elongation

It has been shown that the elongated field can potentially place more atoms into the cavity
mode, however, there are concerns that the elongated field can potentially reduce the total
number of atoms in the MOT. At the time of investigation, temperature measurements
of the MOT were unavailable, and so no conclusions of the temperature can be drawn,
but there is reason to believe that a conventional field geometry would produce lower

temperatures.

Furthermore, the elongated MOT is significantly more difficult to overlap with the cavity
mode, since it requires alignment in four degrees of freedom (x,y, 6,,6,), rather than the
two degrees of freedom (x,y) required with a non-elongated cloud.

For these reasons, the elongated coils were considered counter-intuitive and difficult to
work with, and have been replaced with an anti-Helmholtz style geometry since my

departure from the laboratory.

4.3 2D MOT Characterisation

In this section, optimisation of the loading rate from the 2D MOT into the 3D MOT is
attempted. Firstly, the effects of 2D MOT beam intensity is considered, and secondly,
the detuning of the pushing beam is considered.
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4.3.1 Effects of Beam Intensity

The effects of the 2D MOT beam intensity on the loading rate of the 3D MOT was
investigated. For this measurement, the intensity of each 2D MOT beam was set by
mounting a polariser and quarter-wave plate together at a locked relative rotation of
45°. The polariser and quarter-wave plate were then rotated together to adjust the beam
intensity, without changing the circular polarisation of each beam.

Using the computer control (described in Appendix A), the push beam shutter was opened
and the camera was set to acquire at 10 Hz. From these images, the loading time was
deduced. The final atom number after extrapolating the loading curve divided by the
loading time gives the loading rate. The results are shown in Figure 4.7. It can be
seen that the loading rate significantly improves with increased beam power, and the
data show that we are far from being able to optimise this with the level of beam power
available to us. This result agrees with those found in References [70] and [71].

x 10°
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Figure 4.7: The effect of the total peak 2D MOT beam intensity (both pairs of orthogonal
beams) on the 3D MOT loading rate. The error bars represent the standard error on a
set of three loading rate measurements at each value of intensity.

4.3.2 Push Beam Detuning Optimisation

The effect of the push beam frequency on the total number of atoms in the 3D MOT was
investigated. This involved changing the frequency of the VCO used in the beat-offset
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lock between the master and the pushing laser. The VCO used in the lock between the
pushing and MOT lasers was then changed also, to keep the frequency of the MOT beams
unchanged. The results are shown in Figure 4.8.
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Figure 4.8: The effect of the push beam frequency on the total number of atoms in the 3D
MOT. For this measurement, the push beam intensity was 24 W em~2 and was linearly
polarised.

The results show that the pushing is optimal when the pushing frequency is approximately
one natural linewidth blue-detuned from the repump transition. The pushing efficiency
is also adequate at three natural linewidths red-detuned. In between these two peaks,
there is a sharp dip in efficiency.

These results are not entirely understood but roughly agree with the results found in
other potassium experiments [72, 73], and may partially be explained by the following
considerations. A red-detuned pushing beam could improve the 3D MOT number by
preventing atoms escaping the 2D MOT in the backward direction, thus the pushing beam
acts as a kind of ‘plug’, only allowing atoms to leave the 2D MOT in a forward direction.
A near-resonant beam could improve the 3D MOT by pushing any near-stationary atoms
out of the 2D MOT cloud. And finally, a blue-detuned pushing beam could also improve
the 3D MOT number by increasing the velocity of the already forward-moving atoms,
which would reduce the divergence of the atomic beam, allowing more atoms to pass
through the transfer tube without colliding with the walls of the tube. Also, the detuning
of the pushing beam will roughly set the velocity of the atoms during the transfer. If the
beam is too far blue-detuned, it is possible to push the atoms too quickly, whereby the
atoms are travelling beyond the capture velocity of the 3D MOT. If the beam is too far
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red-detuned, the atoms could be pushed too slowly, whereby a ballistic trajectory of the
atoms between the 2D MOT and 3D MOT is not permitted by the transfer tube.

4.4 Measuring the Temperature

In order to probe the atom-cavity physics that we are primarily interested in, it is re-
quired that the 3D MOT beams are pulsed off during the cavity probing interval of the
experiment. For this reason, it is necessary to know the temperature of the MOT, so
that we can be assured that there is no significant change in atom number due to thermal
expansion of the MOT whilst the cavity is being probed.

In this section, two temperature measurements are described and compared. Firstly, the
release and recapture method, whereby the 3D MOT beams are pulsed off for a short
duration At and the cloud is allowed to expand. When the 3D MOT beams are turned
back on, the beams recapture the fraction of atoms which remain in the capture region.
The fraction of atoms inside this capture region decreases as the release time At increases.
By repeating this measurement for a range of At and measuring the recaptured fraction
as a function of At, a temperature measurement can be made.

The second method used is the time-of-flight (ToF) measurement. Here, the 3D MOT
beams and the 3D magnetic field are turned off and after a short time At, an image
of the expanding could is taken by switching the beams back on and quickly taking a
fluorescence image. From the fluorescence image, the size of the cloud can be deduced.
This measurement is repeated for a range of At, and the expansion rate results in a
temperature measurement.

4.4.1 Release and Recapture

Before explaining our implementation of the release and recapture method and showing
the results, it is necessary to give the following short theoretical prelude.

Theoretical Release and Recapture

The release-recapture method involves switching off the 3D MOT beams for a short
duration and allowing the atomic cloud to expand and leave the capture region [74]. This
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capture region will primarily be set by the volume of the overlap between the 3D MOT
beams. In order for the atoms to be recaptured, the speed of the atoms must be less than

the recapture speed,
R

At) = =2, 4.7
on(At) = 3¢ (17)
where R, is the radius of the capture volume and At is the expansion time. Atoms with
speed greater than vy will travel beyond the recapture radius during At and will not be
recaptured when the MOT beams are switched back on. Using a Maxwell-Boltzmann

distribution, the most probable thermal speed of the atoms is given by [75]

or(T) = /22 (1)

where T is the temperature of the cloud and m is the mass of a potassium atom. The

fraction of atoms with velocities between 0 and vr will be,
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As seen above, this fraction can be written purely in terms of the ratio between velocity
v and the the thermal velocity vp. This has the solution,

F =erf(€) — PR , (4.10)
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With the recaptured fraction in this form, an obvious drawback with this technique
becomes apparent. Since Equation 4.10 is purely a function of &, this measurement
depends heavily on a good estimation for the capture radius R.. If the estimation for
R, is too large, there will be an over-estimate of the MOT temperature. Here, R. was
taken to be the radius of the MOT beams (1.25cm), which is an upper-limit. Using an
upper-limit value for R, will result in a measured upper-limit for the temperature.

Whilst this technique is obviously limited, it benefits from being easier to implement than
a time-of-flight measurement, since here it is not necessary to turn off the magnetic field.
Also, the recaptured fraction can be measured purely from the total MOT fluorescence
(which can be performed using a photodiode), with no need for measurements of the
cloud size (which requires a camera).
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Implementation of Release and Recapture

Each measurement consisted of a MOT loading interval of 5s. At the end of this loading
interval, a fluorescence image was taken to determine the initial number of atoms in the
3D MOT. After this, the MOT beams were switched off using the 3D MOT switching
AOMs, and the 2D MOT push beam was blocked using a mechanical shutter. After a
duration of At, the 3D MOT beams were turned back on, a fluorescence image was taken,
and the push beam was unblocked. All magnetic fields remained turned on throughout.

This procedure was repeated for a range of values for At. The order in which each At
was executed was randomised to negate any potential long-term effects.!
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Figure 4.9: A release and recapture temperature measurement. The data (black points)
were fitted using Equation 4.10 (red line). From the fit, the temperature was deduced to
be 4.3mK for this data set.

The results are displayed in Figure 4.9 and were fit to Equation 4.10 to give a value for 7.
For a set of four measurements using R. = 1.25cm, the mean value for the upper-limit
temperature was deduced to be (4.1 + 0.4) mK, where the error is the standard error.

4.4.2 Time of Flight

In contrast to the release and recapture method, the time of flight (ToF) measurement
works by mapping out the RMS size of the cloud as a function of time [76].

'Long-term effects which may occur are changes in the partial pressure of potassium in the 2D MOT
chamber, or changes laser frequencies, intensity drift, et cetera.
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The 3D MOT beams and magnetic field are turned off and the cloud is allowed to expand
for a time At. After At, a fluorescence image is taken and the RMS sizes are measured.
If the initial RMS sizes were oy, ., then after At, the RMS size due to thermal expansion
can be described by,

T,
0, (A1) = J 73, e (AP, (4.11)

where T, , is the temperature of the cloud in the y, z directions?, and m is the mass of
one potassium atom. In reality, the cloud potentially has different temperatures for all
three dimensions, but from fluorescence images, only two directions can be measured.

