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Towards the trapping of single
potassium atoms in optical

tweezers
Prosenjit Majumder

This thesis presents the development of a toolbox for trapping39K atoms in
a magneto optical trap with the future vision of trapping a single atom in an
optical tweezer. Such technique promise with potential applications in the
�elds of quantum computation, quantum information, quantum simulation,
and precision measurement. In this work, we studied spectroscopic of two
di�erent transition of 39K then we trap 39K in a MOT, which is a small step
toward optically trap a single 39K atom in a tweezer.
In second chapter, we present a summary of the theoretical framework re-
lating to laser cooling and trapping. Also include detail description of the
energy level structure and challenges for cooling potassium.
In third chapter, we demonstrated a laser frequency stabilization technique.
We include theoretical understanding along with the experimental results.
We compare the D1 and D2 transitions of 4S ! 4P line of 39K by various
experimental parameters.
In fourth chapter, we present a history pre-cooling of alkali atoms is necessary.
We also explain our experimental apparatus require for the required for laser
cooling. Then we discuss the laser system used for the experiments along
with the alignment technique for laser beam and AOMs alignment to control
the frequencies. We also characterized and setup the tapered ampli�er to
increase the laser beam power.
And in chapter �ve, we present the optimization and characterization the
di�erent experimental parameters of the pyramid MOT to produce as much
as bright MOT as possible.
In chapter sixth, we present details of the theoretical framework required
to understand the absolute absorption of 4S ! 5P transition of 39K along
with the experimental results. For future extension, to study the precision
measurements to identify the Rydberg states of cold39K atoms. And in order
to cool down39K atoms beyond Doppler cooling limit, one can use degenerate
Raman sideband cooling via the 4S1=2 ! 5P1=2transition.
Finally, in last chapter, we discuss the immediate future experiment in order
to achieve a single atom in an optical tweezer. Therefore, after slowing down
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the atoms in pyramid chamber as we did for39K, one can trap39K atoms in a
3D-MOT in the science chamber, then using optical tweezers with a speci�c
wavelength, one can trap39K single atom in optical tweezers.
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Chapter 1

Introduction

Since the laser was developed 60 years ago, [1, 2], the area of atomic physics
has changed dramatically. The new sources of extremely monochromatic light
have advanced much more accurate spectroscopy of atoms and molecules.
Therefore, the capability of cooling and trapping atoms in the micro-Kelvin
temperature utilising lasers were developed. This work headed to the honour
of Nobel Prize in Physics to S. Chu, C. Cohen-Tannoudji and W. D. Phillips
1997 [3{5].

Building upon these key developments, we have observed considerable ad-
vancements in the domain of quantum simulation, where an arti�cial system
can be developed and studied to investigate tricky many-body real-world
puzzles. Over recent years, two neutral particle systems have emerged as en-
couraging and interesting platforms for quantum simulation: atoms excited
to Rydberg states and ultracold polar molecules. Here in this introductory
chapter, we review the necessary techniques to manipulate neutral atoms and
molecules for the quantum simulations. These include quantum gas micro-
scopes and arrays of optical tweezers. We also discuss the recent accomplish-
ments in the �eld of quantum many-body science using these platforms.

The approach of quantum simulation, i.e. the application of an arti�cial
quantum system to investigate another system, was �rst conceptualized by
Feynman and is now possible with the state of the art experiment [6]. More
generally, like chemists design new compounds with useful properties, physi-
cists may build arti�cial quantum materials that exhibit interesting prop-
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Chapter 1. Introduction 4

erties such as magnetism and superconductivity. The properties of such
materials may then be explored by varying the parameters of the quantum
simulator.

1.1 Optical tweezers

Before trapping a single atom in optical tweezers, it is essential to understand
the working principle of optical tweezers. In 1970 the optical scattering and
gradient forces observed by Arthur Ashkin [7] and awarded the Nobel Prize in
Physics for this development in 2018. Each photon of the laser beam carries
momentum � = h=� ( whereh is Planck’s constant and� is the wavelength),
and the momentum can be changed by reection or refraction. When light
moves between di�erent optical medium, due to di�erent refractive indices,
the photons changes the angle and velocity, which can be described using
Snell’s law,

n1 sin � 1 = n2 sin � 2; (1.1)

where n1 and n2 are the refractive indices of the two respective media and
� 1 and � 2 are the incidence and refraction angle respectively.

Therefore if a laser beam hits atoms due to reection and refraction, there
will be a momentum change of the light. Due to conservation of momentum
(Newton’s second law), there is a change in momentum on the atoms and an
optical force acting on the atoms, which can be described using the Fresnel
Equations.

When the atom in the center of a laser light (the laser reaches the atom
when it is perpendicular to the plane), the atom experiences a little reection
and no refraction, which indicate sin� 1 = sin � 2 = 0 even though refractive
indices are di�erent. If the atom moved slightly to one side, the laser beam
is no longer perpendicular to the atom; hence, refraction occurs along with
some reection. Therefore, the refraction will cause the beam to change its
direction, due to Snell’s law as the refractive index of the atomic medium is
higher than the air, this changes the velocity (hence the momentum �p = m�v,
m is the mass of the atom andv is the velocity of the atoms within laser
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Figure 1.1: Picturization of an optical trapping force with a constant ktrap . The trap’s
restoring force (Ftrap ) acting on a trapped atom, which follows Hookes’ law and the force
also depend on the distance between the atom and the trap centre (�x).

beam) of the laser beam. Therefore, the force experienced by the atom is

F ( �F =
d�p
dt

= m
d�v
dt

= m�a). Therefore, if the photon in the laser beam
experience a force, there must be a force acting on the atom according to
Newton’s third law. As a results, a reaction force pushes the atom back to its
original equilibrium position so that the momentum is conserved as presented
�g.1.1 This force acts like a restoring spring force, which is as follows,

Ftrap = � � trap �� x; (1.2)

where � is the optical trap sti�ness, and � x is the displacement of the atom
with respect to the trap center. It is negative because it is a restoring force
acting in the opposite direction to the trapped atom’s motion, i.e. away from
the trap center.

The single atom can be loaded in optical tweezers, the atom loading in an
optical trap depends on the collisional blockade regime (which is going to
be present with great details), generated by intense, inelastic, light-assisted
collisions among the pair of atoms in the optical trap, which was �rst created
by [8]. Recently, huge progress made in the �eld of manipulation of single-
atom trapping using optical tweezers. A spatial light modulator (SLM) to
create a comprehensive, two-dimensional (2D) pattern of optical tweezers
and trap many single atoms at once with 50-60% probability directly from a
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magneto-optical trap (MOT) [9, 10]. Then the trap atoms can be rearranged
by a collection of walking optical tweezers controlled by a set of crossed
acousto-optical deectors (AODs) to random points in 2D. Recently, Prof.
Mikhail D. Lukin group at Harvard University trapped 256 programmable
single atoms by optical tweezers [10, 11]. Here we concentrate on the con-
struction of the optical system needed to trap individual potassium atoms
in an optical tweezers. In the longer term, this will feed into two research
directions - Rydberg excitation and the creation of KCs molecules.

1.2 General properties of Rydberg atoms

To make atoms not more interacting at a distance larger than a micrometre,
they need to be excited to its Rydberg states. And this is the states with
the large principal quantum number (n). The Rydberg atoms feature two
important properties, (i ) the Rydberg atoms lifetime increase if the principal
quantum number rises, typically scaling as� n3, which is much larger than
the actual transitions, i.e. � 100� s limit for n � 50. And (ii ) Rydberg atoms
possess large dipole moments in between two consecutive principal quantum
states with opposite parity. This leads to a considerable interaction strength
V , for example forn = 50 at 5 � m separation, the interaction strength is like
V=h � 1 MHz ( h is Planck constant) [11].

The nanoscale condensed material with spin 1/2 particles magnetic struc-
ture is simulated with neutral Rydberg alkali atoms, which is con�ned in
holographic 2D arrangements of microtraps with arbitrary geometries [12].
However, few atoms can be excited to its Rydberg states of high principal
quantum numbern � 50 in an ensemble of atomic cloud, where inter-atomic
separationR of few micrometres. Classically in Rydberg atom behave like
an electric dipole (d) due to separation between nucleus and electrons. And
dipole-dipole interaction (Hdd � d1:d2=4�� 0R3) between to Rydberg atoms
enhance quite strongly compared to neutral atoms in their ground state,
which can be utilized a qubit for quantum computing [13] or can be used in
spin Hamiltonian [11, 14, 15].
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1.2.1 Quantum simulation

In real materials, it is very hard to understand the correlation between the
electronic spin. Therefore the quantum simulation approach is a promising
platform help us to engineer and design an arti�cial condensed matter sys-
tem, which is e�ectively isolated from the thermal environment and easy to
access local observable remotely. In recent past few cold atom laboratories
studies the spin model - like many-body localization phenomena [16], quan-
tum thermalization [17], propagation of correlations in quantum systems [18],
topological quantum matter with ultracold gases [19] and two-dimensional
neutral atom qubit array [20, 21].

