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ABSTRACT

Laser cooling and trapping serve as a crucial gateway, offering insights into fun-
damental physics and opening the way for diverse quantum technologies. Among
the various elements, Rb is one of the most extensively studied elements in atomic
physics. Until now, the cold atom community has mainly used Infrared lasers to cool
and trap Rb atoms in Magneto-optical trap (MOT), usually through the 5S;/,, —
5P3/; transition at 780 nm. In this thesis, we explore the laser cooling and trapping
of Rb atoms in MOT using the 5S;/, — 6P3/, narrow-line transition at 420 nm (blue
MOT). Despite its large branching ratio, we observe efficient cooling with the 420
nm transition, achieving around 10® atoms in the blue MOT at a typical tempera-
ture of 54 uK. We also present a method for the continuous loading of Rb atoms in
the blue MOT and a theoretical framework for cooling atoms with two simultaneous
transitions. We also describe the direct spectroscopy of Rb at 420 nm, which is
challenging due to its weak transition strength. Furthermore, we numerically ana-
lyze the role of spontaneously generated coherence (SGC) in polarization gradient
cooling with F' = 1 — 2 transition and investigate the feasibility of blue-detuned
cooling at this transition in the absence of SGC. We experimentally demonstrate
blue detuned cooling in type-I and type-II MOT. Additionally, we study various
configurations of red-detuned as well as blue-detuned blue MOT, achieving temper-
atures as low as 24 pK in D; MOT and 31 pK in Dy MOT. Our studies may find
applications in quantum technologies based on the narrow-line cooling transitions.
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CHAPTER 1

Introduction
Contents
1.1 Imtroduction . . . . . . . . . . . e 1
1.2  Thesis Outlook . . . . . . . . . . . . 6

1.1 Introduction

Laser cooling stands as a revolutionary technique in atomic physics. It employs the
mechanical effects of light to manipulate and control the motion of atoms [6, 7, 8,
9, 10, 11]. This method is rooted in the transfer of momentum from the laser to the
atoms, inducing a force that counteracts their motion, resulting in the reduction of
temperature. In three-dimensional space, atoms can move in six different directions.
Thus for laser cooling in three-dimensional space, three pairs of counterpropagating
laser beams form orthogonal directions are commonly used. This configuration of the
laser-cooled cloud is termed optical molasses (OM). The OM encounters a limitation
- atoms in this configuration, despite being cooled, diffuse away due to insufficient
spatial confinement. To address this issue, a trapping force is required. This is
done by using a quadrupole magnetic field. This force creates a three-dimensional
trapping potential, effectively holding the laser-cooled atoms at the center of the
trap. The combination of laser cooling and the trapping force gives rise to the
Magneto-Optical Trap (MOT).

The journey towards achieving cold atoms through laser cooling and trapping is a
crucial gateway, offering insights into fundamental physics and paving the way for
diverse quantum technologies. These technologies are used in various applications,
ranging from atomic sensors to quantum computers [12, 13, 14], quantum simulators
[15, 16], atomic clocks [17, 18]. The 1997 Nobel Prize in Physics, awarded to Prof.
Steven Chu, Prof. Claude Cohen-Tannoudji, and Prof. William D. Phillips, marked

TH-3371_186121020



Chapter 1. Introduction

the initiation of global efforts to cool various atoms, revealing unique properties and
pathways for exploration [7, 19, 20, 21].

Among the various elements, Rubidium (Rb) is one of the easiest atoms to handle
in atomic physics. It is one of the most extensively studied atoms in atomic physics.
Until now, cold atom community have mainly used Infrared (IR) lasers to cool and
trap Rb atoms in MOT, usually through the 55,5 — 5P3/, transition at 780 nm.
Despite Rb’s accessibility and versatility, the loading process has been limited to
IR lasers. As quantum technologies advance, there is a growing need to explore
new loading techniques for Rb. Utilizing the well-known properties of Rb and its
easy manipulation makes it an ideal candidate for pushing the boundaries of MOT
loading methods.

Laser cooling and trapping of atoms in MOT, although exceptionally effective, en-
counters a fundamental limit known as the Doppler temperature [6]. This limit
is the minimum achievable temperature in MOT, preventing them from reaching
absolute zero. It is given by:

Tp = AT /2kg (1.1)

Here, I' represents the linewidth of the transition, A is the reduced Planck’s constant,
and kg is the Boltzmann constant.

To attain temperatures below Tp, commonly referred to as sub-Doppler tempera-
tures, additional sub-Doppler cooling techniques, such as polarization-gradient cool-
ing (PGC), and Raman Sideband cooling are employed. For certain elements like
Li and K, where PGC proves ineffective due to their closely spaced hyperfine levels,
the gray molasses (GM) technique has emerged as a reliable approach to achieve
sub-Doppler temperatures [22, 23, 24, 25, 26, 27, 28, 29, 30]. The GM technique is
also extensively applied in various other elements such as Na [31, 32], Rb [33, 34],
Cs [35, 36], He [37], and Cr [38].

Although these sub-Doppler cooling techniques are powerful, they come with chal-
lenges and complexities. In sub-Doppler cooling, the MOT quadrupole magnetic
field needs to be switched off. Without the MOT quadrupole magnetic field, the
atoms do not have the trapping force. As a result, the cloud expands, cloud density
decreases, and becomes inefficient for loading into the optical dipole trap (ODT) for
evaporative cooling. Further, expansion of the cloud causes a gain in the potential
energy for subsequent capture in a magnetic quadrupole trap [39]. For efficient trans-
fer to a magnetic trap, the cloud size should be small. Additionally, sub-Doppler
cooling is very fragile to the magnetic fields [40, 41, 42, 43, 44, 45]. It requires mag-
netic shielding and/or active cancellation to maintain zero stray magnetic fields. It
also requires careful balance and optimization of cooling beam intensity and detun-
ing, adding to the experimental complexity.

The significance of Eq. 1.1 becomes apparent as it reveals that the Doppler tem-
perature is directly proportional to the linewidth of transitions. This implies that

2
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1.1. Introduction

lower temperatures can be achieved by using narrow-line cooling transitions. Unlike
sub-Doppler cooling, laser cooling and trapping at narrow transition ensures that
atoms remain trapped in the MOT, which is very useful for loading into the ODT
for evaporative cooling and also for atom interferometry [46]. Utilizing levels with
different principal quantum numbers becomes a feasible choice for achieving narrow
transitions. This is due to the smaller electric dipole matrix element between these
levels, resulting from the reduced overlap of their wave functions. Consequently,
this reduced overlap makes the transition weak or narrow, offering an advantageous
approach for enhancing the cooling efficiency in laser cooling experiments.

Even though there is a preference for narrow-line cooling transitions to achieve
lower temperatures, a noteworthy trade-off arises in terms of the capture velocity
in the MOT, which is directly proportional to the linewidth of the transition. This
implies that for efficient loading of a large number of atoms into the MOT, a broad
linewidth transition is preferable. However, to attain lower temperatures, a narrow
linewidth transition is favored. To manage this trade-off, a two-stage MOT strategy
is employed. In the initial stage, the MOT is loaded using a transition with a broad
linewidth, and subsequently, the atoms are transferred to a narrow-line MOT to
achieve lower temperatures. This two-stage MOT approach has been successfully
employed across various elements, including Ca [47, 48], Sr [49, 50], Yb [51, 52],
Dy [53, 54], Er [55, 56, 57], Cd [58], and Eu [59]. In the context of alkali atoms,
narrow-line cooling has been demonstrated in Li using the 2S;/, — 3P3/, transition
at 323 nm [60, 61], and in K using the 4S;/, — 5P3/, transition at 405 nm [62].
Furthermore, its superiority over GM for loading atoms into an ODT has been
demonstrated in Li [63].

Returning to Rb, its 5S;/5 — 5P/, transition at 780 nm has been extensively ex-
plored, both in spectroscopy as well as in laser cooling. Interestingly, the 55/, —
6P3/ transition at 420 nm has received relatively less attention, despite its clear ad-
vantages - most notably, a significantly narrower linewidth (27 x 1.4 MHz) compared
to conventional IR transitions (27 x 6 MHz). This blue transition finds applications
in various domains such as Rydberg excitation of Rb atoms [64, 65, 66, 67, 68],
quantum gate implementations [69], improved atom interferometers [70], compact
Rb optical frequency standards [71], creation of narrow-bandwidth Faraday optical
filters [72, 73], demonstration of non-linear magneto-optical rotation [74], and the
study of various atomic systems [5, 75, 76, 77].

One of the most promising advantages is the lower Doppler temperature achievable
with the 420 nm transition. The Doppler temperature of Rb in a MOT at 780 nm is
146 puK, whereas, at 420 nm, it reduces to 34 uK, nearly four times lower. This tran-
sition may present promising opportunities for achieving lower-temperature MOTs
for Rb. Even though the narrow line cooling works in Li and K, it is uncertain that
it will work in Rb due to its large branching ratio. It is important to experimentally
demonstrate the temperature reduction in the narrow-line cooling of Rb and it forms
the core focus of our work.
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The strategy involves a two-stage MOT, where atoms are initially cooled and trapped
using the 55,5, F' = 2 — 5P3/5, F = 3 transition at 780 nm and subsequently trans-
ferred to the MOT at 420 nm using the 55,5, F = 2 — 6P3/,, F = 3 transition.
Throughout this thesis, we refer to the MOTs as the IR MOT for the IR transition
at 780 nm and the blue MOT for the narrow-line cooling transition at 420 nm. Re-
markably, this approach traps approximately 108 Rb atoms at a typical temperature
of 54(10) puK. Despite the open transition nature and a large branching ratio, the
blue MOT demonstrates efficient cooling, even with a repumper laser at 780 nm.

In narrow-line MOT, the conventional approach separates the two key steps in time.
In the first step, atoms are loaded in MOT using broad transition, and in the
second step, they are transferred to the MOT at narrow line transition. However,
an alternative method involves converting these steps in time into steps in space,
which enables the continuous loading of atoms into the narrow-line MOT. This
technique has proven crucial in producing the continuous Bose-Einstein Condensate
(BEC) of Sr [78]. The concept of continuous loading in MOTSs, particularly at
narrow transitions, holds considerable promise for generating a continuous beam of
cold atoms at lower temperatures. This continuous loading approach may present
an advantage for atomic-based quantum sensors by eliminating dead time.

The realization of loading of continuous MOT at narrow transitions, pre-cooled by
broad transitions, has been successfully demonstrated for certain elements such as
Yb [51], Sr [78], and Dy [54]. For these elements, the ratio of the linewidth of broad
to narrow transition is in order of magnitude. Notably, in the case of Yb, continuous
loading at narrow transitions outperforms the broader transitions in terms of both
number of atoms and temperature reduction [51, 79, 80]. Yb MOTs driven by
broader transitions even in the presence of repumper lasers tend to exhibit lower
atom numbers as compared to the narrow transitions [81]. Although narrow-line
cooling has been realized in Li [60], K [62], and Rb [1, 82], continuous loading for
alkali atoms is yet to be demonstrated.

We employ a core-shell MOT configuration similar to Yb [79], where a significant
advantage was reported. This technique involves creating a hole in the core of the
laser beam driving the broad transition, subsequently filled by the laser beam at
the narrow transition. The relative dimensions of the core and the filling beam
are crucial and depend on the ratio of the linewidths of the broad and narrow
transitions. Yb presents a distinctive characteristic with a broad linewidth to narrow
linewidth ratio of approximately 150. Consequently, in the case of Yb, optimal
efficiency is achieved when the core is precisely filled. This is attributed to the
fact that in the presence of the broad linewidth transition, the weak transition
laser (with intensity comparable to the saturation intensity) does not significantly
influence temperature reduction. In contrast, alkali atoms exhibit a considerably
lower ratio of approximately 4 — 5. Under these conditions, a larger filling area is
required as compared to the core area. The significance of this lies in the overlapped
region, where the narrow transition linewidth plays an important role in temperature
reduction, even in the presence of the broad transition.

4
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We present a method for continuous loading of Rb atoms in the narrow-line MOT.
This is achieved by using the 780 nm laser addressing the 55/, F' = 2 — 5Py, I
= 3 transition and the 420 nm laser addressing the 5S;/5, F = 2 — 6Pz, ' = 3
transition. In the IR MOT beam, we make a hollow core. Then, we place the blue
laser beam inside this hollow core of the IR MOT beam. Using this technique, we
load around 10® Rb atoms continuously in the blue MOT. We study the behavior of
the blue MOT with various parameters such as magnetic field gradient, detuning,
power and diameter of blue MOT beam, and the spot inside the IR MOT beam.

Furthermore, it is important to note that the atomic transitions are classified into
two categories: type-I transition (F, — F, = F, + 1) and type-II transition (F, —
F. < F,). Here F, and F, are the ground state and excited state angular momen-
tum, respectively. A vast majority of MOT uses type-I transitions, and this MOT is
therefore known as type-1 MOT. Atoms can also be cooled and trapped in MOT us-
ing a type-II transition. The distinction between these systems becomes particularly
relevant when considering the Doppler and sub-Doppler cooling techniques. While
both systems utilize red-detuned light for initial Doppler cooling, the sub-Doppler
cooling conditions differ. Systems with type-I transition still require red-detuned
light for sub-Doppler cooling, as the signs of the Doppler and sub-Doppler forces
are the same. In contrast, systems with type-II transition, due to the opposite sign
of these forces, require blue-detuned light for effective sub-Doppler cooling [44, 45].

In a system with type-I transitions, PGC is suppressed by the magnetic fields,
whereas in the case of type-1I transitions, PGC remains effective even in the pres-
ence of magnetic fields of the MOT [44, 45]. Consequently, blue-detuned cooling
works in type-II transitions, and is demonstrated with significant advantages in Rb
experiments [45, 83, 84]. Blue-detuned MOTSs have also been successfully demon-
strated in molecules, and it has become a crucial tool for experiments involving cold
atomic molecules [85, 86, 87, 88]. It is important to note that while blue-detuned
cooling works in type-II MOTSs, its efficacy is notably absent in type-I MOTs.

The sensitivity of PGC in type-I systems to magnetic fields can be attributed to the
important role of spontaneously generated coherence (SGC) in sub-Doppler cooling
mechanisms. These mechanisms depend on multi-level atomic systems [89, 90]. SGC
holds a crucial role in the field of spectroscopy and has been the subject of extensive
investigation within multi-level atomic systems [91, 92, 93, 94, 95, 96, 97, 98, 99]. As
laser cooling and the atomic spectrum profile are related to each other, it becomes
apparent that SGC is a significant factor in laser cooling processes. The spontaneous
decay of atoms from an excited state typically occurs due to the interactions with
the different modes of the vacuum field. SGC can arise from two scenarios. First,
when the same vacuum mode drives two transitions simultaneously, it can create a
spontaneously generated coherence between the ground states due to the decay of
the population [100]. Secondly, when the same vacuum mode drives two transitions
simultaneously, coherence between the excited states transfers to the ground states,
resulting in spontaneously generated coherence between the ground states [96]. SGC
is particularly sensitive to magnetic fields, as it occurs when the energy difference
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between the excited and ground states is nearly equal. In the absence of magnetic
fields, the degeneracy of Zeeman levels allows for effective SGC and, consequently,
efficient PGC. Conversely, in the presence of a magnetic field, the degeneracy of the
Zeeman levels is lifted, averaging out the effect of SGC and making PGC fragile to
magnetic fields.

To understand the role of SGC in laser cooling, we employ a numerical analysis
using the density matrix. Specifically, we concentrate on the F, = 1 — F, = 2
transition to understand the Doppler and sub-Doppler forces in the context of SGC.
Our primary objective is to investigate the possibility of achieving blue-detuned
cooling in this transition. Additionally, we conduct experiments to demonstrate
the blue-detuned cooling in both type-I transition and type-II transition using the
blue MOT of Rb. We demonstrate various configurations of red-detuned as well
as blue-detuned blue MOT and compare their temperatures. Notably, we achieve
temperatures as low as 24 uK in the D; MOT and 31 pK in the Do MOT.

In summary, this thesis represents a comprehensive exploration of laser cooling and
trapping of Rb atoms in MOT using the 5S; /3 — 6P3/5 narrow-line transition at 420
nm. We begin with the direct spectroscopy of Rb using the narrow-line transition
at 420 nm, which is challenging due to its weak transition strength. We demon-
strate the blue MOT of Rb utilizing this narrow-line transition. We observe that
narrow-line cooling works in Rb blue MOT. Further, we present a method for the
continuous loading of Rb atoms in the blue MOT. We also numerically study the
role of SGC in PGC in atomic systems with F,; =1 — F, = 2 transition and inves-
tigate the possibility of blue-detuned cooling in this transition. We experimentally
demonstrate the blue detuned cooling in type-I and type-II MOT. Additionally,
we demonstrate various configurations of red-detuned as well as blue-detuned blue
MOT and compare their temperatures.

1.2 Thesis Outlook

The organization of the thesis is outlined as follows:

Chapter 1, titled “Introduction,” introduces the importance of laser cooling and
trapping of atoms in MOT. It highlights the challenge of sub-Doppler cooling tech-
niques. It outlines the motivation and structure of the thesis, providing a foundation
for further exploration.

Chapter 2, titled “Theoretical Framework,” explores the physics of light-atom
interactions. It covers writing the Hamiltonian and Lindbladian of a system and
solving the density matrix equation. It also covers a brief overview of spontaneously
generated coherence (SGC) and the relationship of density matrix elements with
the absorption of light by the atom, and consequently, the force experienced by the

6
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atoms. It discusses the mathematical formulation of laser cooling and trapping for
different atomic systems.

Chapter 3, titled “Experimental Details,” offers a concise overview of the tools
and techniques utilized in the following chapters. It covers the atomic structure
of Rubidium, the laser system, spectroscopy techniques, details about the MOT
chamber, characterization techniques for the MOT, and an outline of the computer
control system.

