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Abstract

In this thesis, we report on the construction and stabilization of a laser system for gener-
ating state-dependent optical lattices in an enhancement cavity for ultracold strontium
atoms. For this purpose, two injection lock amplifiers are built and they are frequency-
stabilized to the enhancement cavity. In addition, an intensity control loop is used to
stabilize the intensity of the lasers. The amplified spontaneous emission produced by the
lasers is also suppressed to prevent uncontrolled heating mechanisms that may take place
in the lattice. Based on our experimental findings, we estimate the heating and the scat-
tering rates of strontium atoms in the state-dependent lattice. The developed techniques
open up new possibilities in simulating open quantum systems with ultracold strontium.
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Chapter 1

Introduction

IMULATING the behavior of many-body systems that are composed of a large number
S of interacting particles is a task that researchers have been tackling since the advent
of computer technology. Simulating such a system becomes particularly challenging if the
laws of quantum mechanics govern its dynamics. This difficulty arises from the fact that
the dimension of the Hilbert space scales exponentially with the number of particles in
a given quantum system, which overloads a classical computer rapidly. To overcome this
problem, Richard Feynman proposed the solution of using a quantum system that is ex-
perimentally well controlled to simulate another quantum system [1, 2]. To achieve this,
a mapping between the Hamiltonians of the two systems has to be established. Then, the
parameters of the simulation can be controlled through the accessible parameters of the
experiment.

To this end, one of the promising approaches includes the use of ultracold neutral
atoms [3-5]. In the field of ultracold neutral atoms, optical forces from laser light are
used to cool and trap atoms. While cooling atoms requires a dissipative scattering force,
trapping can be achieved with dipole forces. A specific configuration that traps atoms
using dipole forces is known as an optical lattice. Optical lattices are essentially periodic
potential well structures created by interfering laser beams [6]. Atoms that are cooled
by laser cooling techniques can be trapped in these potential wells, also known as lattice
sites. When an atom is trapped in a lattice site, it can interact with other atoms occu-
pying the same site and it can “hop” into other sites due to quantum tunneling. Such a
system can already simulate important models in condensed matter physics such as the
Hubbard model [7]. The intensity of the lattice field determines the on-site interaction
and the tunneling parameters, which provides a system with a high degree of tunability.
Using this tunability, a cornerstone experiment demonstrated quantum phase transitions
of bosonic particles in an optical lattice [8]. The successive demonstrations of similar
quantum many-body phenomena motivated researchers to come up with various quan-
tum computation [9-11] and quantum simulation schemes that use ultracold atoms in
optical lattices. A particular class of the proposed quantum simulation schemes involve
the use of state-dependent lattices. These lattices trap neutral atoms selectively, based on
their internal quantum states. Such systems can be used to study the dynamics of open
quantum systems, such as the spontaneous emission of quantum emitters [12-16].

One of the main requirements of performing quantum simulations with ultracold atoms



Chapter 1 Introduction 2

in optical lattices is the detection of atoms with single-site resolution. This detection can
be achieved by imaging the fluorescence of atoms in the lattice using a microscope ob-
jective with a high numerical aperture [17-25]. This technique is known as quantum gas
microscopy. Quantum gas microscopy can reveal valuable information about the many-
body system since it allows us to image individual atoms.

The choice of atomic species also plays an important role in the proposed quantum
simulation experiments. Although alkali atoms were initially used in such experiments,
alkaline-earth atoms are gaining more attention due to several advantages [26]. One
of the promising features of alkaline-earth atoms is their rich electronic structure, aris-
ing from the two valence electrons forming spin-singlet and triplet states. In particular,
the strontium atom has an exceptionally narrow (~ 1 mHz) transition in its electronic
structure. This is the 552 'Sy — 5s5p 2Py transition (see Fig. 1.1). Due to this narrow
transition, the electronic excited state >P acquires a long lifetime [27]. For this reason,
the 'Sy — 3Py transition of strontium is extensively studied as a frequency standard in op-
tical lattice clocks [28-35]. This situation serves as an advantage, since it makes longer
simulation times viable for simulations that involve the P state. Furthermore, efficient
laser cooling can be achieved via the 'Sy — 5s5p 'P; and the 'Sy — 5s5p 3Py transitions,
which have linewidths of v = 30.41(9) MHz and v = 7.423(7) kHz, respectively. The
broad linewidth of the 'Sy — 'P; transition can be used for fast initial cooling while the
narrow linewidth of the 'Sy — 3P; transition allows reaching low temperatures [36, 37].

Our research team is currently developing an experimental apparatus to perform quan-
tum gas microscopy with 88Sr atoms in state-dependent lattices for the ultimate goal
of simulating quantum emitters in structured reservoirs. So far, the advances made by
our research team include: (1) the development of a magneto-optical trap for strontium
atoms to reach ultracold temperatures [42], (2) the experimental measurement of the
so called “tune-out” wavelength, which is crucial for the simulation of open quantum
systems [43], (3) the development of a novel crossed-cavity design for enhancing the
size of the lattice and for reducing the spatial inhomogeneities in the system [44], and
(4) the development of an experimental scheme for addressing atoms locally using the
1Sy — 5s5p 3P, transition of strontium [45]. As a next step, the team aims to integrate
two-dimensional state-dependent lattices in the experiment and to demonstrate quantum
simulations. For this reason, a laser system that can generate a state-dependent lattice
needs to be constructed. While constructing such a system, there are several consider-
ations to take into account. The first consideration is the tunneling of strontium atoms
in the lattice. In particular, the 3P, atoms are not supposed to tunnel to an adjacent site
during the simulation to prevent inelastic collisions of excited state atoms. Therefore, we
need to determine the optical power regime that we will work with and we need to build
appropriate lasers to reach these powers. Then, we need to consider the intensity and
frequency instabilities of the lasers that we use to generate the lattice. These instabilities
may result in a heating mechanism known as parametric heating [46]. Heating is an
unwanted effect since it leads to the loss of atoms from the lattice. Another mechanism
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Figure 1.1 The energy level diagram of 88Sr. The diagram contains information about the most
relevant states and transitions. The figure is adapted from Ref. [38] and the data is
obtained from Refs. 1[39] 2[40] 3[41] *[27].

that may induce heating is the scattering of lattice photons by the atoms. This situation
is particularly enhanced for optical lattices operated in the vicinity of an electronic tran-
sition and lasers that contain an incoherent background radiation as a result of amplified
spontaneous emission. This thesis reports on the construction of this laser system and
estimates the instabilities of the generated state-dependent lattice.

The outline of this thesis is as follows:

* In Chapter 2, we provide a theoretical background of state-dependent optical lat-
tices, we discuss our motivations to use the 'Sy — 3P, transition of strontium in
detail, we present the crossed-cavity design of our team and we calculate the lat-
tice depth that we can reach in this cavity.

* In Chapter 3, we introduce the lasers and the injection locking modules that we use
for generating the state-dependent lattices.

* In Chapter 4, we describe the experimental setup that combines the Pound-Drever-
Hall technique with a control loop for intensity stabilization and we measure the
relative intensity noise of the lasers to estimate the parametric heating rate.
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* In Chapter 5, we estimate the amount of amplified spontaneous emission produced
by our lasers, we describe the method we use to suppress it and we calculate the
resulting photon scattering rate.
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Chapter 2

State-Dependent Optical Lattices for Strontium

N this Chapter, we provide the reader with a general overview of state-dependent optical
lattices and discuss our motivations to make such optical lattices for strontium in a
crossed-cavity configuration. For this reason, we begin by briefly discussing the basics of
optical lattices. Then, we present the concept of state-dependent lattices and the matter-
wave emission experiments that we plan to conduct with them. We proceed by explaining
the relevance of the 'Sy and the 3P, states of strontium for these experiments. Lastly, we
introduce the in-vacuum buildup cavity system that our research team uses to enhance
the size of our optical lattices. In this last part, we also determine the minimum lattice
depth requirements of the state-dependent lattice that we want to generate inside the
buildup cavity.

2.1 Optical lattices

In the most general sense, optical lattices are periodic arrangements of potential wells
made of optical standing waves that trap neutral atoms. In this Section, we discuss how
these lattices are generated and how they trap neutral atoms.

2.1.1 Polarizability

First, we introduce the concept of polarizability, which is a crucial concept in understand-
ing off-resonant atom-light interactions. We follow the definitions and derivations of Ref.
[47], while skipping some of the intermediate steps. We encourage the reader to refer to
this excellent source for a more detailed mathematical description of polarizability.

We consider the oscillating electric field of a laser interacting with a two-level atom.
This interaction occurs in an off-resonant manner so that the electric field does not cause
an atomic transition. We express the electric field as

E(r) exp(—iwt)

E(r,t) = — 5 +c.c., 2.1)

where w is the optical angular frequency, ¢ is time, and r is the position vector. Classically,
we consider the atom as a dipole consisting of a positive and a negative charge. The
dipole moment induced by the field is given by
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d = a(w)E(r, 1), (2.2)

where a(w) is defined as the polarizability. With this expression, we can write the time-
averaged potential energy of the induced dipole as

Here, we have a factor of 1/2 due to the fact that the dipole is induced and not permanent.
Using the expression for the intensity of light as

Vdipole = _<

1) = YU g 2.4
with vacuum permittivity ¢y and vacuum permeability po, we rewrite Eqn. (2.3) as
1
Viipole = ~5 %Re[a(w)][(r). (2.5)

Therefore, the dipole sees a potential proportional to I(r). The force exerted on the
induced dipole can be expressed as

Fdipole = _vvdipole X VI(I') (26)

Thus, intensity gradients result in a net dipole force while the positions where VI(r) is
zero correspond to attractive and repulsive dipole potentials. An attractive dipole poten-
tial is the basis of trapping neutral atoms using optical lattices. If Re[a(w)] is positive,
the atoms are attracted to intensity maxima. For a negative polarizability, the atoms are
attracted to intensity minima. To explain the conditions which may give rise to a positive
or a negative polarizability, we introduce the classical Lorentz-oscillator model, which
describes the polarizability of a two-level atom as [48]

2.7)

a(w) = 6repc®

r

. 3
wi (Wi —w? — zFi—g)
where c is the speed of light in vacuum, I' is the natural decay rate of the excited state
and wy is the transition frequency. From this expression, we observe that the real part of
the polarizability is negative for w > wy (blue-detuned) and it is positive for w < wq (red-
detuned). Therefore, the sign of the detuning determines the position of the attractive
potential in a dipole trap.

2.1.2 Standing electromagnetic wave

Optical lattices are formed by interfering laser beams that create a standing electromag-
netic wave. A standing electromagnetic wave is a specific type of wave pattern that is
formed by the superposition of two electromagnetic waves that have the same frequency,
amplitude and polarization, but travel in opposite directions. These electromagnetic



Chapter 2 State-Dependent Optical Lattices for Strontium 7

waves interfere with each other and they create regions of constructive and destructive
interference. Here, we derive the potential arising from such a standing wave following
the derivations in Ref. [43]. The electric field of a standing electromagnetic wave in 1D
can be expressed as

E(z,t) = Egexp(ikx — iwt) + Ep exp(—ikx — iwt), (2.8)

where Ej is the amplitude of each counter-propagating beam, k¥ = 27 /) is the wave
number, ) is the wavelength, and z is the coordinate. To obtain the intensity /(x) of the
standing wave, we take the modulus-squared of Eqn. (2.8) and multiply it by %CTLEQ to
obtain

1
I(x) = icneolEo exp(ikz — iwt) + Egyexp(—ikz — iwt)|? = 41y cos®(kx), (2.9)

where n is the refractive index of the medium in which the standing wave forms (n = 1
for vacuum) and Iy = %cneo\EO\Q. The resulting intensity pattern /() does not depend
on time, which means that it is a stationary pattern. Furthermore, this pattern has a cos?
shape with a periodicity of \/2. Using Eqn. (2.5), we express the potential seen by the
atom as

Vix) = —2\/?§IORe[a(w)] cos?(kx). (2.10)

We expand cos?(kx) around = = 0 and find

cos?(kx) = (1—%(1%)2—}—%(1{:3:)4—- = )(1—%(]{1')24-%(]{723)4—- ) = 1—(kx)?+0](kx)Y].

(2.11)
Hence, to a second order approximation, we can write the dipole potential as
Viz)~ 2, /?JORe[a(w)](kQﬁ —1) = V, (k2% — 1), (2.12)
0

where we introduced the lattice depth (or trap depth) as V,, = 2 ’:—SIORe[a(w)]. This
expression has the form of a harmonic potential %axﬂ, where m is the mass of the atom
and wy, is defined as the angular trap frequency given by

2k2 4V,
W = 2TV = W x = Wrec E.ix (2.13)
rec
K2 k2

Here, we introduced the recoil energy Erec = hwree = %5,-, which is the kinetic energy
gained by the atom after absorbing or emitting a photon with momentum #k.

Due to the harmonic form of the potential that the atom sees, we can approximate the
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energy levels of the system with the quantum harmonic oscillator model. This approach
results in quantum states that are separated by Awy, in energy. Furthermore, we can
extend our discussion into three dimensions by expressing the 3D lattice potential as

Vap(r) = Vik?a® + V,k*y® + V. k22 (2.14)

Hence, we have a three-dimensional optical lattice that traps atoms in harmonic quantum
wells with a spatial periodicity of \/2.

2.1.3 Scalar, vector and tensor polarizabilities

So far, we treated the atom and the oscillating field classically to explain the concept
of polarizability in a simplistic manner. A quantum mechanical treatment of a multi-
level atom such as strontium yields three irreducible parts of the polarizability [49-51].
For this purpose, we consider an atom interacting with an electromagnetic field whose
polarization vector is given by € = €,X + ¢,y +€,2. Here, X, y, and 2z are the basis vectors
of the Cartesian coordinate system. Then, a strong external magnetic field Bz is applied
to the atom, which defines its quantization axis as the z-axis. Under these conditions, the
total polarizability of the atomic state state |i) is

3m12 — JZ(JZ + 1)
2J:(20; — 1)

o = a(w) + ol (w) S Tm(ete,) + al(w)

Ji [Bcos®(6,) — 1],  (2.15)

where «ag is the scalar polarizability, oy is the vector polarizability and «ar is the tensor
polarizability. Furthermore, we denote the angular momentum of the atomic state |i)
as J; and the quantum number that describes the projection of J; along the z-axis as
m;. The angle between the polarization vector and the quantization axis is given by 0,,.
We realize that the components of the polarization vector ¢, , . are purely real when the
electromagnetic field is linearly polarized, which we assume to be the case for our optical
lattices. Therefore, the vector polarizability contribution in Eqn. (2.15) vanishes due to
the term Im(e}e,). The remaining scalar and tensor parts depend on the parameters w
and 6, which are usually experimentally accessible. Therefore, the total polarizability o
can be tuned by tuning these parameters. In the following Sections, we discuss how this
tunability results in special conditions for the state-dependent lattices such as the magic
and the tune-out conditions.

2.2 State-dependent optical lattices

After presenting an overview of optical lattices, we proceed with discussing state-dependent
optical lattices. State-dependent trapping is the ability of trapping atoms selectively,
based on their internal quantum states. With this ability, state-dependent lattices can
enable certain quantum simulation [15, 16] and quantum computation schemes [52]. In
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this Section, we discuss three special types of state-dependent lattices. Then, we describe
the quantum simulation scheme that is relevant for our work.

2.2.1 Types of state-dependent lattices

In Eqn. (2.15), we give the expression for the polarizability of an atomic state. For an
atom with a ground and an excited state, the value of the polarizability is different for
each state, leading to state-dependent traps. Certain types of state-dependent lattices
can be created by tuning the atomic polarizability. As mentioned in Sec. 2.1.3, the po-
larizability can be tuned by changing the wavelength of light or the angle of polarization
with respect to the quantization axis. In the following, we only consider the wavelength
dependence of the polarizability and discuss the special cases of magic, anti-magic and
tune-out wavelengths.