Figure 1.2: Representation of Rydberg blockade e�ect. (a) Two atoms with decreasing
inter-atomic distance R, due to van der Waals interaction (V) between states, the doubly-
excited state jrr i is shifted. Two atoms cannot be excited simultaneously; the atoms
behave independently from each other, when laser driving strength 
 betweenjgi $ j r i
transition weaker then interaction shift. While the distances smaller than the blockade
radius Rb, the excitation of Rydberg states jrr i is no longer resonant and produced a

entangle state, jggi $
1

p
2

(jrg i + jgr i ) and the transition is driven by Rabi coupling
p

2
.

(b) Blockade sphere in an ensemble of atoms, for isotropic interactions.

The quantum gates can be realized using two strongly coupled interact-
ing Rydberg atoms through the Rydberg blockade e�ect, and the idea �rst
proposed by [22, 23]. Two atoms can be transported from their electronic
ground-state jgi to a higher Rydberg level jr i with a speci�c Rabi fre-
quency 
, due to dipole-dipole interaction the Rydberg statesjrr i also shifted
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(V = C6=R6), which is known as van der Waals shift. Hence the Rydberg
blockade regime can be de�ned as~
 � V . And the doubly-excited state
jrr i is adequately moved apart from the resonance to prevent the simultane-
ous excitation of the pair of atoms by resonant laser, as presented in �gure
1.2. Therefore, the ground-statejggi is only linked to the entangled state,
i.e. 1p

2(jgri + jrgi ), the entangled states achieved by the individual Rydberg
excitation symmetrically delocalized on the pair of atoms, including an in-
creased coupling

p
2
. Those behaviors are seen with pair of atoms [24, 25],

then soon generation of entangled states and quantum gate observed by [26].
The blockade regime can be realized with many atoms experimentally in op-
tical tweezers [27], and in the optical lattice [28].The Rydberg atom problem
can be mapped into a quantum Ising spin pattern by investing the coherent
laser �eld run as an external B-�eld serving on the statesjgi , jr i and the van
der Waals shift as an Ising coupling [29].

The dipole-dipole interaction also allows implementations and realiza-
tion of XY- Hamiltonian: while the spin-1/2 particle in pair of dipole-coupled
Rydberg levels (which are" and #) induced by microwave and the dipole-
dipole communication is resonant and assumes the formation of an XY (‘ip-
op’) coupling J (� x

1 � x
2 + � y

1 � y
2). Although it appears to be only a tiny expan-

sion of the Ising coupling, it leads to entirely various features because Pauli
matrices � x;y;z do not commute. If we consider a pair of atoms, which directs
to a spin-exchange oscillation among the pair degenerate statesj "#i and
j #"i , hybridized by the dipole-dipole coupling, which can further be viewed
as a spin-excitation bouncing from one Rydberg atom to di�erent atom, as
witnessed by [30] with three Rydberg atoms.

One of the long term goals of this work is to develop a tool of quantum
simulation with the 39K Rydberg atoms, as done by [31].

1.3 Why Cold Molecules?

An individual atom has a small magnetic dipole moment, and also excited
states have a short lifetime, which is a disadvantage of an atomic system.
However, polar molecules allow an interesting middle path in between, be-
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cause the electric dipole moments are higher than the comparable magnetic
moments possible in atoms, and also o�er chemically steady species, which
indicate the promising long lifetimes. As a consequence, many real-life appli-
cations as ultracold chemistry [32], many-body physics [33], precision mea-
surement [34], and quantum simulation [35] become possible using ultracold
polar molecules platform. Also, arrangement of ultracold molecules present
a promising unique platform for quantum computation, and quantum infor-
mation [36], quantum memory [37].

In this thesis, we also have a scope to develop a tool for trapping39K atoms
in an optical trap with the future vision of creating a single ultracold polar
39K133Cs molecule in an optical tweezer.

1.4 Molecules cooling mechanism

Fortunately, direct atom cooling is an easy technique used, but it is very
hard to cool down molecules directly. Laser cooling is particularly relevant
to a tiny number of atomic species where a closed atomic transition among
pairs of states exists, like alkali atoms. But molecules usually have a highly
complicated energy level than atoms, which include rotational and vibra-
tional levels. Hence, it is tricky to get good transitions for cooling and
repump. Still, laser cooling of particular molecules has become feasible by
choosing transitions with convenient Franck-Condon factors, where simply a
tiny number of states are populated subsequent multiple scattering methods,
and considerable improvement has been performed in this area in the last
several years [38, 39].

Direct cooling of molecules as we discuss, the straightforward cooling of
molecules is very di�cult. The molecules are often cooled with a sequence
of di�erent procedures for producing steam of molecular beam, slowing, and
cooling is employed. In the beginning, an origin of molecules can be generated
in a thermal beam; by applying various and testi�ed slowing techniques, one
can decrease their original velocity and enable restriction of the molecules in
a trap. Bu�er gas-cooled sources can be placed straight into a static magnetic
trap and produce the molecule by sympathetically cooling via collisions with
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a cold atomic gas [40]. Sisyphus cooling, a procedure well recognised for
atoms, has also been employed to trapped and cool molecules[41]. Multiple
methods have also been advanced to slowdown a beam of molecules to a
velocity where they can be placed into a trap, like shifting electric [42] or
magnetic [43] �elds, or a changing optical potential [44] can be utilised to
eliminate kinetic energy from the molecules. Still, the procedures have the
bene�t of being commonly applicable; the temperatures attained with these
methods are in a range within a few mK to K.

Until now, the numerous spectacular advancement has been seen in the trap-
ping of molecules directly in SrF [45], CaF [46, 47] and YO [48] system. The
highly diagonal Franck-Condon factors play an essential purpose in cooling
down the molecules directly. In this process, several extra photons scattering
on the MOT cooling transition before decaying into a di�erent state. Those
decay can be controlled by an array of repump lasers related to the branching
ratios particular to the molecule. After the molecules are restrained in an
MOT, then molecules can be cooled into the ultra-cold temperature applying
blue detuned molasses [49]. Even trapping CaF molecules in tweezers [39].

Indirect cooling of molecules is a remarkably thriving strategy to create
ultracold molecules in high phase-space density for di�erent species. In the
indirect technique, the ultracold molecules can be created by cooling indi-
vidual atoms separately and then associating them to form molecules. Due
to high phase-space density atomic mixture sample, the produced molecules
also in the high phase-space density, as there is no heating due to the as-
sociation method. In recent past, by applying magneto-association across a
Feshbach resonance [32] ultracold molecules were created in high-lying vi-
brational levels close to threshold energy. Because of the coherent nature of
magneto-association, molecules in an optical lattice can be regulated associ-
ation and dissociation with signi�cantly higher e�ciency [50]. Subsequently,
the weakly-bound molecules later are shifted to the rovibrational ground state
of a molecular potential employing STIRAP, with e�ciencies surpassing 90%
[51{55] in single-pass. Therefore, the sequence of magneto-association and
the STIRAP is a remarkably successful and e�ective technique for producing
ground-state molecules.

Alternatively using the photo-association [56] technique one can create ultra-
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cold molecules in high-lying vibrational levels close to the threshold energy.
During this optical association method, associated atoms absorbed a reso-
nant photon and then excited to a bound molecular state. One can produce
ground state molecules by careful choice of photo-association transition. This
method has already been applied to create molecules in their rovibrational
ground state like Cs2 and LiCs system as presented in the following work
[57, 58].

1.5 Why KCs Molecules?

The critical feature of diatomic molecules that we intend to utilize is holding
a noble permanent electric dipole moment. This characteristic is only ob-
tainable in ultracold heteronuclear molecules produced in the rovibrational
ground state. Those molecules create an electric dipole moment in their spin-
singlet electronic ground state. In the spin-singletS = 0 and so there is no
spin to have a direction in the ground state that involves no magnetic dipole
moment raised from electronic spin.

In order to produce any molecules, it is necessary to identify either an experi-
mentally accessible broad interspecies Feshbach resonance or e�ective optical
coupling to the molecular states. Therefore, the original prophecy of posi-
tions of interspecies Feshbach resonance is signi�cantly essential. However,
consistent calculations can be performed utilising the molecular potentials
achieved from the spectroscopic spectrum, like for39K133Cs molecules the
inter-species Feshbach resonance can be found in [59, 60].

Other achievable polar molecules that signify the importance and investi-
gated in the lab like RbCs [51{54, 61] and KRb [62]. Ultracold KCs molecules
are fascinating to investigate due to the three most signi�cant fundamen-
tal features: (i ) KCs molecules can be displayed as bosonic and fermionic
molecules because, in the natural abundance of potassium, three steady
potassium isotopes exist in the environment: pair of bosonic39K (93.258
%); 41K (6.730 %); and individual fermionic isotope40K (0.012%) [63]. (ii )
both possess a permanent electric dipole moment of 1.92 Debye, which is
relatively higher when compared to other stable molecules. And at last, (iii )
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both atoms are steady on reactive collisions, driving to fewer trap lacks. In
addition, the chemical reaction 2KCs! K2 + Cs2 cannot obtain while there
is collision among a couple of KCs molecules.

1.6 Thesis Overview

In this thesis, we focus on the ground work for spectroscopy for two di�erent
transitions of 39K and construction of the tools and techniques needed for
cooling and trapping of 39K isotope, with the future vision of trapping an
array of single Rydberg39K atom for quantum simulations and in extension
a single ultracold polar39K133Cs molecule in an optical tweezer. This thesis
is structured in the subsequent chapters:

In chapter 2, we present a summary of the theoretical framework relating
to laser cooling and trapping, to understand the outcomes exhibited in this
thesis. Also include detail description of the energy level structure and chal-
lenges for cooling potassium.

