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In this thesis I describe the generation of a narrow spectroscopic feature using a new technique

called “magnetically-induced optical transparency” (MIT). A cold ensemble of 88Sr atoms interacts

with a single mode of a high-finesse optical cavity via the 7.5 kHz linewidth, spin forbidden 1S0

to 3P1 transition. By applying a magnetic field that shifts two excited state Zeeman levels, a

transmission window is opened through the cavity where the collective vacuum Rabi splitting due

to a single level would normally create destructive interference for probe transmission.

The spectroscopic feature approaches the atomic transition linewidth, which is much narrower

than the cavity linewidth, and is highly immune to the reference cavity length fluctuations that

limit current state-of-the-art laser frequency stability.
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Chapter 1

Introduction

1.1 Background and context

In recent years there has been a push within the physics community to engineer and control

quantum systems, especially using the tools of atomic physics. Studying the interactions between

atoms and light not only leads to a deeper understanding of fundamental physics, but also provides

many applications in precision measurement sensing technologies.

The canonical example of a modern precision measurement technology which harnesses the

quantum nature of atoms and light is the atomic clock. Atomic clocks define the most precise time

and frequency standards in human history, and work by measuring the frequency of an atomic

transition. The SI second is currently defined as ”the duration of 9,192,631,770 periods of the

radiation corresponding to the transition between the two hyperfine levels of the ground state of

the 133 Cs atom” [1].

The transition frequencies of atomic clocks are probed using another precision measurement

technology: the laser. Lasers provide a spatially and temporally coherent source of electromagnetic

radiation by relying on the process of stimulated emission. In order to accurately measure the

transition frequencies of atomic clocks, the probe lasers must be very precise themselves, emitting

only a narrow frequency band of radiation which is used to drive transitions.
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1.2 Applications

There has been a dedicated effort to improve the frequency stability of lasers [2] used to

probe optical atomic clocks [3, 4, 5]. Improvements in these precision measurement systems have

many applications, some of which are briefly described below.

1.2.1 Quantum sensing

Atomic clocks rely on the precise measurement of an optical transition frequency to define

a time standard. These transition frequencies can be measured so well that incredibly small per-

turbations (from electric/magnetic fields, gravity, etc.) which shift the transition frequency can

be accurately resolved. This means that atomic clocks can be used as extremely precise sensors.

For example, atomic clocks can be used in relativistic geodesy studies to precisely measure local

gravitational field strength. Current atomic clocks are so sensitive that they can resolve height

differences of less than a meter [6].

1.2.2 Fundamental physics

Improvements in these precision measurement technologies are also essential for advancing

a broad range of scientific pursuits such as searching for variations in fundamental constants [7],

gravitational wave detection [8, 9], and physics beyond the standard model [10, 11]. Although

perturbations from these sources may be incredibly small, atomic clocks are reaching the precision

and time stability needed to resolve these effects.

1.2.3 Synchronized devices

In addition to scientific advances, improvements in precision measurement would also lead to

many useful technological advances. Any network of interacting devices which require time sensitive

communication needs to be synchronized to a stable clock. The global positioning system (GPS) is

one example of a technology that would benefit from improvements in clock precision. GPS satellites
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continuously transmit their current time and orbital parameters (each carry a synchronized cesium

atomic clock on board). By computing the positions of multiple satellites (at least 4) based on this

information, GPS receivers on Earth can determine the user’s location. Improvements in atomic

clock precision and synchronization would result in more sensitive GPS positioning [12].

1.3 Improving precision measurement limits

A variety of both active and passive methods exist for frequency stabilizing lasers. One widely

used method is the Pound-Drever-Hall locking technique, which uses a stable optical cavity as a

frequency reference for the laser to follow.

The frequency stability of current state-of-the-art lasers used to probe atomic clocks is limited

by thermal fluctuations in the reference cavity mirror coatings, substrates, and spacer [13]. This

problem can be alleviated by creating systems that rely on an ensemble of atoms, rather than

the reference cavity, to achieve stable optical coherence. Recent approaches include cavity-assisted

non-linear spectroscopy [14, 15, 16] and superradiant lasers [17, 18, 19, 20]. Both approaches use

narrow forbidden transitions with linewidths ranging from 7.5 kHz to 1 mHz. These novel systems

are absolute frequency references and are intrinsically less sensitive to both fundamental thermal

and technical vibrations that create noise on the optical cavity’s resonance frequency.

This thesis describes a novel spectroscopy technique in which a static magnetic field can in-

duce optical transparency in the transmission spectrum of an optical cavity. Important metrics of

a frequency reference, such as linewidth and sensitivity to the cavity, are experimentally measured

for the frequency discriminator generated with this technique. The center frequency of the trans-

parency window is shown to be insensitive to changes in the cavity-resonance frequency, which limit

the precision of today’s best lasers, and approaches the natural linewidth of the 7.5 kHz optical

transition.
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1.4 Comparison to electromagnetically induced transparency (EIT)

Electromagnetically induced transparency (EIT) is a well–studied optical effect where a co-

herent interference between quantum states creates a narrow transparency window through an

opaque absorption line [21, 22, 23].

In analogy to EIT, we refer to the effect studied in this thesis as magnetically induced

transparency (MIT). In EIT, a control laser is used to create a variable-width transparency window

for slowing light [24], for stopping light [25], for quantum memories [26], and even for creating

effective photon-photon interactions [27, 28, 29]. It might be possible to utilize controlled magnetic

fields and long-lived optical states to realize similar goals.

