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Abstract

We present experimental studies of quantum optics with 87Rb vapour in the
hyperfine Paschen-Back (HFPB) regime. We use a 0.6 T magnet to enter the
HFPB regime, where, for Rb, the atomic transitions are separated by more
than their Doppler width. This allows us to create clean 3- or 4-levels systems,
which we model simply and effectively by solving the Lindblad master equa-
tion. We study electromagnetically induced transparency in a V configuration
in the HFPB, where we see large, clean absorption and corresponding trans-
mission features. We model the system, and use the model to understand the
role of coherence in the features seen. We carry out seeded four-wave mixing
in a double ladder scheme (5S1/2–5P3/2–5D5/2), both in and out of the HFPB
regime, and compare the two regimes. The simplicity of the system in the
HFPB regime allows us to model the system to understand the features we
see in the experimental spectra. We convert our seeded FWM into spontan-
eous FWM, which we use to produce pairs of heralded single photons. We
find the zero-field regime to be more efficient for the production of these pairs,
and measure g(2)(0) = 0.25 ± 0.02, demonstrating that this is a single photon
source. Throughout, we make use of lens cavity etalon filters, which we com-
mission, characterise and compare to atomic line filters. We investigate fine
structure changing collisions, which transfer atoms between 5P states, and
can be a significant source of noise for quantum optics experiments in thermal
vapours. We deduce that these are Rb-buffer gas collisions, measure the spec-
tra of the fluorescence produced after a collision, and use the resolved spectra
of the HFPB regime to determine that the nuclear spin magnetic quantum
number, mI , is preserved in these collisions.

Supervisors: Ifan Hughes and Kevin Weatherill
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Chapter 1
Introduction

1.1 Alkali metal thermal vapours

In this thesis we will primarily investigate nonlinear optical effects in thermal ru-
bidium (Rb) vapour. Rb is an alkali metal atom, meaning it lies in Group I in the
periodic table, and has one electron it its outer shell: one valence electron. This
means it has a simple electronic structure, similar to that of hydrogen [3], which
makes it a good choice of atom to work with to develop our understanding of the
fundamentals of atom-light interactions.

Alkali metals at room temperature are of metallic form, so can be easily stored
in glass vacuum cells, which we heat to transfer some atoms to the vapour form.
We work with Rb atoms in a thermal vapour, at around 100 °C. The number
density of atoms in the vapour increases close to exponentially with increasing
temperature, meaning we can achieve a number density change of three orders
of magnitude with a temperature change of 100 °C [4], and high optical densities
can be produced with ease. This makes working with thermal vapours relatively
straightforward compared to working with cold atoms, which require a vacuum
chamber setup with complex laser systems to cool and trap atoms.

Thermal vapours were the platform used to first demonstrate many staple ex-
perimental atomic physics techniques, such as coherent population trapping [5],
electromagnetically induced transparency [6] and slow light [7]. Many important
experimental breakthroughs were also demonstrated in thermal vapours, such as:
a quantum memory for light [8, 9]; realising fluids of light [10, 11], orbital an-
gular momentum transfer [12, 13], and coherent frequency up-conversion [14, 15].
Thermal vapours have also been used for a wide range of applications, including
spectroscopy [16, 17], terahertz imaging [18], chip scale atomic clocks [19], brain
sensors [20], and even for bovine magnetometry [21].

1



1.2. Nonlinear optics

One disadvantage of using thermal vapours is the atomic motion. All the atoms in
the vapour are constantly moving with a range of velocities given by the Maxwell-
Boltzmann distribution. Due to the Doppler effect, the frequency of light in the
laboratory frame which is resonant with a moving atom is shifted proportional
to the atom’s velocity [4]. This causes broadening of absorption features, which
exceed the splitting of the transition frequencies. A solution to this is to work in
a large magnetic field, as we will discuss later in this chapter, and demonstrate in
the rest of this thesis. The motion also means that atoms spend only short times
in the laser beam, leading to decoherence [22]. This effect can be reduced by using
larger beams, and can be accounted for in modelling [1].

1.2 Nonlinear optics

Nonlinear optical effects occur in materials where the polarisation responds non-
linearly to the electric field of light incident upon it, causing the medium to gain
frequency components which were not present in the incident light [23]. These
components then act as sources of new light frequencies [24]. Thermal vapours
have been used extensively to explore nonlinear optical effects, including electro-
magnetically induced transparency [25, 26, 27, 28, 29], which has in turn been
applied to develop magnetometers [30, 31] and atomic clocks [32], and four-wave-
mixing [33, 34, 12, 35]. Nonlinear atomic systems are promising areas for the devel-
opment of fields such as quantum information, and have been shown to be suitable
platforms for single photon generation [36, 37, 38] and quantum memories [39, 40].

1.3 Large magnetic field

We will briefly discuss the energy scales relevant to atom-light interactions of alkali
atoms. Fig 1.1 shows the energy level structure of the ground (5S) and first excited
(5P) states in 87Rb. This gross structure, shown on the left, is the highest occupied
electron orbital. Fine structure, due to the interaction between electron angular
momentum and electron spin, is shown in the middle of the diagram. Hyperfine
structure, shown on the right, is due to the interaction between the electron spin
and angular momentum combination, and the nuclear spin. As shown in the dia-
gram, they hyperfine splittings in the excited states are 100s MHz. This means that
several of the transitions we excite have frequencies which are closer together than
the Doppler width. Therefore we don’t excite an individual transition but rather
several at the same time, which this makes the system more difficult to understand
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1.4. Motivation

Figure 1.1: Diagram showing the energy level structure of the ground and first
excited state of 87Rb, showing fine and hyperfine structure splitting.

and model [41]. Each hyperfine energy level also contains many states which are
degenerate (have the same energy) when there is no applied magnetic field.

Placing atoms in a magnetic field causes the energy of their states, and therefore the
frequency of the light which excites transitions between those states, to shift [42].
This change in energy of a state due to the magnetic field is known as the ‘Zeeman
shift’. By appling a large magnetic field to our atoms we can use this effect to
overcome the problem of exciting multiple close lying transitions at once. Many of
the experiments described in this thesis are carried out in a 0.6 T magnetic field.
This puts us in the hyperfine Paschen-Back regime [4], which is a regime where
the Zeeman shifts exceed the hyperfine splitting. For Rb, it happens that in this
regime all the transitions are separated by more than their Doppler width, so can
be excited individually. This allows us so isolate clean energy level systems, such
the 3- and 4-level systems we will use for V-EIT and four-wave mixing in Chapters 4
and 7, which can then be modelled relatively simply [25, 43, 1].

1.4 Motivation

The main aim of this investigation is to study nonlinear optical effects in Rb vapour,
using the hyperfine Paschen-Back (HFPB) regime to simplify the atomic systems,
and to allow us to model them effectively. We study the nonlinear process of EIT in
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1.5. Thesis structure

a V configuration, using the HFPB regime to model the system, and to understand
the role of coherence in the features seen. We also carry out seeded four-wave
mixing in a double ladder scheme (5S1/2–5P3/2–5D5/2), both in and out of the
HFPB regime and compare the effectiveness of the two schemes. The simplicity of
the system in the HFPB regime allows us to model the system and understand the
features we see in the spectra produced. Primarily, we study FWM with the aim
of producing a single photon source, which we do by converting our seeded FWM
setup to a spontaneous one, which produces pairs of heralded single photons. We
find the zero-field regime to be more efficient for the production of these pairs, and
measure g(2)(0) = 0.25 ± 0.02, demonstrating that this is a single photon source.
We also investigate fine structure changing collisions, which transfer atoms between
5P states, and was previously found to be a significant source of noise in a FWM
experiment in thermal Rb vapour [44]. We deduce that these are Rb-buffer gas
collisions, measure the spectra of the fluorescence produced after a collision, and
use the resolved spectra of the HFPB regime to determine that the nuclear spin
magnetic quantum number, mI is preserved in these collisions. To do this, we make
use of a lens cavity etalon filter, which we commission and characterise.

1.5 Thesis structure

The remainder of this thesis is made up of a short chapter each on theory and ex-
perimental details, followed by four main results chapters, then a summary chapter.
Each results chapter is self-contained, and includes its own, more specific, introduc-
tion and theory sections. A summary of the contents of each chapter is presented
below.

Chapter 2: Theory. In this chapter we cover some of the theory relevant to the
whole thesis. We cover the interaction of a hypothetical 2-level atom with light,
and introduce the Lindblad master equation to model this system. We explain how
the refractive index of a medium is calculated and how this leads to the absorption
spectra that we measure. Finally we discuss how the atomic energy levels are
affected by the presence of a magnetic field, and introduce the hyperfine Paschen-
Back regime, which we reach by application of a large magnetic field.

Chapter 3: Experimental details. This short chapter covers some of the exper-
imental details relevant to the whole thesis, including a description of the vapour
cells and magnets used, and explains how the lasers are frequency stabilised.

Chapter 4: Electromagnetically induced transparency in a V-type sys-
tem. This chapter contains an investigation into V-EIT in 87Rb in the hyperfine
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1.5. Thesis structure

Paschen-Back regime. We demonstrate clean induced transmission and absorption
features and present a model which shows good qualitative agreement with the
experimental results.

Chapter 5: Narrowband spectral filtering techniques. We present an etalon
lens cavity filter design, which we have built and characterised. We compare this
to an atomic filter, discussing the advantages of each filter type.

Chapter 6: Collisional Transfer. We investigate fine structure changing col-
lisions which we observe in our thermal 87Rb vapour; we put in light on the D2
transition, and get light out on the D1 transition, and vice versa. We posit that this
is due to collisions with buffer gas atoms. We analyse the spectral characteristics
of the fluorescence produced, and find that the collisions conserve the nuclear spin
quantum number.

Chapter 7: Four Wave Mixing. We implement a four-wave mixing setup in a
double ladder scheme in 87Rb. We investigate the effect of changing the intermedi-
ate level detuning, where we see a broad FWM feature when we detune out of the
absorption feature. We then use our system as a heralded single photon source,
and measure a dip in g2(τ), showing that our source produces single photons.

Chapter 8: Summary and Outlook. This chapter summarises the thesis, and
presents some thoughts on further related study.
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Chapter 2
Theory

This chapter will cover some theory that is relevant to the whole thesis. More
theory will be presented as necessary, and in greater detail, in individual chapters.

2.1 Atom light interactions

Most of the work in this thesis depends on the interaction between atoms and
light. Here we will present a brief description of the semi-classical model we use
to describe these interactions, and apply this model to a two-level atom. A more
detailed description can be found elsewhere, e.g. [45, 46]. In Chapter 4 we will
extend this model to a 3-level system, and in Chapter 7 to a 4-level system.

We begin by describing the interaction between a coherent light field and a hypo-
thetical two level atom. The energy level diagram for this interaction is pictured
in Fig 2.1. The atom has a ground state, (|g⟩) with energy Eg, and an excited
state (|e⟩) with energy Ee, which have an energy gap Ee − Eg = h̄ω0, where ω0 is
the angular resonance frequency of the transition. The driving field frequency, ω,
can be detuned from the resonance frequency by ∆, where ∆ = ω − ω0. Atoms in
the excited state spontaneously decay to the ground state at rate Γ = 1/τ , where
τ is the lifetime of the excited state. The system can be describe by a density
matrix [47], given by

ρ̂ =
(

ρgg ρge

ρeg ρee

)
. (2.1)

The diagonal terms, ρaa, represent the population of state a, and the off diagonal
terms, ρab, represent the coherences between states a and b. This matrix generalises
such that an n-level system can be described by an n x n density matrix.

The incident optical field can be considered a plane wave of frequency ω and
wavenumber k = 2π/λ, which propagates along z, and has electric field E⃗ =
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2.1. Atom light interactions

Δ

Γ
ω

|e⟩

|g⟩
Figure 2.1: Basic diagram of a hypothetical 2-level atom interacting with a light
field. The ground (|g⟩) and excited (|e⟩) states are coupled by an optical field with
angular frequency ω which is detuned from the atomic resonance by ∆. Spontan-
eous decay from the excited state happens at rate Γ.

ϵ⃗E0 cos (kz − ωt). ϵ⃗ is the polarisation vector, E0 the electric field amplitude and
t is time. Under the dipole approximation [48], which is valid because the spatial
extent of the atomic wavefunctions are much smaller than the wavelength of the
light, this becomes

E⃗ = ϵ⃗E0 cos (ωt) = ϵ⃗E0
2 (eiωt + e−iωt). (2.2)

The atom-field interaction can be described by the Hamiltonian

Ĥint = −d̂ · E⃗, (2.3)

where

d̂ =
(

0 d⃗ge

d⃗ge 0

)
, (2.4)

and d⃗ab = −⟨a|er⃗|b⟩ are the dipole matrix elements, e is the electron charge and r⃗

is the displacement vector.

The Hamiltonian evolves in time according to the von Neumann equation [46], as
dρ̂

dt
= − i

h̄
[Ĥ, ρ̂]. (2.5)

Here, the total Hamiltonian, Ĥ = Ĥ0 + Ĥint is the sum of the interaction Hamilto-
nian from Eqn 2.3 and the unperturbed atomic Hamiltonian given by

Ĥ =
(

E⃗g 0
0 E⃗g

)
. (2.6)

It is useful to now transform into a rotating frame, which oscillates at the driving
field frequency, using the unitary operator

Û =
(

e−iEg/h̄t 0
0 e−iEg/h̄te−iωt

)
. (2.7)
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2.2. Absorption spectra

This shifts the energy scale to make the ground state zero. We now have a trans-
formed density matrix [49]

ρ̃ = Û †ρ̂Û =
(

ρgg ρgee−iωt

ρegeiωt ρee

)
, (2.8)

where we are now using a tilde to show that we are in the transformed frame. The
transformed Hamiltonian is

H̃ = Û †ĤÛ − ih̄Û † dÛ

dt
= 1

2

(
0 d⃗ge · ϵ⃗E0[1 + e−2iωt]

d⃗eg · ϵ⃗E0[1 + e+2iωt] 2[Ee − Eg − h̄ω]

)
. (2.9)

We then use the rotating wave approximation to neglect the rapidly oscillating
terms in the off-diagonal elements as their time dependence averages out on the
much slower timescale of the atomic population evolution. We can use the definition
of the Rabi frequency, Ω = d⃗ge · ϵ⃗E0/h̄, and the detuning, ∆ = ω − ω0, to write a
time-independent Hamiltonian

H̃RWA = h̄

2

(
0 Ω

Ω∗ −2∆

)
. (2.10)

The von Neumann equation, presented in Eqn 2.5 describes the closed system evol-
ution between the two atomic states and the driving field. However, in reality
the system also couples to the environment via spontaneous emission, which in-
troduces decoherence. We add this process to our model by the introduction of a
new term, L̂, the Lindblad dissipator into our equation, to produce the Lindblad
master equation [6]:

dρ̂

dt
= − i

h̄
[Ĥ, ρ̂] + L̂. (2.11)

Here L̂ is given by

L̂ =
∑

n

1
2[2Ĉnρ̂Ĉn

† − (ρ̂Ĉn
†
Ĉn + ĈnĈn

†
ρ̂)], (2.12)

which is a sum over all decay modes, n, where Ĉn = √
γnÂn are collapse operators

and Ân are operators which couple the environment to the system with rate γn.
For the two level atom this means Ĉ =

√
Γ|g⟩⟨e|. Other processes which transfer

atoms between states, such as collisions can be included in the model by including
their rate in γn.

2.2 Absorption spectra

Much of the work in this thesis involves absorption spectroscopy: that is monitoring
the transmission of a laser beam through an atomic medium as the optical frequency
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2.3. Lineshapes and Doppler broadening

is scanned. In order to model these spectra we must relate the coherences of our
density matrix, ρeg, to the macroscopic properties of the medium made up of many
atoms. We do this via the polarisation of the medium which can be written as [50]

P⃗ = N⟨d̂⟩ = Tr[ρ̂d̂]N = N(d⃗geρege−iωt + c.c.), (2.13)

where N is the number density of dipoles, ⟨d̂⟩ the average dipole moment and c.c.
the complex conjugate. The polarisation can also be written as [24]

P⃗ = ϵ0χ(ω)E⃗ = 1
2ϵ0E⃗(χe−iωt + c.c.), (2.14)

where χ is the electric susceptibility of the medium, which is a frequency dependent
complex number and ϵ0 is the vacuum permittivity. Using Eqns 2.13 and 2.14 and
the definition of Rabi frequency we can write χ in terms of ρeg

χ(ω) = −
2Nd2

ge

ϵ0h̄Ωge
ρeg. (2.15)

The complex refractive index of the medium, n, is given by n =
√

1 + χ. In the
systems we use, |χ| << 1, so n ≈ 1 + χ/2. The imaginary part of the refractive
index nI is required to calculate the absorption of a medium, via the Beer Lambert
equation [4]

I = I0e−αl. (2.16)

Here I is the intensity after the medium, I0 is the incident intensity, l is the length
of the medium and the absorption coefficient α = 2knI.

The equations allow us to calculate the absorption of the medium for a particular
driving frequency. We calculate the absorption over a range of driving frequencies
to build up a spectrum, as we would see in an experiment.

2.3 Lineshapes and Doppler broadening

In the weak probe limit, where the driving Rabi frequency Ω → 0, we find from
solving Eqn 2.11 in the steady state that [45]

lim
Ω→0

ρeg

Ω = 1
2∆ + iΓ . (2.17)

This is the origin of the characteristic Lorentzian lineshape. For the 87Rb 780 nm
absorption lines, Γ/2π = 6 MHz [51] is the width of the Lorentzian component of
the lineshape. However this is not what we see when we measure an absorption
profile in the laboratory. That is because in this model so far, we have not included
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the motion of atoms. Due to the Doppler effect, moving atoms have a resonance
frequency which is shifted in the laboratory frame, by an amount proportional to
their velocity. This must be included in the model.

Thermal atoms moving in 3D have a Maxwell-Boltzmann velocity distribution.
However, their Doppler shift is determined by their velocity, vz, along the excitation
axis, which we usually chose to label as z. Along this axis the velocity distribution
f(vz) is a Gaussian given by [52]

f(vz) = e−v2
z/u2

u
√

π
, (2.18)

where u =
√

2kBT/m is the width of the distribution. T is the temperature, kB the
Boltzmann constant and m the atomic mass. We include this velocity distribution
in the model by including the Doppler shifted frequencies as detunings (the ∆ term
in Eqn 2.10), using ω′ = ω − kvz and setting ∆ → ∆ − kvz. The Lindblad master
equation, Eqn 2.11, is then solved for each velocity class, and the resulting density
matrices are weighted by the velocity distribution f(vz) and summed. In the two
level system, including atomic velocities results in a Gaussian component to the
absorption profile, which has Doppler width ωD = ku, and a full-width-at-half-
maximum at 75 °C of 580 MHz. This is approximately 100 times broader than the
natural linewidth.

The total lineshape is a convolution of its Lorentzian and Gaussian components.
The result of this convolution is known as a Voigt profile [4]. As a Lorentzian
distribution has much slower decaying wings than a Gaussian distribution, a Voigt
profile resembles a Gaussian at small detunings (∆ < ωD) and a Lorentzian at large
detunings (∆ > 1.5ωD) [53].

The width of the Lorentzian part of the lineshape, Γ is the sum of the natural
linewidth, Γ0, and another term, γc, which is present because of collisional decays
between states. γc increases linearly with atomic number density, N [54]. The
dependence of N on temperature is discussed in the next section. At a temperature
of ∼100 °C, γc ≈ Γ0 and the Lorenztian linewidth becomes 2Γ0.

2.4 Number density and temperature

The number density of the atomic vapour, N , is the number of atoms per unit
volume, and is required to calculate the electric susceptibility χ, as in Eqn 2.15.
The number density of Rb increases close to exponentially with temperature, so a
temperature change of a few degrees can lead to a doubling of number density [4].
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Figure 2.2: Relationship between temperature and Rb number density. Note that
the y-axis is plotted on a log scale.

In order to calculate the number density from the temperature (in Kelvin), we first
calculate the pressure p, (in atmospheres) using the empirical equation

log10(p[atm]) = A + B

T [K] + C log10(T [K]), (2.19)

where A = 8.316, B = −4275, C = −1.3102 for liquid Rb [55]. Rb has a melting
point of 39.5 °C [56], so for all our work Rb is in the liquid phase. The number
density is then calculated from the ideal gas equation

N = p

kBT
. (2.20)

Here p has units of Pa, and 1 atm = 101 325 Pa.

Fig 2.2 shows how the number density changes over a temperature range of 50–
150 °C, and we see that there is an increase of three orders of magnitude over this
range.

2.5 Atomic structure of Rb

We will now describe the energy level structure of 87Rb atoms, to a level necessary
for the subsequent chapters of this thesis. Natural abundance Rb is made up of
72.2% 85Rb and 27.8% 87Rb. However, all the work in this thesis is conducted
on isotopically enriched 87Rb vapour which is 98.2% 87Rb [57], in order to have
cleaner spectra with fewer transitions. Therefore the following theory will focus on
87Rb.
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2.5. Atomic structure of Rb

Figure 2.3: Energy level structure of 87Rb, including gross, fine and hyperfine
structure. The transitions at 780 nm, 795 nm and 776 nm which are predominantly
used in this thesis are labelled. Data from [58] and [59].
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2.5.1. The hyperfine Paschen-Back regime

87Rb has nuclear spin I = 3/2. Fig 2.3 is a schematic diagram of its energy
level structure. Rb has principal quantum number n = 5, so its gross structure,
pictured on the left of the diagram starts at 5S, which has electron orbital angular
momentum L⃗ = 0. We use standard notation where L⃗ is denoted by a letter,
with S,P,D,F... = 0, 1, 2, 3.... Moving to the centre of the diagram we see the fine
structure splitting, which arises from spin-orbit coupling, that is the interaction
between L⃗, and the electron spin, S⃗, which is always 1/2 for atoms with one valence
electron. These energy eigenstates have total angular momentum J⃗ = L⃗ + S⃗, and
have quantum numbers J = |L⃗+S⃗| and mJ , the projection of J⃗ onto a quantisation
axis defined by the magnetic field. Therefore, without a magnetic field all the
different mJ states are degenerate. For each J state, mJ takes all values from
−J to J which are separated by one (integer or half-integer, depending on J).
In our notation states are labelled as nLJ . Frequency splittings between states
are labelled in the figure; the 7 THz splitting between 5P1/2 and 5P3/2 will be of
particular importance in chapter 6.

Hyperfine structure, shown on the right of Fig 2.3, arises from the interaction
between the J⃗ and I⃗, the nuclear spin. The energy eigenstates have total angular
momentum F⃗ = I⃗ + J⃗ , and the good quantum numbers are now F = |I⃗ + J⃗ | and
mF , where mF is the projection of F⃗ onto a quantisation axis defined by a magnetic
field. F and mF remain good quantum numbers only when the applied magnetic
field is small. In the presence of a large magnetic field, as will be described in the
next section, we move into the hyperfine Paschen-Back regime where mI and mJ

become good quantum numbers.

2.5.1 The hyperfine Paschen-Back regime

When a magnetic field, B⃗ is applied, the atomic energy levels shift; this is known
as the Zeeman effect. This effect is a result of the coupling of the magnetic field to
the electron orbital motion, the electron spin and the nuclear spin. The interaction
is described by the Hamiltonian [48]

ĤZeeman = −µB
h̄

(
gLL⃗ + gSS⃗ + me

mp
gI I⃗

)
· B⃗. (2.21)

Here µB is the Bohr magneton, gL, gS and gI are the angluar momentum g-factors
and me and mp are the electron and proton masses, respectively. At small fields,
this interaction is weaker than the hyperfine interaction, so each hyperfine level, of
which there are (2F +1) mF levels are split symmetrically around E0, the zero field
energy. The energy level shift is proportional to B, and given by ∆E = gF mF µBB,
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2.5.1. The hyperfine Paschen-Back regime

where gF is the Lande g-factor for F [3]. This is the hyperfine linear regime, and
|F, mF ⟩ is a good basis.

As the magnetic field strength is increased, the coupling to the field becomes a sim-
ilar strength to the hyperfine interaction; this happens in a field of approximately
0.24 T for the 5S1/2 state. In this regime there are no good quantum numbers. At
larger fields, we reach a regime where the nuclear spin, I⃗, and spin-orbit angular
momentum, J⃗ , couple more strongly individually to the external field than to each
other, and so decouple. This is the hyperfine Paschen-Back (HFPB) regime, where
the Zeeman energy shift exceeds the hyperfine splitting. Now the energy levels
again shift linearly with magnetic field, according to

∆E = gJmJµBB, (2.22)

where gJ is the Lande g-factor for J . In this regime F and mF are no longer good
quantum numbers, instead we now use mJ and mI .

Figs 2.4 and 2.5 show theoretical absorption spectra on the D2 (780 nm) and D1
(795 nm) lines respectively, as B-field is increased. Panel a) is zero field, where F

and mF are good quantum numbers. The spectra look clean, however there are
many unresolved close lying transitions within each absorption feature. Panel b)
is at 0.1 T, the regime where there aren’t good quantum numbers, and the spectra
are messy. By panel c), at 0.3 T individual transitions are starting to resolve, but
there is still some overlap. In panel d), at our working magnetic field of 0.6 T, we
are very close to the hyperfine Paschen-Back regime where mI and mJ are now
good quantum numbers. When Rb is in this regime, the transitions happen to be
separated by more than their Dopper width, so individual transitions are resolved.

Figs 2.6 and 2.7 again show these 0.6 T spectra, and now we plot the energy levels
underneath to show which features arise from which transitions. In this regime
the states are grouped in sets of 4 levels, with a common mJ , with each state in
the set having a different mI . The mI and mJ states are labelled to the right.
The excited states are pure |mJ , mI⟩ states, while the 5S1/2 states, labelled in dark
blue, contain contributions from two different |mJ , mI⟩ states, split ∼ 98%:2%,
so mI and mJ are not yet perfect quantum numbers. This is because at 0.6 T
we have not fully moved to the mJ , mI basis for the ground states as there is
still some residual hyperfine mixing. Increasing the magnetic field strength further
would reduce and then remove this mixing. The strong absorption peaks in the
top spectra are from transitions out of the 98% ground state components while
the weak absorption peaks are transitions out of the 2% ground state components.
The light blue arrows, and corresponding lines above, mark σ+ transitions excited
by left-hand circularly polarised light. The purple arrows, and corresponding lines
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2.5.1. The hyperfine Paschen-Back regime

above, mark σ− transitions excited by right-hand circularly polarised light, when
k⃗ ∥ B⃗ [61]. Linear light can be thought of as made up equally of left- and right-
hand circularly polarised light, so in the case where k⃗ ∥ B⃗, meaning there is no
component of E⃗ along B⃗, σ+ and σ− transitions are excited equally.
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Figure 2.4: Theoretical D2 transmission spectra with changing B-field, calculated
using Elecsus [60]. All spectra are in the weak probe regime at 75 °C. Note that
the y-axis scale is not constant; as the B-field increases there are more, but weaker
transitions. At 0.6 T the transitions are split by more than their Doppler width.
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Figure 2.5: Theoretical D1 transmission spectra with changing B-field. Weak probe
regime at 75 °C, calculated using Elecsus [60]. Note that the y-axis scale is not
constant; as the B-field increases there are more, but weaker transitions. At 0.6 T
the transitions are split by more than their Doppler width.
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circularly polarised light.18
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Chapter 3
Experimental details

This short chapter will briefly summarise some of the details of the experimental
setup which are general to most of this work. In particular it will describe how the
lasers are frequency stabilised (locked).

3.1 Vapour cells

We use several different vapour cells throughout this thesis. All are isotopically
enriched 87Rb, but they have different dimensions, and include different buffer
gases.

(a) Side view of the 2 mm ‘lollipop’
vapour cell.

(b) 2 mm ‘lollipop’ vapour cell inside
the copper cell heater.

Figure 3.1: Photos of the 2 mm ‘lollipop’ vapour cell

Our main experimental cell, which is used for most of this work is a 98% 87Rb [57]
2 mm length cylindrical ‘lollipop’ cell, as pictured in Fig 3.1. The cell was purchased
from Photonics Technologies, and has a diameter of 1 inch (2.54 mm), and a small
stem, and is constructed from fused silica. We mount it in a copper cell heater
(designed and produced in-house), also pictured, which can heat the cell to ∼200 °C
and fits into our magnet setup. This cell nominally contains no buffer gas. The
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3.2. Magnets

cell heater has 4 mm diameter holes for light to pass through the centre of the cell,
with k⃗ ∥ B⃗, and 2 mm holes in the sides, to allow fluorescence out of the sides,
perpendicular to B⃗. These holes are also used to insert a thermocouple to measure
the cell temperature.

We use a second ‘lollipop’ cell as our second locking cell (locking setup discussed in
Section 3.3). This cell has all the same specifications as the main cell, but is 1 mm
in length. Both cells were purchased from Photonics Technologies.