In chapter 3, we demonstrated a laser frequency stabilization technique i.e
modulation transfer spectroscopy. We include theoretical understanding
along with the experimental results. We compare the D1 and D2 transi-
tions of 4S ! 4P line of 39K by discussing pump and probe, temperature,
beam intensities and polarization dependency.

In chapter 4, we present a history pre-cooling of alkali atoms is necessary.
We also explain our experimental apparatus require for the required for laser
cooling. Here we select the optical frequencies in order to trap39K in a
pyramid MOT chamber. Then we discuss the laser system used for the
experiments along with the alignment technique for laser beam and AOMs
alignment to control the frequencies. We also characterized and setup the
tapered ampli�er to increase the laser beam power. And at the end, we
present the assembly and characterization of magnetic coils and describe our
detection technique.

In chapter 5, we present the optimization and characterization of the pyramid
MOT. For characterization, �rst, we varied polarization angle of pyramid
MOT beam (cooling + repump beam) and produced a MOT within the
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chamber, then optimized the MOT beam intensities (cooling and repump
beam) and pyramid chamber temperature. After that we optimize the shim
coils in three di�erent directions as a function of quadrupole �eld gradient
and at the end we optimize cooling and repump detuning and produce as
much as bright MOT as possible.

In chapter 6, we present details of the theoretical framework required to
understand the absolute absorption of 4S ! 5P transition of 39K along
with the experimental results. For future extension, to study the precision
measurements to identify the Rydberg states of cold39K atoms using 405
nm optical transition, as presented in [64] with thermal39K atoms. And in
order to cool down 39K atoms beyond Doppler cooling limit, one can use
degenerate Raman sideband cooling via the 4S1=2 ! 5P1=2transition [65].

In chapter 7, we discuss the immediate future experiment in order to achieve
a single atom in an optical tweezer. Therefore, after slowing down the atoms
in pyramid chamber as we did for39K, one can trap 39K atoms in a 3D-
MOT in the science chamber, then using optical tweezers with a speci�c
wavelength, one can trap39K single atom in optical tweezers.

In this thesis, we covered a comprehensive spectrum of topics in atomic and
molecular physics. But a detailed discussion of the speci�c individual subject
proposed is exceeding the range of a particular PhD thesis. Consequently,
a review of the critical background theory is given through the respective
chapter’s relevant details. In chapter 3, the theoretical Dr Heung-Ryoul Noh
and the �nal polarization data obtained in the lab by Andrew Innes. And
at last, the study done by the curious scholar is guided through suitable
references for related articles and comprehensive review papers.



Chapter 2

Laser cooling and trapping
principles

The methods utilized in laser cooling, trapping, Bose� Einstein condensation
Rydberg physics or in ultracold molecule experiments are thoroughly docu-
mented and broadly obtainable in the literature. More precisely, Rydberg
excitation and molecules experiments require ultracold ensembles of atoms
as a starting point. Here in this chapter, we report the basic theory of laser
cooling and pay appropriate consideration to the challenges of cooling potas-
sium atoms. We will exclusively discuss the theoretical aspect, leaving the
reader to gather additional details from the respective references.

2.1 Atom-Light Interaction

In 1980’s remarkable work done by H�ansch [66], Schawlow [67], Wineland and
Itano [68]. The mechanism to cool down the atoms cloud using atom� light
interactions can be explained semi-classically if we assume an atom as a
two-level quantum arrangement, which interacts by a coherent classical �eld.
The basic concept presented in �gure 2.1. After absorbing the atoms’ photon
energy, the atom jumps from the ground state into a speci�c higher excited
state due to energy conservation. The atomic velocity also changes due to the
conservation of the system’s momentum by one recoil speed in the laser beam
propagation direction. Therefore, atom’s recoil momentum due to photon’s

14
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momentum can be written as,p = ~k, where~ is Planck constant andk(=
2�=� ) photon’s momentum wave number. The corresponding recoil velocity
of the atom written as, vrec = h=�M , where � is the laser’s wavelength, and
the atomic mass isM . Therefore, the momentum energy change produces a
push on the atoms in the laser beam’s direction.

Figure 2.1: The mechanism shows that the decelerate of atoms can possible with radiation
pressure. After absorbing a photon, the atom jumps to an excited state from its ground
state presented in (1). Due to conserve this system’s absolute momentum, each atom
recoils in that same incoming photon’s direction, as shown in (2). Due to the excited
state’s short lifetime, spontaneously emitting the photons in all direction while the atom
spontaneously decays to its ground state as presented in (3), after the atom returning the
ground state, the sequence starts again, as shown in (4). Therefore spontaneously emitted
photons momentum kicks average overall direction is zero; this cyclic process momentum
transfer eventually slowed down the atom. This �gure is adapted from [69].

The excited states’ lifetime limited because of that, the excited atom can
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�nally collapse to its original state spontaneously. In this process, a photon
with atomic recoil energy is released in a stochastic direction. In this way,
over numerous absorptions and emission sequences, no resultant force acts on
the atoms from the emission; only the directional force from absorption by
the atoms remains. Considering the laser light propagating with wave vector
~k with frequency ! , and detuned� = ! � ! 0, from the resonance, exclusively
motionless atoms feel this identical detuning from each laser light. From the
moving atoms, the Doppler e�ect drives the modi�cation of laser frequency
as follows,

!
0
= ! � ~k:~v = ! 0 + � � ~k:~v: (2.1)

With red detuned, i.e., the laser beams with negative detuning, the atoms will
preferably absorb photons from the counter� propagate beam with respect
to the atom’s motion.

The excited state population can be determined by working on the particular
two-level system and by solving steady-state optical Bloch equations, which
is as follows,

� excited =

 2=4

� 2 + 
 2=2 + � 2=4
; (2.2)

where 
 and � is decay rate and the Rabi frequency. It’s been noted that
the intensity of the laser �eld I , which can be related to Rabi frequency of
the laser as follows,

I =
2
 2I sat

� 2 ; (2.3)

while I sat de�ne as the saturation intensity, and R = � � excited is the pho-
ton scattering rate. After coupling, the scattering rate and the momentum
change because of photon absorption. Therefore that scattering force can be
formulated as follows,

~F =
~~k�

2
I=I sat

1 + I=I sat + 4 � 2=� 2 : (2.4)
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We contemplate a couple of counter� propagating laser lights along a speci�c
beam axis, this is the changing in detuning due to the Doppler shift for a
moving atom by � kv velocity. Therefore, atoms experience a net force on
them, which is as follows,

~F� = ~F (� � kv) � ~F (� + kv):

~F� =
~~k�

2

h I=I sat

1 + 2 I
I sat

+ 4( � � kv
� )2

�
I=I sat

1 + 2 I
I sat

+ 4( � + kv
� )2

i
: (2.5)

In this equation, 2I=I sat term is the denominator values results from two
beams with intensity I . In this regime, the Doppler shift is much less than
linewidth. Therefore equation 2.5 can be approximated as follows,

~F� �
8~k2�

�
I=I sath

1 + 2I=I sat + 4( �= �) 2
i 2 v = � �v: (2.6)

where the Doppler coe�cient represents as� , the frictional force F� is in
the opposite direction to the motion of the atom, while the laser beam is red
detuned from resonance. Figure 2.2 presents the resultant force experience
by the atoms due to a set of counter� propagating laser light on a ying
atom.

The earlier mentions equation implies the atoms that are not moving will
continue at rest due to no resultant force working on the atoms, but in
reality, atoms moving with speedv ; thus, the Doppler e�ect has been seen
and need to take into account. Hence atoms with various velocities seeing
modi�ed laser beam frequencies lead to non� zero radiation pressure force
exercising.
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Figure 2.2: The scattering force vs atomic velocity plotted in one dimension (1D). The
black curve displays the resultant force excited on the ying atom with the velocity v
provided by detuned (i.e. � = � � =2 ) individual pair counter � propagating beams in
the plot signi�ed for I=I sat << 1. The plot’s red and blue trajectories represent forces
acting on the atoms due to the speci�c laser light. While the atom becomes a negative
velocity, the optical force acts repulsive and conversely for opposite velocity. And the force
is frictional against the atomic motions.

