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Abstract

Cold atoms are extremely useful in a wide range of experiments, including atom interferom-
etry, precision measurements, quantum simulation, and atomic clocks. The two-dimensional
magneto-optical trap (2D-MOT) and three-dimensional magneto-optical trap (3D-MOT) act

as cold atom sources.

A 2D-MOT confines the motion of the thermal atom from two dimensions by using near-
resonant transition frequency laser beams exerting radiation pressure on the atoms in the
light field. Because the atoms in this configuration are trapped only from two dimensions,
they always have a velocity component in the third dimension, resulting in a cooling temper-
ature of the order of uK. To get atoms down to a lower temperature, the cloud is transferred
from a 2D-MOT to a 3D-MOT setup. A 3D-MOT setup is used to confine atoms in all three
dimensions, resulting in temperatures lower than a 2D-MOT setup. In most laboratory-
based setups, 2D-MOT is used as the first stage of cooling, and 3D-MOT is the second stage
of cooling. The 3D-MOT experimental setup designed in this thesis loads the atom in the
trap directly from the background vapour pressure of rubidium, and the number of atoms
in the trap is 2.8 x 108,

The goal of this thesis is to develop a platform for portable systems with better sensitivity
outside the lab. Since these systems are the most commonly used systems for generating
cold atoms, a compact design of these systems will result in a compact and portable design

for Quantum Gravimeter and Quantum Simulator.

The setups were used to generate a cloud of cold atoms with a large number of atoms in
the cloud, which was then characterised to determine the best operating conditions for the
system. The 3D-MOT setup was then used for Electromagnetically Induced Transparency
experiments of a Ladder-type system followed by spectroscopy of highly excited Rydberg
state of 8"Rb. A Ladder-type system for excitation of the Rydberg state is used to generate
an array of entangled neutral atoms for quantum information processing. The signal from
the Rydberg spectroscopy was then used for frequency stabilisation of the coupling laser,

also known as the Rydberg laser, used to excite the atom to a highly excited Rydberg state.
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Chapter

Introduction

Quantum mechanics underpins current physics, science, and technology. Since its inception
one hundred years ago, quantum mechanics has been utilised to make remarkable predic-
tions about nature, and experimental verification of these predictions has elevated quantum
mechanics to the ranks of the most successful physics theories. While quantum theory
supports our understanding of the macroscopic world, it also provides counterintuitive pre-
dictions about nature: concepts like quantum superposition and entanglement contradict
conventional intuition and are, in fact, impossible to witness in normal conditions. These
properties must be studied in exotic regimes to experience these phenomena: at ultracold
temperatures or in carefully isolated, ultra-high vacuum conditions. As a result, specifically

built systems are always required to subject atoms to such extreme environments.

The experimental realisation of such a system is difficult due to the requirement of ex-
treme environments and the use of precise control systems to manipulate atoms; however,
the complex nature of interaction in the quantum mechanical regime makes the field un-
predictable and motivates new experiments in the field. Technological advancements have

resulted in the development of a compact and user-friendly method for producing cold atoms.

Decades of research with cold atoms have made them one of the most promising candi-
dates for use in the development of quantum technologies. Cold atoms have been employed in
the Atom Interferometer to measure gravity and other forces in nature, in atomic clocks, and
in the Quantum Simulator to simulate the behaviour of complicated quantum systems and

quantum information processing. This thesis aims to develop a compact and user-friendly



which can serve as a platform for a portable cold atom system ready for field deployment.

1.1 Atom Interferometers

The acceleration due to gravity (g) is a local quantity that varies with time and is dependent
on local factors. Its value is significant in many scientific domains, including geophysics,
geology, and metrology [9]. Accurate measurement of g has several applications in defence,
such as tunnel detection and inertial navigation, as well as in the exploration of gas, oil,

water and other natural resources.

The value of g is significant in metrology because most force measurements use the weight
of a known mass as a reference, which is only possible if the value of g is known with great
precision. Other quantities like temperature, current, and pressure are characterised using

these force measurements.

Geophysical applications mostly include geographic mapping in g variations to acquire
information about the spin, composition, and shape of the Earth. The minimum accuracy
for these applications ranges in the order of 107% to 107® m/s?. Some applications, such as
tides and crustal deformations, need the analysis of time-dependent fluctuations in g with

greater than 107% m/s? accuracy.

Instruments that measure gravity are called gravimeters and are classified into two cat-

egories: relative gravimeters and absolute gravimeters.

Relative gravimeters are spring-based instruments that support a test mass against grav-
ity using a well-characterized spring. Even minor changes in gravity cause noticeable differ-
ences in the length of the spring. These instruments have an accuracy of 1072 m/s? while
remaining compact and portable, making them suitable for geophysical and geological appli-
cations. Nevertheless, the reading is a relative quantity, which is the difference between the
gravity measurement of a known location and the relevant site, and these gravimeters drift
significantly, thus, they must be calibrated regularly before measurements to get maximum
accuracy. Cryogenic gravimeters outperform all other instruments in terms of noise perfor-
mance [23,25]. They are, in many ways, an enhanced variant of spring-type gravimeters.

It employs a superconducting sphere that is levitated in a magnetic field, and it uses force



feedback mechanisms to counteract for variations in gravity. When compared to spring-
type gravimeters, the drift rate is less and better. These gravimeters are more sophisticated
than spring-based gravimeters. They are more susceptible to vibrations, which translates
into gravity measurements, rendering them unsuitable for transporting and measuring the

gravity of different locations.

Absolute gravimeters are required for a variety of applications that exceed the capability
of relative instruments. In applications where absolute gravity values must be measured,
this includes comparing gravity measurements taken at different points in space and time.
A classical method approach for measuring gravity is to use a pendulum, although this
method is time-consuming and has an accuracy limit of roughly 10~7 m/s?. Contemporary
gravimeters employ a laser interferometer to measure the velocity of an object, often a
corner-cube retro-reflector, and have an accuracy of ~ 2 uGal' [16]. Even falling corner-
cube gravimeters have space for development since their noise levels are higher than relative
gravimeters. One of the primary causes of significant noise is that the measurement is not

continuous.

The idea of building a matter-wave interferometer out of neutral atoms has been around
for quite some time. It was ultimately accomplished in 1991. The performance of atom
interferometers has significantly increased since 1991. They have progressed to the point
where they are no longer merely examples of quantum mechanics. Instead, they may now be
used as tools to make a wide range of important measurements with precision and accuracy
that challenges and outperforms any competitive equipment. The approaches pioneered by
Kasevich, Chu, and Peters at Stanford have been particularly effective in this regard. An
atom interferometer works similar to modern laser interferometers, which are based on Mach-
Zehnder interferometer configuration, where a laser beam is split into two with the help of a
beamsplitter into two arms of Mach-Zehnder interferometer, one arm of the interferometer
is fixed while the other arm is the falling corner-cube retro-reflector and the motion of
this corner-cube is measured by the change in interference pattern due to change in optical
path length of the arm of Mach-Zehnder interferometer which is due to gravity. An atom
interferometer uses matter-wave instead of light waves. And light wave act as beamsplitters
and mirrors in atom interferometers. The technique uses precisely tailored laser beam pulses
for coherent transfer of atom population to the hyperfine ground state, one such technique
was developed by Kasevich and Chu [16].

1uGal is the unit for precision gravity measurement. 1 yGal = 1076 cm/s? = 1078 m/s> ~ 107 % g



1.2 Neutral Atoms Array

The intricate nature of the interaction and evolution of quantum systems makes them difficult
to investigate, and in certain situations, the systems are too complicated that they cannot
be studied. Richard Feynman proposed a solution to this challenge in 1982, which was to
create a toy model of a quantum system that could be programmed to simulate the behaviour
and evolution of such a system [11]. Since then, various platforms for the system, including
trapped ions and arrays of neutral atoms, have been developed, and this idea was termed
as Quantum Simulator. Because these systems evolve in unpredictable ways, can we design
them so that their evolution results in answers to a given computational question? This is
the concept of quantum information processing or quantum computing, in which quantum

mechanical systems solve traditional computational problems.

Neutral Atoms have become a prominent choice for Quantum Simulators and Quantum
Computers due to their great scalability in terms of the number of qubits, efficient error

correction when Rydberg atoms interact on demand, and flexibility in array arrangement.

Experiments are carried out in ultra-high vacuum chambers using a well-developed toolkit
of lasers, microwaves, and magnetic fields to manipulate atoms. Each experiment starts with
the laser cooling of millions of identical atoms in a magneto-optical trap (MOT). Atoms are
subsequently put into optical tweezers, which are lasers with tightly focused focal points
that produce trapping potentials. The number of optical tweezers that can be generated
determines the accessible system sizes that can be explored using this method. Current sys-
tems are capable of producing hundreds, if not thousands, of tweezers, and merely increasing
the available laser power allows for scalability to much bigger arrays. The optical tweezers
platform has advantages from short experimental cycle durations and relative ease of use.
The method of loading atoms from the MOT into the optical tweezers, however, is stochas-
tic; after each loading attempt, each tweezer will be randomly loaded with a single atom
with a probability of 0.5. After initialising a target atom array, atoms can be stimulated to
highly excited atomic states known as Rydberg states to establish strong and controllable
interactions [5,20,28]. Rydberg interactions produce a complex quantum spin model with
several quantum phases that originate from the conflict between interactions and coherent
driving. These interactions may also be used to allow a variety of quantum information and

entanglement-generating processes.



The technological capabilities of neutral atom systems based on tweezer arrays have
advanced dramatically during the last many years. Hundreds of atoms in two and three
spatial dimensions may now be easily trapped and arranged inside such tweezer arrays [2,8,
22]. Tt has been proven that coherent excitation to Rydberg states and high-fidelity quantum

operations are possible.

1.3 Objective of the Thesis

The previous sections’ experiments and methodologies are carried out in ideal laboratory
circumstances using large, complicated systems. The purpose of this thesis is to develop a
portable two-dimensional magneto-optical trap (2D-MOT) and three-dimensional magneto-
optical trap (3D-MOT) that can be utilized in field applications. The thesis first discusses
designing and developing compact systems. This involves the vacuum assembly, which is a
major factor in determining the size of the system, as well as the simulation and design of
quadcoils that generate a quadrupolar magnetic field. This magnetic field is important for
the system because it provides a restoring force on atoms and also makes light absorption
by atoms a position-dependent phenomenon, which plays a critical role in laser cooling, and
designing an optical layout with the least components and space to make the system robust
and compact, as well as discussing some of the ways to optimise the parameter and optical
alignment for trapping the most atoms with the least amount of power in laser beams and

magnetic coils.

Once the system was ready for MOT, experiments were carried out in it, including the
observation of Electromagnetically Induced Transparency (EIT) for a ladder-type system,
confirming the formation of Rydberg atoms in MOT, and spectroscopy of the Rydberg state
to calculate the linewidth of the excited Rydberg state. The frequency of the Rydberg state

excitation laser was finally locked and stabilised using this signal.



1.4 Overview of the Thesis

Chapter 2 discusses the theoretical foundation of laser cooling as well as laser cooling tech-
niques such as Doppler Cooling and Sub-Doppler Cooling. This Chapter includes a discussion
on traps such as Far Detuned Dipole Traps and Magnetic Traps, as well as a brief theoret-
ical background on Electromagnetically Induced Transparency (EIT) and Rydberg states.
Finally, the chapter discusses imaging of MOT for estimating the number of atoms, decay

rate, and loading rate of the MOT.