In Chapter 6 we also make use of two 1 mm3 cubic vapour cells, which have 99%
87Rb [57]. These are also mounted in a copper heater, however this has optical
access from along the laser axis, and from the top, but not from the sides. Both
these cells contain hydrogen (H2) and methane (CH4) at low partial pressure from
the fabrication process. The total pressure of these two gases has previously been
measured to be ≈1 Torr [57]. The first of these cells, which we use primarily as
our first locking cell contains only these buffer gases.

The second cubic cell also contains a large amount of helium (He). This was
introduced when the cell was placed in a superconducting magnet, because glass is
porous to helium. Initially (4 years ago) the additional broadening introduced by
the He was ∼600 MHz. At the time of the experiments carried out in Chapter 6 it
had reduced to ∼300 MHz.

3.2 Magnets

The magnet setup used is the same as that described in [50] Appendix A. Pho-
tographs of the mounted magnets are shown in Fig 3.2 b). The magnets are cyl-
indrical top-hat shaped, made from N52 grade NdFeB alloy, and are separated
by 15 mm. They have an axial hole through their centre with diameter 4.2 mm.
The magnets are mounted in an aluminium block, which keeps them separated
and axially aligned. They are mounted such that they can be screwed out of the
block slightly, to increase their separation and decrease the magnetic field. The
maximum field allowed by the mount is 0.6 T. The magnetic field over the length
of the cell is uniform to 1% [57]. The measured magnetic field profile can be seen
in Reference [50] Fig. A.1c), which is reproduced here as Fig 3.2.

3.3 Laser locking

For the experiments to follow in this thesis we require our lasers to be locked
to atomic resonance features, and to have the ability to detune away from these
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Figure 3.2: a) Dimensions and orientation of top hat magnets. b) Photograph of
cylindrical magnets, mounted in an aluminium block. The magnets are mounted
and screwed into the block, and the handles visible at the sides can be used to
increase their separation and decrease the field strength. The cell heater is in
place between the magnets. c) The axial magnetic field profile between the top hat
magnets. Blue dots show the measured values with error bars too small to see. The
solid red line shows the predicted magnetic field for the design specification. The
difference of ∼20 mT seen in the residuals is likely due to a slight demagnetisation
of the Neodymium since purchase. The inset shows the field variation over the
space normally occupied by the vapour cell (blue shaded region) which has an
RMS variation of 4 µT. Figure by Daniel Whiting and reproduced with permission
from reference [50].
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3.3. Laser locking

resonances by specified amounts, while remaining locked. We also require a two
photon lock on the 5S1/2–5P3/2–5D3/2 ladder in which we can detune away from
the intermediate state, but remain two photon resonant with the top state. The
system is required to work at zero field and in the hyperfine Paschen-Back regime.

For the experiments described in this thesis, we have three different locking scen-
arios. They are:

1. The 795 nm laser is frequency stabilised to a D1 resonance feature. This is
required to be tunable, and is used in Chapters 4 and 6.

2. The 780 nm laser is frequency stabilised to a D2 resonance feature. This is
required to be tunable, and is used in Chapter 6.

3. The 780 nm laser is frequency stabilised to a D2 resonance feature, while the
776 nm laser is frequency stabilised to two-photon resonance. We require the
detuning of the intermediate state to be tunable, but the sum of the two
frequencies must remain two-photon resonant. This is used in Chapter 7.

We achieve this by using a modified version of the lock described in [62]. Our
setup includes two locking vapour cells, each in a magnetic field, in addition to the
experiment cell. The relevant parts of the experimental setup are shown in Fig. 3.3.

The locks for scenarios 1 and 2 are implemented in the same way, using only the
‘Experimental cell’ and ‘Locking cell 1’ panels of Fig. 3.3. As we only need either
the 795 nm laser or the 780 nm laser locked at any one time we just switch the
input laser beams and the interference filters to change between the two locks. The
experimental cell transmission on a photodiode (PD) is used as a monitor for the
frequency of the laser, and the signal on the photodiodes in the ‘Locking cell 1’
panel is used to lock the laser. These two photodiodes are set up with a polarising
beam splitter cube (PBS) in a differencing configuration, meaning we subtract the
signal of one from the signal of the other to obtain the Stokes parameter, S1. This
parameter has zero crossings at the atomic resonance frequencies [63], so the laser
frequency can be stabilised to the atomic resonance in locking cell 1 using the
inbuilt PID locking module on the lasers (Toptica DL100 for 780 nm and 795 nm).

Fig 3.4 (reproduced with minor modifications from reference [62]) shows an example
locking signal in the hyperfine Paschen-Back regime at 0.6 T. The top panel of
part a) shows the 780 nm transmission through the experimental cell, in blue. The
bottom panel shows the S1 locking signal in locking cell 1. Part b) shows a close up
of the zero crossing feature used to lock. In this example the 780 nm beam is being
locked to resonance so the magnetic fields in the experimental cell and first locking
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Figure 3.3: Schematic diagram of locking setup. In the experimental cell section
the laser light passes through the heated vapour cell and transmission is monitored
on a photodiode. In the locking cell setup the laser light passes through the heated
cell which is in a large magnetic field, and is split by a PBS and directed to two
photodiodes. The difference of these signals (S1) is calculated which is the locking
signal. The magnetic field can be reduced by separating the magnets further to
detune the locking signal relative to the experimental signal. The experimental cell
and first locking cell are used to lock either the 795 nm laser or the 780 nm laser.
The second locking cell is used to lock the 776 nm laser to be two photon resonant
with the 780 nm laser. The locked 780 nm laser beam passes through the vapour
cell and its transmission is monitored on a differencing photodiode setup. The
776 nm laser is scanned and counter-propagated through the cell which produces
a two-photon absorption feature on the 780 nm transmission, to which the 776 nm
laser is locked. The whole system can be used to lock to zero field transitions by
removing the magnets from the experimental and second locking cells.
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3.3. Laser locking

cell are the same. When locking away from resonance the magnetic field of the
locking cell is lowered, by screwing the magnets out of the mount, as described in
Section 3.2. This causes the purple locking spectra to shift towards zero detuning
(according to Eqn 2.22) such that resonance in the locking cell is negatively detuned
from resonance in the experimental cell. Parts c) and d) show example spectra from
the second locking cell. By monitoring both signals simultaneously we can choose
to move the lock point to our desired experimental detuning.

The lock we have just described also works when the experimental cell is in zero
magnetic field, for the D2 lines. We only work in the HFPB regime on D1. The
locking cell remains in a large magnetic field. The picture is slightly messier, as the
transitions in the experimental and locking cell no longer line up, but because the
spectrum at ∼0.6 T has so many resonances, we can adjust the field such that one
appears at the detuning we wish to lock to. This can be seen by comparing panels
a) and d) in Fig 2.4. Looking at Fig 2.5 we see that this would not be as simple on
the D1 lines, as the B-field needs to be much lower to get atomic resonaces close
to the zero field resonances.

For scenario 3, we introduce a second locking cell, with its own magnetic field.
In this our method now differs from reference [62]. We require this extra cell to
keep our laser pair two-photon resonant while the intermediate state is detuned.
This criterion means that the experiment cell and the cell used to lock the upper
step laser 776 nm must have the same field in order to have the same resonance
frequencies. This second locking cell (third vapour cell) is shown in the top panel
of Fig. 3.3. Here the already locked 780 nm laser passed through the heated vapour
cell, after which it is directed onto a PBS which splits the light onto two photodi-
odes, in another differencing detection of S1. The scanning 776 nm laser beam is
counter propagated through the cell. Lens are used on either side of the locking
cell to increase the Rabi frequency of the beams and enhance the signal.

Scanning the 776 nm laser, whilst monitoring the absorption of the frequency stabil-
ised 780 nm transmission (S0) spectrum produces a two photon absorption feature,
as shown in Fig 3.4 d). We adjust the half waveplate before the differencing pho-
todiode setup to balance the signal, to produce a steep slope to lock the 776 nm
laser to, using the Toptical DLPro inbuilt lockbox.

This two-photon locking scheme also works in zero-field; in this case the magnets
around the experimental cell and the second locking cell are removed, while the
first locking cell field remains.
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Figure 3.4: Example locking signals in the hyperfine Paschen-Back regime at 0.6 T. The top panel of part a) shows the 780 nm
transmission through the experimental cell, in blue. The bottom panel shows the S1 locking signal in locking cell 1. Part b) shows a
close up of the zero crossing feature used to lock. In this example the 780 nm beam is being locked to resonance. Parts c) and d) show
example spectra from the second locking cell. In c) the 780 nm beam is scanned while the 776 nm is fixed (not locked), showing the
two-photon resonance feature. In part d) the 780 nm beam is lock, and the 776 nm beam is scanned, producing a two-photon resonance
feature to which the 776 nm beam is locked. This figure is reproduced, with minor modifications, from reference [62].
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Chapter 4
V-EIT

This chapter is based on the following publication:

Clare R Higgins and Ifan G Hughes, Electromagnetically induced transparency in
a V-system with 87Rb vapour in the hyperfine Paschen-Back regime, J. Phys. B:
At. Mol. Opt. Phys. 54 165403 (2021) [1]. www.doi.org/10.1088/1361-6455/

ac20be

4.1 Introduction

Electromagnetically induced transparency (EIT) is an optical phenomenon in-
volving three quantum states coupled by two optical fields (laser beams). In an
absorbing medium, a transparency window in the absorption feature of a weak
probe beam on one transition is induced by the presence of a strong pump beam
on another transition [5]. Throughout this chapter we refer to these beams as
‘pump’ and ‘probe’. EIT has been widely studied and has potential applications
in precision magnetometers [30, 31, 64], slow light generation [26, 29], quantum in-
formation [27, 28], and atomic clocks [32]. There are three possible configurations
of EIT: V; lambda; and ladder [6]. V-EIT is the least studied of these because
there is no stable dark state [65], as both of the singly coupled states are excited
states and can decay to the ground state. Nevertheless, V-EIT has been extensively
studied [66, 67, 29, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79], and provides an
interesting testing ground for ascertaining the relative importance of coherent and
incoherent mechanisms in the generation of the transparency window [80, 81, 70].

One of the main obstacles to overcome in modelling and understanding V-EIT in
thermal vapours is the complexity introduced by the overlapping spectral lines, as
a consequence of the degeneracies of the magnetic sub-levels and the excited-state
hyperfine splitting being less than the Doppler width of the probed transition. To
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4.2. Energy level scheme

circumvent these difficulties, we use the hyperfine Pashen-Back regime [82, 59, 83,
84, 85, 86, 87, 88], where the energy levels are non-degenerate. This is discussed in
greater detail in Section 2.5.1. A 0.6 T magnetic field used with 87Rb vapour on the
D1 and D2 lines leads to isolated transitions separated by more than their Doppler
width. Previous work has shown that operating in this regime allows simplified
energy-level schemes and theoretical models, leading to good agreement between
theory and experiment [25, 43, 34, 36].

In a ideal lambda EIT system, the width of the transparency feature can theoretic-
ally be infinitely thin, and is proportional to the square of the pump Rabi frequency
as in equation 27 of reference [6]. In practice though, this is not the case as the
dark state is not infinitely long lived. In an atomic vapour collisions cause the rate
of the forbidden transition between the ground states to be non-zero, which will
widen the feature. In the V-system, as both states which would form a dark state
are excited states and can decay, the linewidth of an EIT feature is limited by the
natural lifetime of these states, to 6 MHz. In practice, there are other causes of
decoherence, such as state changing collisions, which increase this linewidth.

4.2 Energy level scheme

Our V-EIT system, realised in the hyperfine Paschen-Back regime, is shown in Fig
4.1, part a). The levels we use, marked |1⟩, |2⟩ and |3⟩, do not form a closed system.
We use ‘closed system’ to mean the atoms do not decay to any states outside of
the three EIT levels, and ‘open system’ when decay to other, non laser-coupled
states, is possible. The pumped transition—from |1⟩ to |3⟩—is an open transition
so |3⟩ can decay to the other, uncoupled, ground state. This adds a fourth level
into the system, which we label |0⟩. The pump causes population transfer from
|1⟩ to |0⟩, resulting in reduced absorption of the probe which couples |1⟩ and |2⟩.
The driving Rabi frequencies are labelled Ωab, where a and b represent the initial
and final states respectively. The decays between states have two contributions:
the natural linewidth, Γab, and a collisional decay to each ground state, γc. The
second is present even where dipole-allowed transitions are forbidden, and the total
collisional decay from an excited state has been experimentally determined in this
vapour cell as 2γc/2π = 7 MHz [25]. The natural linewidths (linear) of states |2⟩
and |3⟩ are 6.0 MHz and 5.7 MHz, respectively. These are split along the two decay
paths according to the branching ratios calculated using Wigner 3-j symbols. Part
b) shows the state configuration when the probe is instead tuned to the transition
between |0⟩ and |2⟩. This is not an EIT setup, but allows us to see the enhanced
absorption caused by the extra population in |0⟩.
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Figure 4.1: The energy levels involved in our system. a) shows the EIT configura-
tion, in which the 780 nm probe beam is coupling mJ = +1/2 to mJ = +3/2. In b)
the probe beam is instead tuned to couple the mJ = -1/2 to mJ = +1/2 transition,
which excites out of |0⟩, the non-pump-coupled ground state. This configuration
does not produce EIT, but demonstrates that population moves from |1⟩ to |0⟩.
These two probe positions produce the set 1 and set 2 of peaks in Fig 4.5, respect-
ively. Ωab are the driving Rabi frequencies, between initial state a and final state b.
The decays between states have two contributions: Γab, the natural linewidth, and
γc, the collisional decay to each ground state. The probe(pump) is left(right)-hand
circularly polarised and couples σ+(σ−) transitions [61].

4.3 Experimental Details

The experimental setup is shown in Fig 4.2. We use a 2 mm long 98% 87Rb vapour
cell in a magnetic field, parallel to the laser propagation direction, of 0.6 T, pro-
duced by two cylindrical ‘top hat’ magnets. The field is uniform across the length
of the cell at the 1% level [57]. The cell and magnet setup is described in greater
detail in chapter 3. The orthogonally linearly polarised 795 nm and 780 nm beams
are combined on a polarising beam splitter cube. A quarter waveplate transforms
the polarisation to left-hand circular and right-hand circular respectively. A lens
of focal length 200 mm focusses the beams to waists of (100 ± 5) µm × (78 ± 5) µm
(780 nm) and (65±5) µm × (90±5) µm (795 nm) inside the cell. We aim to overlap
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Figure 4.2: Experimental setup. Orthogonally linearly polarised 795 nm pump
and 780 nm probe beams are combined on a polarising beam splitter (PBS) cube,
and passed through a quarter waveplate converting them to right- and left-handed
circularly polarised light, respectively. The beams are focused through a 2 mm
vapour cell in a longitudinal 0.6 T magnetic field, to an average beam waist of
(83 ± 5) µm.The light transmitted through the cell passes through an interference
filter to remove pump light, and is recorded on a photodiode (PD).

the beams as completely as possible inside the cell by optimising the EIT feature,
however due to the slight shape difference a perfect overlap is not possible. After
the cell an interference filter removes pump light, and the probe transmission spec-
trum is measured on a photodiode. We have a strong, resonant 795 nm pump, and
a weak 780 nm scanning probe. We use a vapour temperature of 80 °C; at lower
temperatures the signals are smaller, and at higher temperatures the absorption
saturates and the features are distorted.

4.4 Experimental Results

Fig 4.3 shows the advantage gained by using the hyperfine Paschen-Back regime.
The top panels show theoretical D2 line spectra without a magnetic field (red)
and with a 0.6 T field (blue). The two peaks used in the lower panels are shown
highlighted. In the lower panels dotted lines are probe beam only; solid lines are
when the pump beam is introduced. The probe only features have a Voigt profile
with FWHM of ∼ 550 MHz at 80 °C. The profile is dominated by its Gaussian
component, which is due to the Doppler effect; atoms at finite temperature travel
at a range of velocities which each absorb at a frequency displaced from resonance,
given by ω = ω0 + kv. Here ω is angular frequency, ω0 is resonance angular
frequency, k is wavenumber and v is the velocity component along the direction of
propagation of the laser beams. The left panel shows experimental EIT features
with no magnetic field, which includes contributions from several transitions. The
right shows the feature in a 0.6 T field, where one clean feature is visible. Both
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B = 0T

B = 0.6T

Figure 4.3: Upper panels: Theoretical scans over D2 features without magnetic field
(top, red), and with 0.6 T magnetic field (second panel, blue). Shaded rectangles
show where the experimental spectra in the lower panels fit in the spectra. In the
lower panels dotted lines are probe beam only, solid lines are when the pump beam
is introduced. Left: Experimental V-EIT feature with no magnetic field. Many
hyperfine sublevels contribute producing a messy feature. Right: Experimental
feature in 0.6 T magnetic field. Energy levels are separated by more than the
Doppler width so a single clean feature is seen.

features are produced in the same cell, with the same laser powers.

Fig 4.4 shows a scan over the D2 σ+ absorption lines in a 0.6 T magnetic field. The
black trace is a probe only scan, and the red trace shows the effect of adding in a
20 µW pump beam. Here, and throughout the chapter, we use a probe power of
0.1 µW. All the optical power values reported throughout this chapter (and thesis)
are measured before the vapour cell, and have an error of ±5%. We see that two
different features appear; on the mJ = −1/2 → mJ = +1/2 peak (left) we see a
narrow transmission feature, characteristic of EIT. The states coupled at this point
in the scan are shown in the left diagram above. Notably the probe is coupling out
of |1⟩, the upper ground state. On the mJ = −1/2 → mJ = +1/2 peak (right)
there is an enhanced absorption feature. In this case, as shown in the right diagram
above, the probe couples out of |0⟩, the lower ground state. This state is populated
by spontaneous decay from |3⟩, which is itself populated by the strong pump beam.
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Figure 4.4: Figure shows a 0.1 µW, 780 nm probe beam scan over the σ+ D2 transition lines at 0.6 T. The black trace is probe only, while
the red traces shows the effect of introducing a 20 µW pump beam on the transition |1⟩ ↔ |3⟩, as shown in the energy level diagrams.
The two transitions which display features both couple between states with mI = 3/2. The energy level diagrams show which mJ states
the pump beam is coupling for the two features in the scan. Where the probe couples out of |1⟩, there is a transparency feature, and
where it couples out of |0⟩ there is an enhanced absorption feature.
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Figure 4.5: a) shows a 0.1 µW, 780 nm probe beam scan over the D2 transition lines at 0.6 T. The black trace is probe only, while the
four coloured traces show the effect of introducing a 20 µW pump beam on the correspondingly coloured transition shown in b). Each
of the four pump transitions has a different mI value. Introducing a particular mI pump transition induces a transparency in the peak
in set 1, and an enhanced absorption feature in the corresponding peak in set 2, which have the same mI .
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Following on from Fig 4.4, Fig 4.5 shows the effect of tuning the pump beam to
different mI transitions. The black trace in a) shows a scan of the 780 nm probe
over the D2 absorption lines at 0.6 T, with no pump. At 0.6 T, mI and mJ are
good quantum numbers. For 87Rb, I = 3/2, therefore there are four possible
values for mI . The spectrum shows two sets of four transitions; in set 1(set 2)
all four transitions are between states with initial mJ = +1/2(−1/2) and final
mJ = +3/2(+1/2). Inside each set, each transition has a different mI value, as
labelled in the figure. The four coloured traces show the probe transmission when
the pump is tuned to the correspondingly coloured transition in b). It is evident
that when the pump is coupled to a particular mI level in the upper ground state,
|1⟩, there is a transmission window in the probe absorption peak coupling out of
that level (set 1 transitions). There is also a corresponding enhanced-absorption
feature when the probe instead couples out of the lower ground state with the same
mI value, |0⟩ (set 2 transitions). The transparency features shown in Fig 4.5 have
a FWHM of (39 ± 3) MHz, which we describe as ‘narrow’ as they are substantially
narrower than the Doppler width.

4.5 Model

Atomic systems can be modelled using the Lindblad master equation [6], as seen
in Chapter 2,

dρ̂

dt
= − i

h̄
[Ĥ, ρ̂] + L̂, (4.1)

which describes the evolution of the density matrix. Here, we consider the 4-level
density ρ,

ρ̂ =


ρ00 ρ10 ρ20 ρ30

ρ01 ρ11 ρ21 ρ31

ρ02 ρ12 ρ22 ρ32

ρ03 ρ13 ρ23 ρ33

 , (4.2)

of the system. The diagonal elements, ρaa, are the population in each state, and
the off-diagonal elements, ρab, are the coherences between states. The system
Hamiltonian, H, in the rotating wave approximation, has state detunings, ∆ab, on
the diagonals, and Rabi frequencies, Ωab, coupling the states on the off-diagonals.
The Hamiltonian corresponding to the system in Fig 4.1 a) is

Ĥ = h̄

2


0 0 0 0
0 0 Ω12 Ω13

0 Ω12 −2∆12 0
0 Ω13 0 −2∆13

 , (4.3)
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while the Hamiltonian for Fig 4.1 b) is

Ĥ = h̄

2


0 0 Ω02 0
0 0 0 Ω13

Ω02 0 −2∆02 0
0 Ω13 0 −2∆13

 . (4.4)

As we use a V system in a co-propagating geometry, we incorporate the Dop-
pler effect into the model by setting ∆pump → ∆pump − kpumpv and ∆probe →
∆probe − kprobev. Prominent EIT features are observed with velocity groups where
the residual two-photon doppler broadening (kpump − kprobe)v < Ωpump [81]. This
geometry makes the system Doppler insensitive, because the two photon resonance
condition is maintained for atoms of non-zero velocity.

Decays between states are included in the Lindblad dissipator term, L, given by

L̂ =
∑

n

1
2[2Ĉnρ̂Ĉn

† − (ρ̂Ĉn
†
Ĉn + ĈnĈn

†
ρ̂)], (4.5)

which is a sum over all decay modes, n, where Ĉn = √
γnÂn are collapse operators

and An are operators which couple the environment to the system with rate γn.
For our system this means Ĉab =

√
Γab + γc|b⟩⟨a|.

We solve the Lindblad master equation numerically for our four-level systems. In
the model, on the mJ = + 1/2 → mJ = + 3/2 transition, we use a probe beam
Rabi frequency of 0.96 MHz (Hamiltonian in Eqn 4.3), and, due to the differing
dipole matrix elements of the transitions, a probe Rabi frequency of 0.55 MHz on
the mJ = −1/2 → mJ = +1/2 transition (Hamiltonian in Eqn 4.4). This
puts the probe beam in the weak-probe regime. In the weak-probe regime the
presence of light does not cause significant population redistribution [4]. We use a
range of pump Rabi frequencies to produce a range of features which span those
seen experimentally. This range is 2–100 MHz. The pumping transition we use is
open, as the excited state, |3⟩, can decay to both mJ ground states, |0⟩ and |1⟩, as
depicted in Fig 4.1a). The pump and probe only couple to |1⟩ so in the steady-state
solution all the population ends up in the uncoupled ground state, |0⟩, resulting in
no absorption. We therefore have to use the time-dependent solutions to Eqn 4.1,
which requires that we know how long the atoms are spending in the beam.

We calculate this by following the method of [16]. We calculate the probability
distribution, F (l), of an atom having a path length l across a beam of radius a,
which is given by

F (l) = l

2a
√

4a2 − l2
. (4.6)
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The probability distribution function, G(t, l), of having a transit time transverse
to the beam, t, for a given l is calculated from the Maxwell Boltzmann velocity
distribution at temperature T for a sample of atoms of mass m is

G(t, l) = ml2

kBTt3 exp
(

− ml2

2kBTt2

)
. (4.7)

From these two functions we calculate the probability distribution function of an
atom being in the beam for time t, H(t), which is given by

H(t) =
∫ 2a

l=0
G(t, l)F (l)dl. (4.8)

We have beams with an average 1/e2 radius of (83±5) µm, from which we calculate
the in-beam time-of-flight distribution shown in Fig 4.6. We see that the most
common transit time is 0.5 µs and that very few atoms spend longer than 1.5 µs in
the beam.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t ( s)
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H
(t)

 (
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Figure 4.6: Time of flight distribution of atoms in a 83 µm laser beam. Most atoms
spend about 0.5 µs in the beam.

We solve the Lindblad-Master equation (Eqn 4.1) time-dependently for 30 timesteps
between t = 0 and t = 3 µs, initialising the system with population split equally
between the two ground states. The greater the number of timesteps used, the
more accurate the result, but more timesteps also increases the computation time.
We find that the effect on the final result of increasing the number of steps past
30, and the maximum time past 3 µs, is negligible. For each probe detuning the
solutions are summed over all longitudinal velocity contributions [89].

For each timestep we now have a density matrix solution, ρt. From the density
matrix we calculate the absorption spectrum, which we can then compare to our ex-
perimental results. The term required for this calculation is the coherence between
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the states coupled by the seed beam, which are ρ21 for Hamiltonian 4.3 modelling
the energy system in Fig 4.1a), and ρ20 for Hamiltonian 4.4 modelling the energy
system in Fig 4.1b). From this coherence we calculate the refractive index, n using

n =
√

1 + χ, (4.9)

where χ is the electric susceptibility given by

χ = − 2Nd2
ab

ϵ0h̄Ωab
ρab. (4.10)

Here N is the number density, dab is the dipole matrix element of the transition
between states a and b and ϵ0 is the permittivity of free space. We then calculate
the probe transmission, T , using Beer’s Law [90]

T = e−2knIl, (4.11)

where nI is the imaginary part of the refractive index and l is the length of the
medium, in our case 2 mm. Using the distribution of in-beam flight times shown
in Fig 4.6 we calculate a weighted average of the transmission spectra for different
timesteps, and this is the final presented result.

4.6 Comparison with experiment

Fig 4.7 shows the effect of changing pump power or Rabi frequency on the trans-
mission and absorption features, with experimental results in the upper panels and
model predictions in the lower panels. Optical power, P , is related to Rabi fre-
quency, Ω, by the beam waist, ω0, and the dipole matrix element of the transition,
d, via the equations

Ω =
√

2I0
cnϵ0

d

h̄
, (4.12)

and
I0 = 2P

πω2
0

. (4.13)

I0 is the on-axis beam intensity. Here, as we are not plotting theory and experi-
ment on the same axis, we use optical power for experiment, and Rabi frequency
for theory. We choose a range of values of optical power (experiment) and Rabi
frequency (theory) such that the full range of EIT feature sizes are produced; we do
not attempt to use equivalent powers and Rabi frequencies. We see good qualitat-
ive agreement, with both the narrow transmission and the extra absorption feature
correctly predicted, though the features are slightly narrower in theory than in ex-
periment. We attribute the small sub-features seen in the 0.5 and 1 mW spectra to
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Figure 4.7: The effect of changing the 795 nm pump power on the induced trans-
parency and enhanced absorption features on the mI = +3/2 transitions of the
D2 (780 nm, 0.1 µW) spectrum. Upper: Experimental transmission spectra with
changing pump powers, with values of in µW of 1 (dark), 5, 10, 50, 100, 500,
1000 (light). These correspond to Rabi frequencies in the range 2–100 MHz. The
EIT features shown in the top left panel have FWHM ranging from (21 ± 3) MHz
(lowest pump power) to (247 ± 5) MHz (highest pump power). Lower: Modelled
transmission spectra with pump Rabi frequencies in MHz of 1 (dark), 3, 10, 20, 50,
100, 300 (light). The range of Rabi frequencies was chosen to straddle the range
of features seen in the experimental data; they are not calculated equivalents.
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μ

Figure 4.8: A comparison of experimental and modelled results. Black dashed
line is experimental with 10 µW pump, which converts to an average linear Rabi
frequency in the beam of 15 MHz. Two theory traces are plotted, chosen to fit
the tip of the transparency feature (red) and the bottom of the absorption feature
(blue). They have linear Rabi frequencies of 5.5 MHz and 12.0 MHz respectively,
which are close to our experimental value. It is clear that for this model a pump
Rabi-frequency cannot be chosen which fits well to all aspects of the feature; we
must choose one or the other.

back reflections, which become more significant at higher powers. The discrepancy
between theory and experiment in the left panel on the higher frequency side of the
absorption profile is due to the presence of an adjacent higher frequency transition
(as seen in Fig 4.4) which is not included in the model.

Fig 4.8 shows the experimental trace for 10 µW pump power (equivalent to 11 MHz
peak Rabi frequency), plotted with 5.5 MHz and 12.0 MHz model predictions. We
see that using this model, we can choose to fit the peak of the absorption window,
or the depth of the feature, but not both at once. In our model we assume that
the beams have uniform intensity, whereas in reality they have a Gaussian profile;
consequently atoms will experience a varying pump intensity as they traverse the
beam. The intensity they see is also correlated to the time they spend in the
beam. These factors are likely to change the shape of the spectra. For a numerical
comparison we use the average Rabi frequency of the beam within the 1/e2 waist,
and an average power through the cell, taking into account absorption along its
length and at cell windows. In this way, 10 µW input power converts to an average
Rabi frequency in the cell of 15 MHz, which is close to the two model values. Both
the issues mentioned above, and the fact that we don’t fully take into account the
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incomplete spatial overlap of the beams could explain this discrepancy. A more
detailed numerical model beyond the scope of this work is required to fully account
for the shape of the EIT features.

