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Abstract

Towards Atom-Photon Entanglement
by
XU Zifang
Bachelor of Science (Hons) in Physics

National University of Singapore

Realizing effective quantum interfaces between stationary qubits located at distant
locations via flying qubits is a crucial step in constructing a distributed quantum
network. One approach to establish such interfaces is through the entanglement
generated from the spontaneous emission of a photon from the stationary qubits.
In this thesis, we present our progress toward generating entanglement between
the electronic state of a single Rubidium-87 atom and the polarization of a single
photon emitted through the spontaneous emission process in the 8Rb D, transition.
We start from preparing the atom in the target ground state with an efficiency of
83.4(7)%. Subsequently, it is driven to the excited state using an optical T-pulse, with
a probability of detecting the spontaneous emission photons of 0.84(6)%. Detailed
experimental techniques are provided, along with an analysis of current challenges

and a roadmap for future steps toward generating and verifying the entanglement.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Quantum mechanics, emerged as one of the most revolutionary theories in physics
during the early 20" century, has fundamentally reshaped our understanding of
the universe. A notable example of this transformation occurred in 1935 with
the introduction of the Einstein-Podolsky-Rosen (EPR) paradox, which posed a
challenge to the completeness of quantum mechanics and its implications for physical
reality [1]. Central to the EPR paradox is the concept of quantum entanglement,
describing the states of two or more particles being intrinsically correlated regardless
of the distance between them. It sparks discussions about the potential existence of
"hidden variables" that cause the uncertainties in quantum theory.

This paradox remained a thought experiment until 1964, when physicist John
Bell formulated a mathematical inequality (now known as Bell's inequality) to
distinguish between the statistical predictions of quantum mechanics and those of
classical physics [2]. It provides a conceptual foundation for conducting experimental
tests to examine the nature of quantum entanglement and assess the validity of local
realism. Subsequent experiments, commonly referred to as Bell tests, consistently
demonstrated violations of Bell's inequality, con rming the existence of non-local
correlations as predicted by quantum mechanics [3 5].

With its unique properties, quantum entanglement nds widespread applications
in quantum communication [6, 7] and quantum information [8, 9]. One such
application lies in the development of distributed quantum networks consisting of
spatially separated quantum nodes, where entangled particles are used to establish
secure and e cient communication channels over long distances [10, 11]. In this
protocol, quantum information is generated, processed, and stored locally at a
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guantum node consisting of stationary qubits. The transfer of quantum information
between distant nodes is then facilitated through ying qubits via a quantum channel.

As of today, numerous systems showcase their advantages in demonstrating useful
stationary qubits and ying qubits. For stationary qubits, systems like neutral atoms
[12, 13], trapped ions [14, 15], color centers in diamonds [16, 17] and quantum dots
[18] have been explored and each o er speci ¢ advantages for quantum information
processing tasks. On the other hand, photons as ying qubits are ideal carriers
for quantum information, due to their ability to transport over long range and
weak interaction with the environment. Speci cally, photons within the telecom
wavelength range can be transmitted through optical bers with minimal dispersion.
At 1310 nm, photons can avoid interference with existing tra c, while those at
1550 nm experience the lowest transmission losses.

In the practical implementation of a quantum network, establishing a reliable
quantum interface between stationary qubits at distant locations through ying
qubits for mapping of quantum information is essential. One approach to build
this interface involves the spontaneous emission process of stationary qubits, in
which entanglement between the polarization of the emitted photon and the nal
state of the stationary qubit can be generated[19 22]. This thesis aims to generate
entanglement between the electronic state of a single Rubidium-87 atom and the
polarization of a single photon emitted through the spontaneous emission process in
the 8’Rb D, transition.

1.1 Theory of atom-photon entanglement

This section gives a short introduction to the mathematical description of quan-
tum entanglement, the physics of spontaneous emission and generation of atom-
photon entanglement.

1.1.1 Mathematical description of quantum entanglement

We consider two particles A and B, each having a state spacE, and Eg. They
can be grouped into a total systemA + B, whose state space is the tensor product
En E g. If the individual states of the particles are represented by Ai andj i,



CHAPTER 1. INTRODUCTION

respectively, then the state of the composite system is

Joal ] sl (1.1)
and the state is called separable states. However, not all states are separable, and
those that cannot be expressed as tensor products of individual states are named
entangled states. Two systems entangled together do not have local states that
can be treated independently, although the combined system has a well-de ned

quantum state [23]. For example, given a subspace spannedfp@ai;jlaig and
another subspace spanned by0gi;jlgig, the following is an entangled state:

] 'ZPE(JOAl j Ogi+jlai | 1gi) 6 ) Al | si: (1.2)

1.1.2 Spontaneous emission

Spontaneous emission is the process in which an atom in the excited state decays
to a lower state by emitting a photon. This process is not explainable in the
semi-classical picture, which quantizes the electronic energy levels but treats the
electromagnetic eld classically, since spontaneous emission requires the notation of
a vacuum eld. Derivation of the dynamics involves the subject of quantum eld
theory, which is beyond the scope of this thesis. We summarize key points here and
interested readers can explore this topic further in [23].

According to the treatment of Weisskopf and Wigner [24], we consider a two-
level atom (transition frequency! o) with the ground and excited statesjgi and jel
interacting with the vacuum eld. We assume that initially the atom is excited, and
the eld is in the vacuum state. The combined atom- eld state is described by the
state vector

X
j 1=c(b)jeli +  cgx; (1)ig; L i; (1.3)
k;

wherec. is the excited state amplitude andcyy. describes the amplitude of the
combined state of the atom in the ground state and a photon in the modd; ).
The wave vectork is the eld modes of di erent frequency and orientation, and
the index =1;2 labels the two polarization states. The excited state population
decays exponentially due to the spontaneous emission:

jee(t)ji*=e Y (1.4)

3
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where is the spontaneous decay rate:

jdegi®! G

3 oc’ (1.5)

and dgg = hejajgi is the electric dipole matrix element.

1.1.3 De nition of photon polarization

Figure 1.1: De nition of polarization states in the atomic system. Arrows in the

middle of the gure represent the x, y, z components of the electric eld. The red

arrows represent the polarization component, while the blue arrows represent the
polarization component [25]

The polarization of the emitted photon can be described by a superposition
of the electric elds oscillating in the x-y-z direction. If we set z-axis to be the
guantization axis of our system, we can de ne the polarization as follows:

1 .
= p=(Ex IEy)
2 (1.6)
= Ey;
where *, and correspond to left circularly, linearly (parallel to the quantization
axis) and right circularly polarized light (as shown in Figure 1.1). Using this basis,

4
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the polarization states and directly correspond to the projection of the photonic
spin on the quantization axism = 1 and m = 0. According to the transverse
nature of electromagnetic radiation, -polarized photons are not emitted along the
guantization axis.

1.1.4 Generation of atom-photon entanglement

As discussed in the previous section, atoms in the excited state can spontaneously
decay back to several possible ground states with the emission of a photon, governed
by selection rules. Since both the excited state and ground state have well-de ned
angular momenta, conservation of angular momentum determines the polarization
of the emitted photon. We consider an atom in the excited state with zero angular
momentum. If it decays to the ground statemg = 1, the emitted photon is
polarized. However, if the nal ground state ismg = 0, the emitted photon is

polarized. Figure 1.2 illustrates this process usinfRb D,, F =2 $ F°=3
transition as an example.