Chapter 3 provides a detailed description of the experimental setup of 2D-MOT and 3D-
MOT used to generate a cloud of cold " Rb atoms.

The 2D-MOT setup consists of a quartz glass cell of dimension 40 X 40 X 140 mm, and
pressure inside the glass cell is 107 Torr. A rubidium oven attached to the glass cell op-
erating at 40°C is the source of thermal atoms. And two pairs of rectangular coils in an

anti-Helmontz configuration to generate the required magnetic field for the trap.

For the 3D-MOT setup, a stainless steel chamber is used as the science chamber to hold
the pressure of 8.5 X 107! Torr inside the chamber. A pair of circular coils operating at 6 A
in an anti-Helmontz configuration generates the magnetic field with a constant magnetic field
gradient of 17.85 G/cm. And a rubidium oven operating at 45°C is the source for thermal

atoms.

The 3D-MOT setup was then used for EIT experiments. The cooling laser was used as
the probe laser, and a coupling laser was aligned to pass through the centre of the cloud of
cold atoms trapped in the 3D-MOT.

Chapter 4 describes the detection and characterisation of a cloud of cold atoms in the MOT,

as well as electromagnetically induced transparency and Rydberg spectroscopy in the MOT.

Chapter 5 summarises the work done in this thesis and provides an outlook for future

experiments.



Chapter

Laser Cooling and Trapping

The technique of optical cooling and trapping of neutral atoms is one of the most successful
and elegant experimental method used in atomic physics. It is preferred widely due to its
ability to slow down velocity of atoms, reducing the kinetic energy of the atoms, resulting in
reduced collisional perturbation, providing long interaction time, and trap a large number
of atoms at sufficiently high density. These characteristics make the cold atom a promising
platform for various precision experiments in areas like quantum optics, coherent phenomena,
atomic clock and frequency standards, cold collisions, atom interferometer and atom optics.
In 1975, T. Hanch and A. Schawlow proposed the use of laser light to slow down atoms [14],
which was later realized in the 1980s by W. Phillips and H. Metcalf, demonstrating the
use of laser light to stop an atomic beam [24]. Following, Chu et al. demonstrated optical
molasses (OM) [6], and Raab et al. demonstrated the magneto-optical trap (MOT) at Bell
Laboratories [26]. The fundamental principle behind using laser light to stop atoms is light-

matter interaction.

2.1 Light Matter Interaction

Maxwell’s classical theory of electromagnetic radiation predicted the force of radiation on
matter, which was proved experimentally at the beginning of the twentieth century [12].

A comprehensive analysis of light-matter interactions was successfully explained using the

7



Bohr model of the atom and Einstein’s theory of atomic absorption, spontaneous emission
and stimulated emission of the radiation field. To understand light-matter, we shall use a

Semi-classical approximation treatment on a two-level atom in an Electromagnetic field.

In Semi-classical approximation treatment, a classical electromagnetic field interacts with
a quantum atom. When an atom interacts with an electromagnetic field in the strong field

limit. The probability of finding an atom in the ground and excited states are given by:

le1 (2)]? = cos? (%) (2.1)

lea ()] = sin® <%) (2.2)

where |c;(t)|* and |cy(¢)]? are the probabilities of finding an atom in the ground state
and excited, respectively, and €2y is the Rabi Frequency. The population of atoms in excited
and ground states oscillate as shown by Eq. 2.1 and Eq. 2.2. This Oscillatory behaviour in
response to strong-field is called Rabi Oscillation or Rabi Flopping and the frequency of this
oscillation is called Rabi Frequency. Due to the presence of light, an additional interaction
energy term gets added to the Hamiltonian, and the atomic energy levels of the atoms are
shifted. This is referred to as “light shift” or “AC Stark shift”. The shift in energy levels is
given by:

hQ2
S Eigny = —& 2.3
where Qp is Rabi Frequency, and A = wygne — wy is the detuning of the light frequency
from the atomic resonance frequency wy. For a red-detuned light (A < 0), using the dipole
approximation and |A| >> T' ( I" being the natural linewidth of the transition of upper level
or excited state of the two-level atomic system), energy shift is positive for excited state and

negative for the ground state.

Traps for neutral atoms can be generated by three main interactions, each with its own

set of traits and advantages:



e Radiation Pressure Trap
o Magnetic Trap

e Optical Dipole Trap

2.2 Radiation Pressure Trap

A Radiation Pressure Trap can be made by using near-resonant light, which generally
possesses a few Kelvin depths and is capable of trapping thermal atoms emitted from an
oven due to its high dissipation. This trap can cool the atomic ensemble to a few tens of
micro-Kelvin. According to Einstein’s theory, light is quantized by photons or quanta that
possess energy F = hr and momentum p = h/g, where v’ represents frequency, and the
wave vector of light with a wavelength A is |k| = 27/A. Upon the absorption of a photon,
momentum is transferred to the atom while preserving its magnitude and direction in line
with the principle of momentum conservation demonstrated in Fig. 2.1. This leads to a small
momentum kick that modifies an atom’s velocity by recoil velocity v,e. = hk/M ~ 1 cm/s
(e.g., 0.6 cm/s for an Rb atom), which can be compared to normal speeds of a few 100 m/s in
atoms at room temperature. After absorption, spontaneous emission occurs with a natural
lifetime 7 = 1/T of the excited state, where I'. is the decay rate (or width), causing the
atom to recoil once more. Since spontaneous emission is isotropic, the recoil of the atom
associated with this process is random, resulting in no net change in momentum on average.
Therefore, absorption is primarily responsible for the total change in atomic momentum, as
illustrated in Fig. 2.1. The force F' = dp/dt exerted on an atom is directed along the laser
beam and increases in proportion to the incoming light’s intensity until stimulated emission
starts to take effect. While higher intensity induces quicker absorption, it also amplifies
stimulated emission. The stimulated emission photon travels in the same direction as the
stimulating photon. Consequently, the momentum transfer during stimulated emission is
directed in the opposite direction to the momentum transfer during absorption. As a result,
the overall change in atomic momentum in such a sequential cycle is zero. As the atom
spends half of its time in each of the states under a high-intensity beam, f,,.. = 1/2, the
resulting acceleration cannot exceed @, = hk fTe/M (where M is the mass of the atom

and f is the time atom spends in an excited state) [17].

9
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Figure 2.1: The interaction of a two-level atom with resonant light involves several steps. In
(a), a photon that is resonant with the atomic transition approaches the atom in its ground
state. After being absorbed by the atom in (b), the atom excites to the excited state and
gains momentum in the direction of the wavevector of the photon, which is given by hk.
In (c), the excited atom emits a single photon, causing a momentum recoil in the opposite
direction of hk. Finally, the net change in atomic momentum due to isotropic spontaneous
emission, which is averaged over multiple absorption and emission cycles, is zero, as shown

in (d).

When a light beam is present, the change in momentum or net force on the atom is
produced after several scattering events in the direction of the propagating light beam. As
a result, in the presence of a light beam, the scattering force on an atom is given by the rate

at which momentum is transferred to the atom:

Fs = hkRs (2.4)

where Rg is the Scattering rate of the atom, given by:

r 0% /2 r 1/1s,

Re = — -
STON QL2424 214 I)Igy + ANZ/T?

where [ is the light intensity and Ig,; is the saturation intensity of the transition, defined

10



as the intensity at which the transition is power broadened by a factor of v/2, and is given

by:

hv
Isyy = —————— 2.6
5 01 (3A2/2m) (2.6)
A is the detuning for the incident light frequency from the atomic resonance frequency and
I' is the natural linewidth of the transition, 7 is the lifetime of the excited state, and v is

the transition frequency.

Egs. 2.4 and 2.5 show that the scattering force is Lorentzian. The maximum scattering
force experienced by the atom is given by hkI'/2 for zero detuning and intensity I consider-
ably greater than Ig,. For ®Rb, the natural linewidth (FWHM) of the 52S; /5 <— 52P3)9
transition is I' = 27 X 6.1 MHz, and the saturation intensity at 780 nm is 1.6 mW /cm?.

The strong optical excitation, however, limits trap performance in several ways: limi-
tations on achievable temperature due to photon recoil, limitations on achievable density
due to radiation trapping and light-assisted inelastic collisions, and perturbations to internal
dynamics caused by resonant processes on a microsecond timescale. Scattering force is sig-
nificant when the linewidth of the laser beam is narrower than the natural linewidth. With
the development of narrow-band tunable lasers in the 1970s, it became possible to generate

light profiles that meet this requirement.

To optically trap an atom, lasers must be provided with a restoring force towards the
trap equilibrium point whenever the atom is moved from that point. The objective is to
devise a method that forces the atom to interact strongly with a laser beam that opposes

1ts motion.

There are various techniques that might do this; they are classified into two categories.
The first class uses external influence, such as a magnetic field, to control the atom’s affinity
for a particular light. For example, the magnetic field can be used to Zeeman tune the atom’s
resonance frequency or to shift its quantisation axis. The second class is based on unusual
optical pumping phenomena observed in particular atoms, such as cesium. Because of these
effects, the atom absorbs more photons from a preferred beam, even if it is less powerful

than a competing beam of opposite polarisation.

11



2.3 Magnetic Traps

Magnetic traps exploit the state-dependent force on the magnetic dipole moment in a
non-uniform magnetic field. They are useful for evaporative cooling and Bose-Einstein con-
densation since they are conservative traps that can achieve depths of the order of 100 mK.
The interest in magnetic trapping of atoms is motivated by the dynamics and stability of
the trap itself, as well as the potential applications of trapped atoms, including measuring
long metastable-state lifetimes, cooling atoms to extremely low temperatures of few micro-
Kelvins, and study of quantum collective effects at low temperature and high density [21].
Ultrahigh-resolution spectroscopy without motional Doppler or transit-time effects could be
performed on extremely cooled atoms released from the trap, and in some cases, spectroscopy

could be carried out on atoms still trapped within the trap.

Since an inhomogeneous magnetic field exerts forces on atoms having magnetic dipole
moments, magnetic trapping is possible [21]. Atoms in quantum states with increasing energy
are trappable, and if the Zeeman energy increases linearly, the potential energy equals the
effective magnetic moment p multiplied by the magnitude of the magnetic field B. Potential

experienced by atoms in an inhomogeneous magnetic field is given by:

U(F7 mF) = _gFmF,UB|B| (2-7)

where gr is Lande g factor, Hence states with gpmp < 0 are magnetically trappable
states. For example, in the case of 8" Rb, the three low-field seeking states are |F' = 2, mp = 2),
|FF =2,mp=1),and |F = 1,mr = —1). As aresult, atoms become trappable in one of these

states.

2.3.1 Spherical Quadrupole Trap

A spherical quadrupole trap is one of the simplest magnetic traps, and it is constructed using
a pair of coils in an "anti-Helmholtz” configuration, in which the currents are oriented in
opposing directions. This trap produces an axially symmetric magnetic field that is linear

around the coils’ centre. The Magnetic field near centre for the coil is

12



1 1

where axial and radial gradients are related as:

0B 0B
B =—=2—=2B 2.9
© 0z or " (29)
The magnetic field of a spherical quadrupole has a minimum value equal to zero, which
is at the centre of the trap. The magnetic moment of the atoms constantly precesses around

the local magnetic field with a frequency equal to Larmor frequency wrarmor, given by:

Wrarmor = W|B| (210)

The local magnetic field observed by the atoms in a magnetic trap constantly changes
as the atom travels within the trap. Only when the change in the local magnetic field is
adiabatic with respect to the Larmor frequency, the atom can be trapped. Consequently, for
trapping, the Larmor frequency must be significantly greater than the variation rate of the

angle ¢ of the magnetic field realised in the atomic frame, i.e.