Chapter 4, titled “Direct Spectroscopy of Rubidium at 420 nm,” begins with the
significance of the 420 nm transition and covers the complexities of direct spec-
troscopy at the 420 nm narrow-line transition. It emphasizes saturated absorption
spectroscopy (SAS) of Rb at 420 nm and examines the impact of Rb cell tem-
perature, control beam power, and beam size on SAS dip heights and linewidths.
Additionally, it presents all eight error signals of Rb for the 5S—6P transition at
420 nm and 421 nm.

Chapter 5, titled “The Blue Magneto-Optical Trap,” explores the laser cooling and
trapping of Rb using the narrow line transition at 420 nm. It covers the experimental
setup and provides characterization of the 420 nm blue MOT. It also presents the
behavior of the blue MOT with various parameters such as detuning, power of the
trapping and repumper beams, and hold time.

Chapter 6, titled “Continuous Loading of the Blue MOT,” begins with the concept
of continuously loading atoms in the narrow-line MOT. It details the experimental
setup for loading Rb atoms continuously into the blue MOT. It discusses the behav-
ior of the blue MOT with parameters like magnetic field gradient, detuning, power,
and diameter of the blue MOT beam, as well as the diameter of the hollow core
inside the IR MOT beam. The theoretical framework for cooling atoms with two
simultaneous transitions is also presented.

Chapter 7, titled “Role of SGC in Laser cooling,” numerically investigates the role
of SGC in F' =1 — 2 system using the density matrix analysis. It also presents the
experimental results, which show that the blue detuning cooling works in type-I and
type-1I transitions. It also examines the role of the repumper laser in lowering the
temperature of type-I and type-II narrow-line MOT, along with exploring different
configurations producing both red and blue-detuned blue MOTs of Rb.

Chapter 8, titled “Conclusions and Future Work,” highlights successes in laser
cooling and trapping of Rb using the 420 nm narrow-line transition. It summarizes
key findings from direct spectroscopy, the experimental characterization of the 420
nm blue MOT, continuous loading of the blue MOT, and the role of spontaneously
generated coherence in laser cooling. It suggests promising directions for future
research.
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CHAPTER 2

Theoretical Framework
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2.10 Conclusion . . . . . . . . . 41

This chapter aims to provide a basic understanding of laser cooling and trapping of
atoms in a magneto-optical trap (MOT). To understand laser cooling, we explore
how the force acting on an atom correlates with its velocity. For simplicity, a cooling
force can be modeled as ' = — v, where 3 represents a positive damping coefficient.
On the other hand, trapping requires a central force of the form F = —ax, where
x is the position and « is a positive constant analogous to the spring constant in
simple harmonic motion.

In general, the force on an atom is related to the difference in absorption from the
two counterpropagating lasers. This dependence is influenced by system character-
istics, transition strengths, polarization, detuning, and Rabi frequency of the lasers
driving multiple transitions. Knowing these parameters allows the derivation of ab-
sorption of light by the atoms through the density matrix approach. This involves
specifying the Hamiltonian and considering the decay of population and coherence
due to spontaneous emission caused by vacuum fields. Interesting phenomena like
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spontaneously generated coherence (SGC) emerge when the same vacuum mode
drives two transitions.

The chapter begins with the density matrix formalism. It starts with the derivation
of the Hamiltonian of a two-level system, then moves towards the generalization for
multi-level systems. Subsequently, the construction of the decay matrix is detailed,
followed by the derivation of the relationship between density matrix elements and
light absorption. The connection between force and density matrix is then derived,
offering insights into the Doppler and sub-Doppler cooling mechanisms. The chapter
further presents the basic structure of a MOT.

2.1 Density matrix formalism

The density matrix is a key concept in quantum mechanics. It describes an ensemble
of atoms and provides a statistical description. It forms a direct link with the
observable quantities, serving as a powerful mathematical tool for doing calculations
and describing the behavior of the systems [6].

For a quantum system described by a pure state |¢), the density operator is given
by the outer product of the state vector with itself:

p = 1Y) (¢l (2.1)

For a system of a statistical mixture of states |1;), the density matrix is a weighted
sum of the outer products of the pure states. It is given by:

p="> pilt) (vl (2.2)

where p; is the probability of the system being in the pure state |¢x) and >, pp = 1.

The density matrix elements with respect to an orthonormal basis |i) are given by,
pij = (il plj) = Zpk (tlve) (Wrld) (2.3)
k

The density matrix is a Hermitian, positive semi-definite matrix. Important prop-
erties of the density matrix are listed below:

L pt=piepj = pij.
2. Trp=1.
3. For any state x, |x) p (x| > 0.

4. For pure quantum state, p?> = p and Tr p? = 1.

10
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5. For a mixed quantum state, 0 < Tr p? < 1.

6. For an operator A, (A) = Tr(pA).

For a two-level atom with ground state |1) and excited state |2), the wavefunction
can be written as [1(t)) = ¢1(t) |1) + c2(t) |2) and the density matrix can be written
as:

P {Z; Z;z } _ {Cl(t)cf(t) c1(t)c5 (1) (2.4)

The diagonal terms (p;;) represent the probability of atoms to be in state, |i). The
off-diagonal terms (p;;) are the coherence between the states |i) and |j). Thus, the
sum of the diagonal terms always gives 1. For the two-level system, the density
matrix has four elements. The diagonal elements are always non-negative real num-
bers, and the off-diagonal elements are complex numbers. In general, for an n-level
atomic system, the density matrix has n? elements.

2.2 Time evolution of the density matrix

The time evolution of the density matrix is governed by the Lindblad master equa-
tion given by [101, 102],

p= —3lH pl+ Lp (2.5)

Here, H is the Hamiltonian of the system, and Lp is the Lindbladian of the sys-
tem. The Lindbladian accounts for the spontaneous decay of atoms. We discuss
constructing the Hamiltonian and decay terms in the following sections 2.3 and
2.4. We intentionally placed these two sections after discussing methods for solving
the density matrix equation. This decision is based on the fact that our approach
necessitates a specific form for H and L.

The Eq. 2.5 is a system of coupled differential equations. While analytical solutions
are feasible for simpler systems, for a general system, it is not easy to have an
analytical solution. In our discussion, emphasis is primarily given to the numerical
approach for solving the density matrix equations. There are many different ways to
solve these equations numerically. In this section, we discuss one of these methods
to solve these density matrix equations. This method is used throughout the works
mentioned in this thesis. We first reshape the equations to reach the following form:

p= Mp (2.6)
Here, p is a column vector of size n?x 1 of the form [p11, p12, P13, s P21, P22, P23+ -5 Prn) ©
and M is a square matrix of dimension n? x n? which stores the coeffiecients of the
p of the RHS of the Eq. 2.5.

11
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Figure 2.1: The energy level diagram of various multi-level systems forming a
closed loop. Here, all the laser driving various transitions are labeled with numbers
inside a circle.

2.2.1 When H and L are time-independent

This is a very simple, specific, yet common case encountered in many systems
[103, 104, 105]. Before going into more detail, let us explore how to solve this
case. If the H and L are time-independent, the matrix M in Eq. 2.6 is also time-
independent. In this case, solving the system of coupled differential equations be-
comes straightforward. In general, the solution can be expressed in terms of the
matrix exponential function, given by:

p = po X expm(Mt) (2.7)

Here py is the initial conditions of p at ¢ = 0. It is important to note that expm (M) #
eM. There are built-in functions in programming languages to obtain the matrix
exponentials numerically. In MATLAB, the inbuilt function is expm(M) [106].

2.2.2 When H or L is time dependent

The Hamiltonian (H) can be a function of time in many cases [77, 107, 108, 109].
For example, H is time-dependent in systems with a closed loop formed by lasers
addressing various transitions or in systems where multiple lasers drive the same
transition, as shown in Fig. 2.1.

M can also be time-dependent even though H is time independent. Although L is
time-independent in most systems, it is possible to have time-dependent L in some
specific cases, such as in systems with spontaneously generated coherence [96]. If
M is time-dependent and the time-dependence is periodic, we can numerically solve
the Eq. 2.6 using the Floquet expansion method. This is applicable when M can

12
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be written as follows:

+0o0
M=) M®eha (2.8)
k=—0oc0
In general, M contains terms only up to the 2nd or 3rd order, making it a finite sum,
and higher orders are neglected depending upon the choice. We write the density
matrix elements as:

+o00
pij = Z pz(;n)ezmAt (29)

m=—0oQ

Now using Eq. 2.6, 2.8 and 2.9, we can construct the following equation:

& o
-1 -1
L Y ] P
%l P | M- p 1 (2.10)
p(+ ) p(+ )
p(+2) p(+2)
Here, p(™) is a column vector of the form [, p{3?, p{m ., p{m) pm) plm) L plim)

and M" is a supermatrix with the different matrices, M (m) where M(™contains the
coefficient of et of every elements of M. M’ is given by:

M' =

ME) pMED MO 4oA MED (=2 .
M (+2) MED MO A MED ME=2) )
M (+2) MED M (©) M1 M(=2) .
MH2) MED A0 A M1 M=2) )
M(H2) M+ MO —_ %A MED  pp(=2)

. (2.11) .

Again, Eq. 2.39 can be solved by following the same idea as in Eq. 2.6 and 2.7.
Once all the coefficients pgn) are known, p;;(t) can be evaluated by using Eq. 2.9.
We plan to use the Floquet expansion method when H or L is time-dependent the
time-dependence is periodic.

2.3 Constructing the Hamiltonian

So far, we have discussed the procedure to solve the density matrix equation. In this
section, we discuss in detail how to write the Hamiltonian of a system. We begin

13
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Figure 2.2: The energy level diagram of a two-level system.

this section by considering a two-level system and carefully outline the crucial steps
in deriving its Hamiltonian. Following this, we introduce a formalism that simplifies
writing the Hamiltonian for complex atomic systems. Through this method, one
can avoid the mathematical steps typically involved in obtaining the expression of
the Hamiltonian.

2.3.1 Two-level system

A two-level system is the simplest system that exists in atomic physics. Fig. 2.2
shows the energy levels of a two-level system with ground state |1) and excited state
|2) with energy Aw; and hws respectively. The separation between the energy level
is Awly = h(ws — wy). The system is driven by a monochromatic laser of frequency
wl,. The detuning of the laser is:

Ajp = why — W, (2.12)
When A > 0ie. wh > WY, the laser is said to be blue-detuned and when Ay < 0
i.e. wh < wl,y, the laser is said to be red-detuned.
The Hamiltonian of the two-level system can be written as:

H = H,+ H; (2.13)

Here, Hy is the Hamiltonian of the free atom such that Hy |1) = fw, [1) and Hy |2) =
hwo |2). H is the atom-field interaction Hamiltonian, given by:

H; = —d.E (2.14)
Here d = —ef is the electric dipole moment, and E is the electric field of the laser,
given by:
E =éEycos (k.i—wht) = é%Eo[ei(E'F_w1L2t) + emilkr-wh)] (2.15)
14
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Under dipole approximation, we can neglect the spatial dependence of the field since
the wavelength of the laser is much larger than the size of the atom. Thus the Eq.
2.15 can be simplified as:

E = éi[Ey et 4 c.cl (2.16)

Here, E(l) = FEye ™7 and c.c. denotes the complex conjugate. Thus, H; can be
written as:

= —1/22| e[Ege™ ! + Eye 1] |j) (j] (2.17)

Defining the Rabi frequency, ;; = — (i d.¢E} |j) /h and considering (i| d|j) = 0 if
states |i) and|j) have same parity [(—1)!], we can simplify the Eq. 2.17 as:

Hy = 1/2(Qpe™ + Qfpe 124 (|1) (2] +12) (1)) (2.18)

The wavefunction of the atom, |¢)(t)) can be expressed as a linear superposition of
the states |1) and |2), given by:

(1) = er(t)e™ " [1) + ea(t)e ™" |2) (2.19)

where ¢;(t) and cy(t) are complex coefficients satisfying the condition |c;(¢)|* +

lea(t)|> = 1. The evolution of the system is given by the time-dependent Schrodinger’s

equation:
in(t)) = H [¢(1)) (2.20)
Using Eq. 2.13 - 2.20, we obtain the following coupled differential equations:
i61(t) = 5 (Cuae B L Qf el )
io(8) = 5 (Quae R4 et e ) (2.21)

The rapidly oscillating terms with frequency (wf +w?%) can be neglected under the
rotating wave approximation (RWA). Finally using the Eq. 2.12, Eq. 2.21 can be
simplified as:

iél (t) = %ngem”th(t)

ZCQ(t) = %QT2€_iA12tcl(t) (222)
It is to be noted that we will reach the same equation of motion (Eq. 2.22) even if

we chose the electric field as E = eEye™12t /2 instead of Eq. 2.16. This information
will simplify the calculation of finding the Hamiltonian of the complex systems.

Thus, the Hamiltonian of the two-level system under RWA can be written as:

1 .
H= §h912eﬂ12t 1) (2| + c.c. (2.23)

15
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If multiple lasers access the same transitions, the Hamiltonian under RWA (as in Eq.
2.23) can be generalized easily. For example, if there is one additional laser of Rabi
frequency €}, acting in this same two-level system at detuning A},, the modified
Hamiltonian can be written as:

1 . P
H= §ﬁ(nge’A12t + Qe 28 1) (2] + c.c. (2.24)
We return to the original problem of the two-level system with one laser driving
the transition. The Hamiltonian (as in Eq. 2.23) is time-dependent. Using rotat-
ing frame approximation (RFA), we can simplify and make the Hamiltonian time
independent. The following unitary transformations are used:

51 (t) = C1 (t)
Co(t) = co(t)eiPr2t (2.25)

Under the RWA and RFA, the final Hamiltonian can be written as:

0 150 ]

_ , 2 2.27

Although the bra-ket form of the Hamiltonian (Eq. 2.26) is a concise way of repre-

senting the Hamiltonian, we adopt the matrix form of the Hamiltonian (Eq. 2.27)

for the numerical analysis part as it can be directly translated to any programming

language. It is to be noted that if multiple lasers are addressing the same transition,
then the Hamiltonian can not be made time-independent.

2.3.2 Multi-level simple system

In this section, we discuss how to write the Hamiltonian of a multi-level system
directly without going through the calculations as we did for the two-level system
in Sec. 2.3.1. First, we consider an atom at rest with having N energy levels with
M lasers driving different transitions. We make the following two assumptions:

1. No closed loops are formed by lasers.

2. No two lasers are driving the same transition.

For example, this shortcut technique can be used for writing the H of the atomic
system of the type, as shown in Fig. 2.3 (a)-(e). Here, all the laser driving various
transitions are labeled with numbers inside a circle.

The atomic system, as shown in Fig. 2.1 (a) and (b), can not be written directly
using the same technique as these systems do not follow the assumptions. In Fig. 2.1
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Figure 2.3: The energy level diagram of various multi-level systems.

(a), there are two lasers (1) and (2) addressing the same transitions, which violates
assumption (2). Fig. 2.1 (b) is also not allowed because the lasers (1), (2), (3), and
(4) have formed a closed loop, which violates assumption (1). We shall discuss the
modification required for these kinds of systems in Sec. 2.3.4 and 2.3.5.

Assuming the atomic systems follow the two assumptions, the following steps can
be used to write the Hamiltonian :

1. Label the energy levels starting from the ground state. We use the convention
of numbering the levels from right to left. Suppose there are N levels.

2. Consider the Rabi frequency and detuning of the lasers driving |i) — |[j)
transition as €2;; and A;;. Note that €2;; also includes the effect of the Clebsch-
Gordan (CG) coefficients. If a laser with Q0 is driving |i) — [j) transition (with
CG coefficient CG;), then €2;; = CG;;8.

3. Construct the Hamiltonian, H as N x N square matrix with all elements as
Zero.

4. For each laser addressing the |i) — |j) transition, update each H (i, j) = Q;;/2
and H(j,7) = Q;/2, where H(i,j) denotes the element of the matrix H at '
row and j** column.

5. Update every diagonal element of H as H(i,7) = A(i). The method of writing
the A(i) is explained in the next points.

6. Fix A(i) = 0 for one specific energy level |7).
7. If alaser is driving |i) — |j) and A(¢) is known then update A(j) = A(i) —A;;.

If A(j) is known then update A(7) = A(j)+A,;;. The signs are very important.
Repeat this step until all the diagonal entries are updated.
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Chapter 2. Theoretical Framework

We now use these steps to write the Hamiltonian of the 3-level V system as shown

in Fig. 2.3 (a).

000] 0 Q/2 Q2]
]—_]: O 0 0 after QT2/2 0 0 (228)
000]™% a2 o 0 ]
0 N15/2 Q43/2
fixing AM)=0, 05,/2 —13/12 13/ (2:29)
after step (7) I QT3/2 0 _A13 ]

Similarly, following the same procedure, we can write the Hamiltonian of the 3-level
A system as:

0 0 043/2
L= 0 —Aj3+ Aoz y3/2 (2.30)
Q9163/2 Q33/2 SASE

2.3.3 Multi-level complex system

We now advance to more complicated systems such as ' =1 — F =1, F =1 —
F=2F=2—>F=1,F=2—>F=2F=2—>F=3and F=3—> F =2.
These systems also follow the same assumptions 2.3.2 made at the beginning of this
section. Although all the levels are coupled via decay channels, for writing the H,
they can be split into two or more than two subsystems. Then, the Hamiltonian
can also be written directly for this system following the same steps (2.3.2).

