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Abstract

An efficient light-matter interface is foundational to the development of a distributed
quantum network. In this thesis, we explore the possibility of an efficient light-atom
interface in free space. Our approach utilises a pair of high numerical aperture
(NA=0.75) lenses to tightly focus light onto single 8’Rb atoms. Operating near the
diffraction limit, the length scale of the light field approaches that of the thermal
motion of trapped atoms. Therefore, we focus on our studies not only on the
localisation of the light field but also of the atoms.

First, we investigate polarization gradient cooling of single atoms in optical dipole
traps to reduce the thermal motion. We then quantify the effect of residual thermal
motion on our light-atom interface with a transmission spectroscopy experiment.
Comparing the results to a simple model, we deduce that the residual thermal motion
reduces the interaction by less than 10%. The findings from these experiments lay
down the foundations for this thesis.

In the main experiment, we adapt a super-resolution imaging technique, 4Pi
microscopy, to elevate the focusing limit of our system. In this configuration, the
light field is split and coherently focused onto the atom by two opposing lenses.
We demonstrate 36.6(3)% extinction of the incident field, which is the largest
value reported for an atomic emitter in free space. Such a large extinction leads to
significant nonlinear light-atom interaction observed as modified photon statistics
of the transmitted field. Our results pave the way towards deterministic photon

absorption by the atom with a free-space approach.
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Chapter 1
Introduction

The study of light-atom interaction has been driven by the progress and promising
applications of quantum information science, for instance, quantum computing,
quantum communication, and metrology. In this context, both light and atom play
the role of a quantum bit (qubit), which is the basic unit of quantum information [1].
Distinct from its classical counterpart with well defined logical states of O and 1, the
qubit can be either O or 1, or any coherent superposition of the two. Furthermore,
multiple qubits can be entangled, for which each qubit cannot be wholly described
individually. These properties enable algorithms that reduce the computational
complexity of problems, for example, factorisation of large numbers with Shor’s
algorithm [2] and database search with Grover’s algorithm [3]. Already, pioneering
research has demonstrated respective proof-of-principle experiments [4—7].

For quantum algorithms to practically outperform their classical counterparts,
scaling up quantum systems is inevitable [8, 9]. Recent developments focus on
increasing locally the number of qubits using superconducting qubits [10], atomic
arrays [11, 12], and trapped ions [13, 14]. While local computing power is essential,
the next important step is to improve connectivity between different quantum systems
to exchange quantum information over large physical distances. Such connectiv-
ity not only enables quantum communication protocols but also lifts the physical
scaling limitation of a single quantum system. A notional method to achieve quan-
tum connectivity is to construct a distributed quantum network which consists of:
(1) stationary qubits, formed by atoms (or other quantum emitters) to process and
store quantum information, and (2) flying qubits, formed by photons to transfer
quantum information between the stationary nodes [15—17]. A major challenge lies
in increasing the interaction strength of the atoms with incoming photons. This is



the key ingredient for efficient exchange of quantum information between atoms and
photons.

Currently, various efforts are underway to develop suitable building blocks for a
quantum network with different quantum emitters such as single neutral atoms [18,
19], atomic ensembles [20], Rydberg atoms [21, 22], trapped ions [23, 24], quantum
dots [25], and colour centres in diamonds [26]. Among the numerous quantum
emitters, single trapped atoms are a particularly good experimental platform for
quantitative comparison of light-matter experiments with quantum optics theory. The
relative simplicity of single atoms, along with the unperturbed energy level structure
and isolation in ultra-high vacuum permits deriving the interaction strength with a

minimum of assumptions.

Free-space light-matter interface

There are a few approaches to increase the interaction strength between light and
a single atom. The first utilises cavity quantum electrodynamics (QED) effects to
enhance the strength of the light field and achieve deterministic photon absorption
by the atom [27-29, 19]. An alternative approach is based on tightly focusing a light
field onto the atom in free space. The free-space approach is more robust as it does
not require precise active stabilisation of the cavity length to operate. The practical
relevance of this technological simplicity offers upward scalability when combined
with progressive methods in trapping many individual atoms [11, 12]. Fundamentally,
it also offers a possibility of studies involving continuum dynamics (as opposed to a
cavity-QED system with a discrete mode spectrum) [30, 31]. Recent technological
advancement in engineering various waveguide structures to tightly confine the light
field also demonstrated the feasibility of near-deterministic coupling [32-35].

The development of effective focusing schemes is a long-standing theoreti-
cal [36—40] and experimental challenge. While ongoing research explores focusing
techniques with multi-element objectives [41-45], singlet [46, 47] and Fresnel
lenses [48], and parabolic mirrors [49, 50], it remains an open question whether
near-deterministic absorption of single photons is experimentally possible. The inter-
action strengths observed with these configurations [39, 51] have fallen short of their
theoretically expected capabilities. Aside from imperfections of the focusing devices,
the finite positional spread of the single atomic emitter is commonly suspected to
reduce the interaction [52]. Consequently, a better understanding of the underlying
reasons is necessary to further improve the interaction strength.



We choose to follow a conceptually simple approach of focusing light onto single
atoms with a lens. Early efforts in our group used a lens with a numerical aperture
NA=0.55, which demonstrated 9.8% extinction [46] and 1° phase shift [53] of a
weak coherent field. Subsequent work further investigated the excitation probability
of an atom depending on the temporal profile of the photons [54, 47]. In this thesis,
we employ a larger numerical aperture lens with NA=0.75 and seek to experimentally

answer the following questions:
* Does tighter focusing lead to stronger light-atom interaction?
* How does the thermal motion of a trapped atom affect the interaction?
* How to achieve stronger light-atom interaction with existing lenses?

The first two posed questions are coupled. Ideally, at tighter focusing we expect a
stronger light-atom interaction. However, simultaneously at tighter focusing, the
thermal motion of the atom is expected to reduce the interaction. To answer the third

question, we borrow an idea from the imaging community.

Inspiration from high-resolution imaging

From high-resolution imaging, it is well-known that a small focal volume requires
optical elements which cover a large fraction of the solid angle [55]. While standard
confocal optical microscopy already accomplished very small probe volumes, the
excitation light is focused through a lens that can cover only up to half of the solid
angle, limiting the axial resolution due to a focal volume elongated along the optical
axis. This limitation has been overcome by a super-resolution technique, known as
4Pi microscopy [56, 57], which utilises two opposing lenses with a common focus. In
this configuration the incident beam is split, and the object is coherently illuminated
by two counter-propagating parts of the field. Similarity between imaging and
excitation of a quantum emitter suggests that a 4Pi arrangement can also be used
to efficiently couple light to an atom. To this end, we dedicate the later part of this

thesis to the implementation of a light-atom interface based on 4Pi microscopy.

Thesis outline
This thesis is organised as follows:

 Chapter 2 outlines the foundation of the experimental setup where we briefly

summarise each component of the apparatus. The details of trapping and
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manipulating single atoms are provided along with some calibration measure-

ments.

Chapter 3 reports on our experimental efforts on polarization gradient cooling
(PGC) of single atoms in optical dipole traps [58]. We explore the differences
in minimum achievable temperatures in a linearly polarized and a circularly
polarized trap. Demonstrating that switching the trap polarization from linear
to circular after PGC induces only minor heating, we subsequently use this
method for our experiments detailed in Chapter 4 and 5.

Chapter 4 describes the characterisation of the light-atom coupling efficiency
of our system with two approaches: a transmission extinction measurement
and a saturation measurement [59]. We further quantify the effect of atomic

thermal motion on the interaction.

Chapter 5 presents the implementation of a light-atom interface based on a
super-resolution technique, known as 4Pi microscopy [60]. We show that the
interaction strength is doubled compared to one-sided illumination that was
first presented in Chapter 4. Our observation of modified photon statistics of
the transmitted field furthermore indicates nonlinear interaction at the single-

photon level.

Chapter 6 summarises our findings and provides an outlook for future direc-

tions.



Chapter 2

Experimental setup and
manipulation of single atoms

This chapter introduces the experimental setup and techniques to trap single 8’Rb
atoms. We briefly present each key component: the aspheric lens pair, the vacuum
system, the laser system, the MOT, and the FORT. We then describe the manipulation
of single atoms, which includes state-selective detection and optical pumping.

2.1 Setup overview

Figure 2.1 shows the schematic of our optical setup. We hold a single 3’Rb atom with
a far-off-resonant optical dipole trap (FORT) operating at a wavelength of 851 nm at
the joint focus of an aspheric lens pair. To load atoms into the FORT, we start with a
cloud of laser cooled atoms in a magneto-optical-trap (MOT). The fluorescence light
scattered by the atom is collected with the aspheric lens pair, coupled into single

mode fibres, and then detected via avalanche photodetectors.

2.2 Aspheric lens pair

The core of the optical setup is a pair of high numerical aperture (NA) aspheric
lenses. We employ these lenses primarily to tightly focus light onto a single atom
to achieve efficient coupling. The previous iteration of this experiment used off-
the-shelf moulded glass aspheric lenses (350230-B) with NA=0.55 by LightPath
Technologies [61-63]. To attain aspheric lenses with higher NA, we opt for a custom

design by Asphericon, tailored with the following properties:



2.2. Aspheric lens pair

FORT beam
D, 851 nm UHV D

robe 99:1 - 99:1 optical
Y%Onm PBS BS DM N4 NA=0.75 N4 BS PBS pumping

Fig. 2.1 Optical setup for probing light-atom interaction in free space. A single atom
is held at the joint focus of two high NA lenses (L, L;) using a far-off-resonant opti-
cal dipole trap (FORT) within an ultra-high vacuum (UHV) chamber. The lenses are
also used to focus probe light onto the atom and to collect fluorescence light scattered
by the atom. Dy, D,: avalanche photodetectors (APDs), IF: interference filter centred
at 780 nm, A /2: half-wave plate, A /4: quarter-wave plate, (P)BS: (polarizing) beam
splitter, DM: dichroic mirror, B: magnetic field.

* numerical aperture: 0.75

* effective focal length: 5.95 mm

e clear aperture: 13.5 mm

* back focal length: 3.16 mm

* design wavelength: 780 nm

* anti-reflection coating: < 0.5% at 700-1400 nm

e material: S-LAH79 (ng = 2.0033)
On top of that, the lenses are designed and tested to perform at the diffraction limit
with a root-mean-square (RMS) wavefront error ¢ < 0.070A by the manufacturer.

We choose to use aspheric lenses over multi-element microscope objectives for

their compactness and lower cost. The compact size of an aspheric lens allows a lens

pair to be fitted into a small cuvette which greatly simplifies the vacuum system.

2.2.1 Mechanical mount

Figure 2.2 shows the lens pair mounted on an aluminium holder. The aluminium
holder consists of a main frame and two detachable lens mounts. The lens mounts are
not made equal such that one fits on the aluminium holder while the other is smaller

to allow for fine adjustment. Outside the vacuum chamber, we position the lens pair
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2.2. Aspheric lens pair

B, B,

\ 28°)

detachable

Fig. 2.2 (Left) Schematic of the lens pair mounted on an aluminium holder. Beams
B3 consist of 780 nm cooling light and 795 nm repumping light of which B3 is
orthogonal to By and B,. (Right) Photograph showing a visible path of 780 nm probe
light tightly focused by the lens. (Credit: A. Cere)

in a confocal arrangement with a precision alignment stage. The lens mounts are
finally fixed to the main frame with a ultra-high vacuum compatible epoxy (Torr
Seal).

2.2.2 Light-atom interaction strength

Now let us further examine the implication of the aforementioned lens properties
in the context of light-atom interaction. In a free-space light-atom interface, the
interaction strength can be characterised by the coupling efficiency A. In our experi-
ment, we drive a circular dipole transition (525, 2. F=2,mp=-2— 52P, /2. F F=
3,mpr = —3) with circularly polarized light. At such, the coupling efficiency A can
be understood as a geometric quantity describing the spatial mode overlap between

the input probe mode and the atomic dipole mode:

B | [E},-E sin0d0d¢|?
~ [|Ep|?sin0d6d¢ [ |E,|*sin0dOd¢’

A (2.1)
where E, is the probe electric field, E ; is the dipole electric field distribution and
the overlap is integrated over the solid angle covered by the focusing optics. The

maximum value of A = 1 represents complete spatial mode overlap.



2.2. Aspheric lens pair
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Fig. 2.3 Theoretically expected coupling efficiency for focusing a circularly polarized
Gaussian mode with an ideal lens onto a stationary atom following Eq. (2.2).

Following [39, 64], the coupling efficiency A of a circularly polarized Gaussian

mode focused by an ideal lens to the dipole mode of a stationary atom is given by

3,0 11 1 1\7?
A= wr(—= — rl-.— 2.2
16u3° { ( 4’u2)+” (4’#)} ’ (22)
where I'(a, b) is the incomplete gamma function. The focusing strength u is defined

as
u:=win/f, (2.3)

where wj, is the input beam waist at the lens and f is the focal length. We estimate
an upper bound of A = 16.7% for our system with focusing strength of u = 0.61
when used with 0.1% clipping loss from the lens aperture.