Figure 1.2: Spontaneous decay of a singléRb atom from the excited state (5R-,,
FO%=3, mro=0) to three possible ground states (55, F =2, mg =  1;0) with
emitted photons in corresponding polarizations.

Experimentally, if we analyze the system along the quantization axis, the nal
state of the atom-light system reduces to a maximally entangled state:
ji=p50 Tij2 L+ ij2+1i); (1.7)

wherej2; 1i are the atomic ground states. In this notation, the rst number in the
ket represents the total angular momentun¥ of the state, and the second number

5
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represents the projection of the angular momentunmg on the quantization axis.
The relative phase is determined by the Clebsch-Gordan coe cients of the involved
angular momenta. By measuring the nal state of the atom, we can determine
the polarization of the emitted photon, and vice versa. Thus, we generate the
atom-photon entanglement.

1.2 Project overview

To generate atom-photon entanglement as described in Figure 1.2, our experi-
mental procedure consists of four main steps. Firstly, we cool down and trap a single
8Rb atom. Next, we prepare the atom in thes’S,—,, F =2, mg = 0 ground state.
The atom is then excited to the5?P3-,, F°= 3, mgo = 0 excited state via an optical

-pulse and the subsequent spontaneous decay is observed. Lastly, veri cation of
entanglement is conducted by analyzing the correlation between the nal state of
the atom and the polarization of the emitted photon. The rest of this thesis is
structured as follows:

Chapter 2 introduces the standard techniques in trapping a single neutral atom
in an optical tweezer and the characterizations. It covers important methods for
manipulating single atoms in this experiment, including the hyper ne state detection,
optical pumping schemes, and the microwave system used to drive the transition
between the hyper ne ground states of’Rb. While most of these methods are
brie y introduced, particular emphasis is placed on the newly built optical pumping
path for this experiment.

Chapter 3 presents the process of preparing the atom in the target excited state
via an optical -pulse. Initially, we explore this process with the existing optical
pumping scheme, focusing on th&°S,,, F =2, mg = 2! 5P3,, F°= 3,
Mmeo = 2 transition during the early characterization stage. Later on, using the
same method, we achieve preparation of the desired excited state. Methods such as
the generation of 10 ns short excitation pulses and the characterization of excitation
probability through analysis of excited state population and atomic uorescence are
included.

Chapter 4 describes our planning towards generating and verifying the entan-
glement. We discuss current challenges in generating entangled pairs and propose
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potential solutions. To verify the entanglement, one possible approach is to analyze
the correlations between the nal electronic state of the atom and the polarization
of the emitted photon.

Finally, we conclude the thesis in Chapter 5.
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Chapter 2

Experimental Setup and Techniques

In this chapter, we provide a brief overview of the methods used for trapping
a single neutral®’Rb atom, along with techniques implemented throughout the
experiment for manipulating single atoms, including lossless hyper ne state de-
tection, state initialization by optical pumping and microwave system. While the
experimental setup has been described thoroughly in previous theses [26 28], here
we present the elements essential for generating atom-photon entanglement.

2.1 Trapping a single atom

We start the experiment with a cloud of laser-cooled atoms in a Magneto-Optical
Trap (MOT). Then, a red-detuned far-o -resonant optical dipole trap (FORT) is
used to trap a single®’Rb atom from the MOT. The trapping mechanism of a FORT
is based on the interaction between the atomic electric dipole moment and the
spatially intensity gradient of laser light. This interaction induces AC Stark shifts in
the atomic energy levels, con ning atoms within regions of high light intensity when
the laser frequency is red-detuned from the atomic transition. Further discussion on
the FORT can be found in Boon Long Ng's thesis [27]. This FORT has been well
characterized and used in various experiments over the past few years [29, 30].

Figure 2.1 shows a schematic of our setup. A pair of high numerical aperture
(NA) aspheric lenses in a confocal con guration is employed to tightly focus laser
beams onto the single atom to realize strong atom-light coupling. These lenses are
customized by Asphericon GmbH for a designed wavelength of 780 nm, with an NA
of 0.75 and an e ective focal length of 5.95mm. Anti-re ection coating on both
sides of the lenses ensures re ection of less than 0.5% across a wavelength range of

8
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700-1400nm. This lens pair is used both for focusing the FORT to trap a single
atom and for collecting uorescence from the trapped atom.

The dipole-trap laser is an 851-nm Titanium-Sapphire laser (M Squared SolsTis)
pumped with a 532-nm diode-pumped solid-state laser (Coherent Verdi V10). It is
linearly polarized and the FORT is generated with a typical laser power of 11.6 mW,
which results in a trap depth ofkg  2mK [30]. With the aspheric lens pair, the
dipole laser beam is focused down to a waist of approximately 1.4. In the
presence of cooling light, two or more atoms trapped in such a small region undergo
light-assisted collisions, resulting in the loss of both colliding atoms from the trap.
This mechanism is known as light-assisted collisional blockade [31]. As a result,
the tightly focused dipole beam can hold only one atom at a time. By spatially
overlapping the MOT and FORT, we enhance the probability of a singl&’Rb atom
falling into the FORT from the MOT.

Figure 2.1: Optical setup for trapping and probing a single atom. A singf&Rb atom

is trapped at the focus of the far-o -resonance optical dipole trap (FORT) between
two high NA lenses within an ultra-high vacuum (UHV) chamber. A dichroic mirror

is used to separate the dipole laser from the 780 nm uorescence from the atom. The
state detection and optical pumping beams are also indicated in the gure and their
functions are elaborated in sections 2.2.2 and 2.2.3.1, respectively. APD: avalanche
photodetector, IF: interference lIter centered at 780 nm, BS: beamsplitter, PBS:
polarizing beamsplitter, QWP: quarter-wave plate, B: magnetic eld.

To detect the presence of a single atom, we collect the uorescence light scattered
by the atom using the same aspheric lens pair, which is then coupled into single-
mode bers and detected via avalanche photodetectors (APDs). A single atom is
trapped when there is a surge in uorescence counts in the APDs, since the MOT
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light scattered by the atom is now e ciently collected by the high NA lenses and
mode-matched to the collecting bers, as shown in Figure 2.2. This telegraph signal
indicates the sub-Poissonian loading of single atoms with either zero or one atom
being trapped. To further cool the atom, polarization gradient cooling (PGC) is
applied [32], eventually reducing its temperature to about 13K.

Figure 2.2: Fluorescence of single atoms in the optical dipole trap under continuous
illumination of MOT beams (left) and histogram of the single atom uorescence
for the time trace with 10 minutes of data collection (right). This telegraph signal
indicates the sub-Poissonian loading of single atoms with either zero or one atom in
the trap.

An overview of the lasers used in our experiment along with the atomic transition
of 8Rb is shown in Figure 2.3. The hyper ne structure of’Rb and the energy
splitting values are attached in Appendix A.

2.2 Manipulation of single atoms

In this section, we present the methods for manipulating single atoms. We begin
with the general experimental sequence, followed by the hyper ne state detection,
state initialization by optical pumping and tools for subsequent characterization.

10
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Figure 2.3: An overview of the laser frequencies along with the atomic transitions
used in this experiment. All frequencies are shifted from the laser lock point with
acousto-optic modulators. This drawing is not to scale.