For example, consider the system F' =1 — F =1 as shown in Fig. 2.4 (a), which
is a (343) level system. All the off-diagonal terms of the H can be written directly.
For writing the diagonal terms, it can be split into subsystems (b) and (¢). We can
fix one A(i7) = 0 from each subsystem to get all the diagonal terms. Here, we have
chosen A(1) =0 and A(2) = 0. So the H is given by:

0 0 0 0  Ms/2 0
0 0 0 Qo4/2 0 Qy6/2
. 0 0 —A15 + A35 0 935/2 0
H = 0 0,/2 0 —Nyy 0 0 (2.31)
Qi/2 0 Q3:/2 0 —Ap 0
0 /2 0 0 0 Ay |

2.3.4 Multi-level closed loop system

For completeness, we now discuss the procedure of writing the Hamiltonian for a
closed-loop system. Remove one laser from the loop so that the H can be written

18
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6y 15)  |4)
3 12) 1)
I5) @ 16) 14)
13) 1) 12)

(b) (©
Figure 2.4: The energy level diagram of FF' =1 — F' = 1 atomic system

using the above procedure (2.3.2) for the modified system. Suppose a laser driving
|i) — |j) is removed. First, write the H for the modified system. Then update the
H(i,j) = (1/2)Q;e"" and H(j,i) = (1/2)Q5e "2, where A = A(j) — A1) + Ay;.

For example, the Hamiltonian for the 4 level double A system (as shown in Fig.
2.1(b)) can be written as:

L 0 Qz/2 (1/2)Que™
0 —Ayz+ Aoz Qo3/2 Qo4/2
H = 2.32
Oty/2 02 —Au 0 (2.32)
(1/2)QT46_ZAt Q§4/2 O —A13 == A23 — A24

Where, A = —Alg -+ A23 — A24 == A14.

2.3.5 Multi-level system with multiple lasers addressing the
same transition

Finally, we end this section by discussing the procedure for writing the Hamiltonian
when multiple lasers address the same transition. First, modify the system such that
only one transition is driven by one laser by removing the additional lasers. Suppose
a laser driving [i) — [j) with Rabi frequency ;; and detuning Aj;is removed.
First, write the H for the modified system. Then update H(i,j) by adding one
additional quantity (1/ 2)Q;jemt per extra laser. Here, A = A;j — A;j. Also update
H(j,i) = H(i, j)".

For example, the Hamiltonian for the 3 level V system with one additional laser
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driving |1) — |2) (as shown in Fig. 2.1(a)) can be written as:

0 912/2—|— (1/2)9,12€iAt 913/2
H= | Q/2+ (1/2)Qe At —Ajp 0 (2.33)
Q7,5/2 0 —Aq3

Where, A= AIIQ — Alg.

2.3.6 Modification for moving atom

So far, we have considered that the atom is always at rest. For an atom moving
with instantaneous speed v in the direction of 2, the following modifications should
be made in the Hamiltonian. If the atom interacts with a laser which is addresing
|i) — |j) and propagating along +(—)2, every A;; should be replaced with A;; — kv
(A;; + kv). Accordingly, A;;t in the exponentail terms should be replaced with

2.3.7 Summary

In this section, we have discussed how to write the Hamiltonian of an atomic system.
We have started the section 2.13 with a two-level system and discussed all the crucial
steps to derive its Hamiltonian. Then, we have formulated a method for writing the
Hamiltonian of any atomic system. Initially, we have considered two assumptions.
First, no two lasers are driving the same transition, and second, no loop formation
by the driving lasers. We have used the method to write the Hamiltonian of 3
level V and A system without going through rigorous calculation. We extend this
method to write the Hamiltonian for any complex system such as F =1 — F =1,
F=1—-F=2F=2—-5F=1,F=2—-F=2F=2—F =3,
F =3 — F = 2. Additionally, we have also discussed how to write the Hamiltonian
in case the assumptions we have made do not hold. We have discussed two examples:
a four-level double lambda system and a three-level system with two lasers driving
the same transitions. Finally, we have concluded this section with the technique
of how to write the Hamiltonian for a moving atom. The above formalism allows
us to write the Hamiltonian of moving atoms of any system without going through
calculations, which helps us save time and effort. In the following sections, we shall
use this formalism to write the Hamiltonian of the different systems.

2.4 Constructing the Lindbladian

In the absence of a driving electromagnetic field, the Hamiltonian of the system is
zero. This implies that an atom if prepared in a superposition state, will remain
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in the same state if we do not consider the effect of the environment. However,
in reality, an atom in an excited state always relaxes to a lower energy state via
spontaneous emission of photons. This is due to the excitation by the different
modes of the vacuum electric field [110].

The effect of spontaneous decay can be incorporated phenomenologically. If the
population is decaying from [i) — |j) with decay rate I';;, then the rate of decrease
in population of the state |i) is proportional to the population in the state |i) with
proportionality constant, I';;. This is the same rate at which the population of state
|7) will increase due to conservation of population. The time evolution of the density
matrix due to spontaneous decay can be given by,

pii = —Ljpii (2.34)
Pij = +Lijpii (2.35)
pij = —(1/2)(Ti + I)pi (2.36)

where I'; and I'; are total decay rate of states |i) and |j) respectively.

We use this formalism to write the decay part of the density matrix equation for the
generalized atomic system below.

2.4.1 Two level system

We start with a two-level system with ground state, |1), and excited state, |2).
Suppose the decay rate of |2) is I's;. So the equations can be written as:

p11 = +191 022
P12 = —(1/2)F21012
P21 = —(1/2)F21P21
P22 = —I'21p20 (2.37)
These equations can be written in the matrix form as follows:
) ) +I —(1/2)r
ol o v i) EEC

We define the RHS of the Eq. 2.38 as the decay matrix, K. Our formalism of solving
the master equation given in Eq. 2.6 demands our equations to be reshaped in the
following specific form: p = Lp.

P11 0 0 0 Iy P11
P12 0 —1121/2 0 0 P12
. = . 2.39
P21 0 0 —le/2 0 P21 ( )
P22 0 0 0 —I'yy P22

Here, Lp is the Lindbladian of the system. The exact mathematical expression of
the Lindbladian is given in Sec. 2.4.3. For the two-level system, the decay matrix K
is a square matrix of dimension 2 x 2, and L is a square matrix of dimension 4 x 4.
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2.4.2 Multi-level system

In this section, we discuss the procedure of constructing the decay matrix in the
form L of the size N? x N? for a general N-level system.

1. Create a square matrix I' of size N x N with all elements as zero.

2. Update the decay rates in I' such that I'(j,i) = I';;. Here, I';; is decay rate
from |i) — |7).

3. Update the diagonal entries of I" such that I'(i,i) = —T'7. Here, I'7 is the total
decay rate of state |i).

4. Create the square matrix L of the size N? x N? with all elements as zero.

5. Update all the entries of L using L(N x (i—1)+j, N x (i—1)+j) = —(1/2)(TT +
I'T). This incorporates the effect of decay of the coherences between states |7)
and 7).

6. Finally update all the entries L using L(N x (i—1)+4, N x(j—1)+7) = T'(3, j).
This incorporates the effect of population transfer from |j) — |i).

7. Additionally, in case we need to incorporate the effect of p,,, artificially on
the p;j, then update L using L(N % (i — 1) + 7, N x (m — 1) + n) =CE and
L(N x (j —1)4+1i, N x (n— 1) +m) =CE*. Here, CE the coefficient such that
pij = CE pmpn.

We use the above procedure to find the L of the two-level system.

0 0 after 0 F21 after 0 F21
= R ey 2.4
|: 0 0 } step (2) |: 0 0 :| step (3) |: 0 —I'y :| ( 0)
00 0O 0 0 0 0
. 00 0O after 0 —F21/2 0 0
L= 40000|5me |0 0 -Tup2 o (241)
0 00O 0 0 0 —I'9y
0 0 0 [y
after 0 —F21/2 0 0
2.42
step (6) 0 0 —F21/2 0 ( )
0 0 0 —I'9y

This is an effective way to write the decay matrix of any multi-level system and
applies to most of the systems as long as the effect of spontaneously generated
coherence (SGC) is negligible. In the next section, we discuss SGC and how to
incorporate its effect.

22
TH-3371_186121020



2.4. Constructing the Lindbladian

2.4.3 Spontaneously generated coherence (SGC)

In general, atomic coherence can be created by coherent electromagnetic fields such
as laser fields and microwave fields. It can also be generated by an incoherent field
via spontaneous emission [91, 110, 111]. Spontaneous decay occurs because of the
excitation by the different modes of vacuum electric field. In general, spontaneous
decay is responsible for destroying the atomic coherence. However, interesting phe-
nomena can occur when a vacuum mode drives two transitions simultaneously to
generate an unconventional atomic coherence [112]. This is known as spontaneously
generated coherence (SGC). Because this coherence is induced by the vacuum fields,
it is also called vacuum-induced coherence (VIC).

SGC is a very interesting and important phenomenon and has been the subject of
extensive investigation within multi-level atomic systems [92, 93, 94, 95, 96, 97, 98,
99]. SGC requires two or more near-degenerate energy levels and non-orthogonal
electric-dipole matrix elements of the two or more spontaneous decay channels (when
the atom is placed in free space) [98, 111, 113]. For non-degenerate energy levels,
the effect of SGC is averaged out [92]. SGC can also be generated for orthogonal
dipole moments but in an anisotropic vacuum, [114]. We restrict our discussion to
an isotropic vacuum in this thesis.

SGC holds a crucial role in the field of spectroscopy, and it can change the steady
state response of the medium. When the same vacuum mode drives two transitions
simultaneously, then it can create SGC between the ground states due to the decay
of the population [100]. Furthermore, when the same vacuum mode drives two
transitions simultaneously, coherence between the excited states transfers to the
ground states, resulting in SGC between the ground states [96]. In a Ladder system,
SGC can also be created if the energy levels are nearly spaced [115]. However, a
Ladder system with equally spaced energy levels is not feasible in an atomic system.

The atomic spectrum profile and the laser cooling are related to each other. Since
SGC affects the spectrum profile, it becomes apparent that SGC is also a significant
factor in laser cooling processes. That is why we need to incorporate the effect
of SGC in our density matrix equation. SGC is particularly sensitive to magnetic
fields, as it occurs when the energy difference between the excited and ground states
is nearly equal. In the absence of magnetic fields, the degeneracy of Zeeman levels
allows for effective SGC and, consequently, efficient PGC. Conversely, in the presence
of a magnetic field, the degeneracy of the Zeeman levels is lifted, averaging out the
effect of SGC and making PGC fragile to magnetic fields.

In this section, we construct the formalism to incorporate the effect of SGC on any
atomic system. Suppose there are N levels with M different decay channels. The
Lindbladian can be written as follows [91, 102]:

M
L=(1/2) x Y yi[=S{S; p+28; pS — pS;F S ettt (2.43)

ij=1
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Here,

Wi = Wpm Where (n > m) (2.44)
St= " A, =n)(m| (2.45)
S; = Apn=|m)(n| (2.46)
Yij = /i cos (0 — 0;) (2.47)

It is to be noted that the sum is over the number of transitions, not on the number
of energy levels. The allowed decay transitions are |m) — |n). (6; — 6;) denotes
the relative angle between the two dipole moment vectors, fi; and fi;. If ji; and fi;
are perpendicular, then ~;; = 0. If /i; and ji; are parallel, then ;; is maximum,
and v;; = /777, This indicates that decay channels corresponding to o, o and 7
transitions can not result in SGC with each other.

Let us now write the Lindbladian for the 3-level A system (as shown in Fig. 2.3 (b))
and understand the effect of SGC. Suppose the difference in energy level between
the ground states |1) and |2) is hd. Here, the allowed decay transitions are |3) — |1)
and |3) — |2). Suppose the decay rates are I's; and I'y; respectively. So, the allowed
values of S;” are |3) (1| and |3) (2|. The Linbladian can be written in the K matrix

form as:
1131/)33' Vv P31P326i6t,033 _(F31 + 1ﬂ:’;2)P1:~’,/2
K= V3150~ pas ['32p033 —(Fg1 + I's2)pas/2 (2.48)

—(P31 +T32)ps1/2 —(T's1 +T'52)p32/2  —(Ts1 + sa)pss

It is to be noted that the effect of SGC is directly affecting the coherence between
the ground states |1) and |2) and is proportional to the population of the excited
state. If § is large as compared to the linewidth of the transition or detuning of the
laser, then the effect of rapidly oscillating term e* is averaged out to zero. Also, if
the dipole moments are orthogonal, then the terms arising from the cross-correlation
will become zero.

Thus, in the absence of SGC, the decay matrix reduces to the following, which can
also be written directly using the procedure mentioned in Sec. 2.3.2:

['31p33 0 —(Pg1 +T's2)p13/2
KfS'UGOC = 0 F32033 —(Fgl + Fgg)p23/2 (249)
—(T31 + Ts2)ps1/2 —(Ts1 +Ts2)ps2/2  —(s1 + az)pss

SGC plays a significant role in sub-Doppler cooling. The sub-Doppler cooling with
a red-detuned laser can only be explained using SGC. Without SGC, it may give
heating. In the absence of SGC, the sub-Doppler temperature in MOT may be
achieved using the blue-detuned laser. This will be studied in detail in the final
chapter of this thesis.
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2.4.4 Summary

In this section, we have discussed how to write the decay matrix of any atomic
system. We have started with the 2-level system and constructed the decay matrix
using the phenomenological approach. When solving the master equation, the decay
matrix needs to be reshaped to a different form. We have developed a procedure
for writing the Lindbladian of any level system, which can be incorporated directly
into a programming language. Then, we have discussed the spontaneously generated
coherence, which is a very important phenomenon in sub-Doppler cooling and blue-
detuned cooling. We have also discussed how to construct the Lindbladian to study
the effect of SGC.

2.5 Absorption from density matrix elements

So far, we have discussed how to construct the Hamiltonian and decay matrix of any
atomic system. We have also discussed how to solve the density matrix equations.
Thus we can find how the density matrix elements vary with different parameters
such as time, detuning, velocity of the atom, and power of the laser. In this section,
we derive the relationship of the density matrix elements to the absorption of the
lasers by the atoms. In general, the absorption is proportional to the imaginary
part of the corresponding off-diagonal density matrix elements. The exact formula
is derived below.

2.5.1 Wave propagation equation

The propagation of light through a medium can be described by the Maxwell’s
equation, given by:

V-D = Pr (Gauss Law)
V-B = 0, (Gilbert’s Law)
VxE = —%—?, (Faradey’s Law)
VxH = J_} + 88—?, (Ampere’s Law) (2.50)

In the above equations, E and B are the electric field and magnetic field at any
point () at any time (t), respectively, p; and J; are the free charge density and free
current density in the medium at the same point in the space-time. The electric

— —

displacement (D) and magnetic field intensity (H) are given by:
D= E+P
B= pH+M (2.51)
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Here, P and M are the polarization and magnetization of the medium. In the atomic
medium, which is a nonmagnetic and non-conducting medium with no free charge
and no free current, the above equations 2.50 and 2.51 simplify to the following:

vV-D = 0, (2.52)
V-B = 0, (2.53)
VxE —95 (2.54)
VxH = 2 (2.55)
and
D= E+P (2.56)
B=  puH (2.57)

Taking curl on both sides of Eq. 2.54, using Eq. 2.56 and 2.57 along with the fact
that for a homogeneous and isotropic medium V - £ = 0:

. 1’E P

2o Mo

The Eq. 2.58 is Maxwell’s equation for propagation of EM field through a dielectric
medium. This is a second-order inhomogeneous wave equation, which is difficult to

solve analytically. Under certain approximations discussed below, this equation can
be solved numerically.

(2.58)

Let us consider a quasi-monochromatic wave with frequency (w) propagating inside
a medium along Z direction with wave vector k and polarization along €. The electric
field and polarization can be written as:

E(m, y, z,t) = eE(x,y, z, 1)’ 4 ce
]3(:8, y, z,t) = éP(z,y, 2, t)e!®* 4 L cc (2.59)
Here, c.c. is the complex conjugate. Under the slowly varying envelope approx-

imation (SVEA), neglecting the higher order time and space derivative and the
transverse variation, the Eq. 2.58 for a continuous wave reduces to the following:

OF  ipigw?

0z 2k
Using P = eyxE where y is the succeptibilty of the medium (y = xgr + ixs), the
solution of the Eq. 2.60 becomes:

(2.60)

E = Eoeikxz/Q
— Eoekajz/QeikXRz/Z (261)

Now, defining the medium opacity « as follows:

a= kxs (2.62)
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The final transmitted electric field of the EM field after propagating a distance L is
given by:

E(L,t) = Ege ®xuz/2eihxrz/2eilkz=wt) 4 ¢ ¢ (2.63)

Considering [, is the intensity of the incident EM field, the final transmitted intensity
of the EM field after propagating a distance L is given by:

I = Ie (2.64)
The absorption of the laser by the medium thus can be written as:

A= —ln(é)
== ol
kX[L

= kL Im(x) (2.65)

where, Im(.) denotes the imaginary part of the quantity.

2.5.2 Relationship: Absorption and density matrix

When a laser beam of frequency wy, propagates through a medium, it induces dipole
moments d on the atoms. Suppose the atomic medium consists of two-level atoms
with the number density ng. Consider the dipole matrix elements dio and dy; are
real. The induced polarization can be written as:

P = no{d)
= no X Trace(pd)
= no(dizpa1 + da1p12)
= no|dia|(p12 + p21)
= ng|dya|(Calie™ Lt + ¢ che™Lt)
= nodulg s Bt + e

no|di2|

= E—Oﬁ21E+ C.C.

- noldal® 5 B+ coc. (2.66)

Comparing the above equation with P = eoxﬁ, the susceptibility of an atomic
medium can be written as:

_ n0|d12|2 ~

= 2.
€0 th P21 ( 67)

Using the Eq. 2.62 and 2.66 the absorption by an atomic medium is given by:

B noL w\d12|2
N Eoch ng
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This is a very important formula in the field of atomic physics, as most of the
parameters are related to the absorption of the laser by the atomic medium. Since
dipole matrix elements are proportional to the CG co-efficient and Rabi frequency
is also proportional to the dipole matrix elements, the absorption can be related to
the CG coefficient as:

A XX CGlg X Im(ﬁ21> (269)

2.6 Relationship: Force and density matrix

Building on our earlier discussion about the relationship between the density matrix
elements and absorption, we now shift our focus to understanding how the force
experienced by an atom relates to the density matrix elements.