Magic wavelength  When the polarizability of the ground state oY(w) equals the polar-
izability of the excited state a“(w) for a certain wavelength, the potential seen by the
ground state atom is identical to the potential seen by the excited state atom. This wave-
length is known as the magic wavelength.

Anti-magic wavelength  When the polarizabilities have equal magnitude and opposite
sign, i.e., a9(w) = —a®(w), the lattice depths are equal but the attractive potential points
have a spatial separation of \/4. This wavelength is known as the anti-magic wavelength.

Tune-out wavelength Tune-out wavelength is the wavelength where one of the polariz-
abilities a¥(w) or a(w) equals zero. This leads to an optical lattice potential that traps
one state, while leaving the other state untrapped. In such optical lattices, the untrapped
state has a higher mobility compared to the other state due to the lack of confinement by
the optical lattice. In this thesis, we refer to the tune-out wavelength that does not trap
the state |7) as the |i) state tune-out wavelength.

2.2.2 Simulation of light-matter interfaces

Tune-out lattices can enable certain simulations of light-matter interfaces. To understand
this, we consider an optical lattice in which the excited state atoms see a deep lattice
potential while the ground state atoms see a shallow lattice potential. To achieve this
condition, the lattice is set slightly detuned from the tune-out wavelength. This results in
the ground state atoms being able to “hop” freely from one lattice site to the neighboring
lattice site. This process is known as tunneling. The frequency of this process is given by
the tunneling rate J/h, where J is the tunneling parameter. In this lattice, the tunneling
of the excited state atoms is not allowed due to the deep trapping potential that these
atoms see. Then, an on-resonant laser light is used to couple the two states. This coupling
induces Rabi oscillations with a frequency of 2. When a de-excitation occurs from the
excited state to the ground state, the atom becomes free to move in the shallow lattice,
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which resembles the process of a matter-wave emission. This process can be used to
simulate photon emission in certain nanophotonic structures, which is difficult to realize
classically. Furthermore, we can extend the simulation to two dimensions by using a 2D
lattice potential. We illustrate a visualization of this scheme in Fig. 2.1, which is adapted
from Ref. [38].

(a) (c)
J J
Q V N VN
(b) Emitter in Bath Emitter in ' s~
excited state particle ground state g - ‘
Q /Jv-]\ Q Emitter in Emitter in Photon
N /A excited state  ground state (bath particle)
/V\ /V\

Figure 2.1 Quantum simulation of light-matter interfaces (adapted from Ref. [38]). (@) Excited
and ground state atoms in a state-dependent lattice. While the ground state atoms can
tunnel through the lattice with the tunnelling parameter J, the excited state atoms are
tightly confined. A resonant beam induces Rabi oscillations with a Rabi frequency of
Q. (b) Different conditions that can occur in a lattice site, corresponding to a quan-
tum emitter or a bath particle (photon). (c) An illustration of the presented simulation
scheme in a 2D lattice.

2.3 1S, and 3P, states of strontium

In a previous work of our research team, the trapping of P, atoms in a one-dimensional
1S, tune-out lattice is demonstrated as a proof-of-principle experiment, paving the way for
the first quantum simulation experiments with strontium in state-dependent lattices [43].
The 'Sy — 3Py transition offers long excited state lifetimes due to its narrow linewidth
of ~ 1 mHz, which provides us a technical advantage. However, one main obstacle that
limits us still remains, which are the intensity fluctuations of the lattice field that broaden
the transition frequency. The 3P, atoms in the 'S, tune-out lattice are particularly prone
to these intensity fluctuations, because the *P atoms are trapped in the intensity maxima
of the lattice sites due to the positive polarizability of the 3P state at the 'Sy tune-out
wavelength. Therefore, we shift our focus to the P, state, which has a negative polariz-
ability at the 'S, tune-out wavelength. Due to this property, 3P, atoms are trapped in the
intensity minima of the lattice sites, making the system less sensitive to intensity fluctu-
ations. Furthermore, the 'Sy — 3P, transition also has a narrow linewidth of < 1 mHz,
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which provides us with the same technical advantages as >Py.

Another advantage of using the 3P, state is the ability of addressing a single 2D layer in
a 3D lattice by using the magnetic sensitivity of this state. This can be achieved by using
a magnetic field gradient that creates a spatially varying frequency shift in the 'Sy — 2P,
transition due to the Zeeman effect. To prepare a 2D lattice layer, we can use a magic lat-
tice and excite the atoms to the P, state in the desired lattice layer, while removing the
atoms in the other layers using the 'Sy — 'P; transition. A proof-of-principle single-layer
isolation scheme is presented in Refs. [38] and [45]. Therefore, our current motivation
is to construct a 2D 'S, tune-out lattice to trap 3P, atoms and to study matter-wave emis-
sion dynamics in 2D, which remains largely unexplored.
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Figure 2.2 (a) Calculated polarizabilities of the 1Sy and the 3P, states as a function of wave-
length. The polarizability of the 3P, state (m; = 0) is shown in the two extreme cases
of 8, = 0 and 6, = /2. The yellow marker corresponds to the tune-out wavelength
where the polarizability of the 'Sy state vanishes. (b) The polarizabilities of the 1S
and the 3P, states at the tune-out wavelength as a function of the angle between the
lattice polarization and the quantization axis. The 'Sy state is unaffected by this angle
due to its vanishing angular momentum J = 0.

The 'S, tune-out wavelength was measured experimentally as 689.22222(1) nm by our
team and this measurement was confirmed by the atomic structure calculations provided
by Marianna Safronova. Here, we present the polarizabilities of the 'Sy and the 3Py states
obtained from these atomic structure calculations. We plot the polarizabilities in atomic
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units as a function of wavelength in Fig. 2.2 (a). In this Figure, we show the polarizability
of the 3P; state (m, = 0) in the two extreme cases of §, = 0 and 6, = 7/2 using Eqn.
(2.15). We have the ability to tune the polarizability of the 3P, state by tuning the angle
of the magnetic field (quantization axis) with respect to the lattice polarization. During
this tuning process, the polarizability of the 'S, state remains constant since it has a van-
ishing angular momentum J = 0, leading to a vanishing tensor polarizability.

In Fig. 2.2 (b), we present the polarizability of the 3P state as a function of 6, at
the tune-out wavelength where the polarizability is zero for 'Sy. In our experiments, we
can only work with angles between ¢, = w/4 and 6, = 7/2. This precondition is set by
the fixed orientation of the magnetic field in our experiment due to other considerations,
which are beyond the scope of this thesis. At an angle of §, = 7/4, we calculate the
polarizability of the P, state (m; = 0) as o = —787 a.u., where 1 a.u. = 47reoa8 is the
atomic unit of polarizability, and ag is the Bohr radius.

2.4 System size enhancement with a crossed cavity

Simulating light-matter interfaces requires large and homogeneous optical lattices. The
limitation on the system size is set by the harmonic confinement of the lattice, which is a
result of the spatial mode (usually Gaussian) of the laser that is used to create the lattice.
This effect results in a varying trap depth throughout the lattice. One way to enhance the
system size is to make the laser beam larger. However, this results in shallower lattices
due to the reduced intensity of the laser beam. This situation poses a problem for our
experiments since it requires us to work with high-power lasers, which are challenging
to obtain commercially at the wavelengths that we work with. To overcome this issue,
our research team uses a novel experimental apparatus, which is an in-vacuum optical
buildup cavity that enhances the intensity of light that is circulating in it. With this tech-
nique, we can generate large and deep optical lattices in the buildup cavity.

In this Section, we first introduce the features and the parameters of our optical cavity
in which we want to generate the tune-out lattice. Then, we determine the minimum
lattice depth requirement that we need to satisfy with the tune-out lattice to minimize
the tunneling of the *P, atoms.

2.4.1 Crossed cavity

To make large and homogeneous 2D lattices, we use a crossed-cavity configuration, which
is made of two orthogonal buildup cavities with their centers intersecting each other. We
refer to these cavities as the “minus arm” and the “plus arm” of the crossed cavity. We
present a picture of the crossed cavity in Fig. 2.3, which we adapt from Ref. [43]. In Tab.
2.1, we present the most relevant parameters of the crossed cavity. For a more detailed
description and the manufacturing procedure of the crossed cavity, we refer the reader
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Free spectral range vpsr = 3 GHz
Cavity linewidth I'gs9 = 5.6(2) MHz

Finesse Fesg = 533(19)

Cavity mode waist at 689.2 nm wegg = 396 um

Enhancement factor Aggg = 147(5)

Table 2.1 Important parameters of the crossed cavity relevant for this thesis (data taken from Ref.
[43]). The measured quantities are shown with an error.

to Ref. [43].

Figure 2.3 A picture of the crossed cavity (adapted from [43]).

Due to the finite size of the cavity waist (396 pm), the harmonic confinement effect in
the tune-out lattice causes a spatial variation in the 'Sy — 3P transition frequency. This is
due to the fact that a spatial variation in the lattice depth leads to a corresponding shift in
the harmonic energy levels of the lattice sites. In Fig. 2.4 (a), we present the calculated
variation in the lattice depth as a function of distance from the center of the lattice. In
Fig. 2.4 (b), we also present the spatial shift of the transition frequency relative to the
ground state of the harmonic trap (at an energy of fiw,/2). Due to this limitation, we aim
to work near the center of the lattice in our experiments.
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Figure 2.4 The consequences of the harmonic confinement in the tune-out lattice. (a) Lattice
depth as a function of the distance from the center of the lattice, expressed in terms
of lattice sites. The lattice depth at the center of the gaussian envelope is assumed to
be 50E,¢.. This lattice depth corresponds to a trap frequency of ~ 68 kHz. (b) The
corresponding spatial dependence of the shift in the 'Sy — 3Py transition frequency.

2.4.2 Lattice depth requirements

To simulate light-matter interfaces accurately, we need to ensure that the atoms in the
excited state 3Py do not tunnel to the adjacent lattice sites during the simulation time
Tsim- FOT this reason, we have certain limitations regarding the lattice depth V, that the
3P, state sees in the tune-out lattice. The lattice depth determines the ratio between the
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on-site interaction energy U of the atoms and the tunnelling parameter J. By increasing
the lattice depth, we can minimize .J and suppress tunnelling. In a previous work of our
team, a lattice depth of 50E,.. is proposed for a tunnelling rate of J/h = 1.2 s~ ! in the
tune-out lattice [43]. We calculate the required input power before each arm of the cavity
to achieve this lattice depth using

_ 4Mggo P
(6%

tr = (2.16)

2 €
TCcEQW

where P, is the input power before each arm of the cavity, o, is the magnitude of the 3P,
polarizability and w is the cavity mode waist. Using the parameters of the crossed cavity
that we present in Sec. 2.4.1 and the calculated P, polarizability of a, = —787 a.u., we
plot the lattice depth as a function of input power P; in Fig. 2.5. For a lattice depth of
50E;ec, we calculate an input power of P, =~ 26 mW. We need this input power before
each arm of the cavity so that the tunnelling in each direction in the 2D lattice is limited
by J/h = 1.2 s71. Note that at angles 6,, higher than 7 /4, the magnitude of the polariz-
ability decreases. Therefore, we need higher input powers at these angles.
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Figure 2.5 The lattice depth that the 3P, state sees as a function of input power before the cav-
ity. A lattice depth of 50E,.. corresponds to an input power of ~ 26 mW.

As a last remark, we calculate the lattice depth that the 'S, atoms see as a function of
detuning from the tune-out wavelength. Around the tune-out wavelength, a linear fit to
the polarizability of the 'Sy state yields a slope of %9 = 2.44 a.u./GHz. Hence, we can
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write
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where Av is the detuning from the tune-out wavelength. We present the ground state
lattice depth as a function of detuning in Fig. 2.6.
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Figure 2.6 The lattice depth that the 'S, state sees as a function of detuning from the tune-out
wavelength. An input power of P, = 26 mW is used in this calculation.

Conclusion

Here, we have discussed the basics of atom-light interactions in the context of optical
lattices. Furthermore, we introduced the concept of state-dependent lattices and their
role in simulating light-matter interfaces. We also motivated the use of the 3P5 atoms in
these simulations. We presented the crossed-cavity design that our research team uses
and we estimated the spatial variation of the 'Sy —®P; transition frequency resulting from
the harmonic confinement of the lattice. Lastly, we estimated a required power of 26 mW
to make tune-out lattices with a lattice depth of 50E,.. for the excited state. To make
these lattices, we need a laser source that can provide us the required optical power.
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Chapter 3

Tune-out Lattice Lasers

RAPPING ultracold strontium atoms in a tune-out lattice requires a coherent laser
T source. For this purpose, this Chapter is dedicated to the description of the lasers
that we use to generate light for the tune-out lattice. We refer to these lasers as the lattice
lasers. We begin our discussion by introducing one of the lasers, which is an external-
cavity diode laser. Then, we proceed by describing the components that are involved in
the injection locking of a slave laser diode to this external-cavity diode laser. Lastly, we
present the beam-shaping methods that we use to obtain a Gaussian laser beam.

3.1 DL Pro

Due to their commercial availability and practicality, we use diode lasers to generate light
for the tune-out lattice. Typically, a laser diode with an internal cavity that is made of its
rear and front facet emits light with a linewidth of up to 100 MHz without an external
cavity configuration to provide optical feedback. However, we have higher requirements
for the linewidth of our laser, because a broad linewidth leads to heating of the atoms
due to the frequency-to-amplitude noise conversion in the crossed cavity [43]. Further-
more, since the modes of the crossed cavity have a linewidth of 5.6 MHz, a laser with a
100 MHz linewidth would only be partially amplified, leading to the loss of optical power
and shallower lattices. Therefore, we cannot use laser diodes alone to generate our tune-
out lattices. Instead, we use a grating-stabilized external-cavity diode laser (ECDL) that
combines an anti-reflection coated laser diode with a reflection grating as a wavelength-
selective component to achieve a narrower linewidth. In this Section, we describe the
features of our grating-stabilized ECDL (Toptica, DL Pro) and the laser controller that we
use to operate the laser.

The laser diode that this ECDL uses has a rear and a front facet. The front facet has
an anti-reflection coating whereas the rear facet is reflective. The light exiting the front
facet of the laser diode is collimated with a lens. Then, a diffraction grating diffracts the
collimated light into multiple beams with different angles and these angles depend on the
wavelength of each diffracted beam. Our ECDL uses a Littrow configuration [53] for this
grating, which means that the first order of the diffracted beam is reflected back along
the direction of the incident light. This way, a selected wavelength is sent back to the rear
facet of the laser diode. Hence, a wavelength-selective external cavity is formed between
the grating and the rear facet of the diode. Since the finesse of the external cavity is
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higher than the finesse of the internal cavity due to the high-reflectivity and wavelength
selectivity of the grating, the external cavity reduces the linewidth of the emitted light
down to 100 kHz according to the data sheet of our ECDL. Furthermore, the wavelength
can be coarsely tuned over a large range simply by rotating the diffraction grating using
a screw integrated outside the laser housing design for convenience. The grating is also
attached to a piezo element which lets us change the cavity length by applying a voltage
on the piezo element. This capability provides us with fine-tuning of the emission fre-
quency. Lastly, our ECDL uses thermoelectric elements to adjust the temperature of the
laser diode. This adjustment changes the length of the internal cavity and thereby the
emission wavelength.

