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Chapter 1

Abstract

Highly excited Rydberg states, neutral atomic states with one or more electrons pro-

moted to states of large principal quantum number n are now commonly used for

producing quantum entanglement. This is facilitated through the “Rydberg Block-

ade” e↵ect where the presence of a single Rydberg atom blocks excitation of further

atoms in a surrounding mesoscopic volume due to strong atom-atom interactions in-

duced by the large dipole moments associated with Rydberg atoms. In this work, we

report the first observation of this phenomenon in a hot atomic beam using very high

n, n ⇠ 300 � 500, strontium nF Rydberg states. Inside the blockaded volume (size

around 0.1 mm), the Rydberg number distribution is sub-Poissonian. However, as

predicted by theoretical calculations, due to the anisotropic nature of the atom-atom

interactions, the blockade is incomplete. However, the blockade e↵ect is su�ciently

strong to enable detailed study of few-body atom-atom interactions and of entan-

glements. Doubly-excited Rydberg states having a pair of electrons excited to high

lying energy levels are typically di�cult to create and are short lived because of “au-

toionization” resulting from electron-electron scattering. Strontium Rydberg atoms

are used to study this scattering and we demonstrate an e�cient mechanism to elim-

inate “autoionization” pointing to the production of long-lived strongly-correlated

two-electron-excited atomic states.



iii

Chapter 2

Acknowledgement

Many people, teachers, colleagues, sta↵, students, friends and family have helped me

in the past six years and to whom I am sincerely grateful. Their kindness made this

odyssey towards professional and personal growth blissful for which I shall always be

grateful. Among them all, I consider myself extraordinarily lucky to have Dr. Barry

Dunning as my advisor and mentor. Like I have always exalted around my friends

and families, “ I have the best advisor ever !” The truth is, without his unwarranted

and perhaps misplaced faith in me, I would not have completed this pilgrimage with

such optimism and confidence. There are no words su�cient to express my gratitude

for all he has done for me and I just hope I could apply myself to a meaningful life

so that one day I could proudly live up to his faith.

There were times when I was fed up with my experiment and there were times

that I stubbornly insisted on my faulty opinions, but Dr. Dunning would patiently

listen to me no matter how annoying and silly I was and would seriously consider

my arguments. He not only tolerated my sometimes disrespectful, brash attitude but

also welcomed disagreements even if most of the time my arguments were proven

dead wrong. He very seldom criticized me and trusted me with freedom to work at

my own pace while always there gladly o↵ering help and advice. More importantly,

he genuinely cared for me as his student. When I was laid low by health issues and

future career problems at the same time and was barely able to concentrate on my

research, he generously o↵ered me time to recoup and encouraged me to stay positive.

His kindness, his frequent inquiring emails and calls kept me hanging on when I was

so depressed and unhappy. I told myself that I had to get better, if not for me, if



iv

not for my family, but for Barry to whom I owe tremendously. So I did, gradually,

and now I am stronger and happier than ever thanks to his support. To me, who is

inherently aloof and studying in this foreign country alone for the past six years, Dr.

Dunning and his wife Chris are my family that I cherish.

I also have the great honor to directly learn from and work with Dr. Killian. I

have been constantly amazed and humbled by his profound knowledge in physics,

his artful skills in experimental techniques and his tireless pursuit of professional

excellency. For all the things he can accomplish in one day, we used to joke that he

doesn’t sleep as long as he has exciting physics challenges. Truly he might not be

able to find time to sleep but he always finds time to teach and train students. When

I just started to work in the lab, everything was completely new to me. I didn’t even

recognize the basic tools let alone their English names. Dr. Killian painstakingly and

patiently taught me to work with laser systems, align optics and couple fibers and so

forth. These skills I learned from him have since benefited my research greatly. Since

he is erudite in strontium (the element that is used in my experiment), over the years

he has provided us enormous help in dealing with strontium and I am very grateful

to have such an expert to turn to whenever I get stuck. I was particularly touched

by one time he showed up for my talk in a conference as it was scheduled very early

in the morning and frankly he knows everything on the topic. For all the e↵orts he

has made to teach me, I am very thankful.

There are many more people I want thank for. My senior student Shuzhen who

taught me to conduct Rydberg atom experiments and tolerated my cruelty; our the-

oretical collaborator Shuhei who always welcomed my silly questions and explained

them till I understood; my junior student Gavin who bears my preaching and my

temperament; my lab mates Sitti and Michael, former coworkers Dr. Yu, Dr. Wang,

students and postdocs in Dr. Killian’s group, Dr. Han Pu, Dr. Randy Hulet, Dr.

Douglas Natelson, Dr. Stan Dodds, Dr. Huey Huang ... the list goes on. I’d like to

give special thanks to my committee member Dr. Philip Brooks for many illuminating



v

discussions we had in the annual evaluation sessions.

I have written the content of this thesis on my own, but its soul is filled by everyone

who I am blessed to have in this wonderful journey.



Contents

1 Abstract ii

2 Acknowledgement iii

3 Introduction 1

3.1 Rydberg Atom from The Start of the Quantum Age . . . . . . . . . . 1

3.2 Rydberg Atom Mediated Quantum Entanglement and Interaction . . 4

3.3 Doubly-Excited Rydberg Atoms: Quantum Chaos[9] . . . . . . . . . . 10

4 Interaction between Rydberg Atoms 14

4.1 Interaction Hamiltonian U
int

. . . . . . . . . . . . . . . . . . . . . . . 14

4.1.1 electrostatic multipole expansion . . . . . . . . . . . . . . . . 14

4.1.2 Two-state example [2] . . . . . . . . . . . . . . . . . . . . . . 16

4.1.3 n-scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 Evaluation of Interaction . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2.1 wavefunction basis . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2.2 other interactions . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.3 energy level shifts interpretation . . . . . . . . . . . . . . . . . 25

4.2.4 excitation strength . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3 Number Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3.1 Mandel Q parameter . . . . . . . . . . . . . . . . . . . . . . . 32

4.4 Rate Equation for Imperfect Blockade . . . . . . . . . . . . . . . . . . 35



vii

5 Experimental Setup in Blockade Experiment 41

5.1 Three Photon Excitation . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2 Top Flange Remodel . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.3 Microchannel Plates . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.4 Signal Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Analysis of Observed Sr Rydberg Blockade E↵ects 59

6.1 IR laser power dependence . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2 Pulse width dependence . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.2.1 Motions of atoms in a hot beam . . . . . . . . . . . . . . . . . 64

6.2.2 Monte Carlo Beam Simulation . . . . . . . . . . . . . . . . . . 68

6.2.3 Correlation in the excitation of multiple atoms . . . . . . . . . 70

6.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7 Doubly excited Rydberg states 75

7.1 Isolated core excitation . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.2 Autoionization [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.3 Multichannel quantum-defect theory [5] . . . . . . . . . . . . . . . . . 80

7.4 Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.4.1 Bound States . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.4.2 Autoionizing states . . . . . . . . . . . . . . . . . . . . . . . . 89

7.4.3 Photoionization spectra . . . . . . . . . . . . . . . . . . . . . 89

8 Results of Autoionization Experiment 94

8.1 Experimental Approach . . . . . . . . . . . . . . . . . . . . . . . . . 94

8.2 n-dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

8.3 l-dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

9 Conclusion and Outlook 106



viii

Bibliography 110



1

Chapter 3

Introduction

3.1 Rydberg Atom from The Start of the Quantum Age

Quantum mechanics has been the main driving force of modern physics. In the past

decades, its rapid application in areas such as photonics, condensed matter, atomic

and molecular systems, mechanical oscillators, chemistry, information science and

other branches of science has revolutionized our understanding of physics and it is

set to innovate technologies and engineering in the near future. Rydberg atoms have

played an important role throughout the short history of this “quantum age”.

When the concept of “quantization” was in its infancy, Bohr postulated his atomic

model which used ad hoc quantization rules and successfully reproduced the hydro-

gen energy spectrum. This Bohr model not only became a cornerstone of the old

quantum theory, but also classically defined the Rydberg atom, i.e. an atom with

electron(s) excited to very high n levels, where n is the principal quantum number.

The exaggerated properties of this strange class of atoms are predicted by the Bohr

model which shows that the binding energy of an atom is / n�2, its radius and dipole

moment are / n2, and its radiative lifetime is / n3.

For the spectrum of hydrogen, and other singly-excited Rydberg atoms, the Bohr

model, with refinements introduced by Sommerfeld, provides a remarkable fit. How-

ever, when later researchers tried to explain the spectra of doubly-excited Rydberg

atoms like helium using a similar “quantized orbital” method, problems were encoun-
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Figure 3.1 : Adapted from [9]. Proposed configurations of the electron pair in helium
for the ground state: (a) Bohr, 1913; (b) and (d) Langmuir, 1921; (c)Landé,1919; (e)
Kemble, 1921 and Kramers,1923.
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tered. As shown in Figure 3.1, many physicists, including Heisenberg, conjectured

di↵erent types of stable orbits in e↵orts to calculate the ground state energy of he-

lium without success. Doubly-excited Rydberg atoms with two electrons excited to

Rydberg levels thus played a central role in the abandonment of the old quantum

theory. Even today, with fully developed quantum theory and decades of research,

understanding doubly-excited Rydberg states remains the subject of intense research.

We will discuss this more later in this chapter. Nevertheless, for regular Rydberg

atoms with only one electron captured in a coulomb potential, i.e. V = �1/r, the

Schrödinger equation can be solved easily in spherical coordinates (setting the core

ion as the origin) to yield its wavefunctions. Explicitly [7],

 (✓,�, r) =
Y
lm

(✓,�, r)[f(W, l, r) cos ⇡�
l

� g(W, l, r) sin ⇡�
l

]

r
(3.1)

with allowed energies

W = � 1

2(n� �
l

)2
, (3.2)

where integers n(> 0), l(� 0), m(2 [�l, l]) are the principal, angular momentum, and

magnetic quantum numbers, respectively, �
l

is the l-dependent quantum defect and

the function Y
lm

is a normalized spherical harmonic. Lastly, functions f and g are

the regular and irregular coulomb functions.

Since the Rydberg electron is so weakly bound to the core and the Rydberg atom

itself has a large transition dipole moment, i.e., hnl| r |n0l0i, it is extremely sensitive to

electric fields. The e↵ects of an external electric field are termed Stark e↵ects and are

of many practical uses for studying Rydberg atoms. If the field is in the z direction,

the potential then becomes V = �1/r+Ez. This new Schrödinger equation is usually

treated in parabolic coordinates (⇠, ⌘,�) where ⇠ = r + z, ⌘ = r � z with solutions

written as  (⇠, ⌘,�) = u1(⇠)u2(⌘)eim�. Instead of quantum numbers n and l, the zero
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field solution in parabolic coordinates introduces new quantum numbers n1 and n2

which are related to nlm as

n = n1 + n2 + |m|+ 1. (3.3)

When a field is present, the wavefunctions can be expressed in terms of associated

Laguerre polynomials and the resulting charge distribution of the Rydberg electron

is strongly dependent on n1 � n2. When n1 � n2 ⇡ n(�n), the charge is localized

along the +z(�z) axis and when n1 ⇡ n2, the charge is distributed near the z = 0

plane. For a fixed n and m, the eigenenergy spread W
nn1n2m from n1 � n2 ⇡ �n to

n1�n2 ⇡ n results in a series of energy levels that form the so-called Stark manifold.

To the first order, these eigenenergies are given by

W
nn1n2m = � 1

2n2
+

3

2
E(n1 � n2)n. (3.4)

The static and dynamic Stark e↵ects were thoroughly studied after the advent of

tunable dye lasers. Now electric fields are extensively exploited for Rydberg atom

detection and manipulation.

3.2 Rydberg Atom Mediated Quantum Entanglement and

Interaction

In recent years, quantum physics has spawned a new fascinating field - information

science. From quantum teleportation to quantum computation, e�ciently creating

entanglement or an Einstein-Podolsky-Rosen pair is the essence. In cryptography, by

truly realizing the “one-time pad”, quantum key distribution (QKD) [10] has proven

to be the only secure key distribution protected against all forms of eavesdropping.

So far, QKD has established high-speed, long-distance secure key distribution and led
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to the development of many di↵erent protocols. One of the implemented protocols is

to use entangled photons to distribute the one-time key [11]. The entangled photon

pairs are generated by spontaneous parametric down-conversion (SPDC), a nonlinear

optical process inside crystals. In quantum teleportation, where a state coded into

the spin (now also orbital angular momentum) of photons can be transferred to two

distant locations [12] via fiber or air before any measurement scheme. Both fields rely

on photons and have advanced to the point of launching commercial applications.

However, quantum computation, predicted to be extremely powerful in solving

various complex problems like factoring large integers, is far from implementation.

Although entanglement still plays a critical role in quantum computation, the entan-

gled photon pair created by SPDC as mentioned above can’t be used here. Because

photons don’t interact easily, it is a challenge to perform gate operations or to scale up

the entanglement. In fact, by the year of 2000, there were only two quantum optical

systems that realized individually controlled qubits, quantum entanglements and gate

operations [14] (the two leading researchers Dr. Haroche and Dr. Wineland shared

2012 Nobel Prize in Physics for their contribution in controlling quantum states). One

of them used Rydberg atoms in a Cavity Quantum Electrodynamics (cQED) system

[13] as shown in Figure 3.2. The crucial part of the experiment is the high finesse cav-

ity made of two spherical superconducting mirrors that face each other. The resonant

microwave photons (51GHz) can be trapped inside for many milliseconds to interact

with any Rydberg atoms contained therein. Rubidium Rydberg atoms are prepared

in circular states |ei = |n = 51,m = 50, n1 = 0i (or |gi = |n = 50,m = 49, n1 = 0i)
using a modified “Adiabatic Rapid Passage” (ARP) technique. In this technique, 48

nearly degenerate �+ polarized rf photons are absorbed in an adiabatically decreas-

ing electric field to reach the final circular state. The atoms are also velocity selected



6

Figure 3.2 : Rydberg atoms in states e(n=51,m=50,n1 = 0) and g(n=50,m=49,n1 =
0) behaves as qubits. They are prepared in B in state e and cross one at a time into
the high-Q cavity C where they are coupled to a field mode for di↵erent durations.
The atom-field system evolution is ruled by the Jaynes-Cummings Hamiltonian. A
microwave pulse applied in R1 prepares each atom in a superposition of e and g.
After C, a second pulse, applied in R2, maps the measurement direction of the qubit
along the Oz axis of the Bloch sphere, before detection of the qubit by selective field
ionization in an electric field in D.
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by laser induced optical pumping before state preparation to ensure that they cross

the cavity one by one at almost the same rate. The composition of the superposing

Rydberg state before entering the cavity and being detected can be further modified

by microwave field pulses in R1 and R2. They constitute a Ramsey interferome-

ter to gather information on the atom-photon interactions in the cavity. When an

atom is inside of the cavity, the atom-cavity coupled system evolves according to the

Jaynes-Cummings Hamiltonian given by

H = �~⌦
2
[a† |ei hg|+ a |gi he|] (3.5)

where a† and a are the creation and annihilation operators for one photon and ⌦ is the

vacuum Rabi frequency. Depending on the duration of the resonant microwave pulse

(controlled by external electric field), the coupled system can undergo a quantum

Rabi oscillation. For example, if an atom enters an empty cavity which is the state

|e, 0i then after a ⇡ pulse emits the photon into the cavity, the state becomes |g, 1i.
Likewise, if the atom enters the cavity in the ground state |gi, a ⇡ pulse will guarantee

the atom absorbs a photon if there is one inside the cavity. Thus a pair of atoms

successively entering the cavity can be entangled by real photon exchange in the

following scheme. Using R1, we prepare the first atom in |e1i, the second atom in

|g2i and an initially empty cavity. While the first atom is inside of C, a ⌦t1 = ⇡/2

pulse is applied to the ensemble, i.e.,

|e1, 0i |g2i �! 1p
2
{|e1, 0i+ |g1, 1i} |g2i . (3.6)

Next, drive a ⌦t2 = ⇡ pulse to the second atom |g2i in the cavity to absorb a photon

(if there is one) with unit probability thereby creating a massive E.P.R. atom pair,

1p
2
{|e1, 0i+ |g1, 1i} |g2i �! 1p

2
{|e1, g2i+ |g1, e2i} |0i . (3.7)
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There are two main reasons for using circular Rydberg atoms in this experiment.