4.7 How significant is the coherent effect?

Figure 4.9: Plot showing the absolute value of the coherence between excited states
|ρ23|, as extracted from the model, and the corresponding probe transmission. On
each plot we compare a closed system (dashed lines), and the open system of our
experiment (solid lines), for linear pump Rabi frequencies as shown in the legend.

A relevant question in three-level-systems is whether the spectral features are
caused by coherent or incoherent effects [65, 70, 80]. The presence of a prom-
inent enhanced absorption feature on the transition out of the non-pump-coupled
ground state, |0⟩, is evidence that a significant part of the transmission feature
does not arise from a coherent EIT effect, but instead from population transfer
to a different (and uncoupled) ground state via velocity-selective optical pumping.
However, the we suspect that coherent process is still present, and we can use the
model to show this. The density matrix element ρ23 is the coherence between |2⟩
and |3⟩, the excited states of our system.

Fig 4.9 compares the transmission (lower panel) and corresponding coherence (up-
per) for a closed system – meaning no decays into |0⟩ – (dotted lines) and our open
system (solid lines). A range of pump Rabi frequencies are plotted and coloured
according to the legend. We see that as pump Rabi frequency increases, the differ-
ence between the coherences in the closed and open systems increases, and that in
our system, coherence increases as Rabi frequency increases up to a point (approx.
20 MHz), above which coherence at zero detuning decreases. We also note that for
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a given pump Rabi frequency the closed system coherence is greater than the open
system coherence, while the open system transmission is greater than the closed
system transmission. This shows that in our open system the coherence is a small,
but present, cause of the feature and that as the pump Rabi frequency increases, its
proportional contribution decreases. This is in agreement with the finding in [80]
that the coherence of a V-EIT system diminishes quickly as the system becomes
open.
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Figure 4.10: Linear dependence of modelled transparency feature linewidth on
pump Rabi frequency. Widths are calculated by fitting Gaussians to the modelled
transparency features shown in Fig 4.7. A linear fit is plotted (dashed line).

We also use the model to understand the linewidth of the transmission feature we
see. The minimum linewidth of the feature in a V-system is set by the lifetime of
the excited states, which have a natural linewidth of 6 MHz, however in practice
in this vapour cell we measure a collisionally broadened linewidth of 13 MHz. The
linewidth will also be broadened by the optical pumping process which occurs in our
open system, and plays a significant role in the feature production. We calculate
the widths of the modelled transparency features shown in Fig 4.7, by fitting a
Gaussian to the section between the two minima of each trace. Fig 4.10 shows a plot
of pump Rabi frequency against transparency feature FWHM, showing the width
scales linearly with Rabi frequency. We use only Rabi frequencies up to 50 MHz
for this fit, because above that the transparency feature saturates and is distorted.
The fit has a y-intercept of (19.0 ± 0.9) MHz, giving us the minimum linewidth
for our modelled system. This width includes the natural linewidth (6 MHz), the
collisonal broadening of the linewidth (7 MHz), and transit time broadening (2 MHz
from Fig 4.6). The gradient of the straight line fit is (2.47±0.04). We postulate that
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the linear dependence is due to our system being open, with optical pumping into
the uncoupled ground state being the dominant cause of the transparency feature.
This is in contrast to the quadratic dependence of the ideal lambda system where
the transparency feature is due to a coherent effect.

4.8 Conclusions and Outlook

In conclusion, we have observed a clean, narrow transparency feature in a V-system
and the concomitant enhanced absorption. We see that the transparency feature
has contributions from a coherent process, and an incoherent optical pumping
process. The incoherent contribution occurs because of the allowed decay from the
excited states to both ground states, and is the cause of the enhanced absorption
feature. Our theoretical model captures the main processes, and gives insight
into the role of coherence in explaining the observed narrow spectral features. The
theoretical treatment is greatly simplified because the experiment was conducted in
the hyperfine Paschen–Back regime, leading to distinct non-overlapping resonances.

In the energy level scheme we have used, the Doppler mismatch between the two
wavelengths used is small. However the clean system presented here would easily
allow investigation of the effect of large mismatches, for example the 5S–5P 5S–6P
V-system in rubidium [69, 79], and could be the subject of further study.

42



Chapter 5
Narrowband spectral filtering

techniques

This chapter is based on the following publication:

Clare R. Higgins, Danielle Pizzey, Renju S. Mathew, and Ifan G. Hughes, Atomic
line versus lens cavity filters: a comparison of their merits, OSA Continuum 3,
961-970 (2020) [2] https://doi.org/10.1364/OSAC.390604

5.1 Introduction

Optical filters are used in a variety of applications for isolating a signal frequency
from unwanted background noise. The best commercially available thin-film inter-
ference band-pass filters typically have transmission bandwidths of a few nano-
metres, where the transmission bandwidth is defined as the full-width-at-half-
maximum (FWHM). In some research fields, in particular quantum optics where it
is necessary to distinguish single photons from high background counts at similar
wavelengths [91, 92, 93, 94], narrow-band optical filters are required: these filters
can have sub-nm transmission bandwidths, while still retaining high on-peak trans-
mission and off-peak extinction. Uses include the demonstration of quantum tele-
portation [95], quantum memory [96, 97] and quantum information processing [98],
as well as in other fields of atomic physics such as atom trapping [99]. Examples of
narrow-band filters include atomic line filters and cavity filters; these shall be the
focus of this discussion.

Atomic line filters are often used in atmospheric LIDAR [100, 101, 102], optical
communications [103], and laser frequency stabilisation [104, 105]. These filters
consist of an atomic vapour cell placed between two crossed polarisers and subject
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5.2. Cavity filter

to a magnetic field which causes the polarisation of light to be rotated as it tra-
verses the cell [106], leading to transmission through the second polariser. For an
atomic medium, polarisation rotation only occurs near atomic resonances (which
are intrinsically narrow), producing a narrow filter [107, 108]. Filters have been
demonstrated in different atomic species, including Cs [109, 110, 111], Rb [112]
and Na [113, 114]. The most commonly used atomic filter geometries have been
the Faraday geometry, where the magnetic field, B⃗, and light propagation direc-
tion, k⃗, are parallel, and the Voigt geometry where B⃗ and k⃗ are perpendicular.
However it is also possible to construct a filter with an arbitrary angle between
B⃗ and k⃗, which is more computationally complex. The transmission spectrum be-
haves non-trivially as a function of temperature, magnetic field, and polariser angle
for a given cell length. Therefore it is advantageous to use an accurate model of
the filter spectrum to find optimum operating parameters; in this work we use a
computational model, ElecSus [42, 60].

Cavity filters consist of two high-reflectivity (HR) dielectric coated surfaces, which
are separated by a predetermined length [115]. Any light entering the cavity
through the first surface will only exit at the second surface when it is resonant
with the cavity and the standing wave condition is met [61], resulting in a periodic
set of transmission peaks and high extinction elsewhere.

We have built and investigated two different types of narrow-band band-pass filter:
monolithic cavity filters, both plano-convex [116] and planar-planar, and an atomic
line filter in Rb vapour [60]. Each has advantages and disadvantages—in this
chapter we present a study comparing the two.

5.2 Cavity filter

5.2.1 Plano-convex (Lens)

5.2.1.1 Design

We implement a monolithic cavity filter, as proposed in [116], where a spherical
high-reflection (R ∼ 99 %) coated plano-convex (PC) lens is used as the Fabry-
Pérot cavity. This setup produces transmission peaks with widths of the order
70 MHz, where the central frequency is tunable with temperature. We chose to
investigate this cavity design, over the well-known design that consists of two HR
coated mirrors attached to a spacer of a given length, because it is intrinsically
stable and requires no locking of mirror positions. The plano-convex geometry also
provides spatial mode filtering, and allows a higher cavity finesse than a planar
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etalon cavity [116]. The cavity quality is governed by finesse, and the ideal finesse
of the cavity is given by F =

(
π

√
R
)

/ (1 − R). The achievable finesse is limited
by surface defects and the mismatch between the wavefront and the surface. Due
to diffraction, it is not possible to mode match wavefronts to two separated planar
cavity mirrors. Choosing a larger beam diameter to compensate increases the
effect of surface defects, limiting the finesse of a flat etalon to 100 [116]. The
spherical mirrors of a Fabry-Pérot are much more forgiving, allowing a finesse up
to 1 × 105 [117].

The required temperature stability of the cavity is determined by the desired fre-
quency stability and the shift of resonant frequency, v, with temperature, T , given
by

dv

dT
≈ −

(
α + 1

n

δn

δT

)
v, (5.1)

where α = 7.1 × 10−6 K−1 and n = 1.51 are the thermal expansion coefficient and
refractive index of Schott N-BK7 Glass and δn/δT is calculated from the Sellmeier
function [118]. The change in refractive index due to frequency is negligible in
comparison to the other terms. The filter design parameters are: reflectivity, R;
the radius of curvature of the convex face, r; and the thickness (or length), L. The
transmission of a Fabry-Pérot cavity, T , is given by [61]

T =
(

S

1 − R

)2 (
1 + 4R

(1 − R)2 sin2 δ

2

)−1
, (5.2)

where δ is the frequency dependent phase shift per round trip, and S is the trans-
mission at the mirror, which may not equal 1 − R due to round trip losses. When
R is close to 1, the extinction ratio is

Tmax/Tmin ≈ 4
(1 − R)2 ≈

(2F
π

)2
, (5.3)

so a required extinction ratio sets the reflectivity. The bandwidth of the transmis-
sion peaks (Δv) is given by Δv = FSR/F , so a required bandwidth sets the free
spectral range (FSR) of the cavity. The length is set via FSR = c/2nL, where c is
the speed of light. The spatial filtering requirements determine r; in the case that
L ≪ r, adjacent transverse modes are separated by

∆v⊥ = FSR
π

√
L/r, (5.4)

and r can be chosen to ensure that no significant subsidiary modes transmit at a
frequency of interest.

The off-the-shelf lenses were purchased from, then coated by, Lambda Research
Optics Inc, with R = (99.0 ± 0.5) % for wavelengths in the range 740–860 nm. We
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PD2

PD1

Figure 5.1: Experimental setup for cavity filter characterisation. 780 nm laser
light is passed through an optical isolator (OI) and a single mode fibre (SMF),
producing a beam with waist 0.5 mm and then split on a polarising beam splitter
(PBS) cube. One arm double passes through a natural abundance rubidium vapour
cell to provide an atomic frequency reference (red trace) on a photodiode (PD1).
The other beam continues through a mode-matching lens (L1) and is steered by
mirrors (M1 and M2) into the lens cavity filter. The beam is recollimated by lens
(L2), and split with another PBS, allowing the transmission (blue trace) to be
monitored on a photodiode (PD2) and the output mode to be imaged on a CCD
camera.

chose five different cavity lengths, in the range 2.4–8.0 mm, resulting in cavity
bandwidths ranging from 40–128 MHz. All have radius of curvature r = 40.0 mm.

Using Eqn 5.1, with α = 7.1 × 10−6 K−1, n = 1.51, δn/δT = 2.54 × 10−6 K−1 and
v = c/780 nm gives a frequency shift with temperature of dv/dT = −3.4 GHz K−1,
meaning a temperature stability of 3 mK is required for frequency stability of
10 MHz. This number is independent of the length of the cavity. We chose BK7
glass because a range of lenses matching our specification were commercially avail-
able, and the temperature stabilisation required is achievable. A glass with a lower
thermal expansion coefficient or thermal refractive index change could be chosen
if a higher frequency stability is required. To achieve this temperature stability,
we mount the lens in a lens tube, which screws into a stainless steel block. This is
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thermally contacted to a peltier and thermistor, and is further encased in a teflon
cover. The cool side of the peltier is contacted to a large aluminium block mounted
on the optical bench, providing a large heat sink. The temperature is controlled
with a Koheron TEC100L temperature controller.

The experimental setup used to characterise the performance and stability of the
cavity filter is shown in Fig 5.1. The cavity must be aligned to couple the correct
mode (TEM00). It is necessary to mode match into the fundamental mode of the
cavity using a lens (L1), which is selected to match the curvature of the wavefronts
with the spherical (front) surface of the cavity, focusing the beam at the planar
surface. The beam waist of the fundamental cavity mode at wavelength λ is [119]

w0 =
(

λnL

π

(
r

nL
− 1

)1/2)1/2
. (5.5)

The focal length of the mode-matching lens required is given by f = w1w0π
λ [61],

where w1 is the initial beam waist. For the 5 mm lens cavity at 780 nm, ω0 = 62 µm.
The incoming beam waist is measured to be (550 ± 20) µm, so ideally a lens with
focal length f = 140 mm should be used. In practice we use a 160 mm lens. Two
steering mirrors (M1 and M2) after the mode-matching lens are used to optimise
alignment into the cavity, giving full control of the x-y position and angle of the
beam when it enters the cavity. The alignment is monitored mainly on the trans-
mission spectrum, with the mode image used to identify the TEM00 mode, which
we aim to maximise.

5.2.1.2 Results

Fig 5.2 shows a transmission spectrum across one FSR of the 5.0 mm and 6.5 mm
lens cavities. The maximum transmission of both cavities was measured to be
50 %, with extinction of 20 dB over all frequencies away from the TEM00 mode.
Maximum transmission is not 100 % largely due to imperfect mode-matching into
the cavity. The spatial filtering properties of the filter are visible with subsi-
diary modes transmitting at different wavelengths, determined by Eqn 5.4. We
fit the TEM00 mode of the 5.0 mm cavity to a Lorenztian (gold solid and black
dashed lines in Fig 5.3), finding excellent agreement with residuals less than 1%.
This is expected as in the high finesse limit the transmission peaks given by
Eqn 5.2 become Lorenztian [61]. From this a width of (70 ± 1) MHz is extrac-
ted. This is close to the expected value of 64 MHz, and gives the actual re-
flectivity of the coating as (98.9 ± 0.1) %. A figure of merit often used to char-
acterise the performance of optical filters is equivalent noise bandwidth, defined
as ENBW =

∫
T (ω)dω/T (ωs), where T is transmission, ω is angular optical fre-
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Figure 5.2: Normalised transmission spectra of cavities of length 5.0 mm (blue) and
6.5 mm (red), with CCD images of the transmitted modes. The TEM00 peaks are
separated by (19.9 ± 0.1) GHz (5.0 mm) and (15.3 ± 0.1) GHz (6.5 mm). Higher
order modes appear in between, with TEM10, TEM20 + TEM02 and TEM40 +
TEM04 (pictured) clearly visible. Spacing between the modes is 2.2 GHz (5.0 mm)
and 1.9 GHz (6.5 mm) as expected.

quency and ωs is the frequency of maximum transmission. However, for applica-
tions that require a high peak transmission and narrow bandwidth, a better figure
of merit is FOM = T (ωs)/ENBW [107]. FOM rewards filters with high maximum
transmission and low overall transmission. As cavity peaks repeat every FSR the
FOM for the lens cavity filter, if evaluated over all frequencies, is zero. However
if we limit the calculation to one FSR, we obtain values of (6.5 ± 0.1) GHz−1 and
(7.3 ± 0.1) GHz−1 for the 5.0 mm and 6.5 mm cavities respectively. Table 5.1 shows
a summary of measure quantities for the 5 mm cavity, alongside expected values.

We determine the filter temperature stability by tracking the frequency of the
TEM00 peak relative to a sub-Doppler rubidium spectral line. This allows us to
passively monitor the cavity over many hours or days, sampling every second, and
accounts for any laser frequency drift that may occur. Fig 5.3 shows the stability
of the 5.0 mm cavity over a period of 24 hours, where there is a long term drift of
0.7Δv which we attribute to fluctuations in laboratory temperature. Also shown
is the drift in a 2 hour window, during which the cavity peak is stable to 0.1Δv.
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Figure 5.3: The stability of the 5.0 mm cavity over a 2 hour (blue) and 24 hour
(purple) period. The TEM00 mode of the cavity is overlaid (gold), with a Lorentzian
fit (black), and residuals. The grey shaded area shows one FWHM bandwidth (Δv).
Over 2(24) hours the cavity is stable to 0.1(0.7) Δv.

Table 5.1: Comparison of expected and measured 5 mm cavity filter parameters

Measured Expected
Bandwidth 70 ± 1 MHz 64 MHz

FSR 19.94 ± 0.01 GHz 19.9 GHz
Finesse 285 ± 1 310

Tmax 50% 100%
dv/dT (−3.36 ± 0.06) GHz K−1 −3.4 GHz K−1
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We experimentally determine the resonant frequency change with temperature,
dv/dT (Eqn 5.1), to be (−3.36 ± 0.06) GHz K−1 in agreement with the expected
value of −3.4 GHz K−1. As the transmission spectrum repeats every FSR, the
maximum temperature change required is that to shift the modes by half the FSR:
9.9 GHz for the 5.0 mm cavity. We characterise the response time of the 5.0 mm
cavity to a change in temperature set point, by measuring the movement of the
peak after the set point is changed, as shown in Fig 5.4. We find that for smaller
temperature changes (up to 2 K, 6.6 GHz) peak movement is well fitted to an ex-
ponential, with a 1/e time constant of 1.5 mins, as plotted. This is expected, and
is a signature of the thermal capacity of the lens. Residuals are plotted and show
very good agreement after about 30s. When the temperature change is larger than
this the TEC board reaches the current output limit so peak movement is initially
slower than exponential. For a 3.3 GHz shift (1.0 K), the time taken for the cavity
to become stable to within Δv is 10 minutes; for an 11.1 GHz shift (3.4 K) this rises
to 20 minutes.

Figure 5.4: Response of the etalon transmission frequency to an increase in tem-
perature set point of 1.2 °C. An exponential is fitted to the rise, which has a 1/e
time constant of 1.5 mins.

Any birefringence in the glass of the cavity, caused by stress in the material, will
induce a shift in the transmission frequency with changing polarisation, as noted
in [116]. Our mounting method minimises stress across the lens and we measure
a negligible frequency shift with rotation of incoming linear polarisation. Testing
two lenses, we measure maximum shifts of 5 MHz and 10 MHz respectively, which
is on the order of the fluctuations due to temperature instability, as seen in Fig 5.3.
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5.2.2. Planar-planar cavity

There is also no significant change for circularly polarised input light.

5.2.2 Planar-planar cavity

We also implement a cavity filter consisting of a planar-planar (PP) circular glass
piece of diameter 1 inch and length 1.7 mm, with reflectivity R = 94%. As men-
tioned in Section 5.2.1.1, this design limits the possible finesse of the cavity, however
for applications that do not require such a narrow linewidth, this is not a problem.
The etalon is coated for 700–850 nm and was purchased from LightMachinery and
has specification sheet which can be found here [120]. This etalon has a much
wider transmission peak, due to the lower reflectivity coating, of ∼1.5 GHz (from
the spec sheet, which states a FSR of 60 GHz and a Finesse ∼40). Linewidths of
∼0.33 GHz, and ∼0.75 GHz are also available from the same supplier [121].
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Figure 5.5: Transmission profile of the 1.7 mm planar-planar etalon (red) fitted to
a Lorentzian (black dashed) with residuals plotted below. Fitted Lorentzian has a
FWHM of (1.79 ± 0.02) GHz.

Fig 5.5 shows the transmission profile of the 1.7 mm thick planar-planar etalon (red)
fitted to a Lorentzian (black dashed) with residuals plotted below. The residuals
are about twice as large as those seen in the data and fit of Fig 5.3. These data
were taken using a DFB laser, which has a less linear scan than the ECDL lasers.
We are able to correct larger scale non-linearities using a comercial cavity, however
it is likely that smaller scale non-linearities remain and result in greater residual
structure. The fitted Lorentzian has a FWHM of (1.79 ± 0.02) GHz. This gives a
finesse of 33.5 which is within the range stated by the manufacturer.

We temperature stabilise and frequency tune this etalon in exactly the same way
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5.3. Atomic line filter

as the lens-cavity etalons, with similarly effective results. However, because the
FWHM is a factor of ∼20 wider, this filter is, relative to its linewidth, a factor
of 20 more stable. As this is a planar-planar cavity, different spatial modes are
not split, and are all transmitted at the same frequency. Therefore, there are no
subsidiary maxima, which is an advantage for applications where total extinction
off resonance (until the next peak 1 FSR away) is required. Mode matching into
the cavity is not required, and practically alignment is much easier, and we see
transmission of up to 85%.

It is also possible to get thinner planar-planar cavities than plano-convex cavities,
and so larger FSRs. This is because the PP cavity has the same thickness through-
out while the PC cavity is thinner at its edges. The thinnest PC cavity we could
use was 2.5 mm giving a FSR of 40 GHz. As the PP cavity we use has a length of
1.7 mm it has a FSR of 60 GHz.

5.3 Atomic line filter

The experimental setup for the atomic filter is shown in Fig 5.6. The beam passes
through an input Glan Taylor polariser angled at θE to the horizontal, then through
a 5 mm natural abundance Rb vapour cell, then an output polariser which is fixed
at 90° to the first. For light at a frequency away from atomic resonance the crossed
polarisers give very little transmission. Nearer resonance the atoms provide an op-
tical rotation, giving in principle near perfect transmission. The input polarisation
angle is a parameter which can be varied. The vapour cell must be short enough to
ensure the magnetic field is homogeneous over its length. However decreasing cell
length reduces optical depth, though this can be compensated for by increasing the
atomic number density by raising temperature [42]. Zentile et al. [122] showed that
filter performance degrades as cell length is reduced below a few millimetres be-
cause of the extra broadening associated with dipole-dipole interactions at higher
densities. The vapour cell is mounted in a heater, and is placed in a magnetic
field formed between two top-hat shaped permanent magnets. The magnetic field
strength, B⃗, is adjusted by altering the separation of the magnets, and can produce
a maximum field of 0.5 T. The magnets are mounted on a rotation stage so θB,
the angle between the light propagation direction and the magnetic field direction,
can be varied. An atomic filter spectrum with experimental data, ElecSus [42] fit,
and residuals is displayed in Fig 5.7.

Atomic filters can be broadly classified as two types—line centre and wing—
depending on where the transmission is relative to the atomic resonance. This
filter uses a natural abundance Rb vapour cell (72.2% 85Rb, 27.8% 87Rb) which
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5.3. Atomic line filter

Figure 5.6: Experimental setup for the atomic filter. 780 nm laser light is split on
a PBS and one beam is passed through a Rb vapour cell to provide a frequency
reference, as in Fig 5.1. The second beam passes through an input Glan-Taylor
polariser (GT1) angled at θE (a variable parameter) to the horizontal x-z plane,
then through a 5 mm natural abundance Rb vapour cell (VC) and an output
polariser (GT2) fixed at 90° to the first, to be detected on a photodiode (PD). The
vapour cell is mounted in a heater, and is placed in a magnetic field formed between
two top-hat shaped permanent magnets (PM). The magnetic field strength, B⃗,
is adjusted by altering the separation of the magnets, and can be up to 0.5 T.
The magnets are mounted on a rotation stage so θB, the angle between the light
propagation direction and the magnetic field direction, can be varied. The inset
figure is reproduced with permission from [107].

has narrow peaks at the line centres of the two isotopes, with the peak close to
0 GHz from the stronger 85Rb transitions. The two outer peaks in the filter spec-
trum are residual wing-like features [42]. To determine the 100% transmission level,
the second polariser is removed, allowing all of the far off-resonance, unrotated light
to pass through the filter.

This spectrum has a FOM of (0.66 ± 0.01) GHz−1, however optimising the para-
meters (temperature, magnetic field strength, magnetic field angle, input polariser
angle) for FOM rather than maximum transmission leads to a filter with a FOM
of (1.04 ± 0.01) GHz−1. Changing the temperature, which in turn alters number
density, from the value for maximum FOM lowers the FOM, with a steeper drop-
off as temperature is increased. The FOM drops to half its maximum value when
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5.3. Atomic line filter

T is increased by 7 K or decreased by 10 K. Once set, the angles and magnetic
field are constant, however temperature will fluctuate. We model the effect of
temperature change on the transmission spectrum, and find that while the cent-
ral peak frequency shift is negligible (∼10 MHz over 20 K), the peak height and
FWHM (Fig 5.7 insets), and subsidiary peak transmission vary significantly. How-
ever vapour cell temperature fluctuations on the scale expected in the laboratory
(∼1 K) only cause small changes in the transmission spectra (FWHM ∼ 20 MHz,
Tmax ∼ 0.3 %). The FWHM decreases with increasing temperature as the transmis-
sion peak is the gap between two absorption features, each of which gets wider as
the temperature increases.

K K
390 390400 400

Figure 5.7: Experimental data (blue points) and theoretical fit (red line) for an
atomic filter spectrum on Rb D2 line, with fit parameters T = 399.0 K, |B| = 218 G,
θB = 80.2°, θE = 1.6°. Residuals are displayed and show excellent agreement
between theory and experiment. This spectrum has a FWHM of (310 ± 1) MHz,
a maximum transmission of (66 ± 1) %, and a FOM of (0.66 ± 0.01) GHz−1. Insets
show the effect of changing temperature on the FWHM and maximum transmission
of the filter peak.
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5.4 Comparison between filter types

The choice of filter type depends on the requirements of a particular experiment;
here we outline how the tested filters compare over a range of criteria, summarised
in Table 5.2.

The cavity filter can have a smaller bandwidth–tens rather than hundreds of MHz–
however this is fixed at manufacture while the atomic filter bandwidth can be
changed by adjusting experimental parameters. We find a higher maximum trans-
mission for the atomic filter (75 %) than for the plano-convex cavity filter (50 %),
though the planar-planar cavity can have an even higher transmission (85 %). How-
ever, the atomic filter has a worse extinction ratio due to having larger subsidiary
peaks, and a lower FOM. The extinction ratio and bandwidth of the cavity fil-
ter are independent, unlike the atomic filter. When designing the cavity filter, a
length can be chosen to produce high extinction at a given frequency from the
transmission peak, whereas the frequencies of subsidiary transmission maxima of
the atomic filter are fixed. Cavity peaks repeat every FSR, so while extinction of
the atomic filter is poorer over 20 GHz around the main peak, it is much better
elsewhere. It has been shown, however, that two cascaded monolithic cavity filters
can produce a filter with an effective FSR of hundreds of GHz [123]. The FOM
calculated across 1 FSR of this cascaded filter would be lower than that of the ori-
ginal, because the maximum transmission would approximately halve, though the
exact numbers would depend on the specific implementation.

The atomic filter is stable to changes in temperature: a change of 1 K negligibly
affects transmission frequency (∼ 1 MHz) and does not alter bandwidth or max-
imum transmission significantly. In contrast, the cavity filter is very sensitive to
temperature: a 1 K change shifts the peak by order 1 GHz. Conversely this means
the cavity filter can be arbitrarily tuned with no change in bandwidth or trans-
mission, while the atomic filter transmits at a fixed frequency determined by the
resonances of the atom.

Imaging through the PC cavity filter is not possible because it filters spatially,
transmitting different cavity modes at different frequencies (Fig 5.2). However,
this is not the case for the PP cavity so imaging through it is possible. Imaging
through the atomic filter is also possible; some basic imaging through our atomic
filter is shown in Fig 5.8. Figs 5.8(a) and 5.8(c) show patterned laser beams imaged
before the atomic filter, and 5.8(b) and 5.8(d) are the corresponding images after
passing through the filter. Some distortion and extra noise has appeared, however
the main features of both patterns are still clearly visible. This property is crucial
to applications such as solar imaging [124].
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(a) ‘ferris wheel’ before (b) ‘ferris wheel’ after

(c) LG21 before (d) LG21 after

Figure 5.8: Light patterns imaged through an atomic filter.

The atomic filter is very sensitive to the polarisation of the input light, which
should be linear, and set to match the angle of the first GT polariser. If this is not
the case the transmission will be significantly reduced. Atomic filters can also be
used as dichroic beam splitters [108]. The cavity filter is polarisation independent.