We use a commercial laser controller (Toptica, DLC Pro) to control the parameters of
the laser, i.e., the operating current of the laser, temperature of the laser diode and the
piezo voltage we apply on the piezo element. The laser controller has a digital user in-
terface which lets us adjust all these parameters using a touch panel. Furthermore, we
can apply an external voltage to the laser controller using two ports labeled on its front
panel as “fast in” and “fine in” to modulate and control any of these parameters in an
automatic manner.
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Figure 3.1 Characterization of the output power of our master laser. The laser has a threshold
current of 40 mA. We find a maximum optical output power of 28.8 mW at an operat-
ing current of 75 mA.
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We measure the output power of the ECDL with a power meter at different operating
currents, which we adjust with the laser controller interface. The laser starts lasing only
after exceeding an operating current of 40 mA. This current is referred to as the threshold
current. We fit a linear function to the output powers we measured above the threshold
current, which we show in Fig. 3.1 and find a slope of 0.75 W/A. The laser has a maxi-
mum operating current of 75 mA which provides us with 28.8 mW output power.

As a last remark, we introduce the concepts of mode hopping and mode-hop free tun-
ing range. A mode hop occurs when our laser is operating in the desired mode of the
external cavity, but it suddenly switches to another mode of the external cavity. This sit-
uation may happen when the length of the internal cavity changes slightly different than
the length of the external cavity, which results in a different combination of internal and
external cavity modes operating at the same time. Therefore, we see a sudden change in
the frequency of the laser. To maximize the frequency range over which no mode hop-
ping occurs, we set a proportionality constant (feed forward) between the piezo voltage
and the operating current of the laser diode. Since a change in the current on the laser
diode will change the effective length of the internal cavity, we can make sure that the
mode overlap between the internal and the external cavity is maximized by choosing the
correct feed-forward constant. The maximum laser frequency range over which mode
hopping can be eliminated is called the mode-hop free tuning range.
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Figure 3.2 Mode hop-free tuning range of the ECDL around the tune-out wavelength.
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To optimize the feed forward, we tune our laser to the tune-out wavelength first with
the piezo voltage. Then, we scan the piezo voltage while monitoring the laser frequency
on a wavelength meter (HighFinesse, WS7). We gradually increase the scan amplitude
until we see a sudden change in the frequency of the laser, i.e., a mode hop. We tune
the feed-forward constant until the mode hop disappears. We repeat this procedure until
tuning the feed-forward constant cannot improve the continuous scan of the laser fre-
quency anymore. We measure a mode-hop free tuning range of about 16 GHz with a
scan frequency of 0.1 Hz, a piezo voltage offset of 51.8 V, a piezo voltage scan amplitude
of 50V, a feed-forward parameter of -0.082 mA/V and at an operating current of 70 mA
and a temperature of 21.5°C (see Fig. 3.2).

3.2 Injection locking

The maximum optical power that our ECDL can provide is 28.8 mW, which cannot provide
the minimal required power of 26 mW per cavity arm. Therefore we use the method of
injection locking to amplify the optical power of the ECDL. In this way we have more
power available at the desired wavelength and can make deeper tune-out lattices. In a
conventional injection locking setup, there is a powerful slave laser diode with an internal
cavity which gets optically seeded by a master laser. When the slave diode is free running,
i.e., without being seeded, it operates with lower spectral mode quality compared to the
master laser. When we seed this free-running diode with our master laser (DL Pro), the
free-running slave laser emits light with the same spectral properties of the master laser.
This process can take place when the seed beam is mode-matched to the cavity of the
injection-lock laser diode and if the spectra of the two lasers are overlapping. The former
can be ensured by fine alignment and the latter requires the tuning of diode temperature
and the operating current. Furthermore, the injected light must be much stronger than
the spontaneously emitted photons of the free-running laser diode. We refer the reader
to Ref. [54] for a mathematical model of the injection locking process.

3.2.1 Design and components

As we show in Fig. 3.3, the injection lock module consists of a mount for the slave diode,
an optical isolator (Thorlabs, 10-5-670-HP) to make sure that reflections from optical
components in the setup do not reach the diode, half wave plates (CeNing, WPZ1220-
L/2-689nm) for polarization alignment, a fiber coupler (Thorlabs, PAF2-7B) for monitor-
ing the injection locking status and another fiber coupler for collimating the seed light
out of a fiber. Furthermore, we use a polarizing beam splitter (PBS) to split a portion of
the laser light and send it to the fiber that we use for monitoring the injection locking
process. The laser light that is transmitted through this PBS exits the injection lock mod-
ule to be used in the experiment.

Here, we describe the most important parts of our injection lock setup. A more detailed
description of an older but similar version of our setup can be found in Ref. [55]. We use
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two of these modules for our experiment. One of these injection lock modules is for the
minus arm and the other one is for the plus arm of the enhancement cavity.
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Figure 3.3 An illustration of the injection lock module. The module consists of a mount for the
slave laser diode, an optical isolator for the suppression of back reflections from the
setup, half wave plates for polarization alignment, an optical fiber for monitoring the
injection locking status and another optical fiber for providing the slave laser diode
with the seed light from the master laser.

Laser diode

We use two commercially available diodes (Ushio, HL69001DG) as slave laser diodes.
According to the data sheet, these laser diodes have an optical output power of 210 mW.
We characterize these lasers by measuring their output power after a collimation lens for
different operating currents (see Fig. 3.4). The laser diodes start lasing only when the
operating current exceeds approximately 40 mA. We fit a linear function to the output
powers we measured above the threshold current and find a slope of 1.02W/A for the
minus arm laser and 0.98 W/A for the plus arm laser. The maximum operating current
value for these laser diodes is 270 mA. However, we run them at 250 mA at most since
running them at maximum power may reduce their lifetime. At 250 mA, we get 199 mW
for the slave laser diode of the minus arm and 190 mW for the plus arm.
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Figure 3.4 Characterization of the output power of our slave laser diodes. The laser diodes have
a threshold current of approximately 40 mA. We find a maximum optical output power
of 199 mW for the slave laser diode of the minus arm and 190 mW for the plus arm at
an operating current of 250 mA.

Diode mount

We use a custom-designed laser diode mount in the injection lock modules. We show an
illustration of this diode mount in Fig. 3.5. The diode mount is made of a laser head,
a suspender under the laser head (heat sink) and a mount that attaches these parts to
the optical breadboard. We place the laser diode and the collimating lens (Thorlabs,
C230TMD-B) inside the laser head. Then, we collimate the beam by moving the lens
inside the laser head using a spanner wrench. However, this lens can only partially col-
limate the beam since the beam that exits the slave laser diode has an elliptical spatial
mode and the two axes of the ellipse diverge at different rates. The elliptical spatial mode
is a result of divergence angles of the emission not being equal in the two orthogonal axes
of the beam profile. We collimate the fast-diverging axis of the laser beam to prevent the
beam from becoming too large quickly. We address the collimation of the slow-diverging
axis of the beam later in this Chapter.

To ensure that the laser beam leaves the laser straight, the diode mount is designed in
such a way that it can be tilted in the up-down and left-right direction. This degree of
freedom is achieved by the non-matching screw and screw hole sizes at the attachment
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Figure 3.5 A schematic of the diode mount.

point of the laser head and the sink. We loosen these screws, tilt the laser head and
make the beam leave the laser as straight as possible. Then, we fix the screws again. Af-
ter placing all the optical components of the injection lock setup, we use a beam profiler
(Cinogy, CMOS-1201) to ensure that the beam is not being blocked by these components.

During operation, heat is generated in the laser by the electric current flowing through
the laser diode. We detect the temperature with a thermistor (RS components, 3 k2) and
stabilize it using a Peltier element (RS components) driven by a temperature controller
(Thorlabs, ITC 4001). We glue the thermistor inside a small hole on the laser head
right next to the diode. We use a thermally conductive and electrically insulating glue
to ensure the best possible contact between the laser and thermistor without creating a
short circuit. We place the Peltier element between the laser head and the suspender.
This way, the Peltier element mediates the heat transfer between the laser head and
the optical breadboard. Then, we tune the temperature with a commercial temperature
controller (Thorlabs, ITC 4001) and monitor the spectrum of the emitted light on an
optical spectrum analyser (Ando, AQ6315E) to overlap the spectral modes of the free-
running diode laser with the tune-out wavelength. We see this overlap at a temperature
of 26°C.
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Optical isolator

A parasitic reflection from an optical component in the beam path of our injection lock
lasers can make the laser unstable because such a reflection is an additional feedback to
the injection locking process. This feedback might amplify other spectral modes because
the phase relation between the injected field and the internal field will be different due to
the introduction of the back-reflected field. Furthermore, a high-intensity reflection can
permanently damage the laser diode. With optical isolators, we can suppress the back
reflection so that the lasers do not become unstable.

-0OF

Input polarizer Faraday rotator Polarizing beam splitter

Figure 3.6 An illustration of the parts of our optical isolator. We define d and V' as the length and
the Verdet constant of the Faraday rotator and B as the magnitude of the magnetic
field. The beam from the slave laser diode enters the isolator from the input polarizer
that polarizes the beam with an angle of 3 with respect to the x-axis. The Faraday
rotator rotates the polarization of light in the anticlockwise direction by 5. The beam
exits the Faraday rotator with a polarization parallel to the x-axis. ldeally, this beam is
transmitted through the PBS. Any back-reflected light from the setup is blocked by the
input polarizer when 8 = 45° in this configuration.

We use tunable Faraday isolators (Thorlabs, I0-5-670-HP) to suppress this back reflec-
tion. Faraday isolators normally consist of three parts: a Faraday rotator, an input and
an output polarizer. However, we cannot use the isolator with an output polarizer since
we want to inject our seed beam to the slave laser diode by overlapping the beams on
a polarizing beam splitter (PBS) cube. We use a PBS cube because it provides us with
two orthogonal beam paths. Therefore, we remove the output polarizer from our optical
isolator and replace it with a PBS (CeNing, 675-710 nm) as we show in Fig. 3.6. The
extinction ratio of our PBS is specified as 500:1, which means that the optical power of
the light polarized in the unwanted axis amounts to 1/500 times the power of the light
polarized in the wanted axis of our PBS.

In this part, we first discuss how our optical isolator works. Then, we explain how
we align it in our beam path. The Faraday rotator of our optical isolator consists of a
material which rotates the polarization plane of linearly polarized light when a magnetic
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field parallel to the direction of light propagation is present. The rotation angle is given
by

8 = dBY, (3.1)

where d is the length of the material, V' is the Verdet constant of the material and B is
the magnitude of the magnetic field. When a beam propagates in the direction of the
magnetic field, this rotation is anticlockwise, assuming we are looking toward magnetic
field direction. When the beam propagation is anti parallel to the magnetic field, the
rotation is also anticlockwise from the same perspective. Therefore, the polarization of a
beam that passes through the Faraday rotator and comes back rotates by 2/ in total in the
anticlockwise direction. When 3 = 45°, the back-reflected light’s polarization becomes
orthogonal to its initial polarization. Then, we can align the input polarizer to transmit
the input beam, while blocking the reflected beam, thereby isolating it. Furthermore, the
PBS blocks the back-reflected components that are linearly polarized at the wrong angle
or that are not linearly polarized at all. Such situations can arise due to polarization de-
viations introduced by various optical components in our setup.

We align the isolator by rotating the Faraday rotator and the input polarizer together
and making sure that the seed power is maximized. Since the light reflected back from
the setup goes through the other PBS port, it has a polarization orthogonal to the seed
light. Therefore, we also maximize the suppression of the back-reflected light with our
alignment method. Furthermore, the Faraday rotator we use is wavelength dependent,
meaning that the magnitude of the rotation angle S depends on the wavelength of light.
The wavelength dependency of the Faraday rotator affects the Verdet constant, which in
turn makes (3 slightly deviate from 45°. This deviation means that we have to rotate the
Faraday rotator together with the input polarizer slightly more (or less) than 45° with
respect to the back-reflected light for better suppression. This extra rotation misaligns
the polarizing beam splitter with the light that is coming out of the Faraday rotator. A
small fraction of this light reflects from the polarizing beam splitter, instead of being
transmitted, and goes to the master laser setup where it is suppressed by the optical
isolator of the master laser.

Scanning Fabry-Pérot interferometer

To ensure that injection locking takes place between our master and slave laser diodes,
we need to monitor the spectrum of the slave laser diodes. In principle, we can do this
with an optical spectrum analyser. However, optical spectrum analysers are expensive
instruments that are usually used for more complicated tasks. Furthermore, the spec-
trum analyser we possess in our laboratory (Ando, AQ6315E) has a single optical fiber
input port, which makes it inconvenient for us since we want to monitor both of our slave
lasers at the same time. Therefore, we assemble a scanning Fabry-Pérot cavity setup and
measure its transmission spectrum to monitor the status of the injection locking for both
slave lasers. Here, we present our setup and discuss how we couple light into this cavity.
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We also present an illustration of this setup in Fig. 3.7.
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Figure 3.7 An illustration of the Fabry-Pérot setup. We match the spatial modes of both beams
from the injection lock lasers with the spatial mode of the Fabry-Pérot cavity using a
telescope and a lens. We overlap the beams on a PBS. We detect the transmission sig-
nal through the cavity using a photodetector and monitor the injection locking status

with this signal.

First, we use polarization-maintaining fibers to guide a portion of the laser light from
the injection lock modules to the Fabry-Pérot cavity setup. We refer to these fibers as the
monitoring fibers. We collimate the beams using aspherical lenses (Thorlabs, A220TM-B).
Then, each beam goes through a telescope made of two plano-convex lenses in back-to-
back configuration right after the aspherical lenses to adjust the beam diameter. After
overlapping the beams on a PBS, we use another plano-convex lens with a focal length
of f = 100 mm in front of the cavity to match the spatial mode of the beam with the
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TEMo mode of the cavity. Since our cavity is confocal, we place this mode-matching lens
roughly 100 mm away from the cavity center to match the modes optimally.

We want to get the correct beam diameter right before this mode-matching lens using
the telescope. We calculate the required beam waist in front of the mode-matching lens
from Ref. [56] with

Wit = (3.2)

where w§ is the waist of the cavity, A is the wavelength of light and f is the focal length
of the mode-matching lens. With w§® = 74 um, we calculate a required beam diameter
of 2w = 592 pm. Since both beams that are collimated out of the fibers have a diameter
of 1.8 mm, we use telescopes with 3:1 focal length ratios to reduce the beam size from
1.8 mm to 0.6 mm. Note that the lens with the larger focal length should come first for
diameter reduction. The lenses in the telescopes have focal lengths of f; = 75 mm and
f2 = 25.4 mm. We collimate the beam by placing these lenses f; + f, apart.

Operating current, minus arm (mA) | Operating current, plus arm (mA)
60.8 61.8
77.4 73.2
92.6 87.9
106.8 102.2
120.2 115.9
132.9 128.9
144.8 141.3
156.3 152.9
167.7 164.4
178.3 175.6
188.9 186.1
198.9 196.3
208.7 206.3
218.1 216.2
227.2 225.4
235.9 234.9
245.0 244.0

Table 3.1 Table of currents which lock the slave laser diodes to the master laser at an operating
temperature of 26°C. The seed power is 5mW on the minus arm and 6 mW on the plus
arm.

We can change the length of the cavity in a periodic manner by applying a voltage ramp
on a piezo element that is attached to one of the cavity mirrors. We use a ramp generator
(Thorlabs, SA201) to apply this ramp. We see transmission only when the resonance
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condition of the cavity is met,

L=n\/2, (3.3)

where L is the length of the cavity and n is a positive integer. We monitor this trans-
mission with a photodetector after the Fabry-Pérot cavity. After a rough alignment of
the beam to the cavity, several cavity modes are visible in the transmission spectrum of
the cavity. To maximize the power in the TEMy, mode and minimize the higher-order
modes, we proceed according to the following steps. We align one of the beams first by
beam walking with two mirrors and mode matching with the 100 mm lens before the
cavity. We use an iris to make sure that we are hitting the center of the mode-matching
lens. Then, we align the other beam by beam walking with two mirrors only. After this
procedure, we only see the lowest-order modes of the cavity in the transmission data. We
assume that these modes are 1.5 GHz away from each other since the free spectral range
of the cavity is specified as 1.5 GHz. Then, we convert the time axis of the transmission
data to a frequency axis using this information and display it in Fig. 3.8.
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Figure 3.8 Transmission spectrum from our scanning Fabry-Pérot cavity when the slave laser
diodes are locked to the master laser.