The foremost being the giant transition dipole moment of a Rydberg atom enabling

strong coupling in the cavity QED (large ⌦). And secondly the very long radiative

lifetime of Rydberg atoms especially for the circular states make them suited for long

sequences of manipulations. The giant transition dipole moments of Rydberg atoms

not only couple them strongly to a resonant high-Q cavity, but also couple them

strongly to charges, other atoms and even each other. One prominent consequence of

their strong dipole-dipole interactions is the “blockade” e↵ect. Blockade e↵ects have

been observed in other strongly interacting systems. For example a single electron

captured on a conducting nanostructure will “coulomb blockade” a second incom-

ing electron thus forming a small single-electron island. This basic notion enabled a

number of important research directions exploring the possibilities of single-electron

devices. Similarly, Rydberg blockade e↵ects have proven of value in a host of research

topics related to exotic many-body quantum states, nonlinear quantum optics, col-

lective quantum behavior and so on. Here we are going to just focus on quantum

entanglement. In an ensemble of ground state atoms, when the first Rydberg atom

is excited by a narrow linewidth laser, due to its substantial dipole moment, it can

shift the energy levels of neighboring atoms moving them out of resonance with the

laser hence blockading a small volume around the atom. The radius of this spherical

volume is often termed the blockade radius. Rydberg blockade has been utilized to

assist quantum entanglement. In a recent realization [15], a pair of photons formed a

bound state and showed entanglement due to the Rydberg-atom-mediated coherent

interactions inside of an optically dense atomic medium produced by electromagneti-

cally induced transparency (EIT). Even though this method of entangling photon pair

can hardly be compared with SPDC, it inspires fresh understanding of this familiar
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Figure 3.3 : Adapted from [16]. (a) Experimental setup. Two atoms are held at a
distance of 4µm in two optical tweezers formed by focused laser beams at 810nm (not
shown). The fluorescence of each atom is directed onto separate avalanche photodi-
odes (APDs). (b) Atomic level structure and lasers used for excitation.

EIT scheme.

Entanglement with much higher fidelities assisted by Rydberg blockade is neatly

performed using neutral atom pairs [16]. As shown in Figure 3.3, the qubit states

are the two hyperfine ground states |"i and |#i which are to be entangled. The two

atoms are held at a very small distance so that the energy of the Rydberg pair state

|r, ri at this distance is shifted by �E from the noninteracting energy |ri + |ri and
�E is greater than the linewidth of the excitation. In this Rydberg blockade regime,

only one of the two atoms can be excited to a Rydberg level: the ground state |", "i
is e↵ectively coupled to the state

| 
r

i = 1p
2
(eik·ra |r, "i+ eik·rb |", ri), (3.8)

where r is the position of the atom and k is the wavevector of the laser. If the
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laser field coupling a ground state |"i to the Rydberg level |ri has an e↵ective Rabi

frequency of ⌦"r, then from |", "i, a two atom ⇡ pulse of duration ⇡/(
p
2⌦"r) prepares

| 
r

i (the e↵ective Rabi frequency for an ensemble of N bodies is enhanced by a factor

of
p
N). The entangled state is produced by applying a laser pulse of duration

⇡/(⌦
r#) (wavevector k0) to map the Rydberg state to the other ground state |#i. The

entangled state is given by

| i = 1p
2
(|#, "i+ ei� |", #i), (3.9)

where � is negligible if the positions of the two atoms are very close and k ⇡ k0.

At the time of this paper [16], this technique can generate an entangled pair on

demand in 200ns with a fidelity of 0.75. Many improvements have been made since

then and this method has become the standard in quantum gate operations with

neutral atoms. This thesis will demonstrate our observation of Rydberg blockade

in a completely di↵erent atomic system and one of our goals is to utilize blockade

and some of our unique resources to develop a new scheme to establish entanglement

between an atom pair.

3.3 Doubly-Excited Rydberg Atoms: Quantum Chaos[9]

A system comprising two electrons and a heavy core ion appears deceptively simple,

but this correlated three-body Coulomb system is still a challenging problem that

remains under investigation. Because the dynamics when both electrons are excited

towards the three-body breakup threshold is largely chaotic, this topic really lies at

the intersection of atomic physics and nonlinear quantum chaos. Hence a semiclassical

treatment is often employed to connect quantum spectra and classical dynamics as

described by phase space.
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Figure 3.4 : Adapted from [9]. The two collinear configurations: (a) the stable Zee
configuration and (b) the chaotic eZe configuration.

Figure 3.5 : Adapted from [9]. Poincaré map for the two collinear configurations and
Z=2: (a) the stable Zee configuration ⇥ = 0 and (b) the chaotic eZe configuration
⇥ = ⇡. The frozen planet orbit is at the center of the stable island in (a).
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In classical dynamics, all original quantities (subscripted by o) are rescaled by

orders of energy E in the following fashion (to list only a few):

r
o

�! r

|E| ,po

�! p
p

|E|,L
o

�! Lp|E| , (3.10)

where r
o

is the distance between charges, p
o

is the electron momentum and L
o

is the

total angular momentum of the electron pair. Based on this scaling, the dynamics

of a highly-doubly-excited state, i.e., |E| ! 0 with moderate |L
o

| is semi-classically

related to the quantization of a planar configuration L ⇡ 0. Thus the eigenvalue

problem for a bound doubly-excited state reduces to

H =
p2

2
+

p02

2
� Z

r
� Z

r0
+

1

|r� r0| = �1. (3.11)

After considering parity and exchange symmetries of the electron pair, in a planar

configuration, there are only three known invariant subspaces as shown in Figure 3.4.

Without loss of generality, we can always assume r � r0 thus all unprimed(primed)

quantities denote the outer(inner) electron. The collinear Zee state as shown in

Figure 3.5 is at the center of a stable island in phase space and it is in fact a fully

stable configuration. The other collinear eZe state, however, is strongly chaotic.

The third invariant subspace is called the Wannier ridge at p ⌘ p0, r ⌘ r0 which is

also unstable. When the first electron is excited to extremely high levels n ! 1
and freezes at its outer turning point, the two collinear configurations correspond to

k0 = n0
1 � n0

2 = 1 � n0 (Zee) and k0 = n0 � 1 (eZe) parabolic states where n0
1, n

0
2

and n0 are parabolic quantum numbers of the inner Rydberg electron. Therefore, it

has been predicted that the frozen planet orbit with the Zee collinear configuration

(n ! 1, n0
1 �n0

2 = 1�n0) forms a nondispersive, stable two-electron wave packet. It

has also been predicted that the orbit suggested by Langmuir in Figure 3.1 (b) could

also possess a stable phase space volume. Other regimes like k0 = n0
1 � n0

2 ⇡ 0 or
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n0 ! 1 are largely unexplored by theory and might harbor more surprisingly stable

states. In this thesis, I will present some of our initial work on studying doubly-

excited Rydberg states. We are hoping to develop protocols to search for long lived

doubly-excited Rydberg states. As they are such exotic states, we expect they will

possess novel properties that could lead to discoveries in quantum physics.
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Chapter 4

Interaction between Rydberg Atoms

From the multipole expansion for the energy of two interacting Rydberg atoms in a

semi-classical picture, we introduce a set of coe�cients that govern di↵erent orders of

long-range interactions and the characteristic radius for the van der Waals interaction,

R
vdW

, in a two-quantum-state case. Then we solve the more complicated case for

a pair of strontium atoms prepared in nF states, where n ⇠ 300, to show that

their strong interaction leads to imperfect Rydberg blockade. Lastly, we explain how

blockade e↵ects alter the number statistics of Rydberg excitations.

4.1 Interaction Hamiltonian Uint

4.1.1 electrostatic multipole expansion

As shown in Figure 4.1, we consider two Rydberg atoms A and B separated by

R = Rn̂. Their outer electrons 1 and 2, rA and rB away from their cores, form

Figure 4.1 : Interaction of two Rydberg atoms in a semiclassical picture.
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dipoles µ1 and µ2. The Hamiltonian of the system is

H = H
A

+H
B

+ U
int

(R) (4.1)

where H
A

, H
B

are the Hamiltonians of the isolated atoms and U
int

(R) is their inter-

action energy. U
int

(R), in atomic units, is

U
int

(R) =
1

R
AB

� 1

r
A2

� 1

r
B1

+
1

r12
(4.2)

=
1

R
� 1

|R+ rB| �
1

|R� rA| +
1

|R+ rB � rA| . (4.3)

When |rA|, |rB| ⌧ R, by applying the asymptotic expansion

|R+ r|�1 =
1

R
(1� n̂ · r

R
+

3(n̂ · r)2 � r2

2R2
+

3r3 � 10(n̂ · r)3
4R3

+ · · · ), (4.4)

U
int

can be expanded in a series of inverse powers of R that correspond in to di↵erent

multipole interactions(similar to treatment in [17]):

U
int

=
C3

R3
+

C4

R4
+

C5

R5
+ · · · (4.5)

= U
dd

(R) + U
dq

(R) + U
qq

(R) + · · ·, (4.6)

where the leading order term

C3

R3
=

µ1 · µ2 � 3(µ1 · n̂)(µ2 · n̂)
R3

(4.7)

is the dipole-dipole interaction U
dd

(R) and U
dq

(R), U
qq

(R) are the dipole-quadrupole,

and quadrupole-quadrupole interaction terms. If the first order dipole-dipole inter-

action vanishes, the second order dipole-dipole interation C6/R
6, termed the van der

Waals interaction (or dipole-induced dipole interaction in some literature), becomes

important. Although Equation 4.5 is derived from a classical picture, as long as R

much exceeds r
A

, r
B

, it remains valid quantum mechanically by treating the dipoles

µ1 , µ2 as operators.
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4.1.2 Two-state example [2]

When only the dipole-dipole interaction is included in U
int

for a pair of Rydberg atoms

in a two-state system, we can diagonalize the Hamiltonian analytically. Without

interaction, the initial eigenstates for a pair are |�i = |r1, r2i and |+i = |r01, r02i with
nonzero Förster defect � = E 0

1 + E 0
2 � E1 � E2. By expanding the interaction using

the basis |+i, |�i, the total Hamiltonian becomes

H =

0

B@
+1/2� V

V ⇤ �1/2�

1

CA

where V = h+|U
int

|�i ⇠ C3/R
3. After solving the secular equation, the new eigen-

values and kets become

E+ = +

r
�2

4
+

C2
3

R6
, f|+i = C3

R3
|+i+ (

r
�2

4
+

C2
3

R6
� �

2
) |�i (4.8)

E� = �
r
�2

4
+

C2
3

R6
, g|�i = C3

R3
|+i � (

r
�2

4
+

C2
3

R6
+
�

2
) |�i (4.9)

The van der Waals radius R
vdW

, defined via � = C3/R
3
vdW

, as shown in Figure

4.2, marks the crossover from the resonant dipole-dipole region (R  R
vdW

) to the

long range van der Waals interaction (R � R
vdW

). The dipole-dipole interaction is

the largest interaction possible for two Rydberg atoms and it occurs on resonance

� ⌧ C3/R
3, either because R ⌧ R

vdW

or � ⇡ 0 (“Förster resonance”). The latter

condition also includes the case where the initial energy levels are degenerate, the

interaction matrix needing to be diagonalized in the degenerate space. There is yet

another condition for a strong dipole-dipole interaction between Rydberg atoms. In

the presence of weak electric fields, high-|k| (k = n1 � n2 in parabolic coordinates,

see Chapter 3) Rydberg states are strongly polarized with permanent dipole moment

hdi ⇠ n2. Thus the resulting Stark states |r(F)i interact through C3/R
3. At large
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Figure 4.2 : A typical energy diagram for a pair of Rydberg atoms with dipole
interactions.

distance, the energy shift for |+i is

�E+ =

r
�2

4
+

C2
3

R6
� �

2
⇡ C2

3

�R6
⇠ C6

R6
. (4.10)

The dominant interaction here is the long range van der Waals interaction. This can

be understood as the perturbing state |�i being so far away energetically that only

the second order dipole-dipole interaction matters. In our experiment working with

very high-n, low-L strontium Rydberg atoms using a dilute atomic beam, the first

order dipole interaction is mostly absent. Therefore, to achieve Rydberg blockade,

it is of great interest to estimate the blockade radius, R
B

, where the van der Waals

interaction becomes comparable to the excitation linewidth. We start this calculation

by examining the n-scaling of the interaction coe�cients.
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4.1.3 n-scaling

Notice in Equation 4.7, C3 is essentially / hµ2i the dipole squared or in other words,

the square of the dipole matrix element Rnl

n

0
l

0 . And we know that dipole moment of a

Rydberg atom is / n2, thus C3 / n4 or e2n4a20 in SI units (e is the electronic charge

and a0 is ⇡ 0.05nm). From Equation 4.10, we see C6 / C2
3/� where � is the energy

separation between interacting states which is on the same order of the energy spacing

between neighboring n levels / n�3. Combined with C2
3 , C6 / (n4)2/n�3 / n11.

Using the calculated C6 for lower n from [4], we can scale it up to n = 310 as

C6 = 15⇥n11 = 15⇥3.111⇥1022a.u. (Or we could have directly approached C6 using

C2
3/� ⇡ 3 ⇥ 1011a.u. which only gives rise to a small correction when estimating

the blockade radius ). The e↵ective laser linewidth is around 5 MHz, thus a rough

estimate of the blockade radius would be

R
B

= 6

r
15⇥ 3.111 ⇥ 1022

5⇥ 2.419⇥ 10�11
⇥ 0.5⇥ 10�10m ⇡ 130µm. (4.11)

So far we have U
dd

/ n4/R3 and its second order U
(2)
dd

/ (U
dd

)2/n�3 / n11/R6.

Similarly, for the dipole-quadrupole interaction U
dq

/ hQ
ij

@
i

µ
j

i/R4 / hn4 ⇤n2i/R4 /
n6/R4 and its second order e↵ect U

(2)
dq

/ (U
dq

)2/n�3 / n15/R8. Lastly, for the

quadrupole-quadrupole interaction U
qq

/ (n4)2/R5 / n8/R5. As we just mentioned,

the dominant interaction in this experiment is the van der Waals interaction and for

straightforward comparison and extrapolation later on, it is sensible to seek a proper

scaling for internuclear separation R and energy E to make this particular interaction

scaling invariant. If the natural n�3 scaling is employed for E, by scaling R as R0n
14/6,

the van der Waals interaction then scales as U (2)
dd

/ R�6
0 , n-independent, or R�6

0 n�3

if we write the energy scaling factor explicitly as we will in the following discussion.

Here we list all the relevant scalings in Table 4.1 for future reference.
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Table 4.1 : Interactions between Rydberg Atoms

Interaction Formula Scaling (a.u.) Scaled by R0

dipole-dipole U
(1)
dd

= C3
R

3 n4R�3 n�3/R3
0

van der Waals U
(2)
dd

= C6
R

6 n11R�6 n�3/R6
0

dipole-quadrupole U
(1)
dq

= C4
R

4 n6R�4 n�10/3/R4
0

2nd order dipole-quadrupole U
(2)
dq

n15R�8 n�11/3/R8
0

quadrupole-quadrupole U
(1)
qq

= C5
R

5 n8R�5 n�11/3/R5
0

4.2 Evaluation of Interaction

Strontium n1F3, n ⇠ 300 states produced experimentally by three-photon-excitation

are great candidates for study of Rydberg blockade for two reasons. The first reason

is the ample laser power we have can populate the F state particularly well (more

on this in the next chapter). Secondly, and more importantly, the nF state with its

small quantum defect � ⇡ 0.089 is close in energy to the neighboring nG state which

promises a relatively strong van der Waals interaction. On the other hand, for a pair

of nF states, the high degeneracy due to the (2L+1)2 = 49 sub M -levels is removed

by U
int

which requires diagonalizing the interaction directly in a large ket space that

also contains a large number of nearby pair states perturbing the nF pair. Thus the

resulting eigenvalues can be both red-shifted and blue shifted. Additionally, in an

atom beam, atom pairs are randomly oriented, i.e., the direction of the internuclear

vector R is completely random. All of these factors ultimately lead to an imperfect

Rydberg blockade which is described by the theory now discussed⇤.

⇤
Theory described in this Section 4.2 is provided by our collaborators Shuhei Yoshida et al. from

Vienna University of Technology.
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4.2.1 wavefunction basis

The basis used for the full Hamiltonian in Equation 4.1 and 4.5 is

|n
A

, L
A

,M
A

;n
B

, L
B

,M
B

i (4.12)

formed from the product states of two non-interacting Rydberg atoms A and B. The

Sr Rydberg wavefunction |n, L,Mi for an isolated atom is calculated using two dif-

ferent models for di↵erent purposes. The simple single-active-electron (SAE) model

is used to allow direct calculation of the wavefunction and interaction strengths for

n ⇡ 300 and the more sophisticated, computationally intensive two-active-electron

(TAE) model is used to accurately calculate wavefunctions for low-n states. Wave-

functions for low-n states are relevant because all intermediate states are of low-n

in the adopted excitation scheme. So only the combination of both methods yields

the correct evaluation of the dipole transition strength from ground state to the final

high-n Rydberg state.

For the SAE model, the Hamiltonian for the only active electron is given by

H =
p2

2
+ V

L

(r) (4.13)

where the empirical model potential is adjusted to yield the measured strontium

quantum defects �
L

, i.e., the phase shifts associated with core scattering. Thus the

resulting wavefunctions provide good accuracy in the region away from the core which

is su�cient for evaluation of multipole interactions between Rydberg states since mul-

tipole moments are essentially far-field approximations. The energy shifts calculated

using the SAE model for pair states near a 50 1F3 pair are shown in Figure 4.3 (b)

and are very similar to those calculated with the TAE model shown in (a) when the

the model potentials in the SAE model are adjusted to match the quantum defects
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Figure 4.3 : Energy levels for Rydberg atom pairs with ⇤
M

= M
A

+ M
B

= 0 near
the |nF ;nF i pair for n = 50 calculated using a TAE model (a), for n = 50 using a
SAE model (b), and for n = 300 using a SAE model (c). The eigenstates with more
than 10% probability when projected onto the non-interacting pair of nF states are
highlighted in red. For these, the states with �E(2)

dd

< 0 are plotted on a log-log scale
in (d) (black: n = 50, red: n = 300). In the calculations, the basis states are limited
to quantum numbers with n 2 [n� 2, n+ 2], L  5 and |M |  5. Both atoms are on
the z axis. The internuclear separation R is scaled by n14/6 and the energy shift by
n�3.
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from the TAE model. Figure 4.3 (c) is the direct calculation of the energy diagram

for pair states near a 3001F3 pair obtained using the SAE approach which is only

possible because of the intrinsic simplicity of the SAE model. However, the SAE

model fails to describe the wavefunctions for low-n strontium states as core scatter-

ing and electron-electron scattering become significant and quantum defects become

n-dependent requiring treatment with the TAE model.

