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Advances in the coherent control of Rydberg atoms have led to an explosion in their use in

a wide range of topics, including quantum computation, simulation, sensing, and networking.

More specifically, Rydberg-coupled ensembles of atoms interfaced with a single mode of light

have enabled studies of fundamental light-matter interactions at the single-photon level and

have emerged as a promising platform to realize scalable quantum networking nodes.

In the first part of this thesis, we utilize Rydberg blockade to generate large ensembles

that host a single Rydberg excitation and use the collective state as a resource to efficiently

generate single photons. We further investigate the shelving of the collective Rydberg ex-

citations to the ground-state manifold, where we observe an order of magnitude increase in

the coherence time of the excitation.

In the latter half of the thesis, we use near-resonant microwave fields to generate microwave-

dressed Rydberg states, where we utilize the degrees of freedom of the microwave field to

tune the strength, form, and angular dependence of the dipole-dipole interactions. To this

end, we develop a robust and highly tunable microwave polarization control system. We



use a set of in-vacuum electrodes as microwave antennas. We measure the microwave polar-

izations produced by each source at the positions of the atoms using a Rydberg EIT-based

polarimetry technique. By characterizing the three imperfect sources, we find the control

settings necessary to produce ��, �, and �+ polarized microwaves with > 99% fidelity. We

extend our purification techniques to frequencies away from Rydberg resonances by utilizing

an auxiliary microwave field, generating two-photon microwave resonances.

The high-fidelity microwave polarizations are used to resonantly admix opposite-parity

Rydberg states, generating dressed states with dipole-dipole interactions that are longer

range and stronger than the bare van der Waals interactions. To characterize the strength of

the interactions, we measure the photon-number statistics of the light generated by the en-

semble of atoms. By varying the cloud length relative to the blockade radii, we demonstrate

a clear enhancement of the interaction strength due to microwave dressing. Our platform en-

ables further engineering of interactions by exploiting the polarization and frequency degrees

of freedom of the microwave fields, opening pathways for new quantum control strategies in

many different experimental platforms.
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Chapter 1: Introduction

In the past century, since Heisenberg and Schödinger's independent formulations of quan-

tum mechanics, the fundamental postulates of the theory have faced relentless experimental

scrutiny [1, 2]. While Physics is still grappling with how to interpret the predictions of

the theory, experimental control of quantum systems has matured enough to not only test

the peculiarities of quantum mechanics, such as superposition and entanglement, but also

to use them as resources in novel technologies. The promise of a computational paradigm

based on quantum mechanics that can outperform classical computers for a number of im-

portant problems [3�7] has triggered an exponential growth in experimental progress [8�10].

Likewise, quantum simulation, where experimentally well-controlled quantum systems are

used to simulate the properties of other experimentally inaccessible systems, has become a

prominent new �eld [11�14]. In addition to spawning new technologies that allow us to more

e�ciently calculate and model important questions, quantum mechanics has also impacted

measurement science, where entanglement-enhanced sensing [15, 16] has already improved

the performance of sensors in real world applications [17, 18].

The above applications gain a quantum-mechanical advantage by locally and controllably

entangling the constituent �particles� of the system. Alongside these developments, the �eld

of quantum networking has also emerged, aiming to entangle remote systems and distribute

quantum information. One motivation for doing so has been to realize modular quantum

devices that are connected via coherent photonic links to, for example, increase the size of

quantum computers [19�21], or to improve the performance of quantum sensors [22�24].
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A fundamental resource in this avenue are high-e�ciency and repetition rate sources of

single photons that are entangled with long-lived quantum memories. Such �ying qubits can

be used to perform entanglement-swapping operations [25] to produce Bell pairs of station-

ary qubits in remote nodes. For modular quantum computers, the resulting entanglement

between the two nodes can be used as a resource to teleport gates [26] between the di�erent

modules [27�29].