2.1.1 The Doppler cooling

A one dimensional optical molasses presented in equation 2.6 can be gener-
alised in three dimension (3D) by incorporating the situation produced by
three pairs of beams, and the damping coe�cient in the denominator, to
become,

� 3D = �
8~k2�

�
I=I sat

f 1 + 2:3I=I sat + 4( �= �) 2g2 : (2.7)

The above equation is only can be seen as an approximation. As indicated
by [70], there is a certain probability of photon absorption from one beam
followed by a spontaneous emission through a di�erent beam.
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Due to the arbitrary character of spontaneous emission, the damping force
contributes to the cooling rate of � �v 2. The heating also occurs where
individual momentum punch of ~k is a component regarding a stochastic
tour in momentum space. Therefore, the mean square momentum increases
by ~2k2 in every level [71, 72]. Consequently the mean square momentum
variation with respect to time is presented by,

dhp2i
dt

= 2~2k2R = 2Dp; (2.8)

where Dp de�ned as the momentum di�usion coe�cient. There is heating
associated with the momentum di�usion at the rate of~2k2R=m = Dp=m,
in N dimensions the scattering rate can be de�ne as follows,

R =
�
2

2NI=I sat

(1 + 2NI=I sat + 4 � 2=� 2)
: (2.9)

In stable thermal equilibrium, the cooling and heating rates are equal. There-
fore, it’s no harm to apply the equilibrium theorem [71] to determine the
thermal energy of the atomic gas as follows,

kB T =
Dp

3� 3D
=

~� 2
P

8j� j

�
1 + 4

� 2

� 2
P

�
; (2.10)

where � P = �
p

1 + 6I=I sat is de�ne as power broadened linewidth in 3D,
kB is Bolztmann’s constant, andT is the temperature of the atomic cloud.
The minimum temperature for a given laser the intensity can be written as
Tm = ~� P =2kB , where � = � � P =2 is the detuning. One can achieve the
lowest temperature using the Doppler cooling mechanism, which is called
Doppler temperature [5, 73, 74] as follows, where theI=I sat � 1

TD =
~�
2kB

: (2.11)

For 39K and 133Cs the Doppler limits are 145 [75] and 126� K [76] respectively.
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2.1.2 Sub-Doppler cooling

In order to produce ultracold and quantum gases, the sub� Doppler laser
cooling is a crucial technique for neutral atoms [4]. To increase the Doppler
limited phase space density of MOT/ cloud, which motivates us to apply
other cooling schemes like optical molasses [77], most notably via the mech-
anism known as Sisyphus cooling [78{80]. The fundamental law is that a
pair of individual frequency counter-propagating red detuned laser light with
circular polarization causes a spatially changing energy shift in the atoms.
Atoms in various Zeeman sublevels encounter multiple shifts in energy levels
so that the resultant optical pumping of atoms from higher potential energy
sub-levels into lowest energy sub-levels [81]. Therefore, the optically pumped
atoms propagate from the area wherever its potential energy is lowest, the
possible energy transfer to kinetic energy and the possibility of absorbing a
photon gains.

In details, Fig. 2.3 shown the mechanism in a simple system consisting of
one ground stateJ = 1=2 and oneJ 0 = 3=2 excited state. The counter-
propagating interfering beams create periodic polarization gradients, which
cause a spatially periodic change in the magnetic sub-level of the atoms. The
atoms experience the periodic potential in such a way that it’s the maximum
for one level and the minimum for another level. After that, an optical pump-
ing back and forth between the sub-levels, the atoms at the potential peak
absorbed a circularly polarized beam (photon) and spontaneously decayed
back to a lower-lying atomic sub-level after releasing high energy photons.
Then the atom at the lower sub-level continuously moves towards the next
potential maxima, then again transferred back to the original position by
releasing a higher energy photon. This mechanism process occurs until the
atom reaches the potential minimum.
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Figure 2.3: Schematic diagram of Sisyphus cooling mechanism. Fromx = 0 the atom
in the M J = +1 =2 state started moving along its potential curve til it arrive x = �= 4
(with � � polarization) and atom is excited to jJ

0
= 3=2; M J = � 1=2i state by absorbing

photon and then simultaneously decays back to thejJ = 1=2; M J = � 1=2i state via
spontaneous emitted higher energy photon and atom �nally in minimum potential within
the M J = � 1=2 state. Then the atom again claim up the energy hill until it gets pumped
reverse into M J = 1=2 at x = �= 2 (while � � polarization) by absorbing photon.

The sub� Doppler cooling mechanism is e�ective, particularly if natural
linewidth � is less than the hyper�ne splitting � of excited states, like in
the case of Cs, Na and Rb, for � � �, heating e�ect or photon reabsorption
[82] occurs. Unfortunately, the bosonic potassium isotopes fall into this class
[83]. Landini et al: [75] adapt their sub-Doppler cooling to account for this.

Therefore the sub-Doppler cooling mechanism, Zeeman sublevels need to
take into consideration theoretically [78], which leads to a signi�cantly larger
force for small atomic velocities, directing into temperatures signi�cantly
below than then Doppler limit approaching the recoil limit,
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Tr =
(~k)2

2kB m
; (2.12)

where the angular wave numberk = 2 �=� of the absorbed laser beam. For
example39K and 133Cs the recoil limits are 418 nK [63] and 180 nK [84] re-
spectively. The most profound observation is the sub� Doppler temperatures
are dependent on laser detuning� .

2.2 Optical frequencies

The basic theory of laser cooling is conceptualized for a two-level system,
but in real atoms always hold a more complex multi-level electronic level
structure, the single valence electron of the alkali metals makes life relatively
simpler, which making this family especially useful cooling targets. A closed
atomic transition is required to laser cool and trap atoms in an optical trap
continuously. Due to complexity of the atomic structure the cooling decay
into another state that do not interact with the laser light anymore. Such
’dark’states no longer cool down the atoms and atoms lost for ever. The
key features of laser cooling is therefore to �nd the transition with minimum
leakage to dark states or to drive back into the cooling cycle using a repump
beam. For example, cooling and trapping39K atoms in a optical trap, the
(D2: S1=2 ! P3=2) lines are commonly used by 767 nm wavelength laser
system. In this scheme the cooling occur on theF = 2 ! F = 3 transition,
for which electric dipole selection rules forbid any transitions except decay
back to the F = 2 ground state. However, sometime atoms also can o�
resonantly excite on theF = 2 ! F = 2 transition then decay back to
the dark F = 1 hyper�ne ground state, in that case repumping light need
to be employed. Figure 2.4 highlights the relevant hyper�ne structure and
optical transitions used for our experiment. To successfully cooling down
atoms needs the perfect laser frequencies to be regulated to< 1 MHz, which
is much less than the cooling and repumping lines natural linewidth.
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Figure 2.4: Hyper�ne structure of D 2 lines in 39K isotope (frequencies are not to scale) in
their ground and �rst electronic excited states. The arrows designate the laser transitions
utilised in the experiment for cooling, repump and spectroscopy.

These transitions occur at 389.28 THz for 39K also the laser frequency need
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be constant to � 10� 8. Therefore, this higher-order stability demands the
laser’s e�ective frequency stabilization utilizing a nice error signal to serve as
a frequency reference; we used another spectroscopic beam on theF = 2 !
F = 3 transition.

To understand the important of the decay process to the dark states need to
examine the number of photon scattering occur before o�-resonant loss to the
dark state with respect to how many scattering events required for cooling.
The frequency di�erence among theF = 2 ! F = 2 and F = 2 ! F = 3 is
� = 21 :1MHz which is slimier as the detuningj� j � 2 � 4� � 12 � 24 MHz
for cooling beam, now using the equation 2.9 give us the relative scattering
rate as,

Rcooling
scatter

Rof f � res
scatter

=
1 + 4((� + � )=�) 2 + I=I sat

1 + 4( �= �) 2 + I=I sat
(2.13)

The relative scattering rate is plotted in �g. 2.5 as function of intensity for
di�erent detuning.

Figure 2.5: The relative scattering rate as a function of normalized intensity (I=I sat ) for
four di�erent detuning ( � ).



Chapter 2. Working principles of laser cooling and trapping 25

A typical K-MOT operates with � = 2 � 3�, the scattering rate associated
with those detuning is approximately 30 - 90. A typical39K atoms with
capture velocity vc � 50m/s has momentumMvc absorbs~kL momentum
per photon, therefore it requires approximatelyMvc=~kL � 4 � 104 number
of photon to be absorbed in order to fully slowed down. Therefore, the
majority of the atoms would fall out of the cooling cycle before slow down,
which reduced the capture rate and atoms number in the MOT.

Figure 2.6: The schematic diagram for operating areas for Doppler and sub� Doppler
cooling of bosonic potassium atoms. (a) The excited state of the energy level structure,
the � and � are de�ned as total hyper�ne splitting and cooling detuning, and � g denotes
as ground state splitting. In (b), estimated cooling forces in the di�erent regime of the
hyper�ne energy level as a function of the atomic velocity. This picture is adapted from
[75].

In the labs, experiments are usually performed at a much higher atomic den-
sity with su�ciently large detunings � � �, this condition occurs to maintain
the scattering rate of the photons with the particular atoms is minimum in
a way that the cooling process does not disturb by the spontaneously emit-
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ted photons [82]. To cool down the atomic cloud requires red detuned laser
beams from one of the hyper�ne transition. The frictional forces are depen-
dent upon the detunings for the Doppler and sub� Doppler cooling. It has
been found in [75] that the sub� Doppler cooling is uniquely e�ective in do-
mains of type I and II. Furthermore, the Doppler cooling is e�ective in the
areas of type I and IV, as shown in �gure 2.6.

Therefore, the above discussion indicates that the bosonic potassium sub� Doppler
cooling mechanism works extremely near the resonance. Also, the heating
from photon re-absorption may be more signi�cant in this region. In the case
of � � �, the velocity capture area is shallow.