2.2.3 Preliminary test

Operating these lenses at the diffraction limit requires careful optical alignment.
Therefore, we first examine the attainable focusing performance of the lenses at
the best possible configuration before mounting them in the vacuum chamber. We
measure the beam waist at the focus for 780 nm probe light with the knife edge
technique [65, 66] and also optimise the alignment on this parameter.

We test three of the custom aspheric lenses (labelled as SL16, SL18, SL19).
The spatial mode of the incident probe light is approximately Gaussian given that
it is derived from a single-mode fibre. We vary and measure the input beam waist



2.3. Vacuum system

15 |
£ .
=2
;C’ 1.2
R}
g
E 09 B
©
o)
om

0.6 |

02 03 04 05 06
Focusing strength u

Fig. 2.4 Measured beam waist (bottom) using the knife edge technique for lens
SL16 (blue), SL18 (red), SL19 (green) and C230 (grey) with a varying incident
beam waist. Dashed line represents the expected beam waist after a lens for a given
focusing strength using the paraxial approximation: wg = A /mu, where A is the
wavelength of the beam.

before the test lens by employing different sets of collimation lens and beam ex-
pander (Fig. 2.4). Surprisingly, the minimum waist of 650(10) nm is achieved with
u = 0.46 instead of the largest u = 0.55. As a result, we may not use the full aperture
and the measured waist of 650 nm suggests an effective focusing strength of u = 0.38,
and thus A = 8.5%. We proceed to set up a lens pair with SL16 and SL19, noting
the imperfection, which hints at the existence of optical aberration. In the actual
experiment, we use a compact triplet fibre collimator (Thorlabs TC25FC-780) which

gives a beam waist of 2.7 mm (u = 0.45).

2.3 Vacuum system

The trapping lifetime of atoms in optical dipole traps is primarily limited by collisions
with the background gas; therefore, an ultra-high vacuum environment is essential to
achieve a long trapping time [67-69]. We use a vacuum chamber with a bonded glass
cuvette (Hellma OG glass) to house the aspheric lens pair in a compact manner with
optical access from all directions. The glass cuvette has a dimension of 3cm X 3cm X
7cm, a wall thickness of 2.5 mm, and is anti-reflection coated on the outer surface
for 500 — 1100 nm. Thermal rubidium vapour is provided by a built-in rubidium
dispenser (SAES Getters RB/NF/4.8/17 FT10+10) heated electrically with a current



2.4. Laser system

lock point "
P — F'=3
) probe
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52p T state
312 detection
j F'=1
optical
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pumping F'=0
MOT
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' lock point 4 F=2
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: : F=1
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- : F=2
2 cooling and probe laser (780nm) |
5812 !

repumping Iaserl(795nm) F=1

Fig.2.5 Anoverview of the laser frequencies used in this experiment. All frequencies
are shifted from the laser lock point with acousto-optic modulators. This drawing is
not to scale.

at 2 A. The pressure in the vacuum chamber is maintained at 10~ !° mbar using an

ion pump (Agilent Varian Starcell, 20 L/s).

2.4 Laser system

Laser light is used for cooling, trapping, state manipulation, and probing of the atom.
Four lasers are used for this experiment to address 8’Rb atoms: (1) a cooling and
probe laser at 780 nm, (2) a repumping laser at 795 nm, (3) a dipole trap laser at
850 nm, and (4) a secondary dipole trap laser at 760 nm. An illustrative overview to
depict the lasers along with the atomic transition of 8’Rb is shown in Fig. 2.5.
Specifically, our cooling (probe) and repumping lasers are home-built external
cavity diode lasers (ECDL) in a Litthrow configuration [70, 71] for which the
technical details have been covered in a previous thesis [63]. All laser beams are
split into different paths for each purpose, with a dedicated acousto-optic modulator
(AOM) for switching and frequency tuning (Fig.2.6). In the following section, we

briefly describe the purpose of each laser.
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2.4. Laser system

AOM AOM system
systems

cooling and N4

probe laser 190MHz spectroscopy — aperture
(780nm) lens

% 214MHz probe

% 205MHz state readout
% 95MHz optical pumping

[

AOM

183MHz 2 W B, |
. ] ens
repumping P\
laser 200MHz B, B, MOT - aperture
(795nm) Zl PBS
200MHz B I
1

t(rggolgﬁqe)r 200MHz dipole trap
t{?golﬁﬁ%r 200MHz secondary dipole trap

Fig. 2.6 An overview of the frequencies of the acousto-optic modulators (AOMs)
used in this experiment. Each AOM is built in a double-pass configuration for
switching with an extinction of about 40 dB and frequency tuning (increasing). We
use 200 MHz AOMs (Gooch & Housego 3200-124) for everything except a 130 MHz
AOM (IntraAction ATM-1331A2) for optical pumping. The exact frequencies for
probe, state readout, and optical pumping are tuned depending on the external
frequency shifts. MOT: magneto-optical trap, B2 3: MOT beams, A /4: quarter-
wave plate, A /2: half-wave plate, RF: radio frequency, PBS: polarizing beam splitter,
lens: =150 mm.

Cooling and probe laser (780 nm)

We use a 780 nm laser (Sanyo DL-7140-201W) to address the 87Rb D, transition
(52S, /2 52P; /2) for several purposes: (1) laser cooling and formation of the
magneto-optical trap (MOT), (2) optical pumping, (3) excitation for fluorescence
detection, and (4) probing light-atom interaction. The laser is frequency-locked to
F =2 — F' = 3 transition by a modulation transfer spectroscopy (MTS) [72-74].
Prior to locking, the laser frequency is deliberately increased by 390 MHz via an
AOM. In this way, the effective laser frequency is 390 MHz below the F =2 — F' =3
transition and can be tuned to resonance using another AOM. The frequency choice
is historical to preserve similar AOM settings as the laser was previously locked to
F =2 — F' =1 transition by a frequency-modulation (FM) spectroscopy [75, 76].
We find that the MTS spectroscopy performs more stably than a FM spectroscopy,
with which our laser stays locked for days.

11



2.5. Magneto-Optical Trap (MOT)

Repumping laser (795 nm)

As the cooling laser drives the 525, 2. F=2— 52P; /2. F " = 3 transition, there is a
probability of off-resonant excitation to the 52P; /2. F " = 2 level. From there, it can
decay into the 525, /2, F =1 ground state which takes the atom out of the cooling
cycle due to the large hyperfine splitting of 6.8 GHz between the two ground states.
Thus, to repopulate the atoms into the 525, /2.F =2 state, we employ a 795 nm
laser (Thorlabs LD808-SA100) to address the D; transition (525, /2= 52p, /2). This
repumping process is essential for laser cooling, formation of the MOT, and optical
pumping. Our repumping laser is frequency-locked to F =1 — F' =2, F' =1

crossover signal by a FM spectroscopy.

Dipole trap laser (850 nm)

Our red-detuned far-off-resonant optical dipole trap (FORT) was initially a home-
built ECDL (Thorlabs L852P150) running at 852 nm. As the experiment progresses,
this laser could not remain single-mode over few hours which significantly affected
the stability of light-atom coupling efficiency. We later switched to a distributed
feedback laser (Eagleyard EYP-0852-00150) for a more reliable single-mode op-
eration at 851 nm. The change greatly increased the stability and reliability of the
experiment. To stabilise the trapping potential, we lock the power of this laser
with a control loop feedback into the RF power supplied to the AOM. No frequency
stabilisation is required given that the influence on the trapping potential is negligible.

The home-built ECDL is only used in the experiment that is described in Chapter 4.

Secondary dipole trap laser (760 nm)

For the experiment described in Chapter 5, we required a stronger confinement of
the atom in the axial direction. To increase the axial trapping frequency, we used
an additional blue-detuned FORT in standing wave configuration. The rationale for
a blue-detuned FORT is to avoid an additional light shift induced by the trap (see
Section 3.1.1 for details on light shift). Our blue-detuned FORT is also formed by a
distributed feedback laser (Eagleyard EYP-0760-00040), which operates at 760 nm.

2.5 Magneto-Optical Trap (MOT)

A magneto-optical trap (MOT) cools and traps atoms simultaneously and thereby

forms a cold and dense cloud of atoms. The MOT is formed by three pairs of

12



2.5. Magneto-Optical Trap (MOT)

counter-propagating laser beams and a magnetic quadrupole field with a minimum at
the intersection point. This section briefly describes the implementation of our MOT.
A comprehensive description of the underlying working principle can be found in
Ref. [77, 78].

2.5.1 MOT beams

The MOT beams consist of 780 nm cooling light and 795 nm repumping light (Fig.2.5):
The cooling light is red-detuned ~ 2.3y with respect to the 5%, 2. F=2—
5°P; /2. F =3 closed transition, where I'y = 27 - 6.065(9) MHz is the natural
linewidth [79]. The repumping light, utilised to depopulate the 525, /2. F =1 state,
is nearly resonant to the 525, /2= 52p, /2 transition. The MOT beams are circularly
polarized and retroreflected to form three pairs of counter-propagating beams with
opposite polarization. The geometrical orientation of these beams are shown in
Fig. 2.2. Two of these vertical beams, B| and B,, intersect at an angle of 28°, and
thus have a propagation component along the direction of the trapping beam to ensure
cooling along that axis. They carry cooling light at an intensity of ~16 mW/cm?
and repumping light of ~30 mW/cm? with a beam waist of 1 mm. The horizontal
beam B3 is orthogonal to these two beams and carries twice as much power. We use
the same light not only for the MOT but also for subsequent polarization gradient
cooling (PGC, see Chapter 3).

2.5.2 Magnetic quadrupole field

The magnetic quadrupole field needed for a MOT is generated by a pair of coils
arranged in anti-Helmholtz configuration. Built with an inner diameter of 5.5 cm,
an outer diameter of 7.5 cm, and 200 turns of insulated copper wire, the coils are
expected to produce a gradient of approximately 4 mT/cm at an operating current of
2A. In addition, we use three pairs of Helmholtz coils, one for each orthogonal axis,
to compensate for external magnetic field, to a residual value about 4 uT. Figure 2.7
shows a photograph of the experimental setup. To view the atom clouds formed by
the MOT, we use a Point Grey CCD camera (CMLN-13S2M-CS, 1296 x964 pixel,

3.75 um pixel size) and a times two magnification imaging telescope.
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Fig. 2.7 Photograph of our experimental setup to probe light-atom interaction.
Bi3: MOT beams.

2.6 Far-off-resonant optical dipole trap

A far-off-resonant optical dipole trap (FORT) for atoms operates based on the
interaction of the atomic dipole moment with the intensity gradient of a far-off-
resonant light field [80, 81]. The interaction of the light with the atom induces
AC Stark shifts in the atomic energy levels proportional to the light intensity. For
red-detuned light with respect to the atomic transition, the interaction is attractive.
Therefore, focusing red-detuned light creates a potential well that attracts the atom
into it. Far-off-resonant light is employed to minimise the scattering by the atom
because the depth of the potential scales as I/0, whereas the scattering rate is
proportional to 1/82. Here, I refers to the intensity of the trapping light, and § is the
detuning from the atomic transition. A more detailed description can be found in
Ref. [81].

By setting up the FORT in a tightly focused configuration, it can be used to
exclusively trap a single neutral atom [82]. The number of atoms is ensured to
be either zero or one via the collisional blockade mechanism: whenever two or
more atoms are trapped in the presence of cooling light, they undergo light-induced

collisions resulting in either zero or one atom in the trap [83].
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Fig. 2.8 Fluorescence of single atoms in an optical dipole trap under continuous
illumination of the MOT beams. (Left) Typical telegraph signature of single atom
fluorescence over time. (Right) Histogram of the single atom fluorescence for the
time trace (left) extended to five minutes.

2.6.1 Implementation

Our FORT is formed by tightly focusing light at 851 nm using the same aspheric lens
for probing light-atom interaction. Originating from a single mode fibre, the beam is
focused down to a waist of approximately 1.4 um. We typically operate the trap at a
depth of Uy =~ kg x 2 mK with a laser power of about 15 mW. For loading and laser
cooling of atoms, the trap is linearly polarized; for probing light-atom interaction,
the trap is circularly polarized (see Chapter 3).

Exploiting the collisional blockade mechanism, we load a single 3’Rb atom into
the FORT directly from the MOT by overlapping the two traps. The fluorescence
from the atom is collected by the aspheric lens pair into single mode fibres and
then detected using avalanche photodetectors (APDs, Perkin Elmer SPCM-AQR-
15). These APDs have detection efficiencies of 59(3)% and 56(4)% at 780 nm and
dark count rates of 300 cps and 155 cps, respectively. Figure 2.8 shows the typical
signature of sub-Poissonian loading of single atoms with either zero or one atom
trapped. To prolong the trapping lifetime of the atoms, we avoid further loading
events by switching off the magnetic quadrupole field to disperse the MOT cloud.
The atom loading sequence is implemented with a trigger using the telegraph-like

fluorescence signal of a single atom.
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2.6. Far-off-resonant optical dipole trap

2.6.2 Characterisation

For a Gaussian potential, the trap frequencies in the radial and axial directions are,

4U, 2U
I e R (2.4)

where Uj is the trap depth, m the mass of 87Rb, wo the beam waist, and zg the

respectively,

Rayleigh range [81]. In principle, wy is given directly by the trapping beam profile
and the focusing optics. However, that requires the optics to be aberration free,
which is unlikely in our case because the aspheric lens was designed for 780 nm.
Consequently, we measure Uy and the trap frequencies independently, which allows
us to infer wy at the trap.