2.2.1 Experimental sequence

Our experimental sequence is executed with a home-built eld-programmable
gate array (FPGA) based digital pattern generator. This device has multiple output
channels that send electrical signals to control the switching of devices. Additionally,
the signals can be sent out conditionally based on the number of photodetection
events counted by a built-in counter. Figure 2.4 presents a basic experimental
sequence.

The experiment starts from forming a cloud of’Rb atoms using the MOT and
waiting for a single atom to fall into the FORT. When an atom is loaded into the trap,
it scatters photons from MOT beams, leading to an obvious increase in detected
atomic uorescence as observed in Figure 2.2. If more than 20 photodetection
events occur within a 10 ms interval, it indicates that an atom has been loaded
with high probability. We then turn o the MOT when this happens to prevent
further atom loading. After that, the preloaded experimental sequence is executed,
including PGC, state initialization by optical pumping and other experiment-speci ¢

11
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Switch on MOT and dipole trap

Detected uorescence exceeds threshold?

Switch o quadrupole eld

l

Polarization gradient cooling

i

Switch on bias magnetic eld

l

Experimental sequence

i

Switch on MOT beams

|

Detected uorescence exceeds threshold?

Figure 2.4. Flowchart of a general experimental sequence.

procedures. In our experiment, in between the PGC stage and optical pumping, we
apply a bias magnetic eld of 14.4 G along the FORT laser propagation direction to
de ne the quantization axis and remove the degeneracy of the Zeeman states. At
the end of the sequence, we shine light onto the atom to check whether the atom
remains trapped. If su cient uorescence is detected indicating the presence of the
atom, the experimental sequence is repeated from the PGC stage and more data
is accumulated. If the atom is lost, the sequence is repeated again from the stage
where an atom is loaded from the MOT.

12



CHAPTER 2. EXPERIMENTAL SETUP AND TECHNIQUES

2.2.2 Hyper ne state detection

As a result of hyper ne splitting, 8’Rb consists of two hyper ne ground states
F =1 and F = 2. Accurately distinguishing between them is necessary to ascertain
the delity of our atomic state preparation. This section presents the lossless state
detection scheme we have implemented to discriminate the hyper ne states, which
is originally developed and reported in [33].

In this scheme, we probe the atom with incident light atZ80nm, resonant with
the 5°S,,, F =2 | 5%P;,, F%= 3 transition. The determination of the hyper ne
state is based on the brightness of the atomic uorescence. Speci cally, if the atom
initially occupies the F = 2 bright state, it is almost on resonance with the probing
light, and thus scatters several photons as it cycles in the closed transition. On the
contrary, if the atom is in the F = 1 dark state, there is a detuning of approximately
6.8GHz between the nearest optical transition and the incident state detection
light. Consequently, the atom barely scatters any photon, leading to signi cantly
reduced atomic uorescence. We can experimentally demonstrate this hyper ne
state detection scheme. The experimental sequence is shown in Figure 2.5.

Figure 2.5: Experimental sequence for characterizing the hyper ne state detection
process. The atom is prepared in the =2 (F = 1) state with the MOT repumping
(cooling) light. After each state preparation, the atom is probed with 600s state
detection light, and the atomic uorescence is measured. Based on the average
number of scattered photons, a threshold for determining the ground hyper ne level
is set.

During the characterization, we separately prepare the atom in the two hyper ne
ground levels and evaluate the atomic uorescence with 608 of probing light.

13
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The atom is prepared in theF = 2 hyper ne state with the MOT repumping
beam, whereas thé= = 1 hyper ne state is initialized by the MOT cooling beam.
Figure 2.1 describes the setup and Figure 2.6 presents a sample histogram of photon
distribution over 600 runs.

Figure 2.6: Histogram for photon detection probability based on the number of
detected photons, with atoms prepared in thé =1 dark state (blue) andF =2
bright state (red) respectively. The state readout delity is 96.0(4)% for a set
threshold of 3 detected photons.

For the dark state, the average number of detected events, is 0.41 (which
mainly comes from the APD dark counts), while for the bright state the average
numberny is 7.96. Given the clear distinction in average photon number from the
atom in the two states, it is possible to discriminate them based on the number of
photodetection events. To quantitatively evaluate the detection performance, we
calculate the state readout delity de ned as [34]

F=1 ;( bt d); (21)

where ,, denotes the probability of an atom prepared in the bright state being
detected as the dark state, and conversely fog. The threshold for distinguishing
between the two states is chosen to maximize the readout delity. In Figure 2.6,
with the threshold set at 3, we obtain , = 6:9(4)%, calculated from the atomic

14
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population prepared atF = 2 states scattering less than 3 photons, ang = 1:0(4)%,
calculated from the atomic population prepared aF = 1 states with more than 2
photodetection events. This yields the highest readout delity of 96.0(4)%. Errors
are calculated based on the binomial distribution.

2.2.3 Optical pumping

Our experiments require the atom to be initially prepared either in theng = 2
sublevel or in themg = 0 sublevel of the5?S,., F = 2 hyper ne ground level. In this
section we describe the procedure to prepare the atom in either of these sublevels via
optical pumping [35]. Preparing the atom inmg = 2 has been well characterized
in past theses and hence summarized here, whereas the preparatiomi =0 is
elaborated in detail.

2231 F =2, mg= 2 state preparation

Figure 2.7: Transitions relevant forF =2, mg = 2 state preparation by optical
pumping. The red (blue) arrows represent the 780 nm (795 nm) optical pumping
(repumping) light. Once the atom reaches the target ground state, it is decoupled
from the pumping light as no allowed transition exists. The non-degenerate Zeeman
sublevels arise from the splitting induced by the applied bias magnetic eld.

To prepare the atom in theF =2, mg = 2 state, an optical pumping beam
at 780 nm propagating along the quantization axis (Figure 2.1), drives th&S,-,,
F=1! 5Ps, F°=2, mg = 1 transition with a polarization. However,
atoms excited to theF %= 2 state also have a probability of falling into theF =1
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ground state. A repumping light at 795 nm resonant t&*S;—,, F =2 $ 5P,

F 9= 2 transition with the same polarization is used to depopulate th& = 1 ground
state. Once the atom reaches the target state, it remains there decoupled from the
pumping light without being further heated by uorescence scattering, as no allowed
transition exists. Figure 2.7 illustrates this optical pumping scheme.

2.2.3.2 F =2, mg =0 state preparation

Figure 2.8: Transitions relevant forF = 2, mg = 0 state preparation by optical
pumping. The red (blue) arrows represent the 780 nm (795 nm) optical pumping
(repumping) light. Once the atom reaches the target ground state, it is decoupled
from the pumping light as5°S;, F =2, mg =0 ! 5P3,, FO'=2, mgo=0
transition is forbidden by the electric dipole selection rules. The non-degenerate
Zeeman sublevels arise from the splitting induced by the applied bias magnetic eld.