% < tarmer (211)

When the temperature is very low, and the density is very high in a spherical quadrupole
trap, the adiabatic condition is violated because the magnetic field is zero at the centre
(|B| = 0). When atoms approach the trap centre, the separation between the Zeeman sub-
levels becomes very narrow, and the atom has a very high probability of transitioning into
untrapped states, known as "Majorana spin flips,” resulting in loss of atom from the trap.
Majorana spin flips have an effective rate of \/W . As a result, an additional mag-
netic field is required to achieve a non-zero field minimum in order to remove the Majorana
spin flips. Magnetic traps are classified into two types: Ioffe-Pritchard (IP) traps and Time-
averaged orbiting potential (TOP) [18].

The fact that the trapping process is dependent on the internal atomic state imposes a

13



fundamental constraint. This means that experiments on internal dynamics are restricted
to a few particular instances. Additionally, viable trapping geometries are limited by the

requirement to use coil or permanent magnet configurations.

2.4 Optical Dipole Trap

Optical dipole traps traps are created using far-detuned light that interacts with the
electric dipole of the atom. The strength of the interaction is much weaker than other
trapping methods described earlier. On average, the depth of the trap is less than one milli-
kelvin. The amount of optical excitation required for the trap is extremely low, which makes
it independent of the light-induced processes seen in radiation pressure traps. The trapping
process is not affected by the specific sub-level of the electronic ground state in certain
circumstances. Therefore, it is possible to conduct experiments utilizing the ground-state

dynamics over a time scale of several seconds [13].

2.4.1 Optical Dipole Potential

A Oscillator Model

The dispersive interaction between the induced dipole moment of an atom and the intensity
gradient of a light field leads to the optical dipole force. This force is conservative in nature,
hence, can be derived from a potential, making it suitable for trapping the atoms. However,
with far-detuned light, residual photon scattering due to the absorptive component of the

dipole interaction can limit the performance of these traps.

When an atom is exposed to laser light, the electric field E' produces an atomic dipole
moment p, oscillating at the driving frequency w. And Electric field and dipole moment is

given by:

E(r,t) = éE(r)exp(—iwt) + c.c (2.12)
p(r,t) = ép(r)exp(—iwt) + c.c (2.13)
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where é is the unit polarization vector. And amplitude of the dipole moment p is related

to amplitude of electric field F as:

p=ak (2.14)

where « is complex polarizability and depends on driving frequency w. The interaction

potential of the induced dipole is given by:

Upip = —%(pE) — Y Re(a)1 (2.15)

where the angular brackets represent the time average over the rapid oscillating phases,
the field intensity is I = 2eyc|E|?. The 1/2 factor is included in the formula to adjust for
the fact that the dipole moment is not permanent, but rather induced. The potential energy
of the atom within the field is proportional to the intensity I and the real component of
the polarisability of the trapping laser, which reflects the in-phase component of the dipole
oscillation and drives the dispersive nature of the interaction. The dipole force produced is

due to the gradient of the interaction potential.

1
FDip = —VUDip = 2—R€(Q)VI(I‘) (216)

€oC

Power absorbed by the oscillator from the driving field is:

. w
Pps = (pE) = 2wlm(pE*) = —Im(a)] (2.17)

€pC
The absorption of light by an atom is caused by the imaginary part of its polarisability,
which represents the out-of-phase component of the dipole oscillation. This occurs because
the atom interacts with light as a stream of photons with energy Aw, and during absorption
cycles, the photons are scattered during absorption and then re-emitted spontaneously. This

process results in a scattering rate given by:
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Lye(r) o ﬁoclm(aﬂ(r) (2.18)
The complex polarisability « is given as
a= 6m0c3w8 — wZF_/‘;’fw?) T (2.19)
where wy is on-resonance frequency and I' is the damping rate given by:
w3
D= —"—[{elulg) |’ (2.20)

~ 3weghc®

For the case of Large detunings and negligible saturation Eqgs. 2.15 and 2.18 change to:

Upip(r) = 3“2( F 1 )I(r) (2.21)

2w \wo—w  wytw

rsc(r)zgm—hg(if( F 1 )2I(r) (2.22)

Wo W —wW W+ w

Experiments often tune the laser frequency near the atomic resonance frequency wg, with
the detuning A = w — wy satisfying the condition |A| < wy. This approximation allows for
neglecting the counter-rotating term in the rotating-wave approximation and using w/wgy &~ 1
simplifies Egs. 2.21 and 2.22 to:

Uni(r) = 5 5106 (2.23)
L) = 3 (5 ) 10 (2.24)

Egs. 2.23 and 2.24 explain the basic physics of a far-detuned dipole trap. And the

relation between scattering rate and dipole potential is:
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r
hrsc = ZUDip (225)
This is a direct result of the oscillator’s fundamental relationship between absorptive and

dispersive response. Eqs. 2.23 and 2.24 also lead to the following conclusions.

e Sign of Detuning: when the dipole potential is negative below an atomic resonance
(“red” detuning, A < 0), the interaction attracts atoms into the light field. Potential
minima are thus found at maximum-intensity sites. The dipole interaction repels atoms
out of the field above resonance (“blue” detuning, A > 0), and potential minima
correspond to intensity minima as shown in Fig. 2.2. Dipole traps are classified into

two types based on this distinction: red-detuned traps and blue-detuned traps.

e Scaling with intensity and detuning: The dipole potential scales as I /A, but the scat-
tering rate scales as I/A? due to intensity and detuning. As a result, optical dipole
traps often use large detunings and high intensities to keep scattering rates as low as

possible for a given potential trap depth.

Figure 2.2: Dipole Trap Potential. (a) Gaussian beam creates a red-detuned trap at the
minima of potential. (b) Laguerre-Gaussian LGy, beam creates a blue-detuned trap at the
minima of the potential.
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2.4.2 Multi-Level Atom

In the preceding section, the fundamental formulation of an optical dipole trap was derived
using a simplified model with a two-level system. However, Atoms have multiple energy
levels. As a result, all atomic energy levels must be considered, and the trapping potential
must be modified accordingly. The fundamental scaling of potential energy and scattering
rate discussed in the previous section will remain valid. We consider the dressed atom state
picture in the presence of a laser field. Using second-order time-independent non-degenerate
perturbation theory. The correction or shift in energy levels caused by a perturbing Hamil-

tonian H; can be written down.

AE; = Z | ]| Hl (2.26)

where &; is the energy of dressed level, for atom in laser light, the interaction Hamiltonian
is H; = —uE with it = —er is the electric dipole operator. When an atom in its ground state
interacts with a field, it has zero internal energy while the field energy nhAw is determined
by the number of photons n and the energy of each photon hw. For the unperturbed state,
the total energy &; is equal to nhw. However, if the atom is excited to a higher energy state
by absorbing a photon, the internal energy is fiwy and the field energy is (n — 1)Aw. Hence,
the energy of the excited state is £ = hwy + (n — 1)lw = —hAij + nhw, where A;; is the
difference in energy between the two levels & — &; = hA;;. The energy level shift can be

determined from:

37TC r
ng A

2

A —I (2.27)

for the ground state, the energy shift is below the unperturbed state; for the excited state,
the energy is shifted above the unperturbed state. Because the energy shift is a function of
intensity, a laser beam with a Gaussian intensity distribution will result in a nearly harmonic
trapping potential for the atoms in the ground state. For a multilevel situation, Eq. 2.27 can

be generalized as :
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3rc’T 2
AFE; = I = 2.28
2u; ; Aij (228)

where the summation is over all possible electronically excited state |e;). The calculation
of the state-dependent ground-state dipole potential Up,,; = A&; requires consideration of
all coupled excited states |e;), taking into account their respective line strengths c?j and

detuning Azj.

2.4.3 Red-Detuned Dipole Traps

When the light field is tuned lower than the atomic transition frequency (red detuning),
the dipole force points towards the increasing intensity. However, The weak trapping forces
created by tightly focused lasers beam were the greatest barrier to capturing neutral atoms
in the dipole trap. With a tightly focused beam, the attainable trap depths are usually in
the milli-Kelvin range, which is several orders of magnitude smaller than the thermal energy
of room-temperature atoms.

There are three distinct configurations for creating red-detuned dipole traps using Gaussian
beams. These include Focused Beam Traps, which require a single tightly focused beam,
Standing- Wave Traps, where atoms are axially trapped in the antinodes of the standing-
wave created by retroreflecting the beam while conserving the curvature of the wave fronts
and the polarization, and Crossed-beam Traps, created by two or more beams intersecting

at their foci.

A Focused-Beam Trap
A far red-detuned focused Gaussian beam can create dipole potential, which can trap atoms
in the maxima of intensity as shown in Fig. 2.3.

As discussed in the previous section dipole potential and scattering rate of the dipole
trap depend on the intensity of the beam. For a Gaussian Beam with total power P, the

spatial intensity distribution is given by:
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Figure 2.3: Focused Gaussian Beam

I(r,2z) =

wjj?z)emp (_ng—fz)) (2.29)

for a beam propagating in z direction, r representing the radial coordinate, and w(z) is
the beam waist, defined as the distance from the centre in the radial direction, for which
the intensity decreases to 1/e* of the maximum value. The dependence of w(z) on the axial

coordinate z is:

w(z) = woy |1+ (i)z (2.30)

ZR

where wy is the minimum radius of beamwaist and zz denotes the Rayleigh Length given

as:

Zp = TWh/ A (2.31)
The Dipole potential and Scattering rate for the trap created using a focused Gaussian

beam can be calculated using Eqs. 2.29, 2.21 and 2.22.

In situations where the thermal energy of an atomic ensemble, denoted by kg7, is much
lower than the potential depth U , the radial expansion of the atomic cloud is relatively

small when compared to the beam waist, and the axial expansion is relatively small when
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compared to the Rayleigh range. In such cases, the harmonic term in the Taylor expansion

of the potential energy function around the minima is of interest and can be expressed as:

1-2 (50)2 - (iy] (2.32)

As a result, the trapping frequency near the bottom of the trap in the Radial direction

Ulr,z) ~ =U

is given as:

4U
W =] — (2.33)

muwg

and in the Axial direction, the trapping frequency is:

2U

2
mzg

W, =

(2.34)

Egs. 2.33 and 2.34 shows that the radial frequency is substantially higher than the axial
frequency, resulting in greater confinement along the radial direction of the laser beam and
less confinement along the axial direction, which is the direction of the propagation of the

beam.

2.5 Cooling Methods

Atoms exiting the oven have velocities of the order of 100 m/s; and the most suitable method
for trapping and cooling of these atoms is to utilise the radiation pressure traps explained
in section 2.2. Doppler Cooling and Sub-Doppler Cooling are two of the most prevalent

approaches based on this phenomenon of momentum transfer from the light beam to atoms.
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2.5.1 Doppler Cooling

Atomic velocities in a classical ensemble of atoms follow the Maxwell-Boltzmann distribution.
According to the energy equipartition theorem, the relationship between thermal energy and

translation energy for an atom of mass m is given by:

1

3
ika = Emvfms

(2.35)

where v,.,,5 is the root-mean-square velocity at temperature 7. For monoatomic gas vy,

is given by:

3

T (2.36)

1|

UT?’TLS

Eqgs. 2.35 and 2.36 show that in order to cool the cloud of atoms, we have to reduce the

average velocity of the ensemble.