1.5 Thesis overview

This thesis is organized as follows: Chapter 2 provides a brief review of spin–1
2 systems and

quantum harmonic oscillators, then gives an in–depth description of several cavity quantum elec-

trodynamics (cavity QED) systems. The Jaynes–Cummings and Tavis–Cummings Hamiltonians

describing one or many two–level atoms coupled to a single mode of an optical cavity are discussed

and then generalized to describe multi–level atoms coupled to a cavity. Chapter 3 gives an overview

of the experiment apparatus, as well as atom trapping and cooling techniques. Chapter 4 provides

experimental results and data analysis. Finally, Chapter 5 contains last remarks and conclusions

about this work.



Chapter 2

Background and Theory

2.1 Overview

The prototypical system studied in cavity quantum electrodynamics (cavity QED) is a single

two–level atom coupled to a single mode of an optical cavity. In this chapter I will begin by

providing a brief overview of spin–1
2 systems and quantum harmonic oscillators, which are accurate

models of two–level atoms and cavity modes respectively. I will then discuss the Jaynes–Cummings

Hamiltonian, which describes the dynamics of an atom coupled to an optical cavity mode, followed

by the Tavis–Cummings Hamiltonian, which describes many atoms coupled to an optical cavity

mode. Lastly I will generalize the Tavis–Cummings Hamiltonian to include two–level atoms, which

describes the cavity QED system used in this work.

2.2 Spin–1
2

systems

Spin S is an intrinsic form of angular momentum and a unique property of quantum mechan-

ical particles. All particles have either an integer or half–integer spin, and the spin projection along

a quantization axis q can take a value ranging from ms = −S,−S + 1, ..., S − 1, S. The simplest

case considered here is the spin–1
2 system, where the spin projection measured along any axis is

either ms = +1/2 (“spin up”) or ms = −1/2 (“spin down”). The most general quantum state of a

spin–1
2 system is a superposition of the spin–up and spin–down states:

|ψ〉 = cos
θ

2
|0〉+ eıφ sin

θ

2
|1〉 (2.1)
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(a) Any two–level quantum system, including spin– 1
2

particles and two–level atoms, can be represented as
a vector pointing to the surface of the Bloch sphere
(image adapted from Glosser.ca, 2012).

(b) Two–level atom with transi-
tion frequency ω0

Figure 2.1: Two–level quantum systems.

where |0〉 is the spin up state and |1〉 is the spin down state (for quantization axis q along

ẑ). The spin up and spin down states are orthonormal and form a complete basis:

〈g|e〉 = δeg (2.2)

The general quantum state of equation 2.1 can be visualized as a vector with unit magnitude

pointing to the surface of the “Bloch” sphere (see Figure 2.1a).

The most general observable of the spin–1
2 system is a linear combination of the three Pauli

operators, which correspond to measuring the spin projection of the particle along the x, y, and z

axes respectively:

σ̂X =

0 1

1 0

 ; σ̂Y =

0 −ı

ı 0

 ; σ̂Z =

1 0

0 −1

 (2.3)

This spin–1
2 formalism is much more general. The most simple model of an atom has a single

ground state |g〉 and a single excited state |e〉, separated in energy by ∆E = ~ω0 (see Figure 2.1).

Although atoms have many possible transitions, a two–level approximation is valid when all other

transitions are far off-resonance. In this case, the atom system can be mapped onto the spin–1
2
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system by simply making the substitutions |1〉 → |g〉 and |0〉 → |e〉. If we set the average energy of

the two states to zero, the atom Hamiltonian takes the form:

Ĥa = ~ω0
σ̂Z
2

(2.4)

It will also be useful for following sections of this chapter to introduce the atomic raising and

lowering operators here:

σ̂± =
1

2
(σ̂X ± ıσ̂Y ) (2.5)

These projection operators can also be written in terms of the spin–1
2 eigenstates:

σ̂+ = |e〉 〈g| ; σ̂− = |g〉 〈e| (2.6)

The raising operator brings an atom from the ground state up to the excited state, while the

lowering operator brings an atom from the excited state down to the ground state (see Figure 2.2):

σ̂+ |g〉 = |e〉 ; σ̂− |e〉 = |g〉 (2.7)

Figure 2.2: Action of raising and lowering operators on a two–level atom.

With this simple model of an atom as a two level quantum system, we have learned about

half of the players in our cavity QED system. The next section describes the other half: quantum

harmonic oscillators.
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2.3 Quantum harmonic oscillators

In one dimension, the Hamiltonian of a particle of mass m in a quadratic potential V (x) =

mω2x2/2 is given by:

Ĥ =
P̂ 2

2m
+
mω2X̂2

2
(2.8)

where P̂ is the particle’s momentum and X̂ is the particle’s position.

If we introduce dimensionless units x0 =
√

~/2mω and p0 =
√
mω~/2, along with dimen-

sionless operators X̂0 = X̂/2x0 and P̂0 = P̂ /2p0, the Hamiltonian can be rewritten as:

Ĥ = ~ω(X̂2
0 + P̂ 2

0 ) (2.9)

If we introduce the new “ladder” operators â ≡ X̂0 + ıP̂0 and â† ≡ X̂0 − ıP̂0, we can rewrite

the Hamiltonian one last time in the form:

Ĥ = ~ω(â†â+ 1/2) (2.10)

The Hilbert space of this Hamiltonian is spanned by an orthonormal set of “Fock” states,

|n〉. The ladder operators have a simple effect on these states: the creation operator â† brings the

system from the |n〉 state to the |n+ 1〉 state, while the annihilation operator â lowers the |n〉 state

to the |n− 1〉 state. The following relations must hold for the states to stay normalized:

â† |n〉 =
√
n+ 1 |n+ 1〉 ; â |n〉 =

√
n |n− 1〉 (2.11)