2.3 The magneto-optical trap (MOT)

In the previously discussed cooling technique, cold atoms accumulate in the
interaction region of the beams; without any con�nement of the area, atoms
are di�used within seconds. While new atoms entering the region will be
cooled, therefore the density of cold atoms in the intersection region remain
higher but without any con�nement, severely limits the density that can be
achieved. Thus, both cooling and trapping atoms require a spatial depen-
dence radiation pressure force, which can be accomplished by adding a weak
magnetic �eld to cause Zeeman splitting the multilevel atomic transition.
The frictional force is spatially working on the atoms to con�ned atoms on
the trap’s centre. Therefore, introducing a quadrupole �eld outside of the
MOT chamber can create a zero �eld on the chamber’s centre. Further-
more, a Zeeman energy shift also introduced with the atom’s energy levels
by the quadrupole magnetic �eld. The �eld easily can be created by using
two copper coil in the anti� Helmhotz con�guration, which generates a linear
magnetic �eld gradient.

2.3.1 Zeeman Interaction

The weak magnetic �eld generated by the quadrupole coils used to split the
atomic energy via the Zeeman e�ect,EZ = � F B , where � F = gF � B mF and
the gF arise from the projection ofJ onto F , which for J = 1=2 is simply
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given by, gF � = � 1
2I +1 gJ creates an imbalance in the radiation force from

counter propagating laser light that is dependent on position. The counter-
propagating laser light must have opposite-handed circular polarizations so
that they interact with di�erent atomic transitions in such a way that an
increase in magnetic �eld strength takes one beam closer to resonance and
the other one further away. A one dimensional example shown in �gure 2.9.
Replacing� in equation 2.6 and now we get� � (kv+ �z ) = ! � ! 0 � (kv+ �z ),
where� ~z = ( g0m0 � gm)� B B 0z is the energy shift of a transition resonance,
directly leads to [85],

FMOT w � �v �
��
k

z; (2.14)

valid only for �z . �. This formula can be extended to the three dimensions
with careful selection of beam polarizations as in �gure 2.10. Therefore,
magneto-optical trapping is a very robust technique to capture and trap
alkali atoms like potassium, caesium, rubidium, etc.

Figure 2.7: The Zeeman e�ect for aJ = 0 �! J = 1 transition: (a) presenting three
magnetic sub-levels of the excited state, which is degenerate in absence of B-�eld; (b) the
degeneracy lifted by applying non-zero magnetic �eld.

In �gure 2.7 present one example of a transition from aJ = 0 ground state to
a J = 1 excited state. In the excited state includes three-fold degeneracy of
its magnetic sublevels i.e.mJ = � 1; 0; +1, which can be lifted by applying a
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magnetic �eld. Due to conservation of angular momentum i.e. selection rules,
the transitions from the ground state to excited state �mJ = mJ � mJ only
possible by photons with particular spin projections, for example �mJ = +1
only possible with a photon with a spin projection onward the quantization
axis (represented by the magnetic �eldB ) of mS = +1 and its called � +

transition. Similarly, for � mJ = � 1 transition requires a photon withmS =
� 1, which is called� � transition. And �nally, for the � mJ = 0 transition
requires a photon withmS = 0 (parallel to the B-�eld), which is called �
transition. Therefore, by employing di�erent photon polarization require for
the transitions, combined with the di�erences in transition frequency due to
the Zeeman e�ect, atoms can be subjected to a position-dependent cooling
force that causes trapping.

2.3.2 Zeeman e�ect on the atomic transitions

Following the appearance of a B-�eld, the Zeeman energy concerning the two
excited states (i.e. D1 and D2 ) can be expressed by the Breit� Rabi equation
[86]. The equation is given below ( i.e in equation 2.16 ) and plotted for
potassium in Figure 2.8,

E (J ) = �
hvHF S

2(2I + 1)
� gI � B mF �

1
2

hvHF S �
�

1 +
4mF

2I + 1
x + x2

� 1=2
; (2.15)

where

x =
(gJ + gI )� B B

hvHF S
: (2.16)

The values for potassium of the gyromagnetic factors (gJ and gI ), the hy-
per�ne splitting ( vHF S ) and the nuclear spin (I) are given in Table 2.1.
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Name Symbol Value

Ground State Hyper�ne Splitting vHF S 461.701 MHz
Nuclear Spin I 3/2

Nuclear Gyromagnetic Ratio gI -0.00014193489(12)
Electron Gyromagnetic Ratio gJ (42S1=2) 2.00229421(24)

gJ (42P1=2) 2/3
gJ (42P3=2) 4/3

Planck’s Constant h 6.626069� 10� 34 J.s
Bohr magneton � B 9.27400915� 10� 24 J.T � 1

Table 2.1: Potassium-39 atomic structure constants required for the calculation of the
Breit-Rabi equation. All the numerical value is taken from [88].

Figure 2.8: Hyper�ne structure of the ground state 42 S1=2 levels of39K in magnetic �eld.
The blue arrow indicates � m = 1. The �gure is taken from [87].
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2.3.3 One dimensional MOT

The atomic MOT achieved with the combined e�ect of cooling and trapping,
to understand it properly, �rst consider the one-dimensional case, in which
the magnetic �eld simply varies linearly with the position as shown 2.9. If
a red detuned right-hand circular polarized laser beam with frequency! L is
directed onward the +Z direction, and it will drive � � transition within the
region of z < 0, since the B-�eld is antiparallel to the propagation path of
the beam. The laser beam resonance where the Zeeman splitting causes the
transition frequency to be ! L . In another case, whenz > 0, the B-�eld is
parallel to the propagation direction of the beam, so it drives� + transition.
Still, the B-�eld gradient increases the detuning, which reduces the rate of
photons absorption.

Figure 2.9: Simple Schematic for a magneto-optical trap for a singlet ground state and
triplet excited state. In principle, as the atoms move away from the centre the Zeeman
shift tunes them towards resonance with the restoring beam and out of resonance with the
opposite beam producing a net restoring force. The two opposite polarised light works on
the � m = � 1 transition.
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In same-way, for identical right-hand polarization laser beam propagating
along the � z direction drives the � � transition in the region z > 0 and for
� + transition for z < 0, with a resonance in thez > 0 region when the Zeeman
shift makes the� � transition frequency equal to! L . Therefore, at present of
both beam, the force on the atom due to the beam propagating towards +z
exceeds that of the counter-propagating beam in the regionz < 0, and vice
versa, therefore, the net force on the atom is always directed towards the
z = 0 position. The result is that atoms are cooled and pushed towards the
B = 0 position where the forces from the two beams cancel out, and there is
no net force and form one dimensional MOT.

We used the convention of de�ning the polarization from the point of view
of the source, right-hand circularly polarized laser beam has spin projection
mS = +1 in the direction of propagation, and left-hand circularly polarized
laser beam has spin projectionmS = � 1.

2.3.4 Three dimensional MOT

With the extension of one dimensional MOT, the three dimensional MOT
involves three orthogonal pair of a counter-propagating laser beam with an
appropriate B-�eld. The B-�eld con�guration commonly used is the spherical
quadrupole, which is provided by a coaxial set of coils in the anti-Helmholtz
arrangement, as shown 2.10. The B-�eld is directed towards the centralB =
0 point in the transverse (x, y) plane, while the �eld on-axis is directed away
from the B = 0 point, which requires laser beams of opposite handedness for
the axial and transverse directions to produce the correct con�guration for
an MOT.

Apart from the beams opposite polarization, the direction of axial and trans-
verse �eld also di�er in their respective B-�eld gradients. The gradient in
the transverse (x and y) directions are equal, but the axial (z) component
has to be opposite direction with a double in magnitude,

dBx

dx
=

dBy

dy
= �

1
2

dBz

dz
(2.17)

The opposite polarity requires the beam polarization along the z-axis to be
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reversed for the x and y-axis. The greater axial magnitude means that the
restoring force is twice as large along the z-axis. The above equation is
derived from the Maxwell equations.

Figure 2.10: Schematic diagram of MOT in three dimensions array. Three mutually
orthogonal counter-propagating pairs of laser beams pointed toward the trap centre and
unique �eld’s zero generated by speci�c quadrupole magnetic coils. The beam polarisations
must need to be opposite to each other. The laser beams are red-detuned from the cycling
transition to cooling and trapping the atoms. A repumping light must also be present in
a real system to pump the atoms from the dark state.

Equation 2.14 presents the weak magnetic �eld that causes a position depen-
dence of the Doppler cooling. The right B-�eld and laser beam polarization
will drive atoms to the zero of the B-�eld. It is important to note that the
�eld is too weak to cause trapping by itself and just has the e�ect of in-
troducing the spatially-varying Zeeman splitting. A full description of the
MOT is a complex endeavour; however, the critical MOT dynamics can be
captured using simple expressions.



Chapter 2. Working principles of laser cooling and trapping 33

Element (Phase) A B C TM (K)

K (Solid) 4.961 - 4646 0 336.8
K (Liquid) 8.233 - 4693 - 1.2403

Rb (Solid) 4.857 - 4215 0 312.6
Rb (Liquid) 8.316 - 4275 - 1.3102

Cs(Solid) 4.711 - 3999 0 301.6
Cs (Liquid) 8.232 - 4062 - 1.3359

Table 2.2: Included the values of constants in equations 6.23. In order to make a com-
parison, we have mentioned three di�erent alkali metals with their natural abundance of
potassium, rubidium and caesium, are widely used in cold atom physics. We have also
enclosed the melting point of respective alkali metal.