In the scenario where a low-intensity laser beam with a frequency wy, which is tuned
slightly lower than the atomic resonance frequency wy (wy < wp), interacts with a two-level
atom moving against the direction of the laser beam at velocity o, the atom experiences
a Doppler shift in frequency. The frequency shift can be calculated using the following

equation:

w=wy, — kv (2.37)

which is higher than w; as kv < 0 for the given case. Hence for a red-detuned laser

frequency, atoms will experience the resonance frequency if,

L (1 + %) — wo (2.38)

when the laser frequency is on resonance, the photon is absorbed, and it causes the atom

to slow down.
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When an atom and the laser beam are co-propagating, the Doppler shift causes an increase
in the detuning between the frequency of the laser beam and the resonance transition fre-
quency of the atom. As a result, absorption probability will decrease. Hence, the atom will
experience an unbalanced force due to the two laser beams depending upon the velocity v.
In the moving atom frame of reference, the force due to single photon absorption is given by
Eq. 2.4. Force due to two weak counter-propagating beams can be calculated by adding the

force due to individual beams.

Fip=F, +F_ (2.39)

and

- I ry
F,_ = +hk— 2.40
* 21+ 1/Tgu + 2(A F wp) /T2 (2.40)

where wp is the Doppler shift given as:

-

Wp = —kv (241)

The force exerted on an atom from Eq. 2.40 dampens the movement of atoms for all
velocities Fig. 2.4 show F.,, F_ and Fip forces acting on the atom. If the laser is tuned
below an atomic resonance, the motion of atoms is dampened. Furthermore, there exists a
small interval of velocities where the dependence of force on velocity is linear. For atoms
with low velocity (lwp| < A), Eq. 2.40 can be simplified by neglecting second and higher

order terms in wp.

Fip ~—pv (2.42)

where [ is the damping constant given by:

B = —8hk

A /g
2= a
= (2.43)

(14 I/Iga + (2A/T)2)?
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Force (frk)

Velocity (I'/k)

Figure 2.4: Damping force dependence on the velocity of atoms moving in 1D optical mo-
lasses. The blue curve shows the dependence of F; on velocity, the red curve shows the
behaviour of F_ on velocity, and the black curve represents the total force on the atom
moving in optical molasses.

Since the absorption and emission processes are stochastic in nature, the atom performs
a random walk in momentum space, resulting in heating produced by momentum diffusion.
When this heating rate and cooling rate become equal, it results in a lower limit of tempera-
ture that can be reached using Doppler cooling. This lowest possible temperature is referred
to as the Doppler cooling limit. For low intensity (//ls,; < 1) and detuning A = —I'/2,

lowest achievable temperature Tp or Doppler cooling limit is:

Al
kpTp = = (2.44)

In case of 8" Rb, the natural linewidth I' = 27 X 6.1 MHz and calculated Doppler limit is
Tp = 146 uK.

For simplicity, we examined a 1D model in the previous decision. This model, however,
can be extended to 2D and 3D systems by introducing pairs of additional counter-propagating
beams from each dimension. In 1985, Steven Chu reported the first experimental demon-

stration of optical molasses [6].
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2.5.2 Sub-Doppler Cooling

The precise temperature measurement of atoms in optical molasses in 1988 showed that
the observed temperatures were significantly lower than the expected Doppler temperatures
[19]. As a result, these experimental evidences of temperature measurements below the
Doppler Cooling limit necessitated the development of a new theoretical model for the cooling
mechanism that could explain the recorded sub-Doppler temperatures. The Doppler Cooling
theory has limitations because two crucial properties were not taken into consideration in
this theoretical model of optical molasses. First, the multiplicity of sublevels in the ground
state of the atom and different light shifts for the corresponding sublevels. Second, the
polarisation gradients produced by the interfering laser beams cause varying polarisation
over an optical wavelength scale, resulting in a spatially dependent light shift of the ground
sublevels. These gradients produce an effective potential for moving atoms. When the
polarisation and multiplicity of the ground states of atoms are considered, it leads sub-
Doppler cooling processes, described by a new theoretical model proposed by Dalibard and
Cohen-Tannoudji [7].

There are two standard methods for achieving sub-Doppler cooling: The first method
uses two counter-propagating waves with opposite circular polarisations (67 — 07), creating
standing waves with a rotating polarisation vector that maintains the same ellipticity. The
second method uses two counter-propagating waves with orthogonal linear polarisations (lin
1 lin), resulting in laser polarisation with varying ellipticity in space but a fixed principal

polarisation axis.

To understand the two configurations, we will consider a 1D model, where a multilevel
atom interacts with two counter-propagating laser beams. For o+ — o~ configuration, if the
intensity (amplitude) of the two beams are equal, it results in linear polarisation with polar-
isation vector rotating along the principle axis forming a helix with a pitch A (wavelength
of laser). In the lin L lin configuration, the orientation of the principal axis of polarisation
remains fixed, while the ellipticity of the polarisation changes along the direction of propaga-
tion. Specifically, the polarisation changes from linear at z = 0 to (¢~) circular at z = \/8§,

to linear at z = A/4, to (o) circular at z = 3)\/8, to linear at z = \/2, and so on.
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Figure 2.5: Light shift for ground state sublevel. (a) light shift due to 6™ — o~ configuration.
(b) light shift due to lin L lin configuration.

A (lin L lin) Configuration.

In the lin L lin configuration, the Clebsch-Gordan coefficients for various transitions g, +—
e are different. Because the polarisation changes along the z direction, the two light-
shifted energies oscillate with z. When the polarisation is linear, both sublevels are equally
shifted. However, for an o polarisation, the g;/» sublevel is shifted the most, and for an o~

polarisation, the g_;/, sublevel is shifted the most.

In order to understand the cooling process for the lin L lin configuration, let us examine
the transition between J;, = 1/2 and .J. = 3/2. Fig. 2.6 shows the Clebsch-Gordan coefficients
for the different g,, <— ¢/ transitions. The square of these coefficients represent the

respective transition probabilities.

€.3 €.112 €112 €31
2 2
1 \/% 3 1

912 910
Figure 2.6: Clebsh-Gordan Coefficent for .J; /5 <— J3/ transition

ool =
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Atom At Rest

In this particular model, the atom is stationary, and there are two counter-propagating beams
that are red-detuned from the resonance frequency. The energy levels and populations of
the two ground-state sublevels are dependent on the position along the z-axis. For an atom
positioned at z = A/8, the polarization is ¢~, and the atom is optically pumped in g_;s.
As a result, the steady-state populations ground state sublevels g_;/» and g,/ are 1 and
0, respectively. Since the o~ transition originating from g_,/, is three times stronger than
the o transition originating from g2, the light shift A_ of g_;/ is three times greater in
magnitude than the light shift A, of g;/,. Since the atom is in a red-detuned laser beam,

the energy shift for both of the ground-state sublevels will be negative.

When the atom is positioned at z = 3\/8, the polarisation is ¢, and the atom is optically
pumped to the g; /o ground state sublevel. As a result, the steady-state populations for the
g-1/2 and g/ ground-state sublevels are 0 and 1, respectively. The energy level shift will
be negative as the laser beam is red-detuned, but now A, will be three times greater in

magnitude than A_.

If the atom is positioned at z = 0, A/4, A/2,..., the atom is in linear polarisation,
therefore the light shift is still negative; however, the shift for the two ground state sublevels
is equal in magnitude, and it is 2/3 of the maximum shift found in the 0~ — o™ polarisation
case discussed in following section. The Fig. 2.7 summarises the light shift in energy sublevels

caused by polarization discussed in this model.

Moving Atom (Sisyphus Effect)

Suppose that the atom is moving along the z-axis. In this case, it takes a finite amount
of time 7p for optical pumping between the two ground-state sublevels. Assuming that the
atom is initially located at the bottom of a potential valley, such as at z = A/8, and moves to
the right, if the atom’s velocity v is such that it covers a distance of the order of A\/4 during
Tp, the atom will typically remain on the same sublevel, climb the potential hill, and reach
the top of the hill before being optically pumped to the other sublevel, i.e., to the bottom
of the next potential valley located at z = 3A/8. This sequence can then be repeated.
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Figure 2.7: Light shifted (AC stark shift) energy levels and stead-state population for ground
state Jyp in lin L lin configuration.

Due to the time delay 7p, the atom appears to be continuously climbing potential hills,
converting some of its kinetic energy into potential energy. This is similar to the cooling
effect seen in stimulated molasses and is an atomic illustration of the Sisyphus myth. Fig. 2.8

provides a brief summary of the atomic Sisyphus effect.

The energy dissipation mechanism for this cooling effect can be explained through mo-
mentum redistribution. The momentum of the laser field can change as a result of a redistri-
bution of photons between two waves moving in opposite directions, which occurs through
the process of stimulated emission. This process is reversible, with photons being absorbed
from one wave and transferred to the other. However, optical pumping introduces irre-
versibility, which is necessary for energy dissipation and cooling. As illustrated in Fig. 2.8,
as the atom travels along the z-axis and reaches the top of a potential hill, it is more likely
to absorb a photon with energy Aw; and emit a fluorescence photon that is blue-shifted by
the light shift splitting between the two ground-state sublevels. The excess energy is carried
away by spontaneous Raman anti-Stokes photons, which dissipate the potential energy gain

at the expense of kinetic energy.
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Figure 2.8: Sisyphus effect on an atom moving in lin L lin configuration

B (ot — 07) Configuration.

In the (07 — o07) laser configuration, the polarization of the laser remains linear, but it
rotates around the z-axis, creating a helix with an A-pitch. This means that as the atom
moves along the z-axis, the light shift of the ground-state sublevels does not change and

there is no Sisyphus effect.

The cooling process for the J, = 1/2 <— J. = 3/2 transition can be explained by
the exchange of photons between the two counter-propagating waves. The atom absorbs a
photon from one wave and releases it to the opposite wave via stimulated emission. However,
due to the conservation of angular momentum, such an exchange is not possible in this
configuration. When an atom absorbs an ot photon, it is excited to either e;/, or eg/s, but
there are no transitions starting from these levels that can result in the stimulated emission

of an o~ photon.

(67 — o07) configuration introduces distinct cooling mechanics for atoms with J, > 1.
To explain this cooling phenomenon, we will use the simplest possible atomic transition, the

Jg =1 +— J. = 2 transition shown in Fig. 2.9
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Figure 2.9: Clebsh-Gordan Coefficient for J; «— .J5 transition

Atom at Rest

Let’s assume that the atom is initially at rest at z = 0. We choose the quantization axis along
the local polarization, which is along the y-axis at z = 0. Then, we have the eigenstates of
Jy (J: angular momentum), denoted as [g-1),, |go),, and |g1),,. We can use optical pumping
with a 7 polarization along the y-axis to concentrate the atoms in the |go) , state since the rate
of optical pumping from [g_1), — \go>y, which is proportional to (1/\/5)2 (1/\/5)2 =1/4,is
greater than the rate from |go), — |g-1),, which is proportional to (W)Q (1/\/6)2 =1/9.
As a result, the steady-state populations of |go), and |g+1), are 9/17 and 4/17, respectively.