In simpler terms, the force on an atom is due to the momentum exchange between the
atom and light during absorption and spontaneous emission. When an atom absorbs
a photon carrying momentum hk it undergoes a momentum kick equivalent to hk
and gets excited to a higher energy state. Subsequently, when the atom relaxes
to the ground state through spontaneous emission, it emits a photon in a random
direction. Notably, the average change in the momentum of the atom in this emission
process amounts to zero.

As a consequence, the atom encounters an average force from the light from the
absorption and spontaneous emission cycle. This force is anticipated to be directly
proportional to the momentum kick imparted by the laser, denoted as hk. Ad-
ditionally, it should exhibit proportionality to the rate of absorption, implying a
correlation with the imaginary part of the off-diagonal density matrix elements.

In the next section, we derive the exact formula of the force.

2.6.1 Two level system

Consider an atom moving along 2 direction interacts with a traveling wave with an
electric field given by:

E = (1/2)Eoe’®==v0 4 c.c. (2.70)
Considering h§2y = JﬁE’b, the interaction Hamiltonian can be written as:

H; = (1/2)iQee’ = 1) (2] + c.c. (2.71)
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Now, the force experienced by an atom can be written as:

F= Re( — (VH}))
= Re( — 1/2ikhQ0op21 + c.c.)
= hEQoTm (512) (2.72)

Here, Re(.) and Im(.) denote the real and imaginary parts. This force expression
can be written in many different forms such as in terms of pgs or p1; [6]. We stick to
the above formalism as it helps to write the force for a complicated level system. In
the next section, we shall discuss how to generalize this formulation to write the force
on a multi-level system. Physically, we can consider this force as the momentum
kick received from the laser during each absorption cycle times the average rate (v,)
at which the atom is absorbing the photon. Thus «, can be written as:

P = Qolm (p1z) (2.73)

2.6.2 Generalization: Multi-level system

Suppose we want to write down the force for a multi-level N-system in the presence
of M lasers. Consider one transition is driven by only one laser. Suppose the laser ¢
with wavevector k; with Rabi frequency €; is driving the |7) to |k) transition. Then,
the force experienced by the atom can be generalized as:

M
F =" hkQIm(p;) (2.74)
1=1

Here f; = ji.

2.6.3 Example: 3 level V system

For example, let us consider an atom moving along Z direction. Assume the atomic
system as a 3-level V system as shown in Fig. 2.3(a). Suppose |2) and |3) are degen-
erate. Both the lasers (L; and L) are of same frequency (wy) and Rabi frequency
(Qp) with wavevectors +hkz and —hkzZ respectively. So, the force experienced by
the atom can be written as:

ﬁ = 2thOIm(ﬁ12 - ﬁlg) (275)
2.6.4 Example: 3 level A system

Consider an atomic system as a 3-level A system as shown in Fig. 2.3(b). Suppose
the ground states, |1) and |3) are degenerate. Both the lasers (L; and Ls) are of
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same frequency (wr) and Rabi frequency (§2y) with wavevectors +hkz and —hkz
respectively. So, the force experienced by the atom can be written as:

ﬁ = éhk’Qolm(ﬁlg - 523) (276)

2.6.5 Example: (343) level system

Consider the atomic system F' = 1 — F = 1, which is a (343) level system as
shown in Fig. 2.3(b). Suppose the ground states, |1), |2) and |3) are degenerate
and the excited states, |4), |5) and |6) are degenerate. Let the lasers (L; and Lo)
are of same frequency (wr) and Rabi frequency (€2y) with wavevectors +hkZ and
—hkz respectively. Let Ly (Lg) drives the |2) — |4) and |3) — |5) (|1) — |5) and
|2) — |6)) transitions. So, the force experienced by the atom can be written as:

F= 5h/€901m(ﬁ24 + P35 — P15 — ,526) (2.77)

If the Q of the different transitions are different (ex. €2;; = CG;;€), then the force
can be written as:

F= 2hkQoIm (CGaupos + CGasp35 — CGisp1s — CGagpa) (2.78)

2.7 Laser Cooling

So far, we have discussed that a laser beam can exert force on an atom. When
a moving atom experiences a force from the opposite direction, its momentum de-
creases. This means its speed decreases, and the atom slows down. The RMS speed
of an atom (v) of mass (m) is related to the temperature (7') as per the relation
given below [6]:

1 1
§m712 = 5chT (2.79)

Here kg is the Boltzmann constant. When the speed decreases, we say that the
temperature decreases and cooling occurs.

When an atom moving with speed v encounters a laser beam of frequency wy, the
frequency observed by the atom (w} ) is modified as per the Doppler effect, given by:

Wy =wp + kv (2.80)

When the atom is moving in the same (opposite) direction of the laser beam, the
sign is positive (negative). Here k = wy /c.
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F/(RKT)

kv/T

Figure 2.5: Force vs. velocity in a two-level system. The red line represents the
net force on the atom. The blue (green) dashed line represents the force from the
Ly (Ls) laser. Parameters used: I' = 27 x 6 MHz, Q =T, Ajp = —I'/2, A = 780
nm.

Consider now an ideal case of a monochromatic laser of frequency wy, interacting
with a two-level system. For an atom at rest, the probability that the atom absorbs
a photon from the laser is maximum if the laser is resonant. If the atom is moving
along the +2 direction and the detuning of the laser is zero, as a result of the Doppler
shift, the frequency of the laser observed by the atom is changed and the probability
of absorption decreases. If a red-detuned laser is propagating towards the atom,
when the frequency observed by the atom approaches resonance, the probability of
absorption increases and the atom slows down. This is the principle of Doppler
cooling.

Let us find the force experienced by an atom that is moving with speed v along
the +2 direction in the presence of two counterpropagating lasers L; and Lo with
wavevectors along the —2 and +2 directions respectively. The schematic diagram of
the system is shown in Fig. 2.5, and the force experienced by the atom is shown be-
low. Let the Rabi frequency and the detuning of the lasers be 2 and A5 respectively.
Let both the lasers be red-detuned (i.e., Ajp < 0).

The force exerted by the laser L; on the atom is shown as a blue dashed line. The
force is of Lorentzian behavior and is in a negative direction. Similarly, the force
exerted by the laser Ly on the atom is shown as a green dashed line. This is also
Lorentzian behavior, but it is acting in a positive direction. The net force by the two
lasers is shown as a red line. From the figure, we can see that the force is negative
for the positive velocity of atoms. This means if an atom is moving towards the 2
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direction, it will experience a drag force along the —Z direction, and its speed will
decrease. Similar behavior is observed for the atom moving in a negative direction.
If the atom is moving towards the —2 direction, it will experience a drag force along
the +2 direction, and its speed will decrease. This principle of laser cooling is known
as Doppler cooling.

When the lasers are made blue-detuned, the nature of the graph is reversed. This
means that an atom moving along the +(—)2 direction will experience a force along
the +(—)Z direction and its speed will increase. This is called Doppler heating.

The above concept of Doppler cooling can be extended from 1 Dimension to 3
Dimensions by applying two more pairs of counterpropagating lasers from the other
two perpendicular directions. This configuration is referred to as optical molasses
(OM).

2.7.1 Limit of Doppler cooling

The nature of the force for small velocity can be given by F = —pv. Here, B can
also be thought of as the slope of F' vs. v curve at v = 0. If we solve this equation,
we get v = vge PY/™. This means that after a very long time, v should become zero,
which means the velocity distribution function becomes a delta function with width
zero. This indicates that the temperature of the atom should become zero, which
violates Heisenberg’s uncertainty principle.

This artifact appears because we ignored the heating effect because of the momentum
kick on the atom due to the spontaneous emission of photons. Although the average
change in momentum ({Ap)) during the spontaneous emission cycle is zero, the
variance in momentum is non-zero, i.e. (Ap?) # 0. The atom performs a random
walk in momentum space during each absorption and spontaneous emission cycle,
which results in diffusion in momentum space with diffusion coefficient Dy, which is
given by:

2D = 2Ap* /At = 2 x (hk)® x 2 x 7, (2.81)

Here, the first factor, 2, appears because the atom receives the random momentum
kick in both absorption and emission cycles. The second factor (hk)? is the variance
in momentum due to each momentum kick. The third factor (2) is due to the
presence of two lasers from which atoms can get the momentum kick. Finally, the
last factor (7,) is the rate at which it gets a momentum kick. Using the Eq. 2.73,
for the 2-level atom, the Eq. 2.81 can be modified as:

2Dy = 4(hk)*Q2Im (12 (2.82)

Now, using the theory of Brownian motion, the steady state temperature can be
written as [6]:

T = Dy/f (2.83)
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Figure 2.6: Temperature vs. (a) detuning (magnitude) and (b) Rabi frequency of
the lasers in a two-level system at different (a) Rabi frequencies and (b) detunings
respectively.

For the two-level system, we use the above formalism and plot the normalized tem-
perature (7/Tp) with the magnitude of the detuning (A) of the lasers for two dif-
ferent Rabi frequencies, 2 = 0.1I" (red line) and 1.0T" and is shown in Fig. 2.6 (a).
Here, Tp is the Doppler temperature given by the formula:

Tp = KT /2kg (2.84)

The temperature initially decreases, reaches a minimum, and then increases. At low
intensity, the minimum temperature, i.e., Tp, is achieved at detuning equal to half
the linewidth of the transition. If the Rabi frequency is increased, the minimum
temperature of the atom increases, and also the position of the minima shifts away
from the resonance. Thus, it is better to use lower power to achieve a lower OM
temperature.

Next, we study the effect of Q/T" on the temperature at various detuning of the
laser. The T'/Tp vs. Q/T plot is shown in Fig. 2.6 (b). The red line corresponds
to the minimum temperature condition, i.e., when A = —I'/2. When the laser is
close to resonance (green and orange curve), the temperature rises faster with 2 as
compared to when the lasers are far red-detuned.

2.7.2 Temperature limit in a multi-level system

We extend these concepts to find the temperature of OM in a multi-level system,
given by:

M
S (kP ()],
T == (2.85)
/8|’U:O
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Here, M is the number of lasers. k; is the wave vector of the i'" laser with rabi
frequency €; = §,,,, which drives the |m) — |n) transition. The CG coefficients
should also be taken care of by using €2;; = CG;;Q it CGy; # 1. p; = pmn. B is the
slope of the force vs. velocity curve at v=0, where the force can be calculated using
the Eq. 2.74.

2.8 Sub-Doppler Cooling

Initially, the Doppler limit was considered to be the minimum achievable tempera-
ture in optical molasses (OM). However, Williams Philips’ group, in an experiment,
measured the temperature of the cold atomic cloud of sodium below the Doppler
limit [7, 116]. This challenged the existing model of laser cooling. Cohen-Tannoudji
introduced an explanation for this sub-Doppler cooling, considering the multiplicity
of sub-levels within atomic states [89].

Two configurations were proposed based on laser polarization gradients: Lin 1 Lin
Polarization Gradient Cooling and o+ — o~ Polarization Gradient Cooling. The for-
mer involves spatially modulating the light shifts of ground-state Zeeman sublevels,
inducing dipole forces and a Sisyphus effect. In the latter, the cooling mechanism
differs significantly. At very low velocities, atomic motion generates a population
difference among ground-state sublevels, leading to unbalanced radiation pressures
[89].

We are focusing our discussions on ¢ — ¢~ Polarization Gradient Cooling in this
thesis because we have utilized laser beams in the ¢t — ¢~ configuration in our
experiments.

As discussed in Sec. 2.4.3, spontaneously generated coherence (SGC) plays a very
important role in atomic systems with degenerate energy levels, causing modifica-
tion in the absorption spectrum. We discuss the sub-Doppler cooling in o™ — o,
incorporating the important aspect of SGC. We continue our mathematical model-
ing discussed in the previous sections to study the sub-Doppler cooling of multi-level
systems. Let us consider the FF = 1 — 2 (8 level) atomic system in the presence
of two counterpropagating lasers in o™ — ¢~ configuration shown in Fig. 2.7. The
objective is to determine the force experienced by the atom in this configuration.
For that, we need to solve the density matrix equations (as discussed in Sec. 2.2).
It requires the Hamiltonian of the moving atom (as discussed in Sec. 2.3.6) and the
decay matrix (as discussed in Sec. 2.4.2).

In this system, there are three degenerate ground states and five degenerate excited
states. It is possible to have SGC in this system since it has multiple decay matrix
elements parallel to each other.

First, we shall write the Hamiltonian for a stationary atom following the steps
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counterpropagating lasers in o
near the transitions.

mentioned in Sec. 2.3.2.
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Figure 2.7: Energy level diagram of FF =1 — 2 atomic system in presence of two

— o~ configuration. CG coefficients are shown
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Next, considering the CG coefficients and Rabi frequency as real, the following terms

can be simplified:

Dy = Q3 =0Q
Qs = Qo7 = Q/V2
Qg = Q36 = Q/V6

(2.88)
(2.89)
(2.90)

Thus, for the moving atoms, the Hamiltonian for the F' =1 — 2 can be written as:

TH-3371_186121020
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[0 0 0 10 0 ENGL 0 0
1 1
0 0 0 0 VAL 10 VAL 10
g | 2 0 0 —A+kv 0 0 0 0
S0 550 0 0 —A + kv 0 0 0
1 1
0 552 0 0 0 0 —A — kv 0
L 0 0 10 0 0 0 0 —A = 3kv |

This Hamiltonian is used for the further calculation. It can also be written in the
shorter form: H = H, + Hj, where

Hy= —h{2kv|3) (3| + (kv — A) |4) (4] + (kv — A) |5) (5]
— (kv + A)6) (6] — (kv + A)|7) (7|
— (3kv + A) [8) (8] } (2.91)

and

:—hQ{|1 (4] + 6| + Y (5] +

\/—I1>< \/—\2 \/‘|2><|

f|3> (5] +13) (8] } + h.c. (2.92)

Now, let us first form the K matrix in the absence of SGC. Following the discussion
as in Sec. 2.4.1, K can be given by a 8 x 8 matrix.

[P+ %p55 + %p% 0 0 _%/’14 _%Pls _%Pm _%Pn _%p18_
0 3055 + 2pe6 + 555 0 —pas —3P3s —3P6 —3Pr —3Ps
0 0 épﬁﬁ + %PW + Ps8 —%034 —%Piss —%Psﬁ —%P:s? —%Pss
- % Pa1 —%P42 —%P43 —P44  —P45  —Pa6  —Pa7 —P48
K=T —%1051 —%Psz —%Pss —Ps4  —Ps5 TPs6 P4t TP58
_%/)61 —%pw —%Pﬁs —Pes —Pe5  —Pe6  —Pe7 P68
*%Pn *%072 *%P??, —Pra  —Prs —P6  —P7 —P18
—%1081 —%P82 —%PS?, —pPs4  —Pss  —Ps6 P87 TP88
) (2.93)

Furthermore, the dipole moments associated with the transitions |1) — [4), |2) —
|5), and |3) — |6) align parallelly (in o*). This alignment allows for SGC the decays
channels [4) — [1), |5) — |2), and |6) — |3). Similarly, SGC is feasible through the
decay channels [6) — |1), |7) — |2), and |8) — |3) (corresponding to o) as well as
|6) — |1), |7) — |2), and |8) — |3) (corresponding to 7).

We incorporate the presence of SGC, and the following six terms of the K matrix
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get modified.
Ky = F(\/%/m + \%P% + ﬁgpm),
K3 = F(%,’Mﬁ + %Pm + \/LngS)a
Ko = (Lf P56 + %067 + %P?s)
CCly

Ko = P54+ \/P65 + Q\fp?fi)
K3 = (761064 + 5075 + Tgp%)a
Ksp = F(ﬁg%s + \/Lgpm + \%087) (2.94)

Finally, we solve the density matrix equation and obtain 64 simultaneous differential
equations, presented in Sec. 7.2. We convert the K matrix to the form L following
the steps in Sec. 2.4.2. The equations are numerically solved in MATLAB, and the
force experienced by the atom is evaluated using the relation:

1 1
Faamp =hEQ 1 = Sy — — + — — 2.95
damp m[(ﬂm p38) \/5(/)25 par) \/6(/)36 P16)} ( )

The force vs. velocity curve in the presence of a red-detuned laser is shown in Fig.
2.8. For a large velocity range (as shown in Fig. 2.8 (a)), the atoms experience
the Doppler force in the direction opposite to its velocity, which leads to Doppler
cooling. An interesting feature appears near the zero velocity group (as shown in
Fig. 2.8 (b)), where the slope of the force vs. velocity curve is larger than the usual
Doppler force. This feature appears due to the presence of multiple zeeman levels
and the polarization gradient. This unusual feature is the origin of the sub-Doppler
force. Since the slope of the sub-Doppler force is larger than the Doppler force, this
results in the cooling below the Dopper temperature and is known as sub-Doppler
cooling.

There are a few very important points associated with sub-Doppler cooling worth
noting. The origin of the sub-Doppler force is associated with the SGC, which
directly affects the terms in the decay matrix (given by Eq. 2.94 in our example).
Since SGC is very sensitive to the degeneracy of the Zeeman energy levels, it is
very fragile to the magnetic field. Thus, in MOT, SGC is averaged out, and sub-
Doppler cooling is not possible. For sub-Doppler cooling to occur, the magnetic
fields, including the stray magnetic field, need to be properly nullified; thus for sub-
Doppler cooling, optical molasses are used. With this motivation, the effect of SGC
in the laser cooling of atoms is further explored in Chapter 7.

2.9 Magneto-Optical Trap

Up to this point, we have explored the workings of laser cooling in optical molasses
(OM). Despite achieving low temperatures for atoms, there is an issue- they tend
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Figure 2.8: Force vs. velocity plots for the FF = 1 — 2 for (a) a large velocity
range and (b) a small velocity range. The black-circled portion in (a) is magnified
and illustrated in (b). Parameters: Ay = —3T and Q =T'/v/2.
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to diffuse away due to a lack of proper spatial confinement in OM. To tackle this,
we need a force of the form F' = —az, where « is a positive constant. This force
is achievable by using both optical and magnetic fields, creating what is known as
a Magneto-Optical Trap (MOT). The first MOT was successfully demonstrated in
1987 [9]. In contrast to optical molasses, MOT stands out as a robust trap. It does
not rely heavily on power balancing of the counterpropagating laser beams, and it is
not overly sensitive to beam polarizations [6]. This robustness and ease of operation
make the MOT a widely adopted method for laser cooling and trapping of neutral
atoms.