The trap depth Uy can be obtained from the AC Stark shift induced by the trap on
the atom. Probing the 5251/2,F =2,mgp=—-2— 52P3/2,F’ = 3, mpr = —3 transition,
we measure a shift of 48.03(3) MHz from the natural transition frequency (Fig. 4.3).
Taking into account also the Zeeman shift, and comparing to the AC Stark shift
calculation [84, 85], we deduce a trap depth Uy = kp x 2.22(1) mK.

To measure the trap frequencies, we parametrically heat the atoms by modulating
the trap laser power through our AOM (Fig. 2.9). Scanning the modulation frequency
W, /271, we observe a reduction in atom survival probability in the trap at the
parametric resonance frequency [86]

- 260,/Z

Wy = (n=1,2,3,...). (2.5)

n

This signal, however, is incapable of resolving the axial trap frequency in our case.
As the light-atom interaction also depends on the temperature of the atom, we use
instead the transmission of a resonant probe light (see Section 4.1) as a signal.
From the parametric resonance, we deduce radial frequencies ®, /27w = 107(1) kHz,
o, /27 = 124(1) kHz and an axial frequency ®,/2m = 13.8(1) kHz. The existence
of two distinct radial frequencies suggests an elliptical beam waist at the focus.
Nevertheless, @, and @, satisfy the relation from a Gaussian beam profile which

gives a beam waist of 1.4 um for our measured trap depth.

2.6.3 Trapping lifetime

We determine the lifetime of single atoms in our dipole trap from their survival

probability after a certain duration. This measurement is repeated under several
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Fig. 2.9 Trap frequency measurement via parametric heating of atoms. Occur-
rence of parametric resonance at two times the trap frequency reduces the resonant
extinction (red) and survival probability (grey) of atoms in the FORT. Parametric
resonance: r1=20, /27, 1,=20,/2x, and r3=2w, /27, where w./2m = 13.8(1) kHz,
o,/2w =107(1) kHz, and @, /27 = 124(1) kHz.

conditions: linearly polarized trap, circularly polarized trap, with and without con-
tinuous illumination of the MOT beams. The result is shown in Fig. 2.10. The
best trapping lifetime of 9.3(5) s is obtained in the linearly polarized trap without
continuous illumination of the MOT beams, and is reduced to 4.5(2) s when the MOT
beams are on. In the circularly polarized trap, the lifetime is significantly lower and
the atom has a reduced maximum survival probability of 80%. Especially under
continuous illumination of the MOT beams, the lifetime is merely 0.55(3) s. When
the MOT beams are off, there are two characteristic decay times: a fast decay at
0.54(7) s and a slow decay at 11(1)s. The fast decay time, which is the same as the
trapping lifetime under continuous illumination, results from probing the atom’s
presence with a short illumination.

The stark difference of trapping lifetimes in the two different trap polarization
under continuous illumination prompts for further investigation. A closer look
reveals that our non-orthogonal MOT beams have different amount of 6" and 6~
light in the forward and backward direction along the quantization axis (Fig. 2.11).
This, together with the asymmetrical shift in the 5P /2 hyperfine states caused
by a circularly polarized dipole trap (Fig. 3.1) induces a difference in radiation
pressure on the atom. To reduce this deleterious effect, we redistribute some of the
power from the vertical MOT beams into the horizontal beam. Figure 2.12 shows
the improvement of trapping lifetime under continuous illumination doubling to

1.14(5) s, with an increased maximum survival probability to 96%. Note that these
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Fig. 2.10 Trapping lifetime of single atoms in a linearly (red square) and a circularly
(blue circle) polarized dipole trap. (Top) Without continuous illumination of MOT.
(Bottom) Same as top but under continuous illumination of MOT. Solid lines are
exponential fits. Error bars represent standard error of binomial statistics accumulated
from 100-2000 repeated sequences.
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Fig. 2.11 (Left) Beam layout for the vertical MOT beams. 6 depicts the angle
between a beam and the quantization axis z defined by the FORT. (Right) Polarization
decomposition of circularly polarized MOT beams (along its propagation direction)
onto the quantization axis z as circular 6 (red), 6~ (blue) and linear 7 (black).
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Fig. 2.12 Lifetime of single atoms in a circularly polarized trap under continuous
illumination before (grey square) and after (blue circle) redistribution of MOT beams
power. Prior to redistribution, the vertical MOT beams are 300 uW and horizontal
beams are 250 u'W; after redistribution, the beams are 150 uW and 600 uW, respec-
tively. Solid lines are fits to exponential function. Error bars represent standard error
of binomial statistics accumulated from 100-2000 repeated sequences.

characterisation measurements were performed in an early stage of this experiment.
We later operate the dipole trap for loading atoms in linear polarization for a more
efficient laser cooling scheme (see Chapter 3). The trap polarization is switched in

situ to circular polarization only during the light-atom coupling experiment.

2.7 Manipulation of single atoms

2.7.1 State-selective detection

We adopt a loseless state-selective detection scheme described in [87, 88] as part of
our toolbox to determine the hyperfine state of the atom. In accordance to the scheme,
we detect the atomic fluorescence while driving the 525, 2. F=2— 52P; /2, F =3
transition. Atoms in the 52| /2, F =12 (bright) state scatter light, as opposed to atoms
in the 525, /2,F =1 (dark) state, and therefore reveal their hyperfine state through
the brightness of the fluorescence.

To determine the state detection efficiency of the atom, we measure the photon
distribution of the atom for both bright and dark state (Fig. 2.13). A convenient

quantity to characterise the detection performance is the state readout fidelity

1
F=1- 5(8;, +&4), (2.6)
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Fig. 2.13 Histogram for photon detection probability for atoms prepared in a bright
state (red) and a dark state (blue), respectively. The state readout fidelity is 98.6(1)%
for a set threshold of 3 detected photons.

where &, is the fraction of experiments in which an atom prepared in the bright
state is identified to be dark, and conversely for &; [89]. To minimise off-resonant
scattering events caused by the optical dipole trap, we reduce the operating depth to
about Uy = kg x 1.6 mK. The probe light is near resonant with an intensity of about
0.6 W/m?. To determine the readout fidelity at different scattered photon numbers,
we vary the probe duration from 0.3 to 2.7ms (Fig. 2.14). As the pulse length
increases, the mean detected photons in the bright state (n,,) increases at the expense
of the atom survival probability. However, the readout fidelity nearly saturates
already at (n;,) = 11 with 98.6(1)%, and peaks at (n,) = 19 with 99.0(2)%. This is
consistent with the bright state distribution becoming increasingly non-Poissonian
as characterised by the Fano factor!, which is related to shot-to-shot differences in
photon collection rate.

2.7.2 Optical pumping

Throughout this thesis, we probe the light-atom interaction by driving the closed
transition 52S1/2,F =2,mp=-2— 52P3/2,F’ = 3,mr = —3. To ensure that the
atom is initialised in the 525, 2:F =2,mp = —2 state, we perform optical pumping
by simultaneously sending two circularly o~ polarized light beams on resonance
with the 528 5,F = 2,— 52P /5, F' = 2 and the 5°S 5,F = 1,— 5*P; 5, F' =2
transitions, respectively (see Fig. 2.15). Driving these transitions successively, the
atom is in the desired 5°5,; /2, F = 2 state, which is decoupled from the pumping

!"The Fano factor is defined as (An)?/ (n), where An is the standard deviation and (n) is the mean
of the distribution. For a Poissonian distribution, the Fano factor is exactly 1.

20



2.7. Manipulation of single atoms

&
N
~

—
(o] »

Mean detected
photon numbers

()
N
o

100

Survival
probability (%)
[(e]

o

]
o

o

1

5

Fano factor

—
o
-

Fidelity (%)

100

95

90

Probe duration (ms) Probe duration (ms)

Fig. 2.14 (a) Mean detected photon numbers and (b) Fano factor computed from
the photon distribution of the atom prepared in bright state (red circles) and dark
state (blue squares), respectively. (c) Atom survival probability after detection and
(d) state readout fidelity over probe duration.

light. Such a pumping scheme prepares the atom in the desired state with a minimal
number of excitations, and thus avoids unnecessary heating. We typically perform
optical pumping for 5 ms. Detailed experimental sequences will be presented along

with each individual experiments later in the following chapters.
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Fig. 2.15 Optical pumping scheme to prepare atoms in the 525, 2. F =2,mp =-2
state. The atoms, upon reaching the 52, /2. F =2,mp = —12 state, are decoupled
from the pumping light as no allowed transition exists. The light-red (dark-red)
arrows indicate circularly ¢~ polarized 780 nm (795 nm) light tuned near resonance
to the driven transition.
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Chapter 3

Polarization gradient cooling in
optical dipole traps

This chapter presents the investigation of polarization gradient cooling (PGC) of a
single 3’Rb atom in a tightly focused far off-resonant optical dipole trap (FORT).
First, we briefly introduce PGC and qualitatively explain how it is affected by
the light shifts induced by the trapping field. Next, we describe the experimental
realisation and the details of the atom temperature measurements. We then present
the results and show that the cooling limit strongly depends on the polarization of
the trapping field. Finally, we demonstrate that switching the trap polarization from
linear to circular after PGC induces only minor heating. A majority of the content in
this chapter has been published in [58] 1

3.1 Introduction

Optically confined atoms, like free atoms, can be cooled to sub-Doppler temperatures
by polarization gradient cooling (PGC) [90-92]. Efficient PGC enables further
cooling to the vibrational ground state by Raman sideband cooling [93-95]. However,
despite its practical relevance, the influence of the optical trap on the efficiency of
PGC is relatively unexplored; for example, reported temperatures for the commonly
used atomic species 8’Rb vary by an order of magnitude for similar experimental
configurations [96, 97, 93].

Y.-S.C. and ML.S. conceived and performed the experiments, as well as analysed the data. C.K.
supervised the project. All authors discussed the results and contributed to the writing of the paper.
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3.1. Introduction

Here, we consider the configuration of counter-propagating beams of opposite
circular polarizations, referred to as 67-6~ PGC 2. Shortly after the initial demon-
strations of 6-0~ PGC, it became clear that, while this cooling technique is in
general robust against small variations of the experimental parameters, it is very
sensitive to magnetic fields [98—103]. The reason for the detrimental effect of mag-
netic fields is that 67-6~ PGC is based on velocity-selective Raman transitions,
which redistribute population within the spin states of the ground state manifold.
The associated Zeeman effect shifts the Raman resonance, and thus the atoms are no
longer cooled toward zero velocity but to a finite velocity at which the Doppler shift
compensates the Zeeman shift.

3.1.1 Effect of light shifts on PGC

The energy levels of the cooling transition are shifted for an atom in a FORT. In our
experiment 6+-0~ PGC of 3'Rb atoms is performed on the closed 525, 2. F=2—
52p; /2. F " = 3 transition near 780 nm. In the following, we consider the energy shifts
caused by a red-detuned FORT at 851 nm with detuning & = 27 x 2.48 x 10'3rads ™!
and &, =21 x 3.21 x 10'3 rads~! from the 37Rb D and D, lines, respectively. The
light shift of the ground state manifold 525, /2,F =2 can be written in a compact
form [104, 105, 94]

U:—Uo(l—l—%c-gpF) , (3.1)
where Uj is the scalar light shift or ‘trap depth’, F the total angular momentum
operator, and gr = [F(F + 1) —I(I+1)+J(J+1)]/F(F + 1) the Landé-factor. The
vector C = Im(€& x €*), where € is the (unit norm) polarization vector, quantifies
the ellipticity of the dipole field. In a linearly z-polarized trap (|C| = 0), all spin
states within the ground state manifold are shifted equally as the tensorial shift
is negligible for far off-resonant trapping fields [104—106]. This degeneracy is
lifted in an elliptically polarized trap. For a circularly o -polarized trap (|C| = 1),
the trapping field acts as a ‘fictitious magnetic field’ pointing in the direction of
propagation [107]. From Eq. (3.1), we find that a 6" -polarized trap of depth Uy =
kp x 1 mK produces a shift of 890 kHz between adjacent spin states, equivalent to
the shift caused by a magnetic field of strength 0.13 mT.

2For detailed explanations of the underlying working principle of 6*-6~ PGC refer to [92].
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Fig. 3.1 Energy level scheme for the 525, 2. F=2— 52P; /2. F ! = 3 transition near

780 nm of a 8’Rb atom in a m-polarized (parallel to x axis) and a 6 -polarized FORT.
The light shifts are calculated for a FORT operating at 851 nm with a trap depth of
Uop = kp x 1 mK. The quantization axis is defined by the trap polarization: x axis
for the 7m-polarized trap and z axis for the 6" -polarized trap, respectively. Inset
illustrates the geometrical arrangement: The trapping beam propagates along the z
axis with E denoting the electric field vector.