To prepare the atom in theF = 2, mg = O state, we use a 780-nm linearly

-polarized laser propagating perpendicular to the quantization axis (Figure 2.11).
Similar to the MOT cooling and repumping lasers, this laser is a home-built external
cavity diode laser (ECDL), constructed with a di raction grating in the Litthrow
con guration [36]. It is resonantto theF =2 ! F°%=2, mg =0 transitions.
The MOT repumping beams at 795nm are used as repumping lights since they
contain both left and right circular polarizations, e ectively preventing the atom
from cycling between speci c Zeeman sublevels. Eventually, with both the optical
pumping and repumping light, the atom is prepared at the targeted ground state
since5?S;,, F =2, mg =0 $ 5°P3,, F°=2, meo =0 transition is forbidden by
the electric dipole selection rules. Figure 2.8 illustrates this optical pumping scheme.
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To evaluate the atomic population in the target ground state, it must be separated
from all other mg sublevels, which cannot be achieved through standard hyper ne
state detection alone. For this we use a shelving technique as described below.
Characterization of the performance of this optical pumping scheme is discussed in
Section 2.2.5.

2.2.4 Microwave system

As mentioned previously, the hyper ne splitting betweerf’Rb 5°S,, F = 1
and F = 2 states is around6:8GHz. The method described in Section 2.2.2 can
only di erentiate between the two hyper ne ground states. However, in some cases
additional techniques are required to determine the atomic population in specimg
sublevels. Due to the presence of a bias magnetic eld along the quantization axis,
the magnetic sublevels experience di erent shifts in energy. Here, we use microwave
to couple one magnetic sublevel of the = 2 ground state to another magnetic
sublevel of theF =1 ground state via magnetic dipole transition. By measuring the
remaining atomic population in theF =2 hyper ne level, we can infer the initial
state of the atom. In this section, we discuss the generation and characterization of
the microwave eld.

2.2.4.1 Microwave generation and characterization

We use a home-built direct digital synthesizer (DDS), capable of performing the
amplitude and frequency modulation on the output radio frequency (RF) signal
as well as interfacing with the pattern generator that controls the experimental
sequence, to generate an RF signal around 200 MHz. This RF signal undergoes
frequency multiplication, ampli cation, combination with other xed RF signals,
and proper ltering processes (detailed in [28]) to produce a 6.8 GHz signal and send
to a pair of log-periodic antennae (Kent Electronics WA5VJB PCB Log-Periodic 2-11
GHz), directed towards the trapped single atom. The frequency of this microwave
eld is adjusted by tuning the RF signal output from the DDS, so that we can drive
the transition between speci ¢ Zeeman sublevels.

Experimentally, a 14.4 G bias magnetic eld is applied to de ne the quantization
axis and lift the degeneracy in thang sublevels. The theoretical values of energy
splitting between adjacent Zeeman sublevels can be calculated with the Breit-Rabi
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formula [37], which is about 10 MHz. Using thé&?S,-,, F =1, mg =0 $ 5°S;_,,
F =2, meg =0 transition as an example, we introduce the process of characterizing
the resonant frequency of the microwave transition.

To determine the resonant frequency of this transition, we prepare the atom in
the 5°S,-,, F =2, mg = 0 state and apply the microwave eld for 20 s to transfer
the atomic population to the F = 1 hyper ne level while varying the microwave
frequency. A hyper ne state detection process is then carried out to measure the
remaining population in the F = 2 bright state. The result is plotted in Figure
2.9. By tting the data to Equation 3.4, we obtain the resonant frequency to be
6.806796(1) GHz.

Figure 2.9: Determination of the resonant frequency in th&°S;,, F =1, mg =0

$ 5°S,,, F =2, mg =0 transition. The plot presents the remainingF = 2 bright
state population as a function of the microwave frequency. The data is tted with
Equation 3.4, yielding the transition frequency as 6.806796(1) GHz. Error bars are
calculated from the standard error of binomial statistics.

2.2.4.2 Rabi opping

Here, we identify the duration of the microwave pulse that corresponds to a
-pulse to maximise the transfer probability between Zeeman sublevels. Similar
theoretical background related to this can be found in Section 3.1, except that in
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this case the interaction is described by a magnetic dipole transition induced by a
microwave eld. To obtain a -pulse, using the same transition in Section 2.2.4.1,
we drive Rabi oscillations between the two states with the microwave eld, xing the
pulse power while varying the pulse duration. For each pulse duration, the hyper ne
state detection process is performed at the end of the pulse to measure the atomic
state population remaining in theF =2 hyper ne level. The result is presented in
Figure 2.10. By tting the data to an exponentially decaying cosine function, we
extract the Rabi frequency to be2  2201(5)kHz. For this Rabi frequency, a pulse
duration of approximately 227 s can be used for a-pulse. The visibility of this
oscillation is mainly limited by the imperfect initial state preparation and the state

detection readout delity.

Figure 2.10: Rabi oscillation betwee®?S,,, F =2, mg =0 andF =1, mg =0
states. TheF =2 bright state population is plotted as a function of the microwave
pulse length. Fitting the data to an exponentially decay cosine function, we obtain
a Rabi frequency o2  2201(5)kHz. Error bars are calculated from the standard
error of binomial statistics.

2.2.5 Optical pumping characterization with microwave pulse

To characterize the optical pumping performance described in Section 2.2.3.2,
we need to separate our target ground state from all otheng sublevels with the
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Figure 2.11: Optical setup for characterizing the optical pumping scheme with a
microwave -pulse. The optical pumping beam is sent from the top-down direction,
with the polarizing beamsplitter (PBS) and half-wave plate (HWP) to adjust to

-polarization. A 100mm lens is used to focus the beam at the atom position. The
microwave antennae pair is added to probe the transitions between the two Zeeman
sublevels in the5?S,-, ground state. APD: avalanche photodetector, IF: interference
Iter centered at 780 nm, B: magnetic eld, UHV: ultra-high vacuum.

Figure 2.12: Experimental sequence for characterizing the optical pumping with
a microwave -pulse. We apply the optical pumping light for di erent durations,
followed by a microwave pulse to transfer theF =2, mg =0 statetothe F =1,
me = 0 state, and the remaining population in theF = 2 hyper ne level is measured.
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help of the microwave eld. Figure 2.11 shows the schematic of the setup. The
optical pumping beam is sent from the top-down direction with proper adjusting of
the polarization. The microwave antennae pair is added to drive th&S,,, F =1,
mg =0 $ 5°S,,, F =2, mg =0 transition.

The experimental sequence is depicted in Figure 2.12. We prepare the atom at
the target ground state by the optical pumping and repumping beams as described
in Figure 2.8 with varying the pumping duration. Subsequently, a microwave-pulse
is applied to transfer theF =2, mg = 0 state to the F =1, mg = 0 state, and
the remaining atomic population in theF = 2 hyper ne level is measured. The
probability of preparing the atom in the F = 2, mg = 0 state is obtained by
subtracting this population from 1. Figure 2.13 presents the result.

Figure 2.13: Performance of the optical pumping scheme for preparing an atom in
the F =2, mg =0 state. A microwave eld is used to separate the target ground
state from all other mg sublevels. The plot illustrates the probability of nding
the atom remaining in theF = 2 state after shelving (red) and preparing the atom
in the target ground state (orange) as functions of the pumping duration. The
exponential tting of the data (blue lines) yields an exponential time constant of
480 50 s. Error bars are calculated from the standard error of binomial statistics.

For analyzing results, we t them to an exponential function:
P(t)= Poe © +¢; (2.2)
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where Py + c is the initial population, cis the o set or nal population, and is the
exponential time constant, representing the time taken for the atomic population to
decrease tdl=e(in a decreasing system) or to reaclh 1=eof its nal population
(in an increasing system). From the tting, we extract an exponential time constant
of 480 50 s.