Typically, a quadrupole magnetic field is used in MOT and is created by using a pair
of current-carrying coils arranged in an anti-Helmholtz configuration. This setup
generates a magnetic field gradient represented as B = B’z. In this configuration,
the magnetic field is zero at the center and increases linearly away from the center.
The MOT utilizes the Zeeman effect, where the presence of a magnetic field causes
shifts in the Zeeman energy levels. By applying a magnetic field gradient represented
as B = B'z, the degeneracy of Zeeman levels is altered by:

Here, gp is the Lande-g factor, mg is a magnetic quantum number, and ug is the
Bohr magneton.

To understand the mechanism, let us consider a simple system: F, =0 — F, = 1 in
the presence of two red-detuned counterpropagating lasers in ¢ — o~ configuration.
Fy = 0 has one zeeman level (]1)) and F, = 1 has 3 zeeman levels corresponding
to mp = 41,0 and —1. mg = 0 of the excited state can be ignored as no atom is
excited to this state due to the selection rules. Let us label the levels corresponding
tomp = +1 and mp = —1 as |2) and |3) respectively. In the absence of the magnetic
field, |2) and |3) remains degenerate (as shown in Fig. 2.9 (b)). In the presence
of a uniform magnetic field along the —z and 42 directions, the energy levels shift
according to the relation Eq. 2.96 and are shown in (a) and (c) respectively.

In the presence of a positive magnetic field, atoms scatter more photons from the
o~ light than the ot light as the o~ light is closer to the resonance. Thus, it
experiences more force from the o~ light than the o™ light. For trapping, as the
atom needs to move towards the origin, it needs the net equivalent force along the
negative direction. This is possible only when o~(f) light propagates along the
—(+)7 direction.

Similarly, in the presence of a negative magnetic field, atoms experience larger force
from the ot light than the o~ light. It needs the net equivalent force along the
positive direction. Thus, the o~ light must be along the —(+)7 direction.

Now, in the presence of the quadrupole magnetic field of the form B = B’z, the
energy levels of |2) and |3) vary spatially, as shown in Fig. 2.10. For z # 0, atoms
experience a position-dependent force towards the center of the MOT. For two atoms
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Figure 2.9: F = 0 — 1 atom in the presence of (a) negative, (b) no and (c) positive
magnetic fields.

with the same velocity, the atom closer to the center experiences lesser force than
the atom away from the center. Thus, when the atom moves closer and closer to the
center of the trap, it experiences lesser and lesser force. This force is dominantly
from the o~ (+) light for the atom in the +(—) direction.

This scenario is similar to the velocity damping observed in optical molasses due to
the Doppler effect. However, there is a key distinction: here, the effect operates in
position space, whereas in optical molasses, the effect operates in velocity space.

The force experienced by the atom in MOT can be given by the same expression as
in 3 level V system:

ﬁ = é’hkgolm(ﬁlg — ﬁlg) (297)

However, the detuning terms of the Hamiltonian of the 3-level system are modified
as:

Ay =A—kv+az (2.98)

A3 =A+kv—az (2.99)

Here a = p/B’'/h and ¢/ = (geme — ggmy)pup is the effective magnetic moment for
the transitions [6].

When both the Doppler shift and the Zeeman shifts are small, in that case, the force
can be simplified as [6]:

F=—Bt—kZ (2.100)
where the terms of the orders (kv/T')* or higher are neglected. 3 = e +58fi2(2AA87F)2)2’

sop=202/T? and k = “;,f,
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Figure 2.10: One dimensional schematic of a MOT for F' = 0 — 1 transition.
Magnetic sublevels are split in the magnetic field gradient, making it more likely
for atoms to absorb the red-detuned photons that tend to push them toward the
center of the trap.

The force given by Eq. 2.100 results in the overdamped harmonic motion of the
atoms.

Another important term associated with the MOT is capture velocity. It is defined
as the maximum velocity of the atoms below which they can be trapped in the MOT.
Assuming that the atoms scatter photons at the maximum possible rate I'/2 across
an entire beam diameter D, an expression for the capture velocity is given by,

T

D 2.101
p (2.101)

Ve = 1/2

where m is the atomic mass and k = 27/\ is the wave number of the MOT light
[117, 118].

2.10 Conclusion

To summarize, we have discussed in detail the cooling and trapping of atoms in a
magneto-optical trap. Starting with the density matrix formalism, we discussed how
to construct the Hamiltonian for different systems, even for those involving moving
atoms. The Lindbladian of the system was then discussed, and we covered a brief
overview of spontaneously generated coherence and how to include it in the density
matrix equations. Using this framework, we discussed the Doppler cooling in a
two-level system and the sub-Doppler cooling in optical molasses with a transition
from FF =1 — 2. We also gave the formalism to extend these concepts to other
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complicated atomic systems. Finally, we gave a quick overview of the magneto-
optical trap. In the next chapter, we discuss the experimental details associated
with the magneto-optical trap.
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Carrying out a successful laser cooling and trapping experiment involves paying close
attention to important details. Knowing the energy levels and transition wavelengths
of the target atom is crucial for laser-based excitations. Stable laser frequencies are
achieved through spectroscopy techniques like saturated absorption spectroscopy,
polarization spectroscopy, and/or double resonance spectroscopy. The three pairs
of counterpropagating laser beams from three orthogonal directions along with the
quadrupole magnetic field make the basic structure of the magneto-optical trap
(MOT). The MOT setup also requires an ultra-high vacuum. The absorption imag-
ing techniques become crucial for the characterization of cold atoms. As experiments
advance, the need for precision in controlling experimental parameters highlights the
necessity of a computer control system.

In this chapter, we explore the atomic structure of Rubidium, mainly the relevant
energy levels, hyperfine structures, and transition wavelengths crucial for our ex-
periments. Following this, we provide an overview of our laser system, and discuss
the strategies for frequency stabilization using spectroscopy techniques. From con-
verting the atomic spectra into error signals to addressing transitions within the
Magneto-Optical Trap (MOT) chamber, this chapter discusses key aspects of our
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experimental setup. We also discuss the characterization of the MOT and conclude
with a discussion of our computer control system.

3.1 Atomic structure of Rubidium

In this section, we discuss the structure of the Rubidium (Rb) atom. It is an alkali
metal with an atomic number of 37, placing it in Group 1 of the periodic table below
Li, Na, and K. It has two stable isotopes: ¥Rb (72.2% abundance) and " Rb (27.8%
abundance). The electronic configuration of Rb is [Kr]5s'. It has a single valence
electron in its outermost shell, which determines its high reactivity in chemical
processes, requiring a high vacuum for conducting any atomic physics experiment
with Rb. In terms of spectroscopic notation, Rb has a ground state of 5S; /5, where
the outermost electron resides in the n = 5, L = 0 shell with an angular momentum
quantum number J = %

The fine structure of Rb includes the ground state 5S;/, and important excited
states such as 5Py/2, 5P3/2, 6P/ and 6P3/5 etc. These fine structures result from
the coupling of the orbital angular momentum (L) of the outermost electron with
the spin angular momentum (S). In general, J = L+ S and J take values in between
|L — S| to L+ S. The relevant fine structures of **Rb and 8’Rb are shown in Fig.
3.1. Transitions such as 5S;/, — 5P1/5 at 795 nm (D, line) and 58,/ — 5P3/5 at 780
nm (D, line) lies in infrared (IR) spectrum of the electromagnetic (EM) radiation.
Transitions such as 551/ — 6P1/ at 421 nm (D, line) and 5S;/5 — 6P3/> at 420 nm
(Dg line) lies in blue spectrum of the EM radiation. These transitions are commonly
used in any atomic physics experiments with Rb.

Additionally, the isotopes, **Rb and 5'Rb exhibit nuclear spins of I = 3 and I = 3.
The nuclear angular momentum () couples with J to further split the fine structures
into hyperfine structures (F'). In general, F' = I + J and F' take values in between
|I — J| to I + J. Relevant hyperfine levels with the energy splittings are shown in
Fig. 3.1. For example, 6P3/, state of **Rb has J = 3/2 and I = 3/2. Thus F can
take values in between 0 and 3. Thus, this splits into the hyperfine states F' =0, 1, 2,
and 3.

Furthermore, each hyperfine level consists of 2F 4+ 1 degenerate zeeman levels. Each
Zeeman level is characterized by the magnetic quantum number mg which takes the
values from —F' to +F with an increase of 1. For example, 6P3/5, F' = 2 state of 8TRb
has 5 degenerate Zeeman energy levels and are given by mp = —2,—1,0,+1, and
+2. In the presence of a magnetic field, this degeneracy is lifted. The corresponding
energy level shift is given by [6]:

Here, gr is the Lande-g factor, mp is a magnetic quantum number, ug is the Bohr
magneton, and B is the applied magnetic field.
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Figure 3.1: Relevant energy levels of 8®Rb and 8"Rb. The hyperfine splittings are
shown in MHz units.

3.1.1 Selection Rules

Not all the excitation and de-excitations are possible in an atomic system. They
are governed by some selection rules [6]. The dipole-allowed hyperfine transitions
occur with changes in the quantum number AF', where AF represents the difference
between the initial state F; and the final state F}; for a given transition. Specifically,
these transitions are characterized by AF = 0, £1. Notably, the transition F' = 0 —
0 is not allowed as it is a forbidden transition.

Moving to Zeeman transitions, the allowed changes in magnetic quantum number
Amp are limited to 0 and £1. Here, Amy corresponds to the difference between the
initial state mp, and the final state mp, for a given transition. It’s crucial to empha-
size that the transition mg = 0 — 0 is not allowed when AF = 0. Furthermore, the
transitions Amp = 0, +1, and —1 are selectively permitted, corresponding to m, o™,
and o~ polarized radiations, respectively.

3.2 Laser system

Lasers play a significant role in atomic physics, offering unique capabilities that
drive advancements in precise control and manipulation of atoms. The significance of
lasers lies in their ability to provide coherent, monochromatic light with well-defined
characteristics, such as a specific wavelength and narrow linewidth. Typically, a laser

45
TH-3371_186121020



Chapter 3. Experimental Details

diode has a resonator length of around 300 gm which corresponds to the free spectral
range of the order of 100 GHz. However, the linewidths of atomic transitions are
of the order of MHz. Therefore, it is necessary to have laser linewidth as narrow
as possible. In this context, the External Cavity Diode Laser (ECDL) serves as
the most crucial laser system due to its narrow linewidth and continuous frequency
tunability.

The setup of an ECDL involves a laser diode, a collimating lens, and a diffraction
grating configured in the Littrow or Littman configuration. In principle, both con-
figurations allow a similar range of frequency tunability. In Littrow configuration,
the first order diffracted beam is fed back to the laser diode and the zeroth order
beam serves as the output. The Littman configuration uses an additional mirror
for reflecting the first-order diffracted beam to the laser diode. This makes the
Littman configuration more complex than the Littrow configuration and prone to
more acoustic and thermal noise. Because the grating face forms an additional cav-
ity with the back face of the laser diode (apart from the internal cavity of the laser
diode), both configurations are known as external cavity diode lasers. For our work,
we have used the Littow configuration of the ECDLs.

Refer to Fig. 3.2 for a typical image of our self-assembled ECDL in the Littrow
configuration. The grating is mounted over a piezo, which undergoes length changes
upon applied voltage via the piezo driver. The position of the grating in the Littrow
configuration is such that when it rotates, the length of the cavity is also changed,
effectively changing the output laser’s frequency. The output laser frequency is
determined by the interplay between the laser diode gain profile, grating profile,
and internal and external resonator mode structures. The following equation can be
used for roughly selecting the required grating.

2dsina = A (3.2)

Here, d is the spacing between the successive grooves, « is measured with reference
to the grating normal and )\ is the wavelength. Typically available different types
of gratings are 3600 1/mm, 2400 1/mm, 1800 1/mm, 1400 1/mm, 1100 1/mm, and
1000 1/mm for 380 nm - 450 nm, 600 nm - 650 nm, 650 nm - 910 nm, 910nm - 1100
nm, 1100 nm - 1400 nm, and 1400 nm - 1600 nm respectively. As an example, for
wavelength at 780 nm, a grating with 1800 1/mm can be used and it should be put
at an angle of a = 44.59°. Similarly for 420 nm, a grating with 3600 1/mm can be
used and it should be put at an angle of o = 49.12°. By changing the piezo voltage,
continuous frequency tuning can be achieved.

Two types of ECDLs have been used in our experiments: one is commercially avail-
able ECDL at 420 nm from Toptica (model: DL Pro HP) and others are home-
assembled 780 nm ECDLs. The 780 nm ECDLs include laser diodes from Thorlabs
(model: L785H1 (high power) and L785P090 (low power)). Additionally, we have
used the commercially available current and temperature controllers from Toptica
(Model: DCC 110 and DTC 110) for controlling the laser diode currents and tem-
peratures. For tuning the piezo voltage for the 780 nm lasers, we have used a Piezo
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Figure 3.2: Image of the home assembled ECDL in Littorw configuration.

controller from Thorlabs (model: MDT693B) and for the 420 nm laser, a scan con-
troller (model: SC 110) from Toptica is used. All the controllers from Toptica are
placed in a double-stage supply rack (Make: Toptica).

The single-mode operation and the wavelength of the blue laser are monitored on
a wavelength meter from Highfinesse GmbH (model: WS7-60). Two isolators (I-
80-U4 from Isowave, and 10-5-780-HP from Thorlabs) are used in front of the IR
lasers. These isolators protect the laser diodes by preventing back-reflections from
the optical elements used in the experiments.

3.3 Frequency stabilization techniques

Although the ECDL provides continuous frequency tunability and narrow linewidth,
it faces the challenge of undesirable frequency drift, often induced by external fac-
tors such as temperature fluctuations, mechanical disturbances, and environmental
conditions. This can compromise the accuracy and reliability of the laser system,

making it essential to address this challenge, especially in the context of experiments
like MOT.

Spectroscopic techniques emerge as valuable tools for countering these challenges.
By employing methods like saturated absorption spectroscopy and polarization spec-
troscopy, researchers can actively monitor the laser frequency and implement feed-
back mechanisms. These techniques enable real-time adjustments, actively locking
the ECDL onto the desired atomic transition. The result is a stabilized laser system
that maintains precise control over its frequency, providing the necessary foundation
for conducting detailed and reliable atomic physics experiments, particularly in the
context of cold atom manipulation and trapping.
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Mainly three spectroscopic techniques have been used in our experiments: Satu-
rated absorption spectroscopy (SAS), Polarization spectroscopy (PS), and double
resonance spectroscopy (DRS).

3.3.1 Saturated absorption spectroscopy

SAS is a common technique in atomic physics, particularly for exploring the hyper-
fine spectrum of atoms [119]. The method involves sending a pump beam and a
probe beam through a vapor cell, typically in counterpropagating directions. When
the probe beam goes through the vapor cell without the pump beam and is detected
on a photodetector, it exhibits a Doppler profile due to its interaction with atoms
moving at different velocities. This scenario does not reveal the hyperfine spectrum.

However, in the presence of the pump beam, when the pump beam frequency
matches with the resonant frequency, it induces excitation. The high power of the
pump beam ensures saturation, preventing further atom excitation. Consequently,
when the probe beam frequency matches the resonance frequency, it encounters no
absorption, resulting in a distinctive saturated absorption dip within the absorption
profile. This dip signifies the presence of allowed hyperfine transitions.

In addition to the distinctive saturated absorption dips corresponding to allowed
hyperfine transitions, SAS reveals extra features known as crossover peaks. These
additional peaks originate from the interaction of two distinct velocity groups of
atoms with the probe and pump lasers. Notably, the crossover peaks occur precisely
in the middle of two real peaks in the absorption spectrum. Furthermore, the
hyperfine pumping mechanism plays an important role in SAS where atoms have
multiple hyperfine ground states [120]. Both the real and cross-over peaks can be
utilized for frequency stabilization of the ECDL.

The SAS spectrum cannot directly be used for the frequency stabilization of the
ECDL. First, it must be converted to an error signal. This conversion involves
modulating the frequency of the probe and/or pump beam and then demodulating
the photodetector signal. The laser’s frequency modulation can be achieved by
adjusting the current, piezo voltage, or externally using acousto-optic modulators
(AOM). If an AOM is used for frequency modulation, it should be used in a double-
pass configuration.

3.3.2 Polarization spectroscopy

There is another widely used technique, known as Polarization spectroscopy [119,
121], which offers an advantage by providing the error signal without the need for
modulating the frequency of pump or probe beams. This method shares some com-
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mon features with the Faraday rotation of light, a phenomenon observed when a laser
beam traverses a Faraday-active medium. In the Faraday effect, a magnetic field is
applied to induce circular birefringence. However, in polarization spectroscopy, the
strong pump beam causes the birefringence. The magnetic field is applied only to
provide a quantization axis. In this scenario, the two circularly polarized compo-
nents of the light undergo different absorption within the medium. By detecting the
differential absorption between these components, polarization spectroscopy effort-
lessly generates the error signal.

3.3.3 Double resonance spectroscopy

Double resonance spectroscopy (DRS) represents another powerful approach in atomic
physics, distinguishing itself from traditional methods such as SAS [122, 123]. While
SAS concentrates on the resonant interaction of a laser with a single atomic tran-
sition, DRS takes advantage of simultaneous resonance with two distinct atomic
transitions. Unlike SAS, DRS avoids the appearance of crossover peaks within the
real peaks, which may be helpful when energy levels are closely spaced. Additionally,
DRS eliminates the need to heat the vapor cell for spectroscopy of narrow transi-
tions. However, it is essential to note that DRS tends to offer a larger linewidth
of absorption compared to SAS. Similar to SAS, DRS requires converting the spec-
trum to an error signal by modulating the frequency of the pump or probe, making
it suitable for frequency stabilization of the ECDL.