In this thesis, we will be using an ensemble of atoms coupled to highly excited (Ryd-

berg) states as an e�cient light-matter interface. In the �rst part of the thesis, we will

describe how our ensemble can be used as a source of single photons, develop experimen-

tal techniques to improve the coherence of the system and expand the toolbox necessary

to realize Rydberg-based ensemble-photon entanglement. In the second part of the thesis,

we will develop a platform for controlling the interactions between Rydberg atoms � a key

capability for Rydberg-based quantum-information science platforms. Therefore, the work

that we will be presenting is broadly applicable in the science of generating both remote and

local entanglement.

In the context of networking, some of the earliest work in generating entangled photons

utilized ensembles of atoms driven by a weak pump �eld, as outlined in the paper by Duan,

Lukin, Cirac and Zoller (DLCZ) [30]. Here, a scattered photon is detected by a single-photon

counter in the far �eld of the light radiated by the atoms. The detection of a photon in this

particular mode heralds the creation of a collective state, where the atoms in the ensemble

are in a superposition of having scattered a photon into the relevant mode. The de-excitation

of the collective state generates another photon that is emitted into a well-de�ned direction

determined by the conservation of momentum for the scattered and emitted photons. Remote

entanglement can be generated by overlapping the light collection modes of distant ensembles

and erasing the which-way information using a beam-splitter and a pair of detectors. A click

in one of the detectors heralds the creation of an entangled state where one ensemble is in
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the ground state and the other is in the collective excited state.

A general issue with DLCZ-type schemes is that the �delity of the operations is inversely

proportional to the rate at which photons are scattered into the detector mode [31]. If the

pump �eld is made stronger to increase the rate at which clicks are generated, the probability

of multiple photons being emitted into the detector mode also increases, degrading the �delity

of the entanglement swapping operations.

The performance of the single-photon source can be signi�cantly improved by utilizing

the �Rydberg blockade� [32], where the strong interactions between highly excited atoms

suppresses the excitation of multiple emitters within a characteristic length scale (blockade

radius). Similar to the DLCZ-scheme, an ensemble is driven into a collective state that can be

de-excited to emit a photon with a well-de�ned direction. However, unlike the ground-state

procedures the singleness of the retrieved photons is guaranteed by the blockade interactions

rather than how weak the pump laser is. Therefore, generating single photons through

blockade can be e�cient without compromising the �delity of the generated photons [33�

35].

The Rydberg ensemble platform comes with its own challenges that impose similar, al-

beit less fundamental, constraints. In practice, the e�ciency of the single-photon source is

determined by the number of atoms in the collective state, which is related to the physi-

cal extent of the ensemble. Given a �nite blockade radius, the improvement of the source

e�ciency is therefore in competition with the blockade performance. The strength of the

Rydberg interactions can be increased, allowing for a larger ensemble to be blockaded, by

working with states that have naturally small Förster defects [36, 37] or by using perturbing

�elds to bring pair states into resonance [36�45]. Another approach, which we will explore in

Chapters 6, 7, and 8, is to use resonant microwave �elds to admix opposite-parity Rydberg

states, generating dressed states with resonant dipole-dipole interactions [45�52]. The re-

sulting �rst-order interactions can create larger blockade radii at smaller principal quantum
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numbers, allowing for the blockade of larger ensembles [53].

It is worthwhile to highlight an alternative solution to the competition between blockade

radii and retrieval e�ciency that focuses on improving the ensemble-photon coupling at a

�xed ensemble size. This approach is based on interfacing Rydberg ensembles with a low-

�nesse circulating cavity [54�59], The additional cavity enhancement [60, 61] of the decay of

the collective excitation into the cavity mode, even with a relatively low �nesse (F � 20),

is enough to saturate the retrieval e�ciency at fairly low optical depths (OD � 2) [62],

allowing for experiments to operate at much lower principal quantum numbers where the

reduced demand on laser power and Rydberg coherence times are much more favorable.