The 7 transition starting from |go),, is 4/3 time more stronger than 7 transition starting
from [g41),, both these sublevels have equal light shift Ay which is 4/3 time smaller in
magnitude compared to the shift Ag in |go) ,- For a red-detuned light, the shifts Ay and Ag

will be negative, as shown in Fig. 2.10.
Moving Atom

As shown in Fig. 2.9, an atom in the |g_;) state has a six-fold higher likelihood of absorbing
a o~ photon travelling towards z < 0 compared to a o photon moving towards z > 0.
The opposite holds for an atom in the |g;) state. If the atom moves towards z > 0 and
the detuning A is negative (i.e., red-detuned), the sublevel |g_;) becomes more populated
than |g;). This leads to unbalanced radiation forces exerted by the o~ and o waves. The
atom scatters more counter-propagating o~ photons than co-propagating o photons, which
dampens its velocity. This new cooling method works for significantly lower velocities than
Doppler cooling for low intensity, where |A| < I and kv/|A| is substantially larger than the

equivalent Doppler cooling parameter kv/I.
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Figure 2.10: Light shifted ground state sublevels for J; «— Jo in 07 — o~ configuration.
Steady State population of the sublevels are 4/17, 9/17, 4/17 respectively, and Ay = 4/3A,

2.6 Magneto-Optical Trap (MOT)

In previous sections, we described how radiation pressure cools the thermal atoms coming
from the oven. Magneto-Optical Trap (MOT) is the experimental realisation of the cooling
methods discussed in section 2.5. In this section, we will go through the working principles

of MOT.

Each atom travelling in two counter-propagating beams will be acted upon by a decel-
eration force many orders of magnitude greater than the accelerating force only when the
atom is stationary both forces are balanced. This type of environment is known as optical
molasses (OM). Atoms in OM are allowed to move around (via diffusion) inside the region of
overlapping beams before gradually leaving it. The typical time scale for atom confinement
in optical molasses is 100 ms. A spatially dependent restorative force is required to localise
atoms in space. One way is to use an inhomogeneous quadrupole magnetic field generated
by a pair of anti-Helmholtz. The magnetic field splits the Zeeman levels of the atoms, caus-
ing the transition frequency and radiative force to be position dependent. In addition to
the dissipative cooling force, the magnetic field offers a restoring force with suitable laser
beam polarisations. The Magneto-Optical Trap is a system that uses a magnetic field on
optical molasses to cool atoms. There are several types of MOT arrangements, including
Pyramidal MOT, Two-Dimensional MOT, and Three-Dimensional MOT. The most popular
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configurations for laser cooling are 2D-MOT and 3D-MOT. Fig. 2.11 shows the 3D-MOT
configuration.

+

o)

Figure 2.11: 3D-Magneto-Optical Trap. Arrows next to coils represent the direction of the
current in the coils for respective polarisation configuration

The simplest case to understand MOT is to consider a 1D model. It consists of a o™
polarisation beam counter-propagating with ¢~ polarisation beam along the z — axis, a pair
of anti-Helmholtz coils to produce coaxial inhomogenous quadrupole magnetic field E, and
an atom with hyperfine sub level F' = 0 as the ground state and F’ = 1 as the excited state.
When a magnetic field is applied, the degeneracy of each hyperfine state F' is lifted due to
the Zeeman effect, resulting in 2F + 1 sublevels. The sublevels are Zeeman shifted, which

can be calculated by:

where mp is the magnetic quantum number and its value ranges from mp = —F, —F +

1,...,0,...., F', gr is the Lande factor, ug is Bohr magneton and B is the magnetic field.

Consider an inhomogeneous magnetic field with a constant gradient (0B/0z), in this
region the sublevel splitting depends linearly on the distance from the trap centre, as shown

in Fig. 2.12. At the centre of the trap, the magnetic field is zero since the two circular coils are
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Figure 2.12: Zeeman Splitting of sublevel. The splitting of the sublevels is linear due to the
constant magnetic field gradient.

in anti-Helmholtz configuration they cancel the effect of each other at the centre of the trap.
For circular polarisation o, the absorption selection rule is Am = +1, while for o~ it is
Am = —1. Suppose the o polarised incident beam propagates towards the trap centre from
the left, and the cooling conditions are satisfied, where transitions between sublevels F' = 0
and F’' = 1 are mainly driven by the o* light. Momentum transfer takes place along the
incident o beam towards the centre of the trap. At this location, the counter-propagating
beam is significantly detuned from the resonance, resulting in minimal momentum transfer
and negligible pushing of the atom out of the trap centre. Consequently, the atom is pushed
towards the centre of the trap, where the magnetic field is zero. On the other hand, the o~
polarised incident beam propagates towards the trap centre from the right. In this scenario,
the 0~ beam is tuned much closer to the resonance compared to the o+ beam. This leads
to momentum transfer in the direction of the ¢~ beam, resulting in two forces acting on the
atom. These forces always push the atom towards the trap centre, where they balance each

other, resulting in a net force of zero on the atom.

In MOT, the total force on an atom is expressed as the sum of dissipative and restoring

forces.

Fuor = —B — €2 (2.46)
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The first term in the equation is the dissipative force given by Eq. 2.42, and the second

term is the restoring force, where £ is the dampening constant or spring constant given by:

wpoB
= — 2.47
¢ hk 0z ( )
where p is the effective magnetic moment of the transition, given as:
M/ = (geme - ggmg):uB (248)

where g, and g, are the Lande factors of the excited and the ground states, respectively,
and m,. and my are the magnetic quantum number of the excited state and the ground state,

respectively.

The above-mentioned 1D model can be expanded to 2D and 3D models with more sophis-
ticated atomic hyperfine structures, and these systems are known as 2D-MOT and 3D-MOT

systems, respectively.

2.7 Electromagnetically Induced Transparency

Electromagnetically induced transparency (EIT) is a phenomenon that occurs in an absorb-
ing medium in presence of a coupling laser, resulting in reduced absorption at the line centre
of the transition for a probe laser. EIT is based on coherent population trapping and can
be classified into three types based on the configuration: A-type, V-type, and Ladder-type
three-level system, each of the types is illustrated in Fig. 2.13.

In a A-type system, there are two ground states denoted by |1) and |3), and one excited
state, denoted by |2). A coupling laser with Rabi frequency €2 is used to couple states |3)
and |2), while a weak probe laser with Rabi frequency Qp is used to couple states |1) and

|2). The excited state |2) has a decay rate given by I.

A V-type system consists of one ground state, |2), and two excited states, |1) and |3). A

coupling laser with Rabi frequency of €2 couples states |3) and |2), while a weak probe laser
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Figure 2.13: A-type three-level system (a). Ladder-type three-level system (b). V-type
three-level system (c). Semi-classical dressed state picture of EIT (d)

with Rabi frequency of 2p couples states |1) and |2). The excited states |1) and |3) have
spontaneous decay rates of I' and IV respectively. Depending on the energy level difference

between |1) and |3), |3) can be referred to as either the upper or lower excited state.

Ladder-type systems have a ground state |1), a excited state |2) and a higher excited
state |3). A coupling laser with Rabi frequency € couples states |3) and |2), and a weak
probe laser with Rabi frequency Qp couples states |1) and |2). The excited state |2) and

higher excited state |3) have spontaneous decay rates I' and I, respectively.

EIT is defined as a decrease in the absorption of probe laser due to coupling laser; hence
it is important to under the dynamics of atoms in the presence of probe laser [30]. As probe
laser couples states |1) and |2), the response can be understood by density matrix element pys.

The probe absorption is represented by I'm(p;2), and dissipative properties is represented
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through Re(p;2). Considering, I'y3 = 0, where I'y3 is the decay rate of two-photon coherence
between |1) and |3) and given by p;3 element of density matrix, for a A-type system, density

matrix element ppy is:

for a Ladder-type system, this density matrix is given by:

1Qp
[ +20%/T + Q2T

P12 = (250)

The A-type system shows complete transparency regardless of the intensity of the cou-
pling laser. On the other hand, a V-type or Ladder-type three-level system always absorbs
the probe field, and any reduction in absorption is due to the AC Stark effect of the cou-
pling laser. Therefore, only the A-type system can be regarded as a true EIT system in this

context.

Semi-Classical dressed state model in Fig. 2.13 can be used to understand these systems
further, in this model Q@ < I' and I"". The coupling laser creates two dressed states |+) and

|—), which are the superposition of the original states.

In the case of a A-type system, the two dressed states are:

)= = (2) + [3)) (2.51a)

2

-5

=) =—(12)-13) (2.51b)

>

In the case of a Ladder-type system, the two dressed states are given by:

) = = (3) + [2)) (2.52a)

2

- %

=) = 7 (13) = 12)) (2.52b)

The probe laser contains two excitation transitions that interfere with each other,
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|1) — |+) and |1) — |—). The interference in the A-type system is destructive and
completely inhibits probe absorption at the line centre.

The amplitude of excitation for a A-type system is:

(1d-B,1+) , (1d-E,|-)
Q —

2

=0 (2.53)

Poc‘

The interference in the ladder-type system is constructive, and the probe absorption is

enhanced near the line centre with the amplitude given by:

(d E,|+)  (d-E|-)
Q -0

2 2
_ 9%

=0 (2.54)

Poc‘

The decay rate of I'j3, the two-photon coherence given by density matrix element p3,
can also be used to study the difference between the two systems. I';3 = 0 for the A-type
system and T'1;3 = I”/2 for the ladder-type system. Hence, the A-type system is the only
configuration that can show complete EIT, defined as 100% EIT depth at the line centre. In
contrast, the Ladder-type and V-type systems cannot exhibit complete EIT.

In a previous explanation, we explained the mechanism behind EIT using the AC Stark
effect, which results in reduced absorption towards the line centre in all three types of
systems. However, when the coupling field is weak to moderate, quantum interference plays
a significant role and differs significantly between the A-type and the other two systems (V-
type and Ladder-type): while the A-type system experiences destructive interference, the

other systems experience constructive interference.

Transitions between degenerate magnetic sublevels must be considered while studying
EIT because of the complex hyperfine structures of alkaline atoms. A laser-coupling method
can form an A-type system by driving one of the ground hyperfine states, F, to one of
the excited hyperfine levels, F’, while a probe laser couples a separate hyperfine ground
state, Fp, to the same excited hyperfine state, F’. Complete EIT in the A-type system
requires the magnetic sublevels of the F’ excited state, which are coupled to the magnetic
sublevels of the Fp state by the probe laser, also be coupled to the magnetic sublevels of
the F¢ state by the coupling laser. In other words, complete EIT demands that the sublevel
m’ of the hyperfine excited state F” be coupled to a magnetic sublevel mp. of the ground

hyperfine state F by the coupling field among all possible probe transitions for a particular
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polarisation configuration mpg, — m/. The probe transition that satisfies this condition is
referred to as a dark transition, as opposed to a non-dark transition. For A-type systems
with a single coupling-laser beam, two sets of transitions fulfil this need for the complete
EIT: first, Fo = F' and Fp = F' — 1; second, Fo = F'+1 and Fp = F' or F' — 1.