For the TAE model, the Hamiltonian reads

H =
p21
2

+
p22
2

+ Vl1(r1) + Vl2(r2) +
1

|r1 � r2| (4.14)

where Vl
i

(r
i

) is an l-dependent semi-empirical model potential that includes core

polarization corrections for the Sr2+ ion with parameters obtained by fitting the

energy levels of Sr+. The resulting wavefunctions are constructed from the excited

states of the Sr+ ion as

|nLMi =
X

n1,l1

X

n2,l2

c
n1,n2,l1,l2 |n1l1n2l2;LMi . (4.15)

These wavefucntions can capture the strong variation of quantum defects and oscil-

lator strengths for low-n states. But the computation time required for calculating

energy levels grows rapidly with n, thus the results for n ⇡ 300 can only be extrapo-

lated from n ⇠ 50 using scaling laws.

In practice, the full Hamiltonian is diagonalized in the unperturbed basis limited

to n 2 [n � 2, n + 2], L  5 and |M |  5 which includes su�cient pair states with

unperturbed energies in the neighborhood of the target nF pair state.

4.2.2 other interactions

We shall examine the energy contribution from each interaction as listed in Table

4.1. Given the length scale of concern R 2 [10µm, 1mm] (limited by the length scales
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associated with the Rydberg atom density in the beam and the spatial extent of the

excitation volume) and the n(⇠ 300) of interest, these are all the interactions that

need to be considered. Depending on the specific n and R under study, as we see

from the scaling column in the table, the relative importance of di↵erent interactions

vary and shall be treated in turn. But in terms of quantum coupling, dipole coupling

is much stronger than quadrupole coupling. Although the results are not generated

using perturbation theory, it usually helps to understand them from the point of view

of perturbation theory.

Since the nF states are non-degenerate in terms of L, the first order correction of

both the dipole-dipole �E
(1)
dd

= hn, L;n, L|U
dd

(R)|n, L;n, Li and dipole-quadrupole

interactions �E(1)
dq

= hn, L;n, L|U
dq

(R)|n, L;n, Li vanish due to the dipole selection

rule �L = ±1 regardless of the degenerate M sub-levels. It is worth mentioning

that, similar to the two-state case we discussed before, at very small R, where energy

mismatch between states becomes negligible compared with interactions, perturba-

tion theory breaks down, both interactions retain their strength but the dipole-dipole

is much stronger because of its R-scaling. Among the three interactions left - van

der Waals interactions, second order dipole-quadrupole interactions and quadrupole-

quadrupole interactions, van der Waals interactions have the moderate n and R scal-

ing. And as demonstrated in Figure 4.4, for n = 300, R ⇠ 100µm, the van der

Waals interaction (together with its first order component) is e↵ectively dominating

the interaction term U
int

in the Hamiltonian in the sense that it explains most state

mixing and energy shifts due to the interaction term. Henceforth, results including

Figure 4.3 are calculated with U
int

= U
dd

which includes both the short-range and

the long-range primary interactions.
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Figure 4.4 : Energy levels for Rydberg atom pairs with ⇤
M

= M
A

+ M
B

= 0 and
with more than 10% probability when projected onto a non-interacting n = 300 1F3

pair state.The calculations are undertaken using a SAE model including only U
dd

(R)
(shown in red) and including higher order multipoles (shown in green). The basis
size is the same as for Figure 4.3. Both atoms are on the z axis. The internuclear
separation R is scaled by n14/6 and the energy shift by n�3.
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4.2.3 energy level shifts interpretation

Let’s start with the energy diagram for n = 50 in Figure 4.3 (a). For a pair of

interacting atoms, the total magnetic quantum number is only conserved along their

internuclear axis R which is often used as the quantization axis in the study of

molecules. Thus we designate ⇤
M

as the quantum number appropriate to this axis

and ⇤
L

for the laser polarization axis, i.e., the z axis. A simple case to consider would

be two atoms aligned on the z-axis, i.e., R = Rẑ then ⇤
M

= ⇤
L

= M
z

= M
A

+M
B

which we set to zero. In the limit of R ! 1, there are 7 degenerate (with same

energy E(0) ) pair states (M
A

,M
B

) = (3,�3), (2,�2), · · · , (�3, 3). The degeneracy

will be removed by the van der Waals interaction as R becomes finite. The perturbed

ket that diagonalizes U
int

, denoted by | (0)i, reads:

| (0)i =
3X

M

A

=�3

C
M

A

|nFM
A

, nFM
B

= �M
A

i . (4.16)

Then based on degenerate perturbation theory, the first order correction from an

outside state |n0L0, n00L00i (with a di↵erent degenerate energy E⇤) to the eigenvector

goes as:

hn0L0, n00L00 | (1)i =
X

M

0
A

3X

M

A

=�3

C
M

A

E(0) � E⇤ hn0L0M 0
A

, n00L00(�M 0
A

)|U
int

|nFM
A

, nF (�M
A

)i.

(4.17)

The angular integral of the dipole matrix elements hnF, nF |U
int

|n0L0, n00L00i is always
negative for L0 = L00 and, for L0 6= L00 the sign changes as (�1)�M

A

+1 where �M
A

=

M
A

�M 0
A

. Therefore, the perturbed eigenstate with all C
M

A

positive will gain a large

contribution from a pair of L0 = L00 as every term in h |n0L0, n00L0i is of the same sign.

In other words, it couples strongly with the nG pairs whose energies lie above the nF

pairs and consequently displaces the nF states to the red. On the other hand, for

C
M

A

/ (�1)�M

A , | i couples more strongly with (n+2)D�nG pairs whose energies
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are lower than nF pairs and thus resulting in a blue shift in the eigenenergies. In

Figure 4.3 (a), we can clearly see both shifts when R > 4R0 while when R < 4R0, the

strong coupling with nG pairs shifts eigenstates rapidly to the red. This transition of

interaction at R
vdW

⇡ 4R0 indicates the crossover from van der Waals type R�6
0 to

dipole-dipole type R�3
0 behavior. Their di↵erent R-dependences transform into slopes

when plotted in a log-log scale which is illustrated in Figure 4.3 (d). Some breaks

caused by avoided crossings with, for instance, |49F, 51Hi, can also be observed in

(d) for the scaled R range plotted.

Since R and energy are scaled so as to preserve the invariance of the van der

Waals interaction for di↵erent n states, we expect very similar behavior of the scaled

energy level shifts at n ⇠ 300 which mostly, as we can see in Figure 4.3 (c), is the

case. The visual di↵erences from subplot (a) are attributed to the very di↵erent state

densities in the neighborhood of a |nF ;nF i pair. This can be understood when the

energy axes of the plots are scaled using n�3. While this scaling ensures the spacing

invariance for a pair of the same n,

E
nL;nL � E(n+1)L;(n+1)L = 2

�
L

n2
� �

L

(n+ 1)2
� �

L

(n+ 1)2
⇠ �

L

n3
, (4.18)

it varies the spacing for a pair of di↵erent ns,

E
nL;nL�E(n+1)L;(n�1)L = 2

�
L

n2
� �

L

(n+ 1)2
� �

L

(n� 1)2
⇠ �

L

(
2n+ 1

n2(n+ 1)2
� 2n� 1

n2(n� 1)2
) ⇠ �

L

n4
.

(4.19)

Although not obvious from the figures, strongly coupled states like |(n� 1)G, (n+ 1)Gi,
still contribute in the same way to the |300F ; 300F i state resulting in largely identical

trends for its energy shift. The crossover distance remains at 4R0, or about 130µm,

very close to the estimated blockade radius R
B

. However, even within this radius,

energy shifts still range from red to blue. Thus upon integration over the linewidth
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of the excitation lasers, ⇠ 8MHz, there is still a small chance of pair excitations at

4R0 which we will explain more in 4.2.4. Away from R
B

⇡ 4R0, as shown in subplot

(d), energy shifts obey the van der Waals 1/R6
0 behavior better than those for n = 50

because avoided crossings for |300F, 300F i occur outside the plotted range.

4.2.4 excitation strength

A more direct measure of the chances of observing blockade is the oscillator strength

for exciting the second Rydberg atom, i.e. from |5DM
D

, nFM
F

i to |nFM
A

, nFM
B

i.
We have seen the dependence of eigenenergies on M

A

in a simple scenario where the

internuclear vectorR, chosen laser polarization axis and chosen magnetic quantization

axis all coincide with ẑ-axis. As a result, total M , i.e. M
z

, is a good quantum number

which we set to zero and we took all possible M
A

. If we now choose the ẑ-axis as

the quantization axis, then M
A

and M
B

are determined by the polarizations of the

three excitation lasers and only the projection of total M onto R, i.e., ⇤
M

, is a good

quantum number. Therefore, laser polarizations should be carefully configured to

optimize blockade e↵ects.

The first two laser polarized along ẑ and ŷ create a superposition state |5D,M = 1i+
|5D,M = �1i. The final 893nm laser is polarized again along ẑ thus producing a su-

perposition state |nF,M = 1i+|nF,M = �1i. The excitation strength from a 5D-nF

pair to a Rydberg pair is calculated as the sum of four oscillator strengths with equal

weight 0.25:

M = 0 : |5D,M
D

= 1;nF,M
F

= �1i , |5D,M
D

= �1;nF,M
F

= 1i ! |nF,M
A

;nF,M
B

i

M = 2 : |5D,M
D

= 1;nF,M
F

= 1i ! |nF,M
A

;nF,M
B

i

M = �2 : |5D,M
D

= �1;nF,M
F

= �1i ! |nF,M
A

;nF,M
B

i .
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If the pair is aligned along ẑ, then total M is conserved, i.e. M
A

+ M
B

= M and

the result is presented in Figure 4.5(c). The summed oscillator strength is convoluted

with a narrow-width Gaussian profile to resolve small energy shifts. Approaching 4R0,

two eigenstates, the most red-shifted and most blue-shifted states, are mainly excited.

If the pair is aligned along a di↵erent axis, then ⇤
L

= M = M
D

+M
F

6= M
A

+M
B

where ⇤
L

is the projection of angular momentum onto the final laser polarization

axis. However, since ⇤
M

is conserved, we can expand the initial state by using

|⇤
M

i = PD⇤
L

⇤
M

(✓) |⇤
L

i where D⇤
L

⇤
M

(✓) is the rotation matrix element with ✓ be-

ing the angle between the laser polarization axis and alignment of the atom pair. The

excitation strengths when the atom pair is oriented along x and y are in the sub-

plot (a) and (b). Comparing all three orientations, x alignment is evidently di↵erent.

Because all three lasers are polarized perpendicular to x, thusM
x

= ±3 states are cre-

ated and they have large overlap with the eigenstates of small energy shifts. Therefore,

the blockade radius along this axis is significantly reduced. By assuming an isotropic

distribution of possible atom pair orientations, the overall excitation strengths can be

determined and is shown in Figure 4.6. The total oscillator strength here is convoluted

with a Gaussian representing the laser linewidth of ⇠ 0.04n3 (8MHz for n = 310).

Based on this result, R
B

should be more appropriately set to 3R0(100µm for n = 300)

where the total excitation strength has fallen by about 90%. The remaining oscillator

strength suggests that the blockade is not perfect and multiple Rydberg excitations

are still possible.

4.3 Number Statistics

If the number of total ground state strontium atoms inside the excitation volume is m

and the probability of promoting one of them to Rydberg level is p, then the number
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Figure 4.5 : Calculated excitation spectra for creation of Rydberg atom pairs as a
function of internuclear separation R. R is scaled by n14/6 and the detuning by n�3.
The laser linewidth is set to 0.002n�3. The atoms are assumed to be aligned along
(a) the x axis, (b) the y axis, and (c) the z axis.
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Figure 4.6 : Probability for excitation of a pair of interacting Rydberg states from
the |5s5d1D2; 5snf 1F3i pair state. The probability is calculated assuming that the
893 nm laser is tuned on resonance for a pair of non-interacting 5snf 1F3 atoms and
the line width is 0.032n�3. The results are averaged over atom pair orientations and
are normalized to one in the limit R ! 1. The calculations are undertaken using
the TAE model for n = 50 (black) and for n = 70 (red). Two results are nearly
indistinguishable. The dashed line is the R-dependent interaction strength, I(R), to
be introduced in Chapter 6. The internuclear separation R is scaled by n14/6.
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of Rydberg atoms created in one experiment X is a binomial random variable with

probability of

P (X = i) =
m!

(m� i)!i!
pi(1� p)m�i. (4.20)

Depending on the specific strontium beam density, m ranges from 70 to 500 . The p for

the 300F state using a typical excitation duration 130ns can be estimated as follows.

Based on the three-level Bloch equations, the first two strongly driven transitions can

excite 25% of the ground atoms to 5s5d states averaged over 130ns. Since the Rabi

period of the transition from 5s5d to 310F , about 5µs for a typical laser intensity

employed in the experiments (. 6.5kWcm�2), is much longer than the excitation

time, a proportional increase of Rydberg atom excitation is expected (Fermi’s golden

rule). Hence,

p ⇡ 25% ⇤ 130ns

5µs
⇡ 0.0065 ⌧ 1 (4.21)

If we introduce � = mp, clearly 0.1 < � < 1, then several approximations can be

applied which, when i ⌧ m, yields

(1� �

m
)m ⇡ e��, (1� �

m
)i ⇡ 1,

n(n� 1) · · · (n� i+ 1)

ni

⇡ 1. (4.22)

Substituting p with �

m

in Equation 4.20 and utilizing 4.22, P (X = i) can be reduced

to

P (X = i) ⇡ e��

�i

i!
, (4.23)

a Poisson distribution with parameter �. Thus, when each Rydberg atom excitation

is considered as an independent event, the number of excitations is a Poisson random

variable.
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4.3.1 Mandel Q parameter

Mandel Q parameter measures the departure of a number distribution from a Poisson

distribution, it is written as

Q =
hN2i � hNi2

N
� 1 (4.24)

which by definition � �1, where the extreme can be reached by a single point distri-

bution. For a strict Poisson distribution, since we have

hNi =
1X

i=1

i ⇤ e��

�i

i!
= � ⇤

1X

i�1=0

e��

�i�1

(i� 1)!
= � ⇤ 1 = � (4.25)

hN2i =
1X

i=1

(i⇤(i�1)+i)⇤e��

�i

i!
= �2⇤

1X

i�2=0

e��

�i�2

(i� 2)!
+

1X

i=1

i⇤e��

�i

i!
= �2+� (4.26)

then Q is easily calculated as

Q =
�2 + �� �2

�
� 1 = 0. (4.27)

When a number distribution is narrower than a Poisson distribution with the same

mean, named sub-Poissonian, its Mandel Q parameter is negative. And for a super-

Poissonian distribution, its Mandel Q takes positive values.

In our experiments, due to finite detection e�ciency ⌘ < 1, the measured number

distribution is not the actual one and thus the Q parameter calculated isn’t the real

one either. But the actual number distribution can be inferred by using the e↵ective

detection e�ciency, 0 < ⌘ < 1. Assuming the real number distribution is p(k), k � 0

for creating i Rydberg atoms and the measured number distribution is q(i), i � 0,

then they are related by

q(j) =
X

i�j

p(i)⇥ i!

(i� j)!j!
⌘j(1� ⌘)i�j (4.28)
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where
P1

j=0 q(j) =
P1

i=1 p(i) = 1. For the special case of independent Rydberg

creation, p(i) obeys Poisson statistics with parameter �, then q(j)

q(j) =
X

i�j

e��

�i

i!
⇥ i!

(i� j)!j!
⌘j(1� ⌘)i�j

=
e��⌘j�j

j!

X

i�j

�i�j(1� ⌘)i�j

(i� j)!

=
e��⌘j�j

j!

1X

k=0

�k(1� ⌘)k

k!

=
e��⌘j�j

j!
e(1�⌘)�

= e⌘�
(⌘�)j

j!
(4.29)

remains a Poisson distributed with parameter ⌘�. Naturally, the detected Mandel Q

parameter Q
D

= Q = 0 is also zero.

However, due to interactions between Rydberg atoms, the creation process can no

longer be treated as m independent trials. In the extreme case of perfect blockade,

there can be only one Rydberg atom within a sphere of radius R
B

. Generally, this

correlated creation process is “anti-bunching” and results in a number statistics that

is sub-Poisson with Q < 0. Because the probability for detected excitation q(j) is

linear with probabilities of created excitations {p(i), i � j} as depicted in Equation
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4.28, the Q
D

calculated from measurements is related to Q in a simple way. Note,

hN
D

i =
1X

j=1

j ⇤ q(j)

=
1X

j=1

1X

i=j

p(i) ⇤ j ⇤ i!

(i� j)!j!
⌘j(1� ⌘)i�j

=
1X

i=1

iX

j=1

p(i) ⇤ i ⇤ (i� 1)!