2.4 Vapour pressure and number density

The knowledge of vapour pressure and atomic number density is essential for
thermal vapour cells and cold atomic cloud. For example, At room temper-
ature 39K has low vapour pressure and atomic number density; therefore, we
need to thermally heat the cell su�ciently high to get a signi�cant absorp-
tion signal. The Antoine equation [89] represents a relation between vapour
pressures as a function of temperature, which is as follows,

log10 P(atm) = A +
A

T(K)
+ C � log10 T(K) ; (2.18)

here A, B and C de�ne as material and state-dependent constants given in
the following summary [90],

Now if we consider the above mentioned gases as Ideal gas we can write,

PV = nRT (2.19)

here n, V, and R de�ne as mole’s number, volume and molar gas constant
respectively. While, n = N/N A , and N is de�ned as the total number of
atoms furthermore NA is unique Avogadro number. So now ideal gas relation
becomes,
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Figure 2.11: Comparison of K (red) vapour pressure and number density with respect to
temperature along with Rb (blue) and Cs (pink). The intersection of horizontal and verti-
cal violate, green and pink lines represents the melting point of K, Rb and Cs respectively,
as mentioned in table 2.2. Here we convert atmospheric pressure to pascal with 1 atm =
101325 pa.

N=NA

V
=

P(T)
RT

=)
N
V

(= N D ) =
P(T)

T
�

NA

R
=

P(T)
kBT

; (2.20)

where ND is number density and
NA

R
=

1
kB

, kB is Boltzmann constant.

Now we can numerically plot vapour pressure and number density as a func-
tion of temperature, which is as follows in �gure 2.11.

Compared to the alkali mentioned above metals, the vapour pressure of potas-
sium is lower at the same temperature, so to achieve a reasonable vapour
pressure, we need to heat the cell. For example, we heated up at least 100
� C to get the reasonable absorption spectrum for 4S! 5P transition, while
for Rb and Cs, the room temperature is su�cient. The cell was placed inside
a rectangular copper box (Because copper is a good thermal conductor of
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heat) as shown in �gure 6.7 heated up with the resistive heater.

2.5 Why Potassium ?

The most abundant of potassium atomic sample consists39K, 40K and 41K
isotope with the natural abundances of 93.2581%, 0.0117% and 6.7302% re-
spectively. Hence39K, and 41K both are bosonic isotope with nuclear spin
I = 3=2, whereas40K is the fermionic isotope with nuclear spinI = 4. There-
fore, bosonic and fermionic combination make potassium a unique candidate
to study Bosonic-Fermionic interactions.

Due to small hyper�ne splitting of the 39K hyper�ne manifold, if we detune
the cooling beam as required for the laser cooling, we actually bring the
detuned laser light closer to resonance with the non� cycling transitions,
which make39K more di�cult to cool down e�ciently. Therefore, in the 39K
system pumping rate into the jF = 1 i state is quite rapid. Therefore, the
repumping light must be about as intense as the cooling light, be detuned
from the repumping transition and must be counter-propagating as it now
provides a considerable amount of the force. Cooling and repumping in this
scenario start to lose meaning but will continue to be used for descriptive
convenience. As indicated in �gure 2.6, the Doppler and sub-Doppler only
e�cient in speci�c detuning, which is unique compare to another alkali atom-
like Rb and Cs. Farther more, our experiment demonstrated that a39K
MOT might be formed by using only cooling and repump light on the same
polarization.

2.6 Optical properties potassium

In atomic physics experiments, potassium is very attractive due to its natural
abundance. There are two bosonic isotopes which are39K and 41K and also a
fermionic isotope40K. As we have discussed before, another reason for using
it is the easy accessibility of cheap semiconductor laser systems at the D1

and D2 transitions wavelengths.

The valence electron of potassium has an electronic orbital (~L ) and spin
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(~S) angular momentum. And due to spin-orbit coupling, the total angular
momentum becomes~J of the atom, hence the spin-orbit coupling causes �ne
structure splitting of the energy states. Therefore, two ground and multiple
excited states are represented as2S1=2 and 2P1=2, 2P3=2 respectively. As we
know, because of the interplay between the nuclear spin~I and the total
angular momentum ~J , the hyper�ne structure becomes relevant.

~F = ~J + ~I; (2.21)

hereF is de�ned as a quantum number and the values ofF bounds (J � I ) �
F � (J + I ). As we discussed before, the nuclear spin for39K and 41K is
I = 3=2 and for40K it is I = 4. Due to the strength of the hyper�ne coupling.
The size of the nuclear magnetic moment is more relevant in the Zeeman
splitting. Therefore, the hyper�ne frequency shifts because of interaction
between total electron and nuclear spin is provided as,

� vhf =
1
2

KA +
3
2

K (K + 1) � 4I (I + 1) J (J + 1)
2I (2I � 1)2J (2J � 1)

B (2.22)

hereK � F (F + 1) � I (I + 1) � J (J + 1), the hyper�ne constants de�ned as
A and B , all constant presented in table 2.3.

Isotope Nat. abundance
(%)

I State F A
(MHz)

B
(MHz)

39K 93.2581 3/2 2S1=2 1,2 230.868 ��
2P1=2 1,2 28.85 ��
2P3=2 0 � 3 6.093 2:786

40K 0.0117 4 2S1=2 9/2,7/2 -285.731 ��
2P1=2 7/2 � 9/2 -34.52 ��
2P3=2 5/2 � 11/2 -7.59 -3.5

41K 6.7302 3/2 2S1=2 1,2 126.999 ��
2P1=2 1,2 15.245 ��
2P3=2 0 � 3 3.363 3.351

Table 2.3: Hyper�ne constants for three individual isotopes for ground 42S1=2 and excited
states 42P1=2 and 42P3=2 energy levels. The values are obtained from ref.[91, 92]
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As we discussed before, the hyper�ne splitting is narrow, as shown in �gure
3.2. From this energy level, in the diagram, it is clear that the Doppler
linewidth (� ! D = 2 � � 390MHz at 300K) and the ground state splitting
for 39K are of a similar magnitude. On the other hand, the excited state
splitting is very small, comparable to the natural linewidth (5.956 MHz and
6.035 MHz) for D1 and D2 lines respectively [63].

2.7 Practical Implementation and Summary

The magneto-optical trapping an excellent method to laser cool alkali atoms
to sub-millikelvin temperature, a typical MOT can cool atoms in the order
of 1010 atoms within a second and con�ned them to a cloud of few mil-
limetres size, which is an excellent starting point to study the cold atomic
physics. However, the initial temperature may not su�cient for many cold
atom experiments. Therefore, the temperature of the optical molasses can
be achieved an order of magnitude lower by using the sub-Doppler cool-
ing scheme as discuss 2.1.2, which can be used for atom interferometry and
Rydberg excitation experiments directly. Furthermore, to achieve quantum
degeneracy, the temperature needs to be reduced further using an evaporative
cooling scheme. In this method, the temperature approximately reduces an-
other order of magnitude below the sub-Doppler temperature, which is help-
ful for Bose-Einstein fermionic condensates and ultracold molecular physics.

The atom loading of an MOT and the collisional losses due to background
collisions are directly proportional to the vapour pressure. Therefore, the
high vapour pressure requires rapid loading at the cost of a short lifetime of
the trapped atoms. On the other hand, the low vapour pressure allows long
interaction times but with long experimental cycles. The experimentalist
solved this problem by using a two-chamber system. All the cooling, trapping
and probing of the MOT occurs in a low pressure ‘science’ chamber, in this
way, one can keep the atoms isolated from background gases, which increases
the lifetime of the atoms; on the other hand, the MOT is initially loaded by
a low-velocity atomic ux generated in a neighbouring ‘source’ chamber, for
example, pyramid chamber. In the next chapter 4, we design and discuss
cold-atom sources by using a pyramid chamber are outlined.



Chapter 3

Modulation transfer
spectroscopy of potassium D
transitions

Atomic physics experiments, particularly laser cooling [93] experiments, re-
quire a frequency stabilized laser light source including residual frequency
uctuations that are considerably lower than the transition linewidth (which
is typically a several MHz for the D1/D 2 transitions in alkali metal atoms).
There are several well-established techniques to achieve a zero-crossing spec-
trum that can be utilized for laser frequency stabilization, which are sub-
Doppler spectroscopy techniques named saturated absorption spectroscopy
(SAS) [94] and polarization spectroscopy (PS) [95]. Other commonly em-
ployed techniques include the dichroic atomic vapour laser locking scheme
(DAVLL) [96, 97], frequency modulation spectroscopy (FMS) [98], and mod-
ulation transfer spectroscopy (MTS) [99].

Here we present an experimental investigation of modulation transfer (MTS)
spectroscopy of D1 and D2 line of natural abundance39K. Our results are
compared to theoretical simulations provided by Dr. Heung-Ryoul Noh at
Department of Physics, Chonnam National University, South Korea. The
MTS spectrum �rst was studied using hot Cesium atoms [100] in 2001 by
Bertinetto et al. Then the MTS spectrum for Rubidium atoms (D2 line)
[101] was characterized by Zhanget al in 2003. The MTS spectrum nor-

38
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mally requires a cycling transition but also can appear without closed cy-
cling transition in the two-level system [102], which is demonstrated by Li
et al in 2011 and in 2016 Zhanet al. extensively studied in the non-cyclic
crossover transition in Lithium [103] system. In the case of potassium atom,
people mainly use the D2 transition to lock the laser [104] but nowadays the
D1 transition getting more attention for trapping and cooling of39K atoms
using gray molasses [105], still no one has discussed the accurate theoretical
treatment and characterization of the MTS spectrum for the D1 line in 39K.