After going through these steps, we can now monitor the injection locking status. We
observe that injection locking occurs at certain currents flowing through the slave laser
diode. These currents are given in Tab. 3.1 with the corresponding seeding powers and
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Figure 3.9 Transmission signal from our scanning Fabry-Pérot cavity when the slave laser diodes
are not locked to the master laser.

temperature. If the slave diode is not locked to the seed light, its broadband emission
spectrum is visible as a collection of peaks in the transmission spectrum like in Fig. 3.9.
Therefore, we can lock the injection lock lasers by making sure that we see equally spaced
peaks in the transmission spectrum just like in Fig. 3.8.

3.3 Beam shaping with cylindrical telescopes

In our experimental setup, we need a collimated laser beam that has a Gaussian spa-
tial mode throughout its propagation distance since we want to maximize the coupling
efficiencies into the optical fibers we will use to guide the laser beam to other places.
Therefore, we need to ensure that the beam that exits the injection lock module has a
Gaussian mode and is collimated. However, as mentioned before, we collimate only the
fast-diverging axis of the laser beam with the collimation lens that we insert inside the
laser head of the diode mount. Here, we describe how we collimate the slow-diverging
axis of the beam while making sure that the spatial mode of the beam is Gaussian.

We achieve the collimation by using a cylindrical telescope that consists of two cylin-
drical lenses. These cylindrical lenses have one flat surface and one curved surface. The
curved surface acts only on one axis of the beam inbound to the surface, while leaving the
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other axis unchanged. Therefore, cylindrical lenses make beam shaping and collimation
along a single axis possible. We show an illustration of this method in Fig. 3.10.

Figure 3.10 Beam shaping with a cylindrical telescope made of two cylindrical lenses. The beam
that is incident from the right has an elliptical profile. This profile is corrected and
the beam exits the telescope from the left with a uniform Gaussian shape. This figure
is adapted from Ref. [57].

To calculate the focal lengths of the cylindrical lenses we should use in our setup,
we measure the diameter of the beams that exit the injection lock modules with a beam
profiler (Cinogy, CMOS-1201). We measure a beam diameter of 1.8 mm in the horizontal
axis and 1.4 mm in the vertical axis of the injection lock laser of the minus arm. Here,
the vertical axis is the uncollimated axis (slow-diverging axis). Therefore, we use two
cylindrical lenses with focal lengths of 30 mm and 40 mm to match the lengths of the
axes. We place the lenses roughly 70 mm away, making sure that the flat surfaces are
facing each other. Then, we let the beam propagate for several meters and monitor the
cross section of the beam with a beam profiler at this distance. We adjust the vertical
beam diameter to be as small as possible at this distance by moving one of the cylindrical
lenses with respect to the other. Then, we fix the positions of the lenses. By going through
this process, we make sure that the beam has a Gaussian mode and it is collimated in
both axes. We go through the same process for the injection lock laser we use for the plus
arm. We measure a beam diameter of 1.5 mm in the horizontal direction (collimated)
and 1 mm in the vertical direction (uncollimated). We use cylindrical lenses with focal
lengths of 12.7 mm and 20 mm. Then, we collimate the beam with the same procedure
as above.

Conclusion

In this Chapter, we introduced the lasers that we use to make tune-out lattices. We de-
scribed the properties of our master laser and explained the role of each essential compo-
nent in our injection lock modules. With the laser diodes that we use for these modules,
we were able to reach an output power of ~ 190 mW. We presented how we can monitor
the injection locking status by monitoring the spectrum of the slave lasers using a Fabry-
Pérot cavity setup. Then, we discussed the cylindrical telescopes that we use in our setup
to obtain collimated Gaussian beams from these lasers.
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Chapter 4

Lattice Laser Stabilization Scheme

NE of the main goals in our experiment is to ensure the stable operation of our lattice

lasers, since the instability of these lasers would result in the instability of the tune-

out lattice that we generate with them. More specifically, we are interested in stabilizing
the intensity and the frequency of these lasers.

We start this Chapter by briefly discussing the parametric heating mechanism, which
may heat the strontium atoms in the tune-out lattice due to intensity noise. Then, we give
an overview of the Pound-Drever-Hall (PDH) technique, which can help us minimize the
parametric heating in the lattice. We discuss the construction procedure of two electro-
optic modulators that take part in the PDH technique. This discussion is followed by the
measurement of the crossed-cavity modes near the tune-out wavelength. We need to
know the resonant frequencies of these cavity modes to implement the PDH technique
in the crossed cavity. Then, we present the main experimental setup and describe the
components that are involved. Additionally, we prevent the long-term frequency drifts of
the master laser by locking its frequency to a frequency comb. After implementing these
stabilization schemes, we characterize the stability of the laser system by measuring the
relative intensity noise. Lastly, we calculate the heating rate of atoms in the lattice.

4.1 Noise-induced parametric heating

One of the limitations we encounter with our optical lattices is laser-induced heating aris-
ing from the intensity fluctuations of the optical lattice. This process is called parametric
heating. Parametric heating of atoms may reduce the trapping lifetime since it leads to
the excitation of atoms into higher motional states. In this Section, we discuss how this
heating mechanism takes place and how it affects the atoms in the lattice by following
the derivations of Ref. [46].

For an atom confined in a harmonic optical trap, the intensity noise of the light field
creates a proportional noise in the spring constant of the harmonic trap. We write the
Hamiltonian of the noisy trap as

52
i p

1
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where p is the momentum operator acting on the coordinate . Furthermore, €(t) is the
time-dependent fractional intensity noise defined as

) - (1)
O ="y

where [(t) is the intensity of light field in the optical trap and (/(t)) stands for the time
average of the intensity. From Eqn. (4.1), the rate of heating can be obtained using time-
dependent perturbation theory. We refer the reader to Ref. [46] for this derivation. The
heating rate is the time-derivative of the average energy of the atom

4.2)

(E) =T (E), (4.3)

where (E) is the average energy and I'. is the heating rate constant defined as

I = 12025 (2u,). 4.4

Here, Sc(2v4,) is the one-sided spectral density of the fractional intensity noise. The one-
sided spectral density is expressed as

2 [t
S(w) =2 / dr{e(t)e(t + 7)) cos wr- (4.5)
T Jo
From Eqn. (4.4), we see that the spectral density of the intensity noise contributes to
the parametric heating process at twice the trapping frequency. Therefore, we want to

minimize the optical lattice intensity noise at this frequency.

For our tune-out lattices, there are two contributions to the intensity noise. The first
contribution is simply the intensity noise of our lasers. The second contribution arises
from a combination of laser frequency noise and the cavities that we use to create the
optical lattices. When we tune the laser frequency to the cavity resonance frequency,
frequency noise of the laser gets converted to intensity noise due to the frequency depen-
dence of the light intensity circulating in the cavity. In Ref. [43], the fractional intensity
noise arising from this conversion is given by

LA
€(t) = 4AV%7

where ¢y, is the frequency deviation of the laser from the cavity resonance and Av¢ is
the linewidth of the cavity mode.

(4.6)

Both of the contributions we mentioned enhance the parametric heating in the tune-
out lattice. In a previous work, a cavity-lattice stabilization scheme has been proposed
to reduce these effects [43]. In the following Sections, we discuss a similar stabilization
scheme that we employ.
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4.2 Pound-Drever-Hall technique

The Pound-Drever-Hall (PDH) technique is a frequency stabilization scheme which in-
volves locking the frequency of a laser to the resonance frequency of a reference cavity.
In our case, we want to stabilize our laser’s frequency to the resonance frequency of the
crossed cavity. This process requires the generation of sidebands around the carrier fre-
quency of light by modulating the optical phase using an electro-optic modulator (EOM).
In this Section, we first give a theoretical overview of how EOMs generate sidebands and
how these sidebands are used to generate an error signal for the PDH method. Then, we
describe the procedure that we go through to construct two EOMs for our setup.

4.2.1 Sideband generation with electro-optic modulators

Sidebands can be generated by modulating the phase of the light field using EOMs. Here,
we discuss how EOMs operate in general and how they modulate the phase of a light field,
resulting in a carrier wave and two or more sidebands. We follow the derivations in Ref.
[58] and in Ref. [59].

EOMs use the Pockels electro-optic effect. This effect describes the linear response of
the refractive index of an optical medium to an applied electric field. Such an optical
medium is called a Pockels medium. The Pockels effect is usually directional, i.e., the
refractive index variation only occurs for a beam linearly polarized in parallel to a certain
axis of the Pockels medium, called the crystal axis. The applied electric field also needs
to be parallel to this axis. We illustrate the Pockels effect in Fig. 4.1 where we consider
a Pockels medium with a cuboid shape. We apply a voltage across the crystal axis of the
cuboid to generate the electric field. The modulated refractive index is

1
n(|E[) = no — 57“713IE|, 4.7)

where ng is the unmodulated refractive index of the medium, r is the electro-optic coef-
ficient of the medium and |E| is the magnitude of the electric field. Such a modulation
of the refractive index of the material results in the modulation of the phase of the light
field. The relation between the phase and the refractive index change An = n(|E[) —ng
is given by

L
A¢ = 27TA71HX, (48)

where L is the length of the medium and ) is the wavelength of light. Combining this
equation with Eqn. (4.7) we obtain

v
Ap=m—. 4.9

p=m A (4.9)

Here, V is the voltage applied across the the two faces of the medium (see Fig. 4.1)
given by V' = |E|d where d is the distance between the two faces. Furthermore, V; is the
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half-wave voltage which shifts the phase of the light field by =, given as

d A\

Ve = .
T LrnO

(4.10)

V()

= || - |

0° polarization 0° polarization

Figure 4.1 An illustration of the Pockels effect. An oscillating voltage V (¢) is applied along the
crystal axis of a Pockels medium with a cuboid shape to generate an electric field in
this axis. We send a light field that is linearly polarized along the crystal axis of the
Pockels medium trough the Pockels cell. The phase of the beam is modulated due to
the varying refractive index of the medium induced by the varying electric field. Side-
bands around the carrier frequency of light can be generated using this effect.

If we apply an oscillating voltage to the Pockels medium with a frequency of (2 and a

modulation depth of 3, i.e., V(t) = % B sin Qt, the phase-modulated light field can be
expressed as

Enod(t) = Egexp(iwt) exp(if sin Qt), (4.11)

where w and Fj are the frequency and the electric field amplitude of the unmodulated

light field, respectively. We can expand this expression in terms of Bessel functions of the
first kind Ji (/) as

Enod(t) = EolJo(B) exp(iwt)+ ZJk exp(it(w+kQ)) —|—Z Ji(B) exp(it(w—EkQ))].
= (4.12)

The terms that are oscillating with w + £Q and w — k€2 in this expression correspond
to k™ order sidebands and FEy.J;(3) corresponds to their amplitude. By choosing the
modulation depth 5 such that Jy(5) and J;(5) are much stronger than the higher order
Bessel functions, we can ensure that only the carrier and first sideband frequencies that
are §) away from the carrier are dominant in the spectrum of the beam. In Fig. 4.2 we
take the square of these Bessel functions and plot them as functions of modulation depth.
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These curves correspond to the power in the sidebands normalized to the total power.
We display this quantity as percentage. According to Ref. [59], the optimal sideband-
to-carrier power ratio for the PDH technique is 42 %, which is satisfied at a modulation
depth of 3 = 1.08 where |J2(3)|> = 1.7 %. Therefore, we can neglect the effect of the
higher-order sidebands. Then, Eqn. (4.12) reduces to

Ernod(t) = Eo[Jo(B) exp(iwt) + J1(8) exp(i(w + Q)t) — J1(B) exp(i(w — Q)t)].  (4.13)

Hence, two sidebands are obtained. Note that the sidebands differ in phase by 7 due to
the minus sign in front of the last term in Eqn. (4.13).

100

60

40

Relative power (%)

20

0 1 2 3 4
Modulation depth

Figure 4.2 The relative power of the carrier and the sidebands as a function of the modulation
depth, which is a unitless quantity. The relative power is given by the square of the
Bessel functions of the first kind J,,. Here, we only display the orders n = 0,1, 2, 3.

4.2.2 Derivation of the error signal

The main goal of the PDH technique is to generate an error signal using the sidebands
and to stabilize this signal by feeding it to a proportional-integral-derivative (PID) circuit.
Here, we mathematically obtain the error signal following the derivations of Ref. [59].
First, we consider the back-reflection of a beam from a reference cavity. Therefore, we
first introduce the reflection coefficient of a cavity as
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Eref r(ei(wfwcav)/VFSR — 1)
Ei - 1 — r2€i(wfwcav)/VFSR

Flw) = : (4.14)

where E,. is the reflected light field amplitude, Ej, is the light field amplitude incident
to the cavity, r is the amplitude reflection coefficient of the cavity mirrors, vpgg is the
free spectral range of the cavity and w.,, is the resonance frequency of the cavity. Then,
the reflection of the light field in Eqn. (4.13) from the reference cavity is

Eief = Epexp(iwt)[F(w)Jo(B) + F(w + Q2)J1(B) exp(i€2t) — F(w — Q)J1(B) exp(—i2t)].

(4.15)
We are interested in the power of the reflected beam since that is what we can experi-
mentally measure with a photodetector. Therefore, we take the absolute square of Eqn.
(4.15) to obtain the power P, which gives

Pt = Poc -+ 210 (8) 1 (B){RelF () F* @+ ) ~ F @)~ Dleos(f) |
HIm[F(w)F*(w + Q) — F*(w)F(w — Q)]sin(Q)} + 0(2Q),

where Ppc stands for non-oscillating terms. At low modulation frequencies (€2 < vpgr),
we can perform the approximation

Fw)Ff(w+ Q) — F*(w)F(w — Q) =~ —2ilm[F(w)]. (4.17)

Therefore, the cosine term in Eqn. (4.16) vanishes. Furthermore, we neglect the 2
terms and simplify Eqn. (4.16) as

Peet ~ Ppc — 4|Eo|* Jo(B)J1(B8)Im[F(w)] sin(Qt). (4.18)
Then, we define the error signal as
€(w) = —4[Eo[* Jo(8)J1(8)Im[F (w)]. (4.19)
The power of the light reflected from the cavity becomes

Pt = Ppc + €(w) sin(Q2). (4.20)

We can measure the power using a photodetector. Then, we can use a mixer to demodu-
late the signal of the photodetector with another AC signal sin({2¢t+¢) that has a frequency
2 and a phase ¢ with respect to the signal applied to the Pockels medium. The output
signal of the mixer is the product of the two inputs

Phixed = [Poc + €(w) sin(Qt)] sin(2t 4 ¢). (4.21)

We use the trigonometric identity
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sin(A) sin(B) — %[COS(A _ B) — cos(A + B)], (4.22)

to simplify Eqn. (4.21) which becomes

Prixed = %e(w) cos(¢) + Ppcsin(QU + ¢) — %e(w) cos(29Q + ¢). (4.23)

Then, we use a low-pass filter with a cut-off frequency lower than 2 to filter the last
two terms of Eqn. (4.23). We adjust the remaining term %e(w) cos(¢) by changing the
cable length through which we send the AC signal sin(Q2t + ¢), thereby tuning ¢. When
¢ becomes 7, the DC term becomes %¢(w). Hence, we can obtain the error signal directly
after the low-pass filter. When the frequency of the laser w is equal to the frequency of
the cavity resonance wc,y, the error signal ¢(w) vanishes. Furthermore, the error signal
changes sign around w = wc,,. Therefore, the sign of the measured error signal tells us
whether the frequency of the laser is higher or lower than the frequency of the cavity
resonance. We input the error signal to a PID controller whose output modulates the
frequency of our laser. The laser frequency modulation is carried out by acousto-optic
modulators (AOM) which we will explain in detail later in this Chapter.