Table 5.2: Summary of relative merits of Lens Cavity and Atomic Line filters

Lens Cavity Atomic Line
Bandwidth 10s MHz 100s MHz

On-peak Transmission 50 % 75 %
Required Temp. Stability 1 mK 1 K

Bandwidth Tunability Fixed on manufacture Yes
Central Frequency Arbitrary Fixed

Imaging No Yes
Polarisation Any Highly sensitive
Footprint ∼50 cm2 ∼2500 cm2

FOM (1 FSR) ∼7 GHz−1 ∼1 GHz−1
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The atomic filter setup used here has a bench footprint of at least 50 cm × 50 cm,
which is dominated by the rotating stage for the magnets. This has not been op-
timised to be as small as possible and could be reduced if the field across the cell is
allowed to be non-uniform. The magnet setup is custom made, as is the cell heater,
and a 5 mm Rb (or other suitable atomic vapour) cell is required. Our vapour cell
was filled in-house, however similar cells are commercially available. Glan-Taylor
polarisers are also necessary for maximal extinction of light at undesired frequen-
cies. The cavity filter is experimentally simple, requiring only the temperature
stabilised high-reflection coated lens and mode-matching and collimation lenses,
and is much smaller with a 7 cm × 7 cm footprint. If required, the focal length of
the mode-matching lens can be minimised by suitable choice of cavity radius of
curvature. The temperature controller is not included in this footprint as it can be
mounted away from the setup if long connecting wires are used.

We conclude that both designs have merits; the atomic filter is effective when signal
light is close to an atomic resonance, while the cavity filter allows greater control
over bandwidth and is arbitrarily tunable, but requires temperature stabilisation.
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Chapter 6
Collisional Transfer

6.1 Introduction

In our laboratory, we have been exploring four-wave mixing (FWM) in isotopically
enriched 98% 87Rb in a 0.6 T magnetic field (in the hyperfine Pashen-Back regime,
as discussed in Section 2.5.1) with the aim of creating a heralded single photon
source. This scheme and its results are described thoroughly in the thesis of Renju
Mathew [44]. The scheme used is a diamond, as shown in Fig 6.1. We excite up to
the 5D3/2 state via 5P3/2 state using 780 nm and 776 nm lasers. The medium then
emits pairs of correlated single photons back to the ground state via 5P1/2, and we
observe these at 762 nm and 795 nm.

Figure 6.1: Energy level scheme for diamond four wave mixing. We excite up to
5D3/2 via 5P3/2 using 780 nm and 776 nm lasers. The medium then emits pairs of
correlated single photons back to the ground state, and we observe these at 762 nm
and 795 nm.

However, this is not the only decay process, and our experimental realisation of the
scheme is dominated by noise. When only 780 nm (resonant with the D2 line) light
is incident on the vapour, 795 nm (resonant with the D1 line) photons are emitted.
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6.1. Introduction

We hypothesise that this transfer is caused by collisions with buffer gas atoms, as
illustrated in Fig 6.2. Even though our vapour cell is nominally ‘buffer gas free’, by
fitting to Elecsus [42] we have found an additional 7 MHz broadening [50], which
is attributed to buffer gas quenching.

Figure 6.2: Diagram illustrating the process of the collision. In the exothermic
process (upper row), the atom absorbs a resonant 780 nm photon and is excited
to the 5P3/2 state. The atom then collides with a buffer gas atom, transferring it
to the 5P1/2 state, which has a lower energy. From here the atom emits a 795 nm
photon, which we observe. The lower row of diagrams illustrate the endothermic
process, in which the atom absorbed a 795 nm photon to be excited to the 5P1/2
state (this is a higher energy state), collides with a buffer gas atom to transfer to
the 5P3/2 state, and then emits a 780 nm photon to return to the ground state.

The buffer gas collisions can transfer the Rb atom from the 5P3/2 state to the
5P1/2 state (Fig 6.2 upper), but also in the reverse direction, from the 5P1/2 state
to the 5P3/2 state (Fig 6.2 lower). The first of these transfers, 5P3/2 →5P1/2 is an
exothermic process, meaning that energy is transferred from the internal state of
the atom to the kinetic energy of the colliding atoms. The second, 5P1/2 →5P3/2,
is an endothermic process, meaning kinetic energy from the colliding atoms is
transferred to the internal energy of the Rb atom. This reverse process is therefore
energetically unfavourable, and happens at a lower rate. Coincidentally, the energy
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level structure of Rb is such that at 75 °C, a typical working temperature for our
experiments, the thermal energy is approximately equal to the 5P fine structure
splitting:

kBT ≈ ∆E. (6.1)

There has previously been much interest in, and study into, the collisional transfer
and quenching in alkali metal atomic gases. The Rb +M (M represents a buffer gas
atom or molecule) is an attractive system for theoretical study because of its relative
simplicity: as an alkali atom Rb has only one outer shell electron, and the buffer gas
can be an atom or molecule with no un-bonded valence electrons[125, 126]. There
is also a more practical interest in the alkali metal collisional transfer process for
use in Diode Pumped Alkali Lasers, which have been demonstrated to produce a
570 W Rb laser, and a 1.5 kW K laser [127].

Previous experimental studies have comprehensively measured the cross-sections
of these state changing collisions for a range of atomic species with a wide range
of molecular collision partners [128, 129, 130]. Here we do not attempt to re-
produce these investigations, rather we use the 130 MHz etalon filter described in
Chapter 5 to spectrally resolve the fluorescence photons, and in combination with
non-degeneracy of energy levels provided by the large magnetic field, to investigate
further what happens during the collisions.

Many proposals for quantum systems use thermal vapours. This collisional mixing
process is not often considered; we show that it is a significant effect, and, when
signal intensities are very low—quantum applications often require detection at the
single photon level—a potentially problematic source of noise.

6.2 Energy levels

In order to understand the processes occurring in the collisions we need a clear
picture of the energy levels of 87Rb. This enables us to understand which transitions
are available to us, and what wavelengths and polarisations of light will excite (or
be produced by) these transitions.

Fig 6.3 shows the σ+ and σ− D2 transitions, which have a wavelength of 780 nm.
The effect of the 0.6 T magnetic field on the 5S1/2 and 5P3/2 state energy levels are
shown. In zero-field F and mF are good quantum numbers, however, when we move
into the hyperfine Paschen Back regime the states split and regroup such than the
good quantum numbers are now mI and mJ . More detail is given in Section 2.5.1.
These states are grouped in sets of 4 levels, with a common mJ , with each state
in the set having a different mI . The mI and mJ states are labelled to the right.
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6.2. Energy levels

The excited states are pure |mJ , mI⟩ states, while the 5S1/2 states, labelled in dark
blue, contain contributions from two different |mJ , mI⟩ states, split ≈ 98%:2%, as
at 0.6 T we have not fully moved to the mJ , mI basis.

The absorption spectra of linearly polarised light, with k⃗ ∥ B⃗, resonant with the
D2 line is shown in the top panel. The strong absorption peaks are from trans-
itions out of the 98% ground state components while the weak absorption peaks
are transitions out of the 2% ground state components. The light blue arrows,
and corresponding lines above, mark σ+ transitions excited by left-hand circularly
polarised light. The purple arrows, and corresponding lines above, mark σ− trans-
itions excited by right-hand circularly polarised light.

Fig 6.4 shows instead the energy levels involved in D1 transitions at 795 nm, with
the absorption spectrum above, and the transitions marked and colour coded in
the same way.
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D2 transitions - 780 nm

Figure 6.3: Diagram showing the energy levels involved in the D2 (780 nm) transitions at 0.6 T, which are between the 5S1/2 and 5P3/2
energy levels. The mI and mJ states are labelled to the right. The absorption spectra of linearly polarised light resonant with the
D2 transitions at 75 °C is shown in the top panel. The light blue arrows, and corresponding lines above, mark σ+ transitions excited
by left-hand circularly polarised light. The purple arrows, and corresponding lines above, mark σ− transitions excited by right-hand
circularly polarised light. This figure is a copy of Fig 2.6; we have reproduced it here for convenience.62
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Figure 6.4: Diagram showing the energy levels involved in the D1 (795 nm) transitions at 0.6 T, which are between the 5S1/2 and 5P1/2
energy levels. The mI and mJ states are labelled to the right. The absorption spectra of linearly polarised light resonant with the
D2 transitions at 75 °C is shown in the top panel. The light blue arrows, and corresponding lines above, mark σ+ transitions excited
by left-hand circularly polarised light. The purple arrows, and corresponding lines above, mark σ− transitions excited by right-hand
circularly polarised light. This figure is a copy of Fig 2.7; we have reproduced it here for convenience.63
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6.3 Experimental setup

Fig 6.5 illustrates the experimental setup. We study state changing collisions of
alkali atoms in the presence of a large (0.62 T) axial magnetic field [131]. In-
clusion of the field lifts the degeneracy of the states and allows individual states
to be probed. From the ground state of 87Rb we can probe the D1 (795 nm) or
D2 (780 nm) transitions to excite to the 5P1/2 and 5P3/2 states respectively. A
polarising beam splitter cube (PBS) allows the interrogating light to be switched
between 780 nm and 795 nm laser light. Before interrogating the atoms, the beams
traverse a quarter waveplate (λ/4) to produce circularly polarised light, which is
the most efficient way to drive the σ+/σ− transitions. The vapour cell is 2 mm
long and contains isotopically enriched 98% 87Rb vapour and nominally zero buf-
fer gas. The cell is heated to 75 °C, which is required to increase the Rb number
density in the cell to get appreciable absorption. When the temperature is too
high the medium becomes optically thick and we see saturation effects. The cell
heater has 2 pairs of entrance/exit holes for the laser beam; one pair is parallel to
the magnetic field direction and k-vector of interrogating light, while the second
pair is perpendicular to these. The cell and its heater are sandwiched between two
NdFeB permanent magnets, which produce a 0.6 T axial magnetic field which is
uniform across the length of the cell at the 1% level [57]. A pair of 20 mm focal
length lenses are positioned either side of the vapour cell to focus the beam to a
waist of (90 ± 10) µm, and recollimate the laser light. After the second lens the
beam is split by a 50:50 beam splitter (BS) with light from the reflected port dir-
ected onto a photodiode to monitor absorption. The light that transmits through
the BS is aligned into a single mode fibre. Fluorescence which passes out through
the hole in the side of the heater mount, perpendicular to the magnetic field dir-
ection, is coupled into another optical fibre. We have the option here to include
a half waveplate and PBS before the fibre to select a linear polarisation. Narrow
bandpass filters are present on all three output optical paths; Semrock MaxLine
LL01-780 [132] to transmit 780 nm light (T = 99.0%) or twisted Semrock MaxLine
LL01-808 to transmit 795 nm light (T = 95.9%). The two fibre collection ports are
connected with one split fibre, so light from both is out put in to the etalon section
of the setup. In this section a non-polarising BS directs half the light directly into
a multi-mode fibre and onto a photon counter, while the other half passes through
the aligned etalon filter. The output of the etalon filter is split 90:10 between a
multi-mode fibre to another photon counter, and a photodiode which is used for
filter alignment.
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Figure 6.5: Diagram of the setup split into three sections; experiment, collection and etalon filter. A beam splitter cube allows the
input laser light to be switched between 780 nm and 795 nm. The beams pass through a quarter waveplate (λ/4) to produce circularly
polarised light, which is focused through the 2 mm long 98% 87Rb vapour cell. The cell is mounted in a heater and surrounded by
permanent magnets, which provide a 0.6 T axial magnetic field which is uniform across the cell at the 1% level [57]. The beam and any
forward emitted fluorescence are incident on a 50:50 beam splitter (BS) with light from the reflected port directed onto a photodiode
to monitor beam transmission. The through port is aligned into a single-mode fibre. Fluorescence emitted out of the side of the cell,
perpendicular to the B-field direction, is collected into another fibre, before which a half waveplate and PBS can be used to select a
linear polarisation. Narrow bandpass filters are present on all three output optical paths, and these can be rotated to transmit either
780 nm or 795 nm light. The two fibre collection ports are connected with one split fibre, which directs light from both into the etalon
section of the setup. A BS then couples half the light into a multi-mode (MM) fibre to a photon counter, while the other half passes
through the aligned etalon filter. The output of the filter is split 90:10 between a MM fibre to single photon counter, and a photodiode
used for filter alignment.
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6.4. Results without etalon filtering

6.4 Results without etalon filtering

Fig 6.6 shows the results of the transfer process when a scanning 780 nm laser beam
is input and 795 nm fluorescence is collected. The top panel shows an absorption
spectrum over the strong σ+ D2 lines at 0.6 T, as we have seen in Fig 6.3. The
bottom panel shows the corresponding 795 nm fluorescence collected, as the 780 nm
laser is scanned. We observe that the collected 795 nm fluorescence count rate
mirrors the transmitted 780 nm light through the Rb vapour. This is expected if
we assume the collisional process illustrated in Fig 6.2; atoms must absorb a 780 nm
photon in order to collide and change state, them re-emit at 795 nm.
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Figure 6.6: a) D2 σ+ strong absorption lines. 75 °C, 1 µW. b) Corresponding
795 nm forward collected fluorescence as the 780 nm laser is scanned over the D2
σ+ absorption lines.

By observing sideways out of the cell in order to minimise scattered laser light, we
compare the rates of emitted fluorescence for both 780 nm and 795 nm input and
output at 75 °C, which are visualised in Fig 6.7. We first input 780 nm (red trace)
and record fluorescence count rate with no spectral filter, meaning we collect both
780 nm and 795 nm. This is the first ≈1/3 of the time axis. A 780 nm bandpass
filter is then inserted for the middle time section, and finally that filter is replaced
with a 795 nm bandpass filter. This process is then repeated with 795 nm input
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Figure 6.7: Red (blue) trace shows the relative fluorescence photon count rate
collected out of the side port of the cell, when 780 nm (795 nm) light is input and
different interference filters (IF) are place before the collection fibre. During the
first third of the time axis there is no IF in place so both 780 nm and 795 nm
fluorescence is collected. During the middle third of the graph a 780 nm IF is in
place, so only 780 nm fluorescence is collected, and in the final third a 795 nm IF
is in place so only 795 nm fluorescence is collected. The cell temperature is 75 °C.

light, shown by the blue trace. We find that for the exothermic process - 780 nm
in, 795 nm out - the ratio of fluorescence 795 nm/780 nm = 0.20. For the reverse,
endothermic process, the ratio 780 nm/795 nm = 0.032. These calculations take
into account the differing transmissions through the narrowband filters. This means
that fine structure change is 6 times more likely in the exothermic process than in
the endothermic process.

These data tell us that the transfer process is significant; in the exothermic case
when we input 780 nm light, 1/6 of the fluorescence we get out is at a different
wavelength: 795 nm. This has the potential to be a serious problem for quantum
optics experiments where the signal intensity is very low—photons are counted
individually—and noise reduction is vital. It should also be noted though, that
this fluorescence is emitted in all directions, while the signal photons produced in
FWM are highly directional, so effective spatial filtering will be important.
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6.4.1 Temperature dependence

The amount of fluorescence we see from the state that has not been excited by
resonant laser light is dependent on the number of collisions that take place in
the atomic medium. Since the number of collisions is dictated by the number of
atoms in the vapour phase, we can control the ensemble collisional rate and process
by changing the temperature of the vapour. The number density of atoms in the
vapour phase has a close to exponential dependence on temperature [58], thus
small changes in temperature (i.e. 5–10 °C) can lead to doubling of the Rb number
density [4].

We measure the temperature dependence of the process by frequency stabilising
the 780 nm laser to the 5S1/2|1/2, 3/2⟩ → 5P3/2|3/2, 3/2⟩ transition (left most
absorption peak in Fig 6.6), and recording the rate of 795 nm fluorescence as the
temperature changes. From the temperature we calculate the Rb number density.
Fig 6.8 is a log-log plot illustrating the dependence of 795 nm fluorescence on the
number density of Rb atoms in the vapour. We plot log-log to make the relationship
clearer. We see that for temperatures up to 86 °C the gradient is linear showing
that in this regime the process is first order, so one Rb atom is involved. The
other atom in the collision must therefore be a buffer gas atom. Between 86 °C and
110 °C the process becomes second order, suggesting that collisions now involve two
Rb atoms. This is in agreement with the results reported in [54], showing that at
this temperature lineshape broadening due to Rb-Rb collisions becomes comparable
with the natural broadening. This crossover occurs when the Rb-Rb state changing
collision rate exceeds the Rb-buffer gas state-changing collision rate. The number
density at which this occurs depends on the pressure of buffer gas in the cell, and
the relative cross-sections of the collisional processes. Above 110 °C the behaviour
becomes more complicated as the medium starts to become optically thick. The
following investigations are all carried out in the linear regime, at approximately
75 °C, with a number density of 1.1 × 1018 m−3. Coincidentally, in this regime the
thermal energy is approximately equal to the fine structure splitting:

kBT ≈ ∆E. (6.2)

This is not the case for all alkali metals, which will be discussed in Section 6.6.

6.4.2 Collisional Process equations

To describe the collisional processes that occur inside the atomic vapour cell, we
need to consider when the Rb atoms are likely to collide with a buffer gas atom
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6.4.2. Collisional Process equations

Figure 6.8: Number density dependence of 795 fluorescence rate. At low number
densities (and therefore temperatures), up to around 86 °C 795 nm fluorescence
count rate increases linearly with number density. In the next region, between
86 °C and 110 °C that relationship is close to quadratic (∝ n1.8±0.1). Above 110 °C
the increase begins to level off, and then decrease, as the medium becomes optically
thick, and fewer of the produced photons escape the medium and are detected.
Data and figure from Renju Mathew and reproduced here with permission [44].

(inter-species collisions) and when they might collide with another Rb atom (intra-
species collisions). We discussed in Section 6.4.1 that at low temperatures (i.e.
< 86 °C, as shown in Fig 6.8), the dominating collisions are between Rb and buffer
gas atoms. Inter-species collisions can transfer the Rb atom to: the other 5P state
(inter-manifold); to a different level within the same 5P state (intra-manifold); or
back down to the ground state (quenching).

Each of these collisional transfer processes can be described mathematically using
equations. We use M to represents a buffer gas atom (or molecule).

Inter-manifold collisions:

Rb(5P3/2) + M → Rb(5P1/2) + M (6.3)

Rb(5P1/2) + M → Rb(5P3/2) + M. (6.4)

Intra-manifold collisions:

Rb(5P3/2) + M → Rb(5P3/2) + M (6.5)
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6.5. Spectral filtering of the output fluorescence

Rb(5P1/2) + M → Rb(5P1/2) + M. (6.6)

Collisional quenching:

Rb(5P3/2) + M → Rb(5S1/2) + M (6.7)

Rb(5P1/2) + M → Rb(5S1/2) + M. (6.8)

At higher temperatures (86–110 °C), we also see Rb–Rb collisions. These can cause
all the same types of transfer processes given by Eqns 6.3–6.8 to occur, but the
buffer gas, M is replaced by a Rb atom. These now dominate over the Rb–buffer
gas collision, though the latter still occur. Below are equations for the fine structure
changing collision processes which occur in this regime:

Rb(5P3/2) + Rb → Rb(5P1/2) + Rb (6.9)

Rb(5P1/2) + Rb → Rb(5P3/2) + Rb. (6.10)

6.5 Spectral filtering of the output fluorescence

To determine the states the atoms have transferred to after a collision, we require
narrow-band spectral filtering. We use interference filters (IF) (Semrock MaxLine
filters–LL01-780 and LL01-808) in the collection path, which have a typical full-
width-at-half-maximum (FWHM) of 3 nm [132], to remove unwanted excitation
light from the fluorescence detector. 795 nm light is filtered using a filter centred
at 808 nm which is tilted to lower the transmission frequency. The bandwidth of
the IF is much broader than the widths of the resonance features, thus we require a
second narrow-band (typically narrower than the resonance features) filter for finer
spectral resolution. We use an etalon filter, as described in Chapter 5. This filter
consists of a high reflection (HR) coated plano-convex lens held in a temperature
stabilised mount. It has a FWHM of 130 MHz and a central frequency which
can be tuned by altering its temperature. The central frequency is stable to 10
MHz over a 2 hour period. We include a 50:50 beam splitter in the 795/780 nm
detection arm of the experiment, with one output port passing through the etalon
filter before being fibred into a SPAD (Single photon avalanche detector), and the
other passing straight into a fibre and then detector. This allows the ‘with etalon’
and ‘without etalon’ paths to be monitored simultaneously and compared.
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Figure 6.9: 780 nm input laser light, 795 nm fluorescence collected. At 75 °C, in the
regime where collision rate is first order with respect to Rb concentration and Rb–
buffer gas collisions dominate. Panel a) shows the etalon transmission profile on a
795 nm laser scan relative to the D1 absorption lines. Here the etalon is positioned
on the left most transition (mJ = 1/2, mI = 3/2 → mI = −1/2, mI = 3/2). Panel
b) shows a 780 nm laser scan over the D2 transition lines. Panel c) shows the
fluorescence detected when the laser scan is that of panel b). Both yellow (without
etalon) and purple (with etalon) traces show fluorescence that has passed through
a narrow band interference filter with a central transmission frequency of 795 nm.
Zero probe detuning for panel a) (panels b) and c)) is the weighted D1 (D2) line
centre of naturally abundant Rb in zero magnetic field [133].
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6.5. Spectral filtering of the output fluorescence

Figure 6.10: 780 nm scanning laser light in, 795 nm fluorescence out. Etalon
transmitting on | − 1/2, 3/2⟩ → |1/2, 3/2⟩ transition (top panel), | − 1/2, 1/2⟩ →
|1/2, 1/2⟩ (2nd panel), | − 1/2, −1/2⟩ → |1/2, −1/2⟩ transition (3rd panel) and
| − 1/2, −3/2⟩ → |1/2, −3/2⟩ (bottom panel). Zero probe detuning is the weighted
D2 line centre of naturally abundant Rb in zero magnetic field [133].
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6.5.1. Scanning input D2 frequency, while fixing etalon frequency window

The transmission frequency of the etalon filter is set using the 795 nm laser relative
to the D1 transition lines as shown in the top panel of Fig 6.9. This allows us to
choose which hyperfine transmission frequency we allow through the filter.

6.5.1 Scanning input D2 frequency, while fixing etalon frequency
window

Fig 6.9 builds on Fig 6.6, and shows the effect of introducing the etalon filter on one
of the 795 nm transitions. The top panel show the transmission profile of the etalon
relative to the D1 absorption features. Here the etalon is positioned on the left-
most transition (mJ = 1/2, mI = 3/2 to mJ = −1/2, mI = 3/2). The middle panel
shows the transmission spectrum of the 780 nm input laser, and the bottom panel
shows the normalised detection rate of 795 nm photons, as the 780 laser frequency
is scanned. In the bottom panel the yellow trace shows the 795 nm fluorescence
collected without the narrowband etalon filtering. It contains no information on
the frequency of the 795 nm photons other than they are in the range 793–797 nm
(due to the interference filter in the collection path transmitting at (795 ± 2) nm);
the x-axis is detuning of the 780 nm input light, not output photon frequency. It
tells us that the rate of 795 nm photon production is higher when more 780 nm
resonant laser light is absorbed by the medium. Adding the etalon (purple trace)
however, gives us more information. Looking at the top and bottom panels together
we learn that when the 780 nm input light is at the frequency of the left-most D2
hyperfine transition, the 795 nm photons produced by the medium, via collisional
transfer, are at the frequency of the left-most D1 hyperfine transition, which is a
decay from an excited state 5P1/2 with mJ = 1/2, mI = 3/2. There are only two
780 nm input detunings which cause the production of these 795 photons: these
detunings correspond to exciting the atoms into the 5P3/2 mJ = 3/2, mI = 3/2
and mJ = 1/2, mI = 3/2 excited states. We note that the width of the peaks in
780 nm frequency are narrower when passed through the etalon filter.

Translating the central frequency of the etalon transmission to a different D1 trans-
ition changes the fluorescence spectrum, which is evident in Figure 6.10. Viewing
this in combination with the energy level diagrams in Figs 6.3 and 6.4, we sum-
marise the transitions involved in Table 6.1. We deduce that during the collisional
transfer process, which transfers an atom from the 5P3/2 state to the 5P1/2 state,
the mJ quantum number of the atom can change, but the nuclear spin projection
quantum number, mI , is preserved.

Many studies have previously covered alkali metal-buffer gas spin transfer, such
as [134, 125, 126], though not in the HFPB regime. [126] suggests that mI is
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6.5.2. Spectral profile of emitted fluorescence

Table 6.1: State change during collisions

780 nm excitation transition 795 nm fluorescence transition

(|mJ , mI⟩ → |m′
J , m′

I⟩) (|m′
J , m′

I⟩ → |mJ , mI⟩)

|1/2, 3/2⟩ → |3/2, 3/2⟩
| − 1/2, 3/2⟩ → |1/2, 3/2⟩ | − 1/2, 3/2⟩ → |1/2, 3/2⟩

|1/2, 1/2⟩ → |3/2, 1/2⟩
| − 1/2, 1/2⟩ → |1/2, 1/2⟩ | − 1/2, 1/2⟩ → |1/2, 1/2⟩

|1/2, −1/2⟩ → |3/2, −1/2⟩
| − 1/2, −1/2⟩ → |1/2, −1/2⟩ | − 1/2, −1/2⟩ → |1/2, −1/2⟩

|1/2, −3/2⟩ → |3/2, −3/2⟩
| − 1/2, −3/2⟩ → |1/2, −3/2⟩ | − 1/2, −3/2⟩ → |1/2, −3/2⟩

conserved during these collisions. This is because the direct collisional interaction
is several orders of magnitude stronger on the electronic spin than the nuclear spin,
nuclear reorientation occurs mainly through the hyperfine interaction of the nucleus
with the reoriented electron. We are in the HFPB regime so the electronic and
nuclear spins are decoupled, so this interaction should not occur. Even without the
field, though, in the case of alkali-metal atoms, the hyperfine interaction time is far
longer than the duration of a typical binary collision, so little nuclear reorientation
occurs during the collision itself [126].

6.5.2 Spectral profile of emitted fluorescence

So far we have used the etalon filter to learn between which states the collisional
transfer process can move Rb atoms. We can also use it do determine the spectral
characteristics of the emitted fluorescence, namely the lineshape and linewidth.
When working with thermal vapours there are normally two characteristic widths;
the natural linewidth (5.7 MHz for the D1 line [58]) of a transition, which is a result
of the finite lifetime of the excited state and has a Lorentzian lineshape, and the
Gaussian width (≈ 600 MHz at 75 °C) which results from Doppler broadening. We
use the etalon filter to determine what effect the collisions have on these spectral
characteristics.

We investigate the spectral distribution of the produced 795 nm fluorescence by
fixing the 780 nm laser frequency and moving the transmission frequency of the
etalon. We measure a profile by moving the etalon transmission window through
the emitted fluorescence, and recording the photon count rate for each central
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6.5.3. Model for fluorescence profile

Etalon FWHM (MHz) Measured FWHM (MHz) Calculated fluorescence
FWHM (MHz)

130±2 400±10 270±10
70±1 330±10 260±10
41±1 260±10 220±10

Table 6.2: Table showing the measured spectral width of the 795 nm fluorescence,
for different etalon widths used to take the measurement.

frequency of the etalon. An example of a set of etalon positions is shown in Fig 6.11.
The profile we measure must be a convolution of the etalon profile, and the profile
of the emitted fluorescence. Fig 6.11 shows the profile measured with the 130 MHz
etalon filter. We fit to a Lorentzian profile, given by

L(ν) = AΓ
(ν − ν0)2 + (Γ/2)2 + c, (6.11)

where ν is the frequency, ν0 is the central frequency, Γ is the full-width-at-half-
maximum (FWHM), A is a scaling constant and c is a y-axis offset constant. The
measured profile fits well to a Lorentzian (residuals <5%), and has a FWHM of
400 MHz. On the whole deconvolutions are very difficult to calculate, however in
this case we know that both the final measured profile and the profile of the etalon
are very close to Lorentzian, and that the convolution of two Lorentzians produces
a third Lorentzian with a FWHM of Γf = Γ1 + Γ2 [135]. From this we determine
that the actual fluorescence is also close to Lorentzian, and that its width is the
difference between the measured width, and the width of the filter used to take
the measurement. Therefore, we conclude that the fluorescence is approximately
Lorentzian with a FWHM of approximately 270 MHz.

We repeat this process with three different etalon filters of varying widths, as
described in Table 6.2 and arrive at a value for the FWHM of the produced fluor-
escence of 250 ± 20 MHz.

6.5.3 Model for fluorescence profile

To better understand what we see in our system, we create a basic model of the
collisions in the medium. We use a simple Monte-Carlo model to simulate the
collisions, and to explain the FWHM and lineshape of the emitted fluorescence.
We carry out these operations array-wise, and model 10 million collisions, which
runs in approx 30 seconds on an i5 processor. The model results shown in this
section use a buffer gas of molecular nitrogen, N2. Other likely candidates for
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Figure 6.11: Panel a) illustrates how data points are frequency calibrated. Shown
are the locations of the etalon transmission peaks (red dots) relative to the mI =
3/2 σ− D1 absorption line (black line). Four etalon trace positions are shown as
examples. These don’t look Lorentzian because of the high scan rate. b) shows
the relative intensity of 795 nm fluorescence (red dots) as the etalon transmission
frequency is altered, with a Lorentzian fit to the measured fluorescence rate profile
(black dashed line). This is the convolution of the etalon transmission profile
(130 MHz Lorentzian) and the fluorescence profile emitted by the atoms. Zero
detuning is the central resonance frequency of the mI = 3/2 σ− D1 absorption
line. Residuals are shown in c).
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6.5.3. Model for fluorescence profile

residual buffer gas in a cell, such as CH4, He, Ne, Ar, are all considerably lighter
than Rb, so choosing a different buffer gas has a negligible effect on the final results.