If we define the number operator N̂ as N̂ ≡ â†â, then we also have the relation N̂ |n〉 =

n |n〉. Using the number operator, it is clear that the Fock states are the energy eigenstates of the

Hamiltonian. Each Fock state |n〉 has energy eigenvalue E = n~ω (neglecting the ~ω/2 zero–point

energy offset). Figure 2.3 shows a pictorial representation of the energy spectrum of the quantum

harmonic oscillator, as well as the actions of the creation and annihilation operators on the energy

eigenstates.
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Figure 2.3: The quantum harmonic oscillator has infinitely many energy eigenstates, each separated
in energy by E = ~ω. The action of creation and annihilation operators are also shown.
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We are interested in studying the behavior of quantum harmonic oscillators because a single

mode of an optical cavity is perfectly described as a one dimensional quantum harmonic oscillator

[30]. In this case, the frequency of the oscillator is given by the resonance frequency of the mode

ωc.

With a framework for both two–level atoms and optical cavity modes in place, the rest of

this chapter will study the interaction between these systems coupled together.

2.4 Single atom: Jaynes–Cummings model

The Jaynes–Cummings model describes the behavior of a single two–level atom, which acts as

a spin–1
2 system, coupled to a single mode of an optical cavity, which acts like a quantum harmonic

oscillator (see Figure 2.4). The Hamiltonian that describes this system is given by:

Ĥ = Ĥa + Ĥc + Ĥint (2.12)

where Ĥa = ~ω0
σ̂Z
2 is the spin–1

2 Hamiltonian of an atom with transition frequency ω0,

Ĥc = ~ωcĉ†ĉ is the Hamiltonian of the cavity mode with resonant frequency ωc, and Ĥint = −D̂ · Êc

is the interaction Hamiltonian describing the interaction of the atomic dipole D̂ with the electric

field Êc inside the cavity. It can be shown that both the atomic dipole and cavity electric field

can be written in terms of the raising and lowering operators introduced earlier, which along with

the rotating wave approximation yields the following expression for the atom–cavity coupling term

[31]:

Ĥint = −ı~Ω0

2
(ĉσ̂+ − ĉ†σ̂−) (2.13)

The two terms of this Hamiltonian correspond to absorption (where the atom absorbs a

photon from the cavity mode and is raised to the excited state) and emission (where the atom

emits a photon into the cavity mode and returns to the ground state). Here the ‘vacuum Rabi

frequency’ Ω0 has been defined as:
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Figure 2.4: In the Jaynes–Cummings Hamiltonian, a two–level atom with resonance frequency ω0

is coupled to an optical cavity mode with frequency ωc (image adapted from Prince Max, 2013).
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Ω0 ≡ 2
dε0 ~εa

∗ · ~εc
~

(2.14)

where d is the dipole matrix element of the atomic transition, ε0 is the amplitude of the

electric field, and ~εa/~εc are the unit polarization vectors of the atomic transition and cavity mode

respectively. The vacuum Rabi frequency is a critically important quantity in cavity QED physics,

and describes the relative strength of the electric dipole interaction between the atom and the

cavity field.

When the cavity mode and atomic transition are resonant (ω0 = ωc), the Hamiltonian takes

a very simple form in the basis of states |g, 1〉 (atom in ground state, single photon in cavity) and

|e, 0〉 (atom in excited state, zero photons in cavity) [31]:

Ĥ =
~
2

 0 −Ω0

Ω0 0

 (2.15)

Since these two states are degenerate, perturbation theory requires diagonalizing the Hamil-

tonian to find the new eigenstates and eigenenergies of the system. The two ‘dressed states’ are

given by:

|±〉 =
1√
2

(|e, 0〉 ± ı |g, 1〉) (2.16)

with eigenenergies E± = ±~Ω0/2. This is an important result, and the energy level diagram

showing this process is in Figure 2.5. The other important result to notice is that there are two

dressed modes as a result of coupling between two quantum systems: the atom and the cavity. In

the last section of this chapter two distinct atomic modes and the cavity mode create three dressed

states.

2.5 Many atoms: Tavis–Cummings model

The Tavis–Cummings model describes the interaction of an ensemble of N atoms with a

single cavity mode. Written in the rotating frame of the atomic transition |g〉 → |e〉 at transition
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Figure 2.5: When an atomic transition frequency ω0 becomes equal to a cavity resonance frequency
ωc, two nondegenerate dressed states |±〉 are formed which are split in frequency by Ω.
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frequency ω0, the Hamiltonian is given by [32]:

Ĥ = ~δcĉ†ĉ+ ~g(Ĵ−ĉ
† + Ĵ+ĉ) (2.17)

where δc = ωc − ω0 is the detuning of the cavity from atomic resonance and g = 〈d̂ · Ê〉 /~

is the coupling strength between an individual atom and the cavity mode. This Hamiltonian bears

a striking resemblance to equation 2.12, but with the single–atom raising and lowering operators

replaced by collective raising and lowering operators Ĵ± =
∑

i σ̂i±.

As before, the first term in the Hamiltonian describes the number of photons stored in the

cavity. The second term describes both processes of photon emission from the atoms into the cavity

mode and the reverse process: absorption of photons from the cavity mode by the atoms. The

atom populations in the ground and excited states are given by the collective projection operators

N̂g =
∑

i |gi〉 〈gi| and N̂e =
∑

i |ge〉 〈ge|. The expectation values of these projection operators are

denoted by Ng ≡ 〈N̂g〉 and Ne ≡ 〈N̂e〉 as shorthand.