Each measurement consisted of a loading interval of 5s. After loading, the 3D MOT
beams and the 2D MOT pushing beam are turned off, and the magnetic field is turned
off using a relay switch. After a time At, the beams are turned back on, and the camera
is exposed for 1 ms. This measurement was repeated for several At, where the order of
At was shuffled to remove any spurious effects from long-term experimental drifts.

In Figure 4.10, the values of o, , are plotted as a function of At where the solid lines are the
fits to Equation 4.11. The results show a temperature of (580 £ 16) and (643 £ 37) pK in
each direction, where the error is the standard error from three sets of ToF measurements.

4.4.3 Conclusions on Temperature Measurements

The reliability of the release and recapture method is questionable due to the difficulty
of estimating the capture radius R.. The time of flight method however should be reli-
able. If we accept the value given by the time of flight method, we can infer R. to be
approximately 2.4 mm.

Knowledge of the temperature is important, because later, when we probe the cavity, we
are required to turn the MOT beams off. The method we use is to load a MOT for a
few seconds, turn the MOT beams off, scan the probe beam using an AOM, and then
turn the MOT beams back on. The maximum duration of the scan is limited by thermal
expansion of the cloud. At the temperature measured in the time of flight method, the
line density along the MOT is expected to reduce to 0.995 times its initial value after
a release duration of 100 s, which is the probe interval duration used. This change in
density is negligible over this short scan period, however at longer scan periods it can
become significant (after 1 ms, the line density will have decreased to 0.63 times the initial
value).

2Here, the idea of different temperatures along different directions refers to the spread of kinetic
energies along each direction.
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Figure 4.10: A time of flight measurement to deduce MOT temperature. The points
show oy ., and the solid lines show fits to Equation 4.11. The red and blue data represent
measurements along the y and z directions respectively.

4.5 Laser Detuning Optimisation

The frequencies of the cooling and repump beams were optimised to give the highest
number of atoms in the 3D MOT. In order to achieve this, the computer control was
used to vary the detunings across a range of frequencies (in two dimensions), and after a
loading period of 6s for each detuning set, an image of the MOT was taken along with
a background image and the atom number was deduced using the analysis described in
Section 4.1. Note that since the laser detunings are changing, the excited state fraction
(and thus the fluorescence rate per atom) changes also. In this case, the change was
significant, where the excited state fraction from the six-level model has been found to
vary from 25 to 40% across the ranges tested.

Due to the large number of points, the data were acquired over a relatively long timescale
(approximately 12 minutes), and so the order of each set of detunings was shuffled to
remove any long-term fluctuations. The results are shown in Figure 4.11.

The optimum detunings were found to be at —27.3 and —17.5 MHz for the cooling and
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Figure 4.11: Number of atoms in the 3D MOT as a function of the two MOT beam
frequencies. Regions showing zero atom number show where the MOT was too dim for
the camera with the value of exposure time used here.

repump beams respectively, which roughly agree with other potassium experiments [69,
71]. It is worth noting again that due to the limitations of our setup, the frequencies
used for the cooling and repump beams are the same in both the 2D MOT and the 3D
MOT. Other experiments operating with the freedom to optimise each MOT separately
have indeed found that the optimum frequencies for each MOT differ slightly [69, 71]. A
future avenue of investigation would be to operate the pair of 3D MOT switching AOMs
at slightly different frequencies to one another to shift the 3D MOT beam frequencies with
respect to the 2D MOT beam frequencies, to see whether the system can be optimised
further. Using this method, it is only possible to offset the two frequencies in the 3D
MOT by the same amount, and independent control remains unavailable.

It is also worth noting that only the number of atoms in the 3D MOT has been optimised
here. It is likely that the optimal frequencies for minimal temperature are very different
from those found here and is also an avenue of future investigation [77, 78].
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4.6 Magneto-Optical Trapping Summary

Whilst Chapter 3 detailed the vacuum apparatus and laser system required to realise
magneto-optical trapping and overlap cold atoms with the cavity mode, this chapter has
focused on the techniques required to optimise and characterise the MOT system.

This chapter began by discussing the techniques required to deduce the number of atoms
in the 3D MOT and thus infer the number of intra-cavity atoms, which will be important
when estimating the expected normal mode splitting in the upcoming chapters. This
chapter also described the effects of beam size, beam detunings, and the gradient and
geometry of the magnetic field on the elongated 3D MOT setup, as well as the 2D MOT
setup, such that the intra-cavity atom number can be maximised, thus maximising the
collective coupling rate G = v/Ng between the atoms and cavity.

This chapter has also compared two different techniques for measuring the temperature
of the 3D MOT. The release and recapture method was shown to be beneficial in that
it allows a temperature measurement when fast switching of the magnetic field is un-
available. It can also be implemented with a photodiode and an oscilloscope, with no
camera required. The release and recapture method suffers from the obvious drawback
that a reliable measurement of the temperature 7' is difficult if the capture radius R, is
not known, since the recaptured fraction depends only on a parameter £ which is directly
proportional to R./ VT. Thus, an estimation of the capture radius R, is tantamount
to an estimation of the temperature 7. The time of flight method yields a much more
reliable temperature measurement, however this method does require fast magnetic field
switching as well as a camera which can be triggered.

Note that both techniques can be used together to infer the capture radius, where the
time of flight method can be used to measure 7', and thus scale £ with respect to R, so
that the release and recapture method can be used to accurately measure the capture
radius. This is potentially interesting, since the relationship between the capture radius
and other MOT parameters (for example the beam radius, magnetic field gradient and
laser detunings) is not well understood in the Cold Atoms community.

Now that the cold atom aspects of this thesis have been explored in detail, the remainder
of this thesis focuses on the optical cavity elements.
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CHAPTER 5

Theory and Setup of the Optical
Cavity

This chapter begins by discussing the general theory of optical resonators, which will be
very important for the remaining chapters in this thesis. After this theory, the design and
realisation of the cavity are discussed. This chapter ends by describing the laser system
used to probe and stabilise the cavity.

5.1 Optical Cavity Theory

5.1.1 Transmission, Reflection and Finesse

M3 t3, 73
%/[\1 M2 Eotito (T1T2T3)2€—ik(2L+2d1)
Eo > N/~ % Eotltgrlrgrgefik(LJerl)
—Eyry / Z/ T Bty tye—iZkd:
EOTQTSt%eiikL ¥ otm dy dy to, T
Eorlrgrgt%e_i%L

Figure 5.1: Incident, reflected and transmitted fields from a triangular ring cavity. The
triangular cavity is formed from three mirrors M; 3 with field reflection and transmission
coefficients 71 2 3 and t; 2 3 respectively.

A triangular ring cavity with an incident field Ej is shown in Figure 5.1. The mirrors M
each have a field reflectivity 7y, and transmission ¢,s, where r3, +t3, = 1 for lossless mir-
rors. The total reflected field is an infinite sum of components from each pass. Here, the
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first term has a minus sign due to the Stokes relations [79] for reflection and transmission
across a boundary,

E, = E,

17 "
1 —ikL

—r+ — E (7“17"27’36 ) )
" n=1

7“27”367“6[/ -7
= ko —ikL |
1 —rirorse™

where L is the round-trip-length of the cavity, and k is the wavenumber of the cavity
probe. This gives reflected intensity from mirror My,

(r1 — 7’27"3)2 + 4173 sin® (kL /2)

[7" — [0 5 .
(1 — ryrors)” + 4ryrars sinQ(k:L/Q)

(5.2)

Similarly, the total transmitted field from Ms is an infinite sum of transmitted components
from each pass,

[e.e]

i . n
Et = E0€ Zdeltth E (7“17"27'36 sz) s

n=0 (5.3)
tity

1 — rirorse— kL’

— Eoefidel

where 2kd; is the phase shift incurred by traveling from M; to Ms. From this, the
transmitted intensity will be

L e 5.4
t — 2 . ) .
(1-vp) 1+ (ﬁﬁf sin®(kL/2)

where /p = ri7or3 is the fractional field amplitude remaining after each round-trip and
TLQ - t% 92

The circulating intensity is easy to obtain, since I. = I;/T5,

R h | (5.5)
=)+ s sin?(kL/2)

17\/5)2

—~
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Examples of the transmission and reflection spectra are shown in Figure 5.2. The reso-
nances are approximate to the Lorentzian function for highly reflective mirrors and occur
when kL is equal to integer multiples of 27 and thus, are separated in frequency by the
free-spectral range,

C
FSR=—. (5.6)

The linewidth in phase units 1/, (HWHM) can be found by setting the denominator in
Equation 5.4 equal to 2, and taking d;,» to be small so that sin(d1/2/2) ~ 61/2/2,

1+

4/p <51/2>2 _,

2
(1=vp) \ 2
1 _pl/Q
012 = ——7—
/ pl/A

Taking the ratio of the resonance separation (27) with the FWHM width (26;/5) gives
the quantity known as the cavity finesse F,

2m s
F — ~ , 57
251/2 - \/,5 ( )
and frequency units, this becomes
FSR
F = . 5.8
AVpwin ( )

It can be seen that the cavity finesse F is a useful quantity for characterising the cavity
losses due to the mirror reflectivities, and is easily measured by measuring the cavity
linewidth and free spectral range.