For each collision we initialise the x, y and z velocities of both (Rb and buffer
gas) atoms. In the experiment we excite with a resonant 780 nm beam directed
along the z-axis, so only interact with atoms which have vz < Γ/kz, where Γ is
the natural linewidth of the excitation transition, and kz the z-component of the
light wavevector (though in this case k = kz). In the model, vz of all Rb atoms
is set to be 0 m/s, and all other velocity components are randomly chosen from
a Gaussian distribution at T = 75 °C. We use a simple spheres colliding picture
(like that illustrated in Fig 6.2), based on [136], to calculate the velocities of both
particles after the collision. To do this we also randomly select an impact angle
for each collision, and from this calculate the contact normal vector, n⃗. We then
calculate the relative velocity along the contact vector

vrel = (v⃗Rb − v⃗Buff) · n⃗. (6.12)

The velocities after the collision, with i denoting the ‘intermediate’ state of our
calculation, are given by

v⃗Rb, i = v⃗Rb − vrel
2mBuff

mBuff + mRb
n⃗, (6.13)

and
v⃗Buff, i = v⃗Buff + vrel

2mRb
mBuff + mRb

n⃗. (6.14)

These solutions are the velocities of both particles after a perfectly elastic collision,
and do not take into account the energy change from the state change which occurs
during the collision.

We have tried several methods for adding in the extra energy released from the state
change induced by the collision. The most reasonable looking results are produced
by treating extra energy as an e > 1 coefficient of restitution in the collision. This
calculation is carried out in the centre-of-mass (cm) frame

v⃗cm = mRbv⃗Rb,i + mBuffv⃗Buff,i
mRb + mBuff

, (6.15)

and final velocities are given by

v⃗Rb,f = (v⃗Rb,i − v⃗cm) · e + v⃗cm, (6.16)

and
v⃗Buff,f = (v⃗Buff,i − v⃗cm) · e + v⃗cm. (6.17)

Again, i denotes the previously calculated intermediate velocities, f the final velo-
cities, and e is the coefficient of restitution.
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6.5.3. Model for fluorescence profile

The extra energy we are adding in the collision is ∆E, the energy difference between
the 5S3/2 and 5S1/2 states. At our operating temperature, 75 °C, this energy is
very similar to the thermal energy of the atoms, kBT ≈ ∆E. The coefficient of
restitution, e, is numerically calculated to conserve the total energy over a large
number of collisions, n, such that
∑

n

[1
2mRbv2

Rb,i + 1
2mBuffv2

Buff,i + ∆E

]
=
∑

n

[1
2mRbv2

Rb,f + 1
2mBuffv2

Buff,f

]
. (6.18)

This results in a value of e = 1.3. This method does not, however, conserve energy
for each individual collision. We have tried other methods, which conserve energy
within each collision by distributing the extra energy between the two collision
partners, however these produced odd, unphysical looking lineshapes.
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Figure 6.12: Simulated 795 nm atomic velocity distributions along x (left column),
y (middle column) and z (right column) before the collision (red, top row), and after
the collision, without (blue, middle row) and with (purple, bottom row) including
the extra energy from the state change via a coefficient of restitution of 1.3.
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6.5.3. Model for fluorescence profile

We obtain a fluorescence lineshape from the calculated velocities by histogramming
the final Rb velocities along the observation axis (initially vz), and converting ve-
locity to detuning, via ∆ν = vz/λ. Fig 6.12 is a grid of modelled velocity distribu-
tions along x (left column), y (middle column) and z (right column). Distributions
are plotted for before the collision (red), and after the collision, without (blue)
and with (purple) including the extra energy from the state change via a coeffi-
cient of restitution of 1.3. It can be seen that the distributions in x and y, which
start Gaussian, are changed very little by the collision, though they are broadened
slightly when the extra energy is included (g) and h)). The distribution in z, on
the other hand, changes significantly. Initially all atoms have vz=0, (panel c)).
After the collision, when the extra energy is not included (panel f)), the distri-
bution still has a high narrow peak at v = 0, and is very cusped. Including the
extra energy via the coefficient of restitution e = 1.3 gives the distribution in i),
which is broader, less cusped, and closer to Lorentzian. This lineshape is in agree-
ment with previous studies where velocity changing collisions have been observed
to have cusped lineshapes [137, 138] and a cusped lineshape collision kernel has
been described [139].

The velocity distribution in panel i) is converted to a frequency profile and fitted
to a Lorentzian. This fit is shown in Fig 6.13, and has a FWHM of 230 MHz. The
fit is not very good; the modelled fluorescence has a much sharper and higher peak
at zero detuning. However, convolving with the known etalon filter profile allows
us to compare our model to the lineshape that we measure, where we see much
better agreement.
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Figure 6.13: Simulated rate of 795 nm photon rate detected forward out of the cell
(red solid), including the extra energy modification, fitted to a Lorentzian (black
dashed).
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Figure 6.14: Fit of the model to a Lorentzian, after convolution with the 130 MHz
Lorentzian etalon filter profile. The width of this profile is 390 MHz, and is a very
good fit to the Lorentzian.

Fig 6.14 shows a fit of the model to a Lorentzian, after convolution with the
130 MHz Lorentzian filter profile. The width of this profile is now 390 MHz, which
matches very closely the 400 MHz measured profile. The fit is excellent, with re-
siduals of <1%.

The method used in this model assumes that only the internal energy of the Rb
atom changes during the collision, so the internal energy of the buffer gas atom
remains the same. The very good fit seen between model and experiment suggests
that this assumption is likely to be correct in our case. This could be an indication
that our buffer gas particles are atoms, which don’t have internal ro-vibrational
degrees of freedom, rather than molecules, which do.

6.5.4 Exciting off resonance

From the theoretical model discussed in Section 6.5.3, we infer that when the
excitation light is detuned away from the centre of the absorption feature, the
lineshape of the emitted fluorescence becomes asymmetric. This is because the
beam now selects a non-zero velocity class, so we initialise all Rb atoms with a
constant vz ̸= 0, related to the detuning by vz = ∆νλ. We have observed this
asymmetry, as shown in Fig 6.15. This data set was collected using a 40 MHz
filter. Residuals are plotted and we see that the skewed Lorentzian (purple) is a
better fit with an RMS error of 0.022, than the standard Lorentzian fit (black) with
and RMS error of 0.046. We define a skewed Lorentzian as an adapted Lorentzian,
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Figure 6.15: Red dots show measured points of a 795 nm fluorescence profile meas-
ured using 780 nm excitation laser detuned by approx 0.5 GHz from the central
resonance frequency of the mI = 3/2 σ+ D2 absorption line, and by varying the
transmission frequency of the 40 MHz etalon filter. Zero detuning is the central
resonance frequency of the mI = 3/2 σ− D1 absorption line. The fluorescence
profile is fitted to a Lorentzian with (purple), and without (black dashed), a skew
parameter. The skewed fit has a FWHM of (300 ± 10) MHz and a skew factor of
3. The RMS errors of the standard/skewed Lorentzian fits are 0.046 and 0.022
respectively.

replacing Γ, the FWHM, with Γ(ν), such that the width varies with frequency. Our
previously defined Lorentzian (Eqn 6.11) becomes [140]

Lskew(ν) = AΓ(ν)
(ν − ν0)2 + (Γ(ν)/2)2 + c, (6.19)

where Γ(ν) is given by

Γ(ν) = 2Γ
1 + ek(ν−ν0) , (6.20)

with skew factor k.

6.5.5 Reverse endothermic process

When we instead input light on the D1 line, at 795 nm and observe decays on the
D2 line (780 nm) we again see that a transfer process is occurring. The process in
the low temperature regime (T< 86 °C, from Fig 6.8) can be expressed as

Rb(5P1/2) + M → Rb(5P3/2) + M, (6.21)
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6.5.5.1. Scanning 795 nm laser

where M represents the buffer gas atom, and in the high temperature regime
(86 °C< T< 110 °C) as

Rb(5P1/2) + Rb → Rb(5P3/2) + Rb. (6.22)

Again, we operate in the low temperature regime at 75 °C.

This collision process moves atoms to a higher energy state, and is therefore sup-
pressed compared to the energy favourable (exothermic) process. We operate in a
temperature regime where the thermal energy is approximately equal to the fine
structure splitting:

kBT ≈ ∆E. (6.23)

This means that most collisions (≈ 85% according to our model as shown in
Fig 6.16) have more kinetic energy than the energy gap, and a collision could
cause the atom to transfer to the higher energy state, and lower its velocity.
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Figure 6.16: Simulation of distribution of total kinetic energy of colliding pairs
of atoms at 75 °C. Individually both atoms has a Maxwell Boltzmann velocity
distribution. In red are the collision pairs without enough energy to change to the
higher energy state; in blue are the atom pairs which do. 85% of the collisions are
in the blue region.

6.5.5.1 Scanning 795 nm laser

We repeat the earlier experiments, but with the wavelengths exchanged: scanning
the 795 nm laser and fixing the etalon on a 780 nm transition. The results are
shown in Fig 6.17. The insets show the eight D2 σ+ absorption lines, with the
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6.5.5.2. 780 nm fluorescence lineshape

Figure 6.17: Scanning the input D1 795 nm light, with etalon transmission window
fixed on the D2 transitions as shown in the insets. Zero probe detuning is the
weighted D1 line centre of naturally abundant rubidium in zero magnetic field [133].

etalon transmitting on one of them; here we choose one stronger line and one
weaker line. It is immediately obvious that these endothermic fluorescence spectra
are much noisier than their exothermic equivalents (Fig 6.10), because we see less
collisional transfer fluorescence in the energy unfavourable direction. In the main
plots we see the four characteristic lines of the 795 nm spectrum without the etalon,
in yellow. With the etalon, in purple, we see that fluorescence only gets through
the filter if it was excited by one particular D1 transition, and again that mI must
be conserved.

6.5.5.2 780 nm fluorescence lineshape

We also measure the lineshape of the forward emitted 780 nm fluorescence with
795 nm excitation. We see the fluorescence is again Lorentzian, and slightly nar-
rower, see Fig 6.18. In the exothermic case, with the 130 MHz filter we measured a
FWHM of (400 ± 10) MHz. Here, in the endothermic case, we measure a FWHM
of (350 ± 10) MHz. These uncertainties are calculated from the covariance of the
fit, and do not take into account any error from the determination of the filter fre-
quency, so will be an underestimate. To illustrate how this data set was collected,
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Figure 6.18: A Lorentzian fit to the 780 nm fluorescence profile when 795 nm light
laser light, on resonance with the mI = 3/2 σ− D1 absorption line is input. The
filter is used is 130 MHz. Zero detuning is the central resonance frequency of the
mI = 3/2 σ+ D2 absorption line. The FWHM = (350 ± 10) MHz. This is lower
than the FWHM seen in the exothermic process.

Fig 6.11 shows many etalon filter frequency locations, relative to the 795 nm absorp-
tion feature. For each frequency the position of the etalon relative to the position
of the minimum of the absorption feature was calculated, and used as the detun-
ing. There will also be an uncertainty contribution from the (in)accuracy of the
frequency calibration of the absorption spectrum, which uses the spacing between
the absorption features, the measurement of which has an error (0 ± 20) MHz. As
this range is over 10 times the width of our profile, the added uncertainty from this
is negligible. Any jitter in accurately identifying the peak locations would appear
in the residuals, rather than shifting all points uniformly.

We apply our model to this reverse endothermic process, using the same method
as for the exothermic process except for two changes:

• the coefficient of restitution is < 1, to remove the kinetic energy required
for the state change. We set this to 0.6, which we calculated numerically to
conserve overall energy. This causes a narrowing of the lineshape.

• Only atom pairs which have the required energy are allowed to collide. These
are the blue section of Fig 6.16. This removes relatively more of the slow
moving Rb atoms from play, and has the effect of removing the cusp shape
and therefore widening the lineshape, as shown in the upper panel of Fig 6.19.

We fit the modelled endothermic lineshape to a Lorentzian (Fig 6.19, lower panel),
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6.5.6. Sideways observation

extracting a width of 310 MHz. This value is lower than the measured experimental
value of (350 ± 10) MHz, but importantly both are lower than in the exothermic
case. Residuals are calculated and are up to 2% of the maximum intensity, so the
fit is not as good as in the exothermic case.
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Figure 6.19: Upper: Modelled 780 nm fluorescence profile before (black) and after
(red) removing energy from collision. Lower: when profile is convolved with the
130 MHz Lorentzian filter, and fitted to a Lorentzian, giving a FWHM of 0.31 GHz.
Residuals are plotted and are up to 2% of the maximum intensity, so the fit is very
good, but not as good as in the exothermic case.

6.5.6 Sideways observation

The geometry of our vapour cell heater enables the radial fluorescence to be mon-
itored from the 2 mm long cylindrical vapour cell (see Section 3.1 for more details);
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6.5.6.1. Intra-manifold transitions

this allows us to investigate intra-manifold transitions (i.e. exciting axially with
780 nm and observing radially at 780 nm). Although the radial fluorescence must
propagate further to exit the confines of the vapour cell heater, hence a weaker
fluorescence signal, we are able to separate the fluorescence from the excitation
light and also collect fluorescence from π transitions. Neither of these studies pos-
sible in the axial geometry.

6.5.6.1 Intra-manifold transitions

We investigate intra-manifold transitions (780 nm in, 780 nm out) by scanning over
the D2 transitions, and observing perpendicular to the B-field through a 780 nm
narrowband interference filter. These transitions cannot be observed in the forward
direction as it is not possible to separate the 780 nm fluorescence from the 780 nm
laser light. We input linearly polarised light, which can be thought of as being
made up equally of LH and RH circularly polarised light [61], and therefore excite
both σ+ and σ− transitions. We scan over the whole D2 spectrum (σ+ and σ−),
as shown in Fig 6.20, at 75 °C. The top panel shows the absorption spectrum
(blue), the etalon transmission spectrum (red). As we are now scanning over all
the transitions, a full 40 GHz FSR and two transition peaks are now visible on our
etalon filter spectrum. It is important to make sure the second does not happen
to line up with another transition. The lower panel shows the fluorescence without
the etalon filter (yellow), and the fluorescence through the etalon filter (purple).
This time we see four clear peaks in the purple spectrum (five if you look closely).
The etalon was positioned on the left-most of these peaks, and we see that this
is the largest, by a factor of 2; these decays are most likely from atoms which
were excited directly and have not been transferred by a collision. However, as the
collisional transfer rate is high it is possible multiple transfers will have occurred.
We see that the mI conservation rule still applies.

6.5.6.2 π transitions

Observing from the side allows fluorescence from π transitions to be collected.
Using polarisation filtering we demonstrate that we observe π transitions and that
they follow the mI conservation rule. Fig 6.21 shows the polarisations produced by
σ+, σ− and π transitions along the axes relative to the direction of the magnetic
field. In a magnetic field only σ+/σ− transitions can be excited, or fluoresce,
axially, and the light required, or produced, is correspondingly left-hand or right-
hand circularly polarised [61]. π transitions can only be excited perpendicular to
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Figure 6.20: Figure showing 5P3/2 intra-manifold transitions. Upper panel shows a
scan over all D2 σ+ and σ− transitions (blue), along with the etalon peak positions.
The etalon filter used here has a FSR of 40 GHz so the TEM00 mode appears twice
on this scan. Lower panel shows the fluorescence without the etalon filter (yellow),
and the fluorescence through the etalon filter (purple). mI is again preserved
during the collision. Zero probe detuning is the weighted D2 line centre of naturally
abundant rubidium in zero magnetic field [133].

the magnetic field direction, and here the light is linearly polarised, and orthogonal
to the light emitted on σ+/σ− transitions.

We position the etalon filter at a frequency resonant with both a σ transition
and a π transition at 780 nm, as shown by the red rectangle in Fig 6.22. These
transitions have different mI values, so we see two sets of fluorescence peaks as
the 780 nm laser is scanned, on transitions with mI = 1/2 (from the π transition)
and mI = 3/2 (from the σ+ transition). We can use polarisation (see Fig 6.21
to confirm that this is the case, by inserting a half waveplate followed by a PBS
before the collection fibre. The waveplate can be rotated so that either light that
was originally horizontally polarised (from a π transition) or vertically polarised
(from a σ transition) is is transmitted through the PBS. Fig 6.23 panel 2 shows the
fluorescence intensity with 780 nm scan. As before, the yellow trace is fluorescence
without the etalon filter, and purple is fluorescence after passing through the etalon

87



6.5.6.2. π transitions

filter. In the third panel, both with and without etalon traces are now polarisation
filtered to only transmit the horizontally linearly polarised light from π transitions.
In the fourth panel the polarisation filtering is switched to only transmit vertically
polarised light from σ transitions. We see that the four peaks in panel two are now
clearly split into the two different mI sets.

We also note that without the etalon filter, the relative height of the fluorescence
peaks change significantly with changing observation polarisation, meaning chan-
ging whether the light was produced by a σ or π transition. This is because the
different initial excited states have different likelihoods of being transferred to a
state that will decay via a σ transition as opposed to a π transition.

Figure 6.21: Diagram showing the polarisation of light (left- or right-handed cir-
cularly polarised or linearly polarised which can excite or be fluoresced during σ+,
σ− or π transitions in the presence of a magnetic field.
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transitions1.00 | 1/2, 3/2 ⟩
0.99 | 1/2, 1/2 ⟩ + 0.14 | -1/2, 3/2 ⟩ 

0.98 | 1/2, -3/2 ⟩ + 0.21 | -1/2, -1/2 ⟩ 
0.98 | 1/2, -1/2 ⟩ + 0.19 | -1/2, 1/2 ⟩ 

1.00 | -1/2, -3/2 ⟩
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Figure 6.22: Transmission spectra (π transitions top panel and σ+/σ− transitions second panel) and energy level diagram (bottom)
showing the transitions used when observing π and σ transitions out of the side of the cell, highlighted by the red rectangle. σ+
transitions are shown by blue lines/arrows and π transitions by yellow lines/arrows. The mJ and mI numbers of the states are shown
to the right, showing that the two transitions in question couple states with different mI values.
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6.5.6.3 Sideways Lineshape

When we observe in the direction orthogonal to the axis of laser propagation (‘side-
ways’), we expect to see a different fluorescence lineshape compared to the forward
observation case. This is because the excitation laser only velocity selects atoms
along the z-axis—its direction of propagation—so there is no velocity selection
along the x- or y-axis, and the pre-collision x- and y-velocities of the atoms we
excite have a Gaussian distribution. We are now observing the velocities of Rb
atoms post-collision along the x-axis. We would not expect their x-axis velocity
distribution to be affected significantly by the collision, as the colliding buffer gas
atoms will have Gaussian velocity distributions along all three axes. This thought
process is in agreement with our model, of which the result for the endothermic
without-filter convolution is shown in Fig 6.24. The lineshape produced has a
FWHM of (490±10) MHz and is an excellent fit to a Gaussian. The starting Gaus-
sian width of the model was 430 MHz, so the extra energy released in the collision
has broadened the lineshapes in the x and y directions by 60 MHz, according to
our model.

Experimentally, we find the lineshape of the fluorescence emitted orthogonal to
the laser propagation axis to be asymmetric, which is not expected. The width is
approx 700 MHz, which is close to what we expect for a Doppler broadened profile
convolved with the 130 MHz Lorentzian filter, and much wider than the forwards
lineshapes (approx 250 MHz unconvolved). The asymmetry is more significant for
the energy changing (inter-manifold) collision than for the intra-manifold trans-
ition. Fig 6.25 shows the measured 795 nm lineshape, with axial 780 nm excitation,
and orthogonal (sideways) observation. The 130 MHz filter was used. A fit to a
Gaussian is shown, and gives a FWHM of (690±10) MHz, and residuals are plotted
beneath. It can be seen that the fit is not good; the residuals are very structured
and an asymmetry can clearly be seen. It should also be noted that the collection
count rates out of the side of the cell are lower than in the forward case. This is
because the fluorescence has to travel further to escape the cell heater, and the exit
hole in the side is smaller than the forward hole, so a much lower proportion of
fluorescence escapes. The edge of the glass cell is also curved, which has the effect
of defocussing the light that passes out of the cell this way. These factors result in
much noisier profiles, as seen by the background level of 0.2, when the spectrum is
normalised to 1. In the forward case the background in negligible.

We do not have a convincing explanation for the asymmetry we observe in the
experiment; the excitation laser is on resonance, and a detuning along z should
not produce a skew along x, so the mechanism is not the same as the detuning-
induced skew seen in Section 6.5.4. As the asymmetry is more significant for inter-
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6.5.6.3. Sideways Lineshape

a)

Figure 6.23: Excitation and fluorescence detection both D2(780 nm). Detection is
sideways. a) show the absorption spectrum, and the etalon transmission window.
b) shows the 780 fluorescence emission spectrum with no polarisation filtering with
(purple) and without (yellow) etalon filtering. c) (d)) is the same b), but with
polarisation filtering to only transmit σ (π) light. Zero probe detuning is the
weighted D2 line centre of naturally abundant Rb in zero magnetic field [133].
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Figure 6.24: Modelled fluorescence lineshape orthogonal to excitation axis (side-
ways). The profile is Gaussian (a fit is shown) with a FWHM of 490 MHz.
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Figure 6.25: Measured 795 nm lineshape, with axial 780 nm excitation, and ortho-
gonal (sideways) observation. Zero detuning is the central resonance frequency of
the mI = 3/2 σ− D1 absorption line. A fit to a Gaussian is shown, and gives a
FWHM of (690 ± 20) MHz, and residuals are plotted beneath. Error bars are

√
N .

The residuals are large and show clear structure.

compared to intra-manifold transitions it is likely that the cause is something in
the redistribution of the extra energy released by the state change. However it is
odd that this effect did not appear in the forwards observation case.

6.5.7 Different vapour cells

The vapour cell used in the studies discussed so far in this chapter was commis-
sioned to contain no gases other than the atomic species of interest, which is 87Rb

92



6.6. Summary and Outlook

in this work. However, we have shown in this chapter that there is some additional
gas present due to collisional transfer. Since the additional gas, or gases, in our
vapour cell is unknown, we have repeated the studies earlier in the chapter with
vapour cells with known buffer gases and concentrations. These cells are cubes with
side lengths of 1 mm and contain methane and molecular hydrogen, which is known
to produce a combined additional broadening of 24 MHz [57]. One of these cells
also contains a large amount of helium, which provides another 300 MHz additional
broadening [141].

The fluorescence spectra for the He-broadened cell are shown in Fig 6.26. This data
set was taken in the forward observation geometry; exciting with 780 nm input light
scanning of over the σ+ D2 absorption lines (transmission spectrum shown in the
top panel of Fig 6.26) and observing forward using a 795 nm interference filter only
(yellow trace), or interference filter and 130 MHz etalon filter (purple) with the
etalon transmission window aligned with a particular D1 absorption feature, as
shown in the insets. As previously, data was taken in the low temperature regime,
at 75 °C. We observed the same mI conservation pattern in both cells, despite the
additional 300 MHz broadening meaning the transition peaks are no longer well
distinguished. We would expect the temperature–collision rate graph, equivalent
to Fig 6.8 for the main vapour cell, to switch from the linear to the quadratic
regime at a different temperature, because the buffer gas number density is higher,
and the different buffer gas will have a different collisional cross-section. Therefore
the crossover point, where Rb–Rb state changing collisions happen at a higher
rate than Rb–buffer state changing gas collisions will occur at a higher different
temperature.

6.6 Summary and Outlook

In this chapter we have investigated the state-changing collisional process in Rb
vapour. By investigating the temperature dependence of the process we have de-
termined that in the low temperature regime when T<86 °C the process is dom-
inated by Rb-buffer gas collisions and have carried out subsequent experiments in
this temperature regime. We have used an narrow linewidth (∼100 MHz) etalon
filter to investigate the collisions further, and conclude that during the collision
the mI quantum number is conserved. We have also used the filter to measure the
spectral profile of the emitted fluorescence, and have implemented a basic model
which agrees very well with the experiment in most cases.

We have learnt from these investigations that the buffer gas collisional mixing is a
significant process, even in vapour cells where no buffer gas has been intentionally
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Figure 6.26: In 300 MHz He broadened cell. 780 nm in, 795 nm out. 780 nm trans-
mission spectrum (top panel). Fluorescence without etalon (yellow) and with
etalon (blue) transmitting on | − 1/2, 3/2⟩ → |1/2, 3/2⟩ transition (2nd panel),
|−1/2, −1/2⟩ → |1/2, −1/2⟩ transition (3rd panel) and |−1/2, −3/2⟩ → |1/2, −3/2⟩
(bottom panel).
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Atom kBT/∆E at 100 °C kBT/∆E at N = 6 × 1018 m−3

K 4.5 4.9
Rb 1.1 1.1
Cs 0.48 0.46

Table 6.3: Table of ratios of thermal energy to P-state fine-structure splitting in
alkali atoms, at 100 °C (second column) and at a number density of 6 × 1018 m−3

(third column).

included. This effect is detrimental in our experiment which uses a four-wave
mixing system as a source of single photons, and could be similarly problematic
for other thermal vapour technologies where low noise is important. As the buffer
gas is not intentionally introduced during the cell production process, it is likely
that the amount of buffer gas in each cell could vary significantly, and that better
or worse cells could be found. This collisional transfer measurement could be used
to test cells to determine how close to zero buffer gas they actually are.

We also link this work to the investigation into V-EIT carried out in Chapter 4.
As that work was carried out in the cell of unknown buffer gas investigated in this
chapter, we know that the collisional transfer effect will be present. In response
to this we included collisional transfer in our model, as decays between the two
excited states of the system via the Lindblad dissipator. However we found the
effect on the final spectra to be negligible.

Rb happens to have a fine structure splitting approximately equal to kBT at 75 °C.
Table 6.3 shows how this splitting varies in alkali metal atoms, both for a constant
temperature and a constant number density. In our laboratory, we have also ob-
served this effect in other alkali metal vapours: Cs and K, and seen that in K where
the energy splitting is much smaller, as shown in Table 6.3, the transfer effect seems
to be more significant. This has been observed in experiments where K vapour is
used as a solar filter [124] and a more detailed investigation is ongoing.

It is possible that performing the same diamond four wave mixing experiment in
Cs, rather than Rb, would be more successful, as the collisional transfer process
would be less significant. This is a possible future direction for the project. Other
options, involving different energy level schemes, are also possible, and will be
discussed in the next chapter.

A possible future application of the collisional process measurements described in
this chapter could be as a measure of the buffer gas pressure in a vapour cell. Cur-
rently this can be done by fitting absorption spectra to a theoretical model using
ElecSus, however this method is very sensitive to small errors in background fitting
and laser frequency calibration. The collisional process could potentially be used
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by measuring the relationship between temperature/alkali metal number density
and fluorescence count rate (as in Fig 6.8) and determining the point at which the
relationship changes from a linear dependence to squared dependence. Measure-
ments would be carried out on cells of known buffer gas makeup and pressure to
confirm whether the regime change occurs when Rb and buffer gas pressures are
equal, or are at some other specific ratio, and how this depends on the type of buf-
fer gas. These calibrations, if successful, would allow for determining the pressure
of buffer gas in unknown cell.
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Chapter 7
Four-Wave Mixing

7.1 Introduction

Four-wave mixing (FWM) is a nonlinear optical process in which three (or two)
optical fields are combined coherently to create a fourth (third and fourth), in the
presence of a nonlinear medium. It has many applications, including as a source of
correlated single photon pairs [37] (as we will discuss further in the next chapter),
for making collective spin excitations [91] and quantum beats [36].

Four-wave mixing processes can be split into degenerate and non-degenerate FWM.
Degenerate FWM is a process in which all the fields have the same optical fre-
quency, but at least three of the have distinct propagation directions, meaning
distinct wavevectors [142]. Degenerate FWM has uses in image aberration correc-
tion [143, 144], and has potential for generating low-noise, portable squeezed light
source [142]. In contrast, in non-degenerate FWM the generated fields have both
optical frequencies and directions different to those of the pump fields. We will be
investigating non-degenerate systems.