An additional challenge with Rydberg-ensemble-based single-photon sources is the con-

�ict between the blockade-induced restriction to the single-excitation subspace and the de-

sire to generate multiple atomic excitations. This is a necessary requirement to generate

ensemble-photon entanglement, where a single excitation is retrieved as a �ying qubit and

another remains as a long-lived atomic excitation. One solution is to introduce a �shelving�

operation [63�65], where the Rydberg excitation is brought down to a hyper�ne state of the

ground state manifold, permitting the generation of a subsequent Rydberg excitation. After

entangling the Rydberg and shelved excitations via a blockade-based CNOT gate, one of

the excitations can be retrieved to realize the desired ensemble-photon entanglement. Early

experimental realizations of shelving have either operated with a very small number of atoms

such that the photons were not retrieved in a mode-matched direction [66, 67] or the overall

single-photon detection e�ciencies were only� 1% limited by the �delity of the numer-

ous two-photon transitions that are necessary to produce two collective excitations and to

entangle them [68, 69].

In the �rst part of this thesis we will focus on the use of Rydberg ensembles as resources

for quantum networking. In Chapter 2, we will �rst introduce some of the salient properties of

Rydberg atoms that will become relevant in the remainder of the thesis. In Chapter 4, we will
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discuss the radiative properties of the Rydberg-blockade based collective states and explain

how they can be used as single-photon sources. In Chapter 5, we will demonstrate various

approaches to shelving Rydberg excitations, investigating the dependence of the �delity on

the choice of ground, intermediate and Rydberg states. We will particularly focus on the

relevance of intermediate state scattering and investigate whether the collective enhancement

of scattering plays an important part in the overall in�delity of the shelving operation. As

part of the investigation, we will also demonstrate a proof of principle experiment where

multiple shelving operations are performed in one ensemble to generate atomic and photonic

attenuated Fock states.

In the second part of the thesis, we will return to the topic of microwave-control of

Rydberg-Rydberg interactions. As alluded to earlier in this chapter, increasing interactions

is one way to improve the performance of ensemble-based quantum networking nodes. How-

ever, since blockade is a foundational tool for a large number experimental platforms, the

ability to control the interaction strength also has broad applicability outside of the quan-

tum networking literature. As we will describe in Chapter 6, the microwave �elds have

enough degrees of freedom to continuously control the strength, sign as well as scaling of the

interaction of pair of Rydberg atoms.

For example, the use of microwave-mediated dipole-dipole interactions have emerged as

an attractive platform to study quantum simulation owing to the high-degree of tunability

[70�72]. Furthermore, microwave dressing has been proposed to to realize multi-target single-

control quantum gates [73] where asymmetric interactions can be realized without requiring

a dual-species array [74, 75].

Microwave dressing, can also be used to tune the polarizabilities of the Rydberg states.

Recent work [76, 77] has shown that thenP and nD states of Cs can be admixed to reduce

the sensitivity of the Rydberg states to background DC electric �elds. The reduction is

especially important for quantum computing experiments that are looking to drive alkali
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atoms from the ground state to the RydbergnP states. In these experiments, the lack of

an intermediate state is expected to improve the scattering related issues [78], however, the

optically accessiblenP states have greater DC polarizabilities than thenS counterparts.

Therefore, the use of microwave dressing to nullify the DC �eld sensitivity may prove to

be an important component of single-photon based quantum computing architectures with

alkali atoms.

One major challenge with tuning the properties of Rydberg atoms with microwaves is that

the properties of the microwave-dressed states are often dependent on the polarization purity

of the applied microwave �elds. Since cold-atom experiments are typically conducted near

electrically re�ective materials, the production of high-purity microwave polarizations is often

a challenge. Therefore, to reliably control Rydberg-Rydberg interactions with microwaves it

is necessary to generate and measure the polarization of microwave �elds with high �delity.

We will describe in Chapter 7, our microwave polarization control system, detailing how

we utilize Rydberg-based electric �eld sensing to characterize the �elds produced by three

antennae with impure microwave polarizations. We will further discuss methods for �nding

the microwave-control settings to realize the desired polarizations. Finally, in Chapter 8,

we will use microwave dressing to demonstrate the enhancement of the Rydberg blockade

radius, allowing for the generation higher purity single photons at lower principal quantum

numbers, before concluding the discussion in Chapter 9.