5.1.2 Hermite-Gaussian Modes

Understanding the shape of the intensity profile of the cavity mode is important for
understanding how the optical cavity works. A useful tool for this is Hermite-Gaussian
modes, sometimes called transverse electromagnetic (TEM) modes [80, 81]. The field
E(x,y,2) = ¥(x,y, 2)e”** must satisfy the paraxial Helmholtz wave equation,
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Figure 5.2: Theoretical reflected and transmitted spectra. Black and red curves show
finesse of 5 and 50 respectively.

T T — 2k =0, (5.9)

which assumes that i (z,y, z) varies slowly with z. A set of solutions to this equation is

Epn(z,y,2) = AH,, (@) o, (ﬂ) exp [_wa Ly }

Wy (2) wy(2) i(z)  wy(2)
X exp [—z’kz +idg, (2) — ik ( 5 Riz) +5 Rf(z))} . (5.10)

with
wey(2) = w0 14+ (2/20,,)" Rey(2) =2 (14 (m,/2)°)
Ey

2Ry, = ngz,y/)\, and A=
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where H are Hermite polynomials, R, ,(z) are the wavefront radii in the x,y directions,
2R, , are the Rayleigh lengths', wo, , are the beam radii at the focus (z = 0), and w,,(2)
are the beam radii at z. A has been specifically chosen to normalise the peak intensity.
®q,,..(2) is the Gouy phase shift,

g, . (2) = (m + %) tan™! (%) + (n + %) fan™~! (%) , (5.11)

which, for the TEMgy mode, goes from —m/2 to +7/2 as z passes the beam focus at
z = 0. The Gouy phase shift is very important since it causes an additional mode-
dependent phase shift per round-trip inside the cavity, giving rise to different sets of
resonance frequencies for each mode. Pictures of TEM mode waists (z = 0) are plotted
in Figure 5.3.

Since each TEM mode of the cavity has its own set of resonant frequencies, it is useful to
use a series of lenses outside the cavity to shape the beam being used to probe the cavity
into one specific mode prior to injection. This technique is known as mode-matching
[81]. Also, even if the size and shape of the cavity probe beam is optimal, if the beam is
not correctly aligned into the cavity, the beam will excite a number of higher-order TEM
modes.

In Section 6.2.1, a technique is presented where the Gouy phase is used to accurately

measure the length of the cavity, which is an essential measurement for deducing the
cavity mode volume.

5.1.3 Phase Shifts Due to Mirror Reflections

In addition to the well-known Gouy phase, it is also important to consider the effect of
phase shifts from mirror reflections inside the cavity [79, 82]. Figure 5.4 shows an example
of a beam being reflected from a mirror.

It can be seen that upon reflecting from a mirror, the field is transformed by

Enn(z,y,2) = Epn(—2,y, 2),

IThe Rayleigh length is the distance along z required for the beam to expand from wg to v/2wp.
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Figure 5.3: Intensity profile of theoretical Hermite-Gaussian TEM,, ,,, mode waists.

From the Hermite-Gaussian representation in Equation 5.10, and noting that Hermite
polynomials are symmetric for even orders and anti-symmetric for odd orders, E,, ,(—x,y, 2)
can be written,

Epn(—z,y,2) = (=1)"Ena(z,y, 2),

This shows that the phase of modes with odd m pick up a factor of © upon reflection,
whilst those with even m remain unchanged. If there are M mirrors in the cavity, after
one round-trip the field will be transformed by

Eon(r,y,2) = (=1)"™ME,, (2, y, 2)e "

where drr is the ‘usual’ round-trip phase shift due to propagation along the length of the
cavity. Note that in Fabry-Pérot cavities, the number of mirrors M is even, and so this
factor will have no effect on the resonance condition and is usually completely ignored.
In our triangular cavity however, M=3, and so this factor cannot be ignored.
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Figure 5.4: Reflection of Ey, ,(,y,2) from a mirror becomes Ey, . (z,y,2) = Enn(—,y,2).

In order to calculate the transverse mode spacings in the next section, it is useful to
summarise that the change in phase per round-trip due to mirror reflections is given by

0 if (m x M) is even,
¢mM =

) . (5.12)
m if (m x M) is odd.

5.1.4 ABCD Transformations

It can be seen in Equation 5.10 that the field is partially described by the focusing
properties of the beam. ABCD transformations [83, 84] are a useful tool to interpret
these properties, and will be treated in this section.

A beam in the TEM;( mode can be described by the complex beam parameter, which
has the simplest form,

Q(z) = z+1izg. (5.13)

This quantity is useful, since the distance to the beam waist is given by z = Re{Q(2)},
and the waist radius is given by wy = /Im {Q(z)} \/7.

The complex beam parameter can be transformed with ABCD matrices, which are uni-
modular matrices used to represent optical transformations. The beam parameter Q after
a transformation will become Q' like so,

_ AQ+B

d=555 (5.14)
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Two ABCD matrices which were used extensively in this experiment are those which
represent a lens of focal length f (or in our case, a curved mirror of focal length f = R/2,
where R is the radius of curvature) and free-space propagation of a distance d along z,

S T O I I Y B

Using these ABCD matrices for our cavity, the beam waist wy can be extracted from Q,
and is discussed further in Section 5.1.5. These ABCD matrices were also essential for
mode-matching the cavity, discussed in Section 5.4.1.

5.1.5 Cavity Waist Calculation

Knowledge of the cavity mode waists is crucial for calculating the cavity mode volume
which is instrumental when discerning the coupling strength between the atoms and the
cavity. Inside a stable cavity, the field distribution is replicated after after each round-trip.
This means that for an ABCD matrix representing a stable cavity, the pre-transformation
complex beam parameter Q will be equal to the post-transformation complex beam pa-
rameter Q' in Equation 5.14. This gives,

AQ+ B

°=Co+p

(5.16)

It is worth noting that this condition is only solvable for Q if the cavity is stable. The
ABCD matrix for a stable cavity should satisfy [85]

A+ D|<2. (5.17)

It is useful to represent the cavity as a sequence of lenses, as shown in Figure 5.5. In our
cavity, the central mirror is curved and the side mirrors are both flat, which leads to the
ABCD matrix,

(E2)-(OEDC DG

Since the beam is not at normal incidence to the curved mirror, astigmatism needs to be
taken into account. For a curved mirror of radius R, the focal length f will be R/(2 cos0)
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Figure 5.5: Here, the cavity is being represented as an ‘unwrapped’ sequence of lenses.
M1 and M2 are the positions of the flat mirrors and do not transform the complex beam
parameter Q.

in the sagittal plane and (Rcos#)/2 in the tangential plane for angle of incidence 6 to
the normal axis.

Upon solving Equation 5.16 for Q, the beam waist can be calculated with wy, , =
VIm{Q, ()} A/m. Table 5.1 shows the results of this calculation.

Distance 1 d; 2cm
Distance 2 d2 2v/2cm
Central Mirror Radius R | 10 cm
Angle of Incidence 6 45°
Probe Wavelength 770 nm
Sagittal Waist 128.2pm
Tangential Waist 89.8 pm

Table 5.1: Nominal focal properties of the cavity.

5.1.6 Calculation of Transverse Mode Spacing

To calculate the frequency spacing of the transverse modes of the cavity, consider the
phase of the field at the beginning and end of one round-trip, where the round-trip starts
and ends at the central mirror. Using notation from the unwrapped picture shown in
Figure 5.5 the round-trip phase shift will be,

OrT = ¢(22) - ¢(21)7

Orr = k(22— 21)— (m+ 2) 2 tan (22&) — (n + 2) 2 tan (QZRy) — Omnr, (5.19)
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where z; 5 correspond to +L/2 and ¢,p is the phase shift incurred by mirror reflections
given by Equation 5.12.

The resonance condition is that gy = 2mq where ¢ is an integer, which leads to resonant
frequencies,

_c 1 4 ( L 1 4( L
27 Vpng = z{(m+§) 2tan <22Rz) + (n—l— 5) 2 tan (22Ry) +¢mM+27rq},

(5.20)

which simplifies somewhat to

1 L 1 L
27T-I/mnq:£ m+—=)cost{l——=— )+ (n+=)cost{1-— + G + 27q
L 2 R 2 R,

(5.21)

where R, , are the effective radii of curvature of the central mirror in the x and y di-
rections. Since the light is incident on the curved central mirror at 45°, the cavity is
astigmatic, resulting in R, = R/ cos(r/4) and R, = R cos(m/4) for a mirror of radius
R.

5.2 Cavity Realisation

The purpose of this section is to describe the physical design and manufacture of the
cavity, with the hopes that anyone designing their own cavity might find this information
useful. Firstly, I will describe the problems we experienced with the first generation
design and the necessity for a new design. I will then describe the gluing process for the
mirrors, and finally I will describe the mechanical design of the flexure mount which is
used to scan the cavity length.