The coupled atom–cavity system is probed by driving the system with incident light. If the

system is only weakly driven, such that most of the atoms remain in the ground state (Ne/Ng � 1,

Ng ≈ N), the ensemble of atoms (each an individual spin–1
2 system) acts like a quantum harmonic

oscillator with frequency ω0. This is the limit of the Holstein–Primakoff approximation [33], which

replaces the collective atomic raising and lowering operators with effective creation and annihilation

operators: â† ≈ Ĵ+/
√
N and â ≈ Ĵ−/

√
N . The approximation fails as a significant portion of the

atoms are excited, since saturation effects begin to occur (i.e. an ensemble of N atoms can hold at

most N excitations). With this approximation, the Hamiltonian becomes:

Ĥ = ~δcĉ†ĉ+ ~
√
Ng(âĉ† + â†ĉ) (2.18)

which describes two coupled quantum harmonic oscillators. This Hamiltonian shows that the

coupling between the atomic mode and the cavity mode is proportional to the square root of the

number of atoms in the system. The collective Rabi frequency (in contrast to the single atom Rabi
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frequency of equation 2.14) is defined as:

Ω ≡
√
N2g (2.19)

Tavis–Cummings Hamiltonian dynamics are very similar to the Jaynes–Cummings Hamilto-

nian, where the two dressed states are again separated in energy by ~Ω. For example, the measured

energy spacing between the two dressed states has been used to nondestructively measure the num-

ber of atoms in a cavity [34].

The dynamics of the system can be determined using the Heisenberg picture, which describe

the time evolution of operators (as opposed to the Schrodinger picture where the operators remain

constant in time and the state vectors evolve instead):

d

dt
Â(t) =

ı

~
[Ĥ, Â(t)] (2.20)

for any operator Â and Hamiltonian Ĥ. Using the commutation relations [ĉ, ĉ†] = [â, â†] = 1

and [â, ĉ] = 0, it can be shown that the Heisenberg equations of motion for the Jaynes–Cummings

Hamiltonian in equation 2.18 are given by:

ċ = −ıδcc− ı
√
Nga (2.21)

ȧ = −ı
√
Ngc (2.22)

where the complex variables a ≡ 〈â〉 and c ≡ 〈ĉ〉 are the expectation values of bosonic

lowering operators describing the collective excitation of the atoms a and the cavity c. In the

Holstein–Primakoff approximation, the number of excitations in the atoms and the cavity mode is

given by Ma = |a|2 and Mc = |c|2 respectively.

The time evolution operator e−ıĤt/~ is unitary, indicating that probability and energy are

conserved (i.e. energy is stored either in the cavity or the atoms). Damping processes, as a result of

cavity loss and spontaneous emission of the atoms, requires a Lindblad master equation approach
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using the density matrix formalism [31]. The density matrix is a more general representation of a

quantum state vector because it can describe mixed states (statistical ensembles of pure states).

With nonunitary damping and drive terms, the Heisenberg equations of motion (2.22) become:

ċ = −(ıδc +
κ

2
)c− ı

√
Nga+

√
κ1cie

ıδpt (2.23)

ȧ =
γ

2
a− ı

√
Ngc (2.24)

for cavity linewidth κ and spontaneous emission rate γ of the atomic transition. The second

term in equation 2.24 describes a driving field with complex amplitude ci where κ1 is the coupling

of the input cavity mirror. The driving field has probe frequency ωp and is detuned from atomic

resonance by δp = ωp − ω0.

The two normal modes of the atom–cavity system have eigenfrequencies ω± given by [32]:

ω± =
δc ±

√
δ2
c + Ω2

2
(2.25)

and linewidths κ′± given by:

κ′± =
κ+ ( Ω

2ω±
)2γ

1 + ( Ω
2ω±

)2
(2.26)

When the cavity is on resonance with the atomic transition (δc = 0), the total frequency

splitting is equal to the collective vacuum Rabi splitting (ω+ − ω− = Ω) as expected. Observation

of vacuum Rabi splitting indicates that the quantum system is in the strongly coupled regime, and

is a hallmark feature of modern cavity QED experiments. Quantum nondemolition measurements

can be performed by measuring the vacuum Rabi splitting, which can be used in applications like

spin–squeezing and nondestructive atom counting [35, 36].

2.6 Two atomic transitions

We can generalize the Heisenberg equations of motion (2.24) to a three–level atom with two

excited states by introducing a second atomic mode, denoted b. In our system specifically, the two
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atomic modes are the mj = ±1 Zeeman sublevels of an atomic transition. To describe this new

system, we can extend the linearized input-output equations of [32] to include an additional atomic

transition written in a rotating frame at the average atomic transition frequency ω0 as:

ȧ = −1

2
(γ + ı∆) a− ı 1

2
√

2
Ω c (2.27)

ḃ = −1

2
(γ − ı∆) b− ı 1

2
√

2
Ω c (2.28)

ċ = −1

2
(κ+ ı2δc) c− ı

1

2
√

2
Ω (a+ b) +

√
κ1cie

ıδpt. (2.29)

where ω0 is now the average atomic transition frequency, and the two atomic transitions are

separated in energy by ~∆. Here, δc = ωc−ω0 is the detuning of the cavity resonance frequency ωc

from the average atomic resonance frequency and Ω is the observed collective vacuum Rabi splitting

when ∆ = 0. Again γ is the decay rate of the excited atomic states, κ is the cavity power decay

rate, and κ1 is the coupling of the input cavity mirror that is driven by an externally incident probe

field with complex amplitude ci and at a probe frequency ωp and detuning from average atomic

resonance δp = ωp − ω0 (see Figure 2.6).