We observe that even with barely any pumping pulse, the atom can be found
in the F = 2 bright state with over 50% probability. This is because the atom
initially occupies any random hyper ne ground state. With a microwave -pulse,
the populations of theF =2, mg = 0 state and theF =1, mg = 0 state can
be swapped, contributing to the di erence in the initial bright state population.
However, at longer pumping durations, the atom tends to fall into the target ground
state and this is no longer an issue.

From Figure 2.13, we conclude that with more than 5ms of optical pumping,
we can prepare our atom at the target ground state with 83.4(7)% probability.
In subsequent experiments, we typically perform this optical pumping scheme for
5ms. The remaining population may be attributed to a small component of other
polarizations, and e orts have been made on slightly adjusting HWP angles to
reduce unwanted polarizations, as summarized in Table 2.1.

Fitting parameters in Equation 2.2
HWP Angle Initial population Py + ¢ (%) | Time constant (s ) | O set ¢ (%)
44 59(1) 450(30) 18.5(4)
44 4@ 59(2) 400(40) 17.8(5)
45 200 55(2) 480(50) 16:6(7)
46 56(2) 500(50) 17.1(7)
46 40 54.9(8) 520(20) 17.8(3)
47 2@ 56(1) 380(30) 18.1(4)

Table 2.1: Optimisation for polarization of the optical pumping beam. HWP angle
is adjusted to Iter out unwanted polarizations during the optical pumping process
as described in Figure 2.8. Each angle is characterized with a microwav@ulse
across various pumping durations, and the remaining population in the = 2 state
is recorded. Data is tted to Equation 2.2, and results are listed. A HWP angle of
45 2P is selected for later experiments.

Based on these results, we select the HWP angle of 2@ for later experiments,
determined from its minimal o set in the tting of Equation 2.2. This angle
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corresponds to the lowest probability of nding the atom in theF = 2 bright state
after shelving, indicating that the atom is prepared in the target ground state with
highest probability. Additionally, it may arise from the imperfection of the HWP, as
well as the slight misalignment between the polarization of the pumping beam and

the magnetic eld.
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Chapter 3

Excited State Preparation

Having prepared the atom in a speci ¢ ground state, we now describe the steps
to excite the atom, so it may decay spontaneously and generate the required atom-
photon entangled state. For this, we use a resonant opticalpulse to excite the
atom in an angular momentum conserving -transition. Since the preparation in
the F =2, mg = 2 ground state was well characterized before the start of this
thesis, we rst optimize the duration and power of the -pulse by driving theF = 2,
mg = 2! F%=3,mpgo= 2 transition of the D, line. We then characterize the
pulse to prepare the atom in theF°= 3, mro = 0 excited state after preparing the
atom in the F = 2, mg = 0 ground state with the new optical pumping protocol
(Figure 2.8). Subsequently, we detail the results obtained from the application of
this method to prepare the target excited state. Two methods for characterizing
excitation probability based on the analysis of excited state population and atomic
uorescence are presented.

3.1 Theory of Rabi opping and -pulse

In this section , we summarize the concepts relevant in a short theory, following
the derivations in [23]. We consider a two-level atom with ground statgi and
excited statejei having an energy splitting of~! o. We probe the atom with a laser
eld, which can be treated as a monochromatic oscillating electric eld with angular
frequency! :

E(t) = *Eycos(t ); (3.1)
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where™ is the unit polarization vector of the eld and E is the eld amplitude. In
the frame of reference of the fast oscillating eld, the interaction Hamiltonian under
the rotating wave approximation (RWA) can be expressed as:

0 1
H' }~@ A (3.2)
2
where = | !, is the detuning, and is the Rabi frequency:
hejd "jgiEo.

(3.3)

and d'is the atomic dipole operator.
For an atom initially in the ground state, by solving the interaction Hamiltonian,
we can derive ground-state and excited-state populations:

2 - P 2 4+ 2 :
Pg(t) =1 >4 2 Sin 5 t il

In the case of exact resonance £ 0 ), this solution reduced to:

Py(t) = ;(1 +cos t)

1 (3:5)
Pe(t) = é(1 cos t):

It can be observed that the state population oscillates between the ground and

excited states at the angular frequency , a phenomenon known as Rabi opping.

If the eld is switched on for a duration of = , an atom initially in the ground

state is transferred to the excited state with unit probability. A pulse of this form

is called a -pulse. tis de ned as the pulse area. In this experiment, we aim to

use a resonant optical -pulse to transfer the atomic population from the prepared

ground state to the target excited state.

However, the ideal model we have derived so far does not include decoherence
induced by spontaneous emission. In such cases, instead of considering the system
in the pure state form, it is more appropriate to use the density operator, which
allows us to account for mixed states and treat systems where probability is lost to
an unspeci ed environment. The time evolution of the excited and ground states in
the presence of spontaneous emission is described in Appendix B.
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3.2 Optical -pulse characterization

We begin with the characterization of an optical -pulse applied on the5?S,-,,
F=2,mg= 2! 5P3, F°=3, mgo= 2transition. Unlike the magnetic dipole
transition between5°S,-, hyper ne ground states, which has a longer coherence time,
the 8’Rb D, transition of interest here has a much shorter lifetime of 26.24(4) ns
[38]. To achieve a maximum probability of preparing the atom in the excited state
at the end of this pulse, the pulse duration needs to be shorter than the lifetime of
the excited state. Experimentally, we vary the Rabi frequency (pulse power) and
X the pulse length to characterize a suitable -pulse. This section includes the
generation of a 10 ns optical pulse with an acousto-optical modulator (AOM) in the
double pass con guration, followed by characterizing the optical pulse excitation
probability through the measurement of state population.

3.2.1 Generation of short pulses with an AOM

The acousto-optic modulator plays an important role in shifting the light fre-
guency and generating short optical pulses throughout the entire experiment. It
operates based on the acousto-optic e ect, which can be approximately explained
by the Bragg description [39]. When a sound wave propagates through transparent
crystal material such as Te@, it induces periodic changes in its refractive index and
e ectively creates a travelling refractive index grating. If the incident light beam
satis es the Bragg condition

sin s = o (3.6)
where is the wavelength of light in vacuum and is the sound wavelength, a

di raction pattern emerges. The diracted beams occur at angles that satisfy:
2sin  =m; (3.7)

wherem = :::; 1;0;+1;::: is the order of di raction. Due to the scattering of light
from the moving planes, the frequency of the di racted beam in the m-th order
experiences a Doppler shifted by the sound wave frequengey

f1 f+mF: (3.8)

Inside an acousto-optic modulator, the crystal is attached to a piezoelectric
transducer that receives RF signals, which are typically on the order of a few
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hundred MHz, and generates traveling sound wave inside the crystal. By modulating
the frequency and duration of the input RF signal, we can e ectively control the
frequency and duration of the di racted light beams. In our optical setup, we use an
AOM (Gooch & Housego 3200-124) in the double-pass con guration [40], as shown
in Figure 3.2(left). As the laser beam passes through the AOM twice, the total
frequency shift is also twice the modulation frequency.