4.2.3 Home-built electro-optic modulators

We build two electro-optic modulators to generate sidebands for the PDH technique. We
provide a picture of our home-built EOM design including the housing for the crystal
in Fig. 4.3. We use lithium niobate (LiNbOj3) crystals as the Pockels medium of EOMs.
These crystals are manufactured with two electrodes for applying a voltage along their
crystal axis. The crystals are also equipped with anti-reflection coatings between the
wavelengths 630 nm - 920 nm to reduce reflections from their surfaces. When we apply an
oscillating voltage to the crystal, we want to ensure that the electrical power is optimally
transferred to the crystal (the load) for a modulation as deep as possible. To achieve this,
we perform impedance matching with a resonant LC circuit that contains an inductor
(L) and a capacitor (C), illustrated in Fig. 4.4. Impedance matching occurs when the
impedance of the power source Zg equals to the complex conjugate of the impedance of
the load Z7. By building a resonant LC circuit between the modulation source and the
crystal, we can adjust Zg and make it equal to Z;. Then, we want to confirm that the
impedance matching is successful. To achieve this, we measure the fraction of the total
power that reflects back to the source from the load. The ratio of the reflected power P,
to the incident power P, in decibels is called the return loss, defined as

Pref
RI] ‘
When the power is transferred maximally to the EOM crystal at the resonance frequency
of the LC circuit, we expect minimal return loss.

Return Loss = 10log; (4.24)

We build the LC circuit given in Fig. 4.4 and measure its return loss as a function of
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Figure 4.3 Pictures of the home-built EOMs. These EOMs include the impedance-matching cir-
cuit, LiNbOj3 crystal and a housing to mount the EOM on an optical setup.

modulation frequency with an impedance analyzer (Times Technology, MFJ-226). We try
different capacitors while keeping the inductor in place. We find that the combination of
L = 2.2 uH and C = 220 pF for both EOMs gives us a minimum return loss of -32 dB at a
modulation frequency of 32 MHz for one EOM and -36 dB at a modulation frequency of
39.5 MHz for the other EOM. We use the 32 MHz EOM for the plus arm and 39.5 MHz
EOM for the minus arm of our crossed cavity.

v ® c=

—— LiNbO;

Figure 4.4 The resonant LC circuit we build to perform impedance matching between the voltage
source V; and the LiNbO3 crystal.

We use programmable voltage-controlled crystal oscillators (SiT3808, SiTime) to pro-
duce modulation signals for our EOMs at these frequencies. We program the voltage-
controlled crystal oscillators (VCXOs) by using the relevant software (Time Machine) in
a computer environment. We integrate the VCXOs into a printed circuit board (PCB) for
splitting the signal into two. For more details about the programming procedure and
the PCB design, we refer the reader to Refs. [60] and [61]. One signal is sent to the
local oscillator port of the mixer to demodulate the error signal and the other one is sent
to an amplifier (RF Bay, MPA-10-40) which amplifies the signal and sends it to the LC
circuit that contains the EOM crystal. We refer to the former as the mixer port of the
PCB and the latter as the amplifier port of the PCB. The PCB that we use also has an LC
low-pass filter to suppress the harmonic frequencies of the VCXO, which are at multiples
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of the fundamental frequency. In Fig. 4.5, we show the spectrum of the signals with
the suppressed harmonics measured with a spectrum analyzer (Anritsu, MS2721B). We
observe that higher harmonic frequencies are suppressed by more than 20 dB with the
LC low-pass filter.
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Figure 4.5 The spectra of the harmonics of the amplifier and the mixer ports. Higher harmonic
frequencies are suppressed (>20 dB) with an LC low-pass filter on the PCB.

Lastly, we want to confirm that the modulation signals that our VCXOs produce have
a stable frequency and narrow linewidth. Deviations in the modulation frequency may
change the return loss of the EOM. This change may also affect the modulation depth.
This is a situation we want to avoid since we need the power on the sidebands to stay con-
stant for a stable error signal. We measure the spectrum of the fundamental frequencies
(32 MHz & 39.5 MHz) of the amplitude and mixer ports of both VCXOs with a spectrum
analyzer (Anritsu, MS2721B) to extract their linewidth. We fit a Gaussian function to
the measured data and we find a Gaussian standard deviation of around 0.5 Hz for both
EOM drivers. These spectra are shown in Fig. 4.6. These linewidth values cannot be fully
resolved with the resolution bandwidth of 1 Hz of our spectrum analyzer. However, this
measurement still gives us an upper limit for the linewidth. These upper limit values that
we find do not cause a change in the return loss. Furthermore, the VCXOs are specified
with a frequency stability of + 25 ppm. This corresponds to + 800 Hz stability for the
plus arm EOM driver and + 987 Hz for the minus arm EOM driver. We confirm with our
impedance analyzer that these deviations also do not cause a significant change in the
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Figure 4.6 Spectra of the signals produced by the VCXOs. (@) The amplifier port of the VCXO

1 1 1
790 800 810
+3.2078e7
Frequency (Hz)

we use for the minus arm. We fit a Gaussian to this signal and find a standard devia-
tion of 0.54 Hz. (b) The mixer port of the VCXO we use for the minus arm. We fit a
Gaussian to this signal and find a standard deviation of 0.52 Hz. (c) The amplifier port
of the VCXO we use for the plus arm. We fit a Gaussian to this signal and find a stan-

dard deviation of 0.57 Hz. (d) The mixer port of the VCXO we use for the plus arm.

We fit a Gaussian to this signal and find a standard deviation of 0.52 Hz.

return loss. We conclude that the VCXOs that we use provide us with stable signals at the

desired frequencies.
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4.2.4 Laser-induced optical damage

The LiNbOg crystals that we use in our home-built electro-optic modulators are suscep-
tible to optical damage introduced by a laser beam. The dominating optical damage
mechanism in LiNbOj3 crystals is the photorefractive damage [62, 63]. As stated before,
LiNDbOjs is an electro optically active material, i.e., we induce refractive index changes of
the crystal when we apply an external electric field. However, the refractive index changes
may also be induced by the oscillating electric field of the laser light. Another effect that
may take place in our EOM crystals is known as photoconductivity. Photoconductivity is
a phenomenon where the electrical conductivity of certain materials increase when they
are exposed to light. When the photoconductivity effect is combined with the refractive
index change in the crystal induced by the laser beam, photorefractive damage may oc-
cur in the crystal. The photorefractive damage may cause permanent spatial refractive
index variances inside the crystal. This spatial variance results in a distorted wavefront
of the beam travelling through the crystal. Here, we discuss the photorefractive damage
we observe in our EOM crystals when they are exposed to the light of our injection lock
lasers for a certain amount of time.

After beam shaping the injection lock laser beam of the minus arm with the cylindrical
telescope, we use another telescope made of plano-convex lenses to reduce the diameter
of the beam so that it can easily propagate through the EOM crystal. We reduce the beam
diameter down to 0.8 mm using plano-convex lenses with focal lengths of 75 mm and
35 mm in this telescope. Then, we measure the power of the beam after this telescope as
140 mW with a power meter. We image the beam profile after the telescope using a beam
profiler, which we show in Fig. 4.7 (a). We align our beam to go through the EOM crystal
and image the beam profile after the EOM as well (see Fig. 4.7 (b)). Then, we place a
beam dump after the EOM crystal that absorbs all the light that is transmitted through
the crystal, to reduce reflections from any surface that may enhance the intensity of light
going through the crystal. After 6 hours of exposure to the laser light with a power of
140 mW and a beam diameter of 0.8 mm, we measure the beam profile after the EOM
again and observe that the beam is distorted compared to its initial beam profile (see Fig.
4.7 (c)). We suspect that this beam distortion is a result of the photorefractive damage
in our LiNbOg crystal.

The distorted beam profile limits the maximum fiber coupling efficiency that we can
achieve. Due to low fiber coupling efficiencies, a significant part of the optical power
will be lost and the required minimum trap depth of 50E,.. may not be reached. To
solve this issue, we consider using LiNbOj3 crystals that are doped with MgO. The doping
process increases the damage threshold intensity, i.e., the minimum intensity that can
cause damage, up to 8 x 10° W/cm? for continuous light [64]. This threshold intensity
is much higher than the intensity of our beam, which is 56 W/cm? (from 140 mW & 0.8
mm). Therefore, we aim to replace our LiNbO3 crystals with ones that are doped with
MgO in the future to improve our fiber-coupling efficiencies.
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Figure 4.7 The distortion of the beam profile caused by the photorefractive damage. (a) The
beam profile of the injection lock laser (minus arm) after going through a cylindrical
and a plano-convex telescope. (b) The beam profile after passing through the EOM
crystal. The beam profile is already distorted due to the optical damage introduced
to the crystal during the past measurements. (c) The beam profile after exposing the
crystal to laser light for 6 hours.

4.3 Measurement of the crossed-cavity modes near the
tune-out wavelength

In our setup, we can make optical lattices and implement the PDH technique only at the
resonance frequencies of our crossed-cavity modes. These cavities have a free spectral
range of about 3 GHz, as mentioned in Sec. 2.4.1. We cannot tune the resonance fre-
quencies of the modes of the cavities. Hence, we cannot make a lattice arbitrarily close to
the tune-out wavelength. Here, we characterize the resonance frequencies of the cavity
modes that are close to the tune-out wavelength. Then, we calculate the non-vanishing
ground state lattice depths associated with these frequencies.

Resonance frequency (THz) | Detuning (MHz)
434.97326 1130
Arm minus 434.97026 -1870
434.97310 970
Arm plus 434.97010 -2030

Table 4.1 The measured resonance frequencies of the crossed-cavity modes and their detunings
from the tune-out wavelength.

We use the light from our master laser to determine the frequencies of the cavity modes.
First, we split our master laser beam using a PBS. Then, we guide both beams into optical
fibers. We send one of these beams to our wavelength meter. We tune our master laser’s
frequency to the tune-out frequency while monitoring it on the wavelength meter. Then,
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we send the other beam to the crossed cavity. To align the beam to one of the arms of
the crossed cavity, we go through a cavity-alignment procedure similar to the procedure
we went through in Sec. 3.2 with the Fabry-Pérot cavity. The details of this procedure
and the experimental setup will be discussed in detail in the next Section of this Chapter.
After coupling light into the cavity, we monitor the transmission through the cavity with a
photodetector. Then, we vary the frequency of our master laser manually by changing the
piezo voltage. We observe the maximal voltage of the photodetector when the frequency
of the laser matches the frequency of a cavity mode. Then, we read the frequency of our
master laser on the wavelength meter, which tells us the frequency of the cavity mode.
We go through this procedure for both arms of the cavity and find the cavity modes with
frequencies closest to the tune-out wavelength. Note that the tune-out wavelength corre-
sponds to 434.97213 THz in units of frequency in vacuum. We present the frequencies of
the cavity modes in Tab. 4.1. In Fig. 4.8, we illustrate the cavity modes centered at these
frequencies by plotting Lorentzian functions numerically. We also notice that the modes
of the plus arm and the minus arm differ by 160 MHz in frequency. Therefore, we need
to use acousto-optic modulators (AOM) to shift the frequency of our lasers accordingly.
We discuss this method in detail in the next Section of this Chapter.
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Figure 4.8 The modes of the crossed cavity around the tune-out wavelength, numerically repre-
sented by Lorentzian curves. The dashed line represents the tune-out wavelength.

Due to the fact that the lattice inside the cavity is slightly detuned from the tune-out
wavelength, the ground state potential does not vanish completely. In our experiments,
we want the attractive potential of the non-vanishing ground state lattice to form at the
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intensity minimum, similar to the excited state. Otherwise, the overlap between wave-
functions of the trapped and the untrapped states will be poor. Trapping at the intensity
minimum only occurs for a negative 'Sy polarizability, i.e., for wavelengths higher than
the tune-out wavelength (see Fig. 2.2). Therefore, we prefer using the cavity modes that
are red detuned (-1870 MHz and -2030 MHz). With the measured detuning values of
the cavity modes from the tune-out wavelength, we use Eqn. (2.17) and calculate the
minimum achievable lattice depths of 0.29E,.. and 0.31E,.. for the minus and the plus
arm, respectively. In this calculation, we assume an input power of 26 mW before each
arm.

Resonance frequency (THz) | Detuning (MHz)
Arm 434.83197 2850
minus 434.82897 -150
434.82597 -3150
434.83167 2550
Arm plus 434.82866 -460
434.82565 -3470

Table 4.2 The measured resonance frequencies of the crossed-cavity modes and their detunings
from the 'Sy — 3P, transition frequency.

As a last remark, we measure other consecutive modes of the cavity near a frequency
of 434.82912 THz with our method and present them in Tab. 4.2. We are interested in
this frequency because it is the frequency of the 'Sy — 3P; transition of strontium. Since
this transition frequency is close to the tune-out wavelength, the atoms in the tune-out
lattice may suffer from photon scattering. We investigate this subject further in the next
Chapter of this thesis.

4.4 PDH technique in a crossed cavity with intensity
stabilization

Having obtained the resonant frequencies of the crossed cavity that we can work with,
we implement the PDH technique to stabilize the laser frequency to these resonant fre-
quencies. Additionally, we use another control loop to stabilize the intensity of the laser
in front of the cavity. We illustrate the finalized setup in Fig. 4.9. Our setup consists of
four parts: the master laser setup, two injection lock setups and the crossed-cavity setup.
We start by describing the master laser setup. First, we split the beam from the master
laser into two with a PBS cube. One beam path is further split into two for monitoring the
wavelength of light on a wavelength meter and for pre-stabilization of the laser frequency
with a frequency comb, which we explain in detail in Sec. 4.5. The other beam path is
also split into two using a PBS cube to seed the slave lasers.
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Figure 4.9 The illustration of the master laser, injection lock, and crossed-cavity setups. (a) The
master laser setup that consists of the master laser and two AOMs in double-pass con-
figurations for the PDH technique (b) Injection lock setup. The light produced by the
injection lock lasers are modulated with an EOM for sideband generation and an AOM
for intensity stabilization. (c) The beam setup at the crossed cavity, where lattices are
created.