(i� j)!(j � 1)!
⌘j(1� ⌘)i�j

=
1X

i=1

p(i) ⇤ i ⇤ ⌘
iX

j=1

(i� 1)!

(i� j)!(j � 1)!
⌘j�1(1� ⌘)i�j

= ⌘ ⇤
1X

i=1

p(i) ⇤ i ⇤ (⌘ + (1� ⌘))i�1

= ⌘ ⇤
1X

i=1

i ⇤ p(i)

= ⌘hNi (4.30)

and

hN2
D

i =
1X

j=1

j2 ⇤ q(j)

=
1X

j=1

j(j � 1) ⇤ q(j) +
1X

j=1

j ⇤ q(j)

=
1X

j=2

1X

i=j

p(i) ⇤ j(j � 1) ⇤ i!

j!(i� j)!
⌘j(1� ⌘)i�j + ⌘hNi

= ⌘2
1X

i=1

p(i) ⇤ i(i� 1) ⇤
iX

j=2

(i� 2)!

(i� j)!(j � 2)!
⌘j�2(1� ⌘)i�j + ⌘hNi

= ⌘2
1X

i=1

p(i) ⇤ (i2 � i) ⇤
i�2X

k=0

(i� 2)!

k!((i� 2)� k)!
⌘k(1� ⌘)(i�2)�k + ⌘hNi

= ⌘2
1X

i=1

p(i) ⇤ (i2 � i) ⇤ (⌘ + 1� ⌘)i�2 + ⌘hNi

= ⌘2
1X

i=1

p(i) ⇤ i2 � ⌘2
1X

i=1

p(i) ⇤ i+ ⌘hNi

= ⌘2hN2i � ⌘2hNi+ ⌘hNi. (4.31)
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Thus,

Q
D

=
hN2

D

i � hN
D

i2
hN

D

i � 1

=
⌘2hN2i � ⌘2hNi+ ⌘hNi � (⌘hNi)2

⌘hNi � 1

=
⌘hN2i � ⌘hNi � ⌘hNi2

hNi
= ⌘

hN2i � hNi2 � hNi
hNi

= ⌘(
hN2i � hNi2

hNi � 1)

= ⌘Q. (4.32)

This provides a simple way of calculating Q directly from the measured number

statistics. But since the number distribution of created Rydberg atoms p(i) is im-

portant in our study, we can numerically determine it from Equation 4.28 by cut-

ting o↵ negligible contributions from high production numbers K. Assuming vectors

Y
i

= q(i), X
i

= p(i) where 0  i < K and a K ⇥K matrix A
ij

= i!
(i�j)!j!⌘

j(1 � ⌘)i�j

when i � j and zero otherwise, then X = A�1Y. From the unfolded real production

number distribution p(i), we can also calculate the actual Q, a convincing metric for

blockade e↵ects.

4.4 Rate Equation for Imperfect Blockade

† So far, we’ve been discussing Rydberg excitation in terms of probabilities accu-

mulated for a fixed duration. However, these probabilities are accumulated in a

non-linear fashion and the dynamics reveal rich physics. Therefore in the last section

†
Theory described in this Section 4.4 is also largely provided by our collaborators Shuhei Yoshida

et al. from Vienna University of Technology.
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of this chapter, we introduce the rates for creating multiple Rydberg excitations in a

partially blockaded volume. For now, we will limit the treatment to a frozen atom gas

with a size smaller than the blockade radius. The excitation rate of an isolated atom

is designated as �0 = �/N and the total rate for all N atoms is � = N�0. Because

the blockade is imperfect, there is a finite rate � (< �) to excite multiple atoms.

We condense the excitation scheme to two levels, an e↵ective ground state and the

Rydberg state. Thus the probability P
i

(t) to excite i atoms at time t is governed by,

dP0(t)

dt
= ��P0(t)

dP1(t)

dt
= �P0(t)� �P1(t)

dP
i

(t)

dt
= �P

i�1 � �Pi

(t)(i > 1)

(4.33)

As simultaneous excitation of multiple atoms is very rare in a small, dilute gas, only

sequential excitation is considered here. Decay from Rydberg levels is also ignored

due to the long lifetime of the 300F state, ⇠ms, compared with the timespan of an

experiment, < 1µs. The rate to excite the next Rydberg atom �, in principle, should

be proportional to the remaining number of ground atoms at time t and thereby

smaller as i approaches N . However, in our experiments, excitation takes place in

a hot atomic beam where a constant inflow of ground state atoms is maintained.

Therefore, it is reasonable to keep � / N independent of time. Given the initial

conditions P0(0) = 1, P
i

(0) = 0 for all i > 0, solutions to the first two di↵erential

equations in 4.33 are

P0(t) = e��t

P1(t) =
�

� � �(�e��t + e��t).
(4.34)

For i > 1, the general solution to the first order di↵erential equation is given by

P
i

(t) = �e��t

Z
t

0

e�tP
i�1(⌧) d⌧ (4.35)
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And a recursion relation exists for the solutions

P
i

(t) = � �

� � �Pi�1(t) +
�e��t

� � � ⇤ (�t)i�1

(i� 1)!
. (4.36)

To use P
i

(t) as a probability, we check the normalization of the distribution,

S ⌘ P0(t) + P1(t) +
1X

i=2

P
i

(t)

= P0(t) + P1(t)� �

� � �
1X

i=2

P
i�1(t) +

�

� � �e
��t

1X

i=2

(t�)i�1

(i� 1)!

= P0(t) + P1(t)� �

� � �(S � P0(t)) +
�

� � �e
��t(e�t � 1)

= P0(t)
�

� � � + P1(t)� �

� � �e
�t +

� � S�

� � �
= e��t

�

� � � + (�e��t + e�t)
�

� � � � �

� � �e
��t +

� � S�

� � �
i.e., S =

� � S�

� � � (4.37)

which requires S = 1. Thus, P
i

(t) can be used as the probability directly without

further normalization. One important quantity to evaluate is the averaged number

of excited atoms,

hN
R

i =
1X

i=1

iP
i

(t)

= P1(t)� �

� � �
1X

i=2

iP
i�1(t) +

�

� � �e
��t

1X

i=2

i(t�)i�1

(i� 1)!

= P1(t)� �

� � �
1X

i=2

(i� 1)P
i�1(t)� �

� � �
1X

i=2

P
i�1(t)

+
�e��t

� � �
1X

i=2

(i� 1)(t�)i�1

(i� 1)!
+
�e��t

� � �
1X

i=2

(t�)i�1

(i� 1)!

= P1(t)� �

� � �hNR

i � �

� � �(1� P0(t)) +
�

�� �
(t�) +

�

� � �(1� e��t)

= � �

� � �hNR

i+ ��

� � �t+ (1� e��t) (4.38)
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which leads to

hN
R

i = �t+ � � �
�

(1� e��t). (4.39)

In the short time limit t ! 0, the average excitation rate is dhN
R

i/ dt = �t to first

order while in the long time limit, the excitation rate decreases to �. To examine the

time evolution of the Mandel Q parameter, we work out the second moment hN2
R

i in
a similar fashion:

hN2
R

i =
1X

i=1

i2P
i

(t)

= P1(t)� �

� � �
1X

i=2

i2P
i�1(t) +

�

� � �e
��t

1X

i=2

i2(t�)i�1

(i� 1)!

= P1(t)� �

� � �
1X

i=2

(i� 1)2P
i�1(t)� �

� � �
1X

i=2

2(i� 1)P
i�1(t)� �

� � �
1X

i=2

P
i�1(t)

+
�e��t

� � �
1X

i=3

(i� 1)(i� 2)(t�)i�1

(i� 1)!
+
�e��t

� � �
1X

i=2

3(i� 1)(t�)i�1

(i� 1)!
+
�e��t

� � �
1X

i=2

(t�)i�1

(i� 1)!

= P1(t)� �

� � �hN
2
R

i � 2�

� � �hNR

i � �

� � �(1� P0(t))

��2

� � �t
2 +

3��

� � �t+
�

� � �(1� e��t)

= � �

� � �hN
2
R

i � 2�

� � �hNR

i+ ��2

� � �t
2 +

3��

� � �t+ (1� e��t). (4.40)

Moving hN2
R

i terms to the left, factoring out its coe�cients and utilizing 4.39 , yields:

hN2
R

i = �2�

�
hN

R

i+ �2t2 + 3�t+
� � �
�

(1� e��t)

= �2�

�
hN

R

i+ (hN
R

i � � � �
�

(1� e��t))2 + 3(hN
R

i � � � �
�

(1� e��t))

+
� � �
�

(1� e��t)

= hN
R

i2 + (3� 2T (t)� 2�

�
)hN

R

i+ T (t)2 � 2T (t) (4.41)
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where T (t) = ���
�

(1�e��T ) thus hN
R

i = �t+T (t). So finally the Mandel Q parameter

is evaluated:

Q = 2� 2T (t)� 2�

�
+

T (t)2 � 2T (t)

�t+ T (t)

= 2
�� �

�
e��t � T (t)

2� T (t)

�t+ T (t)
. (4.42)

According to this, for early times, t ⇠ 0, Q decreases from zero and at late times

since T (1) ! 0, Q converges to zero. The simulated evolutions for both hN
R

i and
the corresponding Mandel Q for di↵erent atom gas temperatures, i.e., di↵erent atom

densities or N , are demonstrated in Figure 4.7. They can be understood as follows:

at the beginning, the rate for excitation of only one atom �P0(t) dominates over the

excitation of multiple atoms
P

i>1(d/dt)Pi

(t) = �P1(t) leading to a rapid decrease

in Q. Over time, when at least one atom is excited P0(t) = e��t ⇠ e��t ⇡ 0, the

net excitation rate is reduced to �. Since � is set to be independent of internuclear

distance R, the suppressed excitations take place in an uncorrelated manner and

eventually lead to a Poisson distribution with Q = 0. However, this behavior is

changed substantially when a more realistic, R dependent � is employed and we leave

this to Chapter 6.
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Figure 4.7 : The average number of Rydberg atoms and the Mandel Q parameters
for several di↵erent operating temperatures calculated from the analytical solutions
in Equation 4.33.
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Chapter 5

Experimental Setup in Blockade Experiment

5.1 Three Photon Excitation

The vacuum chamber used for the blockade experiments described here is inherited

from previous Rydberg experiments. However, many modifications to the original

apparatus were required in order to achieve Rydberg blockade which will be discussed

in detail in conjunction with Figure 5.1. Experiments are conducted in a vacuum of

⇠ 10�7 torr that is produced by di↵usion pumps backed by a mechanical pump.

The strontium atom beam is generated using a stainless steel cylindrical oven that is

positioned inside a coaxial spiral heater and that can heat strontium up to 650�C. A

pair of thermocouples are attached to the front and back of the oven to monitor its

operating temperature and their average reading is used to estimate the strontium

vapor pressure (by altering the winding pitch of the heater, the front is always at

least 30�C higher than the back to avoid blocking the aperture). The atom beam

emerges from the oven through a 1.2 mm long, 0.5 mm diameter canal. It is then

collimated by a pair of 0.5mm diameter apertures located 4 and 10 cm from the

oven. Strontium atom densities of 109cm�1 can be obtained in a tightly-collimated

beam with a FWHM divergence of ⇠5 mrad. This beam then enters the 10cm⇥10cm

⇥10cm “interaction region ” as shown in Figure 5.1. Due to the extreme sensitivity

of Rydberg atoms to stray fields, the interaction region is magnetically shielded by a

µ-metal cylinder. To minimize stray electric fields, spectra are recorded as potential
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Figure 5.1 : Schematic diagram of the apparatus. The inset shows the three photon
excitation scheme employed

o↵sets applied to the electrodes defining the interaction region are systematically

varied to optimize the nF features. A few microseconds after the Rydberg atoms

are created and manipulated, a linear voltage ramp rising from 0 to 5V in ⇠ 4µs is

applied to the bottom plate and is used to selectively field ionize the Rydberg atoms.

After passing through two ⇠ 80 percent transparent meshes, the ionized electrons

are detected by microchannel plate as will be discussed later on. The technique we

used for zeroing stray fields works exceptionally well when excitation is confined in

a very small volume (50µm⇥70µm⇥ 70µm in this case) and enables us to obtain

well-resolved excitation spectra for n up to 500 as displayed in Figure 5.2.
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Figure 5.2 : Measured excitation spectra near n ⇠ 310, 370, 450,and 520. The various
spectra are normalized to the same peak height. The large and small peaks in the
spectra correspond to excitation of n1F3 and n1P1 states, respectively.
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In earlier studies in this laboratory, high-n strontium Rydberg atoms (n ⇠ 300)

were created by two photon excitation using radiation at 461nm and 412nm. The

excitation rates achieved were limited by the available 412nm “purple” laser power.

To increase the photoexcitation rate and to achieve blockade, an alternate three-

photon excitation scheme was developed that is shown in the inset in Figure 5.1.

This is a superior choice for two reasons. Firstly, the oscillator strength for the final

excitation to a Rydberg level is higher than that for the earlier two-photon scheme

while at the same time the transition to 5s5d level is easily saturated without loss

from the original 5s5p level. Secondly, the last 893nm photon is in the infrared where

high laser powers can be obtained. The diode laser tapered-amplifier system used can

produce continuous output powers up to 1.2W which are more than 10 times larger

than can be achieved by a 412nm laser. The 461nm blue light required for the first

transition is provided by a frequency doubled diode laser system and the 767nm red

radiation to drive the second transition is provided by a diode laser.

To frequency control all three lasers, two scanning Fabry-Perot cavities are em-

ployed (one with mirrors coated for the visible and the other with mirrors coated

for the near infrared, both having free spectral ranges of 1.5GHz) together with a

commercial frequency stablized HeNe laser whose output frequency drift is limited to

⇠ 3MHz per day. The positions of the transmission peaks for the three excitation

lasers are compared to and locked with respect to the peak of the reference HeNe by

applying feedback voltages directly to the diode laser external control modules. While

the feedback bandwidth is small, a few Hz, high frequency laser jitter is controlled by

fast feedback loops built into the lasers themselves.
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5.2 Top Flange Remodel

Even with the increased laser power, it remains di�cult to blockade a volume suf-

ficiently quickly that the motion of atoms through, and out of, the volume can be

neglected. Thus a small volume with radius less than blockade radius is desirable

because before the first Rydberg atom created moves by one blockade radius R
B

,

there can be one and only one Rydberg atom excited in the volume. A defined, small

volume allows observation of even weak blockade e↵ects. In past versions of the ap-

paratus, optical accesses to the interaction region was limited to one axis (ŷ-axis).

Two-dimensional confinement was established by the Gaussian profiles of the counter

propagating laser beams and the bounds of the third dimension were loosely set by

the natural width of the atom beam which is approximately 1mm. This, however, is

the best geometry to maximize total Rydberg atom production as it takes full advan-

tage of the atomic beam. In addition, by counter-propagating the 461nm laser with

the remaining lasers along a direction that is orthogonal to the atom beam, even the

small Doppler e↵ect for the motion perpendicular to the beam direction is largely

eliminated since the wave vector for the 5s2 to 5s5p transition and for the 5s5p to

Rydberg level transition are close in energy. Unfortunately, creation of a small excita-

tion volume using crossed laser beams re-introduce some Doppler e↵ects. Inevitably,

new clearance holes were required through the u-metal shield and upper electrode.

These introduce small magnetic and electric field perturbations but their e↵ects have

proven negligible in experiments.

As we discussed earlier, the expected Rydberg blockade radius R
B

for n ⇠ 300 is

around 100µm which brings focusing challenges for the two lasers that propagating in

orthogonal directions and define the the excitation volume. Laser focuses of tens of

microns are commonplace in cold atomic physics laboratories because their vacuum
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Figure 5.3 : Left: a layout showing the yz cross-section of the chamber. The initial
optical access (before this work) along y axis was provided by two 100-diameter mirrors
positioned more than 10 inches away from the center of the interaction region. Right:
Center cross-section in the xz-plane with interaction region positioned inside the
cylindrical µ-metal shield. The distance from the center of the interaction region to
the front of the top flange was roughly 10” initially.

chambers are designed to provide close-up optical access which is not the case for

us. From Figure 5.3, we can see that the two 1” windows positioned on the ŷ-axis

are more than 15 inches away from the chamber center making it very di�cult to

focus a regular sized laser beam down to 100 microns using lenses mounted outside

the vacuum system. So it was necessary to redesign the upper flange on top of the

chamber to position a window as close to the center of the interaction region as

possible.

Figure 5.4 shows the flange design. it is basically a tube with a Conflat copper-

seal flange fitting on the top end and an antireflection coated UV fused silica window

with rubber O-ring seal centered on the bottom end. The tube is as long as it

can be without risking contacting the electrodes in the upper electrode that defines

the interaction region. To introduce convex lens and other optics into the tube, a
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Figure 5.4 : The top flange to the chamber has been remodeled into a tube with
a CF top flange to mount on the main vacuum chamber. The bottom of the tube
provides an opening for optical access. The focusing lens, fiber coupler and some
optics are mounted on a rod which is held on a XY translational stage for precision
displacement. The stage is locked to the top flange and sits opposite to a small optical
table which can be used for mounting ancillary optics.
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mounting rod and compatible coupling bases that can move, lock to the rod and

mount standard commercial mirror or lens mounts is employed. More optics can be

mounted on a small optical board on the side of the top flange. In order to steer the

beam and aim the focal point to the center, the rod is held on to a two dimensional

precision translational stage which guarantees reproducible alignment. However, two

parts of the alignment, one for sending the light beam downward by using external

mirrors and the other for positioning the convex lens by using its own mount and the

translational stage, are very hard to coordinate and it was not possible to obtain a

consistent and reproducible adjustment of the position of the final focal point.