3.3.4 Absolute frequency shift due to spectroscopy setup

When employing current modulation or piezo voltage modulation, the absolute fre-
quency of the laser remains unchanged. However, these methods lead to undesired
modulation of the MOT lasers, adversely affecting the quality of the MOT. In con-
trast, the use of an external AOM for frequency modulation of the probe and/ or
pump beam of the spectroscopy setup ensures that the MOT lasers remain unmod-
ulated. However, this introduces changes in the absolute frequency of the laser.
Commonly, the AOMs are used in double-pass configurations to avoid misalignment
due to the change in frequency. Three different possibilities exist:

AOM on the path of both pump and probe beam

A commonly employed technique involves placing an AOM with a frequency shift
of Apom on the path of a beam before it is used to generate the pump and probe
beams. Thus, the pump and probe beam undergoes a frequency shift of Arowm.
If the spectrum peak appears at wy, the relationship with the laser frequency wy,
is given by w; = wy — Aaom. Essentially, if the AOM is upshifted by Axom, the
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absolute frequency of the laser is at the frequency downshifted by the same amount.

This method is employed for the frequency stabilization of the repumper laser in
Chapter 7.

AOM on the path of only pump beam

While less common, placing an AOM solely on the path of the pump beam proves
useful. Since the probe beam remains unmodulated, this setup enhances the signal-
to-noise ratio compared to the previous case. We utilized this configuration for the
frequency stabilization of the 420 nm laser in Chapters 4-8. If the pump beam is
upshifted by 2 x Aaowm, then the absolute frequency of the laser is at frequency
downshifted by Axom.

AOM on the path of only probe beam

Although not a widely adopted technique, placing an AOM solely on the path of the
probe beam may find utility in specific experiments. If the probe beam is upshifted
by 2 X Aaowm, then the absolute frequency of the laser is at frequency downshifted
by Aaom-

3.3.5 Addressing the correct transitions

In a MOT, ensuring that all laser beams accurately address the desired atomic
transitions is essential. Additionally, the ability to switch these beams on/off during
the experimental cycle requires the incorporation of an AOM on their path. Consider
a laser frequency denoted as wy,, and the required addressing frequency as wy. The
AOM frequency should then be set to wy — wr.

For instance, suppose the IR MOT laser is locked using polarization spectroscopy
corresponding to the 5S; /9, F= 2 — 5P3/5, F= (2, 3) crossover peak, with no AOM
used on the spectroscopy path. If the IR MOT beam in the MOT chamber needs to
be —2m x 10 MHz red-detuned from the 55, /5, F= 2 — 5P3/5, F'= 3 transition, the
correct AOM frequency on the IR MOT beam path would be 4 (27 x % X 266.65 —
10) = +27 x 123.325 MHz, where 2m x 266.65 MHz is the separation between the
F= 2 and F= 3 peaks.

As another example, consider the need for a blue MOT beam in the MOT chamber
—2m x 3 MHz detuned from the 5S;/5, F= 2 — 6P3/,, F= 3 transition. If the
blue laser is locked corresponding to the 5S;/p, F= 2 — 6P3/5, F= 3 peak using
the SAS technique, and an AOM in a double-pass configuration with a frequency of
—27m x2x46.75 MHz is used only on the path of the control beam of the spectroscopy
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Figure 3.3: Image of the MOT setup

setup, the correct AOM frequency on the blue MOT beam path would be —27 x
(46.75 + 3) = —2m x 49.75 MHz. The detuning of the blue MOT beam can then be
calculated using A = Ayior — %Acontml = (=27 x 49.75) — 27 X %(—2 x 46.75) =
—2m x 3 MHz. Here, Ayior and Aconirol are the frequencies of the AOMs on the
MOT beam path and the control beam path, respectively. To change the detuning
of the blue MOT beam, Agonirol can be adjusted as it does not alter the alignment,
while Apor should remain constant as it affects the alignment of the blue MOT

beam.

3.4 MOT setup

The magneto-optical trap (MOT) apparatus used in these experiments closely fol-
lows the design outlined in [124], comprising a rectangular glass chamber with di-
mensions 100 mm x 25 mm x 25 mm and is shown in Fig. 3.3.

The pressure inside the glass chamber is 10~° mbar. To achieve and sustain the
required vacuum, a sequence of pumps is employed: a rotary pump (Pfeiffer Vac-
uum), a turbo-molecular pump (Pfeiffer Vacuum, Hipace 300 H), and an ion pump
(Agilent, Vaclon Plus 75). Additionally, the vacuum setup undergoes an additional
baking process at 200 °C for a week for degassing. The glass chamber is connected
to the ion pump, operating with a pumping speed of 75 1/s, through a 4-way cross.
Atomic rubidium vapor is introduced into the chamber by applying a 2.2 A cur-
rent to a dispenser (AlfaSource Rubidium, model: AS-Rb-0090-2C-RbBi40) via an
electric feedthrough at the opposite end of the 4-way cross.

The MOT setup incorporates an Anti-Helmholtz coil for the generation of a quadrupole
magnetic field and three pairs of Helmholtz-configured shim coils to eliminate stray
fields. The Anti-Helmholtz coil, capable of producing an 18 G/cm magnetic field
gradient at a current of 1 A, comprises coils with specific dimensions: inner diam-
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eter (7 cm), outer diameter (13 cm), thickness (3 cm), and 500 turns. For rapid
switching of the magnetic field, a high-current switch based on an insulated-gate
bipolar transistor (IGBT) is employed, with a switching-off time of approximately
20 ps.

The optical part of the MOT setup consists of three laser beam arms. Prior to
entering the MOT chamber, all beams are co-propagated with correct polarization.
Galilean telescopes expand the beams tenfold, and proper circularization is achieved
using dual quarter-wave plates. The beams are retro-reflected back using another
combination of dual quarter-wave plate and mirror.

3.5 Characterization of MOT

Characterizing the MOT cloud involves determining the number of trapped atoms,
their temperature, and the optical density (OD) of the cloud. This is achieved
through absorption imaging, a technique utilizing a near-resonant probe beam, re-
ferred to as the imaging beam. The cold atoms selectively absorb this beam, gen-
erating a shadow image where darker regions correspond to higher atomic density.
Captured by a camera, this image offers valuable insights into the spatial distribu-
tion of trapped atoms. Subsequent analysis of the absorption image enables us to
precisely quantify parameters such as the number of atoms and temperature.

In our experiment, the imaging beam addresses the 5S;/5, F= 2 — 5P3/, F= 3
transition. It is derived from the IR MOT laser. It is passed through an AOM
in a double pass configuration for detuning adjustments and on/off control. The
spatial mode is cleaned to Gaussian via a polarization-maintaining single-mode fiber.
Afterward, the beam is expanded and collimated using a combination of lenses
to adequately cover the entire atomic cloud. The imaging beam has a power of
approximately 3 uW, with a diameter of 20 mm. Images are captured on a CMOS
camera (Thorlabs, CS135MUN), pixel size: 4.8 pm x 4.8 ym) employing an imaging
system with a demagnification of 0.3342. The camera’s exposure time is set at 200
us, during which the imaging beam is active for 100 us.

The cloud is allowed to undergo free expansion by switching off all the beams and
the magnetic field. Three images are captured for each time of flight: one with MOT
(Inmor), one reference beam (Ig.s), and one for the background (Ip¢).

A MATLAB program is employed to analyze these images. From each set of 3 im-
ages, at first region of interest (ROI) is selected and the unnecessary part is cropped.
Then a parameter b, known as Transmission, is calculated using the equation:

Inor — ]BG‘|
b= —-In|— 3.3
{ Irer — Ipc (3:3)
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3.5.1 Radii and optical density of the cloud

From the transmission profile, by summing the pixel values row-wise and column-
wise, two Gaussian profiles can be obtained which can be used to determine the
peak position of the transmission, background level and the size of the gaussian can
be obtained by fitting the profiles with equation:

z=A+ B xexp |—(z; — 9)*/207] (3.4)

where A is the background level, B is the amplitude of the Gaussian, x; denotes the

column ( or row) number, z, is the position of maxima and o, is the \/LE radius. Here,

\/LE radius is chosen purposefully in order to simplify the future calculation. o, in

the gaussian function is also the standard deviation. The initial guess for the above
equation is chosen as follows: zy = position corresponding to a maximum value of
z which is max(z), A = 8322 B = max(z) — A and 0, = separation between the

position corresponding to max(z) and %e(z)

From the 2 Gaussian fits, position of maxima (¢, o) and \/LE radii o, and o, are
extracted and used as initial guess for 2D Gausian fit of the Transmission dataset.
The fit equation used is:

—(ﬂii - xo)Q —(?Ji - y0)2
202 2072

b= ag+ by X exp (3.5)

Here, ag and by are chosen as A and B as initial guesses.

From this 2D Gaussian fit, finally, maximum OD, b, and radii of the cloud o, and o,
are obtained and these values are used to calculate the number density, the number
of atoms and the temperature of the cloud.

The obtained radii are in terms of the pixels and thus we need to multiply them by
the size of one pixel in order to get it in pm unit. This is the radii of the image of
the cloud in pm unit. To get the actual size of the MOT cloud, we have to multiply
it with M, the magnification of the imaging system.

3.5.2 Number density

From Beer-Lambert’s law, we can write that

dr

7 —n(z,y,2) X opy, X dz (3.6)

— [ = Iy xexp [—ffooo n(z,y,z) X opn X dz (3.7)

Iy x exp [-OD(z,y)] (3.8)

= OD(z,y) = —[Z n(x,y,2) X o X dz (3.9)
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Assuming, n(x,y, z) = ng X exp |:_(117i_270)2 n —(yi—yo)? " _(zi—zo)z]7

202 205 202
we have:
—(@i —20)* | —(¥% — %0)*
OD(z,y) = ng X opn X 0, X €xXp { 207 202 (3.10)
Hence,
ODy = V21ngo,,0., (3.11)
where o, = 3;?2 is cross-section at resonance and A is wavelength of laser.

As the captured image is a 2D image, we can not have exact information of o,. From
the symmetry of the MOT beams, we can assume that o, = 0,,;, = min(o,,o,) for
maximum value of number density. Therefore, the maximum number density of the
trapped atoms is:

ODy

Nomar = —————— 3.12
0 V 2T Oph T in, ( )
3.5.3 Number of trapped atoms
The number of trapped atoms can therefore be calculated as:
N = / n(x,y, z)drdydz
- —(zi —20)® | —(wi —w0)* | —(z — %)
= N =ngy X /_Oo exp { 207 207 207 dxdydz
Therefore,
N = 27T3/2n00x0y02 (3.13)
3.5.4 Temperature of the cold atoms
Radius of classical gas with number density,
—(ri —20)® | —(wi —w0)® | —(z — =)
n(z,y,z) = ng X exp [ 207 + 202 + 207
under free expansion follows the equation [125]:
kgT
ol =02,+ (B—> x TOF? (3.14)
’ m
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Figure 3.4: Schematics of the computer control system

Therefore, by analyzing the images for the two time of flights, the temperature of
the cloud can be extracted by using the following equation:

m 02 — g?
T =" x 2 L 3.15
kg {TOF% — TOF%} (3.15)

3.6 Computer control system

In experiments with cold atoms, it is really important to use a computer control
system. This ensures precision, repeatability, and real-time adaptability of experi-
mental parameters. Dealing with laser cooling experiments requires careful control
over things parameters like laser switching, power and detuning, magnetic fields,
and capturing the image of the atomic cloud. The computer control system helps
to smoothly manage and coordinate all the different parts of the experiment. It
allows for running complicated experimental sequences and adapting quickly to any
changes in the experiment. It also helps with collecting, processing, and storing the
data, making the whole experiment more organized and ready for detailed analysis.

We have designed both the hardware and software of the computer control system.
The schematic of our computer control system is shown in Fig. 3.4. The system is
based on the PCI-DIO-32HS card from National Instruments. The time sequence is
entered on the user interface. The software converts the sequence into 32-bit integers
out of which 25 bits are actually in use for the system. The first 16 bits carry the
data information, the next 8 bits carry the address information, and the 25th bit is
used as a strobe which is responsible for the trigger at which various cards compare
the address and accept the data.

The 32-bit signal is first sent to the buffer card from the PCI card via a 68-pin female-
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female connector. The buffer card extracts 25 relevant data bits, organizes them,
and sends them for further processing. Additionally, the buffer card is responsible
for converting the strobe signal with a pulse width of around 150 ns. The 25 data
bits are then transferred to the Relay card to enhance the weak signal and isolate
the buffer and PCI cards from other instruments and other circuits. From the relay
card, the digital, and analog cards are connected via a 50-pin ribbon connector.
All the digital signals are connected to digital cards, and all the analog signals are
connected to analog cards.

Each digital card has 16 channels and each channel can offer 0 and/ or 5 V. Each
analog card has 8 channels and each channel can offer analog voltage ranging from
-10 V to 410 V. The signals can be transmitted at a frequency of 250 kHz, meaning
the difference between two signals is 4 ps. The digital card is mainly used for
switching on/off the laser beams, magnetic fields, or trigger signals. The analog
card is mainly used for changing the detuning and power of the lasers and changing
the magnetic fields. All the cards used in our computer control system are shown
in the appendix A. The software of the computer control system is briefly discussed
in the appendix B.

3.7 Conclusion

In this chapter, we presented the relevant energy level diagram of Rubidium atoms
at 5S — 5P (IR transition) and 5S — 6P (blue transition). Following this, we pro-
vided a concise insight into our laser system and explained the basic principle behind
the spectroscopy techniques used for the frequency stabilization of the lasers. We
discussed the shift in absolute frequency of the lasers due to the AOM in the path
of the pump and/ or probe beam and how to choose the correct AOM frequency
for addressing the correct transition of the Rb atom in the MOT chamber. Addi-
tionally, we also briefly discuss the MOT chamber. Furthermore, we presented the
important formula and techniques associated with the absorption imaging technique
to characterize the atomic cloud in MOT. Finally, we concluded this chapter with a
brief overview of our computer control system.
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CHAPTER 4

Direct Spectroscopy of Rubidium at 420 nm

Contents
4.1 Introduction . . . .. . .. . ... ... 57
4.2  Experimental Set-up . . . . . ... Lo 59
4.3 Results and Discussion . . . .. .. .. ... ... 62
4.4 Conclusions . . . . . . ..o 67

! The 5S—6P transition in Rubidium (Rb) at 420 nm offers the advantage of a
narrower linewidth and diverse applications in quantum technologies. However,
the direct spectroscopy at this transition is challenging due to its weak transition
strength. In this chapter, we have discussed the saturated absorption spectroscopy
(SAS) of Rb using the narrow-line transition at 420 nm. We have studied the effect
of the temperature of the Rb cell, control beam power, and beam size on the SAS
dip heights and their linewidths. Additionally, our study offers a comprehensive
examination, encompassing all eight error signals of Rb for the 5S—6P transition
at 420 nm and 421 nm. These findings contribute valuable insights to the field of
laser frequency stabilization of Rb at blue transition and can be useful in quantum
technologies based on this transition.

4.1 Introduction

In the intricate landscape of precision measurements and laser technologies, spec-
troscopy holds a pivotal role, particularly in the domain of laser frequency stabiliza-

!This chapter is a slightly modified version of the journal article, titled “Direct spectroscopy
of Rubidium using a narrow-line transition at 420 nm” by Rajnandan Choudhury Das,
Samir Khan, Thilagaraj Ravi, and Kanhaiya Pandey, published in the journal The European
Physical Journal D in 2024 [2].
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tion [6, 119]. This precise control of laser frequencies is a key factor in a diverse array
of applications, ranging from understanding fundamental physics to the development
of cutting-edge technologies such as atomic sensors, quantum computers, quantum
simulators, and atomic clocks. Among the various elements explored in this pursuit,
Rubidium (Rb) has been a focal point of investigation. The well-established 5S—5P
transitions at 780 nm and 795 nm have long dominated the spectroscopic landscape
[126, 127].

The 5S—6P transition at the blue wavelength of 420 nm has received less attention,
despite its manifold advantages (as discussed in Chapter 1), notably a narrower
linewidth (27 x 1.4 MHz) compared to conventional infrared transitions (27 x6 MHz).
Despite its potential, a comprehensive understanding of the Rubidium spectrum at
the blue transition has been surprisingly limited.

Traditionally, stabilizing the laser frequency at 420 nm involves double resonance
spectroscopy [1] or saturated absorption spectroscopy (SAS) [82]. In double reso-
nance spectroscopy, a V system is formed with a 780 nm probe and 420 nm control
and electromagnetically induced transparency (EIT) and optical pumping methods
are used [76]. However, this approach comes with complexities. The stability of
the 420 nm signal depends on the stability of the 780 nm laser frequency, making it
prone to noise and destabilization. Changes in the 780 nm laser frequency impact
the 420 nm spectrum, adding complexities to experimental setups. Additionally, its
absorption dip has large linewidth (typically > 27 x 6 MHz) due to the Doppler shift
mismatch between the 780 nm and 420 nm lasers [76, 77]. Moreover, it is highly
sensitive to the angle between the 780 nm and 420 nm laser beams [77].