Non-degenerate FWM can be carried out in different ‘geometries’ meaning dif-
ferent configurations of energy levels. Common energy level schemes are ‘double
ladder’ [37, 38, 35, 145], ‘double lambda’ [146, 147, 148, 149] and ‘diamond’ [150,
151, 152, 34, 50, 44]. These three schemes are illustrated in Fig 7.1, and have dif-
ferent advantages and disadvantages. All the schemes involve four fields, or beams,
and there may be multiple beams on a single transition. As indicated in the figure,
the double ladder scheme uses three atomic levels, each spaced by an optical trans-
ition. The same transitions are used moving up and down the ‘ladder’. An example
of this in Rb uses the 5S1/2–5P3/2–5D5/2 states. The diamond differs in that it uses
four separate states, and four separate transitions. This has the advantage that all
the frequencies involved are easily distinguishable so spectral filtering is compar-
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atively easy. However, unlike the double ladder, it is not possible for all the states
used to be stretched states, so weaker transitions have to be used. The double
lambda system again has only 3 states and two transitions, however now there are
two ground states which cannot decay and have similar energies, and one excited
state. This makes two of the frequencies identical (bar any excitation detunings),
while the two pairs of transitions have frequencies which cannot be resolved using
an interference filter. For example, if the two ground states chosen are the F = 1
and F = 2 5S1/2 states in 87Rb the splitting is only 6 GHz.

Figure 7.1: An illustration of three common four wave mixing geometries: double
ladder, diamond and double lambda.

The diamond configuration has been well studied, both in zero field [150, 151,
152], and in the Hyperfine-Paschen Back regime [34, 50, 44]. In the latter case,
the scheme was used to experimentally determine an excited state dipole matrix
element in Rb, and as a heralded single photon source, as mentioned in the previous
chapter. The characterisation of this source is fully detailed in [44], and we will
mention the main findings here. The source worked; heralded single photons were
produced with a g2(τ = 0) = 0.35±0.02, however the production rate was very slow
at ∼1 Hz. This compares very unfavourably to other reported sources, particularly
that of Lee et al. [37], who used a zero field double ladder scheme on the 5S1/2–
5P3/2–5D5/2 transitions of 87Rb resulting in a minimum g2(τ = 0) = 0.037 ±
0.003, and pair rates of MHz. This setup has also been successfully repeated
elsewhere [38], so we have chosen to implement it, and compare with our previous
diamond scheme. We have investigated the seeded and spontaneous cases, and
compared the system with and without the magnetic field. These experiments and
their results are detailed in this chapter.

We chose to use a counter-propagating geometry, meaning the two excitation lasers,
the pump beam at 780 nm and the probe beam at 776 nm, propagate in exactly
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7.2. Seeded four-wave mixing

opposite directions. This is termed the ‘Doppler free’ geometry when in a ladder
excitation scheme as nearly all atomic velocity classes will be resonant with the
two-photon transition. This results in a larger signal than when using the ‘Doppler
selective’ geometry, as many more atoms contribute.

7.2 Seeded four-wave mixing

The first step along the way to using FWM as a single photon source, is seeded
FWM. In this case three beams are input into the nonlinear medium, which pro-
duces a fourth in the phase-matched direction. The phase matching requirement
is given by:

k⃗pump + k⃗coupling = k⃗seed + k⃗signal. (7.1)

Seeded FWM is of interest in its own right, and has been used in electromechanical
cantilever displacement measurements [153]; in demonstrating localised entangle-
ment [147]; and in photon storage [154]. Here we primarily make use of seeded
FWM as an alignment tool, but in doing so we learn more about our FWM sys-
tem, including valuable information about the frequency of the emitted photons.
This information allows us filter more efficiently when we come to using spontan-
eous FWM to generate single photons.

7.2.1 Theory

7.2.1.1 Nonlinear optics

Nonlinear effects, of which FWM is one, arise when the polarisation, P̃ (t), of a
medium (the dipole moment per unit volume) responds nonlinearly to the electric
field, Ẽ(t), of light incident upon it. The polarisation of a material can be expressed
as:

P̃ (t) = ϵ0[χ(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + ...], (7.2)

where ϵ0 the vacuum permittivity and χ(n) are the n-th order nonlinear optical
susceptibilities. Following the notation of Boyd [24], a tilde, ,̃ is used to denote a
quantity that varies rapidly in time. In linear optics, when the intensity of light is
low, only the χ(1) term is significant and the polarisation scales linearly with elec-
tric field so there are no nonlinear effects. When the light intensity is sufficiently
high most materials exhibit optical nonlinearities, meaning χ(n>1) terms become
significant. In this regime the polarisation of the medium develops frequency com-
ponents not present in the incident field, which act as sources of new optical field
frequency components.
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7.2.1.2. Level scheme

In thermal vapours χ(3) is the component of interest; χ(2) is only non-zero for
crystals which do not display inversion symmetry [24]. In the case of seeded FWM,
where three fields, Ẽ1(t), Ẽ2(t) and Ẽ3(t), are coherently combined to produce a
fourth, the relevant term is χ(3)Ẽ3

total(t), with Ẽtotal(t) = Ẽ1(t)+Ẽ2(t)+Ẽ3(t). The
four interacting waves of index i are represented as

Ẽi(r⃗, t) = Ei(r⃗)e−iωt + c.c = Ai(r⃗)ei(k⃗i·r⃗−ωt) + c.c., (7.3)

where Ai(r⃗) are slowly varying amplitudes and c.c. is complex conjugate. The
full expansion of the χ(3)Ẽ3

total(t) term has many terms, but only one which will
produce a signal which is amplified through the medium, which is of the form [24]

P NL ∝ χ(3)E1E2E∗
3 = χ(3)A1A2A∗

3ei(k⃗1+k⃗2−k⃗3)·r⃗. (7.4)

This exponential term is the origin of the phase matching condition given in
Eqn. 7.1, as the fourth field wavevector is required to satisfy

k⃗1 + k⃗2 − k⃗3 = k⃗4. (7.5)

7.2.1.2 Level scheme

In this work we use a ‘double ladder’ energy level scheme in 87Rb vapour, as
illustrated in Fig 7.2, using the 5S1/2-5P3/2-5D5/2 ladder, which has transitions at
780 nm and 776 nm, and stronger transitions than if we were to use 5D3/2. These
wavelengths are very similar, which makes satisfying the phase matching criterion
less sensitive to the angles of our beams. We directly counter-propagate pump (on
resonance 780 nm) and coupling (on resonance 776 nm) beams. The seed (scanning
780 nm) beam is input at a small angle. The optimal angle for phase-matching
would be 0°, however a finite angle has to be chosen to allow the FWM beam to
be separated from the laser beam. The FWM beam is produced by the medium
at 776 nm in a direction dictated by the phase-matching condition. Fig 7.2 part
a) shows the level structure in zero-field, where F and mF are good quantum
numbers, and states are split by much less than the Doppler width. This means
that a laser beam resonant with one transition will also couple to other close lying
transitions. Part b) shows the level scheme in the presence of the 0.6 T magnetic
field. Here the good quantum numbers are mJ and mI and the states have been
Zeeman-shifted such that they are separated by more than their Doppler width, so
individual transitions can be isolated.
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Figure 7.2: Diagram showing the energy levels and optical transitions involved
in the seeded four-wave mixing process in a) zero field and b) the HFPB regime.
In zero field the transitions to the 5P3/2 manifold are separated by less than the
Dopper width so are not fully resolved and the excitation laser excites multiple
transitions at once. In the HFPB regime the transitions are resolved and we are
able to isolate a 3-level system and excite just one transition with each laser.
The pump and coupling laser frequencies are fixed, and can be detuned from the
resonance frequency, while the seed laser is scanned over resonance.

7.3 Experimental setup

Fig 7.3 shows the experimental setup used to measure the seeded FWM signal.
The 2 mm isotopically enriched 87Rb vapour cell is mounted in a copper heater
and is heated to ≈125 °C. The temperature chosen is a balance between increasing
the number density of Rb atoms to increase the absorption strength, while keeping
below the temperature at which the medium becomes optically thick, when light
produced no longer escapes the medium. We have the option to place the vapour
cell in a 0.6 T magnetic field, which is produced by two cylindrical NdFeB magnets
which are placed either side of the cell. The magnets have a top-hat profile [131]
and produce a field which is uniform across the cell to the 1% level. The magnets
can be easily removed by sliding their mounting block out sideways, without having
to move the vapour cell in its heater mount.

We measure the temperature of the vapour cell using a thermocouple, which is
placed inside the heater and in contact with the glass vapour cell. We then cor-
rect this temperature by fitting absorption spectra with ElecSus [42], and find the
thermocouple reads 5–10 °C too high. These corrected temperatures are presented
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throughout the chapter.

Three lasers are used in the setup; a 780 nm ECDL Toptica DL100 (pump), a
776 nm ECDL Toptica DLPro amplified by a Toptica BoosTA (coupling), and a
780 nm DFB (seed). The pump and coupling beams are frequency stabilised and are
directly counter-propagated through the vapour cell. Both the pump and coupling
beams are coupled through optical fibres before reaching the cell to provide a clean
Gaussian mode, and have 1/e2 beam waists of (1.0±0.1) mm. The seed beam does
not pass through an optical fibre so has a shape which is not circularly symmetric,
and a beam FWHM of (1.5 ± 0.1) mm in the x direction and (0.8 ± 0.1) mm in the
y direction. All beam waists were measured by fitting a Gaussian intensity profile
to a CCD image of the beam.

The 780 nm pump laser can be stabilised to an arbitrary frequency, which we chose
to be on, or close to, the atomic resonance. This is achieved using the locking setup
described in Section 3.3. The 776 nm laser is then stabilised such that the sum of
the two fields is resonant with the two photon transition. This stabilisation is
crucial; being away from resonance by 10’s MHz causes the FWM signal to become
an order of magnitude smaller.

The pump and coupling beams both pass through Glan-Taylor polarisers before
reaching the vapour cell. The polarisers are crossed such that the two beams have
orthogonal polarisations, which enables us to filter out scattered laser light. The
seed beam is linearly polarised with the same polarisation as the coupling beam.
This means that the FWM beam will have orthogonal polarisation, and can be
filtered from the coupling beam.

The seed (scanning 780 nm) beam is input at a small angle (≈1.5°). Ideally this
angle would be 0°, however a finite angle must be chosen to allow the signal to be
distinguished from laser light. The small angle is achieved by using edge mirrors
close to the pump-coupling beam axis, as shown in Fig 7.3. The FWM beam is then
produced by the medium at 776 nm in a direction dictated by the phase-matching
condition, which is in the reverse direction to the seed beam. The seeded FWM
signal is aligned onto and monitored on a photodiode (PD), after being filtered
by 776 nm interference filters and a Glan-Taylor polariser. A flipper mirror (FM)
is in place so the FWM signal can be switched between the photodiode and a
single mode fibre. This fibre is aligned to maximise FWM signal transmission and
is connected to a single photon detector (Excelitas SPCM-AQRH Single Photon
Counting Module). In this setup the photon detector is connected directly to the
oscilloscope.
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Figure 7.3: Experimental setup for seeded four-wave mixing. A 2 mm isotopically enriched 87Rb vapour cell is mounted in a copper
heater and is heated to ≈125 °C. We have the option to place the vapour cell in a 0.6 T magnetic field, which is produced by two
cylindrical NdFeB magnets which are placed either side of the cell. The orthogonally linearly polarised pump and coupling beams are
counter-propagated through the cell. The seed beam is passed through the cell at a small angle to the pump-coupling axis, using edge
mirrors, and its transmission is monitored on a photodiode. The four-wave mixing signal is collected in a direction directly opposite to
the seed beam propagation, and is split from the seed beam using a PBS cube. The signal is aligned onto a photodiode and optimised.
The signal is also aligned into a single mode fibre onto a photon detector, and a flipper mirror allows the light to be easily switched
between the two.

103



7.3.1. Alignment for FWM signal

7.3.1 Alignment for FWM signal

Alignment of the seeded FWM signal is relatively straightforward as the signal
produced is strong, and can very easily be detected on a photodiode. The general
alignment procedure was as follows:

• Pump and coupling beams are aligned on axis through the vapour cell using
irises positioned about 30 cm from each side of the cell.

• The pump beam is scanned and its transmission monitored on a photodiode.
The coupling beam is on resonance, which produces an EIT feature, similar
to those seen in Chapter 4. Small adjustments are made to the alignment to
maximise the size of this feature.

• We also monitor blue 420 nm fluorescence collected out of the side of the
cell onto a photomultiplier tube. This fluorescence is produced when atoms
in the 5D5/2 decay via the 6P3/2 state, and is an indicator of population in
the 5D5/2. We adjust the alignment of the coupling beam to maximise the
intensity of this fluorescence.

• The seed beam is directed through the cell at a small angle using an edge mir-
ror. We again maximise blue fluorescence intensity while seed and coupling
beams are resonant. The pump beam is turned off for this step.

• Pump and coupling beams are both stabilised to resonance, and the seed is
scanned. We align the beam path for the FWM signal onto the photodiode
by retro-reflecting the seed beam back through the cell, using irises. The
retro-reflecting mirror is then removed and small adjustments are made to
the mirrors before the photodiode to maximise the signal.

• The FWM signal is coupled into the fibre in a similar way, however as ex-
pected, this coupling is more difficult and more trial and error was generally
required. Once some signal is found it is important to make sure the mirrors
are walked to the maximum. When counts are low, noise combined with the
relatively slow visual feedback rate when using the photon detectors with the
oscilloscope can make this tricky.

7.3.2 Hyperfine Paschen-Back regime

To move into the Hyperfine Paschen-Back regime the permanent magnets are placed
either side of the vapour cell to produce a 0.6 T magnetic field. We have the option
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7.4. Results

to also include quarter-wave plates before the vapour cell to convert the input
polarisations to circular. In the HFPB regime transitions are excited by either left-
or right-handed circularly polarised light, while linearly polarised light is an equal
sum of both circular handednesses. Thus setting the input light to be circularly
polarised means that all of the light, rather than half of the light, will be able to
excite the transition. However, introducing circular polarisations makes filtering
more difficult. This is partly because two components (quarter-wave plate and
GT polariser) on both the input and output now need to need to be optimised
together on each channel, rather than just polariser angle when linear polarisations
are used. It is also because in general optical components (ie mirrors) are less good
at preserving circular polarisations than linear polarisations, so other polarisation
components are likely to appear in the light which will not be effectively filtered.

7.4 Results

7.4.1 No magnetic field

7.4.1.1 Changing only coupling detuning
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Figure 7.4: Red trace shows the absorption on the D2 5S1/2(F = 2) → 5P3/2
Doppler broadened feature. The smaller absorption feature to the right is a 85Rb
absorption feature from the 2% 85Rb present in our vapour cell. The blue traces
are the FWM signals produced when the pump beam is frequency stabilised to
the centre of the broad resonance feature, and the coupling detuning is varied
around resonance, with the traces getting darker as detuning is increased. Fixed
parameters: T =130 °C, pump power = 5 mW, coupling power = 30 mW, seed
power = 4 mW (FWM) and 50 µW (transmission).

We begin by carrying out seeded FWM in the absence of a large magnetic field.
We investigate the change in FWM signal produced when we frequency stabilise
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7.4.1.2. Detuning whilst two photon resonant

the pump light to the centre of the 5S1/2(F = 2) →5P3/2 Doppler broadened
envelope, and vary the detuning of the coupling light. Fig 7.4 shows how the
seeded FWM produced changes with changing coupling frequency (zero detuning
is two photon resonant with the pump beam), when the pump beam is frequency
stabilised to resonance. The seed beam is scanned over the same absorption feature
(5S1/2(F = 2) →5P3/2), and this absorption profile is shown in red. The four-wave
mixing signals produced at different coupling detunings are shown in blue, with the
traces getting darker as detuning is increased. We see that as coupling detuning
decreases the maximum height of the feature decreases, and three approximately
equally sized peaks become visible. Altering the detuning by only 100 MHz results
in a feature which is barely visible. This suggests that two photon resonance is
crucial for this system, meaning a stable two photon lock will be required for the
spontaneous case described in the next section.

7.4.1.2 Detuning whilst two photon resonant

We next investigate how the FWM signal changes when we detune both the pump
and coupling beams individually, but keep the sum of their detunings zero; that
is we remain two-photon resonant. Fig 7.4 shows, in red, the weak 780 nm seed
beam transmission profile when scanned over the D2 absorption lines at 130 °C. In
blue is the corresponding intensity of 776 nm emitted four-wave mixing signal. In
the top panel, the pump and coupling lasers are stabilised to resonance. Moving
down the panels, the pump beam is detuned from resonance, and the coupling
beam locked to two photon resonance. This detuning can be seen in the small
two-photon absorption (780 nm–776 nm) feature on the seed scan.

We see that on resonance the FWM feature is narrow. It is not one single peak
but has smaller features from the close lying hyperfine states. As the pump (and
correspondingly the coupling) laser is detuned from resonance, we see that the seed
frequency at which FWM is produced shifts in the same direction. At the same
time the FWM signal broadens, meaning that the range of seed frequencies which
produce FWM increases. The FWM traces are all normalised to 0.8 for ease of
viewing, but as pump detuning is increased the intensity of FWM light produced
decreases. The difference between maximum intensity in the top and bottom figures
is a factor of ∼500. The change in maximum count rate with coupling detuning is
plotted in Fig 7.5, and shows a sharp drop off as the coupling laser is detuned out
of the absorption feature, then a slower decrease as the laser is further detuned.
We find that both laser frequencies can be detuned by several GHz, as long as they
are matched to be two photon resonant, and we still see a strong FWM signal.
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Figure 7.4: The red trace shows the scanning 780 nm seed transmission profile. The
blue trace shows the corresponding intensity of 776 nm emitted four wave mixing
signal. The top panel is with pump and coupling lasers on resonance. Moving
down the page, the pump beam is detuned from resonance, and the coupling beam
then locked to two photon resonance. This detuning can be seen in the small two
photon absorption feature on the seed scan. The bottom panel has a one-photon
detuning of −5 GHz. The FWM traces are normalised to 0.8 for ease of viewing,
however as the detuning is increased the FWM intensity decreases. The lowest
and highest detuning FWM signals have an amplitude difference of a factor of 500.
Fixed parameters: T = 130 °C, pump power = 5 mW, coupling power = 30 mW,
seed power = 4 mW (FWM) and 50 µW (transmission).

108



7.4.1.2. Detuning whilst two photon resonant

This is very different to the case where we detune only one laser, where a 100 MHz
detuning causes the signal to disappear completely.
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Figure 7.5: Effect of coupling (776 nm) detuning on maximum seeded FWM count.
There is a sharp drop off in maximum count rate as the coupling laser is detuned out
of the absorption feature. As the laser is further detuned the count rate continues
to decrease, but at a much slower rate.

The lower set of panels show the case where a second two-photon resonance feature
is appearing, detuned on the other side of the absorption peak. As this moves
closer to the peak we see the FWM signal becoming more symmetric around the
absorption peak.

This detuning effect is interesting, and not entirely expected. We have not seen
it reported in this way elsewhere. [35] and [155] carry out a similar experiment
but with only one 780 nm laser, so both seed and pump beams are scanning sim-
ultaneously. They report broader and asymmetric features when the one-photon
detuning point is within the Doppler envelope, however they see narrower peaks
when the detuning is further from resonance. These narrow features agree with our
observation that the two-photon pump-coupling resonance condition is important,
because this condition is only met for a narrow range of pump frequencies. In [149],
in a double lambda scheme, some broad features are reported, but again the scheme
is different as two transitions are excited by the same laser, so cannot be independ-
ently varied.

One might have assumed that the most FWM would be produced when the seed
is on resonance, thinking that the pump and coupling lasers serve only to promote
the atoms into the 5D state. As they are two photon resonant and in the counter
propagating Doppler free geometry we are not selecting any particular velocity
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class. However it seems instead that the route the atoms took to arrive at the 5D
state is important, and affects at what seed frequencies FWM takes place.

The cases in the top two panels, where the one transition detuning remains within
the absorption feature, show that we are not operating in an optically thick regime
for 776 nm photons (where photons produced on resonance are unable to escape),
so this is not the reason for the lack of on resonance fluorescence in the lower panels.

In the off-resonance excitation cases, there is a small dip in the FWM spectrum
(blue) at the detuning of the pump beam, which looks similar to the two-photon
absorption feature seen in the seed transmission spectrum (red). At this seed
frequency we see slightly less produced FWM signal. This could be because slightly
less of the pump beam now get absorbed, with atoms being promoted by the seed
beam instead. This gives an effectively lower pump power, so less FWM signal will
be produced. Excitations via the seed will have different phase matching conditions,
because of the small input angle difference, and so we will not detect that signal
in the same place.

These results show that we have some level of control over the frequency at of
the four-wave mixing beam, via the detuning of our incident laser beams. This
has implications when we move to the spontaneous FWM case (Section 7.7), in
which we are looking to produce single photons; we may have more control over
the frequency of the photons produced, however it may be that the input detunings
which give the ‘purest’ single photon source produce photons with frequencies away
from the desired frequency. If this were the case, introducing a magnetic field, so
we can arbitrarily select the absorption frequencies, may be useful.

7.4.1.3 Effect of changing temperature

We have investigated the effect of changing temperature on the seed spectral de-
pendence of the produced FWM beam intensity. The results are displayed in
Fig 7.6, with seed transmission in red and FWM signal in blue. We see that at
the highest temperatures (>125 °C, corresponding to number density N = 2.7 ×
1019 m−3) very nearly all the FWM signal is produced when the seed is negatively
detuned from resonance, at a frequency outside of the absorption window. As the
temperature is decreased the feature moves closer to, and then inside, the absorp-
tion feature, though the peak remains at its edge, until we reach low temperatures
(<85 °C, N = 2.2 × 1018 m−3) where the feature appears to be more symmetric.
The FWM traces are all normalised to 0.8 for ease of viewing, however, the FWM
intensity decrease between these two temperatures is a factor of ∼50. The ratio
N125◦C : N85◦C = 12. We might expect a N2

125:85 factor difference between the
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intensities, however this is not quite the case. At the lowest temperatures the
signal (measured on a photodiode) is barely distinguishable over the noise. We
conclude that the fluorescence we see is not off resonance because the medium is
optically thick on resonance. If this were the case, we would also expect to see the
fluorescence symmetrically around the absorption line, which we do not.
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Figure 7.6: The effect of changing temperature on the seeded FWM signal pro-
duced. Plots show seed transmission in red and FWM signal in blue. Temperature
decreases moving through the panels from 133 °C (top left) to 72 °C (bottom right).
The FWM traces are normalised to 0.8 for ease of viewing, however as the detun-
ing is increases the FWM intensity decreases. The lowest and highest detuning
FWM signals have an amplitude difference of a factor of ∼180. Fixed parameters:
one-photon detuning = −1.8 GHz, pump power = 5 mW, coupling power = 30 mW,
seed power = 4 mW (FWM) and 50 µW (transmission).
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7.4.2 In the HFPB regime

We now introduce the 0.6 Tesla magnetic field, and repeat the experiment as de-
scribed in the Section 7.4.1.2. The only differences to the experimental setup are
the introduction of the permanent magnet around the experiment and locking cells
creating a magnetic field of 0.6 T, and the frequency change of the lasers so they
remain resonant with the atomic transitions. Though these transitions are now
excited by circularly polarised light, we still use linear for the pump and coupling
beams (for the reasons we will outline in Section 7.3.2) which is an equal super-
position of both circular handednesses. This has the effect of halving the resonant
power of the beams. We place a quarter-wave plate in the path of the seed beam.
making this circularly polarised.

Fig 7.7 shows the intensity of FWM signal (blue traces) produced when the seed
beam is scanned (transmission is shown in red) over the D2 σ+ absorption lines.
The pump and coupling beams are individually detuned by varying amounts, but
are collectively frequency stabilised to two-photon resonance. We see that on reson-
ance (panel a)) the produced FWM signal is narrow in seed detuning (∼0.5 GHz),
though broader than in the same case without the magnetic field. When the pump
is detuned, the FWM signal retains its double peaked structure, but becomes much
broader (FWHM ∼ 2GHz) at a detuning of <1GHz (panel d)). At greater detun-
ings the peak separation remains approximately constant, but the intensity of the
signal decreases. All FWM signals are normalised to 0.8, but the background is
not corrected, so it can be seen that background noise is very significant in the
higher detuned cases, particularly in panel f) (detuned by 2.5 GHz). The intensity
difference of the FWM signal between panels a) and f) is a factor of ∼200.

This is very different behaviour to the zero field case, and has implications for any
spectral filtering we will implement when we move to spontaneous FWM.

7.5 Discussion

These results pose an obvious question: Why does increasing the one-photon de-
tuning drastically broaden the lineshape? We see features that are >2 GHz wide,
which is much wider than the Doppler width. In the next section we will describe
our model for the system in the HFPB regime, which we use to answer this question.

Without the magnetic field we see significant asymmetry in the seeded FWM signal
as the one-photon detuning is increased; with the magnetic field we do not. Why do
we see such a difference between the magnet and no magnet regimes? We attribute
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Figure 7.7: The effect of changing one-photon detuning while keeping two-photon
resonant on seeded FWM signal in a 0.6 T magnetic field. The red traces show
the scanning 780 nm seed beam transmission profile. The blue traces show the
corresponding intensity of 776 nm emitted four wave mixing signal. Panel a) is
with pump and coupling lasers on resonance. Moving through the panels, the
pump beam is detuned from resonance, and the coupling beam locked to two photon
resonance. This detuning can be seen in the small two photon absorption feature
on the seed scan. The maximum detuning, that in panel f), is 2.5 GHz. Fixed
parameters: T = 120 °C, pump power = 12 mW, coupling power = 30 mW, seed
power = 4 mW (FWM) and 50 µW (transmission).
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this to unresolved hyperfine transitions in the zero field case, as shown in Fig 7.2,
which are asymmetric with respect to the detuned excitation beams, and expect
that these features would appear in a complete model, though that is outside the
scope of this work.

We also note that the zero-field case is much more tolerant of one-photon detuning
point than the HFPB regime. When we detune by approximately−2.5 GHz in the
zero-field case (panel 4) we still see a strong FWM signal, and the signal remains
out to detunings of −5 GHz (bottom panel). However in the HFPB regime, this
signal is already very weak at −2.5 GHz detuning (panel f)).

This information on the frequency at which FWM is produced can be used to inform
our filtering strategies when we move the spontaneous FWM setup for single photon
pair generation. It is possible that the asymmetry of the zero-field case will make
frequency filtering more effective than for the symmetric HFPB case.

7.6 Model

An advantage of the hyperfine Paschen-Back regime is its simplicity; the non-
degeneracy of the energy levels allows for easy modelling, so we choose to model
our FWM data gathered in this regime. We model the system using the Lindblad
master equation (4.1), as introduced in Section 2.1 and developed for a 4-level
system in Section 4.5. Here we model the system as four independent states, but
set the energy of the two intermediate states to be the same, as shown in Fig 7.8
This approach was taken successfully in [156]. A very similar model was also used
and found to fit well to data in the diamond scheme in the HFPB regime [34].
However neither of these cases modelled large intermediate state detunings.

The Hamiltonian for our system is given by

Ĥ = h̄

2


0 Ω01 0 Ω03

Ω01 −2∆01 Ω12 0
0 Ω12 −2(∆01 + ∆12) 0

Ω03 0 0 −2∆03

 . (7.6)

Rabi frequencies Ωab couple states |a⟩ and |b⟩. The pump and coupling beams are
two photon resonant and detuned from the intermediate state by ∆01 = −∆12, and
the seed beam is detuned by ∆03. Spontaneous and collisional decays, Γab between
states are included via the Lindblad dissipator term, though they are not included
in Fig 7.8 for readability.
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Figure 7.8: Energy level scheme used in FWM double ladder model. We model the
system as four independent states, with the two intermediate states, |1⟩ and |3⟩
having the same energy. Rabi frequencies Ωab couple states |a⟩ and |b⟩. The pump
and coupling beams are two photon resonant and detuned from the intermediate
state by ∆01 = −∆12, and the seed beam is detuned by ∆03.

The density matrix for this system is ρ,

ρ̂ =


ρ00 ρ10 ρ20 ρ30

ρ01 ρ11 ρ21 ρ31

ρ02 ρ12 ρ22 ρ32

ρ03 ρ13 ρ23 ρ33

 , (7.7)

where ρaa are populations and ρab are coherences between states. We solve for the
steady state solution of the Lindblad master equation, unlike in Chapter 4, because
we are using stretched states, so atoms cannot decay to the other ground state. The
FWM signal is given by the coherence between states |2⟩ and |3⟩, |ρ23|2 [52]. Using
this model, we obtain results which are qualitatively similar to the experimental
results of Fig 7.7.