Both 7 and 6" -polarized light lift the degeneracy of the excited state 52P; /2. F '=
3 manifold. The spin-state dependent energy shifts can be on the order of the
trap depth, and therefore can exceed several times the natural linewidth I'o =27 -
6.07 MHz. To accurately calculate the energy shifts for individual states within the
hyperfine manifold, one has to consider the contributions from all dipole-allowed
transitions [85]. Here we account for the seven most relevant transitions for which
the details of the calculations have been outlined in the appendix of [61]. Figure 3.1
shows the calculated light shifts for a 7 and a o' -polarized FORT operating at
851 nm with a trap depth of Uy = kg x 1 mK [84, 85]. Notably, for a 7-polarized
trap the spins states in the excited state are symmetrically shifted, which is in stark
contrast to the highly asymmetric shifts for a 6 -polarized trap.

3.1.2 One-dimensional PGC semi-classical simulation

To qualitatively understand the effect of the light shifts on PGC, we calculate the
force an atom of fixed velocity experiences when travelling across a 6 -6~ PGC
field in the FORT. We use a semi-classical description, which defines the force F
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on an atom as the expectation value of the quantum mechanical force operator,
F = —(VH) [77]. The total Hamiltonian

H = Hy+ Hipe (3.2)

consists of two parts: (1) a spatially independent Hamiltonian Hy which contains the
energy levels of the cooling transition including the light shifts induced by the trap
and (2) a Hamiltonian which describes the interaction with the near-resonant PGC
field,

Hine = =5 (@ (AL +Q_(FA_ +Qz(F)Az) +hec., (3.3)

where Q. , Q_ and Q; are the spatially dependent Rabi frequencies for 6*, 6~
and m-polarized light, with A, A_ and A, as the atomic lowering operators for the
respective polarizations. For a given atomic velocity, we solve the corresponding

master equation,

p=—lp.A]+Zlp] (3.4)

by the matrix continued fraction method (Z[p] is the Lindblad superoperator ac-
counting for spontaneous emission) [108, 109]. We then compute the steady-state
force averaged over the travel through one cycle of the light. The computation is
evaluated using the Quantum Optics Toolbox for MATLAB [110, 111].

For a free atom, the simulation shows a steep slope of the force around zero
velocity, which is a hallmark of sub-Doppler cooling (Fig. 3.2, black line). For
an atom confined in a FORT, the force depends strongly on the trap polarization
and the angle between the trapping beam and the PGC field. Figure 3.2 shows the
force for two polarizations, linear 7 along the x axis and circular 6, as well as
two directions for the PGC beams, parallel and perpendicular to the trapping beam.
In the m-polarized trap [Fig. 3.2(a) and (c)], the persisting steep slope of the force
around zero velocity indicates that the PGC is little affected by the trap, aside from a
narrowing of the sub-Doppler feature due to the increased detuning from the cooling
transition. The o -polarized trap exhibits five resonances when the propagation
direction of the PGC field is perpendicular to the trapping beam [Fig. 3.2(b)]. These
velocity selective resonances correspond to Raman transitions between ground state
sublevels for Amp = 0,£1,+£2 transitions, known from PGC in strong transverse
magnetic fields [77, 103]. For a PGC field propagating in parallel to the trapping
beam, only one Raman transition can be brought into resonance by the motion of

the atom [Fig. 3.2(d)] — a situation which resembles PGC in longitudinal magnetic
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Fig. 3.2 Calculated force on an atom of fixed velocity moving through a 67-0~
PGC field for different axes and FORT polarizations. Both beams of the PGC field
have a Rabi frequency Q = I'y/2 and are red-detuned from the natural transition
frequency by A = —31I'y, where I'g = 27 x 6.07 MHz is the natural linewidth. Black
and blue lines indicate the force for a free and a trapped atom, respectively. (a) 7-
polarized trap, PGC field propagating along x axis. (b) o -polarized trap, PGC field
propagating along x axis. (c) m-polarized trap, PGC field propagating along z axis.
(d) o' -polarized trap, PGC field propagating along z axis.
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Fig. 3.3 Optical setup for trapping, polarization gradient cooling, and fluorescence
detection of a single atom. APD: avalanche photodetector, DM: dichroic mirror,
A /4: quarter-wave plate, A /2: half-wave plate, B: beam consisting of 780 nm cooling
light and 795 nm repumping light with a waist of 1 mm. B3 is perpendicular to By
and B,.

fields [99, 100]. Although this simple 1-D model of the force cannot predict the final
temperatures in the actual experiment, it indicates that PGC works in a 7-polarized

trap, but is strongly compromised in a mK-deep 6 -polarized trap.

3.2 Experimental realisation

3.2.1 Optical setup

The experimental setup is the same as presented in Chapter 2. For clarity, we
highlight in Fig. 3.3 a simplified version with optical components that are essential
for this part and briefly describe the relevant details.

We use the same light for the MOT and PGC, provided by three circularly
polarized beams, which are retroreflected with opposite polarization. Two of these
beams B{,B, are non-orthogonal, and have a propagation component along the
direction of the trapping beam to ensure cooling along that axis. The third beam B3
is orthogonal to these two beams and carries twice as much power. We reduce the
power of these beams during the PGC phase for optimal cooling upon loading a
single atom which marks the end of the MOT phase. Moreover, we modulate the
mirror position of the cooling beams with an amplitude of 1 um at 100 Hz to average
the interference pattern of the cooling light over the atom position (Fig. 3.4) [93]. The
frequency of the cooling light is red-detuned from the natural transition frequency
by typically A = —3I'y. In addition, all beams carry repumping light nearly resonant
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Fig. 3.4 (Left) Fluorescence of single atoms under continuous illumination of
cooling beams before (grey) and after (red) implementation of mirror position
modulation. Unlike the typical telegraph signature of single atom fluorescence, the
largest and lowest rates may differ by more than a factor of two due to slow drifts
in the interference pattern of the polarization gradient, which leads to shot-to-shot
fluctuation in the final PGC temperature. (Right) Histograms of the single atom
fluorescence for time traces (left) extended to eight minutes.

with the D line at 795nm to clear out the 525, /2,F =1 population. Residual
magnetic fields are compensated to approximately 4 uT at the position of the atom.

Our FORT is formed by 851 nm light and has a depth of Uy = kg x 1.88(1) mK,
with radial frequencies @,/27w = 113(1)kHz, o, /27 = 98(1) kHz, and an axial
frequency @;/2m = 12.6(1) kHz. We remark that the large 1.4 um beam waist of
our trapping beam ensures that the variation of the polarization near the focal spot is
insignificant [112, 93, 94].

3.2.2 Temperature measurement

We measure the temperature of single atoms following the release and recapture
method described in [97]: First, the trap is switched off to release the atom. After a
variable time, the trap is switched on to recapture the atom. As hotter atoms travel
faster, they have a higher probability to escape the trap than colder ones, resulting
in a lower recapture probability. By comparing the recapture probabilities to a
Monte Carlo simulation of the atom trajectories, the temperature of single atoms
over repeated realisations of the same experiment is extracted.

Our experimental sequence is displayed in Fig. 3.5. The experiment is triggered
to begin upon the loading of a single 8’Rb atom from the magneto-optical trap (MOT)
into the dipole trap and then repeats in the following way:
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Fig. 3.5 Experimental sequence to perform a release and recapture measurement to
probe the temperature of the atom after PGC. We typically release the atom for a
set of 11 different intervals. Each sequence is repeated for several hundred times to
extract an estimate of the recapture probability.

1. Switch off the quadrupole magnetic field.

2. Perform polarization gradient cooling (PGC) for 1-15 ms with MOT beams at

a different power.
3. Switch off the MOT beam.

4. Release the atom by switching off the trapping beam for an interval of 0-
100 us.

5. Recapture the atom by switching on the trapping beam.

6. Check the presence of the atom by illuminating with the MOT beams. If the
atom is present, we repeat from step 2; else, we return to MOT formation to
load another atom.

For a set of 11 different release intervals, we repeat each experiment several hundred
times to obtain an estimate of the recapture probability. To extract the temperature,
we find the best fit to the set of recapture probabilities generated by the Monte Carlo
simulation for a range of temperatures (Fig. 3.6). For fair comparison, we set the
maximum recapture probability of the simulation to our experimental figure of 0.987.
The error of the temperature estimate is obtained by statistical method of bootstrap-
ping. We resample a total of 4000 sets of recapture probabilities from the distribution
of measured recapture probabilities. Fitting each of the new datasets to the Monte
Carlo simulation, we obtain a distribution of temperature estimate (Fig. 3.7). We
extract the error of the temperature estimate from the standard deviation of the
distribution.

30



3.2. Experimental realisation
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Fig. 3.6 An exemplary result of a release and recapture measurement. (Left) Com-
parison of atom recapture probabilities to the Monte Carlo simulation for atoms
at 7 uK (blue), 10 uK (green), and 13 uK (red). Error bars represent standard er-
ror from binomial statistics. (Right) Extracted xz from the fit to the Monte Carlo
simulation for atoms of various temperatures. Solid line is a fit to a parabola.
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Fig. 3.7 A distribution of temperature estimate obtained from bootstrapping with
data in Fig 3.6. A total of 4000 sets of recapture probabilities are sampled from the
measured distribution and then fit to the Monte Carlo simulation.
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Fig. 3.8 Temperature of the atoms after PGC over the total cooling beam power in
B, B, and B3. Error bars represent statistical uncertainty (one standard deviation).
Systematic uncertainties, caused by errors in the determination of trap frequencies
and the beam waist, are smaller than the statistical uncertainties.

3.3 PGC dependence on trap polarization

3.3.1 Linearly and circularly polarized trap

First, we compare PGC in a linearly m-polarized (parallel to beam B3, see Fig. 3.1)
trap with that in a circularly o+ -polarized trap. To optimise the cooling parameters
for each trap configuration, we adjust the cooling beam power and frequency. While
the total power is varied, the ratio of power in the cooling beams is kept fixed with
twice amount of power in B3 than in B; and B,.> The cooling beam frequency is
altered from 2I'( to 41" red-detuned from the natural transition frequency.

Figure 3.8 shows the temperature of the atoms after PGC for the respective
cooling parameters. The lowest temperature is achieved in the 7-polarized trap
at 10.3(3) uK, which is approximately 5 times lower than the lowest temperature ob-
served in the o -polarized trap at 49(1) uK. We observe the typical PGC behaviour
of lower temperatures for larger detunings of the cooling beam and an optimal cool-
ing power below which the temperature increases sharply [113, 114]. This behaviour

is more pronounced in the 7-polarized trap than in the o™ -polarized trap.

3While having more power in B3 than in By and B; increases the lifetime of the atom in a circularly
polarized dipole trap (see Section 2.6.3), we observe no significant difference in both the lifetime and
the temperature of the atom by varying this ratio from 4.5 to 2.
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Fig. 3.9 Temperature of the atoms after PGC for a varying cooling duration. Optimal
cooling beam power is used respectively for both the 7-polarized trap (red square)
and the o -polarized trap (blue circle). Solid lines are fits to exponentials. Error
bars represent one standard deviation.

Subsequently, the cooling beam power and frequency are set to reach the lowest
temperature for each trap configuration. Figure 3.9 shows the temperature of the
atoms after a variable duration of PGC. In the z-polarized trap, the atom is quickly
cooled to the lowest temperature with a 1/e-time constant of 1.1(1) ms; whereas in
the o -polarized trap, PGC is inhibited and the atom remains close to the initial

temperature.

3.3.2 Imperfect linearly polarized trap

We further test the sensitivity of the cooling in the 7-polarized trap to imperfections
of the trap polarization. The quality of the polarization here is quantified as the
polarization extinction ratio

e =10dB logl()(PmaX/Pmin) y (35)

where Ppax and Py, are the maximum and minimum transmitted power through
a rotating film-polarizer (Thorlabs LPVIS100, € > 50dB). Figure 3.10 shows the
temperature of atoms after PGC as we deliberately introduce a slight ellipticity to
the trap polarization. We find a high sensitivity of the cooling to the purity of the
linear polarization. Already at € = 32 dB, the temperature increases to 12.8(4) uK,
which is notably higher compared to the lowest temperature of 10.3(3) uK achieved
at € = 35 dB. We do not expect much lower temperatures for polarization extinction
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Fig. 3.10 Temperature of the atoms after PGC in a w-polarized trap depending on the
polarization extinction ratio. The cooling beam power is optimised for the highest
value of €. Error bars represent one standard deviation.

ratios above € = 35 dB because for our lowest observed temperature of 10.3(3) uK,
the mean phonon number of the radial mode 7i, = (¢"®/%s7 —1)~1 = 1.5(1) is close
to the theoretical limit of 7~ 1 [115, 116]. Recently, a similar value for the mean
phonon number has also been observed for PGC of trapped ions [117]. We note
that the inefficient PGC due to imperfections of the trap linear polarization can be
overcome by applying a suitable magnetic field [93, 94].

3.3.3 Switching trap polarization after PGC

In our experiments to probe light-atom interaction, we drive the closed transition
52S1/2,F =2.mp=-2— 52P3/2,F/ = 3,mp = —3 with a 6~ -polarized probe that
is co-propagating with the FORT along z axis. A m-polarized trap parallel to x axis
results in state mixing in the excited state manifold 5> P; /2. F =3 along z axis. In this
case, the o~ -polarized probe propagating along the z axis cannot efficiently drive the
52S1/2,F =2mp=-2— 52P3/2,F’ = 3,mp = —3 transition. To efficiently address
that transition, we operate the trap in a circular polarization, which unfortunately
inhibits PGC. Therefore, we attempt to combine the best of both by first performing
PGC in a m-polarized trap before conducting the experiment in a ¢ -polarized trap
via dynamical control of the trap polarization.