The complex field transmitted through the cavity is ct =
√
κ2c with κ2 the coupling of the

output mirror. The transmitted probe power relative to incident probe power is PT = |ct/ci|2 and

the relative phase is ψ = arg (ct/ci). We can look for the steady state solutions to the input driving

field ci by imposing that ci = |ci|eıδpt and d|ci|
dt = 0. Under these conditions, we can analytically

solve the system of equations for a, b, and c.

Figure 2.7 shows a simulation of the transmitted power and phase of this system. Rather

than two dressed modes, as in the Tavis–Cummings model discussed earlier, we can see that the

spectrum of the new atom–cavity system shows three resonances.

The work of this thesis is focused on studying the behavior of the central resonant feature,

which is near resonance with the cavity. The full expression for transmitted power through the

central feature is given by:
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SPCM

Figure 2.6: Energy level diagram. The Zeeman sublevels (mj = 0,±1) of the 1S0 to 3P1 atomic
transition are split in energy by ~∆ with an applied dc magnetic field. Each transition spontaneously
decays into free space at rate γ. The cavity resonant frequency is in general detuned by δc = ωc−ω0,
where ω0 is the mj = 0 transition frequency. Horizontally polarized probe light with detuning
δp = ωp − ω0 can be decomposed into circularly polarized σ± light, which couples to the mj = ±1
states with Rabi frequency Ω/

√
2, but not the mj = 0 state.
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Figure 2.7: Linearized theory showing the power PT and phase ψ of the transmitted probe light,
plotted here for Ω/2π = 5 MHz, ∆/2π = 1 MHz, γ/2π = 7.5 kHz, and κ/2π = 160 kHz. Transmit-
ted power has been normalized to the peak power of the two outer resonances.
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PT = 4κ1

∣∣∣∣ (γ + 2ıδp)
2 + ∆2

((γ + 2ıδp)2 + ∆2)(2(δc + δp)− ıκ) + (2δp − ıγ)Ω2

∣∣∣∣2 (2.30)

with the relative phase of the transmitted light given by:

ψ = arg
−ı(∆2 + (γ + 2ıδp)

2)κ1

(∆2 + (γ + 2ıδp)2)(2δp − ıκ) + (2(δc + δp)− ıγ)Ω2
(2.31)

When the cavity and probe laser are on resonance with the average atomic transition fre-

quency (δc = δp = 0), the transmitted probe power of this central mode is given by the simpler

expression:

PT =
4(γ2 + ∆2)2κ1

((γ2 + ∆2)κ+ γΩ2)2
(2.32)

For δc = 0, the relative phase of the transmitted light becomes:

ψ = arg
−ı(∆2 + (γ + 2ıδp)

2)κ1

(∆2 + (γ + 2ıδp)2)(2δp − ıκ) + (2δp − ıγ)Ω2
(2.33)

The amplitude and phase response of the central resonance feature can also be viewed in IQ plots,

as a combination of in-phase (I) and quadrature (Q) components. Figure 2.8 shows IQ plots of

light transmitted through the central feature while the cavity is on resonance (δc = 0) for several

different values of Zeeman splitting. Figure 2.9 shows the transmitted power and phase as a function

of probe detuning for the same Zeeman splittings.

Important quantities about this central resonance feature relevant to frequency stabilization

of lasers, such as linewidth and pulling coefficient, can be derived from these transmitted power

and phase expressions. These quantities are experimentally measured and compared to theoretical

predictions in Chapter 4 and discussed in Chapter 5.
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Figure 2.8: IQ response of the central resonance feature, parametrically plotted as a function of δp
between ±50 kHz for three different Zeeman splittings: ∆/γ = 0.5 (red trace), ∆/γ = 1 (orange
trace), and ∆/γ = 1.5 (green trace). The other parameters used are γ = 7.5 kHz, κ = 2κ1 =
160 kHz, Ω = 5 MHz, and δc = 0, which are typical experimental values. The characteristic
behavior of the resonance changes as ∆ approaches γ.



21

-0.01 -0.005 0 0.005 0.01
0

0.5

1

1.5

dpê2p @MHzD

P
T

@a
rb

.
u
n
it

D

-90

-45

0

45

90

1
8
0

p

y
@d

e
g

D

Figure 2.9: Power PT (solid lines) and phase ψ (dashed lines) of light transmitted through the
central resonance feature for three different Zeeman splittings: ∆/γ = 0.5 (red trace), ∆/γ = 1
(orange trace), and ∆/γ = 1.5 (green trace). The other parameters used are γ = 7.5 kHz, κ =
2κ1 = 160 kHz, Ω = 5 MHz, and δc = 0.



Chapter 3

Experimental Methods

3.1 System

The experimental system consists of an optical cavity coupled to an ensemble of atoms (Figure

3.1). The optical cavity is made of two concave mirrors fixed to a macor (machineable glass

ceramic) spacer (Figure 3.2). Both mirrors are attached to piezoelectric transducers, which allows

the cavity resonance frequency ωc to be arbitrarily tuned with a control signal (by changing the

mirror spacing). The cavity has a measured power decay rate of κ/2π = 150.3(4) kHz, which is

determined by mirror loses and reflection/transmission coefficients, along with the cavity length.

Up to N = 1.3× 106 88Sr atoms are loaded into the cavity during each experiment. The spin

forbidden 1S0 to 3P1 atomic transition (with wavelength λ0 = 689 nm) is used, which spontaneously

decays into free space at rate γ/2π = 7.5 kHz.