When we enter into the model Rabi frequencies calculated from the experimental
parameters, taking into account the reduced power due to linear polarisation of the
seed and coupling beams, we obtain spectra that match the experimental data well
off intermediate state resonance, but not so well on resonance. These spectra are
shown in Fig 7.9, and have detunings in regimes equivalent to panels a), b) and
d)/e) of Fig 7.7. In panel a) the intermediate state detuning ∆01 = 0, in b) ∆01 =
500 MHz and in c) ∆01 = 1000 MHz. The broad features of b) and c) agree with
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Figure 7.9: Modelled seed transmission (red) and FWM signal (blue) using Rabi
frequencies calculated from experimental parameters. In panel a) the intermediate
state detuning ∆01 = 0, in b) ∆01 = 500 MHz and in c) ∆01 = 1000 MHz. The
broad features of b) and c) agree with the data of Fig 7.7, but the expected split-
ting of the narrow features of a) and b) is not present. Model parameters are:
Ωpump =580 MHz, Ωcoupling =140 MHz, Ωseed =150 MHz, T =120 °C.

the data of Fig 7.7, but the expected splitting of the narrow features of b) and c) is
not present. We have not attempted to fit these spectra to the experimental data.
Model parameters are: Ωpump =580 MHz, Ωcoupling =140 MHz, Ωseed =150 MHz,
T =120 °C.

In order to reproduce our experimental results close to resonance, we find that we
need to enter into the model a higher pump Rabi frequency, and a lower seed Rabi
frequency. We choose Rabi frequencies of Ωpump =1000 MHz, Ωcoupling =140 MHz
and Ωseed =10 MHz, with results shown in Fig 7.10. Again, in panel a) the inter-
mediate state detuning ∆01 = 0, in b) ∆01 = 500 MHz and in c) ∆01 = 1000 MHz.
The narrow split feature in a) now agrees well with with the data of Fig 7.7 panel
a), but in panel c) the broad feature has only one peak, rather than the two that
we see in the experiment.

It is highly likely that the Rabi frequencies we actually use in the experiment are
different to those that we calculate from the beam powers and waists. It is probable
that the beams are not completely overlapped inside the cell, which our model does
not reflect. The model also does not include the varying power across the beams,
which in reality have a Gaussian intensity profile, and could alter the shapes of the
signals produced. We also do not include the changing power of the beam as it
traverses the cell and is absorbed, which could account for required Rabi frequency
differences in the on and off resonance regimes.

We use this model to explain the origin of the broad features we see in the ex-
periment when we detune from the intermediate state, so the probe frequency is
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Figure 7.10: Modelled seed transmission (red) and FWM signal (blue) with higher
pump Rabi frequency and lower seed Rabi frequency than experimental parameters.
In panel a) the intermediate state detuning ∆01 = 0, in b) ∆01 = 500 MHz and
in c) ∆01 = 1000 MHz. The narrow split feature in a) agrees well with with the
data of Fig 7.7 panel a), but in panel c) the broad feature is not split, as we see in
the experiment. Model parameters are: Ωpump =1000 MHz, Ωcoupling =140 MHz,
Ωseed =10 MHz, T =120 °C.

outside of the absorption feature. In Fig 7.11, we plot heatmaps showing how much
of the signal is produced by different velocity (vz) classes of atoms. The top row
shows the absorption (red) and FWM (blue) as before. The second row, panels c)
and d), show the heatmap of FWM signal produced by atoms of each velocity class.
To create this map the strength of the signal produced by each class is weighted
by the abundance of atoms at that velocity, which is a Gaussian given by 2.18.
The third row, panels e) and f), shows the unweighted signal. As we are using
a counter-propagating geometry we see that, as expected, many atomic velocity
classes contribute to the FWM signal. This is because, for an atom travelling with
velocity vz, we set ∆01 → ∆01 − k780vz and ∆12 → ∆12 + k776vz. The two photon
detuning is therefore ∆01 + ∆12 + (k776 − k780)vz, and (k776 − k780)vz ≈ 0. The
approximation only breaks down for very large vz. We note that although k is
a function of refractive index, n, the refractive index change at typical working
temperatures are negligible and has no significant effect on the phase matching
condition. Comparing d) and e) we see that when the intermediate state is far
detuned from resonance the strongest signal is produced by atoms with a velocity
corresponding to that detuning, but as there are very few atoms with this velocity
most of the signal we measure is actually produced by atoms with lower velocity.
Therefore there is effectively now no velocity selection, which explains the broad
features we see.

In panel c), we see two bright spots, with a gap between them in detuning. This
gap corresponds to the dip we see in the FWM spectrum in a). We would expect
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7.6. Model

Figure 7.11: Velocity class dependence of FWM. Top panels show seed transmis-
sion (red) and FWM signal (blue), for a) ∆01 = 0 and b) ∆01 =1000 MHz. The
middle row shows the corresponding velocity heatmaps for intensity of FWM sig-
nal produced. The bottom row again shows velocity heatmaps, but here the signal
is not weighted by the atomic velocity distribution, and so shows which velocity
classes emit the most FWM signal per atom.

118



7.7. Heralded single photon pair generation

the FWM spectrum to be an integration of the velocity-frequency map over the
velocity axis. However we see that this is not the case for the case in panels b) and
d); in d) we do not see a dip in the line on the heatmap, and integrating vertically
produces a spectrum with only one peak. This difference occurs from the different
ways the spectrum and the velocity-resolved heatmap are calculated. For each seed
detuning, and each velocity, the Lindblad master equation is solved, to produce a
density matrix containing the term ρ23, the coherence between states |2⟩ and |3⟩.
This is a complex number. To calculate the FWM signal produced by the whole
medium, all the ρ23 terms for the different velocity classes are summed, weighted
by the atomic velocity distribution, and then the square of the absolute value of the
sum is taken, |

∑
v ρ23|2. However, in order to calculate a velocity-resolved heatmap

we must take the absolute value of the individual ρ23 terms before summing them,
as we need a real number to plot. Thus when we sum over velocities after taking
the absolute value, we lose information about interferences among the terms. The
importance of the order of this calculation and the interference has been noted
previously in [52]. Hence we deduce that the dip in panel b) comes from interference
between atoms from different velocity groups. This interference means that care
must be taken when interpreting the heatmaps, however they can still be useful to
see which range of velocity classes are contributing.

We do not attempt to model the zero field system, as that requires including
contributions from all the different hyperfine transitions excited simultaneously. A
more sophisticated model is described and implemented in [41], however seed scan
spectra are not shown.

7.7 Heralded single photon pair generation

7.8 Introduction and Theory

Single photons can be generated using different methods. A very commonly used
method is spontaneous parametric down-conversion (SPDC), a process in which a
nonlinear crystal converts one high energy photon into a pair of photons with double
the wavelength of the original photon, in accordance with the laws of conservation
of energy and conservation of momentum. These pairs of photons have correlated
polarisations, making them useful for applications in quantum computation and
communications [28, 157]. However, SPDC typically has a poor conversion effi-
ciency leading to low photon generation rates [158], and are not naturally matched
to atomic frequencies. In this respect a thermal vapour source has a clear advant-
age. Photon pairs produced in thermal vapour FWM schemes are, by their very
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nature, produced at atomic resonance frequencies. For any application also using
atomic resonant frequencies, this is a considerable advantage, as a FWM scheme
can be chosen to ensure the produced photons are automatically at the required
frequency.

It has previously been shown that for several atomic applications, working in the
hyperfine Paschen-Back regime produces a clean and easy-to-model system [25,
43, 34]. If further quantum applications, which would require compatible single
photons to be input, are to progress in this regime, it would be necessary to have
an effective HFPB single photon source. Using the HFPB regime also has the
advantage that one can, to an extent limited by the strength of available and
practical magnets, arbitrarily tune the transition frequencies around the zero-field
resonance by altering the strength of the magnetic field. For example, with our
0.6 T magnetic field we see strong 87Rb D2 excitation peaks in the detuning ranges
−17 to −6 GHz and 6 to 17 GHz, as shown in Fig 6.3. This can be seen in the
diagrams, and corresponding equations of Section 2.5.1.

7.8.1 What is g(2)(τ)?

The second-order correlation function, g(2)(τ) is a measure of how correlated photon
arrival times are with each other. When looking at correlations between two chan-
nels, 1 and 2, the function is expressed mathematically as

g
(2)
1,2(τ) = ⟨E⃗†

1(t + τ)E⃗1(t + τ)E⃗†
2(t)E⃗2(t)⟩

⟨E⃗†
1E⃗1⟩⟨E⃗†

2E⃗2⟩
. (7.8)

where E⃗(t) is the vector electric field of the relevant channel as a function of time,
t. Angle brackets denote an average over statistical fluctuations. This can be
described more intuitively in terms of intensities:

g
(2)
1,2(τ) = ⟨I1(t + τ)I2(t)⟩

⟨I1(t)I2(t)⟩ , (7.9)

which we can then become number of clicks, n, measured on a photon counter:

g
(2)
1,2(τ) = ⟨n1(t + τ)n2(t)⟩

⟨n1(t)n2(t)⟩ . (7.10)

Channels 1 and 2 can be photons from different sources, as will be the case when
we look at the correlations between our herald and signal photons, when we will
calculate g

(2)
h,s (τ) and expect to see a large peak at τ = 0.

Alternatively channels 1 and 2 can come from the same source, when the light is
split on a 50:50 beam-splitter cube. This is called the second-order auto-correlation
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Figure 7.12: Illustration of Hanbury Brown-Twiss experiment. A single photon
incident on a beam splitter can either be transmitted or reflected, never both.

function and measures the likelihood of photons arriving (and therefore being pro-
duced by the source) with different time gaps between them.

Experimentally this is done by splitting the light from the source in question on
a 50:50 beam-splitter cube, and directing the photons from each output port to a
single-photon counter, as shown in Fig 7.12. A single photon cannot be split and
will travel along either path 1 or path 2, so if the source is producing single photons
both detectors will never click at the same time. This is known as a Hanbury Brown-
Twiss (HBT) experiment, which was first carried out (with photomultipliers rather
than photon-counters) in 1956 [159] and was used to measure the angular size of
stars [160]. The difference in arrival times between the photons on counters 1 and 2
are calculated, and these time gaps are histogrammed and normalised to produce a
graph like those shown in Fig 7.13. The beam splitter is required because photon-
counters have a dead-time, meaning that after one photon has been detected there
is a time window in which another cannot be detected. Using only one detector
you would see no time gaps shorter than the detector dead-time.

Figure 7.13: Illustration of g(2)(τ) from different types of source. The left shows
and example g(2)(τ) from a thermal source, such as a light bulb, the middle from
a coherent source such as a single mode laser and the left from a single photon
source.
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The interesting behaviour of the auto-correlation function is around τ = 0, where
for a single field mode we can write [161]

g(2)(0) = 1 + ⟨(∆n)2⟩ − ⟨n⟩
⟨n⟩2 , (7.11)

where ⟨n⟩ is the mean photon number and ⟨(∆n)2⟩ is the photon number variance.
For a perfect single photon source ⟨n⟩ = 1 and ⟨(∆n)2⟩ = 0, so g(2)(0) = 0.

For a thermal light source, like a light bulb, g(2)(0) > 1, meaning that photons are
more likely to arrive close together and the light is described as ‘bunched’. For a
coherent source, like a coherent laser, photons are not more likely to arrive together
or apart, so g(2)(0) = 1 and the g(2)(τ) function is flat. From a single photon source,
on the other hand, photons are less likely to arrive together, and g(2)(0) < 1, with
a perfect source having g(2)(0) = 0. This is described as ‘anti-bunching’. These
cases are illustrated in Fig 7.13. This function can be used to determine if the light
source is classical, as classical sources have 1 ≤ g(2)(0) ≤ 2 [161]. At large values
of τ , where τ ≫ τc, the coherence time, the function becomes 1.
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Figure 7.14: g2(τ) for 780 nm fluorescence. The trace has a maximum g(2)(τ) value
of 1.5 at a time delay of 31 ns, due a BNC cable delay. Clear ringing is also visible.
A moving average of 11 is used for smoothing.

We demonstrate a g2(τ) trace from a thermal source by conducting a HBT exper-
iment on D2 line (780 nm) fluorescence from our vapour cell excited with only a
resonant 780 nm laser. We see that the trace has a maximum g(2)(τ) value of 1.5
at a time delay of 31 ns. This value of 1.5 is within the expected range for the
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fluorescence a thermal gas of atoms; >1 and <2 [161]. The time delay is due to
the BNC cables connecting photon-counter 1, and photon-counter 2 to the count-
ing card having different lengths. We deliberately input this delay to make the
data processing easier, because we don’t have to calculate for negative values of
τ to see the full width of the feature, and to separate out the features when we
calculate more than one at once. Time delays can easily be added or removed in
later data analysis. Clear ringing is also visible. This is due to beating between the
available hyperfine transitions, which are separated by only ∼100 MHz, so multiple
transitions are excited in a thermal vapour with Doppler width of ∼600 MHz. The
FWHM of the main peak is 1.2 ns. The natural lifetime of the state is well-known
to be 27 ns [58], however, as we are working in a thermal vapour we measure a time
which is the inverse of the Doppler-broadened linewidth. This measured width
suggests a Doppler broadening of ΓDopp = 1

1.2 ns = 800 MHz, which is larger than
expected and corresponds to a temperature of 450 °C which is much too high. We
also fit a Gaussian to the envelope of the peak including the ringing. This has a
FWHM of 4 ns, which corresponds to a frequency linewidth of 250 MHz.

7.9 Using FWM to produce single photons

We make use of the process of spontaneous four-wave mixing to convert our seeded
FWM experiment into a single photon source. Fig 7.15 shows energy level diagrams
for the two different processes. For simplicity only one state is drawn at each level,
however in the zero field case this will not be the case, as shown in Fig 7.2. In
spontaneous FWM, pump and coupling beams are used, as in seeded, to excite
up to the 5D5/2 state. However a seed beam is not input, instead the medium
spontaneously produces pairs of single photons according to the phase matching
condition, which is now

k⃗pump + k⃗coupling = k⃗herald + k⃗signal. (7.12)

We use the alignment of the seeded setup to collect these correlated pairs. In
doing so we select the spatial modes of one particular pair, however this is far
from unique and any angular configuration that can produce seeded FWM would
produce spontaneous pairs. This fact was used in [38] where two sets of photon
pairs were collected, from opposite sides of the optical axis to produce a multiplexed
single photon source.
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Figure 7.15: Energy level diagram showing the transition between seeded and spon-
taneous schemes. In a), a seed beam is input and scanned over the intermediate
state resonance. To convert to spontaneous the seed beam is removed and a pair
of photons are spontaneously emitted at 776 nm and 780 nm in the direction of
the seed beam and the produced FWM beam respectively. For simplicity only one
state is drawn at each level, however in the zero field case this will not be the case,
as shown in Fig 7.2.

7.10 Experimental setup

The experimental setup for single photon production differs in two main ways from
that described in Section 7.3. They are:

• We now collect our photon pairs into single mode optical fibres connected to
single photon counters. These two fibres are aligned using the seeded FWM
setup; one is aligned to maximise coupling of the seed laser beam that has
passed through the cell, and the other, in exactly the opposite direction, is
aligned to maximally couple the produced seeded FWM beam.

• The seed beam is turned off. Now these fibres collect single photon pairs
produced by the medium (as well as other uncorrelated fluorescence, scattered
laser light and any other background).
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Figure 7.16: Experimental setup for single photon generation. The ‘Experiment’ section of the setup is the same as in the seeded case in
Fig 7.3, with the seed beam removed. The 776 nm spontaneous FWM photons are collected on a photon detector (D1). The correlated
780 nm are collected out of the other end of the vapour cell into a fibre aligned to the seed beam path. In both cases IFs and GT
polarisers are used for filtering. Both flipper mirrors are folded down during data taking. During heralded auto-correlation experiments
the 780 nm photons are coupled into a split fibre, with each output incident on a photon detector (D1 and D2). All 3 detectors are
connected via BNC cables to the photon counting module. When we use the etalon filter and compare g

(2)
hs (τ)max with and without it,

one arm of the split fibre outputs to the aligned etalon filter module (brown box), before reaching the second detector.
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7.11 Counting mechanics

We use single photon avalanche detectors (SPADs) (Excelitas SPCM-AQRH-14-
FC) to detect our single photons. They detect a photon arrival, and output voltage
pulse through a BNC cable to the counting card. We use a Sensl card (High Res-
olution Timing Module, HRMTime TDC). It has four channels, and collects data
separately on each. We operate the Sensl card in ‘continuous running’ mode. Each
data collection run is started with a signal to the ‘start’ input of each channel—we
connect these together to produce a common time. The output of each photon
counter is connected to a stop port of one of the counting card channels. After the
‘start’, the card records the time of each ‘stop’ it receives, and stores all these times,
along with which channel the photon was detected on. The card then collects data
for 1 second, (or less if it receives more counts than it can store), after which the
time data is processed in python by the connected computer.

We process the data using python. The raw data is a 2-d array, with one column
filled with photon arrival times, and the other column with the index of the channel
that photon was detected on. To calculate g

(2)
hs (τ) we use the data from CH0,

the herald channel, and either CH1 or CH2, which are both from the split signal
channel. Array-wise, we calculate the time gaps between the detection of a photon
on CH0 and a photon on CH1. One could calculate all of these time gaps which
occur in the one second of data collection, however that would be computationally
expensive. Instead we truncate the calculation and look only at the time gaps
between photons which arrived with no more than 2 other photons in between.
During our experiment we have maximum photon detection rates of ∼1 MHz, and
therefore a minimum average time gap of ∼1 µs, and we only plot correlations to
100 ns. If we were truncating too soon we would expect to see a drop (from 1) in the
background level of the cross-correlation, which we do not. In practice increasing
the number of time gaps calculated does not alter the results, but does increase
the processing time.

We display the g
(2)
hs (τ) results by plotting a histogram of the time gaps. The data

processing code displays this histogram live, updating every second to include the
previous second’s data, so the experiment can be easily monitored. The histogram
is normalised using [162]

g
(2)
hs (τ) = G

(2)
hs (τ)

rhrs∆τT
, (7.13)

where G
(2)
hs (τ) is the measured histogram, rh and rs are the count rates on the

herald and signal channels respectively, ∆τ is the width of each time bin and T

is the total integration time. The histogram can also be normalised using the
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knowledge that for large values of τ , g
(2)
hs (τ) = 1, and normalising to a part of the

histogram without a correlation feature. In practise these methods give the same
result, which is reassuring.

We can interpret g
(2)
hs (τ) to mean how many times more likely it is that a photon

we detect on the signal channel at time τ is part of a heralded pair, rather than just
noise. More generally g

(2)
ij can be expressed in terms of the probabilities of a coin-

cidence between clicks on detectors i and j, Pij and the independent probabilities,
Pi and Pj .

g
(2)
ij = Pij

PiPj
(7.14)

Another useful measure of the effectiveness of a paired single photon source, is
photon pair rate. This is the rate at which we detect herald-signal pairs. We calcu-
late this parameter alongside the histogram, by calculating the area under the peak
(un-normalised), not including the background. This is expressed mathematically
as

Pair rate = 1
T

 t1∑
τ=t0

G
(2)
hs (τ)

− rhrs(t1 − t0), (7.15)

where T is the total integration time and t0 and t1 are the start and end of the
coincidence window. We can also calculate the heralding rate, that is what fraction
of photons on our herald channel are part of a correlated pair using

Heralding efficiency = Pair rate
rh

. (7.16)

This can be calculated for each signal channel separately, or using both combined
depending on the context.

7.12 Zero field results

Fig 7.17 shows an example of the g
(2)
hs (τ) signals produced by our system. The red

and blue peaks are collected using the ‘without etalon’ part of the setup shown
in Fig 7.16. The red trace shows correlations between CH0 and CH1, and the
blue trace shows correlations between CH0 and CH2. CH1 and CH2 are the two
output ports of the same signal, split by a split fibre. The time delays–37 µs and
6 µs respectively–are due to different lengths of BNC cable connecting the photon
detectors and the counting module, and are not a property of the signals we are
measuring. In this case g

(2)
hs max = (88 ± 7), and the pair rate on each channel

was 2.6 Hz. This is comparable to the figures reported in [37]. A g
(2)
hs max of

88 tells us that if we detect a photon on the signal channel at our set time gap
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after detecting a photon on the herald channel it is 88 times more likely that that
photon is a correlated photon than a noise photon. The peaks have a FWHM of
(0.87 ± 0.02) ns.
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Figure 7.17: Zero field g
(2)
hs correlations. The blue and red traces are from each arm

of the split fibre, and so are expected to be the same. The data are smoothed by
calculating a 5 point moving average. In this case we observe a maximum g

(2)
hs of

88±7. Fixed parameters: one-photon detuning = −3 GHz, pump power = 100 µW,
coupling power = 10 mW, T = 125 °C.

There are many factors which affect the strength of these correlations, some of
which are in our control, and some which are not. In the following section we will
investigate the dependence of g

(2)
hs (τ) peak height on pump and coupling powers,

and temperature.

7.12.1 Dependence on experimental parameters

7.12.1.1 780 nm pump power

Fig 7.18 shows the effect of changing the pump power on g
(2)
hs max (red) and cor-

related photon pair rate (blue). Pair rate dependence is quite straightforward; the
pair rate increases approximately linearly with increasing pump power. A straight
line is fitted and plotted, and has a gradient of 75 Hz mW−1. The g

(2)
hs max depend-

ence is more complicated. At high powers (>5 mW) g
(2)
hs max is low (in this case

<5). As pump power is decreased g
(2)
hs max increases at an increasing rate. This
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7.12.1.2. 776 nm coupling power

increase continues up to around 100 µW, below which g
(2)
hs max falls off sharply.

It is expected that g
(2)
hs max increases as pump power decreases. This is because

lower pump powers mean there is less population in the intermediate 5P state and
consequently fewer uncorrelated 780 nm photons. Correlated photons can only be
produced when the atoms have been excited up to the 5D state, so any excitations
to the 5P state which are not further excited will become a noise source. It is
therefore necessary to make the pump beam significantly weaker than the coupling
beam. Below a certain power, which in this parameter space is 100 µW, correlated
photon rates become so low that other noise (laser scatter from the coupling laser,
and permanent background counts) begin to dominate, and g

(2)
hs max decreases.
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Figure 7.18: The effect of changing 780 nm pump power on g
(2)
hs max and correlated

photon pair rate. All other parameters are constant with: coupling power = 20 mW;
T = 129 °C; 5P detuning = −2.5 GHz.

7.12.1.2 776 nm coupling power

Fig 7.19 shows the effect of changing coupling (776 nm) power on pair rate and
g

(2)
hs max. Again we see a clear linear relationship between power and pair rate, this

time with a gradient of 1.5 Hz mW−1. We also see a similar shaped relationship
for g

(2)
hs max; there is a sharp increase as power increases from 0, up to a peak, this

time at ∼7 mW, and then a slower decay as coupling power is further increased. At
higher coupling powers g

(2)
hs max decreases with increasing coupling powers because
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7.12.1.3. Dependence on temperature

although pair rates increase linearly, noise rates increase faster. From the 5D state
the atoms may emit correlated photon pairs, however they may also decay in a
two-step process, first emitting a 776 nm photon to arrive in the 5P state, and
then some time later emitting a 780 nm photon to decay to the ground state. Both
of these emitted photons contribute to our experiment as noise, and reduce the
‘purity’ of our single photons.
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Figure 7.19: The effect of changing 776 nm pump power on g
(2)
hs max and correlated

photon pair rate. All other parameters are constant with: pump power = 0.67 mW;
T = 129 °C; 5P detuning = −2.5 GHz

7.12.1.3 Dependence on temperature

Cell temperature affects atomic number density in the cell, as discussed in Sec-
tion 2.4. In Fig 7.20 we plot the effect of changing vapour cell temperature on
g

(2)
hs max (red) and pair rate (blue). As the temperature increases, pair rate in-

creases. g
(2)
hs max also increases with pair rate initially, but reaches a maximum at

∼125 °C. Notably, this is a much higher turning point than was observed in the
diamond scheme in [44], where the g

(2)
hs max occurred at 85 °C. It is possible that

this difference is because we are no longer in a system where many of our noise
photons appear as a result of the collisional transfer process discussed in Chapter 6.
The rate of this process becomes second order, and therefore increases much more
rapidly, at around 85 °C. It is likely instead that we see the turning point at a
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temperature where the medium is optically thick. This higher turning point is a
significant advantage as it means the source can be operated in a regime where
pair rates are faster.
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Figure 7.20: The effect of changing cell temperature on g
(2)
hs max and correlated

photon pair rate. The temperature was measured with a thermocouple inside the
cell heater, and corrected using ElecSus. All other parameters are constant with:
pump power = 0.8 mW; coupling power = 37 mW; 5P detuning = −2.5 GHz.

7.12.2 Including etalon filters

We are using a double ladder energy level scheme, so have two pairs of transitions
which have the same wavelength. This means that we cannot use interference filters
(which have a transmission FWHM of ∼3 nm) to remove the excitation light, or
fluorescence from uncorrelated decays, which are at the same frequency as our
signal photons.

However, if the signal photons are emitted at a different frequency from our un-
wanted photons by GHz, or have a different spectral profile (are much broader or
narrower in frequency), then we may be able gain an advantage by using a nar-
rower, tunable filter, such as those described in Chapter 5. Our investigations in
Section 7.4 suggest that this might be the case. It appears that in the absence
of a magnetic field, the FWM signal emitted is broad and off resonance when the
excitation lasers are detuned from resonance with the 5P intermediate level. Un-
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7.12.2.1. 130 MHz filters

correlated decays are expected to be emitted on resonance, if their motion has
randomised, or at the opposite detuning (the other side of resonance to the excita-
tion frequency) if thier motion has not. This is because we observe each wavelength
in the opposite direction from which we excited it.

We therefore include the etalon filter module in our setup, as shown in the brown
box in Fig 7.16. The 780 nm signal photons are still coupled into a split single-mode
fibre. One arm of this fibre goes straight to a photon detector, as before, while
the other is connected to the etalon module. This light passes through the aligned
etalon filter, which is temperature stabilised, and the transmission frequency can
be tuned by adjusting the temperature. The output of the filter is coupled into
a multi-mode fibre which is connected to another photon detector. The g

(2)
hs (τ)

peaks plotted in the next sections show direct comparisons between the filtered
and unfiltered correlations.

7.12.2.1 130 MHz filters

We first used the widest of our lens etalon filters (130 MHz) on one arm of the
herald (776 nm) split fibre. In this experiment we were using the 780 nm photons
as the herald, and the 776 nm photons as the signal. This was due to the setup
at the time and not for any particular scientific reason. If the pair of photons is
actually emitted simultaneously, the order of detection will not make a difference
to the measured correlation peak. If there is some delay and the herald is emitted
first, with some range of time gaps so the peak is asymmetric (like observed in [36]
as quantum beats) the shape of the peak will be reversed in time. This reversal
will not apply to shape changes from processes that occur after the photons have
been produced, such as passing through the etalon filter.

We found that the etalon could be positioned at a frequency such that a higher
g

(2)
hs max was obtained than without the etalon, however we saw a drop of factor

∼100 in correlated photon pair rates. An example of one of these cases is shown in
Fig 7.21. Here the noisier blue trace shows the correlation between herald (780 nm)
and signal (776 nm) photons, when the signal photon has passed through the etalon.
The red trace shows the correlation when the signal photon does not pass through
the etalon.

We see that sending photons through the etalon affects the time at which the
correlation peak occurs, as well as its shape. The peak becomes broader and
asymmetric, with a slower decay on the larger τ edge. The delay occurs because
the signal photons on this path travel further, both through the extra optical
elements involved in the etalon path, but also through the etalon itself. This path
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Figure 7.21: Photon pair correlations, comparing 130MHz etalon filter (blue trace)
to no filter (red trace). Fixed parameters: one-photon detuning = −3 GHz, pump
power = 200 µW, coupling power = 20 mW, T = 125 °C

introduces 1m of extra fibre, with refractive index n = 1.5, producing a delay of
5 ns, and 78 cm of free space propagation, which has a delay of 2.6 ns. We observe
the peak to be delayed by 8.7 ns (compared to Fig 7.17), implying that the cavity
itself introduces a delay of 1.1 ns, and is a small part of the total shift.

We model the effect of the etalon on the correlation feature by convolving the
without-etalon feature (close to a Gaussian) with a geometrical decay, which rep-
resents the 2% round trip loss from the cavity. The result of this convolution is
shown in blue in Fig 7.22, where the red trace is the pre-convolution Gaussian. The
model predicts a peak delay of 0.5 ns. The model also explains the broadening, by
a factor of 2, and the shape change of the peak observed in Fig 7.21.

We fit the model to the data, allowing the round-trip-loss to vary, and get a best
fit which is plotted in black in Fig 7.23. We also plot the gaussian fit, and we
see by eye that the decay provides a better fit. The RMS error of the decay fit
is 0.23, compared to 0.28 for the gaussian fit. Both these numbers are relatively
large due to the high level of noise on the data. The optimal fit occurs when the
round trip loss = (0.024 ± 0.001), giving a coating reflectivity of (98.8 ± 0.1) %.
This is in agreement with the coating specification, which was quoted as 99%, and
the reflectivity we measured in Chapter 5 of (98.9 ± 0.1) %.