The polarization switch is implemented with a free-space transverse electro-
optical polarization modulator (Newport 4102NF). Insertion of the polarization

modulator and additional waveplates compromises the purity of the 7-polarization
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and reduces the polarization extinction ratio to € = 33 dB. As a result, we find a
slightly increased temperature of 13.0(4) uK after PGC in the m-polarized trap. We
then perform PGC with the trap in 7-polarization, switch to 6" -polarization, and
momentarily pause for 1 ms before conducting the release recapture experiment. In
this configuration, we observe a marginally increased temperature of 13.6(3) uK,
which is likely due to the approximate 1% change in power of the trapping beam after
switching. Nevertheless, the achieved temperature is a significant improvement over
PGC in a 0" -polarized trap, which at best reaches 49 uK, and thus demonstrates the
technical feasibility of switching the trap polarization in situ.

3.4 Summary

We demonstrated that 67-0~ polarization gradient cooling in a linearly polarized
dipole trap leads to a lower atom temperature compared to a circularly polarized
trap [58]. The cooling limit shows a strong sensitivity on the purity of the linear
polarization of the trap; we measure a temperature increase from 10.3(3) uK to
12.8(4) uK as the polarization extinction ratio is reduced from 35 dB to 32 dB.

In a way, our results agree with the review article [81], published almost two
decades ago, stating ‘... linearly polarized light is usually the right choice for a dipole
trap. .. . However, in practice the choice of the trap polarization is often set for other
reasons than to optimise the PGC. For example, in our experiment to test light-atom
interaction with co-propagating FORT and probe light, a circularly polarized trap is
necessary to efficiently drive the strong cycling transition. Thus, we further showed
that switching the trap polarization from linear to circular after PGC induces only
minor heating, resulting in lowest atom temperatures of 13.6(3) uK. The dynamical
control of the trap polarization is employed in the subsequent experiments, and is

thus foundational to the methodology of this thesis.
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Chapter 4

Quantifying free-space light-atom
interaction

This chapter presents the characterisation of the light-atom coupling efficiency for
our setup. We employ two methods, a transmission measurement and a saturation
measurement. Lastly, we experimentally investigate the reduction of light-atom
coupling due to atomic motion. A simple model is devised and compared to our
observation. The findings of this chapter have been published in [59]'.

4.1 Transmission measurement

In this section, we present a transmission (extinction) measurement to determine the
light-atom coupling efficiency A (see Section 2.2.2 for definition). As the complete
theoretical model which relates the amount of scattering or extinction to the coupling
efficiency has been comprehensively described in Ref. [39, 61, 62], we only introduce
the key concept here. We note that a derivation based on the quantum input-output
formalism arrives at the same results [118, 119].

4.1.1 Basicidea

Let us consider a simple transmission setup with an atom at the joint focus of two
lenses as shown in Fig. 4.1. The probe beam originates from a collimated output of a
single mode fibre and is focused onto the atom through lens L. The opposing lens
L, re-collimates the probe beam, which is then coupled into a single mode fibre.

Y.-S.C. and ML.S. performed the experiments and analysed the data. C.K. conceived and super-
vised the project. All authors discussed the results and wrote the paper.
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4.1. Transmission measurement

L, L,
probe
2w es 2.

Fig. 4.1 Simplified optical setup for a transmission measurement. L;): lens.

The total electric field E’ of the light moving away from the atom is a superposi-
tion of the probe field Ep and the field scattered by the atom ESC [39]:

= =

E/:Ep +Esc. (4.1)

In the case of driving a two level transition with a faint coherent probe beam, i.e., the
power of the probe is way below saturation of the atomic transition, the amplitude of

the scattered field .
_ il E
2A+iLy P

where Iy is the natural linewidth of the atomic transition and A is the detuning from

E o< 4.2)

resonance. The negative sign here represents that the two fields accumulate a total
relative phase shift of 7 from the contribution of a 7/2 Gouy phase shift, and a
/2 phase shift of resonant scattering by the atom [120]. Therefore, the light field
destructively interferes in the forward direction, which results in an extinction.
Projecting this light field onto a detector after a single-mode fibre, we obtain an

electric field amplitude
Er— / E'()G*(7)dS, (4.3)

where G(7) with [ G(7)G*(7)dS = 1 is the normalised collection mode, and d§
is the differential area element perpendicular to the optical axis. In general for
imperfect mode matching between the probe mode and the collection mode, Ef is a

complex number. As such, the relative transmission 7, which is the optical power at

detector normalised to the probe power |F?p |2, contains Lorentzian and dispersion-like
terms [42],
E 2
¢ - [ - (4.4)
|Epl
r
= 1 +A2Z(A)+24.2(A) {A sin@ — = cos ¢>} : (4.5)
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4.1. Transmission measurement

where
1

Z(8) = (A2+T2/4) (+0)

is a Lorentzian profile, the coefficient A and the phase ¢ depend on the mode
matching condition.
In the case of perfect mode matching between the probe mode and the collection

mode, we can set the mode function as

G(F) = —2 | 4.7
(7) JE (4.7)
which leads to the definition

%:/amémw. (4.8)

The coefficients in Eq. (4.5) simplify to A = T'gA and ¢ = 0, resulting in a transmis-
sion spectrum T(A) that is purely Lorentzian [53]. The resonant (A = 0) scattered

field amplitude is exactly Esc = —2AE),. The resonant transmission takes the well-
known expression as [118]
= (1-2A)%, (4.9)
and likewise the resonant extinction is
e=1-1 (4.10)
=4A(1—A). 4.11)

At A = 0.5, the probe results in a complete extinction € = 1 in the forward direction
and is thus fully reflected.

4.1.2 Experimental realisation

The complete experimental setup has been described in Chapter 2 and is shown
in Fig. 2.1. Here, we perform a transmission measurement by probing the closed
transition SZSl/z,F =2,mrp=-2— 52P3/2,F’ = 3,mr = —3 near 780 nm. The
probe beam originates from the collimated output of a single mode fibre and has an
approximately Gaussian beam profile with a beam waist of 2.7 mm before the lens.
We set the power of the probe beam to contain on average 550 photons per pulse of
20 ms length, which is few orders of magnitude lower than the saturation power of

the corresponding transition.
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4.1. Transmission measurement
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Fig. 4.2 Experimental sequence to probe the light-atom interaction.

Figure 4.2 depicts the experimental sequence. The experiment is triggered to
begin upon the loading of a single 3’Rb atom from the magneto-optical trap (MOT)
into a linearly m-polarized far-off-resonance optical dipole trap (FORT) and then
proceeds as follows:

1. Turn off the quadrupole magnetic field to disperse the MOT cloud.

2. Perform polarization gradient cooling (PGC) for 5 ms. (see Chapter 3)

3. Apply a bias magnetic field of 0.74 mT along the optical axis and switch the
FORT to circularly o+ -polarized.

4. Perform optical pumping for 5 ms into 525, 2. F =2,mp = =2 state.
5. Probe for a duration #, = 20 ms during which the detection events are recorded.

(probe cycle)

6. Perform optical pumping for 5 ms into 5%, /2, = 1 state to shift the atom out
of resonance with with probe field by 6.8 GHz.

7. Repeat the probe for a duration #, = 20 ms to determine the power as a refer-
ence measurement. The reference measurement is done immediately after the
probe cycle to ensure a minimum discrepancy caused by power fluctuation of

the probe. (reference cycle)

8. Check the presence of the atom by fluorescence scattering with the MOT
beams. The bias magnetic field is turned off and the FORT is switched to

m-polarized. If the atom is present, we consider the data to be valid and repeat
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4.1. Transmission measurement

from step 1; otherwise, the data is discarded and we return to MOT formation

to load another atom.

To acquire sufficient statistics, we repeat this sequence over 4000 experimental

cycles.

4.1.3 Results

The transmission is computed from the ratio of the total detected photons during the
probe cycle, Nprope, and reference cycle, Nier, as
7 — Norobe (4.12)
Nref
with a background correction of 155 counts per second. Tuning the frequency of the
probe field, we obtain a transmission spectrum as shown in Fig. 4.3 and determine
a resonant extinction € = 17.7(1)%. The observed transmission spectrum shows
approximately a Lorentzian profile but with a small deviation. This deviation is
caused by the imperfect mode overlap between probe and collection mode. We infer
a mode overlap of approximately 70% from the measured probe power, corrected
for losses of the optical elements.
To account for the small deviation from imperfect mode matching, we include

the phase ¢ as a free fit parameter following the model in Eq. (4.5),
2 . 5
T=14TA)"Z(A)+2I'AZ (A) Asm(p—zcosq) , (4.13)
where the detuning from resonance frequency is
A=awp—ap— 00, (4.14)

with @, as the probe frequency, @y the natural transition frequency, and 6 =
o, + w,c the frequency shift due to a Zeeman shift @, and an AC Stark shift @,.
Thus, we fit to Eq. (4.13) with four free parameters (szed = 1.01): coupling effi-
ciency A =4.67(2) %, phase ¢ = 0.13(1)rad, frequency shift S = 48.03(3) MHz,
and linewidth I'/27 = 6.9(1) MHz. Fitting to a Lorentzian model instead results in
a x%; of 9.1.
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Fig. 4.3 Extinction of a weak coherent probe beam. (Left) Transmission spectrum.
Solid line is a fit to Eq. (4.5) with free parameters: coupling efficiency A = 4.67(2) %,
phase ¢ = 0.13(1)rad, frequency shift §@ = 48.03(3) MHz, and linewidth I'/2m =
6.9(1) MHz (32, = 1.01), resulting in a resonant extinction of € = 17.7(1)%. Error
bars represent one standard deviation due to propagated Poissonian counting uncer-
tainties. (Right) Histogram of detected photons during the probe cycle (red) and
reference cycle (grey) for the resonant data point.

4.2 Saturation measurement

In the following section, we present a saturation measurement to determine the
coupling efficiency A as an alternative to the transmission measurement. While both
methods supposedly produce identical outcomes, it has never been experimentally
demonstrated.

4.2.1 Basicidea

The description here follows closely Ref. [S1]. The incident power needed to saturate
a target transition is a direct measurement of A. By saturation, we refer to saturation

parameter S=1, for which the excited state population p in the steady state solution,

s 1
2(S+1) 4°

p= (4.15)

For a resonantly driven two level system, the saturation power Py, is given by

ha)()r() 1

Psat: 3 A’

(4.16)
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Fig. 4.4 Simplified optical setup for a reflection saturation measurement. Dys):
avalanche photodetector; BS: beam splitter; Ly (,): lens.

where @y is the transition frequency and Iy is the natural linewidth. Thus, comparing

the theoretical Py o—1 to the experimentally determined Pyy¢, we obtain

Psat

A= .
P, sat,A=1

(4.17)

For our considered transition, the theoretical value of Py a—1 = 1.21 pW.
To perform this measurement, we consider a setup as shown in Fig. 4.4. The
atomic fluorescence rate Ry, determined at the backward detector Dy, is expected to

follow a saturation function,

o T]F Pinc

Ry = - (4.18)
b 2 I)inc+Psat

where 1) is the total detection efficiency and P, is the power of the incident beam at
the position of the atom. In this configuration, the forward detector Dy can be used

to measure P.

4.2.2 Experimental realisation

The experimental sequence is identical to the one described in Section 4.1.2 with
only differences in probe power and duration. During the probe cycle, we measure
the backscattered photons using detector Dy,, whereby during the reference cycle
the detection events are recorded using the detector Dy. The number of detected
photons in Dy after accounting for total detection efficiency 1/ is used to determine
the incident power P, on the atom. We determine the detection efficiencies of Dy,
and D¢ by comparing against a calibrated pin photodiode and a calibrated APD to
Mb = 59(3) % and Ny = 56(4) %, respectively. The total detection efficiency in Dy is
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Fig. 4.5 (a) Light scattered into the backward detector Dy, for different probe fre-
quencies. The solid line is a Lorentzian fit of Eq. (4.22) with free parameters
linewidth I'/27 = 6.9(1) MHz, frequency shift 6w /27w = 48.0(1) MHz, and reso-
nant backscattering probability pyo = 0.61(1)%, with x2, = 1.03. (b) Resonant
saturation measurement, with the solid line representing the fit to Eq. (4.18) with
saturation power Py = 26(2) pW and total detection efficiency n = 1.95(2)% as
free parameters ( szed = 1.3). Error bars represent one standard deviation due to
propagated Poissonian counting uncertainties.

thus
nf = N¢ X fibre coupling x optical path x attenuation . (4.19)
v - ~~ > . ~~ - ~~ -
0.56 0.62 0.9 0.0049

The attenuation refers to a set of calibrated neutral density filters employed to avoid
saturating the detector. From this we determine the incident power P, on the atom

to be R
—hay,

Mg
where Ry is photon rate determined at D¢ and @y is the frequency of the photons. The

Pinc = (4-20)

experimental detection rates presented in the following are background-corrected for
rates of 300 cps at detector Dy, and 155 cps at detector Dy.