5.2.1 Shortcomings of the First Generation of the Experiment

Unfortunately, the first generation of this experiment (shown in Figure 5.6) only showed
atom-cavity interaction for the first few weeks of operation whereafter the cavity finesse
dropped significantly and became unusable. It is believed that the cavity finesse dropped
due to the mirrors being coated by either potassium or vacuum contaminants from the
dispensers. To remedy this, the system was baked extensively and light-induced atomic
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Figure 5.6: Photograph of first-generation cavity experiment.

desorption [86] (using 200 mW of 405nm light) was attempted, but no improvements in
finesse were seen.

Prior to dispenser usage, the cavity finesse was around 2000. After one month of dispenser
usage, this had dropped to 551. After three months, the finesse continued to drop further
to 103, indicating a round-trip loss of 19.2%. Upon finally removing the cavity from
the vacuum system and wiping the central mirror with acetone and isopropanol, the
round-trip losses were halved from 19.2% to 8.2%. The faces of the two flat mirrors were
inaccessible for cleaning due to the design of the cavity frame and it was decided that a
second generation of the experiment should be designed, with the principal intention of
keeping the cavity mirrors clean for sustained experimental operation.

To keep the mirrors clean, the new experimental design criteria were to:

1. Keep the cavity chamber as clean as possible by loading the 3D MOT from a ‘dirty’
2D MOT chamber.

2. Provide cleaning access to all mirror faces, should the cavity mirrors get dirty.

The round-trip losses for the old and new designs are shown in Figure 5.7. So far, the
new design has been a success and the cavity finesse has been maintained for a year and
a half of dispenser operation. It can be concluded that loading from an atomic beam
removes the problem encountered by loading directly from the background pressure.
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Figure 5.7: Round-tip losses (power) as a function of time. The red data show the previ-
ous generation of the experiment, where the MOT was being loaded from the background
pressure. The blue data show the current generation of the experiment, where the MOT
is being loaded from the newly installed 2D MOT. The inset shows a close-up of the
current generation.

5.2.2 Designing the New Cavity

The cavity forms a right-angled triangle, consisting of two flat input and output mirrors
and a curved central mirror. These mirrors are glued onto posts of a monolithic stainless
steel cavity frame. The monolithic design was chosen to reduce the degrees of freedom
for alignment and reduce the complexity of the vacuum assembly. The posts of the frame
have been designed to hold the mirrors at the correct height without obscuring the MOT

beams.

To allow the atomic beam from the 2D MOT to reach the 3D MOT, the cavity is tilted
with respect to the 3D MOT beams using a 45° wedge piece. This wedge has a hole in
to allow the atomic beam to pass underneath the cavity frame and reach the 3D MOT.
Although this tilted design may seem flamboyant, it was chosen since it is the easiest
way to keep all mirrors out of the path of the atomic beam, which we believe to be very
important for keeping the mirrors clean.

Tilting the cavity at 45° comes with the added complication that the reflected beam from
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the cavity is no longer aligned with a vacuum view port. To correct this, two additional
‘steering’ mirrors must be attached to the cavity frame, to steer the reflected beams out
of the vacuum chamber parallel to the input beams.

To control the length of the cavity, a piezo actuator is used. The panel to which the
central mirror is glued is flexure hinged, with a piezo actuator slotted behind. This hinge
is discussed further in Section 5.2.5.

Since the cavity frame is monolithic, alignment of the cavity is done purely by careful
positioning and gluing of the curved central mirror and is discussed further in Section
5.2.4. The two flat mirrors are glued onto V-grooves, which help restrict the degrees of
freedom of the mirror placement, as well as leaving the faces of the mirrors accessible for
cleaning.

5.2.3 Gluing the Mirrors

The gluing of the mirrors was not straightforward. The problem lies with the fact that
the glue has to be heated in order to cure?; but as the glue is heated the glue can become
very inviscid, causing movement to occur. Furthermore, even after the glue has been
cured, heating the glue past its cure temperature can cause the glue to become inviscid
again. To work around these problems, the mirrors were glued in a sequence with a
combination of air-curing and heat-curing. Our gluing procedure is outlined here.

Firstly, the two flat input and output mirrors were glued with the cavity frame sitting
horizontally. These mirrors sit in V-grooves and were straightforward to position. The
glue was allowed to air-cure for one day, where the frame was then carefully transferred
to an oven to heat-cure. The oven was heated slowly to 190°C, and the glue was cured for
two hours. Since the cavity frame could not be easily cleaned after the mirrors had been
attached, the cavity was kept as clean and dust-free as possible by covering it during the
lengthy air-curing process.

After the frame was cooled to room temperature, the first steering mirror was glued. The
frame was cooled to room temperature, mounted vertically using a mounting bracket and
rotated to an angle of 22.5° so that the steering mirror mounting arm was horizontally
flat, as shown in Figure 5.8. The first steering mirror was glued, and transferred to the
curing oven immediately. The frame and bracket were then slowly heated and cured at
180°C for two hours. This temperature was chosen since it is slightly lower than the cure

2The glue used was Epo-Tek H74, which recommends curing at 150°C for one hour.
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temperature for the flat mirrors. Using this method, the risk of any previously cured glue
becoming inviscid again was minimised.

The second steering mirror was glued in a similar manner to the first, using the mounting
bracket. For this mirror, the glue was cured at 170°C for two hours.

Figure 5.8: Photograph showing mounting bracket being used to glue the second steering
mirror.

5.2.4 Gluing the Central Mirror

Since the cavity frame is monolithic, the alignment of the cavity mirrors was done by
careful positioning of the central curved mirror. For this, the piezo was slotted into place
and the cavity was mounted on the optical table such that the panel for the central mirror
was horizontally flat so that the central mirror could be placed on it, as shown in Figure
5.9. Light was shone into the cavity, and with the aid of an infrared camera, the mirror
was moved by hand until a stable cavity was formed and a transmission spectrum could
be seen. At this stage, the piezo actuator and flexure mount could be tested for any
faults.

With the mirror in a good position, glue was added and allowed to air-cure for two days.
During these two days, the cavity remained part of the optical setup, so that any drift
of the mirrors would be detected. No drift was seen, and after the air-cure the cavity
frame and mounting bracket were transferred to the oven (with the piezo still in place)
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(a) Mounting the cavity ready to be probed (b) Aligning cavity using an IR camera

Figure 5.9: This setup was used to correctly position the central (curved) mirror prior
to gluing. Light is incident from the right hand side and a photodiode monitors the
transmitted beam on the left hand side (off camera).

to heat-cure at 160°C for three hours. After curing, the cavity alignment was re-checked
by transferring it back to the optical table.

At this stage, all the mirrors had been glued, and the cavity was ready to be transferred
to the vacuum system where it would be baked at 150°C.

The gluing procedures are summarised in the Table 5.2.

Step | Mirror(s) Cure Temperature
1 | Flat Mirrors 190°C
2 | Steering Mirror 1 180°C
3 | Steering Mirror 1 170°C
4 | Curved Mirror 160°C

Table 5.2: Summary of gluing and curing procedure.

5.2.5 Design of the Flexure Mount

In the previous cavity design, the central mirror was directly glued onto the piezo, which
proved to be undesirable, since the central mirror could not be removed without de-
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stroying the piezo. The new design removes this problem by using flexure mount for the
central mirror, and is shown in Figure 5.10. The piezo is sandwiched between two macor
ceramic spacers to electrically isolate the piezo from the cavity frame and is then slotted
into grooves located behind the mirror mount. The gap in the frame is slightly smaller
than the piezo-macor sandwich, and so tension holds the sandwich in place.

‘ Pi Ceramic
I 1620 . Spacers
20
- { L ——
~ |
V D

Figure 5.10: Orthographic projection of the flexure mount (left) and top-down view of

flexure mount (right). The piezo and ceramic spacers are shown. The ceramic spacer
discs are rounded on one side to slot into the grooves in the flexure mount, and have a
knob on the other side which holds the ring-shaped piezo in place.

Initially, we were unsure whether this design would work, since we were unsure how much
force was required to displace the flexure and whether the piezo was strong enough to
meet this requirement. Using the simplified equations® from Reference [87] the ratio of
angular displacement «, to applied torque M, is given by,

o, 97 R/2

M, 2EW2’ (5.22)

where R is the radius of curvature of the flexure groove, F is the Young’s modulus of the
material, and b and ¢ are length and minimum thickness of the hinge. If the piezo applies
a force at a distance D away from the hinge, this leads to a load stiffness of

M./D)  2Ebt/?

(
ke a.D 97 D2RL/2 (5.23)

The maximum displacement AL for a preloaded piezo is given by

kAL, kid

AL = —
ka+k, ka+kp’

(5.24)

where k4 and ALg are the actuator stiffness and free stroke for the piezo. As described
earlier, the gap behind the flexure mount is slightly too small for the piezo-ceramic

3Note that this equation is for a hinge geometry slightly different to ours, in that this is for a hinge
rounded on both sides, rather than rounded on one side and flat on the other.