Atoms are coupled to a single TEM00 mode of the cavity at collective vacuum Rabi frequency

Ω =
√
N2g, where 2g = 15 kHz is the rms single–atom Rabi frequency found by averaging over the

standing–wave cavity mode. 1

Further details on atom preparation and confinement in the optical cavity are given in the

following section.

1 In reality the atoms are inhomogeneously coupled to the cavity mode since the 813nm optical lattice spacing is
different than the 689nm standing wave of the TEM00 cavity mode.
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SPCM

Figure 3.1: Experimental diagram. Atoms (red dots) spontaneously decay from the excited state
at rate γ/2π = 7.5 kHz. The optical cavity has power decay rate κ = κ1 + κ2. Atoms are coupled
to the cavity mode with collective Rabi frequency Ω. Horizontally polarized probe light can be
decomposed into circular σ± components which interact with Zeeman sublevels which are split out
by the applied magnetic field ~B. The incident probe light field is ci, and the field inside the cavity
is c. The transmitted field ct is collected with an SPCM (single photon counting module).
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Figure 3.2: Picture of vacuum chamber and macor cavity spacer as seen through a viewport on the
chamber. For scale, the cavity spacer is ∼ 2 cm. External MOT coils used to generate the trapping
magnetic field can also be seen outside the chamber.
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3.2 Atom preparation

Atoms are cooled and trapped in the cavity using a variety of standard AMO techniques.

First, a beam of hot atoms is created from a solid chunk of strontium using an oven. The beam

is then longitudinally cooled using a Zeeman slower, and transversely cooled using a pair of 2D

MOTs (magneto–optical traps). The atoms are then trapped and cooled in the main chamber using

a two–stage MOT sequence. Finally the atoms are loaded into an optical lattice trap, where they

collectively interact with the optical cavity.

3.3 Measurements

The system is probed using a laser coupled to the cavity. The transmitted power of the

probe beam is measured using an SPCM (single photon counting module). In the experiment we

sweep the frequency of the probe laser in order to find the resonant frequencies of dressed modes,

which appear as transmission peaks on the SPCM. In order to generate this frequency sweep, the

probe laser is first modulated with an electro–optic modulator (EOM), creating sidebands. One

of these sidebands is used to probe the transmission of the atom–cavity system. By tuning the rf

modulation frequency of the EOM, we are able to arbitrarily move the probe laser sideband over

the frequency range of interest.

3.4 Experiment Parameters

Table 3.1 gives a summary the actual parameter values used in the experiment.
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Table 3.1: Experiment parameters

Experiment parameter Numerical value

Atomic transition free space decay rate γ 2π × 7.5kHz

Atomic transition wavelength λ0 689nm

Total atom number N ∼ 1.3× 106

Lattice trap depth 100(10) µK

Final atom temperature 10(1) µK

Cavity power decay rate κ = κ1 + κ2 2π × 150kHz

Single–atom vacuum Rabi splitting frequency 2g 15kHz

Single–atom cooperativity parameter C = 4g2

κγ 0.2

Zeeman frequency splitting per Gauss ∆ (2.1MHz/G)



Chapter 4

Results and Discussion

This chapter details the experimental results of probing the atom–cavity system described

in Chapter 3. We first demonstrate a collective Rabi splitting with no applied magnetic field,

which indicates that our experiment is in the strongly coupled regime (Ω � κ, γ). This is the

system described by the Tavis–Cummings Hamiltonian, where the resonant atomic and cavity

modes interfere to create two new dressed states: one at higher energy and one at lower energy.

We then apply an external magnetic field to split the degenerate sublevels of the atomic transition.

4.1 MIT transmission spectrum

As discussed in Chapter 3, the coupled atom-cavity system is interrogated using a probe

laser. After interacting with the atom–cavity system, the transmitted probe light is collected onto

an SPCM (recall Figure 3.1).

Figure 4.1 shows the full transmission spectrum as a function of probe laser detuning δp

and Zeeman splitting ∆, for the cavity on resonance with the average atomic transition frequency

(δc = 0). In order to generate the data in this figure we linearly sweep the probe laser’s frequency

over the atom–cavity resonances and record a time–trace of the power transmitted to the SPCM. We

repeat this measurement for different Zeeman splittings by adjusting the strength of the applied

magnetic field. The red trace at ∆ = 0 displays an ordinary collective vacuum Rabi splitting

Ω/2π = 5(1) MHz, which results from the coupling between the ensemble of atoms and the cavity

mode. However, a new third resonance appears at the cavity resonance frequency as the Zeeman
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sublevels are split out by the applied magnetic field. We refer to this resonance as the “dark state”

resonance since it disappears when the magnetic field is turned off.

This transmission spectrum suggests that the dark state resonance has both atom–like and

cavity–like properties. At very large Zeeman splittings (∆� Ω, γ), the dark state mode is the only

visible resonance of the atom–cavity system, since the other two modes have been Zeeman–shifted

far away from the cavity resonance. In fact, the transmission spectrum in this regime is identical

to that of a bare cavity. This is the case because the two atomic modes have been so far detuned

from the cavity mode by the applied magnetic field that there is virtually no coupling between the

atoms and the cavity (in other words, the probe light which is being transmitted by the cavity is

far off resonance from both atomic transitions). This is the “cavity–like” regime. In the opposite

limit where the Zeeman splitting is very small (∆ � Ω, γ), the dark state resonance completely

decouples from the probe light. In this case any probe light that is resonant with the cavity mode

and would normally be transmitted is instead absorbed and scattered by the atoms into free space,

so no light is transmitted through the cavity mode at all. This is the “atom–like” regime.