4.2.3 Results

Before proceeding to the saturation curve, we first measure a reflection spectrum to
determine the resonance frequency. Tuning the frequency of the probe field @y, we
fix the probe duration to 7, = 20 s and the power at about 4 pW. The probability py,
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4.2. Saturation measurement

for an incident photon to be backscattered by the atom is obtained by normalising
the number of detected photons at detector Dy, to the average number of incident
photons during the probe interval [54, 120]. Accounting for detection losses, we

obtain
N/

Pv = )
Nt/ ng
where N, and Ny are the number of total detected photons in Dy, and Dy, respectively.

4.21)

Figure 4.5(a) shows the probability py, for an incident photon to be backscattered
by an atom when tuning the frequency ®, of the probe field. The backscattering
probability is proportional to the atomic excited state population and therefore

follows a Lorentzian profile

Pb0

= 4.22
4N2 T3+ 1 (422)

Db
where py is the resonant backscattering probability, and A is the detuning from

resonance frequency defined as
A=awp—wp— 00, (4.23)

with @, as the probe frequency, @y the natural transition frequency, and 6 =
o, + w,c the frequency shift due to a Zeeman shift @, and an AC Stark shift @,.
The experimental values of py in Fig. 4.5(a) can be well described by this model,
with a frequency shift 6@ /2w = 48.0(1) MHz from the natural transition frequency,
Pbo=0.61(1)%, and I /2w = 6.9(1) MHz.

To perform the saturation measurement, we vary the incident probe power from
about 1 to 100 pW on resonance. At the same time, the probe duration is low-
ered to 4 us to minimise the heating of the atom via photon recoil. Figure 4.5(b)
shows the resulting saturation curve. Fitting the atomic fluorescence rate Ry, to the
Eq. (4.18), we obtain a saturation power of Py, = 26(2) pW and a total detection effi-
ciency 11 = 1.95(2)%. We further infer a collection efficiency n. = n/n, =3.3(3)%
into a single mode fibre, which is comparable to the highest efficiencies reported
for free- space optics [121, 122]. Comparing Py to Pgy a—1 indicates a cou-
pling A = 4.7(4)%, in agreement with the transmission measurement which yields
A =4.67(2)%. The uncertainty of the coupling efficiency is dominated by the
uncertainty of the efficiency 1y of detector Ds.
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Fig. 4.6 Time-resolved transmission measurement. (Left) Each row presents a
transmission spectrum similar to Fig. 4.3 and is obtained by collecting photodetection
events in 0.5 ms wide time bins. (Right) Transmission spectrum at the beginning
(blue) and the end (red) of the probe pulse extracted from the left plot. Solid lines
are fits to Eq. (4.5). Error bars represent one standard deviation due to propagated
Poissonian counting uncertainties.

4.3 Role of thermal motion on interaction

We have now characterised our light-atom interface to a coupling efficiency of
A =4.7%. While the demonstrated light-atom interaction strength is 50% larger
compared to our previous experiments with lenses of smaller numerical aperture
(NA=0.55, [46]), the absolute coupling efficiency is still notably lower than the
estimated upper bound of A = 8.5 % (see Section 2.2.3). The residual temperature of
the atom is commonly suspected to be a limiting factor in light-atom coupling [52,
39, 123]. Here, we experimentally investigate this issue by measuring the interaction
strength at various atom temperatures.

As the recoil associated with the scattering of the probe field increases the kinetic
energy of the atom, different atom temperatures can be accessed by following the
temporal evolution of the probe transmission. Hence, we perform a transmission
measurement identical to Section 4.1.2 with an extended probe duration to #, = 40 ms,
which contains on average about 9000 photons. We tune the probe frequency and
time-tag the photodetection events during the probe interval. Sorting the events into
0.5 ms wide time bins, we obtain a time-resolved transmission spectrum as shown
in Fig. 4.6. In the following, we present a simple model and compare it to our
experimental observation.
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4.3. Role of thermal motion on interaction

4.3.1 Model

The atomic thermal motion which leads to a finite positional spread affects the
light-atom coupling in two ways: First, it reduces the coupling directly because the
atom does not coincide precisely with the probe focus, but instead averages over
its intensity distribution [123]. Secondly, the frequency of the atomic transition is
lowered as the atom averages over the intensity distribution of the dipole trap.

We model the temperature dependent transmission spectrum by including also
the spatial dependence in the frequency shift 8@ (F) = ®, + @,.(7) and the mode
overlap A(¥) [123] in Eq. (4.13), where 7 is the position of the atom relative to the
centre of the trap. Given the large beam waist wg = 1.4 um of the dipole trap, the
AC Stark shift @,.(7) is treated in the paraxial approximation,

2 2
_, wo —2r
Wy () = Wae | ——=| exXp|— |, 4.24
=[5 oo |55 e
where w,. = 57.6 MHz is the AC Stark shift for an atom localised at the focus. We

further define an effective coupling efficiency
Aeit(F) = (1 — ) A7), (4.25)

where we evaluate the spatial dependence of the coupling efficiency A(7) according
to [39], which includes the changes of the local electric field polarization of the
probe light near the focus. The parameter « is heuristically introduced to account
for a reduced interaction strength due to experimental imperfections such as optical
aberration.

The transmission spectrum, averaged over many different spatial configurations,

is then given by
(1) = / p(T,7) T(dr, (4.26)

where p(T,7) is the probability distribution of the atom position. We treat the

motion of the atom classically and assume that the probability distribution p(7,7)

is governed by a Maxwell-Boltzmann distribution with standard deviations of the

positional spread of the atom

kgT
3

(4.27)

i:

where ky, is the Boltzmann constant, 7' the temperature, m the mass of 87Rb, and w;
the trap frequencies with i = x,y, z. For this experiment, the trap frequencies are mea-
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Fig. 4.7 Reorganised time-resolved transmission spectrum (Fig. 4.6) from probe
duration into number of scattered photons according to Eq. (4.28). Black regions of
the plot represent null data points that do not have any recorded events.

sured to be w,/2w = 107(1) kHz, w, /27 = 124(1) kHz, and @,/27 = 13.8(1) kHz,
respectively. Equation (4.26) can then be evaluated by a Monte-Carlo method. Each
scattered photon increases the total energy of the atom by 2E;, where E; = h*k> /2m
is the photon recoil energy. The gained energy is anisotropically distributed because
of the uni-directional excitation by the probe beam. Each photon leads therefore,
on average, to an energy increase of %Er in the radial directions, and %Er in the
axial direction. From a release-recapture technique [97], we infer an initial atom
temperature of 21(1) uK (see Section 3.2.2). Thus, after 500 scattering events the
axial temperature is increased by approximately 120 uK to just below Doppler
temperature Tp = 146 uK.

4.3.2 Results

Extracting the temperature dependency of the light-atom interaction directly from
the time-resolved transmission spectrum is difficult because the scattering rate and
therefore the motional heating vary during the probe interval and depend on the
probe frequency. For a quantitative analysis, we sort the detection events for each
probe frequency according to the number of scattered photons instead of the probe
pulse duration. The number of scattered photons Ny (¢), time-integrated from the
beginning of the probe interval to time ¢, is calculated from the transmitted photons

via .
Nsc (t) = Z() [Nref(ti) _Nprobe(ti)] /rlf nopa (4-28)

1=
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Fig. 4.8 The effect of recoil heating on the resonance frequency (a) and extinction (b)
obtained from Fig. 4.7. (a) Solid red line is the numerical result of Eq. (4.26) with
the frequency shift at the centre of trap §®(0) as a free fit parameter (y2; = 1.4).
(b) The temperature dependence of extinction is well reproduced by Eq. (4.26)
with o = 0.54(1) as a free fit parameter (red solid line, x2, = 11.6). Dashed black
line is the expected extinction for an ideal lens, given by Eq. (4.26), with o = 0.
Error bars represent one standard deviation obtained from least-squares fit of the
individual spectra.

where Nieg(#;) and Nprobe (#;) are the numbers of detected photons at detector Dy in
time bin #; during the reference and the probe interval, respectively, 1y = 56(4)%
the detection efficiency, and 1o, = 59(5)% the optical path loss from the atom
to the detector. We choose a relative bin width of 30 scattered photons and reor-
ganise the detection events from Fig. 4.6 into Fig. 4.7. Subsequently, we extract
the resonance frequency and the extinction by fitting to Eq. (4.5). The resonance
frequency and the extinction decrease fairly linearly with the number of scattered pho-
tons (Fig. 4.8). After scattering approximately 500 photons, the resonance frequency
is lowered by 1.5(1) MHz, and the extinction is reduced by approximately 30 %
to € = 12.4(1)%.

The frequency shift expected from Eq. (4.26) matches well with the experimental
results [Fig. 4.8(a)], where we use only the frequency shift at the centre of the
trap S ®(0) = 47.32(5) MHz as a free fit parameter. This good agreement indicates
that the model captures the effect of the dipole trap well. The initial resonance
frequency is slightly lower compared to the results in previous section because of a
slightly lower dipole trap power. Figure 4.8(b) (solid red line) shows the theoretical
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extinction expected from Eq. (4.26) with our focusing parameters using o = 0.54(1)
as a free parameter. The reduction of the extinction as a function of scattered
photon numbers is well reproduced by the model. From Eq. (4.26) with o =
0.54, we extrapolate a coupling efficiency A = 5.1% for a stationary atom, which
is approximately 10% larger than the interaction observed for our lowest atom
temperatures. This estimation provides an upper bound for the temperature effect
because our model treats the atomic motion classically, and therefore does not include
the finite spread of the motional ground state. The large value of o¢ = 0.54 means we
observe less interaction compared to the tight focusing theory outlined in [39]. This
reduction is likely to be caused by imperfections of the focusing lens and deviations
of the incident field from a Gaussian beam.

Finally, we discuss possible origins of the observed linewidth broadening to
6.9 MHz from the natural linewidth of 6.0 MHz (Fig. 4.3 and 4.5). Doppler and power
broadening are negligible because of the low atomic temperature of 21(1) uK and
the weak excitation field in both measurements Pyrope < 0.02P55. We use Eq. (4.26)
to estimate whether the broadening is caused by the thermal motion in the spatially
varying trap potential. We find an expected linewidth of 6.3 MHz for T = 21 uK. To
account for the residual linewidth broadening, we roughly estimate an additional
2.8 MHz broadening from other noise sources, which is unlikely to be only due to

the linewidth of the probe laser. The exact underlying factor is unknown.

4.4 Summary

We demonstrated a coupling efficiency A = 4.7(4)% between an external probe
mode and the atomic dipole mode [59]. The coupling efficiency was determined
independently from two different measurements: (1) extinction € = 17.7(1)% of a
weak coherent probe, and (2) saturation power Py, = 26(2) pW.

We further showed that the light-atom interaction can be limited by the thermal
motion of the atom even at sub-Doppler temperatures. There are two underlying
mechanisms that limits the interaction: First, averaging over the intensity distribution
of the tightly focused probe field directly reduces the coupling. Secondly, averaging
over the intensity distribution of the optical dipole trap induces a spatially varying
AC stark shift on the atom. Comparing to a simple model, we conclude that our

lowest atom temperatures of 21(1) uK? reduces the coupling by approximately

2The lowest atom temperatures of 13(1) uK presented in Chapter 3 has only been achieved after
these measurements.
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10%. Hence, further cooling to the motional ground state promises only a moderate

improvement [93, 94].
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Chapter 5

Nonlinear photon-atom coupling
with 4Pi microscopy

This chapter presents our adaptation of a super-resolution imaging technique, 4Pi
microscopy, to efficiently couple light to a single atom. First, we briefly introduce 4Pi
microscopy and extend the discussion of the transmission measurement to determine
the coupling efficiency in this configuration. We then present the experimental
implementation and compare the results of 4Pi to one-sided illumination. Lastly, from
a photon statistics measurement of the transmitted light, we demonstrate nonlinear
photon-atom coupling with our system. This chapter contains a considerable amount
of material from our published work in [60] L

5.1 Introduction

The term 4P1 microscopy [56] refers to a super-resolution imaging technique, which
improves the axial resolution by approximately four times over the Abbe diffraction
limit [55] achieved by a standard confocal microscope. This limitation is overcome
by using two opposing lenses with coinciding focal points to increase the aperture of
the microscope. We illustrate this idea in Fig. 5.1: the path of the incident beam is
split, and the object is coherently illuminated by two counter-propagating parts of
the field simultaneously. In this way almost the entire solid angle is covered, limited
only by the numerical aperture of the focusing lenses. The term 4Pi thus refers to the

conceptual full solid angle covered by the microscope. In what follows, we briefly

1Y.-S.C. and M.S. performed the experiments and data analysis. M.S. and C.K. conceived the
experiment. All authors discussed the result and wrote the paper.
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5.1. Introduction

50:50 BS

Fig. 5.1 Concept of a 4Pi illumination. The path of the probe beam is split, and
the object is coherently illuminated by two counter-propagating parts of the field
simultaneously. BS: beam splitter.

fit this idea into the context of light-atom interaction. We note that the possibility of
4P1 microscopy for light-atom coupling has been previously suggested [62, 124].