CHAPTER 5. THEORY AND SETUP OF THE OPTICAL CAVITY 76

sandwich. This tightness is encapsulated by the parameter d, which is the distance the
flexure must be displaced from its natural position in order to accommodate the piezo-
ceramic sandwich.

The hinge tightness d was not machined into the hinge, but was set after machining
by squeezing the mount and intentionally deforming the hinge until the hinge was tight
enough to hold the piezo in place. As can be seen from Equation 5.24, tightening this
hinge (increasing d) leads to a decrease in the maximum piezo extension. This tightening
was performed prior to the gluing of the central mirror so that the flexure could be tested
(as shown earlier in Figure 5.9).

The piezo driver used in this experiment can only supply 75% of the maximum specified
voltage for the piezo, so the full piezo extension AL cannot be reached. For this reason, it
is necessary to consider a limited maximum piezo extension AL’, where AL' = 0.75 x AL.
From the geometry of our cavity, the maximum change in the cavity length AL’ relates
to our maximum piezo displacement AL’ by

AL, =V2AL . (5.25)

Across the range of the piezo driver voltage, roughly 3.2 free spectral ranges are seen,
which corresponds to a cavity length change of roughly 2.46 pm. From Equations 5.24
and 5.25, the hinge tightness d can be estimated to be around 110 pm.

Parameter Symbol | Value

Young’s Modulus E 2 x 10° Nmm 2
Flexure Groove Radius R 2mm

Flexure Length b 15 mm

Flexure Width t 1mm

Lever Length D 7.5mm

Load Stiffness kr 2.7Npm~!
Actuator Stiffness k4 321 Npm~!
Actuator Free Stroke ALy | 3.3pm

Table 5.3: Values of various parameters regarding the flexure mount.

5.3 Cavity Laser System

Whilst Section 3.2 detailed the laser system used for getting cold atoms into the cavity
mode, this section describes the laser system concerned with probing the cavity and
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inducing EIT in the atoms once they are inside cavity mode. To modify the group
index using EIT, a probe beam and EIT coupling beam are needed. For these beams,
a commercial Toptica DL Pro set to the Dy line of K (770nm) is used. A method of
stabilising the cavity length is also required, for which a second Toptica DL Pro near to
852nm is used. The wavelength of 852 nm was chosen since it is far from resonance with
potassium. Also, 852nm is commonly used in atomic physics since it is the wavelength
of the Dy line of cesium, meaning that reference cells and optics such as waveplates and
colour filters are easily available.

The schematic for the laser system is shown in Figure 5.11. The frequencies generated
by this system are related to the 3K D; line in Figure 5.12.
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Figure 5.11: Simplified representation of the laser setup used for probing and stabilis-
ing the science cavity. Beams with different colours are at different frequencies and thick
dashed black lines represent stabilisation electronics. Double-passed acousto-optical mod-
ulators (DPAOMs) 1, 2 and 3 are used to tune the frequencies of the EIT coupling beam,
probe beam and science cavity locking beam respectively.
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Figure 5.12: Transition diagram for the D, line of K. The detunings A and § can be
set using DPAOM1 and 2 from Figure 5.11.

5.3.1 Toptica 770 nm Laser

As can be seen from Figure 5.11, the 770nm Toptica laser is used to produce three
beams at different frequencies. These beams are the science cavity* probe beam, the EIT
coupling beam, and a locking beam. Firstly, the locking beam is used to lock the 770 nm
laser to the transfer cavity using a Pound-Drever Hall lock, and in turn, the transfer
cavity is scanned and locked to the potassium spectroscopy via the locking beam using
frequency modulation spectroscopy. These locks are detailed in the next sections.

Now that the 770 nm laser frequency is stabilised, the modulation frequency of DPAOM?2
can be scanned to change the frequency of the probe beam, and the frequency of DPAOM1
can be used to shift the frequency of the EIT coupling beam and probe beam together.

The probe beam and EIT beams can be switched on and off quickly by changing the RF
power to DPAOM2 and the EIT switch AOM respectively. To maintain as much optical
power as possible in the EIT coupling beam, the EIT switch AOM is a single-passed
AOM, operating at its central frequency.

4Since there is a more than one cavity in this setup, confusion can be avoided by referring to the
cavity being used to interact with the atoms as the ‘science’ cavity.
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5.3.2 Transfer Cavity and Pound-Drever-Hall Locking

At the heart of this laser system lies the transfer cavity. This cavity is a standard two
mirror Fabry-Pérot cavity which allows us to create a correlation between the stabilities
of the 770 nm and 852 nm laser systems in a way which wouldn’t be available using a beat-
offset lock, due to the large frequency difference. By locking both lasers to this transfer
cavity, the coherence time between the two lasers can become very long, meaning that
there is little relative jitter between the probe beam and the science cavity lock beam
and thus the science cavity length.

To stabilise the lasers to the transfer cavity, the Pound-Drever-Hall (PDH) method [88, 89
is used. The PDH lock used in our system differs to that of a usual PDH lock in that
we operate in transmission rather than reflection, which is possible due to the fairly low
cavity finesse of 188 + 15. An example of the cavity transmission with the PDH error
signal for the 770 nm light is shown in Figure 5.13.
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Figure 5.13: Example transmission signal (top) and Pound-Drever-Hall error signal
(bottom) showing the high-density of lock points for the 770 nm lock beam.

An important feature of the transfer cavity is that the length has been set such that the
transverse modes are degenerate [90], allowing a high density of lock-points. In addition
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to this, the modulation frequency has been set to equal to half the transverse mode
spacing, doubling the number of points available for locking. This is beneficial to our
system because it provides us with high density of lock-points. In order to arbitrarily set
the probe beam frequency and the resonance frequency of the science cavity, the spacing
between these lock-points needs to be smaller than the bandwidth of the AOMs used for
tuning the probe and science cavity length (DPAOMS 2 and 3).

The transfer cavity has linewidths (7.5 + 0.3)MHz and (8.8 & 0.4)MHz for 770 nm and
852 nm respectively. The mirror radius of curvature is 15 cm, and the length is roughly
19.1cm. The degenerate transverse mode spacing is 34 MHz and the modulation for both
lasers is performed by modulating the laser current at 17 MHz. The physical design of
the transfer cavity is described in detail in Lawrence Mudarikwa’s thesis [59]. There are
future plans to improve the finesse of this cavity, since it is believed this linewidth may
be too broad to really increase the coherence time between the two lasers. If the finesse
is improved, the PDH lock will be set up to work with the reflected beams rather than
the transmitted beam.

Since the frequency modulation is achieved by modulating the laser current (for both
lasers), the modulation is present on all beams throughout this laser system. For the
770 nm light, the modulation is potentially problematic, because the modulation exists
on the science cavity probe beam and EIT coupling beam. However, we believe this
problem to be insignificant, since modulation frequency (17 MHz) is much narrower than
the science cavity linewidth (~ 2 MHz), and so the sidebands are far from resonant with
the science cavity. For the EIT control beam, we believe this problem to be insignificant
since the atoms in the MOT are cold and Doppler broadening is small (less than 1 MHz),
thus the effective atomic linewidth should be close to the natural linewidth (~ 6 MHz
FWHM) which is far from resonant with the sidebands.

These locks provide a long-term lock stability of 0.84 MHz between the 770 nm laser and
the transfer cavity and 0.93 MHz between the 852nm laser and the transfer cavity.

5.3.3 Frequency Modulation Spectroscopy

Since the 770nm laser is locked to the transfer cavity, the frequency of the laser can
be scanned by scanning the transfer cavity length using the transfer cavity piezo. The
transfer cavity can therefore be locked using frequency modulation spectroscopy (FMS)
on the Doppler-free saturated absorption spectrum of the potassium D; line.
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Since the laser frequency is already being current modulated for the PDH lock, that same
modulation is used here to derive an error signal from the spectroscopy signal. Since the
modulation comes from a Toptica PDH module, the only way to control the phase of
the reference frequency for the FMS lock is to use a delay line between the PDH module
and the FMS mixer. An example spectroscopy signal and FMS error signal is shown in
Figure 5.14. This lock provides the transfer cavity with a long-term frequency stability
of approximately 0.7 MHz.
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Figure 5.14: Potassium D; saturated absorption spectroscopy signal generated from
scanning transfer cavity (top), and corresponding error signal generated from frequency
modulation spectroscopy (bottom).

5.3.4 Locking the Science Cavity

The Toptica 852nm laser is responsible for stabilising the length of the science cavity.
Firstly, this laser is locked to the transfer cavity as previously described, creating a
frequency-stablised beam for the science cavity to lock to. This lock beam is then sent
to the science cavity, and the PDH technique is used in reflection to stabilise the science
cavity length, using the existing 17MHz frequency modulation from the transfer cavity
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PDH lock. As with the FMS lock, the phase of the reference frequency for the science
cavity lock is controlled by adding a delay line, and the long-term lock stability between
the 852 nm laser and science cavity is approximately 0.8 MHz. The modulation frequency
of DPAOMS3 can then be used to step the length of the science cavity.