The alignment is more tractable if the light beam follows the movement of the lens

when adjustments are made to the translational stage! To accomplish this, the laser

beam was introduced to the mounting rod using an optical fiber. By positioning all

components relative to the translational stage, the exact position of the focal point

can be directly and precisely adjusted using the XY translational stage. Even if the

fiber mount and the lens mount aren’t aligned perfectly, the position of the focus can

still be recovered by resetting the coordinates on the translational stage.

The decision regarding which laser should be sent in from above was mostly based

on which laser is the easiest to couple into a commercial polarization-maintaining,

single mode fiber with all the peripherals (coupling collimators, isolators). The IR

laser is a bad candidate because fiber coupling costs IR power which directly results in

a loss of Rydberg production. Furthermore, the 1.1W of IR power could be damaging

to the fiber if the collimation isn’t done carefully. The use of an acousto-optic mod-

ulator (AOM) to chop the blue laser beam makes it di�cult to couple it e�ciently

into a fiber without a substantial reduction of the laser power. Thus the 767nm red

laser was used to form the cross beam and its output power is more than su�cient
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to saturate the 5s5p ! 5s5d transition. Not only is 767nm around one of the most

popular operating wavelength for fiber optics (780nm is a very popular laser used in

fiber optics), but the 767nm laser has the right beam size and divergence to be sent

straight into a fiber collimator. The only other component required for fiber-coupling,

an optical isolator, is also widely available.

With a convex lens mounted all the way down in the tube, 1/e2 beam waists

⇠50µm can be achieved near the center of the interaction region. Now only one

more laser is required to define an excitation volume that is smaller than R
B

in every

dimension. As the rate of Rydberg excitation is critically dependent on the intensity

of the IR laser, focusing the IR laser is the only sensible choice. To focus an IR with

a lens ⇠40cm from the center of the interaction region is not easy especially when its

beam shape is elliptical. So a combination of a series of tightly stacked cylindrical

lenses and a beam expander is used to tailor the beam before the final convex lens

that focuses the IR beam diameter down to 70µm. Since there is su�cient power

in the blue to saturate the first transition, it is not necessary to focus this light.

Therefore the excitation volume, completely defined by the IR and red lasers, is

50µm(x̂) ⇥ 50µm(ŷ) ⇥ 70µm(ẑ). To experimentally realize this, the focal points of

the IR and red have to be overlapped in the center of the atom beam and preferably

also in the center of the blue beam. It takes a long time to align and optimize the

beams but alignment is easy to maintain once this is accomplished. Finally, the blue

and IR lasers are polarized along the ẑ axis while the red light is polarized along ŷ .

5.3 Microchannel Plates

To detect multiple Rydberg atoms, the old channeltron electron multiplier could not

be used because it has a sizable dead time following detection of a single Rydberg
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Figure 5.5 : A single mircrochannel plate with many individual channels is shown
to the left. A typical chevron MCP configuration composed of a pair of matching
MCPs is displayed to the right. A very high voltage is applied across the two plates
for maximum gain. One initial electron is injected into a channel of the first MCP
triggering many secondary electrons. The secondary electrons ejected are further
magnified by a number of neighboring channels in the second MCP. Upon exiting the
second MCP, all the electrons are collected by a resistive anode for readout.

electron. Since the field ionization ramp only lasts for about 5µs, any subsequent

Rydberg electrons arriving within this dead time are not detected. Microchannel

plates (MCPs, as in Figure 5.5), however, have hundreds of independent micron sized

channels and can detect multiple electrons with great temporal and spatial resolution.

Since the current application does not require spatial distributions, 18mm diameter

Chevron MA circular plates from PHTONIS USA are adequate. This chevron detec-

tor contains two matching MCPs stacked together with a anode readout in a stainless

steel assembly. Upon applying the typical operating voltage ⇡2.4 kV across the two

MCPs, an electron gain of ⇠ 107 is achieved and the resulting current pulse is read

out from the anode. Figure 5.6 shows the the circuit inside of our chamber used for

biasing the MCPs and reading out the signals.

Due to the extremely small excitation volume, the ionized electrons would illumi-
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Figure 5.6 : A schematic of the circuit used for biasing the MCP assembly. High
voltage rated capacitors are used to filter the input voltages and allow connection to
a low voltage preamplifier.

nate only a small area of the MCPs. Thus to avoid two electrons striking one single

channel on the MCP and thereby producing only one instead of two output pulses

(one channel behaves like a channeltron and saturates after the first incident electron),

an electrical defocusing lens is employed. By applying di↵erent voltages to the elec-

trode and mesh (see Figure 5.7 in XY plane), electrons are spread out and strike the

full MCP surface. Given the geometrical restrictions, there are two plausible designs

for the defocusing lens: a normal flat cylinder or a cylinder with linearly increasing

diameter. To compare them, we modeled their structures (together with the mesh

positioned right behind) using SIMION R� and simulated 100 virtual electrons in lab

conditions to observe their trajectories. After testing various reasonable potentials, it

become evident that a cylinder with an expanding diameter from 0.5 inch to 1.0 inch

was the better choice. Simulations showed that the optimal defocusing is reached

when the cylindrical lens is set around 80V and the mesh is set to 10V (see Figure

5.8).

After electrons fly through the mesh, they immediately strike the front MCP. Since

detection requires secondary electrons be generated when the initial electron strikes
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Figure 5.7 : Simulated electron trajectories using two di↵erent defocusing lens con-
figurations. These figures are generated in SIMION R�.

the input of the channel, the detection e�ciency depends on the impact energy of

the incident electrons. This energy was initially set at 250eV but ultimately all the

operating conditions were adjusted to maximize the detection e�ciency as shown in

Figure 5.8.

5.4 Signal Processing

Signals read out from the MCP anode are sent to an ORTEC 9326 fast preamplifier

(less than 1ns rise time) to amplify the pulses from MCP. The preamplifier provides

output pulses in the range from -100mV to -500mV into a 50 Ohm load. Each of

these pulses is then fed into NIM Model 832 Discriminator and is transformed into a

50ns logical 1(around 0.8V into a 50 Ohm load) signal. Since we still need to perform

laser frequency scans at low Rydberg production rates to lock laser frequencies, we

still send these signals to our long established data acquisition system that can only

distinguish, in each excitation cycle, whether there is at least one excitation or none
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Figure 5.8 : Schematic diagram of the MCP assembly. Detection e�ciency versus
voltage applied on the cylindrical lens is optimized around 85V and is plotted in
the inset on the top right. Detection e�ciency versus voltage across the MCPs is
saturated around 2600V and is plotted in the bottom left inset. Detection e�ciency
versus impact energy, i.e. voltage to the first MCP is optimized around 300V and is
plotted in the lower right inset. The mesh is held at 10V.
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at all. But, most importantly, a new setup is required to be able to count the number

of excitations in each repetition of the experiment.

An EASY-MCA Digital Gamma-Ray Spectrometer, i.e. multichannel analyzer,

originally designed for nuclear physics o↵ers a very straightforward solution for us to

obtain number distributions. This records the total charge injected over some time

period and its distribution, thus if each pulse (from the discriminator) injects a fixed

charge, the charge distribution, averaged over many experimental cycles, will reflect

the electron number distribution. If we integrate all the square pulses in each experi-

ment cycle into a semi-Gaussian pulse then we can directly get the excitation number

distribution from a computer. CR-111, a commercial charge sensitive preamplifier

combined with CR-200, a Gaussian shaping amplifier from Cremat Inc., are used to

achieve this(see Figure 5.9 for the processed signals after each electronic unit).

The main function of the CR-111, aside from improving the signal amplitude, is to

convert a series of fast square pulses to a piled-up rapidly rising but slowly decaying

waveform. Since Rydberg electron ionizations for a small n range take place in almost

identical field strength, if the field ramp lasts ⇡ 5µs, the series of output pulses

are contained within 2µs. After the CR-111, the series of pulses accumulate like a

staircase in 2 µs with very long tail and then are sent into CR-200 for shaping. During

the shaping time (4 µs in the current setup), the chip amplifies (by a fixed gain defined

by the chip) and transforms the input step to a pulse that is approximately Gaussian.

Due to the long shaping time that we chose to ensure that every charge be collected,

there is some baseline distortion to the final bell pulse output. The amplitude of the

bell pulse is proportional to the maximum height of the accumulated pulses and is

thus approximately proportional to the number of Rydberg atoms detected. This bell

pulse is then sent to the multichannel analyzer mentioned before.
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Figure 5.9 : Pulses readout from the anode are first amplified by 20 times in the fast
preamp. The output as seen in (a) has a little overshoot and ringing within a 15ns
window. Thus the discriminator following the preamp is set at an appropriate level
to avoid double counting. A series of square pulses generated from the discriminator
is transformed into tail pulses and stacked together after a charge sensitive amplifier
and then shaped into a Gaussian bell-shaped pulse.
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Figure 5.10 : The display window from the software connected to the MCA. The peaks
represent the number of events that collected one electron, two electrons and so on
during the live time of the MCA. These digital readouts can also be exported into text
files and processed using other computing tools. The inset shows the processed result
from Python. It is a typical electron number distribution recorded using counter-
propagating blue, and red and IR lasers. For comparison, a Poisson distribution
having the same mean value is included.
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The EASY-MCA-2KTM model divides the dynamic input voltage range (0 to

10 Volts) to 2048 channels. Depending on the amplitude of the input, after the

ADC (onboard analog to digital converter), the input pulse is logged into one of

the channels. Figure 5.10 presents the accumulated results of repeating experiments

for 3 minutes in real time. At our repetition rate 50µs per run, the digital signal

processing in the MCA is not fast enough to keep up with every input thus yielding

a finite dead time that is determined by the counting rate. During the dead time,

MCA refuses any incoming pulses till it finishes processing the current one. When we

are creating much less than 1 Rydberg atom per shot on average, this dead time is as

small as 2 percent. This particular issue has been thoroughly studied in gamma ray

spectroscopy [1] and the MCA currently used automatically estimates the live-time

using the Gedcke-Hale scheme which is highly accurate for events happening at a

roughly constant rate. Thus this estimated live-time or dead-time is used directly

in our application. In Figure 5.10, the well spaced, distinguishable peaks provide

the number distribution built up during the live time. The first peak stands for

the number of runs for which only one Rydberg atom is detected since only a small

Gaussian pulse input was received on these occasions. The second peak indicates a

group of the next smallest input pulses and it counts the number of runs where two

Rydberg atoms are detected. Likewise, the following peaks are counts of events for

which three, four, five Rydberg excitations are detected... For example, in Figure

5.10, the number of zero excitation events during the live time is the total number

of runs during the live time 20kHz ⇤ t
live

= 20, 000 ⇤ 217.24 = 4344800 minus the

sum of all the events that have detected excitations, i.e. N1 + N2 + N3 + ... where

N2 ⇡ 1600680. The data from the MCA can also be exported as a text file and

analyzed to yield number distributions directly as shown in the inset in the lower
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right inset in Figure 5.10.
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Chapter 6

Analysis of Observed Sr Rydberg Blockade E↵ects

In this chapter, we start by reviewing experimental results obtained with varying IR

laser powers that underline the e↵ects of Rydberg blockade. Then we move on to the

measurements taken with varying excitation durations where the motion of atoms

becomes important to understand how Rydberg blockade manifest itself in both ex-

citation rates and Mandel Q parameters at di↵erent times. Consequently, the set of

rate equations developed in Section 4.4 using a frozen gas model no longer su�ces

to explain the measured rates. Nevertheless, we show that beam simulation incor-

porating an R-dependent suppressed excitation rate � yields good agreement with

experimental data. Lastly, we argue that the observed di↵erent excitation processes

for n ⇡ 310 and n ⇡ 370 are due to the n-scaling of the van der Waals interaction.

Again, the theoretical analysis and simulation results in this chapter are supported

by our collaboratiors Shuhei Yoshida et al. from Vienna University of Technology.

6.1 IR laser power dependence

Imagine two extreme cases for Rydberg excitation over a fixed duration 130ns (for

which the motion of the atoms is negligible) takes place with a certain atom density

in a volume whose dimension is smaller than the blockade radius R
B

. If the events of

excitation are independent, a linear increase of the IR laser power should yield a linear

increase in the final averaged Rydberg production hN
R

i according to Fermi’s golden
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rule and a Poisson distribution is expected for the number statistics. If, however, the

excitation is perfectly blockaded, then for every run N
R

could be either zero or one.

In other words, all the probabilities for multiple excitations will be directly added

to the probabilities of creating one. Thus, hN
R

i will experience a nonlinear increase

from zero and tends asymptotically to 1. The Mandel Q parameter resulting from

this discrete distribution will be

Q =
hN2

B

i � hN
B

i2
hN

B

i � 1 =
p ⇤ 12 � (p ⇤ 1)2

p ⇤ 1 � 1 = �p, (6.1)

where p is probability of creating 1 Rydberg excitation (so the probability of creating

zero is 1-p). As p grows with power, Q will asymptotically go to -1. These two extreme

pictures are easy yet helpful to understand the real scenario where the excitation

volume is partially blockaded. The measurements taken with IR laser powers up to

1W for several di↵erent atom beam densities are presented in Figure 6.1(a) and (b).

Let’s examine them with a combined view drawn from both pictures. A linear increase

of hN
R

i for T = 513�C is seen and the corresponding Mandel Q values remain close to 0

suggesting an almost perfect Poisson distribution. Since hN
R

i stays below 0.1 even for

the maximum IR power, there is little likelihood of creating two Rydberg atoms and

interactions or blockade e↵ects have yet to set in. We can also observe this behavior

across various densities when laser power is low. As shown in the inset in Figure

6.1, the increase of average number of excitations per unit laser power dhN
R

i/ dP
at P ⇡ 0 is proportional to the ground state atom density. As excitation of one

Rydberg atom occurs more frequently with the increased atom densities (depicted by

the higher temperature curves in (a) and (c)), due to the imperfect blockade e↵ects,

a second Rydberg atom is excited at a suppressed rate compared to what would be

expected in the absence of blockade. Thus the averaged excitation numbers hN
R

i
deviate from a linear power dependence and the Q values start to deviate from zero.
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Since partial blockade allows two or more Rydberg excitations inside of the volume,

instead of converging to -1, the Mandel Q values saturates to -0.55.

Based on this picture, a Monte Carlo calculation is used to simulate the mea-

surements and the procedure runs as follows: for every realization, depending on the

strontium vapor pressure determined by the oven temperature, a number density,

and thereby the total ground state atom number N is (we mentioned the volume size

in Chapter 5) determined using an empirical correspondence 109cm�3 ⇠ 10�7torr.

When the excitation begins, the first Rydberg atom can be created among the N

ground atoms at any instant t with probability P
R

(proportional to laser power). If

the atom at position r1 is excited at t1(t1 < 130ns), then the second atom among the

N-1 ground atom ensemble can be excited in the remaining time with a probability of

P
R

⇤ P2, where P2 is orientation averaged (see Figure 4.6) and distance R-dependent

(|R| = |r1 � r2|) pair excitation strength using the overall e↵ective laser line width

8MHz. By running a large number of simulations, hN
R

i, hN2
R

i can be calculated and

the resulting Mandel Q values are shown in Figure 6.1(c). Note that in order to

match the measured data, the blockade probability P
B

= 1 � P2 is reduced by 20%.

This discrepancy could result from the estimation of the overall detection e�ciency

⌘, the inhomogeneities in the laser intensities over the excitation volume and stray

fields that nF states are sensitive to.

Regardless of the laser power and the ground state atom densities, the only pa-

rameter that governs the ultimate amount of blockade (indicated by Mandel Q pa-

rameter) inside of the excitation volume should be the average number of Rydberg

atoms created hN
R

i. When on average one Rydberg atom is created, the blockade

e↵ects should be more important then when, on average, 0.3 Rydberg atoms are cre-

ated because the interaction only set in once at least one Rydberg atom is present.
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Figure 6.1 : (a)Mean number, hN
R

i, of n ⇠ 310 Rydberg atoms excited by a 130-ns-
long 461nm laser pulse as a function of 893nm IR laser power for the oven operating
temperatures indicated. The inset shows the mean Rydberg atom number created
per unit laser power P , dhN

R

i/ dP(P = 0), for small laser powers as a function of
beam density showing a linear increase with density. (b) Measured Mandel Q values.
The results in (a) and (b) are corrected for the detection e�ciency ⌘. (c) Calculated
Mandel Q values versus Rydberg excitation probability. The calculations assume the
blockade probability 1�P2 is reduced by 20% from the theoretical value. N specifies
the assumed number of ground state atoms present in the excitation volume.
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Figure 6.2 : Measured MandelQ values expressed as a function of hN
R

i. The solid line
shows the calculated values. The inset presents a typical Rydberg number distribution
for hN

R

i ⇠ 1 (filled histogram: P = 0.9W, T = 639�C) together with a calculated
distribution (open histogram: N = 329, P

R

= 0.005, for the same hN
R

i). The line
shows a Poisson distribution for hN

R

i = 1.
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Thus all the measurements should collapse to one common curve when Q values are

plotted against mean atom number hN
R

i. The results both experimental and theo-

retical are indeed consistent with our understanding as demonstrated in Figure 6.2.