Section 1.1: Statement of Contributions

The research presented in this thesis has been the result of an extensive collaboration between

all members of our lab, where everyone has touched on aspects of the experimental and

theoretical work. In particular, I worked extremely closely with Patrick Banner in nearly all

of the projects presented here and also with Yaxin Li on the microwave-control projects.

In terms of the experimental platform, we inherited a fully assembled vacuum chamber
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and optics setups from the previous set of graduate students, Sandy Craddock and Dalia

Ornelas-Huerta. The chamber has remained untouched in the span of the last six years, and

the laser systems used to magneto-optically trap and optically pump the atoms as well as

the absorption imaging systems have remained unchanged.

The dipole-trapping laser was relocated to make room for a second blue laser. Patrick

spearheaded the reconstruction of the new dipole trapping laser board, and I took on the

construction of the new control laser board. In addition, a new beat-note locking system was

constructed to frequency stabilize the �rst and second control lasers to each other. Patrick

constructed the phase-locked loop board, and I worked on the testing, debugging, and �nal

integration of the laser lock. The single-photon detector housing that routes the probe

light to the relevant detectors has undergone many iterations, where everyone in the group

contributed to the construction at some point in time. I designed the last iteration of the

board and constructed it with the help of Yaxin. The chamber side shelving setup was built

by the previous generation of students, and I constructed the new shelving board that allows

the generation of a pair of independent shelving frequency tones.

To permit the cloud-shaping procedure, we make use of a liquid-crystal retarder, which

is used to rotate the polarization of the crossed dipole trap to realize a 1D lattice. This

system was built in its entirety by Patrick. I revamped the transverse trap beam shaping

optics to permit the generation of ensembles of the desired length. As a result of the cloud

length shaping procedure, the ensemble has a double-Gaussian density pro�le along the long

axis. Yaxin revamped the image processing code to �t to the data and extract the cloud

parameters.

The experiments concerning the shelving of the Rydberg excitation were a group e�ort.

After COVID, I was able to successfully demonstrate shelving for the �rst time in our exper-

iment with help from Sandy. Later, Patrick and I worked together to optimize the shelving

e�ciency, where Patrick worked extensively on modeling the system to determine our bot-
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tlenecks, and I worked on �nding alternative level schemes with more favorable scattering

properties. The idea to shelf multiple excitations to generate attenuated Fock states dates

back to Sandy and Dalia. All of the members of the lab worked together to operate the

system and collect the data presented in that chapter.

The impetus to pursue a microwave-dressing experiment was a conversation with Alexey

Gorshkov and his students. Their theoretical proposal discussing the tuning of Rydberg in-

teractions kick-started our new research program. The construction of the microwave polar-

ization control system was a group e�ort, where Patrick built the vacuum feed-through con-

nectors, I designed and constructed the microwave chain, and Yaxin worked on the impedance

matching measurements. The chamber matrix formalism as well as the on-resonance polar-

ization measurement techniques were developed by Patrick and me. The measurements that

were used to construct the chamber matrix were performed by all of us. Yaxin and I took

the lead in performing the �nal calibrations, where he performed the calculations to com-

pute the voltage control settings necessary, and I performed the �nal manual puri�cation of

the microwave polarizations. The AC-Stark shift and probe susceptibility models that were

used to �t to the spectroscopy data and extract the electric-�eld quantities were developed

by me. Furthermore, I developed and implemented the o�-resonant microwave puri�cation

methods. The measurement of the phase di�erence between orthogonal microwave polariza-

tions spawned from a conversation with Trey. I developed the measurement techniques and

helped Yaxin collect the data presented in the relevant section.

The Floquet calculation of the microwave-dressed Rydberg interactions was led by Patrick.

He built the Floquet-simulation code, and I worked on expanding and debugging the cal-

culations. The perturbative calculations presented in Chapter 6 are strictly my work. The

Floquet calculation results presented in this chapter use Patrick's code; however, the inves-

tigation of the validity of the calculations as well as the discussions regarding the impact of

dressing on dipole-dipole interactions are my original work.
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Finally, I led the experimental demonstration of the microwave enhancement of the Ry-

dberg blockade radius project. I took much of the experimental data and led the microwave

puri�cation e�ort, where Yaxin and Patrick have helped with the data collection e�orts.