5.4 Cavity Input, Output and Mode-Matching

The optical setup for the input and output for the science cavity is shown in Figure
5.15. The 770nm probe beam and the 852nm lock beam are brought in by separate
polarisation-maintaining fibres and are combined on a polarising beam cube. The polar-
isation of each beam is corrected with a pair of narrow-band half-wave plates for each
wavelength. Polarisation is important since, as described earlier, the cavity is astigmatic
which causes a different cavity spectrum for each polarisation. The mirror reflectivity is
also polarisation and wavelength dependent leading to different finesses for each polarisa-
tion and wavelength. The reflected beam is sent to a photodiode after passing through a
long-pass chromatic filter which filters off the 770 nm light, leaving only the 852 nm light
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Figure 5.15: Optical setup for input and output of the cavity.
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At the output, the transmitted beam passes through a short-pass chromatic filter, which
filters off the 852nm light. The transmitted beam is coupled into a single mode fibre,
which takes the 770 nm light to a dark box containing a sensitive avalanche photodetector
(Laser Components LCSA500-03 APD).
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5.4.1 Mode-Matching Optics

Different TEM modes of the cavity will have different resonance frequencies and different
atom-cavity coupling rates. Therefore, to know which cavity mode is being excited, the
incident beam is matched to a single mode (TEMyy) of the cavity. This technique is
known as mode-matching.

To achieve mode-matching, the size of the beam from the 770 nm fibre output was mea-
sured at two positions using a beam profiler. With these measurements the waist size and
waist position were deduced, and a complex beam parameter Q for the initial beam was
determined. With this measurement, the ABCD transformations for lenses and displace-
ment (discussed in Section 5.1.4) were used to theoretically match the complex beam
parameter Q for the input light with the complex beam parameter for the cavity Q..
Using Matlab, Q' could be found from Equation 5.14, and the positions of the lenses
were varied to minimise the value of |Q" — Q.|. A variety of setups were simulated using
values for the lenses available. The simulations showed that a single biconvex lens with
focal length 300 mm resulted in reasonable matching, and thus was implemented in the
physical setup close to the position specified by Matlab.

5.4.2 Alignment into Correct Mode

Even with the mode-matching optics in place, the light will excite higher-order modes
of the cavity if the beam is not correctly aligned into the mode. To correctly align the
light into the TEM, mode, the cavity transmission was analysed using a photodiode and
beam profiler simultaneously. By changing the cavity length, the TEMy, mode can be
identified using the beam profiler, as shown in Figure 5.16 and the photodiode can be
used to maximise transmission into this mode using the input mirrors, as shown in Figure

5.17.
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CHAPTER 6

Characterisation of the Optical
Cavity

From Chapter 2, it was shown that the cavity parameters are important when it comes
to understanding the physics of strong coupling. For this reason, this chapter focuses on
experimentally measuring the values of the HWHM £ (the cavity field decay rate), the
cavity mode volume and the mirror reflectivity and transmission coefficients.

6.1 Measuring Cavity Linewidth

Here, two different methods are considered for measuring the linewidth of the optical cav-
ity. The first method used is a sideband calibration method, whilst the second technique
uses a measurement of the cavity intensity decay rate.

6.1.1 Linewidth from Cavity Spectroscopy

Due to the lack of experimental control available during the early stages of the experiment,
the cavity linewidth was estimated by taking a transmission spectrum, and calibrating
the time axis by modulating the laser current to add sidebands to the probe beam. This
method has the benefit that no locking electronics or experimental control are required;
however, it suffers from the drawback that the transmission spectrum measured is actually
a convolution between the cavity and probe laser spectra, which will lead to a measured
transmission spectrum with a larger linewidth than that of the cavity. This should not
be an issue if the probe laser linewidth is significantly smaller than the cavity linewidth.

The 770nm probe laser was scanned using the laser piezo, with a free-running cavity.

The transmitted light was detected using the Laser Components LCSA500-03 APD with
bandwidth of 3 MHz. The transmission spectrum is shown in Figure 6.1 (left). Sidebands

85
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Figure 6.1: Linewidth measurement using sidebands. (Left) Cavity transmission signal.
(Right) Modulation is added at 17.5 MHz. The data (black) are fit to Lorentzians (red),
which is used to calibrate the x-axis and determine the cavity linewidth.

were then added to the probe laser by modulating the laser current at 17.5 MHz, which
is shown in Figure 6.1 (right).

Matlab was used to fit these signals to Lorentzians,

SZZA(

%AV
f=fo)’ + (34v)

2 +SO,

where fjy is the centroid and Av is the FWHM linewidth. For the calibration data, a
sum of three Lorentzians was fitted, and the separation between centroids were used to
calibrate the x-axis.

Several sets of data were taken (three here), and the results were averaged to give a cavity
HWHM linewidth of k = 27 - (979 £ 74) kHz where the error is the standard error. This
measurement has been conducted many times during the lifetime of the experiment in
order to detect any degradation of cavity finesse over time due to dispenser usage (as
discussed in Section 5.2.1).

Repeating this method for the low finesse polarisation yielded a HWHM linewidth of
Kk = 2m - (4.35 £ 0.29)MHz.
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6.1.2 Linewidth from Cavity Ring-Down Time

The cavity ring-down method involves keeping the probe on resonance with the cavity, and
subsequently abruptly shutting the probe light off as quickly as possible. Once the probe
light has been switched off, it is possible to detect the decay of the intra-cavity power by
monitoring the transmitted light. The cavity ring-down technique is mostly utilised in
atomic physics to increase the sensitivity of absorption measurements on atomic samples
inside a high finesse cavity[91, 92]; however, here we are only concerned with measuring
absorption and losses from the cavity mirrors.

This method is superior to the direct spectroscopy sideband method described previously,
since the ring-down time is independent of the probe laser linewidth. However, this
method requires locking electronics and a sufficiently high cavity finesse (or a sufficiently
high-bandwidth detection system) to capture the decay. Due to the lower finesse for the p-
polarisation, it was only possible to take ring-down measurements for the s-polarisation.
This technique also requires a fast method of light switching, which most mechanical
shutters are much too slow for, and so AOM switching must be used.

The decay time of the transmitted intensity relates directly to the field decay rate x,

I(t) = Ipe ", (6.1)

where x has been written with units of angular frequency.

All locks in the cavity laser system were enabled, which maintained zero detuning between
the cavity resonance and the 770 nm probe frequency. The probe light was pulsed on and
off using the double-passed AOM (DPAOM2, Figure 5.11) which has a switching time
of around 50 ns. Using a Thorlabs APD110A /M with bandwidth 50 MHz, the ring-down
was measured and is shown in Figure 6.2. The data were fit, neglecting data close to the
switch-off point, which was skewed due to the AOM switching. Note that an advantage
of our laser system is that the system can remain locked whilst the 770 nm probe light is
being switched.

A set of four decay curves were fit using Matlab, yielding an average measurement of k =
27-(920430) kHz, where the error is the standard error. The linewidth measurement from
this method is slightly narrower than the width measured from the cavity spectroscopy
method, but both measurements are within error of one-another.
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Figure 6.2: Cavity ring-down measurement. The light is switched off around 0.15ps
using the probe DPAOM. The black line shows the fit to decay curve. Data around the
switch-off point has been ignored during the fit.

6.2 Cavity Mode Volume

From Equation 2.7, it can be seen that the coupling between the atoms and cavity depend
on the volume of the cavity mode.

The mode volume can be calculated by
L2
v L.
where E,,, is the Hermite-Gaussian electric field function from Equation 5.10 and L is
the round-trip cavity length. For the TEM (0,0) mode, this becomes,

SN //Xp{ (ngzﬁw;(z))}dfdyd% (6:3)

2
ww,y(z) = wo, ,\/ 1+ (z/szyy) and 2Ry, = Ww(%z’y/)\.

Brn(@ y, ) dx dy dz, (6.2)

where

It can be seen that in order to complete this calculation, a value of L and the cavity

waists wp, , are required.
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The most straight-forward way to measure the cavity length would be to accurately
measure the free spectral range (FSR) frequency, and deduce the length by taking the
inverse multiplied by the speed of light. The precision of this method can be improved
by using two different wavelengths [93, 94]. However, since the FSR is relatively large
in this experiment, it is difficult to accurately measure the FSR without suffering from
nonlinear effects from either the laser scan or the cavity scan. Instead, the transverse
mode spacing was used to measure the length. From Equation 5.20, we saw that the
frequencies of the transverse modes are dependent on the focal properties of the cavity.
By measuring the frequency spacing between the transverse modes, the cavity length L
and mode waists wy, , were obtained.