With these two limiting behaviors in mind, we introduce a mixing angle θ which quantifies

the relative atom–like and cavity–like behavior of the dark state. The mixing angle is defined by:

sin2 θ =
∆̄2

Ω2 + ∆̄2
(4.1)

where the effective detuning ∆̄ is defined as ∆̄2 = ∆2 + γ2.

The character of the dark state excitation is given by the ratio of the probability that the

excitation is photonic-like Pc = Mc/(Mc + Ma + Mb) = sin2 θ versus atomic-like Pab = (Ma +

Mb)/(Mc +Ma +Mb) = cos2 θ. The dark state excitation can decay into free space at rate Rab or

by emission through the cavity mirrors Rc, with the ratio of the rates given simply by Rab/Rc =

γ/(κ tan2 θ) = NC(γ/∆̄)2.

The rest of this chapter focuses on studying the new dark state mode. We measure both the

linewidth and pulling coefficient of the dark state. Both measurements are consistent with the atom–
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Figure 4.1: Full MIT transmission spectrum. The transmitted power through the cavity versus the
probe detuning δp, with δc = 0. Each trace was taken for different applied magnetic fields, creating
different Zeeman splittings ∆ labeled on the vertical. The central red trace is taken for ∆ = 0 and
displays a collective vacuum Rabi splitting Ω/2π = 5(1) MHz. When a magnetic field is applied
perpendicular to the probe polarization, inducing a Zeeman splitting ∆, a new transmission feature
appears in between the two original resonances of the vacuum Rabi splitting.
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like and cavity–like behavior demonstrated in the full transmission spectrum shown previously.

4.2 Effective linewidth measurements

The linewidth of any frequency resonance is an important attribute for laser stabilization

and precision measurement applications, as a laser stabilized to a narrow spectroscopic feature is

less sensitive to technical offsets than a laser stabilized to a broader feature. We can calculate the

effective linewidth κ′ of any spectroscopic feature by determining how quickly the phase changes

δψ as the probe frequency changes: dψ/dt = δp/(κ
′/2). The full expression for the linewidth of the

dark state resonance is given by:

κ′ =
(γ2 + ∆2)((γ2 + ∆2)κ+ γΩ2)

(γ2 + ∆2)2 + (−γ2 + ∆2)Ω2
(4.2)

Written using the newly defined mixing angle, the effective linewidth is given by:

κ′ = (γ cos2 θ + κ sin2 θ)/b (4.3)

The term in parentheses is a weighted average of atom and cavity linewidths that reflects

the character of the mode. The correction factor is b = d cos2 θ + sin2 θ, where d = (∆2 − γ2)/∆̄2.

When ∆� γ, both b and d approach unity. At small detunings ∆ ∼ γ, the responses of the dark

and bright modes to the applied drive become comparable, causing a modification of the correction

factor. Figure 4.2 shows a logarithmic plot of the effective linewidth as a function of Zeeman

splitting. In the regime experimentally explored with this work (b ≈ 1), κ′ is simply the full width

at half maximum linewidth of the power transmission feature. For Ω � ∆ � γ, the mixing angle

is small and the linewidth approaches the atomic linewidth κ′ ≈ γ (atom–like regime), which can

be much narrower than the cavity linewidth κ. In the opposite limit of ∆ � Ω � γ, the effective

linewidth approaches the bare cavity linewidth κ′ ≈ κ (cavity–like regime).

The effective linewidth of the dark state mode can be measured from the MIT transmission

spectra in Figure 4.1 by fitting a Lorentzian function to the dark state resonance of each trace,
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Figure 4.2: Theoretically predicted effective linewidth magnitude |κ′| of dark state resonance as a
function of Zeeman splitting ∆. κ′ changes sign near ∆ = γ due to the correction factor b (equation
4.3). Parameters used are γ = 7.5 kHz, κ = 2κ1 = 160 kHz, Ω = 5 MHz, and δc = 0.
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and then extracting the full width at half maximum (FWHM) of the Lorentzian. The results of

this analysis are shown in Figure 4.3 for several collective vacuum Rabi frequencies. We are able

to calculate the effective linewidth for different collective vacuum Rabi frequencies by varying the

atom number.

In the atom–like regime, we can see that the effective linewidth approaches the atomic tran-

sition linewidth (lower dashed line), while in the cavity–like regime the effective linewidth reaches

the cavity linewidth (upper dashed line) as expected. We can also observe that for larger vacuum

Rabi frequencies, the dark state mode retains its atom–like behavior for larger Zeeman splittings.

This makes sense intuitively: the mode will behave more atom–like when a larger number of atoms

are in the system.

4.3 Relative transmission measurements

In addition to extracting the effective linewidth from the MIT transmission spectrum, it

is also informative to measure the peak transmission of the dark mode resonance. As discussed

previously in section 4.1 we expect the relative transmission of the dark state mode to disappear

in the atom–like regime since the atoms will absorb and scatter any resonant probe light into free

space, while in the cavity–like regime maximum transmission should occur since the atoms will

not be resonant with the probe light. The maximum transmitted power Pmax calculated earlier in

Chapter 2 can be rewritten using the mixing angle as:

Pmax =
4κ1κ2

κ2

1(
1 + γ

κ tan2 θ

)2 . (4.4)