Fig 7.4 showed us that when the pump beam is detuned from resonance by more
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Figure 7.22: The modelled effect of a Gaussian pulse in time (red) passing through
the 130 MHz filter cavity. A geometric decay model is used, and the cavity is taken
to have length 2.5 mm and reflectivity 98.7%. The model predicts a peak delay of
0.5 ns and shape change introducing an asymmetry and broadening.

than the transition linewidth, a seeded 776 beam is produced for an off resonant
range of of 780 seed frequencies several GHz wide. We deduce that this width
is mirrored in the 776 light produced, so that the combined energy of the each
photon pair equals the two photon transition energy. This is likely to explain why
we see such a dramatic fall in pair rate when we use a ∼ 100 MHz filter; we are
throwing away the vast majority of our correlated photons. However we are also
throwing away an even higher fraction of uncorrelated and scattered photons, so
the correlation peak increases in height. We find that the ‘through etalon’ peak
height is more consistent because we no longer rely on the polarisation filtering,
so the constant small polarisation fluctuations no longer have such a deleterious
effect.

We have found that although we can use these narrow frequency transmission
filters to make small improvements to the measured g

(2)
hs max of our source, the

huge drop off in pair rate makes it inviable on a sensible timescale. However, we
could potentially reduce the pair rate loss by using a filter with a wider transmission
window, comparable to that of the width of the FWM signal. We therefore move
to using a similar filter with a 2 GHz linewidth.
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7.12.2.2. 2 GHz filters

Figure 7.23: Fit of a Gaussian (blue) and a geometrical decay model (black) to
130 MHz filtered g

(2)
hs (τ) correlations. Residuals are plotted. It can be seen that

the decay model gives a better fit, with RMS error of 0.23, compared to 0.28 for
the Gaussian. Both are relatively high because the data is noisy.

7.12.2.2 2 GHz filters

We introduce the 2 GHz filters described in Section 5.2.2 to the setup on the 780 nm
signal channel. To do this we now use the 776 nm photon as the herald and the
780 nm as the signal, with the split fibre coupling the signal photons. We choose
to switch the etalon filter to the 780 nm channel because most of the noise is only
present when both excitation lasers are on. This means the noise is not laser scatter
(which has a similar frequency to desired photons) but fluorescence decays from the
5D state, via 5P3/2. Therefore its frequency should be clearly distinguishable from
most of the desired photons using a 2 GHz narrow-band filter, as we expect it to
be detuned the other side of resonance. As our 776 nm coupling beam has a much
higher power than the 780 pump beam, the majority of the noise on the 776 nm
arm comes from laser scatter, which is in the middle of the frequency spectrum of
the desired photons, so we anticipate that adding the filter to this arm will produce
less of an improvement.

Another reason to switch filter channels is that it is more difficult to measure the
frequency of the transmission window of the etalon filter when the etalon is on the
776 nm collection arm. This is because this is an excited state transition making
frequency determination via spectroscopy more complicated. We also only have one
776 nm laser which we wish to keep locked, whereas we have a second 780 nm (seed)
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Figure 7.24: g
(2)
hs showing the effect of including a 2 GHz etalon filter on the 780 nm

signal channel. The blue peak show the correlations without the filter, the red
peak shows the correlations with the filter. Without the filter, g

(2)
hs max = 57, pair

rate = 2.8 Hz, with the filter g
(2)
hs max = 98, pair rate = 0.5 Hz. Other parameters:

T =127 °C; 780 nm power = 0.7 mW; 776 nm power = 10 mW.

laser which is we can freely scan to determine the etalon transmission frequency,
without disrupting our two-photon lock.

We see a consistent improvement in g
(2)
hs max when the 2 GHz filter is in place. One

example is shown in Fig 7.24, where the correlations through the etalon are shown
in red, while the correlations without the etalon are shown in blue. Without the
filter, g

(2)
hs max = 57 and pair rate = 2.8 Hz, while with the filter g

(2)
hs max = 98 and

pair rate = 0.5 Hz. For the data set shown in this figure, other parameters are:
T =127 °C; 780 nm power = 0.7 mW; 776 nm power = 10 mW.

We measure the FWHM of the peaks to be (0.80 ± 0.01) ns and (0.86 ± 0.01) ns
without and with the etalon respectively. This is a much smaller width increase
than we saw with the 130 MHz filter, because, with a reflectivity of 94% the geo-
metric decay is much quicker so the shape of the peak is barely changed.

The time delay introduced by the 2 GHz filter is 6.5 ns. As with the 130 MHz filter,
extra fibre length accounts for 5 ns of this and a free-space optical path of 33 cm
another 1.1 ns. Our geometric decay model, shown in Fig 7.25, predicts a time
delay from the etalon of 0.2 ns, and that the shape is negligibly modified.

The benefit we have seen from the inclusion of one 2 GHz etalon filter suggests that
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Figure 7.25: Decay model (blue) compared to Gaussian (red) for 2 GHz etalon filter
correlations. The decay model introduces a time delay of 0.2 ns and has a negligible
impact on the shape of the peak.

adding a second, on the herald arm, could improve the purity of the correlations
further. As the pair of filters would be required to select pairs of photons, care
would have to be taken to ensure that the filters are ‘frequency matched’, that
is that they are tuned such that the sum of their transition frequencies is the
frequency of the two photon transition. This should be achievable using the 2 GHz
filters; each filter is stable to ∼ 50 MHz over 24 hours, so even a combined drift
of ∼ 100 MHz would only be 10% of the filter linewidth, which should not have
too detrimental an effect. It would, however, be near impossible with the 130MHz
filters in the current state of temperature control, even if the results with one filter
were good enough to warrant trying.

The benefit of including the filter is not constant with changing experimental para-
meters; as it is filtering 780 nm photons we expect there to be a dependence on
780 nm pump power. If we can effectively filter out a high proportion of the un-
correlated decays, then we should see more benefit at higher pump powers, as we
can increase the number of photons we want, whilst not increasing (by so much)
the photons we don’t want.

Fig 7.26 shows how the ratio of g
(2)
hs max peak height ‘with etalon’:‘without etalon’,

varies with input pump power, for the 2 GHz etalon. We see that at high 780 nm
powers (>5mW) the ratio reaches 2.75 and plateaus. As the power decreases the
ratio decreases, however the individual g

(2)
hs max values both increase. Below 1 mW
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Figure 7.26: Change in ratio of g
(2)
hs max with-etalon to g

(2)
hs max without-etalon as

780 nm pump power is varied, for 2 GHz etalon. Fixed parameters are: T = 132 °C,
776 nm power = 38 mW, one-photon detuning = −2.5 GHz. 780 pump powers range
from 70 µW to 7.5 mW

the ratio drops off sharply, and in this regime there is little benefit in using the
etalon. At the lowest power plotted, 70 µW, the through etalon pair rate has
dropped to 0.35 Hz (without-etalon is 1.6 Hz), with a channel 1 count rate of only
1.1 kHz. The background count of this channel is 0.7 kHz, so more than half of
the counts registered are now noise, and this gets more and more significant as the
power is decreased, resulting in a lowered g

(2)
hs max.

We also measure the effect of changing 776 nm on the ratio, and see no signific-
ant effect. This indicates that increasing coupling power increases the number
of unwanted 776 nm photons more rapidly than the number of unwanted 780 nm
photons.

7.13 Hyperfine Paschen-Back regime results

We transfer to the hyperfine Paschen-Back regime setup by placing the magnets
around the experiment and locking cells, and tuning the lasers frequencies to those
of the 0.6 T field transitions. We must also consider the polarisations required to
excited these transitions in the presence of a magnetic field.

Fig 7.27 shows the polarisations of light (left- or right-handed circularly polarised
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7.13. Hyperfine Paschen-Back regime results

or linearly polarised) which excite or produced as fluorescence by σ+, σ− or π

transitions in the presence of a magnetic field, with respect to the orientation of
that field. We see that in a magnetic field, when the k-vector of the light is parallel
to B, transitions are excited by circularly polarised light. If we set the input laser
light to maximally excite the transition (by making it circularly polarised) then
the desired correlated signal photons and scattered photons from the laser will
have the same polarisation and be indistinguishable through polarisation filtering.
There are a few possible methods to get around this, but all have associated losses.

Figure 7.27: Diagram showing the polarisations of light (left- or right-handed cir-
cularly polarised or linearly polarised) which can excite or be fluoresced during
σ+, σ− or π transitions in the presence of a magnetic field, with respect to the
orientation of that field.

One option is to input linear light, with the two beams orthogonally polarised, as
in the no magnet case. This method allows for effective filtering of the scattered
laser light, while still allowing some of the signal light through. However we then
lose half the photons on each photon collection channel. We would expect this to
reduce g

(2)
hs (τ)max by a factor of approximately 4. Our system is not input power

limited, as shown in Section 7.12.1, so effectively halving the interaction power of
our input beams (only half the linear polarised light excites a σ+ transition) is not
a problem.

This is the method that has given us the best g
(2)
hs (τ) correlations, an example of

which are shown in Fig 7.28. However, we only see a g
(2)
hs (τ)max of 8, with pair

rates of 5 Hz. We believe that herald-signal correlations in the HFPB regime in
the double ladder configuration have not previously been reported, so this is still
a notable result.
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Figure 7.28: A plot of g
(2)
hs (τ) in the HFPB regime with linearly polarised input

light. Red and blue traces are from the two arms of the split fibre. The maximum
g

(2)
hs (τ) we measured in this regime was 8, much lower than in zero field. Fixed

parameters are: T =120 °C; one-photon detuning = −1 GHz; 780 nm power =
0.8 mW; 776 nm power = 25 mW.

We find that for any given correlation height, the pair rate is much lower than we
found in corresponding results without the B-field. Some of this decrease will be
due to the factor of 4 mentioned earlier, but we may also be seeing the effect of
the quicker drop off of FWM with single photon detuning, which we observed in
Section 7.5. This means that we are forced to work at a smaller detuning to see a
sensible amount of signal (−1 GHz here compared to −1.8 GHz in zero field) which
results in more noise.

The heights on this particular figure are slightly asymmetric. This is a reflection of
the uncertainty in the maximum and the peaks would converge on the same value
with longer integration time.

Another possible option is to use different transitions; currently we are exciting
to both stretched states, 5P3/2, mJ = 3/2 and 5D5/2, mJ = 5/2, as illustrated
in Fig 7.29 a) which requires two σ+ transitions and has no other possible decay
channels. This scheme was chosen because these transitions are the strongest (they
have the largest dipole matrix elements), and because there is only one possible
decay path via the 5P3/2 state. However it would be possible, as shown in panel
b), to excite up from 5P3/2, mJ = 3/2 to 5D5/2, mJ = 1/2 via a 776 nm σ−

transition. From this state there are two allowed decay paths via 5P back to our
ground state, 5S1/2, mJ = 1/2: one is our excitation path, and another is via a
776 nm σ+ transition to 5P3/2, mJ = −1/2 and then a 780 nm σ− transition. Now
the excitation beams have a different circular polarisation to the signal photons of
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the same wavelength, so polarisation filtering is possible. The laser transitions and
the correlated photon transitions now also have different wavelengths, separated by
∼20 GHz, so filtering with an etalon filter to remove laser scatter would be possible.
This is technically now a diamond level scheme, as the two intermediate states are
different and resolvable.

Figure 7.29: Diagram showing a) the original stretched state HFPB regime energy
level scheme, and b) the altered energy level scheme using different intermediate
states for the excitation and emission photons, giving the transitions different po-
larisations, as shown, and slightly different wavelengths.

In practice, however, the correlations we could measure using this setup were very
weak. We saw a maximum g

(2)
hs (τ)max of 3, with a pair rate of 2 Hz. There are a

few possible factors which contribute to this drop off:

• The changed excitation transition is weaker by a factor 3 than its predecessor,
so more power has to be used to achieve the same excitation, meaning more
noise.

• The probability of decay via these new transitions is lower, because many
more decay pathways are available as the new excited state is not a stretched
state.

• Circular polarisations must now be set and filtered. This requires two optical
components per set/filter, a quarter-wave plate and a GT polariser, rather
than just a polariser as is required for linear polarisations. This means a lot
more degrees of freedom, so optimisation is much more difficult.

141



7.13.1. Aside - g
(2)
hs (τ) <1

• circular polarisation is less well maintained by optical elements than linearly
polarised light. We have no option but to include edge mirrors on our collec-
tion arms before returning the light to a linear polarisation.

It would also be possible to collect correlated herald-signal pairs sideways out of
the vapour cell, orthogonal to the excitation axis. In this geometry σ+ and σ−

fluorescence is linearly polarised, as shown in Fig 7.27. Therefore the excitation
lasers could be linearly polarised orthogonal to the fluorescence polarisation, and
filtering out laser light should be straightforward. We would also expect to see less
light scattered out sideways than forward. A potential disadvantage of this setup
is phase matching condition will be less well met. However, as the wavelengths we
use are so closely matched, we anticipate this may not be a problem.

We attempted to implement the setup, however, the design of our vapour cell, a
‘lollipop’ with curved side as described in Section 3.1, made it impractical. The
curved sides of the cell act as cylindrical lenses to defocus (but not very uniformly)
the light coming out of the cell, and we struggled to align even seeded FWM. We
have commissioned cuboidal cells to remove this problem.

7.13.1 Aside - g
(2)
hs (τ) <1
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Figure 7.30: Figure showing g
(2)
hs (τ) < 1 ‘anti-correlations’. In the HFPB regime

we excite with linearly polarised light, but use quarter-wave plates to filter the
outputs. The output filtering angles can be adjusted such than we see a dip in the
g

(2)
hs (τ) spectrum.
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Fig 7.30 shows that we can, use a setup in which we excited with linearly polarised
light and filter using quarter-wave plates for circular polarisations to see ‘anti-
correlations’, with a g

(2)
hs (τ) < 1. This means that if we detect a photon on one

channel at time t, we are less likely to detect a photon at a time t + τ on the other
channel. As the pairs of photons we detect are polarisation matched (one is σ+

and the other σ−), we can set both filtering arms to select the same polarisation we
select one of the pair and reject the other. Rotating the quarter-wave plates lets
us switch between correlation dips and correlation peaks. This is included because
it is an effect we have not seen reported elsewhere.

7.14 Heralded auto-correlation function

So far we have measured g
(2)
hs (τ) for our system, and have two functions g

(2)
hs1

(τ) and
g

(2)
hs2

(τ) when we beam split the photons arriving on the signal channel. This source
is a heralded single photon source, meaning that we know to expect a single photon
a set time after we detect a herald photon, so in order to calculate the heralded
auto-correlation function, we need to measure the histogram for triple coincidence
events.

To do this we use the heralding time gap we have measured for correlations between
photons arriving on CH0 and CH1: (5.9 ± 0.8) ns. We look for all the counts on
CH1 which were detected (5.9 ± 0.8) ns after a count on CH0, and then histogram
the time gaps between these CH1 counts, and all CH2 counts. If our source were
perfect—all photons detected were from pairs of heralded single photons—we would
see zero counts on the histogram at a time gap τ = τhs2 − τhs1 , where τhsi

is the
time delay of g

(2)
hsi

(τ)max. This is because a single heralding photon is paired with
only one signal photon, so a signal photon cannot arrive on CH1 and CH2 at times
which correspond to the same herald arrival.

In practice, however, we do not see a value of zero, or even a dip: we still see a
peak, as shown by the purple trace in Fig 7.31. This is the correlation histogram
for detecting an h then s1 then s2 photons, as a function of the time gap between
s1 then s2 with a particular hs1 time gap, which we write as G

(2)
hs1s2

(τs1s2). We now
subscript τ to make it clear which photon channels the time-gap is between, as we
will be plotting functions of different time gaps which can be easily confused.

From G
(2)
hs1s2

(τs1s2), we are looking to calculate g
(2)
s1s2|h(τs1s2). We follow the method

of [163] and [44].
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Figure 7.31: The normalised triple coincidence histogram g
(2)
hs1s2

(τs1s2) (purple),
with the double coincidence histograms g

(2)
hs1

(τhs) (blue) and g
(2)
hs2

(τhs) (red). Col-
lection time for this data set was 8.5 hours. Fixed parameters are: T =127 °C;
780 nm power = 2 mW; 776 nm power = 20 mW.

Similarly to Eqn 7.14, we can use conditional probabilities write

g
(2)
s1s2|h =

Ps1s2|h
Ps1|hPs2|h

, (7.17)

which can be expanded using P (A|B) = P (AB)
P (B) to give

Ps1s2|h
Ps1|hPs2|h

= Phs1s2Ph
Phs1Phs2

. (7.18)

If we write this in terms of coincidences we have

g
(2)
s1s2|h =

G
(2)
hs1s2

Nh

G
(2)
hs1

G
(2)
hs2

. (7.19)

Here Nh is the total number of heralding events, G
(2)
hs1s2

is the number of triple
coincidence events between all three channels, and G

(2)
hs1

and G
(2)
hs2

are the number
of pair events between the herald and each of the signal channels.

We now reintroduce the time delay, τs1s2 , into our equations.

g
(2)
s1s2|h(τs1s2) =

G
(2)
hs1s2

(τs1s2)Nh

G
(2)
hs1

(τs1s2)G(2)
hs2

(τs1s2)
. (7.20)

However, the double coincidence histograms we measure are not functions of τs1s2 ,
they are functions of τhs . We instead write this denominator as N(τs1s2), which is
given by

N(τs1s2) =
∫ Tc

0
G

(2)
hs1

(τhs)G(2)
hs1

(τhs + τs1s2)dτhs. (7.21)
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7.14. Heralded auto-correlation function

Here we are integrating over all possible time delays, τhs within the our coincidence
window of width Tc, which result in a delay of τs1s2 .

We follow this process and calculate the g
(2)
s1s2|h(τs1s2), which we will subsequently

refer to as g(2)(τ).
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Figure 7.32: Heralded auto-correlation function of our system, calculated from the
data in Fig 7.31. It has minimum of g(2)(0) = 0.25 ± 0.02, which is non-classical,
and a width of (3.3 ± 0.1) ns.

We return to zero field to calculate the auto-correlation function, as we require a
high pair rate and strong correlations. We calculate the heralded auto-correlation
function of the photons on our signal channel, the result of which is shown in
Fig 7.32. Each histogram involved in the calculation was smoothed before norm-
alisation by calculating a moving average using 20 data points, which equates to
0.5 ns. We obtain a g(2)(0) of 0.25 ± 0.02, which is non classical. We measure the
FWHM of this dip to be (3.3±0.1) ns. This is broader then the widths we measured
for the g

(2)
hs (τ) peaks in Section 7.12, which is mostly a result of the convolution of

the two Gaussian lineshapes in Eqn 7.21. There is also a small broadening effect
due to the data smoothing.

It can be clearly seen that the triple coincidence histogram is much noisier that
then double coincidence histograms. Because of the pre-selection by the hs1 time
gap, the number of s2 counts which make it onto the hs1s2 histogram is lower than
those which make it onto the on hs2 histogram by a factor of the heralding efficiency
on the s1 channel. The heralding efficiency, given by Eqn 7.16, is the fraction of
photons on the herald channel which are followed the appropriate time later by a
photon on one of the signal channels.

Table 7.1 shows the rates and integration time of the data shown in Fig 7.31. We
are showing these numbers to give a sense of the times required to collect triple
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Integration time, T 8.5 h
CH0 count rate 410 kHz
CH1 count rate 37 kHz
CH2 count rate 31 kHz

Pair rate 250 Hz

Table 7.1: Rates for the data in Fig 7.31

coincidence data. In the case of the data set pictured in Fig 7.31, the hs1 pair rate
was 250 Hz, while the herald count rate was 410 kHz, giving a heralding efficiency
of 6.1 × 10−4. This means that our triple coincidence histogram will be populated
at a rate approximately 1600x slower than our double coincidence histograms. This
number agrees with what we see experimentally: a double coincidence histogram
with a similar noise level to this triple coincidence histogram, which was 8.5 hours
of data, appears in about 20 seconds.

We could theoretically therefore obtain lower g(2)(0) values than 0.25, by collecting
data with the experiment in a more optimal parameter space, where we measure
higher values g

(2)
hs (τ)max. However, as we saw in Section 7.12.1, we have to make

a trade off between high g
(2)
hs (τ)max, and pair rate. If we choose to operate with

lower pump and/or coupling laser powers, we see lower pair rates, as well as lower
uncorrelated photon counts, so it takes longer to build up sensible statistics. We
also find that our system is not stable enough to run consistently at high g

(2)
hs (τ)max

values for the many hours/days required when we move to a parameter space with
slower rates.

7.15 Conclusion

We have implemented and investigated a counter-propagating double ladder four-
wave-mixing scheme, both in zero magnetic field and in the hyperfine Paschen-
Back regime. We report seeded FWM spectra for both regimes, as see a significant
broadening of the feature in both cases when the pump and coupling excitation
beams are two photon resonant, but the individual beams are detuned to be outside
the Doppler broadened resonance feature. We have implemented a model to explain
this broadening in the HFPB regime. We also observe a significant asymmetry in
the zero field case, due unresolved hyperfine states.

We then move to spontaneous FWM, which, in the zero field case, we demon-
strate to be a source of heralded single photon by calculating the heralded auto-
correlation function, g(2)(0) = 0.25 ± 0.02. We calculate g

(2)
hs (τ), the correlation

function between herald and signal photons for different powers and temperatures
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and find that the choice of these parameters is a balance between the purity of
the photons produced, and their rate of production. We introduce a narrowband
etalon filter on our signal channel, finding this to improve the strength of the
two-photon correlations, particularly at higher pump powers. However, again, this
improvement comes at the expense of a drop in pair rate.

Finally, we find that when we convert the setup to be in the HFPB regime we are
able to see herald-signal correlations, but we find both g

(2)
hs (τ)max and the pair rate

to be significantly lower. We observed that seeded FWM in the HFPB regime is
less robust to intermediate state detuning, which may contribute to this. We also
attribute this partly to difficulties with polarisation management and filtering, as
along axis in the magnetic field the transitions are driven by and emit circularly
polarised light, the polarisation of which is less well maintained by optical elements
than linearly polarised light.

7.15.1 Outlook

It would be interesting to incorporate the narrow etalon filter (130 MHz) into our
seeded setup, and use it as an analyser on the 776 nm FWM signal produced. We
expect its frequency to two-photon match the seed photons; it would be interest-
ing to confirm this, and determine the spectral characteristics of the signal for a
single seed frequency. Would the results be the same in the spontaneous case? As
previously mentioned, calibrating and monitoring the frequency of the etalon for
the excited state 776 nm transition is difficult.

We mentioned in the setup section (7.3.1) that we monitor blue light decays from
the 6P3/2 state, as a measure of 5D5/2 state population to optimise the alignment
of our system. However, a more thorough investigation could be done using this
method to interrogate the system. For example, a double ladder EIT system, as
studied in [25] could be investigated in this way, by monitoring the excited state
population. This would allow the 780 nm probe beam power to be increased out of
the weak probe limit, as high probe power makes fitting to models difficult when
measuring absorption spectra.

There are also many possible configurations of FWM to investigate, accessible
with the lasers at our disposal. The co-propagating diamond has been previously
studied in our laboratory [44], however we have since made improvements to the
two-photon laser stabilisation system, which could improve its performance. We
would also like to try this in the counter-propagating geometry, where the signal
should be stronger because many velocity classes contribute (7.11), and to compare
results in and out of the hyperfine Paschen-Back regime.
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Chapter 8
Summary and Outlook

In this chapter we will summarise the four main chapters of this thesis, highlight-
ing the significant results from each. We will also comment on possible future
investigations that could follow on from the work presented here.

Chapter 4: Electromagnetically induced transparency in a V-type sys-
tem. [1] This chapter contained an investigation into V-EIT in 87Rb in the hyper-
fine Paschen-Back regime. We observed a clean, narrow EIT feature in a V-system
and the corresponding enhanced absorption. We showed that the EIT feature has
contributions from a coherent process, and an incoherent optical pumping process.
The incoherent contribution occurs because of the allowed decay from the excited
states to both ground states, and is the cause of the enhanced absorption feature.
Our theoretical model captures all of the relevant processes, and gives insight into
the role of coherence in explaining the observed narrow spectral features. The the-
oretical treatment is greatly simplified because the experiment was conducted in
the hyperfine Paschen–Back regime, leading to distinct, non-overlapping absorption
features.

In the energy level scheme we used the Doppler mismatch between the two wavelengths
used is small, but the clean system presented here would easily allow investigation of
the effect of large wavelength mismatches, for example the 5S–5P 5S–6P V-system
in rubidium [69, 79], which could be the subject of further study.

Chapter 5: Narrowband spectral filtering techniques. [2] We presented an
etalon lens cavity filter design, which we built and characterised, and go on to
use in subsequent chapters. We compared this to an atomic filter, discussing the
advantages of each filter type. We concluded that both designs have merits; the
atomic filter is effective when signal light is close to an atomic resonance, while the
cavity filter allows greater control over bandwidth and is arbitrarily tunable, but
requires temperature stabilisation.
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8. Summary and Outlook

Chapter 6: Collisional Transfer. We investigated the state-changing collisional
process in Rb vapour. By investigating the temperature dependence of the process
we determined that in the low temperature regime when T<86 °C the process is
dominated by Rb-buffer gas collisions and have carried out subsequent experiments
in this temperature regime. We used a narrow linewidth (∼100 MHz) etalon filter,
from chapter 5 to investigate the collisions further, and concluded that during the
collision the mI quantum number is conserved. We also used the filter to measure
the spectral profile of the emitted fluorescence, and implemented a basic model
which agrees very well with the experiment in most cases.

We learnt from these investigations that the buffer gas collisional mixing is a sig-
nificant process, even in vapour cells where no buffer gas has been intentionally in-
cluded. This effect is detrimental in an experiment which uses a diamond four-wave
mixing system as a source of single photons, and could be similarly problematic
for other thermal vapour technologies where low noise is important. As the buffer
gas is not intentionally introduced during the cell production process, it is likely
that the amount of buffer gas in each cell could vary significantly, and that better
or worse cells could be found. This collisional transfer measurement could be used
to test cells to determine how close to zero buffer gas they actually are.

Rb happens to have a 5S–5P principal resonance fine structure splitting approx-
imately equal to kBT at 75 °C. Other alkali metals have different splittings; Cs
much larger and K much smaller. K vapour is used in solar filters [124] and a more
detailed investigation is ongoing. We propose that Cs, with a larger splitting could
be used instead of Rb in systems where collisional transfer is a problem.

Chapter 7: Four Wave Mixing. We implemented and investigated a counter-
propagating double ladder four-wave-mixing scheme, both in zero magnetic field
and in the hyperfine Paschen-Back regime. We report seeded FWM spectra for
both regimes, as see a significant broadening of the feature in both cases when the
pump and coupling excitation beams are two photon resonant, but the individual
beams are detuned to be outside the Doppler broadened resonance feature. We
implemented a model to explain this broadening in the HFPB regime. We also
observed a significant asymmetry in the zero field case, due unresolved hyperfine
states.

We then moved to spontaneous FWM, which, in the zero field case, we demon-
strated to be a source of heralded single photon by calculating the heralded auto-
correlation function, g(2)(0) = 0.25 ± 0.02. We calculated g

(2)
hs (τ), the correlation

function between herald and signal photons for different powers and temperatures
and found that the choice of these parameters is a balance between the purity of the
photons produced, and their rate of production. We found that when we converted
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the setup to be in the HFPB regime we were able to see herald-signal correlations,
but found both g

(2)
hs (τ)max and the pair rate to be significantly lower. We observed

that seeded FWM in the HFPB regime is less robust to intermediate state detun-
ing, which may contribute to this. We also attribute this partly to difficulties with
polarisation management and filtering.

In the future it would be interesting to incorporate the narrow etalon filter (130 MHz)
into our seeded setup, and use it as an analyser on the 776 nm FWM signal pro-
duced. We expect its frequency to two-photon match the seed photons; we would
like to confirm this, and determine the spectral characteristics of the signal for a
single seed frequency. We could then see if this holds in the spontaneous case.

We monitor blue light decays from the 6P3/2 state, as a measure of 5D5/2 state
population to optimise the alignment of our system. However, a more thorough
investigation could be done using this method to interrogate the system. For
example, a double ladder EIT system, as studied in [25] could be investigated
in this way, by monitoring the excited state population. This would allow the
780 nm probe beam power to be increased out of the weak probe limit.

There are also many possible configurations of FWM to investigate, accessible
with the lasers at our disposal. The co-propagating diamond has been previously
studied in our laboratory [44], however we have since made improvements to the
two-photon laser stabilisation system, which could improve its performance. We
would also like to try the diamond in the counter-propagating geometry, where the
signal should be stronger because many velocity classes contribute (7.11), and to
compare results in and out of the hyperfine Paschen-Back regime.
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