6.2.1 Measurement of Transverse Mode Splitting

Using the 770 nm light in the s-polarisation, the cavity was deliberately misaligned in
order to excite several high-order TEM modes. Using the beam profiler, several modes
were identified. A close-up of a group of these modes is displayed in Figure 6.3, whilst
the full free spectral range of the misaligned cavity is shown in Figure 6.4.
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Figure 6.3: A group of closely-spaced TEM modes (m,n) for s-polarisation (left) and p-
polarisation (right) for 770 nm light. To deduce frequency splitting, the data (red lines)
are fit to a sum of Lorentzians (black lines). Longitudinal mode numbers have been
ignored.
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It can be seen that the modes appear in groups of (m,n), (m+1,n+1), (m+2,n+2). These
modes are only spaced by around 10 MHz and are easy to measure without distortion
arising due to nonlinear effects from the laser or cavity scan. It is possible to measure the
spacing using the sideband method discussed in Section 6.1.1; however, if many modes
are in the vicinity of interest, the sideband method becomes difficult due to the fitting of
many overlapping Lorentzians. In this case, the D; spectroscopy (shown in Figure 5.14)
can be used. The hyperfine splitting of the the Dy line of **K is 55 MHz [95] and is easily
resolvable with the Doppler-free saturated absorption spectroscopy.

Using a combination of both measurement techniques, several consecutive spacings were
measured, and are displayed on Table 6.1. Using these measurements with Equation 5.21,
and using a radius of curvature of (10.00 4 0.05)cm (as specified by the manufacturer), L
was deduced to be (9.5140.12)cm. This is slightly shorter than the intended design length
of 9.66 cm, most likely due to errors when gluing the side mirrors onto the vee-grooves.

n) Measured Spacing (MHz)
1) 104+03
3) 10.1£0.3
6) 10.5+ 0.3
,8) 9.1+0.2
2)
19
3)
1)

9.1£0.3
10.1£0.3
10.1£0.3
9.1+£0.3

Table 6.1: Measurements of frequency spacing between consecutive (m,n) to (m+1,n+1)
modes.

After L was obtained from the small spacings between the consecutive modes, measured
values for larger mode spacings (with larger errors) were compared to the theoretical
values and are shown in Table 6.2. It can be seen that there is good agreement, suggesting
that the cavity length has been reliably estimated.

The spectra for the p-polarisation and 852 nm light were also partially analysed, and as
expected, no differences in spacings were found between the different polarisations and
wavelengths. Due to the narrower linewidth, it was much easier to resolve separate modes
using the s-polarisation, and the 770 nm light was more useful due to the availability of
the Dy potassium spectrum.
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Modes (m,n) Measured Spacing (MHz) | Estimated Spacing (MHz)
(0,0) to (0,2) 1237 + 37 1241
(0,0) to (0,1) 613 + 6 620
(0,2) to (2,0) 663 + 20 688
(0,2) to (3,0) 83 + 3 78
(0,4) to (1,0) 64 + 2 58
(0,5) to (0,0) 64 + 2 48
(0,6) to (4,0) 142 £ 4 135
(0,7) to (0,2) 55 + 2 48
(1,0) to (0,0) 602 + 18 611

Table 6.2: Measured values of frequency spacing between larger-spaced modes, compared
to estimated spacings obtained using calculated cavity length.

6.2.2 Mode Structure of the Cavity Spectrum

From Section 5.1.6, the resonance condition was found to be

1 L 1 L
Vmn,g = %{ (m + 5) cost (1 — R_) + (n + 5) cos ! (1 — E) + Omr + 271'(]}a
x Y

(6.4)
where vpgr is the free spectral range (in Hertz), ¢ is the longitudinal mode number, R,
and R, are the effective radii of curvature of the central mirror in the x and y directions,
and ¢,,ps is the phase shift due to the mirror reflections. As described in Section 5.1.3,
¢mn can be ignored for cavities with an even number of mirrors M, however it cannot
be ignored for our cavity. This phase shift ¢,,5s is equal to 0 when the transverse mode
number m is even, and equal to m when m is odd. It should be noted that ¢,,,s does
not depend on the transverse mode number n. This information will now be used to
understand the mode structure of the cavity spectrum in Figure 6.4.

From Figure 6.4, it can be seen that that the (0,n) modes increase in frequency from the
(0,0) mode. The spacing between (0,n) and (0,n + 1) is a fixed amount corresponding

to .
_ Vpsr -1 ( )
Vmmnt1,g = Vmmn,g = COs I——=1. (65)
a T orm Ry
Now considering the (m,0) modes, the spacing between (m,0) and (m + 1,0) is
v _ L v
Vini1mg — Vg = % cos™! (1 — R_x) + FZSR, (6.6)
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where the mode spacing Vi, 4119 — Vmmn,g 1S an additional vegs/2 when measuring from
an odd value of m + 1 to an even value m, but vpgs /2 less when measuring from an even
value of m + 1 to an odd value of m. This is counter-intuitive and theoretical values of
mode spacing between (0,0) and the (0,n) and (m,0) modes are given in Table 6.3.

m Shift /vpsr n Shift /vpsr
0 0.00 0 0.00
1 0.81 1 0.20
2 0.61 2 0.39
3 1.42 3 0.59
4 1.22 4 0.79
5) 2.03 5) 0.98
6 1.84 6 1.18

Table 6.3: Frequency shifts of (m,0) and (0,n) with respect to the (0,0) mode.

Hence, whilst it may initially appear from Figure 6.4 that the (m,0) modes decrease in
frequency from the (0,0) mode in fixed steps (in a manner which mirrors the behavior of
the (0,n) modes), this is definitely not the case. The phase shifts due to mirror reflections
shuffle the order of the (m,0,¢) modes such that their order for each longitudinal mode
q becomes m = 0,2,1,4,3, and so on. Coincidentally, this appears as 4,3,2,1,0 when
overlapped with other longitudinal modes in the cavity transmission spectrum.

6.2.3 Deducing the Cavity Mode Volume

Using the ABCD matrix calculation from Section 5.1.5, and the cavity length measure-
ment L = (9.51 £ 0.12)cm obtained in the previous section, the waists were determined
to be wp, = (90.2+ 1.1)pm and wp, = (128.0 £ 0.8)pm. From Equation 6.3, this yields a
cavity mode volume for the (0,0) mode of V' = (2.40 £ 0.07)mm?.

el e
9= 2h€0V’ (67)

the single atom, single photon atom-cavity coupling rate was calculated to be g = 27 -
(91.5 + 1.2)kHz.

Using these values to calculate g,
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6.3 Estimating the R and T Coefficients

It has been assumed repeatedly in the theory sections of this thesis that the cavity
probe beam is ‘weak’. In order to deduce the intra-cavity power, the transmission and
reflectivity coefficients of the mirrors were deduced.

Using a photodiode placed before the APD fibre, the input light was mode-matched and
aligned into the cavity as best as possible. The transmission spectrum was fit(shown in
Figure 6.5), and by comparing peak intensities it was deduced that 80.2% of the 770 nm
light was exciting the TEM; o mode of the cavity.
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Figure 6.5: A mode-matched free spectral range of the cavity. The data (black line) were
fit (red line) to deduce that 80.2% of the incident light excites the TEM; mode (large
peaks at 0 and 3.15 GHz).

Prior to locking, the current modulation for the 770 nm was turned on, which reduced
the carrier intensity to 82.8%, which was deduced by fitting. This intensity was further
reduced to 88.1% due to the short-pass filter, placed after the cavity. Once the laser
system and cavity were locked, the transmitted TEM,, carrier power after the short-
pass filter was 24.1% of the total incident power. Correcting for the reductions due
to imperfect mode-matching, the modulation and the filter, the transmission becomes
41.1%. The total reflected power was deduced in a similar manner to be 2.29%.

Repeated measurements yielded reflected and transmitted fractions of (2.8 +0.7)% and
(40.3 + 0.8)%. With the finesse from the ring-down measurement, there are a total of
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three measurements. There are also three parameters we wish to deduce: the reflectivity
coefficient of the side mirrors, the reflectivity coefficient of the central mirror, and the
transmission coefficient of the side mirrors. The distribution of losses for the central
mirror (between transmission or absorption) do not affect the three measurements made
here. Since the side mirrors were coated in the same batch and are used with the same
angle of incidence, it was assumed that the transmission and reflection coefficients for
the side mirrors are identical. Using the theory outlined in Section 5.1.1, the parameters
were deduced to be within the nominal ranges from the manufacturer (Layertek, batch
no. C213A051), and are summarised in Table 6.4.

Parameter | Measured Value (%) | Nominal Value (%)
Ry 5 (sides) 99.848 £ 0.003 99.86 £ 0.02
R (central) 99.938 £ 0.007 99.96 £ 0.02
Ty 5 (sides) 0.116 4+ 0.001 not specified

Table 6.4: Transmission and reflection coefficients for the mirrors of the cavity.

Using these coefficients, it was estimated that for a cavity probe with incident power
1nW, that the intra-cavity photon number is roughly 500.