We can check this formula by looking at the behavior in both the atom–like and cavity–

like regimes: As the Zeeman splitting decreases, tan2 θ and Pmax go to zero as expected. In the

opposite limit of large Zeeman splitting, the maximum transmission approaches that of an empty

cavity Pmax → Pempty = 4κ1κ2/κ
2. A logarithmic plot of the transmitted power through the dark

state resonance is shown in Figure 4.4
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Figure 4.3: Measured linewidth of the central MIT transmission feature versus the induced Zeeman
splitting between excited states. The traces are taken for three different collective vacuum Rabi
frequencies Ω/2π = 4.6(5) (red), 10(1) (blue), and 16(1) (green) MHz, with values set by changing
the total atom number N . The upper dashed line is the empty cavity’s linewidth κ, and the lower
dashed line is the atomic transition’s linewidth γ. The minimum observed linewidth was 11 kHz.
The shaded regions are no-free parameter predictions from the linearized model introduced in the
text, indicating the ±1 standard deviation uncertainty bands based on independent measurements
of Ω.
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Figure 4.4: Theoretically predicted power transmission through the dark state resonance as a
function of Zeeman splitting. Parameters used are γ = 7.5 kHz, κ = 2κ1 = 160 kHz, Ω = 5 MHz,
and δc = 0.
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The peak transmission can be found by recording the maximum voltage of the SPCM for

each probe laser frequency sweep. These results are shown in Figure 4.5.
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Figure 4.5: The measured peak transmitted power of the central MIT transmission feature for the
same collective Rabi frequencies. Here, the transmitted power is normalized to the peak transmitted
power when the cavity is empty. Again traces are taken for three different collective vacuum Rabi
frequencies Ω/2π = 4.6(5) (red), 10(1) (blue), and 16(1) (green) MHz. The shaded regions indicate
the ±1 standard deviation uncertainty bands for the predictions.

The transmitted power of the dark state mode shows the expected atom–like and cavity–like

behavior. Again, the dark state mode remains atom–like at larger Zeeman splittings when more

atoms are in the system.

4.4 Pulling coefficient measurements

The pulling coefficient P is a measure of how much the dark state resonant frequency changes

when the cavity mode resonant frequency is changed. It is defined as P = ∆ωD/∆ωc, where ∆ωc is

the change in cavity frequency and ∆ωD is the resulting change in dark state resonance frequency.

A small pulling coefficient P � 1 is desirable for a frequency reference as it will be less sensitive to

thermal fluctuations and technical noise on the reference cavity, which currently limit state-of-the-

art lasers. The pulling coefficient can be rewritten using the mixing angle as:
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P =
sin2 θ

b
(4.5)

which is simply the cavity–like fraction of the dark state mode in the typical regime of

operation (b ≈ 1). A logarithmic plot of the pulling coefficient as a function of Zeeman splitting is

shown in Figure 4.6.

Figure 4.6: Theoretically predicted pulling coefficient magnitude |P | of dark state mode versus
Zeeman splitting ∆. The pulling coefficient switches signs near ∆ = γ due to the correction
factor b (equation 4.5). The lower dashed line is κ

γ
1
NC , which is the minimum value of the pulling

coefficient. Parameters used are γ = 7.5 kHz, κ = 2κ1 = 160 kHz, Ω = 5 MHz, NC = 2.1 × 104 ,
and δc = 0.

We measured the pulling coefficient of the dark state by sweeping the probe laser frequency

across resonance and fitting the center frequency ωD with a Lorentzian. This is repeated while

toggling ωc between two values separated by 100 kHz. The results of this experiment are shown in

Figure 4.7 for three different vacuum Rabi frequencies.

Again we observe that the dark state mode behaves atom–like for ∆ � Ω, γ, where the

pulling coefficient approaches zero and indicates that the mode is completely insensitive to the

cavity. In the opposite limit the pulling coefficient approaches unity as the dark state becomes

increasingly cavity–like. As the atom number increases the dark state again remains atom–like for

larger Zeeman splittings.
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Figure 4.7: The pulling coefficient P versus Zeeman splitting ∆ for several collective vacuum Rabi
frequencies Ω/2π = 5(1) (red), 10(1) (blue), and 17(1) (green) MHz. The prediction from the
linearized theory is shown with ±1 standard deviation bands.



Chapter 5

Conclusions

In this thesis I have described the generation of a narrow spectroscopic feature using MIT.

The feature was experimentally shown to be relatively insensitive to reference cavity fluctuations

which limit state-of-the-art laser stability, with a minimum pulling coefficient P measured below

0.05. The feature also approaches the relatively narrow linewidth of the 7.5 kHz atomic transition.

The optimal parameter regime for using MIT in frequency reference applications requires

balancing several parameters. For example, it is desired for a frequency reference to have a narrow

linewidth and a small pulling coefficient (by reducing the Zeeman splitting ∆ in our experiment),

however this also reduces the transparency of the system which reduces signal-to-noise and requires

more probe light to resolve. Increasing the probe light power is problematic because the light

heats up the atoms via free–space scattering, which reduces atom number. Atom saturation effects

can also occur if the probe light power is increased too much, where the Holstein–Primakoff ap-

proximation is no longer valid. Specific system requirements are needed to determine the optimal

parameters of the MIT generated frequency reference.

While the majority of this work was done with the atoms trapped in the Lamb-Dicke regime

(i.e. confined to much less than the wavelength of the probe light) with respect to the cavity axis, we

have also performed scans of the cavity transmission spectrum in which the atoms were unconfined

along the cavity axis. In this configuration, the rms Doppler shift along the cavity axis is roughly

45 kHz. Despite this inhomogeneous broadening, the center feature has a linewidth of 18.5 kHz,

which is probably limited by technical noise on the cavity frequency that arises when the lattice
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depth is reduced to release the atoms. The linewidth of the dark feature is most likely insensitive

to inhomogeneous broadening so long as ∆ is much larger than the inhomogeneous broadening

[37]. This insensitivity to Doppler broadening may make such techniques suitable to continuously

operating atomic beam experiments, where confining the atoms to the Lamb-Dicke regime would

be challenging.
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