5.1.1 Transmission measurement in 4Pi configuration

In this section, we extend the discussion of the transmission measurement presented
in Section 4.1 to the case of a 4Pi configuration to determine the light-atom coupling
efficiency A (see Section 2.2.2 for definition). Specifically, we consider a resonant
excitation and assume a perfect mode overlap between the probe and the collection
mode.

Let us examine a 4Pi transmission setup with an atom at the joint focus of two
lenses as shown in Fig. 5.2. The probe beam originates from a collimated output
of a single mode fibre. It is split into path 1 and path 2 and focused onto the atom
through lenses L; and L, respectively. The opposing lens re-collimates the probe
beam, which is then coupled via an asymmetric beam splitter into a single mode
fibre connected to an avalanche photodetector, D; or D;, respectively. The total
electric field of the light moving away from the atom is a superposition of the probe
field and the field scattered by the atom [39]. We denote the respective electric field
amplitudes at the detectors, i.e., after the projection onto the mode of the optical
fibre, E,,; for the probe and Ej; for the scattered field, with i = 1,2 representing the
paths. In the limit of weak excitation, the atom reacts to the parts of the probe field
propagating in path 1 and 2 independently. Consequently, the scattered field consists
of two contributions

Eq =FEgc1+Eg - 5.1
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90:10 BS Ly L, 90:10 BS

& A=A

50:50 BS

Fig. 5.2 Optical setup for a transmission measurement in a 4Pi configuration. The
probe beam (black arrow) is split into path 1 (blue arrows) and path 2 (red arrows).
The two beams then illuminate the atom from counter-propagating directions. Asym-
metric beam splitters are used to sample the probe light after passing the atom.
The probe light in path 1(2) is coupled into a single mode fibre connected to de-
tector Dy(,). By blocking one path, we recover the commonly employed one-sided
illumination. BS: beam splitter, L ,): high numerical aperture lens, Dy ): avalanche
photodetector.

At detector Dy, the total electric field is the sum of the transmitted probe field in
path 1,
El - Ep,l +Esc,1 +Esc,2 . (52)

The scattered field contribution from path 1 projected onto the collection mode at D

is the same as one-sided illumination,
Esc,l = _2A1Ep,1 5 (53)

where A is the light-atom coupling efficiency of path 1. On the other hand, the
scattered field contribution from path 2 depends on the relative phase between the
probe field in path 1 and path 2. Suppose the two counter-propagating probe fields
have the same phase at the position of the atom, the scattered field contribution from

path 2 projected onto the collection mode at Dy is
Esc,2 =-2 AIAZEp,Z y (54)
where A; is the light-atom coupling efficiency of path 2. Thus, the power at detector

D, is given by
|E1|> = |Ep1 —2A1Ep1 — 2/ A1AEp . (5.5)
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Normalising to the input probe power, we obtain the individual transmission

B

= 7. 5.6

!

For example, for one-sided illumination through lens Ly, i.e., \Ep,z\z = 0, the trans-

mission measured at detector D recovers the expression as Eq. (4.9) [118],
7 = (1-2A1)%. (5.7)

Similarly, the power at detector D, is obtained by exchanging subscripts 1 and 2.

In the 4Pi configuration, we determine the total coupling Ay, from the total

transmission
|E1|*> + |Eaf?
Trotal = (5.8)
tota ’Ep,1’2+|Ep,2|2
= (1—2A00)’- (5.9)
From Eq. (5.5), we find the power splitting given by the individual coupling,
|Ep2|* = |Ep1[*A2/Ar, (5.10)

optimises the total coupling to Ay = A1 + Az. Therefore, for identical coupling
A1 = Ay, an even power splitting is optimal and doubles the coupling efficiency
obtained from one-sided illumination.

In the experiment, we employ asymmetric beam splitters to switch between
the 4Pi and one-sided illumination for ease of comparison under the same optical
alignment. We note that using asymmetric beam splitters to sample individual
transmission in path 1 and path 2 is not necessary to determine Ty, . For practical
applications of 4Pi illumination, it is possible to probe directly the output port of the

first 50:50 beam splitter and omit the asymmetric beam splitters to avoid photon loss.

5.1.2 Numerical simulation of electric field distribution

To obtain further insights, we numerically simulate the electric field distribution
near the focal point for the case of 4Pi and one-sided illumination. We evaluate the
electric field following exactly Section 3.2 of Ref. [39], which considers a Gaussian

field resonantly driving a circularly polarized dipole transition near 780 nm, and
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One-sided illumination 4Pi illumination

NA=0.75

e |

Fig. 5.3 Numerical results of the coupling efficiency A near the focal point. (a,b)
Focusing parameters corresponding to an objective with numerical aperture NA=
0.93 and an input beam waist which experiences less than 1% clipping losses from the
aperture of the lens. (c,d) Focusing parameters used in this experiment (NA= (.75,
input beam waist wo = 2.7mm at lens, focal length f = 5.95 mm).

includes also the spatially varying polarization of the tightly focused probe light. In
the case of 4Pi illumination, we assume that the field constructively interferes at the
focal point. For clarity, we express the field distribution instead as the light-atom
coupling efficiency A.

Figure 5.3 shows the results of the numerical simulation. To illustrate the full
capability of 4Pi illumination, we first consider an objective of numerical aperture
NA=0.93 with an input beam waist with less than 1% clipping loss [Fig. 5.3(b)].
As expected from 4Pi microscopy, the spatial distribution is greatly compressed in
the axial direction. The resultant focus is a tightly localised volume, approximately
a sphere of diameter A /2 whereby the maximum mode overlap is doubled to 70%
when compared to one-sided illumination.

Next, we evaluate with parameters specific to our experimental setup (NA=0.75,
input beam waist wy = 2.7mm, focal length f = 5.95 mm) [Fig. 5.3(d)]. The maxi-
mum mode overlap is similarly doubled in the 4P1 illumination. Notably, the spatial
dependence exhibits a standing wave pattern with multiple antinodes of near maxi-
mum coupling and multiple nodes of zero coupling. Hence, to harness the advantage
of the 4Pi technique, the atom is required to be precisely positioned in the axial
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D, 851 nm UHV 761 nm D,

optical
pumping

Fig. 5.4 Optical setup for probing light-atom interaction in a 4Pi configuration.
D1, D,: avalanche photodetectors (APDs), IF: interference filter centred at 780 nm,
A /2: half-wave plate, A /4: quarter-wave plate, (P)BS: (polarizing) beam splitter,
DM: dichroic mirror, L, L;: high numerical aperture aspheric lenses, B: magnetic
field, UHV: ultra-high vacuum chamber.

direction, specifically at an anti-node of the incident field even though we are not at
the high numerical aperture limit.

5.2 Experimental realisation

5.2.1 Optical setup

Figure 5.4 shows the modified optical setup to adapt a 4Pi configuration. To control
the power ratio of the probe in the two paths, we include a half-wave plate and a
polarizing beam splitter.

From the numerical simulations earlier [Fig. 5.3(d)], we have learnt that the atom
needs to be better confined along the axial direction in the 4Pi configuration. So
we enhance the axial confinement with an additional blue-detuned standing wave
dipole trap. The blue-detuned trap is formed by 761 nm linearly polarized light, has
a trap depth of Uy ~ kp x 0.1 mK along the optical axis, and is overlapped with our
primary dipole trap? (Fig. 5.5). The choice of blue-detuning avoids an additional
light shift induced by the dipole trap to maintain similar experimental conditions for
both 4Pi and one-sided illumination.

’The details of the primary dipole trap have been covered in Section 2.6.1. For this experiment,
the trap is operated at a depth of Uy = kp x 1.88 mK.
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trap depth: 1.88mK

optical axis

Fig. 5.5 A standing wave blue-detuned dipole trap at 761 nm is employed in con-
junction with the primary red-detuned dipole trap at 851 nm to increase the spatial
confinement along the optical axis.

5.2.2 Experimental sequence

We compare 4Pi and one-sided illumination by performing a transmission experi-
ment with a weak coherent field driving the closed transition 525, 2. F =2,mp =
-2 — 52P3/2,F’ = 3,mr = —3 near 780 nm. The power of the probe field is well
below the saturation power Pyy of the corresponding transition and is set to approxi-
mately 0.003P;,. The experimental sequence is generally the same as presented in
Section 4.1.2 where we first introduced a transmission experiment.

To fully utilise the 4Pi arrangement, it is crucial to position the atom at an anti-
node of the probe field. Unfortunately, the interference pattern of the probe field
changes over time owing to slow drifts in the optical path lengths. The probe-atom
coupling is further affected by similar drifts of the standing wave trap, and the proba-
bilistic loading into particular positions. Here, we exploit the fact that once an atom
is loaded, the timescale for a transmission experiment is much shorter (milliseconds)
than the timescale of the drifts (>10 minutes). Therefore, the transmission is expected
to be lowest when the atom is positioned at the anti-node of the probe field. In the
following, we use the transmission as a signal to perform active phase stabilisation
and postselection of the atom position.

5.2.3 Active phase stabilisation

For a full measurement over the duration of hours, it is possible for the probe and
the trap standing wave patterns to drift out of phase. To avoid this scenario, we
implement an active stabilisation scheme to keep the two patterns in phase. We use
the transmission as a signal and minimise it by tuning the laser frequency of the blue-
detuned standing wave trap over 100 MHz. Figure 5.6 shows the transmission over
time with and without stabilisation. We initialise both measurements to the minimum

transmission at the start. Without stabilisation, the transmission increases over time
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Fig. 5.6 Transmission of the probe with (red) and without (grey) active stabilisation.
Each data point is an exact sum of 1400 measurement cycles, which takes about a
minute to accumulate. Error bars represent one standard deviation of propagated
Poissonian counting uncertainties.

as the two standing wave pattern drift out of phase; whereas with stabilisation, the
transmission remains throughout. The stabilisation routine is performed every 16

minutes and takes 2 minutes to complete.

5.2.4 Postselection of the atom position

The phase stabilisation described in the previous section is tasked to handle long
term interference pattern drifts. To solve the problem of shot-to-shot probabilistic
atom loading into particular positions, we perform two independent transmission
experiments in each sequence: one to check whether the atom is trapped at the right
position and one to determine the light-atom interaction.

Figure 5.7(a) shows the experimental sequence. Splitting the probe and the
reference cycles into two parts each of 1 ms, we separate them with a 4 us pause. To
minimise the effect of recoil heating from the probe field, the light-atom interaction
experiment takes place before checking the atom position. So we tune the frequency
of the first probe to measure the transmission spectra. The second probe cycle is used
to check whether the atom has been trapped at an anti-node of the probe field. For
this, the frequency of the probe field is set to be resonant with the atomic transition.
Subsequently, we perform a reference measurement to obtain the instantaneous probe
power.

Figure 5.7(b-d) illustrates the postselection procedure for which the probe field
during the first probe cycle is resonant with the atomic transition. The position of
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(a) optical optical
pumping to pumping atom
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Fig. 5.7 (a) Simplified experimental sequence to illustrate the two probe cycles
for postselection of the atom position. Refer to Fig. 4.2 for the complete sequence.
(b-d) Photon counting histogram recorded during probe (red) and reference (grey)
cycles. The total number of detected photons is the sum of events from detectors
D; and Dj;. (b) First probe cycle for the case when the probe field is resonant to the
atomic transition. (c) Second probe cycle. The dotted line marks the threshold for a
postselection of approximately 0.5% of the total events. (d) Resultant events of the
first probe cycle, conditioned on the second cycle using the marked threshold in (c).
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Fig. 5.8 Effect of the postselection procedure on the transmission for 4Pi and one-
sided illumination. Left: Resonant transmission as a function of a postselection
threshold value for 4Pi illumination (black circles) and one-sided illumination (red
squares). The transmission values for one-sided illumination at a detuning A =1.7T
are also shown (dark red diamonds). The marked point indicates the threshold value
that selects approximately 0.5% of the total events. Right: Same as left but as a
function of selected data percentage. Error bars represent one standard deviation of
propagated Poissonian counting uncertainties.

the atom is postselected based on the detected transmission during the second probe
cycle. For an atom loaded into a desired site of the potential well, the transmission is
low. Hence, we discard detection events in the first cycle if the number of photons
detected in the second cycle is above a set threshold. Figure 5.8 shows the resultant
transmission depending on the postselection threshold photon numbers. We use
a threshold value that selects approximately 0.5% of the total events, trading off
between data acquisition rate and selectivity of the atom position. This postselection
procedure does not change the observed transmission for the case of one-sided
illumination. For the upcoming transmission experiment, each data point takes about
15 to 30 minutes of measurement time.

5.3 Transmission experiment

5.3.1 Comparison between 4Pi and one-sided illumination

First, we perform the transmission experiment with one-sided illumination. Fig-
ure 5.9(a) shows the transmission spectrum of a weak coherent field, either probing
via path 1 (blue) or path 2 (red). Comparing the resonant transmission 7, = 77.9(2)%
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Fig. 5.9 Extinction of a weak coherent probe beam. (a) One-sided illumination
via path 1 (blue diamonds) or path 2 (red squares). Solid lines are Lorentzian fits.
(b) Same as (a) but with 4Pi illumination. The total transmission (black circles) is
obtained from the sum of detectors D and D;. Error bars represent one standard
deviation of propagated Poissonian counting uncertainties. The FORT shifts the
resonance frequency by approximately 38.5 MHz compared to the natural transition
frequency. (c,d) Histogram of detected photons during the probe cycle (solid line)
and reference cycle (grey) for the resonant data point of (a) and (b), respectively.
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and 7, = 79.8(3)% to Eq. (5.7), we find similar coupling efficiencies, A} = 0.059(1)
and Ay = 0.053(1)3, as expected for our symmetric arrangement with two nominally
identical lenses. Therefore, the maximum coupling expected in the 4Pi configuration
iS Atotal = A1 + Ay = 0.112(4), assuming perfect phase matching of the fields and
ideal positioning of the atom.