Because of the absorption enhancement caused by constructive quantum interference,
a three-level ladder-type system does not show complete transparency at the line centre.
When the probe laser couples the ground hyperfine state Fp to the intermediate excited
hyperfine state F’ and the coupling laser couples the intermediate excited state F’ to the
higher excited state F”, an alkali atom forms a Ladder-type system. When the same analysis
is applied to the Ladder-type system, the highest absorption reduction or ideal transparency
is achieved under either of the two identical conditions: first, Fo+F” = F' and Fp = F' —1,
or second, Fo + F" = F' +1 and Fp = F' or I’ — 1. We have used a Ladder-type system

for the experiments described in this thesis.

Complete EIT of A-type system can also be understood from the Schrodinger equation.
To construct the Hamiltonian for a two-level atom interacting with a single-mode field, we
can write the detunings of a single photon as Ap and A, and the detuning of two photons
as A = Ap — A¢. This allows us to express the Hamiltonian in the appropriate rotating

frame.

H=—Ap|3) (3] = A[2) (2] = (2p[3) (1] + Q0 13) (2] + Q5 [1) B3] + Q5 [2) (3])  (2.55)

For simplicity, we can ignore the spontaneous decay term. And the eigenstate for the

Hamiltonian is given as:

(W) = cr(8) [1) + ) [2) + es(t) [3) (2.56)

In case, where the detuning of the two photons are equal i.e., Ap ~ Ac = A, and A is

large, the probability amplitude is given by:

_ Qpcl + Qccg

K (2.57)

C3 =
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Through the absorption of a photon on transition vp and subsequent emission of a photon
with frequency v, there is a coherent transfer of population between the two ground states,
which results in a large coherence py; = coc}. Despite neglecting the upper state decay, the
excited state population is significantly reduced by the large detuning A, leading to a low

probability for spontaneous emission.

For Ladder-type and V-type three-level systems, a similar equation can be derived. The

main difference in the Ladder-type system are:

e There are dipole-allowed spontaneous emissions from the final state |3), as transitions
to the intermediate state |2) are also dipole-allowed transition. Consequently, the
two-photon resonances usually have a wider width. However, there is one significant
exception to this trend, which is observed in the atomic Hydrogen 1s — 2p — 2s
transition. In this case, the final state 2s is metastable and the fields used for two-

photon resonance are far detuned from the 2p state.

e The properties of Doppler shift are unique for Ladder-type system due to the two-
photon Raman transition absorption process as opposed to the A-type system, where
one-photon absorption is followed by emission. As a result, the Doppler shifts will
cancel the effect of the counter-propagating beams used in such system. This is because
the different-frequency photons impart momentum kicks in opposite directions to the

atom.

2.8 Rubidium Atoms

Rubidium is an alkali metal with the symbol Rb in the periodic table, an atomic number
of 37, and an atomic mass of 85.4678 amu. It is a composite Boson because it has an even
number of total fermions (electrons and nucleons). Nuclear spin has a half-integer value.
Rubidium, like the other alkali group elements, is highly reactive in nature and rapidly
oxidises in the air. Rubidium is a soft solid with a density of 1.53 x 10* Kg/m? and a vapour
pressure of 3.92 X 1077 Torr at 25°C. The stable isotopes of rubidium are ®Rb and %" Rb,
which have natural abundances of 72.17(2) % and 27.83(2) %, respectively. Strong electric

dipole transitions in alkali metals facilitate laser cooling and trapping of alkali metals. D1
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and D2 transitions of alkali atoms are used as closed-cycle transitions for laser cooling. In

the experiments, we have used %" Rb.

87Rb has 50 neutrons, 37 protons with nuclear spin of 3/2, and 37 electrons arranged
with electronic configuration 1s?; 2s2; 2p%; 3s%; 3d'0; 4s%; 4p%; 5s'. Fig. 2.14 show the 8" Rb
Dy transition hyperfine structure [29].

72.9113(32) MHz

4
229.8518(56) MHz

F'=3
193.7408(46) MHz
2
S P3/2 F'=2
F'=1
302.0738(88) MHz
F'=0
780.241 209 686(13) nm
384.230 484 468 5(6R) THz
Cooling Repumping
F=2

5°S

12

2.563 005 979 089 11(4) GHz

4.27167663181519(6) GHz

F=1

6.834 682 610 904 29(9) GHz

Figure 2.14: D, transition hyperfine structure of 8" Rb. Ground state value are taken from [4]
and excited state values are taken from [3]
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Chapter

Experimental Setup

The laser cooling techniques outlined in the preceding chapter require a laser with a narrow
linewidth. With the development of narrow-band tunable lasers in the 1970s. The laser
linewidth is narrower than the natural linewidth, which led to the demonstration of several
laser cooling techniques after the 1970s. This chapter describes the experimental setup based

on the techniques presented in the preceding chapter.

3.1 Laser Frequency Stabilization

Current laser systems can generate beams with narrower linewidth than natural linewidth.
However, the frequency of these lasers drifts from the central frequency owing to various
factors, and certain experiments require linewidth even narrower than the default linewidth.
All of the additional laser tunings need frequency stabilisation and linewidth reduction.
There are several approaches for laser frequency stabilisation, but they all rely on error

signal generation, which is detailed in this section.

An error signal is an electrical signal used in a feedback loop. An error signal requires
a set point, which is the desired point at which the system should function, and system
variables, which are monitored and regulated to bring the system to the set variable. The
error signal indicates how far the system has progressed from the set variable to the feedback

loop, as illustrated in Fig. 3.1. The error signal is given by:
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Error Signal = Set Point — System Variable

-
>

Set Point

Amplitude

System Variable

A

FrequenT:y

Figure 3.1: Resonance curve of an oscillator representing the desired point (set point) on the
curve and the current position of the oscillator (system variable).

For active laser frequency stabilization, there are two main configurations: side fringe

locking and top fringe locking.

3.1.1 Side-of-Fringe Locking

Fig. 3.2 illustrates the standard resonance curve used in locking. Side-of-Fringe locking is
used to lock the system at a position that is neither the resonance’s maxima nor minima
but rather at another point on the resonance curve. Thus the term Side-of-Fringe locking.
In Side-of-Fringe locking, an offset is added to the resonance curve so that the set point is
on the x-axis, i.e. the y-coordinate of the set point is 0, as shown in Fig. 3.2. Now, if the
system variable has a negative y-coordinate, it means that the system variable is on the left
of the set point on the x-axis. The feedback loop must tune the variable so that it moves to
the right towards the set point. If the system variable has a positive y-coordinate, it means
that the system variable’s x-coordinate is on the right of the set point, and the parameter
must be tuned so that it moves to the right towards the set point. Locking at each point on

the resonance curve can be explained using a similar analogy.

The main disadvantage of this type of locking is that fluctuations in the intensity of the
laser change the set point of the system. As a result, another feedback loop is required to

lock (stabilise) the intensity of the laser in order to keep the set point steady. The advantage
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Figure 3.2: Side-of-Fringe locking:Resonance curve of a oscillator also referred as Original
Signal (above). Offset added original signal to make the value of amplitude coordinate zero
called as Error signal (below)

of this configuration is that it can also lock the laser at frequencies that are not the maxima

or the minima points of the resonance curve.

3.1.2 Top-of-Fringe Locking

Top-of-Fringe Locking is a technique for locking at the set point, at the resonance’s local or
global extremum. The Fig. 3.3 illustration shows top-of-fringe locking. This process requires
modulating the laser frequency, recording the effect of modulation on the resonance curve
with a photo-diode, and then demodulating the signal to produce the error signal. By
modulating the frequency, we rapidly change the frequency around each point on the curve,
and the effect is transferred to the amplitude of the curve, which is recorded using a photo-
diode. The amplitude modulation due to frequency modulation is identical to the frequency
modulation of the laser at the extremum; however, for points that are not at the extremum,
the phase and amplitude of amplitude modulation due to frequency modulation depend on
the slope and position of the corresponding point on the curve. After demodulating the
photodiode signal, we obtain the error signal, which is the derivative of the resonance curve
function. And this derivative curve can be used to determine if the system variable is to the

right or the left of the set point, and variables are tuned accordingly to move the system

43



variable point towards the set point.

L.
y

Set Point

Output

Amplitude

Original
Signal

Modulatio
VVVV

FrequencT

»
>

Error
Signal

»
y ot

ﬁuency

Figure 3.3: Top-of-Fringe locking: Resonance curve with frequency modulation (above).
First Harmonics of after demodulation of output signal (below).

Amplitude

The advantage of this configuration is that fluctuations in laser intensity have no affect
on the set point. Nevertheless, because the derivative at the extremum points is zero, this

setup is used to lock at frequency points at the extremum of the resonance curve.

3.1.3 Saturation Absorption Spectroscopy

To generate an error signal, a reference is required. There are several ways to get a reference;
two of the most commonly used reference systems are Fabry-Perot Cavity (PDH Locking)
and Atomic Transition frequency. For all of the experiments, we used the atomic transition
as a reference. Saturation Absorption Spectroscopy (SAS) of the atomic gas is done to use

atomic transition as a reference.

Saturation spectroscopy is an incoherent nonlinear multi-photon interaction. It offers a
simple way of determining the natural linewidth of an inhomogeneously broadened medium.
Saturation spectroscopy is carried out using two counter-propagating beams, a probe beam
and a pump beam, that have the same frequency v and are close to resonance with the
atomic transition frequency A. These two beams interact with different velocity classes due

to Doppler shifts in the thermal atoms. The strong field (pump beam) interacts with atoms
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that fulfil v = A + kv, saturating their transition, whereas the weak field (probe beam)
interacts with atoms that have been Doppler shifted by v = A — kv. Both fields interact
with stationary atoms during resonance. The two fields do not interact with the same group
of atoms for the same detunings. When the frequency approaches the atomic resonance,
v — 0 and the two velocity classes begin to converge. Both fields interact with stationary
atoms at resonance. As a result, the probe beam absorption spectra will have strong features

around v = A due to stationary atoms saturated by the pump beam.

Frequency
Modulation
(AC 100kHz)

Y,

E n Pump Beam
U >

Probe Beam

[ ]

Rb Vapour Cell

Lock-in
Error Signal Amplifier
for Locking

Oscilloscope

H Thick Beam Splitter D Differential (Balanced) Photo Diode
ﬂ Mirror
[ Half Wave Plate

Figure 3.4: Experimental Setup for frequency stabilisation of laser using atomic transition
as reference.

In the setup shown in Fig. 3.4, the laser beam is split using a thick beamsplitter, which
divides the beam into three beams, one transmitted beam that serves as the pump beam
and two reflected beams, one of which serves as the probe beam and the other as the
reference beam to a balanced photodiode to remove the DC offset and other noises from the
data recorded on the photo-diode. Modulation to the laser head is given from the Lock-in
Amplifier as a 100 kHz sine wave into the AC Modulation port of the laser head. The signal

from the balanced photodiode is demodulated using the same Lock-in Amplifier to generate
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the error signal. This error signal is then sent into PID, which steers the system variables

to the set point. Fig. 3.5 shows the transition used as a locking reference.
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Figure 3.5: Transition used for frequency stabilisation of cooling and repmumping lasers.

3.2 Two-Dimensional Magneto-Optical Trap

Two-Dimensional Magneto-Optical Trap (2D-MOT) is a popular way of cooling, particularly
for Rubidium, since it provides low divergence and high efficiency owing to the large number
of atoms in MOT loading with minimum laser power and robustness when compared to other

methods of cooling.