CHAPTER 7

Collective Strong Coupling

In previous chapters, it has been shown how our system can be used to create a cloud
of cold potassium atoms. The characterisation of the optical ring cavity has also been
discussed, where the cavity loss rate and volume of the TEM;, mode were deduced.
In this chapter, we bring the two systems together and demonstrate that we have an
atom-cavity system.

7.1 Predicting the Rabi Frequency

Using the techniques described earlier it was deduced that on the day the following results
were taken, the total number of atoms in the 3D MOT was (1.86 4 0.07) x 10° with an
estimated N = (2.30 4 0.04) x 10* atoms overlapping with the cavity mode. It should
be noted that the following data were collected shortly after a period of hiatus for the
experiment - the pressure in the vacuum chambers had dropped lower than their usual
values and thus the number of atoms here are small compared to the usual atom numbers
seen in this experiment. As will be discussed in the next chapter, this atom number has
since returned to its usual values.

The effective number of atoms [96] is given by Nesr = N - (5/18) , where the factor of
5/18 is the average relative strengths for all F' = 1 <» F’ = 2 transitions. The mode
volume deduced in the previous section was found to be (2.40 4 0.07)mm?® and the single
atom Rabi frequency ¢ has been calculated to be (91.5 + 1.2)kHz. Bringing all of this
together, the estimated Rabi frequency G = v/Ng for this number of atoms is expected
to be around (7.31 £ 0.16)MHz.

7.2 Demonstration of Collective Strong Coupling

To detect normal-mode splitting and the avoided crossing due to the atom-cavity interac-
tion, the resonant frequency of the cavity w. as well as the frequency of the cavity probe

96
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beam w, must be swept across the atomic resonance w,, and thus two parameters must
be varied: the cavity-atom and probe-atom detunings, A., = w, —w, and A, = w, — w,.
As described in Section 5.3, our laser system has been designed to allow us to control
both of these detunings.

Using the computer control system (described in Appendix A), the cavity length was
set to a particular value of A., and a MOT was loaded into the cavity mode. Once
the MOT was loaded, the repump beam was turned off for a period of 100 ps using the
repump DPAOM, in order to pump the atoms into the F' = 1 ground state. The cooling
beam was then also turned off for a period of 100ps. During this period, the cavity
probe beam was turned on and scanned across a frequency range of A,,, and the cavity
transmission was detected. Once the probe scan had completed, the MOT beams were
turned back on and the MOT was reestablished. As described in Section 4.4.3, the change
in line density along the cavity mode due to thermal expansion during this scan period
is believed to be small.

Due to the low intensity of the probe beam (1nW at the input), the cavity transmission
signal is small with respect to the electrical noise, and so the probe scan was repeated
eight times at (a rate of 5Hz) and averaged to improve the clarity of the signal. The
cavity detuning was then stepped to a different value of A,,, and the measurement was
repeated. Using this sequence, normal-mode splitting was observed, and the data are
shown and Figure 7.1. A single slice corresponding to A., = 0 is shown in Figure 7.2.
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Figure 7.1: Two-dimensional data showing the transmission of the cavity with and with-
out atoms present. The black and white scale shows the intensity of the cavity transmis-
sion, the blue line shows the fit to the bare cavity, and the red lines show the fit to the
atom-cavity system. The faint grey lines in (a) are the sidebands from the laser current
modulation.
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Figure 7.2: Normalised transmission of the cavity at A., = 0 with and without atoms
present. The light blue and bright blue lines show the data and fit for the bare cavity,
and the dark red and bright red lines show the data and fit when atoms are present. In
these traces, the oscilloscope was set to average over 64 shots.

Three sets of results were fit using Equation 2.20 to give a collective coupling rate of
G = (6.25 + 0.50)MHz, where the error is given by the standard error. This is slightly
smaller than the predicted rate of (7.31 & 0.16)MHz for this number of atoms. A likely
reason for this discrepancy is incorrect overlap between the 3D MOT and the cavity mode.
Although the 3D MOT position had been roughly optimised by moving the magnetic field
zero, and by making small tweaks to the MOT beam alignment in order to maximise the
splitting, it is possible that the MOT position required further optimisation.

7.3 Concluding Statements

Figures 7.1 and 7.2 show that collective strong coupling between the atoms and the
optical ring cavity has been successfully achieved in this experiment. Although collective
strong coupling between atoms and cavities has been demonstrated previously by many
experiments, we believe this is the first experiment to demonstrate strong coupling using
potassium [19]. Not only has this effect been seen, but the use of a 2D MOT as an
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atom source has allowed us to maintain low pressure in the 3D MOT chamber and thus
maintain a high cavity finesse for extended operation.

The next aim of this experiment is to modify the group refractive index of the atoms
within the MOT using nonlinear optical techniques such as electromagnetically-induced
transparency (EIT). As described earlier, such techniques require coherent control beams
and hence this is where potassium is advantageous, since the narrow ground state splitting
allows us to create coherent control beams easily using only acousto-optical modulators,
allowing us to circumvent more complex injection-locking techniques.

Whilst other experiments have already demonstrated a controllable group index inside an
optical cavity with cold atoms, the field remains relatively unexplored with applications in
active atomic clocks and enhanced-sensitivity laser ring gyroscopes [12, 13, 97, 98]. Note
that other experiments using standard linear cavities are unable to explore enhanced-
sensitivity ring gyroscopes, and hence this is an attractive avenue of exploration in the
long-term future of this experiment.



CHAPTER 8

Current Status and Outlook

This thesis has described the setup, optimisation and characterisation of a system which
demonstrates collective strong coupling between potassium atoms and an optical ring
cavity. Since my departure from the laboratory, the intra-cavity atom number has been
increased from 4.7 x 10® to 4.9 x 10%, and the collective Rabi frequency G has been
increased from 27 x 6.25MHz to 27 x 20MHz. This was achieved after replacing the
elongated rectangular 3D MOT coils with a pair of circular anti-Helmholtz style coils.

The elongated coils were replaced for several reasons; partially due to the significant
thermal damage incurred by two of the four coils, partially due to the more stringent
cavity-MOT alignment requirements when working with an elongated MOT, and partially
due to concerns that the cloud temperature was too high to observe electromagnetically-
induced transparency (EIT, which is currently the next major goal in the experiment) due
to thermal decoherence effects. Since my departure, the 3D MOT temperature has been
reduced to around 150 pK by using the computer control to quickly jump the detuning of
the MOT beams. This temperature is still above the Doppler temperature, and could still
be reduced further using sub-Doppler cooling methods [99, 100, 101]. Although further
reduction in temperature is possible, it is likely unnecessary, since the decoherence rate
due to Doppler broadening at this temperature should small (~ 100 kHz) and is unlikely
to limit the EIT effect.

In search of the intra-cavity EIT, we can be confident that the laser system is operating
correctly since we have observed EIT in a vapour cell [18]. In this case, the probe beam
and coupling beam were co-propagating, and were therefore addressing the same atomic
velocity class, removing the effects of Doppler shifts. In the atom-cavity setup however,
the EIT coupling beam is perpendicular to the probe beam, and so this is not necessarily
the case, although, as described in the previous paragraph, the Doppler shift should be
negligibly small.

A more likely reason for the absence of the EIT effect is the presence of the magnetic field
produced by the anti-Helmholtz coils. Across the cloud, the maximum Zeeman splitting is
roughly estimated to be ~ 0.4 MHz, which could lead to significant decoherence and so the
magnetic field may need to be turned off prior to the cavity probing interval. Turning off

100
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the field introduces its own problems however, such as eddy currents, vibrations causing
the cavity length to change, and since there is no proper Earth-field compensation system,
atoms are blown out of the MOT region during the magnetic field switch-off.

Although the experiment is not currently demonstrating intra-cavity EIT, we can still
consider the theoretical spectrum. In Figure 8.1, the cavity transmission is plotted with
and without the EIT coupling beam using the parameters for this experiment where
G = 20MHz. It can be seen that not only does the transparency window appear, but
also the separation between the peaks from the normal-mode splitting is increased slightly.
Preliminary experiments do indeed show an increase in the separation of these peaks when
the coupling beam is turned on, however no EIT window has been seen.

0.8f

0.6

Normalised Cavity Transmission

A

0
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Figure 8.1: Theoretically predicted transmission of the cavity obtained from Equation
2.55. The black line shows the cavity transmission when no atoms are present (G = 0).
The blue line shows the transmission for G = 27 x 20 MHz and with no EIT coupling
beam (§2. = 0). The red and green lines then show the cavity transmission when the EIT
coupling light is turned on (£2. = 27 x 13.3 MHz), for decoherence rate 7ygepn = 0 and
1 MHz respectively. In all traces, k = 27 x 0.92 MHz and v = 27 x 2.98 MHz.

Once the EIT transmission window is observed in the cavity, we wish to demonstrate

the modification of the group index by measuring the modified cavity ring-down time
98, 102, 103].
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