Modulation transfer spectrum is Doppler-free due to standing wave created
in between the pump and probe beams as both beams coming from the
opposite direction and interact with the atoms in a non-linear fashion. The
main advantages of MTS are that (a) it has a at background at zero and (b)
is usually dominated by a single closed transition. We observed in the case
of the D2 transition that the MTS spectrum is dominated by a real atomic
transition (i.e F = 2 ! F = 1,2,3) as compared to the cross-over and other
transitions. But in the case of D1 transition, we �nd a big MTS signal (in
terms of amplitude and slopes) for the ground-state crossover transition (i.e F
= [1 $ 2] ! F0 = 1). Both optical processes can be understood theoretically;
both of the transitions can be model by the Optical Bloch equations and the
Four Wave mixing process (FWM), which will present systematically.

In this chapter, we investigate and compares the MTS spectrum for both
the D1 and D2 transitions in �gure 3.4, by investigating the dependency of
the MTS spectrum on the pump and probe beam, intensities and also di�er-
ent polarization con�gurations. We examine di�erent polarization sequences
such as linear parallel polarization (linklin), perpendicular (lin? lin) polariza-
tion, equivalent circularly polarizations con�guration (de�ne as L+ - L+ or
L � � L � ) and oppositely circular polarization ( de�ne asL+ � L � or L � � L+ )
for both the D1 and D2 transitions.

3.1 Saturated Absorption Spectroscopy

In this segment, we will explain the Lamb dip or saturated absorption spec-
troscopy. The resonant laser light passes within a thermal cell containing an
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atomic sample and is detected by a photodiode. When the resonant laser
beam propagates through a gas of atoms, the intensityI of the laser light
modi�es; this change in intensity can be calculated via the number of pho-
tons scattered by the atoms per unit volume, which the following equation
can express,

dI
dz

= � ~! pn; (3.1)

wherez is de�ned as the path of propagating of laser light within the thermal
vapour cell, ! is de�ned as laser frequency andn is the atomic density inside
the cell. The scattering rate at low beam intensity (in the weak probe regime)
can be de�ned as,

 p = (
s0

1 + s0
)
� = 2

1 + (2( ! � ! 0)= 0)2

�
; (3.2)

here ! 0 is de�ned as transition frequency from ground state to excited state,
the saturation parameter on the resonance de�ned bys0 = ( I=I s), I s =
�hc= 3� 3 is the saturation intensity on resonance, 0 is de�ned as the power-
broadened linewidth (where 0 = 

p
1 + s0), and � de�ned as transition

wavelength. Therefore, equation 3.1 can be formulated as follows,

I (z) = I 0e� �z ; (3.3)

where � = � egnL (! ) (L (! ) is de�ned as laser detuning from the atomic
resonance, which is a Lorentzian function,� eg and n de�ne as a scattering
cross-section, absorption coe�cient respectively). Now the scattering cross-
section can be expressed as follows,

� eg =
~!
2I s

=
3� 3

2�
: (3.4)

Assuming atoms are moving in arbitrary directions in the vapour cell with
velocities, which can be represented by the Maxwell distributiondn(v). In
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this thesis, we will only discuss thevz components, i.e. the direction of laser
beam propagation.

Figure 3.1: Example of absorption coe�cient vs laser frequency at any multi-level systems.
The black Bell-shaped curves are with the pump o�, while red dotted Bell curves represent
the individual transitions. And the blue curve is with the pump beam on.

The sub-Doppler outline of a spectrum in saturated absorption is thoroughly
presented in [106, 107]. A weak probe beam and a relatively strong pump
light overlap within the thermal cell in the sub-Doppler method. The atoms
with zero group velocity are resonant at the intersection of both lights only
on the resonance frequency. The intense pump light has transferred the
atomic population from the ground to the excited state. Therefore, the
decreased ground state population can be detected by using a weak probe
light. So, the absorption decreases in the probe light close resonance can
be detected, called the Lamb dips in the Doppler background. Normally
for any alkali atomic system, we can see two ground states and multiple
excited states and their saturated absorption spectrum have many Lamb dip,
including crossover transitions. These crossover features arise whenever there
are su�cient atoms whose Doppler shifts are precisely half the frequency
separation among two transitions because the pump and probe light are
counter-propagating and the atom will see them Doppler shifted by equal
and opposite amounts. If the laser frequency is precisely halfway (in middle)
between the two transitions with respect to the lab rest frame, the atom will
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encounter both pump and probe as acting on resonance, shown in 3.1 �gure.
In section 3.5 we experimentally demonstrate Lamb dip for the D1 and D2

transition in potassium.

3.2 Four wave Mixing process

The modulation transfer spectroscopy can can be explained in terms of the
Four-Wave mixing (FWM) process. In the MTS process there are two fre-
quency components of the laser beam, i.e. pump beams with sidebands. The
pump light (plus sideband) interacts with the probe light through the third-
order susceptibility (� 3) and creates a fourth frequency as a sideband of the
probe beam. This modulation process involves a few speci�c frequencies that
make MTS a perfect scheme for the four-wave mixing process. Here we ex-
plain in detail the precise laser frequencies involved in this process, which is
shown in �gure 3.2.

Within our thermal cell, atoms are interacting with both probe and pump
lights and the atoms ying with a velocity of � along the propagation di-
rection of the pump light, see the light Doppler shifted in frequency (k� ,
k de�ned as wave vectork = 2 �=� ). And the resonant frequency! 0, with
respect to laser frequency the expressionk� get modi�ed. The pump car-
rier frequency! 1 with the two sidebands, the oscillation frequencies become
! 1 � 
 and the probe frequency is ! 2 after the probe beam is modulated by
the pump beam, which produces new photons with frequency! 2 � 
. This
interplay can be explained relating the �gure 3.2. We also consider the decay
channels as de�ned as the decay rate of � and decay rate of other di�erent
states of �1; hence, we consider the total excited state decay rate de�ned as
�.

3.3 Basic theory

Here we summarizing the theory performed by Noh in supplying the calcu-
lations, which can be found in detail in the following papers [99, 108]. We
recognise a two-level atomic system with excited and ground states, expressed
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Figure 3.2: (a) A simple diagram of modulation transfer spectroscopy. (b) Energy level
diagram of a two-level atomic system along with a non-cycling transition. (c) and (d)
diagrams to understand the non-linear interaction (four wave mixing) process in the mod-
ulation spectrum.

by ket vectors jei and jgi respectively. Therefore, the atomic system can be
represented via the known optical Bloch equation as [99],

_� = � (i=~)[H0 + V; � ] + _� sp; (3.5)
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here the density matrix operator de�ned as� and the ground state atomic
Hamiltonian is represented asH0 = ~! 0jFe; meihFe; mej and _� sp terms repre-
sent the matrix elements of spontaneous emission, which can be represented
as follows,

_� sp =

 
� � � e;e � �

2 � e;g

� �
2 � g;e � � g;g

!

(3.6)

The matrix elements can be expressed in the following way,

hFe; mj _� spjF
0

e; m
0
i = � � hFe; mj� jF

0

e; m
0
i ;

hFe; mj _� spjF
0

g; m
0
i = � (� =2)hFe; mj� jF

0

g; m
0
i ;

hFg; mj _� spjF
0

g; m
0
i = �

Fe= Fg +1X

Fe= Fg � 1

+1X

q= � 1

SFe;m + q
Fg;m

S
F

e;m 0+ q
F

g;m 0 hFg; mj� jFg; m
0
i ;

(3.7)

The total decay rate from the excited to ground states de�ned as � and for
i 6= j ( _� sp) ji = ( _� sp) ji . The optical Bloch with �rst time dependence (i.e.
equation 3.7) can be transformed into new slowly varying variables, which
can be de�ned as� ij = ecij t@ij , wherecij = � (+) ! , where i and j indicates
the ground (or excited) and excited (or ground) states, respectively, ifcij = 0,
while i and j signi�es the ground or in-excited states. Therefore, equation
3.7 is modi�ed in the subsequent equation,

_@ij = e� cij t _� ij � icij @ij ; (3.8)

here _� ij is de�ned as matrix element from equation 3.7. And in equations
3.9 the normalized transition strength in betweenj Fe; mei and j Fg; mgi is
de�ned as SFe;m e

Fg;m g
[102, 109].