A 2D-MOT system uses two pairs of counter-propagating beams that cross each other
in the same plane to form Optical Molasses. These beams can cross one other at an angle

of 90° or at an angle of 120° depending on the application, thus the term two-dimensional
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magneto-optical trap. And two pairs of anti-Helmholtz coils for inhomogeneous quadrupolar

magnetic field and optical molasses, as shown in Fig. 3.6.

The Experimental Setup of 2D-MOT consists of Vacuum Assembly, Magnetic Coils and
Optical Arrangement. Fig. 3.6 Show the experimental setup of a 2D-MOT.

Figure 3.6: 2D-MOT Experimental setup. (a) schematic of a 2D-MOT, two pairs of anti-
Helmontz coils, the arrows on the coils representing the direction of current for the respective
polarisation configuration. (b) Complete experimental setup of 2D-MOT with an IR camera
for fluorescence imaging of cloud of cold atoms
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The Vacuum Assembly consists of the main science chamber for MOT loading, a quartz
cell with dimensions of 40 X 40 X 140 mm with the inside pressure of 10~ Torr. To demon-
strate the push beam, one end of the quartz cell was attached to another quartz cell, while
the other end was connected to a four-way cross nipple. The four-way cross nipple was at-
tached to the Rubidium oven, which served as a source of thermal atoms. The opposite end
was connected to the turbo molecular pump via an angel valve to close the vacuum assembly
once the required pressure was attained. The end opposite to science chamber was closed

with a viewport from the alignment of the push beam.
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Cooling LF [\l N N .
LASER % i S 2D-MOT Horizontal Beam
% % -, U Push Beam
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[] Mirror [ Plano-Convex Lens [ Quarter Wave Plate ~ K¥=% AOM
EBeam Splitter L Plano-Convex Cylindrical Lens [ Half Wave Plate | Blackbody

Figure 3.7: Optical Bench layout. Schematic arrangement of various optical components
used to shape the laser beam for 2D-MOT.

For Optical Molasses, we have used a Toptica TA pro system as the cooling laser and
a Toptica DL pro system as the repumping laser, both locked to the transitions shown in
Fig. 3.5 using the technique outlined in section 3.1. The laser beam from the Cooling laser is
first passed through an Acousto Optic Modulator (AOM) operating at 128 MHz in a double

pass configuration which drives the frequency from the locked transition F' = 2 — F' =
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frequency to the cooling transition F' = 2 — F’ = 3 frequency with red-detuning of 10.650
MHz after which the beams are split into two, and passed through two cylindrical plano-
convex lenses in telescope configuration to reshape the circular beam to elliptical beam and
then aligned to form the optical molasses. The Toptica DL pro (repuming laser) was locked
to a transition frequency of F' =1 — F’ = 1 transition and then passed through an AOM
operating at 75 MHz in double pass configuration, shifting the frequency of the laser to a
near resonance frequency of I’ =1 — F’ = 2 transition with a red-detuning of 6.947 MHz
and aligned to co-propagate with one of the cooling beams. The optical bench arrangement
for 2D-MOT is shown in Fig. 3.7.

Figure 3.8: Magnetic Coils of 2D-MOT experimental setup.
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Figure 3.9: Magnetic field gradient profile (a). Magnetic field profile (b) of the magnetic
field generated by magnetic coils shown in Fig. 3.8
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Following Optical Molasses, two pairs of rectangular coils with dimensions of 70 X 140
mm with ten layers and seven turns in each layer were used to produce an inhomogeneous
quadrupolar magnetic field as shown in Fig. 3.8. Each coil was operated at 4 A of current,
resulting in a constant magnetic field gradient of 15 G/cm in a 2.5 cm long region at the
structure’s centre shown in Fig. 3.9. We detected the first indication of the cooling of thermal
atoms and the formation of a cloud of cold atoms by aligning the magnetic field centre with

optical molasses.

3.3 Three-Dimensional Magneto-Optical Trap

Three-Dimensional Magneto-Optical Trap (3D-MOT) is often used as the second stage of
cooling in most setups, with Zeeman slower or 2D-MOT serving as the first stage of cooling.
A 3D-MOT system, as shown in Fig. 3.10, uses a pair of counter-propagating beams from

each of the three axes to produce the optical molasses and a pair of circular coils in anti-

Helmholtz configuration to produce the required magnetic field.

o)

+

Figure 3.10: 3D-Magneto-Optical Trap. Arrows next to coils represent the direction of the
current in the coils for respective polarisation configuration

Since the atoms in 3D-MOT are confined in all three dimensions, the cloud of atoms can

be cooled to temperatures lower than those in 2D-MOT and Zeeman slower.
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The principal part of the setup is Vacuum Assembly, around which the whole setup is
designed. The science chamber is an octagon-shaped stainless steel chamber with 8 CF35
apertures on the side, one at the top and one at the bottom, as illustrated in Fig. 3.11. One
of the openings is connected to a T nipple which connects to an angle valve and an ion pump
to maintain the pressure of 5 X 1071 Torr inside the science chamber. The opposite end is
attached to an oven as a source for thermal atoms. A Hellma glass cell is connected to one
opening and is the main science chamber of the system where the cloud of cold atoms will

be transferred after the loading and cooling of thermal atoms in 3D-MOT is completed.

Figure 3.11: Experimental Setup of 3D-MOT

Toptica TA pro was used as the cooling laser for the 3D-MOT system; the laser was
locked on transition frequency of transition F' = 2 — F’ = 2 through the SAS technique,
and the frequency stabilised laser beam was aligned to pass through an AOM operating at
128 MHz in double pass configuration that shifts the laser frequency by 256 MHz which is
red-detuned by 10.650 MHz from the resonance frequency of transition F' = 2 — F' = 3.
The beams are then split into two. One of them is used for confining the motion of atoms in
the vertical direction, whereas the second beam is used to confine the atoms in the horizontal
plane, as shown in Fig. 3.13. For optical repuming of the atoms which lost out of cooling
cycle transition, Toptica DL pro locked at FF =1 — F’ = 1 transition frequency, frequency
stabilised laser beam was aligned to pass through an AOM operating at 75 MHz in double
pass configuration which shifts the laser frequency which is red-detuned by 6.947 MHz from
the repuming transition ' = 1 — F’ = 2, the optical bench layout is shown Fig. 3.12.
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Figure 3.12: Optical bench layout. Schematic of arrangement of optical components in the
3D-MOT experimental setup

To generate the magnetic field, a pair of circular coils with diameters of 70 mm separated
by 116 mm are used, as illustrated in Fig. 3.14. To find the ideal current for MOT loading,
the coils were operated at three different currents: 4 A, 6 A, and 8 A, with corresponding
constant magnetic field gradients of 11.90 G/cm, 17.85 G/cm, and 23.80 G/cm, as shown in
Fig. 3.15.

For imaging MOT in the science chamber, a convex lens with a focal length of f is set
at a distance of 2f from the cloud of cold atoms, and a photodiode is mounted on the other
side of the lens at the same distance to record the fluorescence of the atoms in the MOT as

shown in Fig. 3.16. This setup is known as the 2f — 2f configuration.

52



S

3D-MOT
Horizontal Beam

Figure 3.13: Top view of 3D-MOT science chamber
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Figure 3.14: CAD model of magnetic coils used in 3D-MOT (a). Magnetic coils installed in
the experimental setup (b)
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Axial magnetic field plot
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Figure 3.15: Magnetic field profile generated by magnetic coils operating at 6 A. (a) Magnetic
field profile measured in the axial direction. (b) Magnetic field gradient profile in the axial
direction. (c) Magnetic field profile along radial directions. (d) Constant magnetic field
gradient for various values of current in the coils
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Figure 3.16: Schematics for Fluorescence imaging. A lens of focal length f is used to collect
the light coming from the cloud of cold atoms onto a photodiode.

3.4 Experimental Setup of EIT

EIT experiments were carried out on a cloud of cold atoms in the 3D-MOT setup. A Toptica
DL pro was used as the coupling laser to excite atoms from the 52P;/» [ = 3 state to higher
energy states, as shown in Fig. 3.17. The absorption of the probe laser (780nm) was reduced
when the coupling laser interacted with the MOT; to monitor this effect, the same imaging
approach used in 3D-MOT was used to image the MOT in the presence of the coupling laser
beam and when the coupling laser beam was turned off. The fluorescence of MOT due to

coupling laser was recorded on a photodiode.

The coupling laser was scanned over a frequency range of 10 MHz with a scan rate of
0.02 Hz for the Rydberg excited state spectroscopy. The cooling laser, repumping laser
and magnetic field were kept on during experiments. The experiments were performed for
three different Rydberg excited states, Fig. 3.18 shows the excitation scheme used in the
experiments. The signal generated by the spectroscopy was used to frequency stabilise the

coupling laser for the required transition.
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Figure 3.17: Top view of 3D-MOT science chamber and a coupling laser aligned to pass

through MOT centre.

Q Q Q
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Figure 3.18: Excitation scheme for EIT experiments. (a) 5°P3js <— 46S)/> in coupling
laser frequency stabilisation experiment. (b) 52P3/2 < 71Ds/, transition to observe the
reduction in fluorescence of the probe laser. (c) 5°Psjp <— 72Dsy transition used for
Rydberg spectroscopy of 72D3/, state
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Chapter I

Experimental Results and Discussions

4.1 MOT Characterization

It is important to characterise MOT loading as it helps to optimise the system by comparing
different MOT loading characteristic quantities such as MOT Loading Time, Number of
Atoms and Decay rates are used. In this section, we will explore various parameters that
impact MOT loading, and based on the results, we will determine which combination of

parameters is most appropriate for operating MOT at maximum efficiency.

The image of the MOT was obtained on a Photo-Diode (using 2f — 2f configuration),
which monitors the intensity of light falling on the sensor and produces a voltage correspond-
ing to the intensity of the cloud of cold atoms. This data can be utilised to investigate the

MOT Loading properties.

The number of atoms in a cloud is calculated using Eq. 4.1 [18].

P="""NRg (4.1)
m

where P is the optical power, {2 is the solid angle subtended by the lens, N is the number

of atoms in the cloud, and Rg is the scattering rate calculated from Eq. 2.5.
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The MOT Loading rate equation is:

dN N
ST h

/ n2(r, N)dr

(4.2)

where N is the number of atoms at time ¢, R denotes the loading rate, 1/7 denotes the

linear loss rate, and the last term denotes the loss of atoms from the MOT due to

light-assisted collision between the atoms in the MOT. The steady-state solution for

Eq. 4.2 is:

R

N=r73 ([ n2(r, N)dr) /N

(4.3)

A MOT Loading for multiple values of constant magnetic field gradient.