From the inset, we can read the probability of creating one and only one Rydberg

atom in the defined excitation volume P (N
R

= 1) ⇡ 0.62 while P (N
R

= 0) ⇡ 0.24

and P (N
R

= 2) ⇡ 0.13. We will discuss the significance of these numbers later on.

6.2 Pulse width dependence

When measurements are performed over extended durations t ⇠ 0 ! 1µs as presented

in Figure 6.3, all three characteristic length scales: the average distance atoms travel

forward during the excitation time, the Rydberg blockade radius, and the size of

excitation volume, influence the excitation rate for multiple Rydberg atoms and thus

demand careful treatment.

6.2.1 Motions of atoms in a hot beam

In the direction of the atomic beam propagation x, the crossed-beam laser confinement

limits the length of the interaction region, i.e., excitation region, to L = 50µm.

The Maxwell-Boltzmann distribution gives the average velocity in this direction as
p

2k
B

T/M , where M stands for strontium mass and T the average temperature of the

oven. Thus the average traverse time for an atom is t
L

= L/v = 132ns for T = 491�C

and 120ns for T = 639�C. Since the blockade radius R
B

= 100µm is ⇡ 2 ⇤ L, the

traverse time are about twice of t
L

, i.e. one Rydberg excitation can have blockade

e↵ects on the following excitation after it leaves the excitation region. The origin 0

is set to the start of the excitation volume and the number of atoms per unit length

is ⇢. Recall in the frozen gas model (Section 4.4), we defined the rate of exciting an
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Figure 6.3 : a) Mean number, hN
R

i, of n ⇠ 310 Rydberg atoms excited as a function
of the duration, t

d

, of the AOM drive pulse for the oven operating temperatures T
indicated (see text). The correspondingQ values are presented in (b). The inset shows
the incremental Rydberg production rates dhN

R

i/dt
d

near t
d

= 0 and t
d

⇠ 500 ns as
a function of beam density (see text). The corresponding predictions obtained using
the Monte Carlo model and an R-dependent interaction strength are shown in (c)
and (d).
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isolated atom as �0 and the suppressed, blockade a↵ected excitation rate as �0. Then

for a small segment �x at position x = x
j

= j⇤�x (0 < x
j

< L), the collective rate is

��x

= �0⇢�x. This particular �x has been subject to laser excitation for t
xj

= x
j

/v,

during which, those atoms in �x can be treated as a frozen gas. Thus, recall the

solution for no excitation at time t for frozen gas, the probability to find no Rydberg

atoms in �x is e���x

⇤t
xj = e��0⇢�xx

j

/v. Integrating over the full length L, we get the

probability of finding zero Rydberg excitation throughout the excitation volume

P
in

=
Y

j

e���x

⇤t
xj ' e

��0⇢
v

R
L

0 x dx = e��0⇢L⇤L/v/2 =��t

L

/2 (6.2)

where � = �0N as in Section 4.4. Likewise, the probability of zero Rydberg excitation

in an outside volume, i.e. (L,R) is P
out

(R) = e��0⇢(R�L)t
L where L < R < R

max

, R
max

is the furtherest distance atoms can travel from the origin at given time t,. For the

atom at position x(0 < x < L), excitation without any influence of blockade happens

when there are no Rydberg atoms in the interval [0, x + R
B

] The corresponding

probability is given by P0(x) = P
in

P
out

(R = x+R
B

) = e(x/L+b�1/2)�t
L with b = R

B

/L.

Thus for this atom, the e↵ective excitation rate is �0P0 + �0(1�P0). For su�ciently

long excitation times (t⇤v(T ) > L+R
B

), then the averaged probability of unblockaded

excitation through the whole excitation volume becomes

P̄0 =
1

L

Z
L

0

P0(x) dx =
1

�t
L

e�b�t

L(e�tL/2 � e��t

L

/2). (6.3)

Similarly, the e↵ective excitation rate for the full excitation volume is �
beam

= �P̄0 +

�(1 � P̄0). In our case, since b > 1, P̄0 is a monotonically decreasing function

with �t
L

. When �t
L

� 1, P̄0 ! 0 and �
beam

! � implying when at least one

Rydberg atom is found within the volume, hN
R

i ⇠ �t. On the other hand, when

�t
L

< 1, P̄0 is significant and thus hN
R

i ⇠ �
beam

t > �t. In other words, the average

number of excitations increases more rapidly in a beam as the excitation volume is
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unblockaded as excited atoms travel out of blockade range. Compared with the frozen

gas model, the e↵ects of atom motion is more prominent if �t
L

/ �0⇢L
2/v < 1, i.e.

low beam density and/or small excitation volume. For example, from the short time

measurements of hN
R

i in Figure 6.3 (a), we can extract � using hN
R

i t!0⇠ �t as we

derived for frozen gas model in Section 4.4. Then using Equation 6.3, the probabilities

to find no Rydberg atoms P̄0 can be evaluated for di↵erent temperatures. They are

0.72, 0.31, 0.088, 5⇥ 10�5 for 491�C, 533�C, 570�C and 639�C, respectively. Relating

these numbers to their �
beam

, we can see that excitations are always blockaded for high

temperatures in the long time limit (remember P̄0 is derived under the assumption

that t ⇤ v(T ) > L + R
B

) and N
R

increases with �t as the frozen gas. For low

temperature, blockade e↵ects on the long time behavior are suppressed due to the

motion of atoms and hN
R

i is increasing at a rate significantly higher than �t. This

feature is seen in the calculated hN
R

i comparing a frozen gas and a propagating

atom beam in Figure 6.4. The asymptotic slope di↵erence is much larger for 570�C

illustrating the suppression of blockade by the motion of atoms. Note that in the

analytical simulation the number of ground state atoms is kept constant while in the

frozen gas simulations it is not constant leading to a decrease of excitation rate in

time. Therefore, even for the 639�C case, there are small di↵erences in the asymptotic

excitation rates.

We can also expect changes in Mandel Q parameters once atom motion is incor-

porated. While the hN
R

i linearly increases at late times, the corresponding Q value

saturates around t ⇡ 200ns, the amount of time it takes for an excitation to travel

over the blockade radius. This is because, once a portion ↵ travels beyond R
B

, a

portion � that is statistically identical will be formed at the origin. Then upon com-

bining these two portions, the new portion will have the same exact Rydberg number
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distribution which we write as f(k), thus

n =
1X

k=1

kf(k) =
1X

k

↵

=0

1X

k

�

=0

(k
↵

+ k
�

)f(k) = 2n
↵

, (6.4)

and

n2 =
1X

k=1

k2f(k) =
1X

k

↵

=0

1X

k

�

=0

(k
↵

+ k
�

)2f(k) = 2n2
↵

+ 2n
↵

2. (6.5)

The new Mandel Q value is

Q =
n2 � n2

n
� 1 =

n2
↵

� n
↵

2

n
↵

� 1 = Q
↵

, (6.6)

same as the portion that leaves R
B

. Therefore, from t
B

= R
B

/v, the Q value ceases

time evolution and saturates. This is in stark contrast to the behavior of a frozen gas

whose Q value converges towards zero asymptotically. This behavior of Q is expected

regardless of the value of �t
L

as seen in Figure 6.4.

6.2.2 Monte Carlo Beam Simulation

We describe the Monte Carlo procedures performed to simulate excitations in a beam.

A very long elliptic cylinder of volume V is oriented along x, the propagation direction

of the beam, where N
tot

strontium ground atoms are randomly distributed inside (N
tot

is determined from the oven temperature as discussed in Section 6.1). Their initial

momenta are randomly generated from a Maxwell-Boltzmann distribution restricted

in angle by p
x

/p > cos(✓
div

/2) where ✓
div

is the estimated divergence of the tightly

collimated strontium beam. The cylinder is set long enough to maintain a constant

number of ground atoms N inside the excitation volume V
ex

. V
ex

is a 50µm⇥50µm⇥
50µm ellipsoid extending in x from 0 ! L = 50µm. The blockade radius R

B

is set

to 100µm which is 3n14/6 for n ⇡ 300. A cross-section demonstrating all these length

scales is drawn in Figure 6.5. The total excitation duration is divided into many
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Figure 6.4 : Average number of Rydberg atoms and the corresponding Mandel Q
parameters.The blockade probability is a step function with blockade radius of 100µm.
The length of the interaction volume is 50µm. The excitation rate is set to �0 =
2.3⇥ 10�6ns�1 and the numbers of atoms are 71 for 570�C (black) and 321 for 639�C
(red). The dashed lines are the calculations with a frozen gas, the dash-dotted lines
with an atom beam, and the solid lines with an atom beam using the R-dependent
excitation rate (see dashed line in Figure 4.6). For 570�C, the two simulations for the
atom beam are nearly identical and indistinguishable in hN

R

i.
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Figure 6.5 : At time t, a snapshot of the xz cross-section of the volume used in
Monte Carlo beam simulations. The long green empty box is the elliptic cylinder of
volume V that includes N

tot

ground atoms in each realization. Strontium atoms are
represented by the purple dots in very exaggerated sizes for clarity.

small intervals t = j ⇤ �t. In each �t, a ground atom inside V
ex

has a probability

�0�t to be excited if there is no excitation within its blockade radius, otherwise the

probability is reduced to �0�t. The isolated excitation rate �0 = 2.3⇥ 10�4ns�1 and

the blockaded rate �0 = 0.2�0. This number is adopted because it yields the best

agreement for the power dependent studies in Section 6.1,

6.2.3 Correlation in the excitation of multiple atoms

Recall in Section 4.4, the analytical solutions predict Mandel Q parameters that

converge to zero in the long time limit as shown in Figure 4.7. However, the measured

Q values behave very di↵erently (see Figure 6.3(b)). The discrepancy is likely caused

by our simplification of the blockaded rate � which we assume to be a constant. This

assumption essentially means that the multiple excitation is uncorrelated spatially

and could lead to an increase in Q. In fact, we already know that the suppressed rate

should depend on the R between two atoms and the laser polarization because of the

underlying van der Waals interaction. To make the simulation tractable, we consider

the angle integrated blockade probability between two Rydberg atoms shown in red

in Figure 6.6 and which is too weak to stop/delay the increase of Q. Thus a stronger

mean R dependence (involving more than two Rydberg atoms) shown in green in

the figure that still mimics the calculated excitation probability is introduced. As
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show in Figure 6.6, the Mandel Q parameter is very sensitive to the particular type

of R-dependent averaging employed.

In the simulations for an atomic beam, when the uncorrelated excitations are

initiated before t = t
B

as shown in Figure 6.4, the Mandel Q parameters tend to

form a minimum before saturating to a constant value for t > t
B

. Similarly to the

frozen gas model, the details of the excitation rate, i.e. its dependance on R, within

R
B

is particularly important for the evolution of Q. Thus we define the R-dependent

suppressed rate for the i-th atom within the blocakde radius as �0 = I(R
i

)�0 where

R
i

is written,

R
i

= (
X

j2Ryd

R�6
ij

)�
1
6 , (6.7)

and the averaging is taken over all the Rydberg atoms within the blockade radius.

For Rydberg atom ensemble R
ij

, 0  j  i  N , the I(R
i

) is obtained from Figure

4.6 (red line extrapolated for n = 310) using the calculated R
i

from Equation 6.7.

The resulting I(R
i

) when plotted against R
i,i�1 is the blue dash curve in Figure 4.6

which becomes largely independent of R when R < n14/6. In a hot atomic beam, such

close distances are very unlikely to be reached.

6.2.4 Results

The set of plots on the left in Figure 6.3 are measurements taken with fixed IR

laser powers (⇡ 1W ) and varying AOM pulse durations, i.e. 461nm laser durations.

Since the blue beam size inside of the AOM crystal is roughly 1mm, the first order

di↵raction of the blue light can only be chopped to pulse widths >40ns. For t
d

<

40ns, the duration of the di↵racted beam remains at 40ns but the amplitude of the

output decreases at a rate such that the total optical energy in the di↵racted beam is

proportional to t
d

which is equivalent to a constant pulse amplitude and decreasing
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Figure 6.6 : Left: Relative excitation probability of a pair of atoms as a function of in-
ternuclear distance R. The probability is normalized to one in the limit of R ! 1 and
corresponds to 1�P

B

(R) where P
B

(R) is the blockade probability. In the calculations
the blockade probability is suppressed by 20% (in red). For correlated excitation of
multiple atoms, R-dependence is added to the blockade probability at short distances
(green). Right: Average number of Rydberg atoms and the corresponding Mandel Q
parameter calculated using the blockade probabilities shown in red and green in the
left panel.
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pulse width. All the measurements have been corrected for the e↵ective e�ciency

⌘ = 0.51 (same as the data in Figure 6.1). The corresponding theoretical predictions

using the Monte Carlo beam simulation are presented on the right hand side. The

overall agreement between theory and experiment is evident. For the mean number of

excitation hN
R

i, a transition from the fast isolated excitation rate � to a suppressed

collective rate �
beam

is observed for all but the lowest densities. From the inset on

the left, it is evident that � (initial slope) is directly proportional to density while the

�
beam

(suppressed slope) increases in smaller rate as blockade sets in. The Mandel Q

parameters decrease with respect to hN
R

i and saturate at a minimum value due to

the correlations for multiple excitations within a blockade radius.

We performed the same measurements with n ⇡ 370 and compare them with n ⇡
310 in Figure 6.7. While 370F state has a smaller excitation rate � due to a weaker

oscillator strength (n�3), its blockade e↵ect can still be observed at similar hN
R

i
because of the increased blockade radius (n11/6). In fact, the long-time asymptotic

excitation rate �
beam

(370) can be extrapolate from lower n using Equation 6.3 and

Figure 4.6 which is estimated as 2.8⇥10�3(ns�3) versus 4.6⇥10�3(ns�3) for n = 310.

These numbers are quite consistent with the measurements. On the other hand, for

t
d

< 100ns, Mandel Q parameter is proportional to hN
R

i(see Section 4.4):

Q = �� � �
�

hN
R

i (6.8)

where � / � and thus the slope is n-invariant. Indeed identical short-time trends for

both n are evident in the inset of Figure 6.7.
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Figure 6.7 : Mean number, hN
R

i, of n ⇠ 310 and n ⇠ 370 Rydberg atoms excited
under identical experimental conditions as a function of AOM drive pulse width, t

d

(see text). The corresponding Q values are shown in the inset as a function of hN
R

i.
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Chapter 7

Doubly excited Rydberg states

The interaction between the two outer electrons in an alkaline earth atom bears

resemblance to that between two interacting Rydberg atoms and once again strontium

Rydberg atoms provide an unique platform to study and manipulate it. In this

chapter we briefly review the underlying theories of doubly excited Rydberg states.

Recent developments with strontium Rydberg atoms achieved in our lab are presented

in the next chapter.

7.1 Isolated core excitation

The doubly excited Rydberg states in this study are created by isolated core ex-

citation (ICE). After creating a normal Rydberg state from a ground Sr atom, for

instance a 300F state as shown in the left of Figure 7.1, the inner electron 5s is then

promoted to the 5p state by a resonant laser pulse. This process can be understood

graphically (see the right picture in Figure 7.1), the Rydberg electron acts as a spec-

tator while the second electron is excited and its orbit is largely unchanged. Thus the

existence of the Rydberg electron during the core electron excitation can be treated as

a perturbation and the wavefunctions of the two electrons remain largely separable.

Although it is possible for the Rydberg electron, which spends most of its time slowly

moving far from the core, to be directly ionized, it is extremely unlikely as required

by simultaneous conservation of momentum and energy during the photon absorption
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Figure 7.1 : Left: following Sr Rydberg atom 5snf creation, the ion core is excited to
5p level by a 422nm laser pulse. Right: With Rydberg electron being far at its outer
turning point, photon induces an isolated core excitation (ICE).

process.

7.2 Autoionization [7]

Once the Sr ion core is excited to a higher energy level, the doubly excited atom can be

autoionized by its coupling to the continuum. This process can be understood using

the three lowest Sr+ levels presented in Figure 7.2. If we denote the core electron with

subscript 1, the Rydberg electron with subscript 2 and the potential experienced by

an electron at a distance r from the Sr++ core with f(r)(obviously f(r) ! �2/r as

r ! 1), then the total Hamiltonian H for the two valence electrons can be separated

into two parts:

H = H0 +H1, (7.1)
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Figure 7.2 : Sr Rydberg series converging to the three lowest energy levels of Sr+

(sub-j levels are not resolved for the moment). The excited 5pnl Rydberg level is
dipole coupled to the 5s and 4d Sr+ continua which causes autoionization.
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where

H0 = �[
r2

1

2
+

r2
2

2
+ f(r1) +

1

r2
] (7.2)

and

H1 = �f(r2) +
1

r2
+

1

r12
. (7.3)

Because of the ICE scheme discussed before, H1 with electron-electron interaction

term 1/r12 where r12 = |r1�r2| is a perturbation to separable H0. Solving the zeroth

order Schrödinger equation H0 (r1, r2) = E (r1, r2) = (E1 + E2)�n

0
l

0
m

0(r1) nlm

(r2)

for the two electrons independently,

�[
r2

1

2
+ f(r1)]�(r1) = E1�(r1), (7.4)

�(
r2

2

2
+

1

r2
) (r2) = E2 (r2), (7.5)

where � is a Sr+ electron wavefunction and  is a simple hydrogenic, Coulomb wave-

function. Thus for a bound atom state, the zeroth order eigenenergy E is

E
n

0
l

0
,nl

= I
n

0
l

0 � 1

2n2
, (7.6)

i.e. the sum of the first ionization energy I
n

0
l

0 and the Rydberg electron energy. Three

such Sr Rydberg series converging to I5s, I5p and I4d ionization limits are shown in

Figure 7.2. Optical transitions, radiative decay from the 5pnl state, for example, are

only allowed within its own series in zeroth order.