The probe light is not modi�ed during the processed MTS spectroscopy, but
the pump light frequency modulates. Therefore the interaction part of the
Hamiltonian can be written in the subsequent way,

V =
~
2

(
 ce� i! 1 t + 
 se� i (! 1+
) t � 
 se� i (! 1 � 
) t

+
 pe� i! 2 t ) j Fe; mihFg; m j + h:c:;
(3.9)
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In above equation 
 i (= �
degE i

~
) is de�ned as the Rabi frequency, where

i = c; s; p indicates di�erent laser carrier frequency, and! 1(2) = ! + ( � )kv is
the beam frequency of the carrier pump (probe) beam (while the atoms are
moving with velocity v). Here deg, i.e. dipole operator, which is linked to
the decay rate, which can be expressed as,

� =
1

3�� 0

! 3
0

~c3 d2
eg (3.10)

In �gure 3.2 we de�ne detunings � 1 and � p, which satisfy ! 1 = ! 0 + � 1 and
! 2 = ! 1 + � p respectively, where� = ! � ! 0 is de�ned as the detuning.
Therefore � 1 and � p can be derived in terms of velocity distributionv as
follows,

� 1 = � + kv; � p = � 2kv (3.11)

If we consider three photons’ interactions@ee and @gg has 11 di�erent oscil-
lation frequencies, which are 0,� 
, � 2
, � � p, � (� p + 
) and � (� p � 
),
similarly for @eg has 20 oscillation frequencies, i.e 0,� � p, � � p � 
, � � p � 2
,
+ � p, � p � 
, � p � 2
, � 2� p, � 2� p � 
, � 
, � 2
, and � 3
 and @ge another
20 oscillation frequencies with� @eg. All from the oscillation frequencies just
mentioned, the populations only a�ected by 0,� 
 and � 2
 denoted as
emission and absorption for two, 1 carrier, 1 and 2 side-band photons. Fur-
thermore, additional oscillation frequencies can be explained similarly. For
simpli�cation, we will only consider two oscillation frequencies, i.e. 0 and
� 
; all other oscillation frequencies are not considered.

When the photon number is limited, the populations can be created via the
two-photon carrier and sideband photons. Furthermore, via three-photons
interaction, the probe photon provides the optical coherences (o�-diagonal
matrix elements). Therefore, only �ve oscillation frequencies matter in our
entire populations, which are 0,� 
 and � 2
. Compared to carrier oscillation
frequency, sideband frequencies are weak; therefore, we can ignore 2nd-order
sideband� 2
. Similarly, seven oscillation frequencies (i.e.� � p � 
, � � p, 0,
� 
, and � 2
) are important for the excited-ground state coherences, and
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opposite sign for ground-excited state coherences. Therefore the population
can be expressed as follows,

@ee = p1 + ( p2 + ip3)e� i 
 t + ( p4 + ip5)e� i 2
 t + ( p6 + ip7)e� i� p t

+( p8 + ip9)e� i ( � p +
) t + ( p10 + ip11)e� i ( � p � 
) t + c:c:;
(3.12)

@gg = @ee(pi ! qi ); i = 1 ; :::;11; (3.13)

Now the coherences terms can be expressed explicitly as follows,

@eg = ( r1 + is1)e� i� p t + ( r2 + is2)ei ( � � p � 
) t

+( r3 + is3)ei ( � � p +
) t + other 17 terms
(3.14)

@ge = @�
eg (3.15)

In equation 3.12, the 17 terms which is related toe� i� p t , ei ( � � p � 
) t and
ei ( � � p +
) t are not shown. Herep, q, r and s de�ned later on this section.

Now, if we are inserting equations 3.14 and 3.16 into equation 3.10 we can
obtain several coupled linear di�erential equations, as an example for _p1 and
_q1 the equations becomes,

_p1 = � � q1 � 
 cs13 + 
 ss14 � 
 ps1;

_q1 = � q1 + 
 cs13 � 
 ss14 + 
 ps1;
(3.16)

wheres1, 13 and s14 are the imaginary components of the oscillations frequen-
cies. Therefore, from equation 3.16, we can have _p1 + _q1 = 0( i.e p1 + q1 = 1)
which means the population is conserved. Therefore, using the induced dipole
moments, the detected beat spectrum can be estimated as follows,

hdi = Tr(�d ) = degSegf (r1 + is1)e� i� p t + ( r2 + is2)ei ( � � p � 
) t

+( r3 + is3)ei ( � � p +
) t + other terms + c:c;g
(3.17)
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Since the electric �eld,Esig is created by the oscillating electric dipole, which
is changed in phase by�= 2 with respect to the probe �eld. Sij is de�ned as
relative transition strength in-between ground states and excited states.

Esig / i (r1 + is1)e� i� p t + i (r2 + is2)ei ( � � p � 
) t

+ i (r3 + is3)ei ( � � p +
) t + other terms + c:c;
(3.18)

This electric �eld is oscillating with ! 2 � 
, which can be understood properly
by the FWM process as presented in �gure 3.2. In this coherence interaction
process, the carrier frequency! 1, sideband ! 1 + 
 and probe ! 2 interacts
with the atoms and generate a new oscillation frequency! 2 � 
, this can be
understood in �gure 3.2. Since the beating oscillating electric �eld interacts
with the probe beam, the observed signal is obtained as follows, and the
computed spectrum is presented in �gure 3.3.

I 0cos(
t ) + Q0sin (
t ) (3.19)

where I 0 and Q0 are the dispersive in-phase component and an absorptive
quadrature component, which can be expressed as,

I 0(� 1; � p; t) = Seg(s3 + s2); Q0(� 1; � p; t) = Seg(r3 � r2) (3.20)

To obtain �nal results, one can integrate in-phase and quadrature parts across
the transverse and longitudinal velocity distributions, which is as follows,

I (t) =
1

tav

Z tav

0
dt

Z 1

�1
dvf D (v)I 0(� + kv; � 2kv; t)

Q(t) =
1

tav

Z tav

0
dt

Z 1

�1
dvf D (v)Q0(� + kv; � 2kv; t);

(3.21)

where velocity distribution of the atoms ( i.e. Maxwell-Boltzmann function)
is de�ned as f D ,

f D = (
p

�u )� 1 exp[� (v=u)2] (3.22)
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where u(= (2 kB T=M)1=2) is de�ned as the most probable velocity distribu-
tion, the thermal cell temperature is de�ned asT , the atomic mass is de�ned
as M and the average time to cross laser beam istav(= (

p
�= 2)d=u), where

the diameter of the beam isd [110].

Figure 3.3: Calculated in-phase and quadrature parts of the detected MTS signal. In (a)
indicate D1 transition of potassium (39K + 41K) isotopes. Similarly the MTS spectrum
for D2 transition presented in �gure (b). The simulation done by Heung-Ryoul Noh.

The in-phase and quadrature components of D1 and D2 transitions of potas-
sium atoms. For the simulations, we used carrier, each sideband, and probe
intensities of 11.8 mW/cm2, 2.5 mW/cm2 and 57 mW/cm2 respectively, the
thermal cell temperature was 99 degrees, beam diameter was 2 mm. The
EOM modulated frequency was considered to be 6.08 MHz. The in-phase
represents the MTS spectrum at phase angle = 0 degree and for quadrature
component at phase angle = 90 degrees, respectively.

Before going to details spectroscopic studies we need to understand the en-
ergy level diagram (�gure 3.4), where we can represent 42S1=2 = 2 ! 42P1=2

= 2 as D1 (i.e 770.108 nm ) and 42S1=2 = 2 ! 42P2=3 = 3 as D2 (i.e 766.7
nm ) transition respectively.

This chapter will extensively examine and describe the temperature depen-
dence of saturation absorption and the MTS spectrum and characterize the
e�ect of the probe beam and pump intensity on the modulated spectrum.
Then we study the impact of the polarization on both the crossover transi-
tion in D 1 and for the D2 transition, respectively.



Chapter 3. Modulation transfer spectroscopy 49

Figure 3.4: Energy level diagram for the D1 and D2-lines of 39K, the numerical values
are taken from [63].

3.4 Experimental setup

The optical layout of our experimental components for MTS spectroscopy is
shown in �gure 3.5. In our experiment, we used a homebuilt external cavity
diode laser (ECDL) with a littrow con�guration with an AR-coated laser
diode (Part number:- EYP - RWE - 0790 - 04000 - 0750 - SOT0001 - 000),
which can be tuned from 750 nm to 790 nm. Therefore, the D1 and D2 line
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Figure 3.5: Optical setup of our MTS spectroscopic experiment. The modulation frequen-
cies of 6.05(5) MHz and 5.85(3) MHz were used for the D1 and D2 transitions. The beat
signal is demodulated after being detected by a fast photodiode, producing the error signal.
PBS, polarization beam splitter; nPBS, non-polarization beam splitter, PD, photodiode;
DBM, double-balance mixer; LP, low pass �lter; PS, power splitter; EOM, electro-optic
modulator.

of potassium is easily accessible by the laser diode. For D1 transition we
have 3 � 0.2 mW laser beam power and 1.3� 0.2 mW for D2 transition
available for modulation transfer spectroscopy, due to the requirement of
other experiments simultaneously. When the beam is passed through PBS1,
it splits into two beams with speci�c polarization: the pump and probe
beams. We can control the power of the pump and probe beam by using a
half-wave plate just before the PBS1.

The 23 mm vapour cell is inside a copper cube that can be heated up to
130� C to get su�cient vapour pressure. In order to control the polarization
of the pump and probe beams, one can use a half waveplate and quarter
waveplate on each ends of the vapour cell. A homemade EOM modulator
is used to modulate the phase of the pump beam, which can be driven by
a 5.85(3) MHz rf signal generated by a digital function generator (Digimess
compact H.UC-65-00, FG 100). We used a homemade fast photodiode cir-
cuit (Hamamatsu-S5971) to record the spectrum. To divide the low and
high-frequency segments of the photodiode spectrum a bias-T (Mini-circuits




























































































































































































































