On the other hand, SAS avoids the challenges linked with double resonance spec-
troscopy. While SAS is a widely employed technique [119, 128, 129, 130], applying
it to narrow transitions poses challenges due to the weaker transition strengths com-
pared to broader transitions. Elevating the vapor cell temperature to 50 — 100 °C
enhances the signal-to-noise ratio but introduces the possibility of coating on the
vapor cell window, necessitating meticulous considerations in experimental design
and execution. SAS on Cs at narrow transitions has been extensively studied
[131, 132, 133, 134, 135]. For SAS on Rb at 420 nm, the use of blue color-sensitive
photodetectors is essential and is now widely accessible. Glaser et al. have con-
ducted precise measurements of absolute transition frequencies at 420 nm and 421
nm, reporting all the eight Rb spectra [136]. While various groups have made par-
tial contributions to the study of the 5S—6P spectrum of Rb [137, 138, 139], a
comprehensive investigation into the behavior of Rb spectra at the blue transition
concerning experimental parameters is still lacking. This work addresses this gap
by exploring the effects of temperature of the vapor cell, control beam power, and
beam size on the SAS signal. Additionally, we present all eight error signals of Rb
corresponding to the 5S—6P transition at 420 nm and 421 nm, providing a thorough
analysis of this atomic transition.
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Figure 4.1: The relevant energy level diagram and hyperfine splitting (in MHz) for
the 53 /5 and 6P states of (a) **Rb and (b) 8TRb.

4.2 Experimental Set-up

The experimental set-up comprises one commercially available external cavity diode
laser (ECDL) from Toptica Photonics with model no. DL pro HP. It has a coarse
tuning range of 420 - 423 nm and a typical linewidth of < 200 kHz. It has an
integrated optical isolator to protect the laser diode from the back reflections from
the other optical elements. The total available output power is 70 mW, and the
output beam diameter is 3 mm X 4 mm. In the first half of the experiment, the
wavelength is tuned to 420.298 nm to observe the Dy line of the 55,/, — 6P3/; Rb
spectrum and in the next half, it is tuned to 421.673 nm to observe the D line of the
5S1/2 — 6Py spectrum. The relevant energy level diagram and hyperfine splitting
(in MHz) for the 5S;/, and 6P states of ¥ Rb and *"Rb are shown in Fig. 4.1. A leak
beam from the blue laser is sent to a wavelength meter (make: Highfinesse GmbH,
model: WS7-60) to monitor the single-mode operation and the wavelength of the
blue laser.

Fig. 4.2(a) depicts the schematics of the experimental set-up for the saturated
absorption spectroscopy (SAS) of the 8"Rb atom at blue transition. It consists of a
rubidium vapor cell of length 100 mm and diameter 25 mm. The cell is wrapped with
a thick layer of aluminum foil and placed inside a 150 mm long hollow cylindrical
oven made of brass with an inner diameter of 27 mm and an outer diameter of 40
mm. Various dimensions and the cross-sectional views of the oven are shown in
Fig. 4.3. Two hollow circular brass plates of the same inner and outer diameter
are attached to both ends of the oven. Two quartz plates are attached on both
ends of the oven to block the circular aperture and thermally isolate the vapor cell
from the environment to avoid coating on the windows without limiting the optical
access. The oven is wrapped with heating tape and another thick layer of aluminum
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foils. Current is passed through the heating tape using a variac to increase the
oven’s temperature. The temperature of the vapor cell is monitored using three
thermocouples attached to its surface.

The blue laser is divided into two parts using the A/2 wave-plate (H;) and polarizing
beam splitter (PBS;), as shown in Fig. 4.2(b). The reflected beam from the PBS;
is used for other experiments (not used in this work). The transmitted beam is used
for the SAS and is divided into two beams using Hy and PBS,. The transmitted
beam from PBS, is used as a probe beam. It is sent through the Rb vapor cell
and is detected on a UV-enhanced Si Variable-Gain Avalanche photo-detector of
bandwidth DC - 400 MHz (make: Thorlabs, model: APD430A2/M). The reflected
beam from PBS; is sent through H3z and PBS;. The transmitted beam from PBS;
is upshifted by 27 x 2 x 46.75 MHz using an AOM in a double pass configuration.
Polarization of the beam is rotated by 90° by the \/4 wave-plate (Q) and thus gets
reflected beam from PBS3. It is used as a control beam. It is mixed with the probe
beam on the PBS placed in front of the photo-detector and is sent to the vapor cell
with counter-propagating to the probe beam. The polarization of the probe and
control beam are orthogonal to each other. The power of the control beam is varied
using Hs and the PBS.

The laser frequency is tuned near the resonance and is scanned using piezo to find
the SAS signal. It is observed and recorded on a digital storage oscilloscope of
bandwidth 100 MHz. While the basic experimental schematics, as shown in Fig.
4.2(a), are sufficient for the detailed investigation of the behavior of the Rb spectra
at the blue transition with experimental parameters, the additional AOM on the
control laser beam path, as depicted in Fig. 4.2(b), is necessary to generate the
error signal for frequency stabilization of the blue laser. To get the error signal, the
rf frequency to the AOM is modulated at 27 x 10 kHz. The modulation is turned
off while studying the SAS dip height and linewidth with different parameters.

Implementing an additional AOM exclusively on the control beam path distinguishes
this technique from the conventional SAS method, where both the probe and con-
trol beams are equally up-shifted or down-shifted. This modification results in an
improved signal-to-noise ratio for the error signal due to the absence of modulation
in the probe beam. Additionally, careful attention is paid to the absolute laser fre-
quencies. Let vy, v, v, and v, represent the resonant frequency, laser frequency,
control beam frequency, and probe beam frequency, respectively. In our experimen-
tal setup, v, = v and v, = v + 2 x 46.75 MHz. Furthermore, considering the
Doppler shift ¢ for moving atoms, we have v, = 1y — 4 and v, = 1+ 9. Solving these
equations yields vy, = vy — 46.75 MHz. This implies that if only the control beam
is upshifted by a frequency of 29y, then the measured spectrum is down-shifted by
do. This consideration is crucial when employing this method in other experiments
such as producing laser-cooled atoms [3, 4].

60
TH-3371_186121020



4.2. Experimental Set-up

. control beam probe beam
-
(b) Rb cell
M Q L B AOM B
M
to other
A experiments
M PBS; m
ya
PD Hs
(C) to wavemeter Rb Cell PBS, PBS,

Figure 4.2: Saturated absorption spectroscopy set-up for the 420 nm laser. (a) Ba-
sic set-up, (b) Detailed. Figure abbreviations: AOM: acousto-optical modulator,
B: beam blocker, Hy, Ho, H3: A\/2 wave-plates, L: lens, M: mirrror, PBS;, PBSs,
PBSs3: polarizing beam splitter, PD: photo-detector, Q: A/4 wave-plate. (c) Image
of the blue spectroscopy set-up
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Figure 4.3: Dimensions of the the oven designed. All the dimensions are in mm
unless it is specified.

4.3 Results and Discussion

In the absence of the control beam, atoms get excited by absorbing the probe beam,
resulting in a Doppler-broadened Spectra. In the presence of the control beam, the
atoms get excited, absorbing the control beam. Thus, there is a reduction in the
probe absorption, resulting in several dips in Doppler-broadened spectra. These
dips correspond to the hyperfine transitions of the Rb atoms and their cross-over
peaks. Since the 5S—6P is an open transition, the hyperfine pumping is a factor in
addition to the saturated absorption [120)].

Initially, the blue laser is tuned to the 5S /2, F= 2 — 6Pj» transition of Rb at 420
nm. It is scanned using a piezo to obtain all three real absorption peaks and three
crossover peaks. A typical SAS signal at 80 °C is shown in Fig. 4.4(a). The 6 peaks
corresponding to the transition from the lower ground state of *Rb i.e., 5Sy/2 (F
= 2) to the excited state, 6P3/; (F = X) are identified within the Doppler envelope,
where X = 1, (1,2), 2, (1,3), (2,3) and 3 from left to right. Here, the F = (m,n)
peak corresponds to the crossover resonance peak resulting from the F = m and F
= n peaks. These crossover peaks occur when the laser frequency is equal to the
sum of half of the two excited state frequencies. Both the control and probe beams
interact with the same group of atoms, resulting in a dip halfway between two Lamb
dips. The x-axis is scaled in such a way that the separation between the F= (2, 3)
and F= 3 peaks becomes 43.5 MHz [136].

Next, we focus on the two relatively larger peaks, i.e. F = (2,3) and F = 3. We
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Figure 4.4: Saturated absorption spectroscopy spectrum for 5S; /2(F:2)_> 6P3/o
transition of 8"Rb at 420 nm. (a) Full spectrum. The peaks correspond to F=1,
(1,2), (2), (1,3), (2,3) and 3, from left to right. (b) Spectrum with F' = (2,3)
cross-over and F' = 3 peaks. The orange line represents the spectrum and the
black dotted line represents the fit.
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decrease the scan amplitude to zoom into these two peaks. A typical SAS signal
at 80 °C is shown in Fig. 4.4(b) (orange line). The x-axis is scaled as discussed
above. To measure the SAS dip height and the linewidth of the F=(2,3) and F=3,
the spectrum is fitted with the equation:

L+ <2(1/ — 1/0))2

I =yo+mv+ A/ T
1

+A2/

(o]

Here, I is the probe absorption, v is the frequency of the 420 nm laser, vq is the
location of F=(2,3) peak, yo+muv is the linear Doppler profile over which the F=(2,3)
and the F'= 3 peaks are appearing, A; () and I';(y) are the peak height and linewidth
of the F=(2,3) (=3) peak respectively. The black dashed line in Fig.4.4(b) represents
the fit. The linewidth of the F=(2,3) and the F= 3 peaks are 27w x 4.57(3) MHz and
21 x 4.46(4) MHz respectively.

We first study the effect of the temperature of the Rb vapor cell (T') on the SAS
dip height (H) of the F=(2,3) and the F= 3 peaks (shown in Fig. 4.5). The power
of the probe and control beams are 80 uW and 380 puW, respectively, and kept
constant throughout the measurement. At room temperature, the spectrum could
not be observed due to the weak transition strength of the blue transition. The
temperature of the Rb vapor cell is slowly increased. We observe that the probe
absorption increases as the temperature of the vapor cell is increased from 70 °C to
84 °C due to the increase in the number of atoms interacting with the beam inside
the vapor cell [140]. It then reaches a maximum and decreases as the temperature
is further increased from 84 °C to 106 °C due to increased collisions between the
atoms [76, 141, 142]. Throughout the measurement, the height of the crossover
peak, F = (2,3) is larger than that of the F = 3 peak. In the following portion of
the experiment, the Rb vapor cell temperature is kept at 84 °C since this results in
the best signal-to-noise ratio.

Next, we investigate the effect of the power of the control beam (P) on the SAS
dip height (H) and linewidth (I') of the F=(2,3) and the F= 3 peaks (shown in
Fig. 4.6 (a) and (b)). The probe power is kept constant at 80 uW. We observe that
with an increase in the power of the control beam, SAS dip height and linewidth
increase due to an increase in absorption and power broadening respectively. Due
to the power broadening mechanism, the linewidth (I') increases with increasing
power as per the equation: I' = I'gy/1 + I/, where Iy is a combination of natural
broadening and the collisional broadening, I is the intensity of the control beam
and I, is the saturation intensity. We have done the least square fitting of the
(linewidth)? vs power data as shown in Fig. 4.6 (b). By extrapolating to zero
control power, we found that the minimum linewidth of F = (2,3) and F = 3 peaks
are 2m x 2.7 MHz and 27 x 2.8 MHz respectively. This is around 2 times the natural
linewidth of the 6P/, state (natural linewidth = 27 x 1.4 MHz). The difference
in experimental measurement of the linewidth and the natural linewidth is due to
residual broadening mechanisms.

Next, we study the effect of beam size on the peak height and its linewidth. We
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Figure 4.6: (a) SAS dip height (H), and (b) square of the linewidth ([T'/27]?) of the
corresponding peaks vs the power of the control laser (P). The purple triangle and
orange circle correspond to the F' = (2, 3) cross-over and F' = 3 peaks, respectively.

increase the size of the beams by 2 times with the help of a combination of two plano-
convex lenses of =25 mm and f=50 mm. We increase the power of the control and
probe beam by 4 times to keep the same ratio of the intensities of the control and
probe beam. We observe similar behavior (as in Fig. 4.6). However for the same
control to probe beam intensity ratio, the peak height increases by 2 times with the
increased beam size. This is due to an increase in the number of atoms interacting
with the blue beam. We also observe that the minimum linewidth of the F= (2,3)
and F= 3 peaks are 27 x 4.4 MHz and 27 x 4.2 MHz, which is around 1.5 times
more than the linewidth measured with 2x smaller beam size.

We extend this study to obtain the error signals by modulating the rf frequency of
the AOM at 10 kHz. The error signals corresponding to the 5S; 5 — 6P/ transition
at 421 nm are shown in the first two rows of Fig. 4.7. Graphs (a) and (d) refer to
the error signal of ’Rb corresponding to the upper ground state (F = 2) and lower
ground state (F = 1), respectively. Graphs (b) and (c) refer to the error signal of
%Rb corresponding to the upper ground state (F = 3) and lower ground state (F
= 2), respectively. The error signals corresponding to the 55,/ — 6P3/, transition
at 420 nm are shown in the last two rows of Fig. 4.7. Graphs (e) and (h) refer to
the error signal of ’Rb corresponding to the upper ground state (F = 2) and lower
ground state (F = 1), respectively. Graphs (f) and (g) refer to the error signal of
%Rb corresponding to the upper ground state (F = 3) and lower ground state (F
= 2), respectively. The error signals are well separated, except in (g), where they
are slightly distorted due to closely spaced energy levels (31 MHz spread). All the
error signals are shown in increasing order of frequency.

The power of the probe beam and control beam and the alignments are kept un-
changed while recording all eight error signals. Thus, a rough comparison of the
transition strength of the different peaks can be done. In contrast to the work by
Glaser et. al [136], we observe that in Fig. 4.7(a), (b), and (d), the amplitude cor-
responding to the upper excited state is noticeably larger than that corresponding
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to the lower excited state. We find the ratios of the amplitude of the upper excited
state to the lower excited state in (a)-(d), which are 1.4, 0.9, 3.8, and 4.4 respec-
tively. These values are roughly equal to the theoretical values of the transition
strength of the corresponding transitions (1, 0.8, 3.5, and 5 respectively) [6].

4.4 Conclusions

In summary, our study delves into saturated absorption spectroscopy (SAS) of Ru-
bidium using a narrow-line transition at 420 nm. We systematically examined the
effect of temperature of the Rb cell, control beam power, and beam size on SAS dip
heights and linewidths. Achieving optimal signal-to-noise ratio at a Rb cell temper-
ature of 84 °C, we obtained minimum linewidths of 27 x 2.7 MHz and 27 x 2.8 MHz
for the 5S/2, F = 2 — 6P3/, transitions with F' = (2,3) and F = 3, respectively.
Notably, doubling the beam size could enhance the signal-to-noise ratio twofold,
albeit with a 1.5 times increase in spectrum linewidth. Furthermore, we presented
all eight error signals for Rb and 8"Rb corresponding to the 5S — 6P transition
at 420 nm and 421 nm. These findings significantly contribute to the foundational
knowledge of SAS at the 420 nm transition in Rb, advancing laser frequency stabi-
lization, and are used for producing laser-cooled Rb atoms at blue transition [3, 4].
The insights gained from this study hold practical implications for applications in
quantum technologies, particularly those based on the blue atomic transition of Rb.
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The Blue Magneto-optical Trap
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! Magneto-optical trap (MOT) at narrow transition offers lower temperature and
hence is the key for producing high phase density atomic cloud and subsequently
quantum degeneracy with a large number of atoms for many elements. In this
chapter, we describe the loading of 8"Rb atoms in the MOT using a narrow open
transition (5512 — 6P3/2) at 420 nm (i.e. blue MOT) from the routinely imple-
mented MOT using a broad cyclic transition (5S;, — 5P3/2) at 780 nm (i.e. IR
MOT). Using the four times narrower transition, we have trapped around 10® atoms
in the MOT with a typical temperature of around 54 pK. We have also studied the
behavior of the blue MOT with various parameters such as hold time, detuning, and
power of trapping and repumper beams.

5.1 Introduction

Realizing a lower temperature in a magneto-optical trap (MOT) using laser cooling
technique [6, 8, 9, 10] is the key step for atomic-based quantum technologies. The
theoretical limit to the lowest achievable temperature using the Doppler cooling

!This chapter is a slightly modified version of the journal article, titled “Narrow-line cooling
of 8"Rb using 5S;/2 — 6P3/; open transition at 420 nm” by Rajnandan Choudhury
Das, Dangka Shylla, Arkapravo Bera, and Kanhaiya Pandey published in the journal Journal of
Physics B: Atomic, Molecular and Optical Physics in 2023 [1].
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technique is the Doppler temperature. Thus to achieve lower temperature using this
technique, it is always desirable to use a narrow-line cooling transition. However, the
capture velocity in the MOT is proportional to the linewidth of the transition, which
makes the broader linewidth transition favorable for capturing a higher number of
atoms. Therefore, a two-stage MOT has been used for several elements to ensure
efficient cooling in the MOT with a large number of atoms.

Alkali atoms are commonly loaded into the MOT using the Dy transition (I' = 27 x 6
MHz), which corresponds to Tp = 150 pK. For Na, Rb, and Cs, the temperature can
be lowered to a few tens of K using polarization-gradient cooling (PGC). However,
this sub-Doppler cooling mechanism demands switching off the magnetic field of
the MOT for a few ms leading to the expansion of the cloud, which makes the
cloud density smaller and inefficient for loading into the optical dipole trap (ODT)
for evaporative cooling. Hence the MOT at narrow transition is quite useful for
efficient transfer to the ODT. The levels with different principal quantum numbers
can be utilized for narrow transition, as the electric dipole matrix element between
them is small due to the lesser overlap of the wave functions, which causes the
transition to be weak or narrow.

For Li and K, PGC is ineffective because of its closely spaced hyperfine levels, and to
achieve sub-Doppler temperature, gray molasses (GM) on D, line [22, 25, 26, 27, 28|
and D line [29] have been used. But again, the GM cooling requires the MOT
magnetic field to be turned off for a few milliseconds allowing the cloud to expand.
The narrow line cooling has been implemented in Li [60, 61] and K [62]. Further, its
advantage over gray molasses for loading the atoms into ODT has been demonstrated
in Li [63]. Rb also possesses a similar level structure as that of Li and K. However,
the demonstration of a reduction in the temperature of ¥ Rb MOT using narrow-line
transition is important because of its complex decay channels, especially when the
repumper laser is at broad transition.