The couplings between di↵erent Rydberg series are introduced byH1. Specifically,

the interseries interactions between a bound, doubly excited Rydberg level and the

underlying continua lead to autoionization. Among all the consequences of interseries

coupling, we focus now on the nl dependences of the autoionization rate �. For a

doubly excited state |5pnli lying above the I5s and I4d limits, the autoionization rate
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� in atomic units is given by first-order time-dependent perturbation theory, i.e.,

Fermi’s golden rule, as

� = 2⇡(
X

l

0=l±1

| h5pnl|H1 |5s"l0i |2 +
X

l

00=l±1

| h5pnl|H1 |4d"l00i |2). (7.7)

Here the |5s"l0i and |4d"l00i are the wavefunctions in the continua. For the ionized

electron, its energy " is determined by energy conservation and its angular momentum

change is limited to 1 as in typical cases when the conservation of total J = j1 + j2 is

considered. To account for the density of the final states properly, both wavefunctions

in the continua should be normalized per unit energy. Assuming l is large enough

that core penetration and polarization is negligible, f(r2) ⇡ 2/r2. Then H1 can be

expanded using Legendre polynomials with respect to cos ✓12 where ✓12 is the angle

between r1 and r2 as

H1 =
r1
r22
P1(cos ✓12) +

r21
r32
P2(cos ✓12) . . . . (7.8)

Thus the contribution to the rate � in Equation 7.7 from the leading term of H1, i.e.,

the core electron dipole coupling term can be written as

�

2⇡
=

X

l

0=l±1

| h5pnl| r1P1(cos ✓12)

r22
|5s"l0i |2 +

X

l

00=l±1

| h5pnl| r1P1(cos ✓12)

r22
|4d"l00i |2.

(7.9)

Ignoring the angular part of the integral for now (since it isn’t related to nl), the

dipole term r1 directly coupling the 5p core electron state to 5s and 4d ion states can

be calculated independently as dipole matrix elements as h5p| r1 |5si and h5p| r1 |4di.
So the main dependence on the nl state of the Rydberg electron enters into the

rate � calculation via hnl| 1/r22 |"l0i. Since this particular radial matrix element is

mostly sensitive to small r2, when n � l, n is relevant only as the (per unit energy)

normalization factor 1/n
3
2 of the bound state |nli. After taking the square, the
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autoionization rate displays an n-scaling as

� / 1

n3
. (7.10)

When n is fixed, we can expect the radial matrix element to be very sensitive to

changes in l because l alters the shape of the orbits. The classical inner turning point

r
i

of the Rydberg electron is estimated to be

r
i

⇠= l(l + 1)

2
. (7.11)

So as l increases, the r2 in the radial integrand 1/r22 immediately increases leading

to a dramatic decrease in the matrix element. However the exact scaling of the

autoionization rate � with respect to l is even more complicated than what have

shown here due to the approximations taken so far and it is especially true when

either l is low where the core penetration is significant or l ! n where the rate �

is very small and the matrix element becomes sensitive to the energy ". In fact, it

has been demonstrated that for barium, also an alkaline earth element, its 6p 1
2
nf

state has the highest autoionization rate among all the l. While, unlike the case for

l < 3 states, the f state doesn’t penetrate the core, its inner turning point coincides

with the 6p core electron’s outer turning point. From a scattering point of view, this

overlap greatly enhances their interaction and thus e↵ectively increases the chances of

autoionization. Later, in the next chapter, we will show a similar results for strontium

5p 1
2
nf states.

7.3 Multichannel quantum-defect theory [5]

The basic notion of autoionization and its rate is a good starting point for understand-

ing the spectra of doubly excited states but there is richer physics involved. Because
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following ICE, the Rydberg electron remains far from the excited core, it still expe-

riences near hydrogenic, Coulomb forces. Since this is a familiar quantum problem

that has been well-solved, we’d like to seek a wavefunction solution emphasizes this

large r symmetry. Multichannel quantum-defect theory, abbreviated as MQDT, was

developed for this purpose.

MQDT reduces the doubly-excited state problem into a question of matching two

boundary conditions. As r ! 1, the wavefunction basis is naturally chosen as

�
i

= [s(W
i

, r) cos (⇡⌫
i

) + c(W
i

, r) sin (⇡⌫
i

)]�
i

, (7.12)

where s and c are the regular and irregular solutions of the Coulomb radial equation

for an electron of energy W
i

with ⌫
i

describing their admixtures. The angular part

of the Rydberg electron’s wavefunction, the core electron wavefunction and the rest

are included in �
i

. �
i

are named the “collision channels” in MQDT and typical

examples for Sr singlet are 5snf ; 5p1/2nd; 5p3/2ns and 4d3/2np. Notations like this

unambiguously point to the ionization limit I
i

the Rydberg series is converging to.

Thus total energy of a collision channel is simply I
i

+W
i

. When W
i

< 0, the Rydberg

electron is bounded requiring its wavefunction ! 0 as r ! 1. The exponentially

growing parts of the s and c functions can only be cancelled out if

W
i

= � 1

2⌫2
i

. (7.13)

This collision channel �
i

is then called a closed channel with e↵ective quantum number

⌫
i

. Note that for Rydberg series converging to the same ionization limit, ⌫
i

are

identical regardless of the specific l or spins. Collision channels with W
i

> 0 are

called open channels and the corresponding (�⇡⌫
i

) are termed phase shifts (relative

to the pure hydrogenic solution). Because in this case the s and c functions are
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always oscillating 90� out of phase as r ! 1, the boundary condition is automatically

satisfied.

The second boundary condition is set at r = r
c

where r
c

⇡ 0. Within r
c

, two

electrons are closely coupled (LS) and only their total energy is conserved. Treating

them as one entity (consequently this involves summing over all possible state com-

binations that gives the same total energy ), it Coulomb scatters at the core with

a certain strength Z
↵

/r. For a wavefunction coming outside of r
c

, it will reflect at

r = 0 creating only a phase shift at r
c

whose magnitude is determined solely by the

scattering strength ↵. Thus a suitable basis here is

 
↵

= [
X

i

U
i↵

�
i

s(W
i

, r)] cos (⇡µ
↵

)� [
X

i

U
i↵

�
i

c(W
i

, r)] sin (⇡µ
↵

), (7.14)

where �⇡µ
↵

represents the scattering strength dependent phase shift.  
↵

is termed

a close-coupled channel and is the ↵th normal mode in MQDT. Both the U
i↵

and µ
↵

parameters can, in theory, be calculated ab initio.

A general solution  to the MQDT problem should satisfy both boundary condi-

tions simultaneously and therefore should be expressible in both bases, i.e.

 =
X

i

A
i

�
i

=
X

↵

B
↵

 
↵

. (7.15)

By equating the coe�cients of �
i

s(W
i

, r) and �
i

c(W
i

, r) and requiring A
i

and B
↵

be

real, we obtain two equivalent sets of MQDT equations,

A
i

=
X

↵

U
i↵

cos [⇡(⌫
i

+ µ
↵

)]B
↵

(7.16)

0 =
X

↵

U
i↵

sin ⇡(⌫
i

+ µ
↵

)B
↵

, (7.17)

or

B
↵

=
X

i

U
i↵

cos [⇡(⌫
i

+ µ
↵

)]A
i

(7.18)

0 =
X

i

U
i↵

sin ⇡(⌫
i

+ µ
↵

)A
i

. (7.19)
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Figure 7.3 : Adapted from [5]. Surface representing the allowable choices of {⌫ 01, ⌫ 02, ⌫ 03}
to solve a typical MQDT equation. The state composition at any given point is
determined by the projection of the normal to the surface along the ⌫

i

axes. So points
in the large flat region near ⌫ 01 = 0 correspond to states with mostly �1 character,
points near ⌫ 02 = 0 correspond to states with mostly �2 character, and points on the
curved regions correspond to states with highly mixed character.
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Simultaneous satisfying Equation 7.17 and Equation 7.19 leads to a critical restriction

on the set of allowed e↵ective quantum numbers ⌫
i

as

det|U
i↵

sin [⇡(⌫
i

+ µ
↵

)]| = 0. (7.20)

Noticing the periodicity of ⌫
i

in Equation 7.20 is one, the zero determinant is then a

N � 1 dimensional surface defined in the N dimensional (⌫
i

)
mod1 space (all detailed

derivations in this section can be found in [5]). Figure 7.3 shows a typical surface in

the three-channel case (take the labeled axis ⌫ 0
i

as ⌫ for now and focus on the shape

alone) . Another important property is about the gradient or normal of the surfaces.

It is directly related to the collision channel composition, i.e., the A
i

values, as

@

@⌫
j

det|U
i↵

sin [⇡(⌫
i

+ µ
↵

)]| = ⇡GA2
j

(7.21)

where G is a constant. Now the large flat surface area in Figure 7.3 can be interpreted

as states  composed of only one collision channel (its normal suggests A
j

= 0 for

all but one particular i). As a plateau always exists for every channel for a certain

intercept ⌫
i

= ��
i

. A more convenient set of parameters are introduced

⌫ 0
i

= ⌫
i

+ �
i

(7.22)

a0
i

= A
i

cos(⇡⌫ 0
i

), (7.23)

where �
i

values are the familiar single-channel quantum defect. And Equation 7.19

can be reduced to

[R0 + tan (⇡⌫ 0)]a0 = 0. (7.24)

Here R0 is a symmetric matrix formed by U
i↵

matrix and diagonal matrices tan (⇡µ),

sin (⇡�) and cos (⇡�). R0 is a transformation of the conventional reaction matrix

used in MQDT but it only captures the e↵ects of channel mixings as pure channel
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e↵ects being absorbed by �. As a result, most of the time, there are only small o↵-

diagonal elements present in R0 which is easy to calculate. And of course a0 is a

vector describing the channel compositions {A
i

}.
The most important application of MQDT is to study channel mixing. The im-

pacts of channel mixing to Rydberg series are energy shifts (perturbations to the

regular quantum defect), line width changes which are directly reflected in observed

spectra. Autoionization is also a type of channel mixing. The basic procedures to

study these phenomena is to identify relevant channels (they are usually energetically

close-by) and make approximations to solve the state composition from Equation

7.24. Without going into the details of calculations, we next discussion a few typical

results to close this chapter.

7.4 Solutions

7.4.1 Bound States

On the left of Figure 7.4, without introducing any channel mixing, i.e. R0
12 = 0,

and taking �1 = �2 = 0, Rydberg state ⌫1 = 22 in a series converging to a lower

ionization limit I1, is energetically degenerate with Rydberg state ⌫2 = 15 in another

series converging to a higher ionization limit I2. The energy of degenerate eigenstates

is indicated by a dashed line on both sides in Figure 7.4. Once a small coupling

R0
12 ⇡ 0 is considered in MQDT, the energies of both states are shifted as shown on

the right of Figure 7.4. However, if instead, we consider a nonzero coupling between

⌫1 = 23 and ⌫2 = 15 states, the energy upshift to ⌫1 = 23 state isn’t present even

though the calculation shows a small amount of �2 character is mixed in (this is

the second extreme case when | tan (⇡⌫ 02) � tan (⇡⌫ 01)| � R0
12 as discussed in next
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Figure 7.4 : Adapted from [5]. Two Rydberg series (solid lines) which converge
to two di↵erent ionization limits, I1 < I2. The left (right) panel show e↵ective
quantum numbers relative to the I1 and I2 limits without (with) coupling. The
dashed line designated the position of the eigenenergy when the channel interaction
is not introduced. The energy shifts �E1 and �E2 represent the energy shift of the
eigenstate from the nearest unperturbed state of channels 1 and 2, respectively.
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Figure 7.5 : Adapted from [5]. Pseudoenergies are shown before and after including
the R0

12 interaction which repels the states; ✏1 and ✏2 represent the respective values
of tan (⇡⌫ 01) and tan (⇡⌫ 02). In (a) | tan (⇡⌫ 02)� tan (⇡⌫ 01)| ⌧ R0

12 and the solution has
nearly equal admixtures of �1 and �2. In (b) | tan (⇡⌫ 02) � tan (⇡⌫ 01)| � R0

12 and the
solution has mostly �1 character. For both cases R0

12 = 0.02.

paragraph). This is due to the fact that ⌫1 = 23 is also subject to a energy downshift

from ⌫2 = 16. Hence the e↵ects of channel mixing in similar cases are only evident

when two channels are very close in energy.

In general, for the same amount of coupling, two extreme instances stand out

as presented in Figure 7.5. The first being two channels energetically close, i.e.

| tan (⇡⌫ 02) � tan (⇡⌫ 01)| ⌧ R0
12, then the resulting shifts are dramatic and wavefunc-

tion are mixed with equal admixtures of both channels (symmetric and antisymmetric

combinations). The other being two channels relatively far apart in energy, then the

shifts are less prominent with each channel only being mixed with small amount of

the other.
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Figure 7.6 : Doubly excited strontium state 5p1/2300p coupling to one e↵ective open
channel.
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7.4.2 Autoionizing states

If one of the channel involved is open, i.e. a continuum, MQDT formalism still

applies. In fact, it becomes a simpler problem since the energy restriction in Equation

7.13 no longer exist. For a problem with n
c

open channels and n
b

bound channels,

if n
c

> n
b

, then we can construct n
c

� n
b

continuum channels that are no longer

coupled to any one of the bound channels. And these uncoupled continua can only

add a background to the spectrum (no features can be observed). A typical example

for strontium is shown in Figure 7.6. In our experiments , we use the ICE technique

to excite the strontium 5p1/2300p state which is potentially coupled to three di↵erent

open channels 5s1/2, 4d3/2 and 4d5/2 respectively but they are e↵ectively reduced to a

single continuum channel in the calculations. A more thorough MQDT treatment of

strontium 5p1/2nl should involve three channels, two bound and one open as shown

in Figure 7.7.

7.4.3 Photoionization spectra

From an initial Rydberg state |g⌫gli (where g is the ground state of core electron,

⌫
g

is the e↵ective quantum number of the Rydberg electron and l is its angular

momentum) to a bound doubly excited state |e⌫el0i (where ⌫e denotes the e↵ective

quantum number with excited core), the optical dipole matrix element can be written

as,

µ = hg⌫gl|µ |e⌫el0i

= µ
ge

�
ll

0
sin[⇡(⌫g � ⌫e)]

⇡(⌫g � ⌫e)

(4⌫g⌫e)1/2

⌫g + ⌫e
. (7.25)

Here �
ll

0 represents the Kronecker delta function and µ
ge

is the ion transition moment

which can be calculated independently. But this is only accurate when the final
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Figure 7.7 : Three channels are generally involved to treat Sr 5p1/2nl state.

autoionizing state |e⌫el0i is pure. If we label the closed collision channel |e⌫el0i as 1
and the continuum channel as 2, then the properly normalized final state  is given

by

 = (⌫e)3/2A1�1 + A2�2. (7.26)

As a result, Equation 7.25 is modified to

µ = (⌫g)�3/2µ
ge

sin ⇡[⌫g � ⌫e]

⇡(W
g

�W
e

)
A1, (7.27)

where Equation 7.13 is used. Therefore the main optical absorption feature / |µ|2

is determined by the product of two parts. The first part being the broad overlap

integral squared | sin ⇡[⌫g � ⌫e]/⇡(W
g

�W
e

)|2, the general shape is shown in Figure

7.8(b). And more often it is the spectral density / A2
1 that decides the width and
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location. In a two-channel case, by choosing R0
11 = R0

22 = 0, MQDT gives

A2
1 = (R0

12)
2[

1 + tan2 (⇡⌫ 01)

(R0
12)

4 + tan2 (⇡⌫ 01)
]. (7.28)

Thus it is a function form very close to Lorentzian peaked at tan (⇡⌫ 01) = 0, i.e.

whenever �1 + ⌫1 reaches an integer. For small R0
12, its FWHM � is given by

� =
2(R0

12)
2

⇡⌫31
. (7.29)

A series of A2
1 peaks are shown in Figure 7.8 (a). Since �1 the quantum defect of

the collision channel (in which core electron is in excited state) doesn’t necessarily

coincide with ⌫g, the quantum defect of the original Rydberg level, the two parts

that determine the spectra could peak at slightly di↵erent locations. In fact, the

mismatch between these two defects give rise to a full host of interesting spectra

features as discussed in [6].