We use two acousto-optic modulators with frequencies of 200 MHz & 270 MHz in
double-pass configurations to shift the frequency of our laser beams since the cavity
modes of the minus arm and the plus arm are 160 MHz apart from each other, as dis-
cussed in the previous Chapter. Each of these acousto-optic modulators (AOMs) is placed
before the two fibers that go to the slave lasers for seeding. We use voltage-controlled
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oscillators (VCOs) to operate these AOMs and to modulate their frequency for the PDH
lock. We maximize the intensities in the -1. diffraction orders of these AOMs when they
are operating at frequencies of 193 MHz and 275 MHz. This diffraction order gives us
-193 MHz and -275 MHz shifts of the laser frequency in a single pass. Since we use a
double-pass configuration, these frequency shifts are doubled. When we modulate these
frequencies for the PDH lock, the intensity of this diffraction order will change. Further-
more, the angle of propagation of the diffraction order will also change. These two effects
reduce the intensity of the seed light going to the injection lock modules and may result
in the slave laser diodes unlocking from the master laser due to insufficient seed power.
The former effect will directly reduce the light intensity, while the latter effect will re-
duce the fiber coupling efficiency. To understand how much this affects us, we perform a
measurement. We scan the frequency of the VCOs by +25 MHz using a function gener-
ator (Keysight, 33220A). Then, we measure the intensity of the diffraction order we are
interested in with a powermeter (Thorlabs, PM100D) before and after the fibers that we
guide our seed light in. Then, we stop the frequency scan, lock the slave laser diodes to
the master laser at VCO frequencies of 193 MHz and 275 MHz, and tune the frequency of
the VCO manually. When the slave laser diodes get unlocked from the master laser due
to insufficient intensity, we note the frequency of the VCO. We provide the scan measure-
ments in Fig. 4.10. Here, the dashed lines represent the frequencies where slave lasers
unlock from the master laser. From this figure, we observe that the lasers can stay locked
over a bandwidth of 40 MHz (arm minus) and 30 MHz (arm plus).
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Figure 4.10 The power of the -1. diffraction order of the double-pass AOMs as a function of VCO
frequency before and after coupling into a fiber. Vertical dashed lines correspond to
the VCO frequencies where the injection lock lasers fall out of lock from the master
laser.
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In each injection lock setup, we lock the slave laser diodes by tuning the current. Then,
we use a cylindrical telescope to collimate the uncollimated axis of the beam, as we dis-
cussed in Sec. 3.3. Then, we use two optical components known as ASE filters. We
explain the functionality of these filters in the next Chapter of this thesis. For now, we
may simply regard them as reflective optical components in the beam path. After the
filters, we use a plano-convex telescope to reduce the size of the Gaussian beam so that
it can go through the EOM crystal. We do not supply the modulation signal to the EOMs
yet. After the EOM, we have an AOM operating at a fixed frequency of 80 MHz. We use
this AOM for the intensity stabilization of the laser beam passing through it. For this, we
monitor the laser intensity with a photodetector on the crossed-cavity setup and stabilize
the laser intensity by modulating the amplitude of the AOM radio-frequency (RF) signal
using a PID circuit. After this AOM, the beam is coupled into a fiber which sends it to the
crossed-cavity setup.

25 dBm 22 dBm 18 dBm

w
(6
T
1
T
1
1
1

w
o
T
1
T
1
T
1

NN
o (6]
T T
1 1
T T

1
T T
1 1

—
o
T
1
T

Photodetector signal (V)
(@)}
T
1
T

o
(93]
T
1
T

o
o

Time (ms) Time (ms) Time (ms)

Figure 4.11 Transmission signal of the crossed cavity for different driving powers of the EOM
(plus arm). We use a driving power of 22 dBm to generate the error signal for both
arms of the crossed cavity.

In the crossed-cavity setup, we collimate the beam from the fiber first. Then, we send
a small fraction of this light to the photodetector which we use for intensity stabilization,
as mentioned above. We use a telescope in front of the cavity to match the spatial mode
of the beam to the mode of the cavity. First, we scan the frequency of the master laser
periodically by scanning the piezo voltage. The frequency scan is slow enough (<50 Hz)
to be followed by the injection lock modules. If the frequency scan is faster, the injection
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lock lasers get unlocked. Then, we align the beam to the cavity roughly and monitor the
transmission through the cavity with a photodiode. We minimize the higher order modes
we see in the transmission spectrum by using two mirrors and mode matching with the
lens in front of the cavity. Then, we connect the amplified VCXO signals to the home-built
EOMs and monitor the sidebands on the transmission signal of the cavity. We try several
different power attenuators to attenuate the output power of the VCXOs. In this manner,
we can adjust the modulation depth and control how much power is in the sidebands. In
Fig. 4.11, we show how different power levels of the amplified VCXO signal affect the
sideband-to-carrier ratio. We use the attenuator that gives us a sideband-to-carrier ratio
of 40 %, which means that 40 % of the optical power is in the sidebands.
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Figure 4.12 Transmission spectrum of the crossed cavity with an EOM driving power of 22 dBm
for both cavity arms. Three Lorentzian functions are fit to the transmission signal for
obtaining the frequency axes in these plots.

We estimate the linewidths of the crossed cavity from the transmission spectrum in Fig.
4.12. To do this, we fit three Lorentzian functions to the transmission signal and calculate
the carrier-sideband peak separation in terms of the time axis of the transmission signal.
Since we know that this corresponds to our modulation frequency, we can convert the
time axis to a frequency axis. Then, we extract the full width half at maximum (FWHM)
of the cavity mode in terms of frequency from the Lorentzian fit. We find FWHMSs of
5.42(8) MHz for the minus arm and 5.85(5) MHz for the plus arm. We see that these
values mostly agree with the linewidth values we presented in Tab. 2.1 of Sec. 2.4.1.

We use a beam sampler with a sampling ratio of 90:10 in front of the cavity to send
the back-reflected beam from the cavity to a photodetector for the PDH lock. Normally, a
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quarter-wave plate is used for this purpose in a PDH lock. However, since we want to be
able to control the linear polarization of the lattice, we use the beam sampler. Then, we
go through the standard procedure of generating the error signal, as mentioned in Sec.
4.2.2. We optimize the error signals for both arms and show them in Fig. 4.13. Then,
we feed the error signals to a PID circuit whose output modulates the VCO frequency of
the AOMs in the master laser setup. This modulation locks the laser to the crossed-cavity
resonances. Therefore, we have an active stabilization scheme for the state-dependent
lattice.
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Figure 4.13 The optimized error signals used for the PDH technique.

Since there are optical losses in our experimental setup, we need to confirm that we
have enough power to make lattices at a trap depth of 50E,... We measure a power of
~ 50 mW before the cavity arms. Note that this is slightly different for each arm due
to differing optical losses in the injection lock setups. Since 40 % of the power is in the
sidebands, we estimate that a power of ~ 30 mW will enter each cavity, which satisfies
the trap depth condition we have.

4.5 Pre-stabilization with frequency comb

Although the master laser emits light with a precise frequency and a narrow linewidth
for our tune-out lattices, we observe long-term changes in its frequency. When the master
laser drifts too far from the cavity resonance, the operating frequencies of the AOMs have
to change to stay resonant with the cavity mode. This causes the diffraction efficiencies of
the AOMs to decrease, leading to the slave lasers unlocking from the master laser (see Fig.
4.10). Therefore, in addition to the lattice laser stabilization scheme we introduced in



Chapter 4 Lattice Laser Stabilization Scheme 50

the previous Chapter, we devise another stabilization scheme to counter these long-term
frequency drifts of the master laser. We lock our laser to a frequency comb to achieve this.
A frequency comb is a laser source with a stable frequency spectrum that has a series of
discrete, equally spaced frequency lines. Because of this feature, it may be used as an
absolute optical frequency reference. We refer the reader to Ref. [65] for more details
about the operating principle of frequency combs. Here, we discuss the method we use
to lock the master laser to our commercially available frequency comb (Menlo System:s,
FC1500-250-WG) which has a 250 MHz mode spacing.

First, we send a portion of our master laser beam from the master laser setup with a PBS
(see Fig. 4.9) to our frequency comb setup using an optical fiber. Then, we overlap the
master laser beam with the frequency comb beam using a non-polarizing beam splitter
(NPBS). We send the overlapped beams to a reflection grating (Thorlabs, GR13-1205).
Since the frequency comb beam has multiple frequency components in its spectrum, it
gets dispersed by the grating. The frequency components that are near the master laser
frequency stay spatially overlapped with the master laser beam since their diffraction an-
gles are almost the same as the master laser. Then, we send the overlapped beam to a
photodetector that measures the beat note between the frequency comb and the master
laser. We send the beat note from the photodetector to a power splitter. We send one of
the output signals of the power splitter to a frequency counter. For the other output port
of the splitter, we use a low-pass filter (Mini-Circuits, SLP-100+) with a cut-off frequency
of 98 MHz to isolate a single beat note between the master laser and the closest frequency
comb mode. Then, we amplify the signal with an amplifier (RF Bay, MPA-10-40). To sta-
bilize the master laser, it is sufficient to stabilize the frequency of the beat note. We use a
phase-locked loop to achieve this. Therefore, we introduce the concept of a phase-locked
loop (PLL) first.

A PLL is a servo loop with a phase detector which detects the relative phase between a
reference signal and an input signal. The phase detector generates an error signal to lock
the frequency of the input signal to the reference signal. In our case, the input signal is
the amplified beat note and we use a function generator (Keysight, 33220A) to produce
a reference signal. The amplified beat note is sent to the input port of a PLL circuit. The
frequency of this signal is scaled down by 10 with a frequency divider inside the PLL
circuit. We also provide this circuit with a reference signal at 6.4 MHz using the function
generator. An error signal is generated by the PLL and passed through a low-pass filter
with a cut-off frequency of 4 kHz. We send the error signal to a PI circuit. We connect
the output of the PI circuit to the “fine in” input port of the master laser controller. Then,
we define this input port as the piezo voltage input port using the digital interface of the
laser controller. Hence, we stabilize the frequency of the master laser by modulating its
piezo voltage.



Chapter 4 Lattice Laser Stabilization Scheme 51

4.6 Long term intensity stability

When we integrate our tune-out lattices in our experimental cycles, we expect the lattice
to be stable in the long term, i.e., we expect stable injection locking of the slave laser
diodes to the master laser, stable frequency locking of the master laser to the frequency
comb, and stable PDH locking of the injection lock lasers to the crossed-cavity. To test this,
we perform a measurement. We turn on the lasers, stabilize the master laser frequency
with the frequency comb, stabilize the intensity in front of the cavities, and lock the laser
frequencies to the resonant frequencies of the cavities. This way, we generate an optical
lattice in the crossed cavity. We measure the power of the light transmitted through the
cavity for ~8 h. Furthermore, we also measure the frequency of the beat note between
the frequency comb and the master laser with the frequency counter using a software
that runs on the operating system of the frequency comb. We present the long-term
measurement of the power of light transmitted through both arms of the cavity in Fig.
4.14 (a). We also present the beat note frequency over the course of this measurement
in Fig. 4.14 (b).
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Figure 4.14 (a) A long-term measurement of the transmitted powers through the crossed cav-
ity. We observe an abrupt decrease in the transmitted powers a few hours after the
beginning of the measurement. (b) The beat note frequency over the course of the
measurement.
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Although the beat note frequency changes abruptly by ~300 kHz during the first hour
of the measurement, this does not influence the PDH locking status since our AOMs can
correct this frequency shift. Furthermore, the transmission powers stay stable for ~5 h.
After ~5 h, we observe a sharp decrease in the transmission power of the minus arm,
followed by the plus arm ~1 h later. We realized that the injection locking between the
slave lasers and the master laser was lost at these times. We were able to lock them
again by changing the operating current of the slave laser diodes. We believe that this
unlocking is a result of a slight optical misalignment of the seed beam due to pressure
fluctuations in the laboratory. In the older versions of these modules in our experiment,
a wedged window is glued to the opening of the module box where the beam exits. This
window can make the box air tight and it can prevent the fluctuations in the room pressure
influence the optical alignment inside the box. Therefore, we plan to use this component
in our setup as well in the future. Another strategy is to implement an automatic relocking
scheme that ramps the current to lock the injection lock lasers again. For now, a stability
period of 5 h is sufficient for us to start conducting experiments with the tune-out lattice.
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Figure 4.15 The overlapping Allan deviation calculations of the powers transmitted through both
arms of the cavity.

As a next step, we want to estimate the stability of the transmitted powers by calculat-
ing their Allan deviation. Allan deviation is a statistical analysis tool that lets us analyze
the noise in a signal. By definition, the overlapping Allan deviation o, is given by [66]
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where 7y is the sampling period, n is an integer number that estimates the averaging
time with 7 = nry, N is the number of data points and z; is the i*" element in the signal.
In general, a low Allan deviation is an indication of good stability in a measured signal
over the averaging time 7. Our main motivation for calculating the Allan deviation is to
compare the stability of the minus arm transmission power and the plus arm transmission
power. We present our overlapping Allan deviation calculations for both arms in Fig. 4.15
as a function of averaging time. Note that we choose a sampling period of 7p = 4 s. As
we see from this figure, we have similar stabilities on both arms, confirming that there
are no systematic differences between the two arms.

4.7 Relative intensity noise

So far, we discussed the stabilization techniques we use for the state-dependent lattice
in this Chapter. In this Section, we proceed with characterizing the intensity noise of the
lattice field when we employ these techniques and we calculate the resulting parametric
heating rate.

Relative intensity noise (RIN) is a way of quantifying a laser’s optical power level in-
stability. It is defined as the ratio of power noise to the average power. Time-dependent
power of the laser can be written as

P(t)= P+ 46P(t), (4.26)

where P is the average power and 6 P(t) is the deviation in the power level. A convenient
way to define RIN is the one-sided spectral density S(w) given in Eqn. (4.5). Since the
power of the laser is proportional to the intensity, we can use §P(t)/P instead of the
fractional intensity noise ¢(¢) in this equation. This is a useful replacement since we can
measure the power deviations of the laser with a photodetector.

Our goal is to measure RIN experimentally in our lattice setup. First, we generate
an optical lattice in the crossed cavity as mentioned in the previous Section. We use a
photodetector to measure the RIN at different points in the beam path. We connect the
photodetector to an intensity noise analyzer (Thorlabs, PNA1) that measures the RIN.
The intensity noise analyzer is essentially a spectrum analyzer that displays the power
spectrum S(w) when we provide it with the power P(¢). Furthermore, we measure the
photodetector noise floor by blocking the beam to make sure that the measurement is not
limited by the photodetector noise level. In this case, we do not normalize the noise with
the average power P because the beam does not hit the photodetector and the average
power is zero, which leads to dividing by zero. Instead, the intensity noise analyzer cal-
culates the numerator of the one-sided spectral density. When we want to compare a RIN
measurement with this photodetector noise, we normalize the photodetector noise with
the average power of the signal we are comparing it with. Note that the normalization
should be performed in linear units, instead of logarithmic ones.
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Figure 4.16 The RIN measurements conducted at different points in the experimental setup. The
red curves show the RIN measurements of the laser beam while the blue curves rep-
resent the floor noise of the photodetector that is used in the corresponding measure-
ment. The unit of RIN we use here is dBc/Hz. The measurement points are (a) after
the master laser, (b) & (c) after the minus and the plus arm injection lock lasers,
(d) & (e) in front of the crossed-cavity with the intensity stabilization photode-
tectors of the minus and the plus arm, (f) & (g) after the crossed cavity with the
transmission photodetectors of the minus and the plus arm.

We measure RIN for each cavity arm at four points: after the master laser, after the
monitoring fiber of the injection lock module which sends light to the Fabry-Pérot cavity,
in front of the crossed cavity with the intensity stabilization photodetector, and after the
crossed cavity with the transmission photodetector. We display these measurements in
Fig. 4.16.



Chapter 4 Lattice Laser Stabilization Scheme 55

-100

RIN (dBc/Hz)

-130

-140

e | PR | PR | PR | P | PR | PR
10° 102 108 104 10% 108
Frequency (Hz)

Figure 4.17 The noise measurement of the current monitor port of the laser controller, which con-
verts the operating current of the laser diode to a voltage. We performed this mea-
surement with the intensity noise analyzer.

We observe that several peaks appear in the RIN after the injection lock lasers. We
confirm that these peaks are coming from the injection lock laser controllers (Thorlabs,
ITC4001) by attaching the intensity noise analyzer to the current-monitoring port of
the laser controller. This port converts the operating current of the laser controller to a
voltage for monitoring purposes. Therefore, we can treat this measurement as the noise
spectrum of the operating current. We present this measurement in Fig. 4.17. We believe
that these peaks are the Fourier components of certain electronic components inside the
laser controller because we observe several peaks separated by 400 Hz. This situation
might enhance the parametric heating rate. To suppress these peaks, we build the LC
low-pass circuit in Fig. 4.18. Our aim is to pass the current supplied to the slave laser
diode through this low-pass circuit.