Patrick calculated the Floquet potentials, which eventually were used by the theoretical

formalism developed by Sean Mulleady.
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Chapter 2: Rydberg Atoms

Atoms whose valence electrons are excited to high-lying energy states are generally referred

to as �Rydberg atoms.� There is no real principal quantum number,n, above which the

energy levels begin getting labeled as Rydberg states, and certainly sub�elds of Rydberg

physics work within di�erent ranges of n. However, the unifying property of all Rydberg

states is that the excited electron is far enough from the nucleus that the Coulomb potential

it experiences looks almost like that of an electron in a hydrogen atom.

As a result, the wavefunctions of highly excited alkali atoms are very closely related to

the highly excited orbitals of hydrogen. The Rydberg states have a number of exaggerated

properties such as their strong interactions, long radiative lifetimes, and sensitivity to electric

�elds, which have made them broadly useful for a large number of atomic physics platforms.

In addition, the wavefunctions and dipole-matrix elements can be computed with ease using

the closed-form analytical hydrogenic wavefunctions, permitting the accurate calculation

of these exaggerated properties. To give an exhaustive overview is beyond the scope and

purpose of this thesis, and as such we will focus only on aspects that will become relevant

in the remainder of the text.

Section 2.1: Rydberg Wavefunctions

As we alluded to in the introduction, the Rydberg wavefunctions for alkali atoms are nearly

identical to the hydrogenic solutions. In these atoms, theZ protons are surrounded byZ � 1

core electrons, where the combined potential looks likee=r for large distances. However, the
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singly charged core is not a point particle and has a �nite spatial extent that a small fraction

of the Rydberg wavefunctions explores [79].

Ignoring the complicated core potential, we can take the hydrogen wavefunctions as

a starting point. The spherical component of the wavefunction is given by the spherical

harmonics, and the radial component is [80]

Rn;l (r ) = 2 l+1

�
1
n

� 3=2
s

(n � l � 1)!
n (n + l)!

� r
n

� l
e� r=n L (2l+1)

n� l � 1(2r=n); (2.1)

where n; l 2 Z and n > l and L (� )
k are the generalized Laguerre polynomials. The energy

of the corresponding states areEn;l = � Ry=n2, where Ry = ~2=2mea2
0. (There are, of

course, �ne structure corrections which lead to deviations from these energies. But this

simple expression will take us far in getting intuition for the properties of the states.) The

restriction to integer quantum numbers arises from the constraint that the wavefunction

should vanish asr ! 0 and r ! 1 .

As a result of the core potential, the energies of the alkali metal Rydberg states deviate

from Ry=n2, where the quadratic scaling of the inverse energies remains but the solutions

require n to be non-integers. The di�erence is accounted for by de�ning a quantum defect

� n;l that depends both on the principal and orbital quantum numbers, such that the energies

Figure 2.1: The dependence of the quantum defects of Rb on the principal quantum number
for the nS, nP and nD states [81].
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of the alkali atom Rydberg states are given byEn;l = � Ry=(n� )2, wheren� = n � � n;l is the

e�ective quantum number.

The quantum defects for87Rb atoms calculated via the ARC package [81] are shown in

Fig. 2.1. For alkali atoms, the quantum defects often have a weak dependence onn, especially

at large principal quantum numbers. (This should be contrasted with divalent atoms, where

series perturbers can lead to signi�cant deviations of the quantum defects as a function ofn

[82�85].) As the orbital angular momentum of the Rydberg states is increased, the overlap

of the wavefunction with the core potential decreases, such that the quantum defect tends

to zero. For thenS1=2 that we will be predominantly considering in this thesis, the quantum

defect for 87Rb tends to � 3:131 [86].

Figure 2.2: ThenS1=2 radial wavefunctions of Hydrogen and Rubidium for a number ofn
[81].
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Figure 2.3: Independence of the form of the radial wavefunctions of Rb near the origin [81].