We then proceed to illuminate the atom in the 4Pi arrangement with a near 50:50
power split. Scanning the probe frequency, we obtain transmission spectra as shown
in Fig. 5.9(b). The increased light-atom coupling is evident from the strong reduction
of transmission. The individual transmissions 7, = 62.3(5)%, 1, = 64.6(5)%, and
the total transmission Ty = 63.4(3)% are significantly lower compared to the
one-sided illumination. From the total transmission, we infer a total coupling of
Agoral = 0.102(1), which is close to the theoretical prediction of 0.112(4).

5.3.2 4Pi illumination coupling dependence on power splitting

We next show that for a symmetric arrangement A; ~ A,, the highest interaction
in the 4Pi configuration is achieved with an equal power splitting P ;, ~ Py ;. Fig-
ure 5.10 displays the resonant transmissions for different relative beam powers in
the two paths. For imbalanced beam powers, the total transmission is increased,
albeit with a fairly weak dependence. In contrast, we find a strong dependence of the
individual transmissions on the relative beam power. For example, at P j, = 12P, j,
the total transmission is still low, Ty = 71.2(8)%, but the two values for the in-
dividual transmissions are no longer equal: ) 4p; = 74.0(8)%, To4pi = 41(2)%.
Figure 5.10 (solid lines) also shows that the observed behaviour of the transmission
can be well reproduced by Eq. (5.5) without any free parameter. A closer look shows
that the measured transmission values are slightly larger than expected from Eq. (5.5).
This difference is likely due to the limited resolution of selecting the atom position
and the thermal motion of the atom [59]. Though the values used in Eq. (5.5) from
the one-sided illumination already include the thermal motion directly from the
measurement, the effect is further enhanced in the 4Pi configuration. We are unable
to quantify this effect as the process is coupled with the postselection of the atom

position.

3In Chapter 4, we measured Ay = 4.7(4)%. The improvement to Ay = 5.3(1)% here is mainly due
to a better alignment of the probe beam, which is consequently granted by the need to simultaneously
align both paths in the 4Pi configuration.
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Fig. 5.10 Resonant transmission for different power splittings between path 1 and
path 2. Transmission at detector D; (top), D, (centre) and the total transmission
D + D; (bottom). The total number of incident photons is kept constant. Solid lines
are Ty(2) and Ty, derived from Eq. (5.5), with A; and A, determined from one-sided

illumination. Error bars represent one standard deviation of propagated Poissonian
counting uncertainties.
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5.4. Observation of nonlinear light-atom coupling

5.4 Observation of nonlinear light-atom coupling

The nonlinear character of the photon-atom interaction can induce effective attractive
or repulsive interactions between two photons [125-128]. These interactions can
be observed as a modification of the photon statistics of the transmitted field if the

initial field contains multi-photon contributions [129-133].

5.4.1 Photon statistics of transmitted light

A quantitative description of this effect has been developed in the context of waveg-
uide quantum electrodynamics [134, 135]. For a weak coherent driving field, that is,
ignoring contributions from number states with three or more photons, the second-

order correlation function g(2) (At) takes the specific form

2
2A 2 ToAt
(2) — ,—ToAt Lo
g (Ar)=e ((1_2/\) e 2 ) , (5.11)

where I'g = 27 x 6.07MHz is the excited state linewidth. Figure 5.11 shows the
dependence of photon statistics of transmitted light on the coupling efficiency. For
A = 0, the transmitted light shows g(z) (0) =1 as expected for coherent laser light.
For stronger light-atom coupling the changes of the photon statistics are more
significant. Notably, for A = 0.25 the transmitted and the reflected light shows
perfect anti-bunching, g(z) (0) = 0, which signifies that the atom acts as a photon
turnstile converting a coherent field completely into a single photon field. Photon
bunching (g(?) (0) > 1) for large values of A indicates an enhanced transmission
probability when two photons are simultaneously incident; while one photon states
are efficiently reflected, photon pairs saturate the atomic transition and have a larger
transmission probability.

5.4.2 Measurement of second-order correlation function

We measure the second-order correlation function of the transmitted light using
detector D; and D, as the two detectors of a Hanbury-Brown and Twiss setup [136].
By time-tagging the detection events at detector D; and D, during the probe phase,

we obtain
(p1(t)pa(t +At))

(P12t + A1)

gP(Ar) = (5.12)
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Fig. 5.11 Theoretical dependence of the second-order correlation function of the
transmitted light following Eq. (5.11) for Ar = 0.

where pj(;)(#) is the detection probability at detector Dy ) at time 7, and () denotes
the long time average. The photodetection events are sorted into a time delay
histogram. To acquire the second-order correlation function, we accurately normalise
this histogram to

i X1y Xtyin X T, (5.13)

where ry(,) is the mean count rate at detector D3, fhin the time bin width and T
the total measurement time [137]. In order to make the normalisation robust against
intensity drifts of the probe power and cycle-to-cycle variations of the light-atom
coupling, we perform the normalisation for every 1 ms-long measurement cycle.
Therefore, we obtain a normalised correlation function gl@) (At) (index i describes
the measurement cycle) and then g(®) (At) from the weighted mean
¥ g2 (M) (it ra)

@A) =
g t
(A1) YN (rii+ 1)

(5.14)

To acquire sufficient statistics, we use 50% more photons in the probe pulse as
compared to the transmission spectra in Fig. 5.9, and also relax the postselection
criteria (Section 5.2.4) to select 10% of the experimental cycles thereby including
atoms that are not optimally coupled to the probe field. Consequently, we measure
an increased transmission Ty = 70.3(3)%, and thus deduce a coupling A =
0.0808(5) for this experiment. The correlations shown in the upcoming section are

the result of approximately 200 hours of measurement time.
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Fig. 5.12 Intensity correlation of transmitted light with a time bin width of 5ns.
Detector D and D, are utilised as the two detectors of a Hanbury-Brown and Twiss
setup, where time difference Ar = t; —t,. (a) Computed from events during the
probe cycle. (b) Same as (a) but with extended range. Solid line is a fit to Eq.(5.15).
(c) Same as (b) but computed from events during the reference cycle in which the
atom is not resonant with probe field. Error bars represent +1 standard error of
mean.

5.4.3 Results and analysis

Figure 5.12(a,b) displays a clear signature of nonlinear photon-atom interaction in
the intensity correlations of the transmitted light, observed in the form of photon anti-
bunching at At = 0. For large At, the correlation disappears, and g(z) (At) approaches
unity. No additional correlations are present in the transmitted light during the
reference cycle in which the atom is not resonant with probe field [Fig. 5.12(c)].
Another notable feature is the super-Poissonian intensity correlation g(2) (Ar) > 1
in range of 100ns < At < 1 ps, visible in Fig. 5.12(b). Similar correlations have been
observed in the fluorescence of single atoms in dipole traps induced by the atomic
motion through the trap [138, 139]. Although the amplitude of the correlations is
small, we nevertheless perform a deconvolution for a better comparison to Eq. (5.11).

For diffusive motion the correlations are expected to decay exponentially, thus we fit

f(At)=1+Aexp (—%)

d

(5.15)
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5.5. Summary
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Fig. 5.13 Normalised second-order correlation function after deconvolution of the
diffusive atomic motion. Solid line is the theoretical prediction of Eq. (5.11) from
our measured coupling efficiency A without free parameter. Error bars represent +1
standard error of mean.

to g(?)(Ar), resulting in amplitude A = 0.019(2), decay time constant 73 = 0.71(8) s,
with a reduced )52 = 1.07 [Fig. 5.12(b), black solid line]. We note that the timescale
74 of these correlations is much larger than the excited state lifetime 1/T) = 26.2ns.
Figure 5.13 shows the resultant second-order correlation function after accounting
for the small photon bunching effect (= 1.7%) contributed by the diffusive atomic
motion, i.e., after division by f(At). The observed photon anti-bunching g(?)(0) =
0.934(7) is in good agreement with Eq. (5.11) without any free parameter.

5.5 Summary

In a 4Pi configuration, we demonstrated 36.6(3)% extinction of a weak coherent
probe by a single atom, and thus a light-atom coupling efficiency A = 10.2(1)% [60].
The interaction strength is almost doubled when compared to one-sided illumination
in which we measure A} = 5.9(1)% and A, = 5.3(1)% for either sides. Furthermore,
we observed a modified photon statistics of the transmitted field in the form of
photon anti-bunching g(®(0) = 0.934(7). While the achieved nonlinearity of the
interaction does not create strongly correlated photons yet, we showed that our
free-space light-atom interface is nonlinear at the single photon level. Further work
towards higher coupling efficiency at A = 25% may open path to a different single
photon source, which operates on the nonlinear optical response of single atoms.
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Chapter 6
Conclusion and Outlook

In this thesis, we described the development of a light-atom interface in free space.
Our system with larger numerical aperture (NA=0.75) lenses compared to previous
experiments [46, 118, 43] enabled us to investigate light-atom interaction at a tighter
focusing geometry.

First, we examined the effect of atomic thermal motion on the interaction. We
determined a light-atom coupling efficiency A = 4.7(4)% between an external probe
mode and the atomic dipole mode, and deduced that the thermal motion reduces
it by approximately 10%. Our findings clarified that the thermal motion is not the
limiting factor in light-atom coupling for the observed difference between theory
and experiment. The polarization gradient cooling of atoms in dipole traps was
investigated as part of the methodology. We showed that the cooling limit in a
linearly polarized trap is five times lower than in a circularly polarized trap.

The main experiment of this thesis is the proof-of-principle implementation of
4P1 microscopy as a light-atom interface. The observed 36.6(3)% extinction of a
weak coherent field by a single atom is the largest value reported for an atomic
emitter in free space. The coupling efficiency was nearly doubled compared to
that obtained for one-sided illumination to A = 10.1%. We further showed that
the photon statistics of the transmitted field is modified, which indicates nonlinear
light-atom interaction at the single photon level.

A closer look shows that our present system may potentially reach higher cou-
pling up to A = 33%. The primary limitation of the system is optical aberration,
which prevents us from utilising the full aperture of the lenses. Hence, aberration
correction has the potential to triple our existing coupling efficiency. Our ongoing
effort to perform aberration correction with adaptive optics, in particular, a spatial
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light modulator has preliminary results of more than 10% improvement in coupling
efficiency.

Our work establishes 4Pi microscopy as an effective technique to couple a propa-
gating light field to an atom. Not only does this contribute towards the development
of a distributed quantum network, it leads to exciting prospects to implement effec-
tive interactions between photons with tightly focused free-space modes and single
atoms. Strongly interacting photons could find application in all-optical quantum
information processing [140] and constitute a novel platform to study many-body
physics [141, 142]. For example, at A = 25%, the atom acts as a photon turnstile
which converts a coherent field into a single-photon field. While the nonlinearity
of the photon-atom interaction observed in this thesis does not reach strongly cor-
related photons yet, the 4Pi configuration eases the technical requirements of the
focusing lens considerably, making the implementation of strong photon-photon
interaction feasible. Even stronger interactions up to A = 70% are now technically
within reach of state-of-the-art objectives in a 4Pi arrangement [143]. The pre-
sented approach forms an experimental alternative to cavity/waveguide quantum
electrodynamics [19, 35] and Rydberg quantum optics [144, 133, 145, 146].
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Appendix A

List of Publications and Conferences

The work presented in this thesis has been published as these articles:

* Polarization gradient cooling of single atoms in optical dipole traps,
Yue Sum Chin, Matthias Steiner, and Christian Kurtsiefer.
Phys. Rev. A. 96, 033406 (2017).

* Quantifying the role of thermal motion in free-space light-atom interaction,
Yue Sum Chin, Matthias Steiner, and Christian Kurtsiefer.
Phys. Rev. A. 95, 043809 (2017).

* Nonlinear photon-atom coupling with 4Pi microscopy,
Yue Sum Chin, Matthias Steiner, and Christian Kurtsiefer.
Nat. Commun. 8, 1200 (2017).

I have presented the results in the following scientific conferences:

* The role of thermal motion in free-space light-atom interaction:
(Poster) Okinawa School in Physics 2016: Coherent Quantum Dynamics,
Okinawa, Japan (2016),
(Talk) IPS Meeting 2017, Singapore (2017),
(Talk) 48th Annual Meeting of the APS Division of Atomic, Molecular and
Optical Physics (DAMOP), Sacramento, CA, USA (2017).

» Strong photon-atom coupling with 4Pi microscopy:
(Talk) 3rd International Conference for Young Quantum Information Scien-
tists (YQIS), Erlangen, Germany (2017),
(Invited Talk) IPS Meeting 2018, Singapore (2018).
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