Sometimes, it is necessary to bring another bound channel (label it 3) into con-

sideration. Depending on whether it is converging to a higher or lower ionization

limit, it could cause di↵erent e↵ects. If ⌫3 ⌧ ⌫1, then it will only change the observed

spectral width and position as ⌫1 varies through a resonant ⌫3. A example of both

e↵ects are illustrated using barium in Figure 7.9. This is also the case for our exper-

iments working with Sr 5p1/2nl state as demonstrated in Figure 7.7. While exciting

to di↵erent n state, we might sometimes run into a degenerate 5p3/2n0l state that it

could be coupled with. But the perturbations are temporary. On the other hand, if

⌫3 � ⌫1, then new structures are introduced through the energy range of the state as

shown in Figure 7.10.
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Figure 7.8 : Adopted from [6]. Plots of (a) the spectral density, (b) the square of
the overlap integral between initial and final states, and (c) their product. All are
calculated for the laser excitation from the Ba 6s15d(⌫

g

= 12.35) state to the Ba
(6p3/2nd)J=3 channel.
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Figure 7.9 : Adapted from [5]. Left: Reduced widths (⌫31�) of some 6p1/2ns states of
barium in the vicinity of the 6p3/210d perturber from as measured (⇥) and as fit (2)
by a four-channel MQDT analysis. Right: Quantum defects of some 6p1/2ns states
as measured (⇥) and as fit (2) using the same MQDT analysis.

Figure 7.10 : Adapted from [5]. ICE spectrum for the 6s12s ! 6p3/212s, J = 1
transition in barium. The structure results from mixing with the 6p1/2ns and 6p1/2nd
channels. The upper curve is the measurement and the lower curve is a fit using a
six-channel MQDT analysis. The large feature at 4557Å is a wavelength marker.
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Chapter 8

Results of Autoionization Experiment

Creating doubly-excited states from a Rydberg state that is extremely high in n(n '
300) and controlled in l provides unique opportunities to engineer truly stable plane-

tary atoms by eliminating autoionization. In this chapter, recent experimental results

obtained in studies of autoinization rates for such Rydberg states (of strontium) will

be presented. These results are in good agreement with the theory discussed in Chap-

ter 7 and with new theoretical results presented here ⇤.

8.1 Experimental Approach

The initial Rydberg 5snl states are prepared in a similar fashion as in the blockade

experiment with a few minor changes. Instead of exciting in a three dimensional

confined volume, we revert back to the counter propagating configuration (discussed

in Section 5.2) to achieve higher Rydberg atom production rates. Nevertheless, the

probability of creating more than one Rydberg atom in every experimental cycle is

maintained small by operating the strontium oven at a low temperature. Thus the

atom-atom interaction we discussed previously is not of concern in this chapter. Both

the 461nm and 767nm radiation are unfocused with estimated waists around 3mm

and the 893nm laser, co-propagating with 767nm beam, is focused to an average waist

⇤
Theory described in this Chapter 8 is provided by our collaborators Shuhei Yoshida et al. from

Vienna University of Technology.
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Figure 8.1 : Top: All laser beams propagate along a common axis that is orthogonal
to the strontium atom beam.The 767nm and 893nm radiation is always present and
Rydberg atoms are created during the 100ns long, 461nm pulse. Typically immedi-
ately after the termination of the 461nm pulse, the ICE laser, i.e., the 422nm laser, is
turned on for a selected duration to excite the core electron. Bottom: relevant Sr+

(Sr II) energy levels.
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of 200µm in the excitation region. Rydberg excitation is controlled by the width of

the 461nm radiation pulse which typically lasts for 100ns. This pulse is followed

by the co-propagating, 422nm laser pulse for isolated core excitation (ICE). Unless

otherwise stated, the 422nm pulse, gated by an independent AOM, also lasts for 100ns

and it begins immediately after the 461nm pulse in order to illuminate all excited

Rydberg atoms. Emitted by a frequency doubled diode laser system like the 461nm

laser light, the 422nm radiation is frequency controlled (relative to a stabilized HeNe

laser) as described for other lasers. It is tuned to the ion core Sr+ 5s2S1/2 ! 5p2P1/2

transition in all measurements. This is accomplished experimentally by referencing

to the 5s2S1/2(F = 2) ! 6p2P1/2(F = 3) transition in 85Rb, which is 440MHz to the

red of the core ion transition. Saturated absorption spectroscopy (SAS) in a heated

Rb glass cell is used to calibrate the “zero” of the 422nm laser frequency. However,

since a large shift (440MHz) is required from the rubidium frequency, the error in

the frequency “zero” can be as large as 5MHz. Lastly while the three Rydberg

excitation lasers are vertically polarized, the 422nm laser is polarized horizontally

with an unfocused beam waist of 1mm. Figure 8.1 shows the laser configuration and

relevant excitation schemes.

As is in previous experiments, after all the experimental manipulations, the phys-

ical quantity being measured is the surviving Rydberg population. In Figure 8.2,

typical autoionization loss spectra measured for doubly-excited states are shown with

their Lorentzian fits. The x-axis is the frequency detuning from the core ion transi-

tion, i.e. the “zero” of ICE laser frequency and the y-axis is the surviving Rydberg

population normalized with respect to the Rydberg population when the 422nm laser

is far detuned. Since the resonant 422nm laser beam leads to ICE and autoionization,

the loss in the surviving Rydberg population provides a direct measurement of the
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Figure 8.2 : Typical Rydberg atom loss spectra recorded for the 3871P1 and 3841F3

states as the ICE laser is scanned across the 5s2S1/2 ! 5p2P1/2 core ion transition.
The frequency origin is the transition frequency of an isolated core ion. The dotted
lines are Lorentzian fits to the data. Both initial Rydberg states are created in zero
field.
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number of autoionized doubly excited states. Thus from the loss spectra, the rate of

autoionization for the doubly excited state can be obtained. For a two-level system in

a steady state, i.e. 5snl and 5pnl, the optical cross section for an atom at a detuning

�! (�! ⌧ !0, where !0 is the resonant frequency in the optical range) is

�(�!) / µ2 �
R

�!2 + �2
R

/4
/ µ2L(

�!

�
R

/2
), (8.1)

where µ2 is the optical dipole matrix element squared, �
R

is the natural, radiative

linewidth and L(x) = 1
1+x

2 is the Lorentzian function. In Chapter 7, we have already

derived µ2 for an autoionizing state using two channel MQDT and concluded that the

main lobe of µ2 is very close to a Lorentzian function with a FWHM �
A

(see Equation

7.28, �
A

characterizes the coupling strength between the doubly-excited state and the

continuum). Hence the optical cross section essentially becomes a convolution of two

Lorentzian functions with two di↵erent widths. Mathematically, it can be shown that

the resulting line shape is still Lorentzian but with a width � = �
A

+ �
R

. Thus, the

optical cross section per atom can be written as

�
nl

(�!) / �
nl

�!2 + �2
nl

/4
. (8.2)

Starting with N0 initial Rydberg atoms, if we ignore the radiative process, i.e.,

if we assume autoionization dominates over radiative processes or equivalently every

doubly excited atom is autoionized immediately, then an amount of photon flux d�

contributes dN
nl

to the autoionization loss where

dN
nl

= (N0 �N
nl

)�
nl

d�. (8.3)

Integration yields

N
nl

= N0(1� e��

nl

�), (8.4)
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where �
nl

is evaluated at a certain frequency �! and � is determined by the 422nm

laser beam size, intensity and duration. According to this formula, when �
nl

� ⌧ 1,

N
nl

⇡ N0�nl�. In other words, for the same autoionizing state and same N0, the loss

at a certain frequency due to autoionization should be proportional to the intensity of

the ICE laser. Moreover, if we insert the expression for �
nl

(Equation 8.2) in Equation

8.4, we can see that the measured peak attenuation S in the loss spectra is

S / max
�!

N
nl

(�!)

N0
/ 4�

�
nl

(8.5)

and the measured FWHM is

N
nl

(�!)

N0
=

S

2
=) 2�! = �

nl

. (8.6)

Therefore, when the 422nm laser intensity is low, the measured width approximates

the autoionization width �
nl

but when the intensity is high, because of Equation 8.4,

the measured width is broadened and should be corrected for the real autoionization

rate �
nl

. Thus most of our data were obtained using low laser power to minimize

such corrections. It worth mentioning that the peak loss is located at �! = ! �
!
nl

= 0 where !
nl

, resulting from the convolution of the two Lorentzian functions, is

determined by both the ion transition line center and the �01 from the coupling to the

continuum (which is discussed in Chapter 7). Generally, the combined line center is

red-shifted from the core ion transition line center by an amount that is dependent

on the coupling strength.

8.2 n-dependence

The measured width and line center shifts for np and nf states with values of n

ranging from 280 to 440 are shown in Figure 8.3 and 8.4. In Chapter 7, we showed
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that both an ab initio calculation (Equation 7.10) and the MQDT (Equation 7.29)

predict the same n�3 scaling for the autoionization rate �
A

, which agrees well with

our observations. Since our measured width includes the core ion radiative rate

�
R

⇡ 22MHz and an e↵ective laser linewidth ⇡ 8MHz, the intercepts of ⇠ 30MHz in

Figure 8.3 are quite reasonable. The fact that nf states have higher autoionization

rates than np states, as we discussed previously, has been observed and explained

for other alkaline earth atoms before. The results showing the line center shifts

are very interesting. Although we expect the shifts from the ion transition become

gradually smaller with n⇤ due to the decreasing interaction between the two electrons,

the simple n�3 scaling of the detuning hasn’t been discussed previously. The initial

results obtained by our theoretical collaborators agree with our observations. Lastly,

the measured peak attenuations, i.e. S = max�!

N

nl

(�!)
N0

for 320p states display

exponential dependence on the laser duration as predicted in Equation 8.4.

8.3 l-dependence

We have discussed previously, that although the precise l-dependence of the autoion-

ization rate is di�cult to formulate, the general trend is a steep decline in �
A

as l

increases. We studied this experimentally in two ways. In the first (and the easiest)

approach, we exploit the strong l-mixing of strontium “nf” states in a DC field. Here,

although l is no longer a good quantum number for Rydberg states in a electric field,

we continue to refer to the states by their zero field designation. As demonstrated

in Figure 8.6, in the presence of small DC electric field, “nf” state merge with the

nearby manifold and quickly acquire its high l character thereby drastically reducing

its autoionization rate. Some consistent shape changes are evident in the loss spectra

but their analysis is limited by the signal-to-noise ratio and are left for future studies.
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Figure 8.3 : Measured widths of the np and nf autoionization features as a function
of 1/n3

eff

, where n
eff

= n� � is the e↵ective principal quantum number. The dotted
lines show simple straight line fits to the data,
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Figure 8.4 : Measured detuning of the nf and np autoionization features as a function
of the 1/n3

eff

. The dotted line show simple linear fits to the data.

However, there could be another explanation to the reduction of the autoionization

signal. Since the DC field is always present even during the 422nm pulse, it can

potentially influence the isolated core excitation (ICE) process. While this is unlikely

given the extremely weak DC fields that are applied relative to electric field the inner

electron experiences, it is still worthwhile to isolate the l-changing procedure. Hence

we introduced a second, cleaner approach.

Instead of applying a DC electric field, a short pump pulse (an electric field pulse

of no longer than 50ns duration) is employed to change the L distribution right after

the initial Rydberg np state is created in a zero field. For this set of experiments,

the 422nm laser pulse (still 100ns long) starts after a fixed delay with respect to the

end of the 461nm Rydberg states production pulse to allow time to impose the pump
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Figure 8.5 : Number of surviving 320p Rydberg atoms as a function of the duration
of the 422nm autoionizing laser pulse for the laser powers indicated.

pulse. The results are presented in the Figure 8.7. Clearly, the pump pulse e↵ectively

reduces the autoionization loss as higher L character is mixed in. From the theoretical

calculations, the low L character is completely removed within 20ns yet small losses

are still observed in our measurements, especially for the higher 422nm laser powers.

One possible explanation to this is that as more initial 5snl states are excited (ICE by

the 422nm laser) into 5p1/2nl states during the 100ns 422nm laser pulse, more decay

into 4d3/2nl states. Since these are long lived and can also induce autoionization,

they can continue to generate loss even after cessation of 422nm pulse. Given the

long time period ⇠ 10µs before the Rydberg atoms are detected(see Figure 8.1), the

4d3/2nl states can lead to noticeable autoionization loss. Thus the higher the laser

power, the more atoms that can transition into 4d3/2nl states increasing the net loss.
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Figure 8.6 : Left: Excitation spectra for “310f” states recorded in the presence of
the dc fields indicated (note the change in scale of the vertical axis). Right: Rydberg
atom autoionization loss spectra recorded with the Rydberg excitation lasers tuned
to the points indicated by the lines in the corresponding excitation spectra.
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Figure 8.7 : Fraction of 320p Rydberg atoms that survive as a function of the duration
of a 1.8mV cm�1 pump pulse for the average 422nm laser powers indicated. The
422nm laser pulse is 100ns long but is turned on after the pump pulse. The inset
(a) shows the occupation probability for low L states as a function of pump pulse
durations. The inset (b) illustrates the evolution of the L-distribution as a function
of pump pulse duration. The amplitude of the pump pulses used in both insets are
similar to the ones used in the experiments. Notice the di↵erent time scales for the
two insets.



106

Chapter 9

Conclusion and Outlook

The blockade e↵ect caused by the giant dipole moment of Rydberg atoms has proven

to be a very powerful tool in creating quantum entanglement and in tuning interac-

tions in a quantum ensemble. Exploiting our unique capabilities in producing and

controlling extremely high-n (n ⇠ 300� 500) Rydberg atoms, a mesoscopic Rydberg

blockade e↵ect (Rydberg blockade radius ⇠ 100µm) has been achieved. This is clearly

demonstrated by the sub-Poisson distribution (Q ⇡ �0.6) obtained for the Rydberg

number statistics. Theoretical calculations accounting for atom pair orientations and

motions are in good agreement with the measurements. Although the blockade is

incomplete, our work paves the way for future improvements and further research. It

is shown that by carefully selecting the configurations and polarizations of the exci-

tation lasers, it should be possible to create one, and only one, Rydberg atom inside

of a defined volume filled with tens of ground atoms. The interacting atoms within

the blockaded region are often termed a “Superatom” in the literature.

A doubly-excited Rydberg state is an intriguing exotic quantum state that has

been studied for many years but it is far from being completely understood. Strontium

Rydberg atoms provide a valuable tool to examine such states as it takes less energy to

create them when compared with, say, helium. Because of the chaotic nature of these

states, one obstacle to exciting a target doubly-excited state is its rapid autoioniza-

tion. Thus the excitation scheme must be carefully designed to avoid electron-electron

scattering prior to reaching the final target state. As we have demonstrated in this
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Figure 9.1 : Two Superatoms are initially created at a distance such that they are
non- or only weakly interacting. With pulsed electric fields, the two Rydberg atoms
are excited simultaneously to higher n states and two ensembles become strongly
coupled. One possible outcome is that the two Rydberg electrons (one from each
Rydberg atom) form a strongly-correlated bound pair orbiting around the ensemble
driven by a carefully tailored sinusoidal electric field. The electrons’ momenta and
positions can be mapped by probe pulses and the surviving Rydberg atoms can be
detected by selective field ionization.

thesis, one e�cient approach is to promote the first electron to a very-high-n, rela-

tively high-l state using pulsed electric fields before exciting the second electron. The

measurements indicated negligible autoionization following this approach.

Both experiments have opened up many possible avenues of research. The first

project we are preparing now is to scale up the number of Superatoms. The relative

positions and orientations of the super atoms can be engineered using advanced optics

to code a pattern of laser focal spots. For two Superatoms, as shown in Figure 9.1,

they are initially created at a separation that is just large enough for them to be only

weakly interacting. Then upon applying a tailored sequence of pulsed electric fields,

both Rydberg atoms can be simultaneously promoted to higher n states resulting
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in much stronger interactions between them. This technique, using designer pulses

to manipulate electron wavepackets, i.e. changing their orbits, is fully developed in

this lab. In the figure, we indicate the increased interaction by exaggerated Rydberg

atom sizes which is the case when n is extremely high (however, for the two ensem-

bles to interact, it is not necessary to have their atomic electron clouds physically

overlap.). Nevertheless, the strength and character of the interaction between the

two atoms can be tuned by the pulsed fields and can lead to very di↵erent behaviors.

Their mutual dynamics can be detected by mapping the positions and momenta of

the outer electrons using probe pulses. One interesting possibility is that the two Ry-

dberg electrons can form a strongly-correlated and long-lived electron pair orbiting

under the influence of a coherent sinusoidal wave drive creating a novel two-electron-

excited molecular state. Another possibility we’d like to explore is interaction induced

entanglement. So far, Rydberg states have been used mostly as a intermediate for

that purpose. With the development of traps and lattices suited for Rydberg atoms

and the long life time for circular high-n Rydberg atoms, Rydberg states themselves

can be potentially used as qubits as we mentioned in the discussion of earlier QED

experiments.

In parallel, while we are obtaining laser sources to further excite the inner electron

associated with doubly-excited Rydberg states. Our theoretical collaborators who

have expertise in nonlinear dynamics can develop Poincaré maps for the electron

pair. Our exquisite control of Rydberg electron wavepackets using shaped electric

field pulses will be further exploited to control the electron-electron interactions. The

quest for creating long-lived doubly excited state requires close interactions between

experiment and theory. If stable states can be found, such exotic Rydberg states

would provide a new frontier of Rydberg physics enabling, for example, creation of
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so-called planetary atoms which mimic the early semi-classical models of the helium

atom.
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