It is worth noting that the constraint of a vanishing wavefunction at r ! 0 and r ! 1

restricts the quantum numbers to be integers for hydrogen. The quantum defect theory

solutions of alkali-atom Rydberg wavefunctions, with e�ective quantum numbers that are

non-integers, do not vanish at the origin, but are phase shifted with respect to the integer

solutions.

We plot in Fig. 2.2 the radial wavefunctions of the(n� 3)S1=2 states of hydrogen as well as

the nS1=2 states of rubidium for n = 50; 75 and 100. The turning point of the wavefunction

grows with n2 such that for n = 100, the spatial extent of the Rydberg electron is� 1� m,

many orders of magnitude larger than that of the ground-state wavefunction. The number

of nodes that the radial wavefunction has equalsn � l , increasing with principal quantum

number.

As we see in Fig. 2.2, increasingn adds new nodes at increasing distances. However, as

shown in Fig. 2.3, the form of the wavefunction near the origin remains largely unchanged.

The left panel plots thenS1=2 wavefunction near the origin forn ranging between 60 - 100,

and the right panel plots the same with an3=2 scaling factor, showing that the wavefunctions

13



all collapse onto each other. The scaling factor accounts for the normalization in Eq. 2.1. We

can similarly investigate the dependence of the radial functions onl. We plot in Fig. 2.4 the

radial functions for 100S and 100P which are very similar at large distances, with a slight

phase shift due to the di�erence between the quantum defects ofnS and nP states.

Figure 2.4: Depiction of the100S, 100P radial wavefunctions of Rb [81].

Section 2.2: Rydberg Matrix Elements

For computing the salient properties of Rydberg atoms, we will almost exclusively refer to

the dipole matrix elements. By and large, we will mostly be interested in the coupling of

Rydberg states to either the ground state or to neighboring Rydberg states.

Starting with the latter, we are interested in matrix elements such as


nS1=2

�
� r̂q

�
�nP3=2

�

for n � 1, which go as,

hn; l; j; m j j r̂q

�
�n; l 0; j 0; m0

j

�
/ h n; lkr̂ kn; l 0i /

Z
r 2dr Rn;l (r )� r R n;l 0 (2.2)

This matrix element is dominated by ther 3 weight, such that the properties are mostly
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determined by the values of the wavefunction near the turning radius. As we noted in

Fig. 2.4, the low-l states look mostly identical near the turning radius, such that these

matrix elements are proportional to� h r i / (n� )2.

The other set of matrix elements that we will care about are those coupling the Rydberg

states to the ground states that are dramatically smaller in spatial extent. As a result, the

radial integral connecting the ground and Rydberg states will mostly depend on the value

of the Rydberg wavefunction near the origin.

We can once again gain intuition of the scaling of these matrix elements withn� by looking

at the Hydrogenic solutions. As depicted in Fig. 2.3, the form of the radial wavefunctions

near the nucleus are nearly independent of then� . Therefore, the only di�erence that occurs

as the principal quantum number is scaled up is that the normalization factor reduces the

amplitude of the wavefunction in the region of interest. The corresponding normalization

factor and therefore the scaling of the ground to Rydberg matrix elements goes as(n� )� 3=2.

Section 2.3: Radiative Lifetimes

Having covered the scaling of the relevant matrix elements, we can comment on the radiative

lifetimes of the highly excited states. The transition rate out of a Rydberg stateji i to state

jf i due to spontaneous emission can be described by Fermi's golden rule, such that

� i ! f =
3�! 3

if

4c2

�
�
�hf j d̂ ji i

�
�
�
2

(2.3)

where ! if = ! i � ! f is the energy di�erence between the two states. The spontaneous

emission lifetime of the state is given by a sum over all �nal states,

� � 1
sp =

X

f

� i ! f (2.4)

15



For neighboring Rydberg states, the energy di�erence goes as! if � (n� )� 2 � (n� � 1)� 2 =

(2n� � 1)=(n� )2(n� � 1)2 � (n� )� 3, falling in the microwave domain for largen. Despite

the quadratic growth of the matrix elements between neighboring Rydberg levels, the! 3
if �

(n� )� 9 dominates such that spontaneous emission induced decay to other Rydberg levels is

negligible, scaling as(n� )� 5. Conversely, the transition frequency from the Rydberg states

to the ground state is in the optical domain, and largely independent ofn. Therefore, the

decay rate to the ground state scales as the square of the relevant matrix element, which as

we argued in the previous section goes as(n� )� 3=2. � Ry! g � (n� )� 3 is the dominant decay

pathway compared to the spontaneous decay to neighboring Rydberg levels. Therefore, the

spontaneous emission lifetime scales as� sp � (n� )3.