To generate short RF signals lasting roughly 10 ns, we use a double balanced mixer
(Mini-circuits ZFM-2). This mixer performs a multiplication operation between the
electrical signal generated by the pattern generator and the RF signal from the
DDS. Initially, attempts are made to keep the DDS output signal on and control
the switching of the AOM solely using the pattern generator. However, due to
the insu cient extinction ratio of the mixer (40dB), the RF signal leakage would
cause the leaking of the resonant probe light, which would depump the atom from
the target state. Therefore, the DDS is only switched on for 40 ns each time to
generate the RF signal, which is mixed with the 10ns electrical signal from the
pattern generator. A simpli ed circuit diagram for this process is shown in Figure
3.1. The output RF signal from the mixer is sent to the AOM.

Figure 3.1: Schematic diagram for the generation of 10 ns RF signal. DDS: direct
digital synthesizer, AOM: acousto-optic modulator.

To capture the optical pulse shape, we use a fast photodiode (Hamamatsu S5973,
1 GHz response). The waveform is recorded from the oscilloscope (Rohde & Schwarz
RTM3004, 1 GHz bandwidth) and plotted in Figure 3.2(right). With this setup, by
applying a 10 ns RF signal to the AOM, we manage to generate a short pulse with a
full width at half maximum (FWHM) of 6.2(2) ns.

27



CHAPTER 3. EXCITED STATE PREPARATION

Figure 3.2: (Left) Schematic drawing of the AOM double pass con guration. QWP:
guarter-wave plate, PBS: polarizing beamsplitter, HWP: half-wave plate, lens:
100 mm lens.(Right) A snapshot of the optical pulse shape captured using the fast
photodiode. The full width at half maximum (FWHM) of this pulse is 6.2(2) ns.

3.2.2 Identifying the frequency on resonance

In Equation 3.5, we assumed the on-resonance condition to achieve unit prob-
ability in transferring atomic population with a -pulse. However, if detuning is
present, the maximum transition amplitude decreases and a ects the e ciency of
population transfer, as described in Equation 3.4. Therefore, our initial priority
before characterizing the -pulse is to identify the resonant frequency of th&?S,.,,
F=2,mg= 2% 5°P3, F°=3, meo= 2 transition.

According to the uncertainty principle, if f is the frequency spread (uncertainty
in the frequency domain) and t is the duration of the pulse (uncertainty in the
time domain), we have the frequency-time uncertainty relation [41]:

2 f —: )
t 5 (3.9

If our probing pulse width is on the order of 10 ns, the estimated frequency bandwidth
is about2  8MHz, comparable to the natural linewidth of the transition we are
interested in 2  6:065MHz) [42]. Hence, to obtain the resonant frequency with a
higher precision, we opt to use a longer pulse with a narrower frequency bandwidth
for the experiment rst. For each measurement, we send in 13 pulses of the same
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power to probe the atom while varying the pulse frequency. Minor adjustment are
made later with shorter pulses when characterizing for the-pulse.

Figure 3.3 shows the setup for this experiment. We use apolarized laser to
drive the 5°S;,, F =2, mg = 2! 5Pg,, F°=3, mpo= 2 -transition. Itis
sent from the top-down direction, propagating perpendicular to the quantization
axis de ned by the bias magnetic eld. The experimental sequence is presented in
Figure 3.4. Once the single atom is trapped in the FORT, we apply 5ms of PGC to
further cool down the atom. A bias magnetic eld of 14.4 G is then applied along the
dipole laser propagation direction to remove the degeneracy of the Zeeman states,
followed by 10 ms optical pumping as described in Section 2.2.3.1 to prepare the
atom in the 5°S;,, F =2, mg = 2 Zeeman sublevel. We then probe the atom for
10 s at various probe detunings, and collect the atomic uorescence on both APDs.
Finally, we check whether the atom is still in the trap, following the procedure
described in Section 2.2.1.

Figure 3.3: Optical setup for locating the resonant frequency and characterizing
the optical -pulse. The probe light driving the -transition is sent from the top-
down direction, perpendicular to the quantization axis de ned by the bias magnetic
eld. APD: avalanche photodetector, IF: interference Iter centered at 780 nm,
BS: beamsplitter, PBS: polarizing beamsplitter, QWP: quarter-wave plate, HWP:
half-wave plate, lens: 100 mm lens, B: magnetic eld, UHV: ultra-high vacuum.

The results are depicted in Figure 3.5. Here, the probe detuning refers to the
frequency shift from the5’S,,, F =2 $ 5°P3.,, F°=3 D, spectroscopy line. By
tting the data to a Lorentzian function, we obtain the resonant transition frequency
isaround2  1839(9)MHz blue detuned from theD, spectroscopy line. This is
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Figure 3.4: Experimental sequence for probing the frequency of tbéS,_,, F = 2,
Mg = 2$ 5°P3, F°=3, mgo= 2 transition.

Figure 3.5: Probing the frequency of thes?S,,, F = 2, mg = 2! 52Pg,,
F°=3, mgo= 2 transition. The solid line is a t to a Lorentzian function. The
resonance is aroun@  1839(9)MHz blue detuned from theD, spectroscopy line.
Error bars represent one standard deviation due to propagated Poissonian counting
uncertainties.

attributed to both the magnetic Zeeman shift and the dipole trap light shift. We
can also infer a linewidth of2 ~ 17(2)MHz from the tting, much broader than the
D, transition natural linewidth, 2  6:065MHz. Since our laser intensity is way
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beyond the saturation regime, we hypothesize that this broadening could be due to
the possibility that within the 10 s probing window, after the atom is excited, it
may spontaneously decay back to several possible Zeeman sublevels and be excited
again (with detuning). The observed linewidth could be an averaged result of 5
possible -transitions, potentially resulting in a broader spectral feature compared

to a single natural linewidth.

3.2.3 Observation of Rabi opping

After preparing the short pulse and identifying the resonant frequency, we then
vary the pulse power and maximize the excitation probability to characterize a
suitable optical -pulse. We analyze the state of the atom after the pulse to
infer whether the atom is excited by the end of the pulse. If an atom is found in
neighbouring magnetic sublevels adjacent to the ground state that is optically driven,
it indicates decay by spontaneous emission and implies that the atom is excited by
our pulse with a high probability.

To achieve this, we rst prepare the atom in the5’S,—,, F =2, mg = 2 state.
Then, we excite the atom with the 6.2(2) ns short pulse while varying the pulse
power. Atoms excited to the excited state can spontaneously decay back to the
5S,, F =2, mg = 2ormg = 1ground state, or be transferred back to the
mg = 2 sublevel due to the probing light. By measuring the atomic population
resulting from the spontaneous decay process, we can infer the excitation probability
of the short pulse. Therefore, after each excitation, we employ a microwavepulse
to transfer the atom from the5°S;—,, F =2, mg = 2statetotheF =1, mg = 1
state. Subsequently, by measuring the atomic population remaining in the = 2
hyper ne level using the hyper ne state detection process, we can determine the
excitation probability of our excitation pulse. The experimental sequence is shown
in Figure 3.6.

Figure 3.7 (top) presents the result. The probability of nding the atom at
F =2, mg = 1state is plotted as a function of the pulse peak power. The power
values are inferred from the electric current produced by the photodiode based on
the absorbed light energy. Several oscillations are observed here, indicating the
presence of Rabi opping. We note that while the probability of exciting a two
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Figure 3.6: Experimental sequence for characterizing the opticalpulse by measuring
the state population.

level system with a monochromatic eld oscillates sinusoidally at the pulse area, in
our experiment the pulse duration is xed while we vary the pulse peak power. In
Figure 3.7, the excitation probability is measured at the end of the pulse for each
pulse peak power, which is related to the square of the Rabi frequency at the pulse
peak (see Equation B.13). We choose the rst excitation peak, which occurs at a
power of 7.1 W to realize our -pulse. Fitting of this curve will be discussed later
in the next section.