We use an inductor with L = 120 pH and a capacitor with C' = 220 uF to build the low-
pass circuit. These values give us a cut-off frequency of 980 Hz. We choose an inductor
that has minimal internal DC resistance to prevent the increase of the voltage applied on
the slave laser diode by the laser controller, due to Ohm’s law. We measure the internal
resistance of our inductor as 0.9 2 using a multimeter. Then, we connect our low-pass
filter between the slave laser diode of the minus arm and the laser controller. We do not
observe a significant rise in the voltage applied on the laser diode. We lock the slave laser
to the master laser, measure the RIN of the injection lock module with its monitoring fiber
and compare this measurement with the RIN that we measure without a filter. We present
these measurements in Fig. 4.19. With this method, we are able to suppress the peaks
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Laser diode

Figure 4.18 The LC low-pass filter design that is used to suppress the noise of the operating cur-
rent.

down to the floor-noise level of the slave laser. However, we realize that the use of the LC
filter makes the RIN level of the laser unstable. We see up and down deviations in the RIN
during the operation of slave lasers. We believe that this is due to external effects such as
the temperature fluctuations of the low-pass filter, which affects the internal resistance of
the inductor. Therefore, we do not implement the low-pass filters in the experiment at this
stage. We aim to solve this issue in the future by using high-quality and low-resistance
electronic components and by integrating them into a PCB.
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Figure 4.19 The RIN measurement of the injection lock laser with and without the low-pass filter
with a cut-off frequency of 1 kHz.



Chapter 4 Lattice Laser Stabilization Scheme 57

4.7.1 Heating rate

To calculate the parametric heating rate, we use the RIN of the transmission through the
cavity, since this measurement already includes the frequency-to-amplitude noise con-
version. At twice the trapping frequency, the RIN of the transmission gives us S(2u4,),
which allows us to calculate I'. from Eqn. (4.4). At the proposed lattice depth of 50E;.,
we have a trapping frequency of 14, ~ 68 kHz. We look at the value of the transmission
RIN at 2u4, and find —115 dBc¢/Hz for the minus arm and —120 dBc/Hz for the plus arm.
With these values, we calculate heating rate constants of I'. = 0.14 s~! for the minus arm
and I'. = 0.04 s~! for the plus arm. These values are sufficiently low and comparable to
the value of I'. = 0.1 s~ that was proposed in an earlier work of our team [43].

Conclusion

We presented a laser stabilization scheme that helps us make stable tune-out lattices in
the crossed cavity. This scheme involves the PDH locking of the lasers to the resonances of
the crossed cavity, a control loop to stabilize the laser intensity and the pre-stabilization
of the master laser with a frequency comb. We measured the long-term stability of the
system. We observed a stability period of ~5 h, after which the slave lasers get unlocked
from the master laser. We argued that we can improve this stability period by making the
injection lock modules air tight using a wedged window at the laser beam output or by
implementing an automatic relocking scheme. We measured the RIN at different points
of the setup and we observed several peaks in our measurement. We demonstrated that
these peaks can be suppressed by filtering the current supplied to the slave laser diode
with a low-pass filter. Finally, we estimated the parametric heating rate constant I'. using
the measured RIN value of the transmission signal at a frequency of 21;,. From this
estimation, we conclude that the presented stabilization scheme can help us suppress the
parametric heating in the lattice sufficiently.
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Chapter 5

Amplified spontaneous emission filtering

LTHOUGH the rich electronic structure of strontium provides us with multiple benefits,
A some of its aspects make it more challenging to work with tune-out lattices. One of
these challenges is caused by the proximity of the tune-out wavelength (689.222 nm) to
the wavelength of the 'Sy — 3P, transition (689.449 nm). This proximity results in an
uncontrolled heating mechanism due to the scattering of lattice photons by the atoms
[43, 67]. Furthermore, this scattering may get enhanced due to a phenomenon known as
amplified spontaneous emission (ASE). In this Chapter, we discuss how ASE is generated
in the gain medium of a laser and how it enhances the scattering. Then, we measure the
ASE generated by our lasers and we discuss how we suppress it. Lastly, we characterize
how good this suppression is by calculating the scattering rate in the lattice.

5.1 Amplified spontaneous emission

We begin by discussing the concept of spontaneous emission since it plays a role in the
ASE phenomenon. We consider a two-level atom with energy levels E, and E, for the
ground and the excited state, respectively. When the atom is in the excited state, it can
spontaneously return to its ground state, emitting a photon in the process. This process
is called spontaneous emission. The emitted photon has a frequency of

_ Ee— By
N h

where h is the Planck’s constant. If an ensemble of atoms is present instead of a single
atom, a collective spontaneous emission of these atoms can be observed. However, the
process of spontaneous emission occurs with a random polarization, direction and opti-
cal phase. Therefore, the collective spontaneous emission of the ensemble of atoms is an
incoherent emission. Spontaneous emission also takes part in the coherent amplification
of light in a laser. We refer the reader to Ref. [68] for further details about this process.

5.1

1%

While spontaneous emission can occur in any direction in the gain medium of a laser,
it gets optically amplified in the propagation direction of the laser light due to a higher
gain in this direction. This phenomenon is known as amplified spontaneous emission
[69-71]. ASE results in the emission of an incoherent background radiation that has a
much broader spectrum than the linewidth of the laser. Therefore, ASE is an unwanted
effect in applications where coherent light sources are needed. Various laser sources
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may contain ASE in their spectra, including laser diodes. Since we use laser diodes in
our setup, we are interested in determining the potential influences of their ASE on the
tune-out lattices.

5.1.1 Scattering

In this part, we discuss the main limitation we encounter due to ASE, which is the scatter-
ing of photons in the lattice by strontium atoms. The term scattering stands for a cluster
of phenomena in physics. To understand the concept of scattering in the context of atom-
light interactions, we consider a two-level atom interacting with an off-resonant light. In
Ref. [72], the time evolution of this system is described by the optical Bloch equations,

% = +1'pee + %(Q*ﬁeg — Qfge) (5.2)
et = Tt (Ve = V) 5.3
dgfe - _(g + iA)ﬁge + %Q*(pee - ng) (5.4)
dgfe _ _(g — i) fog + %Q(pgg ~ pec) (5.5)

where p;; are the matrix elements of the density matrix describing the two-level atom,
I' = 27 is the linewidth of the atomic transition, ) is the Rabi frequency and A is
the detuning of light from the transition frequency. These equations have a steady-state
solution, i.e., when the decay rate of the excited state population is equal to the rate of
absorption. When the steady state is reached, the scattering rate is defined as

T S0
T e =Tpee = =———"5+—. 5.6
sc Pee 21_'_50_1_(%)2 (5.6)
Here, the on-resonance saturation parameter s is given by
s0 = 2|Q*/T = 1/I4 (5.7)
where I is the intensity of light and
I, = 7rhc/3)\37' (5.8)

where c is the speed of light, ) is the wavelength of light and 7 is the lifetime of the
excited state. An important detail in Eqn. (5.6) is that the value of I'y. saturates to I'/2
for sy > 1. Furthermore, the absorption spectrum of the atomic transition broadens
at high intensities due to the detuning dependence of Eqn. (5.6). This phenomenon is
known as power broadening. The broadened linewidth of the absorption spectrum is
given by
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I =TvI+s (5.9)

In the case of our state-dependent lattices, ASE light that is produced by our lasers
near a wavelength of 689.449 nm can induce the 'S, — ®P; transition of strontium. When
the atoms interact with light near this wavelength, they scatter a photon by absorbing its
energy. The scattering process introduces an energy of 2E,.. to the atom, which enhances
the loss rate of atoms from the optical trap by heating the atom. Therefore, we are
interested in the amount of ASE light present in our state-dependent lattices to determine
the scattering rate.

5.2 Laser ASE level determination

From a previous experimental work, we know that ASE levels as low as ~-50 dB at a
wavelength of 689.449 nm with respect to the power level of the spectral peak of the
laser may introduce heating effects [43, 67]. Therefore, it is important to determine
how much ASE light is produced by our lasers at this wavelength. Further suppression
of the ASE is necessary if the ASE level that we determine is not lower than -50 dB at
a wavelength of 689.449 nm. In this Section, we discuss the methods that we use for
determining the ASE level of our diode lasers.

The quantity we want to determine is the amount of power produced by the lasers at
a wavelength of 689.449 nm when they are operating at the tune-out wavelength. In
principle, we can determine this quantity by measuring the spectrum of the laser with an
optical spectrum analyser (OSA). An OSA is an instrument that recieves an optical signal
as input and provides information about the distribution of power in this input light as a
function of wavelength. Inside our commercial OSA (Ando, AQ6315E), there is a diffrac-
tion grating that separates the incoming light into its wavelength components by creating
a diffraction pattern. This separation is based on the principle that different wavelengths
of light are diffracted with different angles from the grating. The light that is diffracted
in a certain direction by the grating is sent to a focusing mirror which focuses the light on
a narrow slit which the beam passes through. Therefore, the wavelength of the light that
passes through this slit can be tuned by rotating the grating with a stepper motor. Then,
the power of the light passing through the slit is measured with an optical sensor and
digitally displayed to the user. Therefore, an OSA measures and displays the frequency
distribution of power in a light source.

An important parameter in understanding the spectrum that an OSA measures is the
resolution bandwidth (RBW). The RBW of an OSA stands for the minimum wavelength
separation between two spectral components that the OSA can distinguish. For instance,
if two peaks with a wavelength separation much smaller than the RBW are present in the
spectrum of the input signal, the OSA displays a single peak that has a broader linewidth
and a lower amplitude than the original two peaks. Furthermore, if a single peak that has
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a much narrower linewidth than the RBW is present in the spectrum of the input signal,
the OSA displays a broader peak with a lower amplitude than the original peak. Our OSA
has a RBW of 0.05 nm which corresponds to 31.5 GHz at the tune-out wavelength. The
RBW of our OSA may be sufficient to reveal the broad spectrum of the ASE. However,
this RBW value is not sufficient to resolve the linewidth of our lasers since this linewidth
is around 100 kHz for the master laser according to its datasheet. This situation implies
that the OSA can measure how much optical power is present within a +0.025 nm range
around the central wavelength of the lasers, but it underestimates the actual power level
of the peak of the laser spectrum and overestimates the laser linewidth. However, we
need to resolve the spectral peak to determine the power of the ASE light produced at
a certain wavelength with respect to this peak. For this reason, we additionally use a
commercial linewidth analyser (HighFinesse, LWA-10k).

The IWA measures the frequency deviations of our laser to analyze its spectrum. It
uses a frequency discriminator to achieve this task. Frequency discriminator is an optical
component inside the LWA that converts frequency noise of our laser to intensity noise,
which is measured with a photodetector. The linewidth and the spectral lineshape of the
laser can be analyzed using these frequency deviations. We refer the reader to Ref. [73]
for a detailed description of this analysis. Our LWA can measure the spectrum in a fre-
quency window of +10 MHz around the central frequency of the laser with a resolution
of 50 Hz. Therefore, by using both the OSA and the LWA, we can reveal the power level
of the ASE and the peak of the laser spectrum at the same time. Here, we describe the
measurements we performed with the IWA and the OSA and how we combine the two
measurements.

First, we lock our slave lasers to the master laser. We attach the monitoring fiber of
the injection lock module to the fiber port of the OSA on its front panel. We measure
the spectrum for both injection lock lasers. Then, we go through the same procedure of
measurement with both lasers using the LWA. With the LWA measurement, we obtain the
lineshapes of the lasers. We present these lineshapes in Fig. 5.1. To obtain the linewidth
of our lasers, we fit a Voigt profile to the measured lineshape. A Voigt profile is a suitable
choice for this fitting task since it provides a way to describe the observed lineshape of
the lasers accurately by combining Lorentzian and Gaussian profiles. Mathematically, the
Voigt profile is the convolution of a Gaussian function and a Lorentzian function, given
by

1 /°° vexp(—(w — 2)*/20%)
omV21 J oo z? + 72
where w is the frequency offset from the center of the spectral line shape, ¢ is the standard
deviation of the Gaussian profile and ~ is the half width at half maximum (HWHM) of
the Lorentzian profile. From the Voigt functions we fit, we find o = 145.7(2) kHz and v =
7.9(2) kHz for the minus arm injection lock laser, o = 183.0(2) kHz and v = 25.7(3) kHz
for the plus arm injection lock laser. We present these fits in Fig. 5.1.

dz (5.10)

V(wso,v) =
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Figure 5.1 Spectra of the injection lock lasers measured with the LWA in a frequency window of
+10 MHz. We fit Voigt functions to the measured spectra and find o = 145.7(2) kHz
and v = 7.9(2) kHz for the minus arm injection lock laser, ¢ = 183.0(2) kHz and
~v = 25.7(3) kHz for the plus arm injection lock laser.

To combine our measurements which we carried out with the OSA and IWA, we need
to have the same units for both spectra. Therefore, we explain the following units that
are relevant for our calculations.

dBc The unit of dBc is a logarithmic unit that stands for dB relative to the carrier. Here,
carrier is usually defined as the average power of the measured signal. Therefore, it is
common to use this unit when measuring the power spectrum of the noise in a signal. In
our case, we can think of the power of the ASE light as noise and the average power of
the laser, which we can measure with a powermeter, as the carrier.

dBc/Hz The unit of dBc/Hz stands for decibels relative to the carrier in a 1-Hz band-
width. We can consider this unit as a unit of power density. We simply divide the mea-
sured spectrum, which is in units of dBc, by its resolution bandwidth to obtain this unit.
Note that the logarithmic unit dBc should be made linear first before dividing it by the
resolution bandwidth.
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dBm Decibels relative to milliwatt (dBm) is a logarithmic unit used to measure the
power level of a signal relative to a power of 1 mW. Any quantity specified with the unit
mW can be converted to dBm by taking its common logarithm (log;,) and multiplying
it by 10. This unit can also be converted to dBm/Hz, which stands for the power level
relative to a power of 1 mW in a 1-Hz bandwidth.
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Figure 5.2 The spectrum measurements of the injection lock lasers obtained with the OSA and
the LWA combined in a single plot. From these figures, we obtain ASE levels of -
140.2 dBc/Hz and -141.4 dBc/Hz at the frequency of the 'Sy — 3P transition.

The spectrum that we measure using the OSA has units of dBm, which we convert to
dBm/Hz. The units of the IWA measurement is dBc/Hz. We now describe the procedure
we go through to obtain the same units for both spectra. First, we extrapolate the data
that we obtain from the LWA up to an RBW of the OSA, which is 31.5 GHz, by assum-
ing that the tails of the LWA spectrum stay constant outside of its frequency window of
+10 MHz. We calculate the total area under this extrapolated power-density spectrum.
This area is proportional to the total power that is contained within one RBW of the OSA.
Then, we calculate the area in the frequency window of +10 MHz and divide it by the to-
tal area. This division tells us the fraction of power contained in the frequency window of
+10 MHz. We multiply the peak value of the OSA spectrum with this fraction. The result
of this multiplication is the absolute power that is contained within the frequency window
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of £10 MHz in units of dBm, which we define as the carrier since most of the power of
the laser is concentrated in this frequency window. Then, we normalize the entire OSA
spectrum to this carrier, which converts the units of the OSA spectrum to dBc/Hz. The
level of the resulting spectrum at 689.449 nm now tells us how much power is present at
this wavelength with respect to the carrier in a 1-Hz bandwidth. We note that the peak
of the resulting spectrum will not reach zero, because we define the carrier as the power
in the frequency window of +10 MHz rather than the peak value of the spectrum. After
these calculations, we present both spectra (LWA & OSA) in units of dBc/Hz in Fig. 5.2.
We find that the ASE levels of the lasers at a wavelength of 689.449 nm are -140.2 dBc/Hz
and -141.4 dBc/Hz. These values correspond to -35.2 dBc and -36.4 dBc in a bandwidth
of 31.5 GHz, which is the RBW of the OSA. These values are not lower than the previously
mentioned ASE level of -50 dB with respect to the spectral peak. Furthermore, as we show
later in this Chapter, these ASE levels cause significant photon scattering. Therefore, we
find it necessary to suppress the ASE level of our lasers further.