In addition to spontaneous emission, we can also consider stimulated emission out of

the Rydberg state. Ignoring this e�ect for calculating the radiative lifetimes of low-lying

states is a reasonable assumption since there are often no optical photons to stimulate the

transitions (unless we deliberately address the atoms with a light source). However, since the

transitions between Rydberg levels are in the microwave domain, the blackbody radiation at

room temperature occupies the relevant vacuum modes, stimulating a plethora of transitions

between the high-lying states. The presence of�N resonant photons leads to the stimulated

emission of a photon at a rate that is�N times faster than the rate of spontaneous emission.

The thermal occupation of the! if mode is,

�N (! if ) =
1

e! if =kB T � 1
�

kB T
! if

� (n� )3 (2.5)

Therefore, the blackbody enhancement of the spontaneous emission transition rate (� (n� )� 5)

leads to a stimulated emission rate that scales as(n� )� 2, corresponding to a lifetime� st �

(n� )2. Therefore, the total radiative lifetime of the Rydberg states is determined by a com-
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Figure 2.5: Lifetime of the nS1=2 states of 87Rb, where the gray line is a �t of the form
(� (n� )� 2 + � (n� )� 3)� 1.

Figure 2.6: DC polarizability of the nS1=2 states where the gray line is a �t of the form
a(n� )7.

bination of the spontaneous and stimulated emission e�ects.

� =
�

1
� sp

+
1
� st

� � 1

: (2.6)

We plot in Fig. 2.5 the lifetime of the nS1=2 state as a function ofn� , showing that the

lifetime exceeds100� s for n� > 60.
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Section 2.4: Polarizabilities

The quadratic growth of the Rydberg matrix elements is the underlying mechanism of the

most interesting properties of Rydberg atoms. The �rst example we will explore is the rapid

growth of the polarizability of the high-lying states. The AC or DC Stark shift of the states

due to electric �elds can be calculated by treating the dipole interaction,� d̂ � E, in second-

order perturbation theory. To this end, the energy shift of the Rydberg statejn; l; j; m j i is

given by,

� E (2)
n;l;j;m j

=
X

n0;l 0

j 0;m 0
j

�
�
�hn; l; j; m j j d̂ � E

�
�n0; l0; j 0; m0

j

� �
�
�
2

En;l;j;m j � En0;l 0;j 0;m 0
j

(2.7)

As we had discussed, the matrix elements grow quadratically, and the transition energies

between states decrease as(n� )� 3. The combined e�ect suggests that the Stark shift of the

states goes as(n� )7.

Therefore, the sensitivity of the states to perturbing electric �elds grows quite rapidly.

We plot in Fig. 2.6, the DC polarizability of the nS1=2 states. To give a sense of scale for the

electric �elds that are needed to induce the GHz level shifts suggested by the plot, we can

consider a Rydberg atom in the proximity of a single electron. For the100S1=2 state with a

polarizability of � 6:5 GHz/(V/cm) 2, a single electron at a distance of50 � m would induce

a shift of 0.2 MHz. The rapid increase in �eld sensitivity is one of the challenges of Rydberg

physics, where proposals to interface the Rydberg atoms with nanophotonic devices for

quantum networking, or with superconducting qubits for hybrid quantum architectures have

faced signi�cant challenges due to the unavoidable presence of surface charges in materials.