Figure 4.1: MOT loading curve for three different values of constant magnetic field gradient

Number of Atoms
.
|

— 11.90 G/cm (4A)
— 17.85 G/cm (6A)
—— 23.80 G/cm (8A)

Time (s)

I
6 8 10

I
12

Sr. No. | Magnetic Field Gradient (G/cm) | Number of Atoms | Loading Rate (s)
1 11.90 1.84 x 108 4.4
17.85 2.79 x 108 4.7
3 23.80 2.98 x 108 4.6

Table 4.1: MOT loading rate and Number of atoms in MOT calculated from Fig. 4.1
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Fig. 4.1 shows the MOT loading for three different constant magnetic field gradient values.
Ramping up the current in the coils from 4 A (11.90 G/cm) to 6 A (17.85 G/cm) increases
the optical power (number of atoms) significantly, this is because as shown in Fig. 2.12, the
Zeeman splitting is linear in the region with constant magnetic field gradient, for the given
Doppler shifted laser frequency, the resonance transition frequency is controlled by
changing the splitting of the Zeeman sublevel, and as the Doppler shifted laser frequency is
near resonance to the desired frequency the light-matter interaction is maximum. Hence
ramping up the current from 4 A to 6 A increases the number of atoms significantly, as at
6 A, the resonance frequency of the transition for a particular velocity class with maximum
number of atoms is close to the laser frequency increasing the light-matter interaction.
However, when the current in coils is increased from 6 A to 8 A (23.80 G/cm), the increase
was small as compared to the previous situation because at 6 A velocity class with the
maximum number of atoms where already on resonance, so ramping up current to 8 A

increased the width of the velocity class, hence, increasing the number of atoms further.

B MOT loading for multiple Rb vapour background pressure values.

4x10°
%)
e
ie)
<C
Y
o)
o)
Qo
&
S
prd —— 8.8e-10 Torr
—— 1.0e-9 Torr
0 — 2.5e-9 Torr
ﬂT | I | | | |
0 2 4 6 8 10 12
Time (s)

Figure 4.2: MOT loading curve for three different values of background pressure

Fig. 4.2 is MOT loading characteristics for three different background pressure of Rb
vapour. In Fig. 4.2, the saturation point for all three pressure values is almost the same.

However, the loading rate is different; the loading time is less for high background pressure
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Sr. No. | Pressure (Torr) | Number of Atoms | Loading Rate (s)
1 8.8 x 1071 2.79 x 108 4.8
2 1.0 x 107° 3.55 x 108 1.9
3 2.5 x 107 3.30 x 108 0.9

Table 4.2: MOT loading rate and Number of atoms in MOT calculated from Fig. 4.2

and high for low background pressure. To understand this behaviour, we have to look at
the rate equation of MOT loading, Eq. 4.2, R is the loading rate of the atom into MOT,
and N/7 term is the loss rate of atoms from the trap due to collisions of trapped atoms
with untrapped or thermal atoms. These terms are proportional to the pressure inside the
science chamber due to Rb vapour. The last term in the Eq. 4.2 represents the loss of
atoms from the trap due to collision between atoms inside the MOT,  in this term is the
loss rate which depends on the intensity and detuning of the Cooling Laser and Repumping
Laser, and n(r, N') represent the total atom density distribution in the MOT. In our case,
the number of atoms in the MOT N > 10° in the saturation, the contribution of the third
term in the Eq. 4.2 is less, thus at high pressure, the number of atoms in the MOT tend to
a maximum pressure-independent value NV;;,,, = R7. As a result, all three curves saturate
around the same point. However, when the number of atoms in MOT N < 10* third term

of the equation is significant. [1,10,15].

This is because this setup uses background loading to load atoms in MOT, and raising Rb

vapour pressure increases the number of thermal atoms in the velocity class that is trapped
in the MOT.

C MOT Loading for multiple values of Cooling Laser intensity.

Fig. 4.3 is loading for three different power (intensity) of the cooling laser. For this
experiment, the current in the magnetic coils was kept constant at 6 A, and the
background pressure was 9.7 X 107!° Torr. Fig. 4.3 shows increasing the intensity of the
cooling laser increases the number of atoms in the MOT; however, the increase in the
number of atoms is not linear with increasing intensity. This is because the force on the
atom in MOT given by Eq. 2.4 depends on the scattering rate given in Eq. 2.5, for large
values of I/Ig, the second term of the Eq. 2.5 tends to 1. As a result saturation point for

high-intensity trapping laser also saturates.
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Figure 4.3: MOT loading curve for three different values of cooling laser intensity

Sr. No. | Power (mW) | Number of Atoms | Loading Rate (s)
1 64.35 1.25 x 108 2.7
2 68.29 2.37 x 108 2.3
3 70 2.48 x 108 2.2

Table 4.3: MOT loading rate and Number of atoms in MOT calculated from Fig. 4.3

After analysing the data in Table 4.1, 4.2, and 4.3, optimal values for the 3D-MOT setup
was decided. The magnetic coils are operated at 6 A of current because the heat in the
magnetic coils was substantially high for currents above 6 A, and the increase in the
number of atoms in the MOT was significantly less at currents less than 6 A. The pressure
inside the 3D-MOT chamber is kept around 8.5 X 107! Torr, as operating at higher
pressure reduced the loading time significantly and the number of atoms in MOT where

high, but operating at high pressure limits the experimental abilities of the system.
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4.2 Fluorescence Images of Cloud of Cold Atoms.

Cloud Of
Cold Atoms

o .:‘\

Figure 4.4: Fluorescence image of cloud of cold atoms. Atoms trapped in 2D-MOT (a).
atoms trapped in 3D-MOT (b).

4.3 Electromagnetically Induced Transparency.

The EIT experiments reported in the thesis are ladder-type system, where the probe laser
is the cooling laser of the 3D-MOT, which excites atoms from

52512 (F =2) — 52P3)5 (F' = 3), these two states are |1) and |2) states of the system as
shown in Fig. 2.13, and n.S}/, and nDj/, shown in Fig 3.18 are the highly excited Rydberg
states represented by [3) in the Fig. 2.13.

4.3.1 EIT Signal. Reduction in Fluorescence of Probe Laser

Fig. 4.5 shows the reduction in fluorescence of probe laser exciting the atoms from

52519 (F =2) — 5*Py)5 (F' = 3) and a coupling laser operating at 625.11630 THz excites
the atoms from 5P;), (F' = 3) — T1D3/5 as shown in Fig. 3.18 [27]. Since this is a
ladder-type system, the pio from Eq. 2.50 has a non-zero value; hence reduction in the
fluorescence of probe laser will never be complete (100%). However, that is not the case

from the data recorded in Fig. 4.5; this is due to the sensitivity of the photodiode.
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Figure 4.5: First EIT signal. Reduction fluorescence of probe laser due to coupling laser
which excites atoms from 5Ps/, (F' = 3) — 71D5)5.

During this experiment, the coupling laser was scanned over a frequency range of 10 MHz
around the central frequency with a scan rate of 2 Hz. This spectroscopy of the 71D/,
state should give a Lorentzian distribution which is not present in the Fig. 4.5. This is
because a scan rate of 2 Hz is very fast for the spectroscopy of this energy level; in this
setting, the laser is scanning 10 Mhz in 0.5 s, and as a result, the resolution is not good
enough to perform the spectroscopy of the 7103/, state and MOT loading characteristic
dominate. With a slow scanning rate of 0.02 Hz and scan range of 10 MHz, a well-resolved

spectroscopy is recorded in Fig. 4.6.

4.3.2 Spectroscopy of highly excited (72Ds/,) state

Fig. 4.6 is the spectroscopy of 72Ds3/, state. For this experiment, fluorescence imaging of
the MOT was done using a photodiode. Coupling laser with central frequency

625.13597 THz, was used for transition 5P;s (F' = 3) — 72Ds, as shown in Fig 3.18 [27],
the laser was frequency scanning in 10 MHz range from the central frequency with a scan
rate of 0.02 Hz, data is then fit using Lorentzian Function (black line in plot) and
full-width half maxima (FWHM) for the fit is 3.52 MHz.
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Figure 4.6: Spectroscopy of 72D3/, state.

4.3.3 Frequency Stabilisation for 52P3/2(F’ = 3) — 4695, ), transition.

For frequency stabilisation of laser, atomic transition was used as a reference. The coupling
laser was used to perform the spectroscopy of 52Py /5 (F' = 3) — 465 2 transition shown in
Fig 3.18 and the signal was given in PID (proportional-integral-derivative) for side-of-fringe
locking. Fig. 4.7 shows the data (blue curve) given to PID for side-of-fringe locking

Signal Display

Figure 4.7: Screenshot of the signal (blue curve) given to PID for side-of-fringe locking
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Signal Display

-0.0005

-0.001

-0.0015

Figure 4.8: Output of the PID after locking (blue curve), and input signal from photodiode
after locking laser (red curve)

After side-of-fringe locking, the coupling laser was locked on 625.07542 THz

(479.61006 nm), which is the transition frequency for 5*Pyy (F" = 3) — 4651, shown in
Fig. 4.8 where the input of PID (red curve) is constant, and Fig. 4.9 show the date from the
wavemeter which measured the wavelength of the laser while it was locked to transition
frequency for 20 ms, then it was unlocked, and the laser started scanning around the

central wavelength (479.61006 nm).

479.61012 —
479.61010 —
479.61008 —

479.61006 —

479.61004 —

Wavelenght (nm)

479.61002 —

479.61000 —
T T T T T T 1
0 5 10 15 20 25 30 35410°
Time (ms)

Figure 4.9: Data from Wavemeter. The laser was locked at the 52P3/2 (F''=3) — 4651 /2
transition frequency for 20 ms, then it was unlocked and began scanning about the set centre

wavelength.
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Chapter

Summary and Outlook

5.1 Summary

The aim of this thesis is to develop compact 2D-MOT and 3D-MOT systems as a source of
cold atoms to be used in various applications such as portable Atom-interferometer based
gravimeters, Quantum Simulator and Quantum Information Processor. The work in the
thesis can be divided in three parts. Development of 2D-MOT setup, development of
3D-MOT setup and to perform experiment of Electromagnetically Induced Transparency
and Rydberg state of 8" Rb.

The experimental setup for 3D-MOT was studied in detail. Atoms in 3D-MOT are loaded
from the background vapour of 8 Rb, we loaded ~ 2.8 X 10% atoms in ~ 4.7 s, to achieve
this result 6 A of current was applied to magnetic coils field to generate the constant
magnetic field gradient of 17.85 G/cm, the total intensity in the MOT beams was 70 mW
and the pressure inside the 3D-MOT chamber was 8.5 X 1071° Torr. After, the loading of
and cooling of atoms in 3D-MOT, Electromagnetically Induced Transparency experiment
in the cloud of cold atoms was carried, where a ladder-type system was considered to
observe EIT in cloud of cold atoms followed by spectroscopy of 72Ds3,, Rydberg state.
These signal from spectroscopy of excited were then used to frequency stabilize the

coupling laser often called as Rydberg Laser in Quantum information processing.
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5.2 Future Outlook

The current 3D-MOT setup has a quartz glass cell as the main science chamber. This

chamber provides accessibility to perform various sophisticated experiments, the idea is to
transfer the cloud of cold atoms from the 3D-MOT chamber to this glass chamber using a
focused Gaussian beam dipole trap. Once transferred in this chamber cold atoms could be

used for various experiments such as:

e Neutral Atoms Array
Tightly focused Gaussian beam optical tweezers that produce trapping potentials are
used to load atoms from the MOT into specified lattice structures to perform various
Quantum simulation and Quantum information processing experiments. The current
setup’s architecture is ideal for such research, and experiments with Rydberg State
support the concept of developing the device into a portable Quantum Information
Processor (QIP).

e Quantum Gravimeters
Quantum Gravimeters are absolute precision measuring instruments that use
Atom-interferometry to measure g. Measurement of acceleration due to gravity g is
crucial for various scientific research areas, making accurate measurement of g an
essential necessity. By replacing the glass chamber with a longer glass chamber in the
direction of measurement, the present set might be converted into a portable

quantum gravimeter.
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