5.3 ASE filtering

Since the ASE level of our lasers is not low enough, we use commercial ASE suppres-
sion filters (Coherent, ASE-689.22@9.8) in our experimental setup. Here, we discuss the
alignment process and how we experimentally measure the total ASE suppression pro-
vided by these filters.

Our commercial ASE filters are dielectric multilayer structures that suppress the ASE
level of an incoming beam by transmitting some of the light while reflecting the rest of
it in a wavelength-dependent manner. Ideally, the light that originates from the ASE is
transmitted and the rest of the light is reflected from the surface of the filter. We use the
reflected beam in our experiment since its ASE level is suppressed. We also use a second
ASE filter after the first one for more suppression.

Since a portion of the light inbound to the filter is either transmitted or absorbed by the
medium of the filter, some optical power is lost. We refer to the ratio between the power
of the reflected beam and the power of the incoming beam as the diffraction efficiency.
We note that this quantity can be expressed in logarithmic units, or as percentage. Ide-
ally, diffraction efficiency at a wavelength should tell us the suppression of power at that
wavelength. According to the datasheets, our filters have diffraction efficiencies of 85 %
at the tune-out wavelength (689.22 nm) with a reflection angle of 9.8° with respect to the
normal of their surfaces. At this reflection angle, the wavelength-dependent diffraction
efficiency of the filters is simulated by Coherent. Since we use two filters successively in
our setup, we take the square of the simulated diffraction efficiency. We present the result
in Fig. 5.3, which suggests that the ASE suppression at a wavelength of 689.449 nm is
-53.2 dB.

To test the ASE suppression provided by the ASE filters, we perform an experiment.
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Figure 5.3 Wavelength-dependent diffraction efficiency of two ASE filters that are placed succes-
sively in the beam path, simulated by Coherent. We observe an overall reduction in the
diffraction efficiency for wavelengths that are far away from the tune-out wavelength
and abrupt dips in the diffraction efficiency at certain wavelengths. This figure suggests
that the ASE suppression at a wavelength of 689.449 nm is -53.2 dB.

First, we tune the wavelength of our master laser to the tune-out wavelength and lock the
slave lasers to the master laser. We monitor the master laser wavelength on a wavelength
meter. We mount the ASE filters on kinematic mirror mounts (Thorlabs, Polaris-KO5T6).
Then, we place the filters in the beam path after the injection lock lasers and the cylindri-
cal telescopes. We maximize the power of the beam reflected from the filters by rotating
the filters horizontally with the screws on the kinematic mount. We ensure that the power
of the reflected light is maximized using a power meter. Then, we place the second filter
on the path of the reflected beam. We go through the same angle-alignment procedure
we did for the first filter. We measure the power before and after the two ASE filters and
calculate a total diffraction efficiency of 76 %. Without misaligning the ASE filters, we
incrementally increase the wavelength of the master laser by increasing the temperature
of the laser diode. During this procedure, if the slave laser diodes get unlocked from the
master laser due to the change in the wavelength, we lock them again at the new wave-
length. Then, we measure the power before and after the two ASE filters again at the new
wavelength. We repeat this procedure until we cannot change the temperature any more,
i.e., when we reach the maximum recommended temperature of the master laser diode
(35°C). Then, we reduce the temperature and rotate the reflective grating of the master
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laser to tune its wavelength by a larger amount. We lock the slave lasers again after rotat-
ing the grating. We continue increasing the temperature and measuring the diffraction
efficiencies. We plot the diffraction efficiency as a function of laser wavelength in Fig.
5.4. According to this figure, the diffraction efficiency at a wavelength of 689.449 nm is
-33.6 dB for the minus arm laser and -32.6 dB for the plus arm laser. To calculate the
overall ASE suppression from these values, we compare them to the diffraction efficiency
of 76 % at the tune-out wavelength, which corresponds to -1.2 dB. Therefore, the ASE
suppression at a wavelength of 689.449 nm is -32.4 dB for the minus arm and -31.4 dB
for the plus arm.
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Figure 5.4 Measured diffraction efficiencies of the ASE filters as a function of laser wavelength.
The dips at certain wavelengths are less pronounced in these figures compared to the
simulation results. We estimate an ASE suppression of more than 30 dB at a wave-
length of 689.449 nm from these measurements.

In principle, we would expect the measured diffraction efficiencies to be the same as the
simulation results in Fig. 5.3, i.e., we would expect to observe the dips that we observe in
the simulation results. However, we do not see these dips in our measurement. We argue
that this is due to the optical aberrations in the beam profile introduced by the cylindri-
cal telescope. Since the filters are highly angle sensitive, aberrations in the wavefront
may systematically reduce the suppression efficiency of the filters. Unfortunately, it is a
challenging task to characterize how much these aberrations contribute to the suppres-
sion efficiency reduction. Therefore, we simply accept the measured suppression values
of -32.4 dB and -31.4 dB and proceed our scattering rate calculations with these values.



Chapter 5 Amplified spontaneous emission filtering 67

5.3.1 ASE suppression of the crossed-cavity

In addition to the ASE suppression provided by the commercial ASE filters, our crossed
cavity provides us with additional suppression at a wavelength of 689.449 nm. Here, we
explain how the crossed cavity provides this suppression and how we estimate it.
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Figure 5.5 The modes of the crossed cavity around the wavelength of the 1Sy — 3P transition,
numerically represented by Lorentzian curves. The dashed line represents the transition
wavelength.

As discussed in Sec. 4.3, we measure the resonance frequencies of the crossed cavity
near a wavelength of 689.449 nm and present them in Tab. 4.2. Due to these cavity
resonances, the intensity of the ASE light at a wavelength of 689.449 nm may get am-
plified. However, since we know that this wavelength does not coincide with the center
of the cavity resonances, the light at this wavelength will be suppressed, instead of be-
ing amplified. To calculate the suppression, we first represent the cavity modes around
the wavelength of 689.449 nm by plotting two Lorentzian functions numerically in Fig.
5.5. Then, we calculate the frequency-dependent enhancement of the cavity from these
Lorentzian functions and show it in Fig. 5.6. To do this, we simply set the peak of
the Lorentzian function to 147, which is the enhancement factor of the crossed cavity.
We also use the known linewidth of 5.6 MHz of the crossed cavity as the FWHM of the
Lorentzian function. We find that the minus arm suppresses the light at a wavelength of
689.449 nm by -12.9 dB and the plus arm suppresses it by -22.6 dB. Hence, combining
the ASE suppression of the filters and the cavity, we have total suppressions of -45.3 dB
and -54 dB for the minus arm and the plus arm, respectively.
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Figure 5.6 The enhancement of the cavity as a function of detuning from the resonance frequency
of the cavity. The dashed lines represent the detunings of the measured cavity modes
from the 'Sy — 3P; transition frequency.

5.4 Scattering rate calculations

Having obtained the ASE level of our lasers at a wavelength of 689.449 nm and the
amount of suppression that we can achieve with the ASE filters and the crossed cavity at
this wavelength, we proceed with calculating the rate of scattering from the 'Sy — 3P,
transition in this Section.

We use Eqn. (5.6) in our calculations. For this transition, we have v = 7.4 kHz and
Lot = 3.0 uW /cm?. First, we notice that Eqn. (5.6) assumes a laser operating at a single
wavelength. Such a laser has an infinitely narrow linewidth and a single peak in its spec-
trum. As discussed in Sec. 5.2, this is not the case for our lasers. Our lasers have a finite
linewidth and a broad-band ASE spectrum. Therefore, in our calculations, we treat the
lineshape of our lasers as a collection of single-frequency lasers with adjacent detunings
from the 'Sy, — 3P, transition frequency. In other words, we use a detuning-dependent
saturation parameter so(A) in Eqn. (5.6). With this assumption in mind, we calculate
the scattering rate contribution of each single-frequency laser around the wavelength of
689.449 nm and present it in Fig. 5.7 (a). In this figure, we use a bin width of 7.4 kHz for
the horizontal axis, which is the linewidth of the transition that we are interested in. To
calculate this curve, we assume a total input power of 30 mW in front of each cavity arm.
With this input power, we calculate the power of the ASE light around a wavelength of
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689.449 nm using the ASE levels of -140.2 dBc/Hz and -141.4 dBc/Hz, which we deter-
mined in Sec. 5.2. We calculate the power of the ASE light contained in our bin width of
7.4 kHz at a wavelength of 689.449 nm. Then, we include the ASE suppression provided
by the filters and the crossed cavity to calculate the suppressed power at this wavelength.
By using the waist of the cavity as wy = 396 um, we convert this power to an intensity.
With the intensity value that we calculate, we estimate an on-resonant scattering rate
of I'y. = 2.1 x 10~* s~!, which is the peak value of the curve in Fig. 5.7 (a). From this
figure, we observe that the scattering rate decreases rapidly for increasing detuning from
the'Sy — 3P; transition frequency. To take the off-resonant scattering rate contributions
into account, we sum these contributions and plot this summation as a function of detun-
ing in Fig. 5.8. This summation converges to ~ 3.6 x 10~* s~! rapidly. Therefore, we may
consider this value as an upper bound for the scattering rate. Note that this argument
does not hold for high intensities (sg > 1) since this means that the summed scattering
rate saturates to a value higher than I'/2.
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Figure 5.7 Scattering rate contributions as a function of detuning from the transition frequency
(a) with ASE filters (b) without ASE filters.

With this upper bound for the scattering rate, we estimate that approximately 0.036%
of the atoms in the lattice will undergo scattering in a period of 1 s. Considering that
the durations of the experimental cycles we plan to implement in the future with state-
dependent lattices are shorter than 1 s, this scattering rate will not cause a significant
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Figure 5.8 Summation of the scattering rate contributions around the transition frequency. This
summation converges to ~ 3.6 x 10~% s~ within a detuning of a few 100 kHz.

atom loss due to heating. In Fig. 5.7 (b), we also present the scattering rate when the ASE
suppression of the filters is not included. The on-resonant scattering rate in this case is
I'sc = 0.36 s~ !, which is significantly higher than the case where filters are used. Hence,
we anticipate that by suppressing the ASE level of our diode lasers, we can reduce the
loss of the atoms in the tune-out lattice drastically.

As a last remark, we calculate the scattering rate induced by the off-resonant spectral
peak of the lattice field, since this may also contribute to the total scattering rate. For this
calculation, we directly use the enhanced intensity of the lattice field for sy, assuming a
power of 30 mW in front of each arm of the crossed cavity and an enhancement factor of
A = 147. We use a detuning of A = 143 GHz, which is the frequency difference between
the tune-out wavelength and the wavelength of the 'Sy — 3Py transition. We calculate
this scattering rate as I's = 0.0092 s~!. Although this contribution is higher than the
contribution of the on-resonant scattering, it is still low enough since it means that only
0.9% of the atoms in the lattice will undergo scattering in a period of 1 s. Therefore, we
anticipate that the scattering of lattice photons by the atoms will not cause significant
heating in the tune-out lattice, provided that we suppress the ASE in our injection lock
lasers.
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Conclusion

In conclusion, we have shown the successful suppression of ASE in our lasers, leading
to negligible scattering rates. We first estimated the ASE level of our lasers by combin-
ing the measurements we obtained from the LWA and the OSA. Then, we measured the
ASE suppression of the filters by tuning the wavelength of the lasers and measuring the
diffraction efficiencies of the filters without changing the alignment. We also estimated
the ASE suppression of the crossed cavity. Then, we calculated the scattering rate by
considering these suppression levels and found that we can reduce the scattering in the
lattice to negligible levels.
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Chapter 6

Conclusion and Outlook

HE main aim of this thesis was to construct a stable laser system to generate cavity-
T enhanced tune-out lattices. In Chapter 3, we introduced the diode lasers we used
for this purpose, and reported on the construction of two injection lock modules for am-
plifying the optical power of our master laser. We also constructed a Fabry-Pérot cavity
setup to monitor the injection locking status. With these injection lock modules, we were
able to reach a power of 30 mW before each arm of the crossed cavity, giving us a lattice
depth of more than 50E,.. for the 3P, state. Then, we described how we obtained Gaus-
sian beams using cylindrical telescopes to maximize our fiber-coupling efficiencies.

In Chapter 4, we presented the laser stabilization scheme that we devised to suppress
the parametric heating in the lattice. First, we discussed the frequency-to-amplitude
noise conversion in our cavity and how this situation enhances the parametric heating
rate. Then, we described the working principle of the PDH technique that involves lock-
ing the frequency of a laser to a reference cavity for the aim of reducing the frequency
noise of the laser. We constructed two EOMs and their respective drivers to implement
the PDH technique. We reported on the laser-induced photorefractive damage that we
observe on the EOM crystals at a laser intensity of 56 W /cm?. We argued that we can im-
prove the damage threshold up to 8 x 10° W/cm? by using MgO-doped LiNbOj crystals,
instead of the pure ones. Then, we constructed an experimental setup that combines the
PDH technique with an intensity stabilization control loop. We used AOMs to modulate
the frequency and the intensity of the lasers. We additionally stabilized the frequency of
our master laser by locking it to a frequency comb. We achieved this task by producing a
beat note between the master laser and the frequency comb, and by stabilizing the beat
note frequency with a phase-locked loop. We measured the long-term stability of the
laser system and found out that the injection locking is only stable for ~5 h. We claimed
that this situation can be improved in the future by making the injection lock modules air
tight using a wedged window at the laser beam output. Nonetheless, we found this sta-
bility period to be sufficient for conducting our experiments. After employing all of the
presented stabilization schemes, we measured the RIN at different points in our setup
and observed several peaks in the RIN originating from the current supplied by the laser
controllers of the injection lock lasers. We demonstrated how we can successfully sup-
press these peaks by passing the current through a low-pass LC filter. Since this filter
made the the base level of the RIN fluctuate due to external affects such as temperature
fluctuations, we did not integrate it in our experiment yet. The integration of this filter
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requires the development of a PCB design with appropriate electronic components. Fi-
nally, we calculated the heating rate constant using the RIN of the light transmitted from
the cavity. Although we calculated a low heating rate constant with this measurement,
we still need to verify this estimation by measuring the lifetime of the atoms in the lattice
experimentally, similar to how it was done in Ref. [67].

In Chapter 5, we focused on suppressing the ASE in our lasers for the purpose of re-
ducing the on-resonant photon scattering from the 'Sy — 3P; transition of strontium. We
measured the spectra of our lasers to determine their ASE levels. Since the spectrum
analyzer that we used could not resolve the peak of the laser properly, we additionally
used a linewidth analyzer that could measure the spectrum in a smaller window around
the central wavelength of the laser. Therefore, we were able to resolve the spectral peak
and the ASE level of the lasers at the same time. When combining these two separate
measurements, we made certain assumptions. For instance, we conservatively assumed
that the tails of the spectrum measured by the linewidth analyzer stay constant outside
of its frequency window. A more accurate approach would be to use the Voigt function to
extrapolate the data. This would mean a higher spectral peak compared to the ASE level
of the laser, which would result in an even lower scattering rate. Since we could already
estimate a negligible scattering rate, we did not investigate this subject any further. How-
ever, we may need to consider this approach if we work with powers higher than 30 mW
in the future. To suppress the ASE level of the lasers, we used commercial ASE filters and
we experimentally measured their suppression. There was a discrepancy between this
measurement and the raw data of the simulation provided to us by Coherent. We argued
that this discrepancy is due to optical aberrations introduced by the cylindrical telescopes
in our setup. These aberrations need to be minimized by choosing cylindrical lenses with
longer focal lengths. Then, the suppression can become more efficient.

In conclusion, we believe that once the laser system that we developed is embodied in
the main experiment with the improvements mentioned above, it will serve as a useful
tool to conduct quantum simulations of light-matter interfaces in the near future.
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