On the other hand, if controlled, the large polarizabilities can be used as an electric

�eld sensor with a very high sensitivity, that can be sensitive across a broad range of the

electromagnetic spectrum, and with potentially a very small footprint.
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Section 2.5: Dipole-Dipole Interactions

Given that Rydberg wavefunctions reach� m scales in spatial extent, and that they experience

appreciable energy shifts for �elds generated by even single electrons, it should come as no

surprise that a pair of Rydberg atoms brought in close proximity to one another interact

strongly. To lowest order, the interactions are described by the dipole-dipole Hamiltonian

given by,

V̂dd (r ) =
1

4�� 0r 3

�
d̂ (1) � d̂ (2) � 3

�
d̂ (1) � r̂

� �
d̂ (2) � r̂

��
: (2.8)

The second-order perturbative energy correction to a pair of atoms both in the statejn; l; j; m j i �

j� i is given by

� E (2)
�;� =

X

� 0;� 00

�
�
�h� ; � j V̂dd j� 0; � 00i

�
�
�
2

2E � � E � 0 � E � 00
(2.9)

where the indices� 0 and � 00 run over the Rydberg states that are dipole coupled toj� i .

The sum is dominated by intermediate states for which the denominator, often referred to

as the Förster defect, is the smallest and for which the matrix elements are the largest. For
�
�nS1=2; nS1=2

�
states, the most signi�cant intermediate states are thejnPJ ; (n � 1)PJ i pair

states. The energy defects scale as(n� )� 3, and the four factors of the matrix elements scale

as (n� )8, meaning the interactions go as(n� )11. The resulting second-order energy shift,

often referred to as van der Waals interactions, is parameterized by a dispersion coe�cient

C6 such that � E (2)
�;� = C6=r6.

We plot in Fig. 2.7 the second-order perturbative energy shift experienced by a pair of

atoms in the nS1=2 state. Perturbation theory remains valid down to interatomic separa-

tions where the interaction energy approaches the typical Förster defects, at which point

the interactions begin admixing states and the interaction potentials become much more

complicated.

As we will discuss at length in later chapters of this thesis, two atoms that are in opposite-
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Figure 2.7: The perturbative energy shift as a function of the e�ective principal quantum
number for nS1=2, evaluated at r = 2; 5; and 10 � m.

parity states with dipole-permitted transitions experience �rst-order dipole-dipole interac-

tions. The resonant ��ip-�op� interactions


nS1=2; nP3=2

�
� V̂dd

�
�nP3=2; nS1=2

�
go as� C3=r3,

whereC3 � (n� )4. The �rst-order interactions are stronger than their van der Waals coun-

terparts, however asn increases the Förster defect decreases leading to the sharp increase

in the van der Waals interaction strength. Therefore, the di�erence between the �rst and

second order interaction strengths go down as(n� )7 as n is increased.
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Chapter 3: Experimental Systems and Procedures

In this chapter, we will describe the various experimental systems that are used to produce

and probe the ensemble of Rb atoms. We will give a broad overview of the absolute essentials

of the experimental stack and mostly focus on the changes made in the last six years and

the systems that require maintenance, which is almost all of the optical setups.

Section 3.1: Cooling and Trapping of the Ensemble

We form an ensemble of cold87Rb atoms at the center of our vacuum chamber using a

conventional chain of cooling stages. For the details of the chamber construction, we refer

the reader to the theses of the previous generation of graduate students [33, 87], as the

vacuum was not broken in the past six years.

Our ensemble of87Rb atoms is cooled and trapped using a fairly conventional setup. A

simpli�ed rendering of the chamber, which highlights the relevant in-vacuum components, is

shown in Fig. 3.1. We will de�ne the coordinate system such that the propagation direction

of the probe and control lasers, which pass through the two in-vacuum aspherical lenses,

de�nes the ẑ axis. Furthermore, we will pick theŷ direction to point vertically (opposite to

gravity).

The chamber is an 8" spherical octagon, where the four diagonal view ports in thex � z

plane are used to deliver and retro�ect the horizontal cooling and repumping beams. Vertical

cooling and imaging beams are delivered through the upper view port along theŷ direction.

The optical pumping beams used to prepare the ensemble in a single Zeeman state, as well
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