In Figure 3.7, we observe that the maximum probability of nding the atom in
the 5°S,,, F =2, mg = 1 state is only 46(1)%, whereas the probability is already
17(1)% when no excitation pulse is sent. Here we discuss the factors a ecting the
visibility of observed oscillations.

Firstly, the ratio of probabilities for the atom to spontaneously decay to the
5S,, F =2, mg = 2andmg = 1 states is 1:2 based on the dipole matrix
elements. This implies that even if the atom is excited, there is only a 33% chance
foritto fall tothe F =2, mg = 1 state, which cannot be shelved by the microwave
pulse. 66% of the time, it falls back to the starting state and gets shelved, which
makes the result appear as if it did not get excited in the rst place. This imposes a
maximum limit of 66% on the observable probability in this measurement.
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Figure 3.7: Probability of detecting the atomic state from spontaneous decay as a
function of the exciting pulse peak power. Top (bottom): at 7.1W (9.5 W), the
probability of nding the atom in the 5°S,,, F =2, mg = 1( 2) state reaches a
maximum (minimum) of about 46(1)% (46(1)%). Horizontal error bars are due to
the peak power uctuations caused by electronics and power estimation uncertainties
(5%). Vertical error bars are calculated from the standard error of binomial statistics.
Inset: energy levels involved in the scheme. Solid red arrow indicates levels coupled
by excitation pulse. Wavy arrows indicate possible de-excitation pathways by
spontaneous emission. Blue circular arrow indicates levels coupled by microwave
pulses post excitation and spontaneous decay. After the microwave pulse, the
probability of nding the atom in the 5°S,,, F = 2, mg = 1( 2) state is
measured by the hyper ne state detection process outlined in Section 2.2.2.
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Secondly, regarding the states involved in this experiment, we are limited by
the state detection readout delity of 96.0(4)%, which constrains the maximum
excitation probability that we can measure. Also, the e ciency of initial state
preparation (91.3(9)%) contributes to the non-zero state population even when no
excitation pulse is sent.

Additionally, as shown in Figure 3.2, our pulse is not a perfect square pulse in
time but rather approximates a Gaussian shape, e ectively contributing to several
Rabi frequencies in the atom during the pulse. This characteristic impacts the
maximum excitation probability. Moreover, our pulse experiences around 5% peak
power uctuation due to electronics limitation. While this uctuation has a smaller
e ect at low power levels, it becomes more signi cant at higher power levels where the
atom undergoes multiple Rabi oscillations. The accumulated uctuation ultimately
reduces the visibility of the oscillation. Qualitative analyses and simulations on a
two-level system can be found in Appendix B.3.

We also conduct another measurement to validate the reliability of the previous
result. This time, we measured the probability of nding the atom in the5%S,-,,

F =2, mg = 2 state by using a microwave pulse to transfer th&?S,.,, F = 2,
meg = 1 state to the F = 1 hyper ne level. Initially, when the excitation power is
low, the atom remains occupying thd= =2, mg = 2 state, resulting in a measured
probability close to 100%. As we increase the pulse power, the probability decreases
because more atoms are excited and spontaneously decay to otimgr sublevels.
It is expected that the probabilities from these two measurements at each power
value should sum up to 1. As shown in Figure 3.7 (bottom), the observed result
aligns with our expectations. However, at some points, we observe that the total
probability is higher than 1. This discrepancy arises because there is a small portion
of atoms in theF = 2, mg = 0;1;2 states, and they are double-counted when
measuring the two probabilities. This may originate from imperfect optical pumping
and subsequent unexpected transitions with detuning.

3.3 Preparation of the target excited state

After characterizing the optical pumping process for preparing the atom in
the target ground state (Section 2.2.5) and the optical -pulse (Section 3.2), we
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combine these two methods to prepare our atom in the target excited state 6f = 3,
meo = 0. Figure 3.8 illustrates the experimental setup. Since the optical pumping
beam and the excitation beam share the same polarization, they are sent from the
same direction. These two beams are built separately and then combined using a
ber beamsplitter.

Figure 3.8: Optical setup for preparing the atom in the target excited state. The
optical pumping beam and the excitation beam are built separately, combined using a
ber beamsplitter and sent from the same direction. APD: avalanche photodetector,
IF: interference Iter centered at 780 nm, PBS: polarizing beamsplitter, HWP: half-
wave plate, lens: 100 mm lens, B: magnetic eld, UHV: ultra-high vacuum.

The experimental sequence is similar to the one outlined in Figure 3.6. Once
a single atom is loaded and cooled in the dipole trap, we switch on the optical
pumping beam and MOT repumping beam to prepare the atom in th&’S,,, F = 2,
mg = 0 state as outlined in Section 2.2.3.2. The atom is then excited with a 10 ns
short pulse while varying the pulse power. After spontaneously decaying back to
one of the three possible ground states, a microwavepulse is applied to transfer
the atom from the 5°S,—,, F =2, mg = 0 state to the F = 1, mg = 0 state. The
excitation probability is inferred by measuring the probability of nding the atom
remaining in the F = 2 hyper ne level. The result is presented in Figure 3.9. Based
on these results, we can set the pulse peak power at 6\® to obtain maximum
probability of exciting the atom.

The probability of the atom spontaneously decaying to th&’S,., F =2, mg =0
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Figure 3.9: E ciency of excitation to F°= 3, mro = 0. The probability of detecting

the atomic state from the spontaneous decay is plotted as a function of the exciting
pulse peak power. At 6.2 W, the probability of nding the atom in the 52S,,,

F =2, mg = 1 states reaches a maximum of about 42(1)%. Horizontal error bars
are due to the peak power uctuations caused by electronics and power estimation
uncertainties (5%). Vertical error bars are calculated from the standard error of
binomial statistics. Inset: energy levels involved in the scheme. Solid red arrow
indicates levels coupled by excitation pulse. Wavy arrows indicate possible de-
excitation pathways by spontaneous emission. Blue circular arrow indicates levels
coupled by microwave pulses post excitation and spontaneous decay. After the
microwave pulse, the probability of nding the atom in the5°S;,, F =2, mg = 1
state is measured by the hyper ne state detection process outlined in Section 2.2.2.

state is 60%, while fomg = 1 states it is a total of 40% based on the dipole matrix
elements. Consequently, the maximum limit on the probability that can be observed
in this measurement is theoretically capped at 40%. Surprisingly, our experimental
results indicate a higher probability. We hypothesize that this discrepancy could
be attributed to imperfect initial state preparation, potentially allowing for other
-transitions with detuning to occur. Thus, the probability of nding the atom
remaining in the F = 2 hyper ne level might increase beyond the theoretical limit.
We attempted to t these results into the following equation:
1 , " I1#

_ 3
_ @ = i :
= 55y i 1 e cos t+ 4 sin t (3.10)
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where ¢ IS the excited state population in density matrix form, is the natural
linewidth, and is the Rabi opping frequency in the presence of damping:
§— =
-t 7 (3.11)
Details about this equation can be found in Appendix B. We use the pulse peak
power at each point to estimate the Rabi frequency with the laser beam width
as a free parameter, as stated in Equation B.13. The pulse duration is also set
as a free parameter since Equation 3.10 can only be applied to a square pulse
drive. O set and scaling parameters are added to the tting function to account
for the imperfect initial state preparation and the theoretical maximum excitation
probability (40%). The result is depicted in Figure 3.10. While it managed to
capture the main oscillatory feature, it does not adequately represent the decay
observed in the data. This is because the decay of the oscillation primarily comes
from the cumulative e ect of pulse power uctuations, which is not accounted for in
Equation 3.10. Nevertheless, we extract the rst maximum probability of 40.8% at

the power of 5.6 W.

Figure 3.10: Results in Figure 3.9 with a theoretical t according to Equation 3.10,
with the beam width and pulse duration treated as free parameters. We extract the
rst maximum probability of 40.8% at the power of 5.6 W from the t.
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Finally, we directly measure the probability of observing a photon from sponta-
neous decay per excitation pulse. The experimental sequence is similar to Figure 3.4,
but here we replace the probe with a 10 ns-long excitation pulse of varying powers.
After sending in the excitation pulse, we collect circularly polarized photons using
the two APDs on both side of the setup and measure the average number of photons
detected per excitation pulse, which we refer to as the detection probability. The
results are plotted in Figure 3.11.

Figure 3.11: Probability to detect a photon from the spontaneous decay as a function
of the excitation pulse peak power. The excitation probability is de ned as the
average number of photons detected per excitation pulse. For 6./ the detection
probability reaches the rst maximum of about 0.84(6)%. Horizontal error bars
are due to the peak power uctuations caused by electronics and power estimation
uncertainties (5%). Vertical error bars represent one standard deviation due to
propagated Poissonian counting uncertainties.

This graph exhibits a similar oscillating pattern as seen previously when mea-
suring the state population, with the detection probability (which also indicates
the pulse excitation probability) reaching its rst maximum at the same power
level. Additionally, this result shows that the maximum probability of detecting
circularly polarized photons from this process is approximately 0.84(6)% (including
the APD dark counts). For the optical setup in our experiment, we estimate the
total detection e ciency to be 1.21%, taking into account the light-matter interface
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coupling e ciency (11.2% [43]), 90:10 beamsplitter (90% transmission), the bre
coupling e ciency (60%), the detector e ciency (50%) and the branching ratio
(40%). This number is in agreement with our experimental observation. We can also
calculate the generation rate of entangled atom-photon pairs based on this value in
subsequent experiments.
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Chapter 4

Entangling Atoms and Photons

In this section, we discuss our plan towards generating and verifying the atom-
photon entanglement. We point out the current challenge caused by the bias magnetic
eld, which prevents us from generating the entangled pairs, and propose potential
solutions. Additionally, we detail the methods for verifying the entanglement through
the analysis of correlations between the polarization of emitted photons and the

nal state of the atom.

4.1 Removal of the bias magnetic eld

Throughout the experiments conducted in Chapter 2 and 3, we apply a bias
magnetic eld of 14.4 G along the FORT laser propagation direction, which is used
to remove the Zeeman degeneracy and de ne the quantization axis for the Zeeman
sublevels. The corresponding Zeeman shift between adjacemt sublevels in the
5°S,-, ground state is approximately Eg=h= 10 MHz. As a result, there exists
a2 20MHz frequency di erence between the left and right circularly polarized
photons of interest, as shown in Figure 3.9 (inset). However, this frequency di erence
makes the emitted photons distinguishable in other degrees of freedom, in addition
to their di erent polarizations. This introduces random phase factors in Equation
1.7, resulting in the nal state of the system being a mixed state rather than an
entangled state.

To solve this problem, we propose using the collection optics of the uorescence
light to de ne the quantization axis (the axis connecting the aspheric lens pair)
and removing the bias magnetic eld. In the current con guration, these two axes
coincide, meaning that eliminating the bias magnetic eld does not cause signi cant
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change in the optical setup. However, it requires the recharacterization of resonance
frequencies of transitions involved in the experiment.

4.2 \Verifying the entanglement

Without the bias magnetic eld, theoretically, the spontaneous decay of th&*Ps-,,
FO%= 3, mro = O excited state generates entanglement between the polarization
of the emitted photon and the nal state of the atom. To con rm the entangled
nature of the nal state and distinguish it from a statistical mixture, we need to
analyze the correlation between them in di erent photonic and atomic measurement
bases. While measuring the polarization of a single photon is straightforward using
polarizers aligned along suitable axes, determining the state of the atom in a specic
Zeeman sublevel is not su cient to con rm entanglement. It requires a measurement
procedure that allows to detect arbitrary superposition states of target atomic
Zeeman sublevels. One possible solution is to apply a state selective stimulated
Raman adiabatic passage (STIRAP) technique, which can adiabatically transfer a
superposition state to the5?S,-,, F = 1 hyper ne ground level. Together with the
hyper ne state detection scheme, this allows the analysis of atomic superposition
states in any measurement basis. Further details can be found in [21]. Finally,
the correlations between the electronic state of the atom and the polarization of
the photon can be analyzed to con rm the successful generation of atom-photon
entanglement.

41



CHAPTER 5. CONCLUSION

Chapter 5

Conclusion

In this thesis, we present our progress towards generating atom-photon entan-
glement pairs. Speci cally, we aim to entangle the electronic state of a single
Rubidium-87 atom with the polarization of a single photon at 780 nm emitted
through the spontaneous emission process in tA&Rb D, transition.

First, in Chapter 2, we summarize the previous work done on this setup to cool
down and trap a single neutraf’Rb atom in an optical dipole trap. We implement a
hyper ne state detection scheme to distinguish between the’S,-, F =1 andF =2
hyepr ne levels with 96.0(4)% readout delity. A microwave system is introduced to
couple states between these two hyper ne levels through a magnetic dipole transition.
With these techniques, we introduce and characterize the optical pumping scheme
to prepare the atom at the target5’S,-,, F =2, mg =0 ground state, achieving a
probability of 83.4(7)%.

In Chapter 3, we discuss the preparation of the target excited stat&iPs;-,,
F%= 3, mgo = 0) through an optical -pulse. Using an acousto-optic modulator
(AOM) in the double-pass con guration, we manage to generate short optical pulses
with a FWHM of 6.2(2) ns. To characterize an optimal -pulse, we measure the
excitation probability by xing the duration and varying the power of the probing
pulse. We analyze the state of the atom after the pulse to determine whether
it has been excited, and several Rabi oscillations are observed in this process.
Additionally, we directly measure the probability of observing a circularly polarized
photon from spontaneous decay per excitation pulse, and the maximum value is
approximately 0.84(6)%. From here, we can calculate the entangled pair generation
rate in subsequent experiments.
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At the end of this thesis, we highlight the current challenge in entangling atoms
and photons. The presence of a bias magnetic eld makes the system distinguishable
in other degrees of freedom, preventing us from generating the entangled pairs. We
propose a potential solution to address this issue. Additionally, we discuss methods
for verifying entanglement by analyzing correlations between the polarization of
emitted photons and the nal state of the atom.
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Appendix A
Rubidium 87 D line data
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Figure A.1: 8’Rb D, transition hyper ne structure, with frequency splittings between
the hyper ne energy levels [42].
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