In this work, we characterize the loading of the blue MOT of 8"Rb atoms at 420
nm (581/2, F=2— 6P3/2, F= 3) from the MOT at 780 nm (5S1/27 F=2— 5P3/2,
F= 3). For both the MOTSs, we use only one repumper laser at 780 nm (5S; 2,
F=1 — 5P3/5, F= 2) to pump the atoms back to the cooling cycle from the other
ground-state hyperfine level (55,5, F=1).

5.2 Experimental Set-up

5.2.1 Laser system and spectroscopy

The relevant energy level diagram of 8’Rb, along with the hyperfine splittings and
its complex decay paths of the 6P3/, state, is shown in Fig. 5.1. Hyperfine splittings
of 551/, 5P3/2 and 6P3/, are adopted from [143], and decay rates of various decay
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Figure 5.1: The relevant energy levels of 8’Rb with the hyperfine splittings and
various decay paths of the 6P3/, state. Decay rates, linewidth of the excited state,
and the hyperfine splittings are shown in MHz units.

channels of the 6P/, state are calculated using the dipole matrix elements given in
[144]. Calculated linewidth of 6P/, is 27 x 1.35 MHz and its corresponding lifetime
is 118 ns [144] 2. The 582, F=2 — 6P/, F=3 is an open transition with 4 decay
channels (as shown in Fig. 5.1), unlike the commonly used 5S;/5, F=2 — 5Pj,,
F=3 transition which is a closed (cyclic) transition.

The 780 nm (IR) lasers are generated from two separate home-assembled external
cavity diode lasers (ECDL). Both the 780 nm trapping and repumper lasers use
laser diodes (make: Thorlabs, model: L785H1 and L785P090 respectively). The
output beam diameter is 2 mm x3 mm for both the IR lasers and the output power
available is 73 mW and 13 mW respectively. The 420 nm (blue) laser is generated
from a commercially available ECDL (make: TOPTICA, model: DL PRO HP) with
a typical linewidth < 200 kHz, output power 70 mW, and beam diameter 3 mm
x4 mm.

The 780 nm MOT laser is divided into three parts. The first part is utilized for
frequency stabilization using polarization spectroscopy technique [121] as shown
in Fig. 5.2 (a). The Rb vapor cell is heated up to 50 °C inside an oven using
two Peltier coolers to improve the signal-to-noise ratio of the absorption spectrum.
Peltier coolers are placed beneath the cell closer to its edge to avoid coating on
the windows. The power of the control and probe beams are around 500 pW and
300 uW, respectively. The laser is locked to the 581/, F =2 — 5P3/9, F = (2,3)

2The experimentally measured the lifetime is 120.7 + 1.2 ns (27 x 1.318 MHz) [145].
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Figure 5.2: (a) Polarization spectroscopy scheme for 780 nm MOT and repumper
lasers. (b) Double resonance spectroscopy scheme for 420 nm laser. Figure ab-
breviations: DM: dichroic mirror, M: mirror, PBS: polarizing beam splitter, PD:
photo-detector. 780 nm and 420 nm beams are shown in red and blue color re-
spectively.

crossover peak of the 8"Rb absorption spectrum. Its second part is sent through
an acousto-optic modulator (AOM) at frequency +27 x 2 x 66.5 MHz in double-
pass configuration and is used for imaging the MOT cloud after cleaning the spatial
modes to a Gaussian. This AOM is used mainly for three purposes: firstly, for fast
switching of the imaging beam; secondly, for scanning the imaging beam frequency
to find the resonance of the MOT beam; and thirdly, to change the detuning of the
imaging beam. The double-pass configuration is chosen as it prevents misalignment
when the detuning of the imaging beam is changed. The third part is used as a
trapping beam for the IR MOT after frequency shifting by +27 x 123.5 MHz in
single-pass configuration through AOM. This AOM is used for fast switching and
power variation of the 780 nm trapping beam. Note that the terms control beam
and probe beam are used only in the context of saturation absorption spectroscopy
throughout this work, while for probing the MOT, we have used the term imaging
beam.

The 780 nm repumper laser is also divided into three parts. The first part is sent to
the same vapor cell where the spectroscopy of the 780 nm MOT laser is done. The
separation between the IR MOT probe beam and repumper probe beam is around
7-8 mm. The repumper laser is frequency stabilized near the 5S; /5, F' =1 — 5P3/s,
F = 2 transition again using polarization spectroscopy [121] as shown in Fig. 5.2
(a). The power of the control and probe beams are 2 mW and 25 W, respectively.
We play with the lock offset of the repumper laser, optimize the size of blue MOT
cloud at the time of flight of 5 ms, and fix the lock point the same. At this stage,
we were unaware of the fact that the repumper laser detuning plays a crucial role.
However, in a later stage, we did a systematic study on the effect of the repumper
laser on the temperature of the blue MOT which is discussed in chapter 7 of this
thesis.

The second part of the repumper laser is sent to the MOT chamber after mixing it
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Figure 5.3: (a) Mixing scheme of the IR MOT, repumper, and blue MOT beams.
(b) Top view of the MOT set-up. Figure abbreviations: A: anti-Helmholtz coil, D:
Rb dispenser, DM: dichroic mirror, F: electric feedthrough, FWC: 4-way cross, G:
glass chamber, GV: all metal gate valve, HWP: \/2 wave-plate, L;: plano-concave
lens, Lo: plano-convex lens, M: mirror, PBS: polarizing beam splitter, S: Quartz
to metal seal, QWP: dual \/4 wave-plate, o: co-propagating MOT beams in
o4+ configuration. 780 nm and 420 nm beams are shown in red and blue color
respectively.

with the MOT beams. The third part is sent as a probe beam to another Rb vapor
cell for double resonance spectroscopy of the 420 nm laser with a similar scheme as
(122 123].

The 420 nm laser is divided into two parts. The first part is sent to the second vapor
cell through an AOM at frequency —2m x 2 x 83.0 MHz in double-pass configuration
and is used as a control (with the power of around 800 W) in the co-propagation
configuration with 780 nm repumper laser which is stabilized at 55/, F= 1 —
5P3/2, F'= 2 transition. The IR repumper laser acts as a probe and is monitored at
the photo-detector as shown in Fig. 5.2 (b). The power of this IR laser is around
100 pW. To remove the intensity noise of the laser and improve the signal-to-noise
ratio of the double resonance spectrum; we use another reference IR beam that passes
through the same cell and falls on another photo-detector. Both the photo-detectors
are in A—B configuration. The error signal to lock the blue laser is generated by
modulating the AOM at 27 x 50 kHz, and it is locked to the 5S; /5, ' = 2 — 6P3/s,
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F = 2 transition. By changing the frequency of the AOM of blue laser spectroscopy,
we change the detuning of the 420 nm trapping beam. Single-mode operation and
the wavelength of the 420 nm laser are monitored using a wavelength meter (make:
Highfinesse GmbH, model: WS7-60). The second part of the blue beam is frequency
down-shifted by 27 x 93.0 MHz using an AOM in the single-pass configuration and
is sent to the mixing scheme, where it is overlapped and co-propagated with the
780 nm MOT and repumper beams as shown in Fig. 5.3 (a) before sending it to
the MOT chamber. This AOM is also used for fast switching and power variation
of the 420 nm trapping beam.

5.2.2 MOT set-up

The 780 nm trapping, repumper, and 420 nm trapping beams are overlapped and co-
propagated in the mixing scheme as shown in Fig. 5.3 (a). Three beams are derived
in such a way that the polarizations of the trapping beams are identical in each of
the three arms. Then the three beams are made circularly polarized using dual \/4
wave-plates and are expanded individually by ten times using Galilean telescopes
consisting of a pair of plano-concave and plano-convex lens of focal length, f = —25
mm and 250 mm respectively. The expanded beams are then sent to the MOT
chamber and retro-reflected back with the combination of a mirror and a dual \/4
wave-plate.

The schematics of the MOT set-up is shown in Fig. 5.3 (b). The MOT chamber used
in this work is a rectangular glass chamber with the following dimensions: 7.5 cm
X 2.5 cm x 2.5 cm. It is connected to an ion pump (pumping speed 75 1/s) through
a 4-way cross. The pressure inside the vacuum chamber is around 107!° mbar.
Atomic rubidium vapor is dispensed into the chamber by passing 2.2 A current to
a dispenser (AlfaSource Rubidium, model: AS-Rb-0090-2C-RbBi40) through the
electric feedthrough at the other end of the 4-way cross. This dispenser current
is kept fixed throughout the work except for the lifetime measurement, where the
dispenser current is varied from 1.8 A to 2.4 A. The distance between the opening
mouth of the dispenser to the MOT center is around 6 cm.

One pair of coils, each having an inner diameter of 7 cm, outer diameter of 13 cm,
thickness of 3 cm, and 500 turns in an anti-Helmholtz configuration, is used to create
a magnetic-field gradient of around 18 Gauss/cm at the center of the MOT chamber
by passing 1 A electric current. Three pairs of shim coils surrounding the MOT
chamber are also used (not shown in the schematics) to cancel the stray magnetic
field. Fast switching of the magnetic field is done using an insulated-gate bipolar
transistor (IGBT) based high current switch. The switching-off time of the coil is
around 20 us.

The time sequence along with the corresponding experimental parameters for loading
the IR and blue MOT as well as the characterization of the MOT cloud is shown in

74
TH-3371_186121020



5.2. Experimental Set-up

Phase

P~
2
=

| ] 11 v
o  Power
Es (mw
(=]
R § Detuning
(MHz)
Power
EZ (W)
o
§ & Dpewning ©
(MHz) 4
1
Coil current (A)
0 200 s —
Camera Trigger 1+ —
T [1]  FRef] [eq]
Imaging beam 1 =100 ps
0 i
2s 5ms 4ms 15ms 5(10) 500 600
IR MOT Blue MOT Time of flight (ms)
8
(b) (c)
® 2z
2
j9]
g ¢ 4 8
R 8
g
1 mm 2
0

Figure 5.4: (a) Time sequence along with the corresponding experimental pa-
rameters for loading the IR and blue MOT and characterization of the MOT
cloud. The coil current of 1 A corresponds to the magnetic field gradient of around
18 Gauss/cm. The ON (OFF) state of the camera trigger and 780 nm imaging
beam is referred to as 1 (0). Three images captured at each cycle (i) image with
MOT cloud, (ii) reference beam, and (iii) background are shown as I, Ref, and
BG, respectively. The axes are not scaled. Absorption images of the (b) IR MOT
and (c) blue MOT. The darkness denotes the optical density.

Fig. 5.4 (a). Various parameters of the MOT, such as the number of atoms, number
density, temperature, and lifetime are determined by performing the absorption
imaging of the MOT at 55,5, F= 2 — 5P3/y, F= 3 closed transition using the
imaging beam derived from the 780 nm MOT laser as explained in the section 5.2.1.
The power of the imaging beam is around 3 pW, and its diameter is 20 mm (peak
intensity 0.002 mW /cm?). The imaging beam is switched on only for 100 us during
imaging.

Images are captured on a CMOS camera (make: Thorlabs, model: CS135MUN)
using an imaging system of de-magnification 0.3342. The exposure time of the
camera is kept at 200 us. Three images, (i) image with MOT cloud, (ii) Reference
beam, and (iii) Background, are captured using the time sequence shown in Fig. 5.4
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(a) to determine the size of the cloud and the number of atoms [11, 146]. Absorption
images of the IR MOT and blue MOT at TOF 0.5 ms are shown in Fig. 5.4 (b) and
(c) respectively. The same sequence is executed twice but with two different times
of flight (TOF) at 5 ms and 10 ms to measure the temperature of the MOT. Various
important phases of the time sequence are numbered as I, II, III, and IV in Fig. 5.4
(a). Note that the term hold time used in the thesis refers to the duration of phase
IV during which the blue MOT is held at a lower power of the 420 nm laser.

5.3 Results

5.3.1 IR MOT

First, the atoms are loaded in an IR MOT using 780 nm trapping beams at 45 mW
power and —27 x 10 MHz detuning for 2 s indicated as phase I in Fig. 5.4 (a). To
lower the temperature of the IR MOT, we lower the power of the 780 nm trapping
beam to 10 mW for 5 ms in phase II. The parameters are set by conducting an
experiment using a slightly different set-up of the 780 nm MOT laser in a master-
slave configuration. In this setup, the master laser is locked to the atomic transition,
and a part of the beam of this laser is up-shifted using an AOM in a double-pass
configuration and used for seeding the slave laser. The slave laser remains seeded for
the AOM frequency variation of around 27 x 13 MHz allowing us to vary the MOT
laser detuning by 27 x 26 MHz. We observe that at the given parameters, ~ 108
atoms are trapped in the IR MOT at a typical temperature of around 400 pK. A
typical absorption image of the IR MOT is shown in Fig. 5.4 (b). The loading time
of the IR MOT is around 1.5 s. We have also measured the number of atoms in the
IR MOT in the presence and the absence of the 420 nm laser beam and found that
the 420 nm laser beam reduces the number of atoms in IR MOT (due to ionization)
by only ~ 10%.

5.3.2 Blue MOT

Atoms are then loaded into the blue MOT in phase III by turning off the IR MOT
beam but keeping the blue MOT beam on for 4 ms at the maximum available power
of the 420 nm trapping (32 mW), and repumper (10.2 mW) beams. The number
of atoms transferred to the blue MOT is monitored for various detuning of the blue
MOT laser in the loading phase at this fixed power and is shown in Fig. 5.5 (a).
From the plot, it is found that the number of atoms transferred to the blue MOT
increases as the detuning of the blue MOT laser is changed from —27 x 6 MHz to
—27m x4 MHz and then decreases as the detuning is changed towards the resonance.
At —2m x 4 MHz detuning of the 420 nm trapping beam, a maximum number of
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Figure 5.5: Number of atoms is shown as a function of (a) 420 nm MOT laser
detuning in loading phase, (b) total 420 nm MOT laser power and (c¢) 780 nm
repumper power. In (a) and (b) repumper laser is kept at its maximum available
power, 10.2 mW. In (b) and (c¢) detuning of the 420 nm trapping beam in the
loading phase is kept at —27 x 4 MHz. In (a) and (c) power of the 420 nm MOT
beam is kept at its maximum available power, 32 mW.

atoms (1.2 x 10®%) are transferred to the blue MOT. This detuning is hence used
throughout the work for loading the blue MOT.

Next, to see the effect of the power of the blue MOT laser, we vary its power and
monitor the number of atoms in the blue MOT. Detuning of the blue MOT laser is
kept at —27 x 4 MHz, and the power of the repumper beam is kept at its maximum.

7
TH-3371_186121020



Chapter 5. The Blue Magneto-optical Trap

20 ;
© Horizontal direction

18 o) ¢ Veticd direction ||
__ 16 "0
\‘;)’ 1.4 <>‘ ‘~~
= \ o
B 12 " <

s\ 6' .O- N Q
1.0 v - -"Q"'O---O
0.8 oo e QRO
0 5 10 15 20

Hold time (ms)

Figure 5.6: Radius of the cloud along horizontal (red circle) and vertical (green
diamond) directions versus hold time in the blue MOT are shown for short hold
times in the range [0:20 ms]. Exponential fits are shown as dashed lines, with 1/e
time of 4.7 ms and 2.9 ms for horizontal and vertical direction respectively. Images
were captured at 0.5 ms time of flight after release from the trap.

From Fig. 5.5 (b), it is clear that the number of atoms first increases with the
increase in power of the blue MOT laser and then saturates at high power. It seems
that the 32 mW power of the blue MOT laser is good enough for efficient transfer
and is used throughout the work for loading the blue MOT.

To check the required power of the repumper laser, we again monitor the number of
atoms in the blue MOT vs. the repumper laser power as shown in Fig. 5.5 (¢). The
power of the blue MOT laser is kept at its maximum, and its detuning is kept at
—2m x 4 MHz. We observe a similar pattern to that with the blue MOT laser power.
The number of atoms first increases with an increase in repumper laser power and
then saturates to a maximum at the high power of the repumper beam. We observe
that 10.2 mW of repumper laser power is good enough to capture 1.2 x 10® atoms
in the blue MOT.

After transferring the atoms from the IR MOT to the blue MOT, we lower the
power of the blue MOT laser and vary the hold time and the detuning of the blue
MOT laser in phase IV. A typical absorption image of the blue MOT is shown in
Fig. 5.4 (c). For fixed power and detuning, we observe that the radius of the blue
MOT decreases exponentially with the hold time (due to the overdamped harmonic
motion of atoms in the MOT [6]), signifying the cooling of the MOT cloud. Fig. 5.6
shows its typical variation with the hold time at 10 mW power and —27 x 2 MHz
detuning. The radii data are fitted to the exponential decay function, and it is found
that blue MOT size equilibrates with 1/e relaxation time of 4.7 ms and 2.9 ms for
horizontal and vertical directions, respectively. It is also clear from the graph that
the MOT cloud does not change its size typically after a 15 ms hold time; hence,
the power of the blue laser is lowered for 15 ms in phase IV for further studying the
effect of blue laser detuning on the number of atoms and temperature.
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Figure 5.7: (a) No. of atoms, and (b) the Temperature of the blue MOT is shown

as a function of the blue MOT laser detuning. The error bars in the measurement

of the no. of atoms are ~ 10% and in the temperature measurement are ~ 10 pK,

for the blue laser detuning in the range 27 x [—4 : —1 MHz].

Next, we fix the hold time as 15 ms, vary the detuning of the blue MOT laser
at 10 mW in phase IV, and study the behavior of the blue MOT by monitoring
the number of atoms and temperature of the blue MOT. The number of atoms is
measured by probing the MOT cloud using the time sequence shown in Fig. 5.4 at
TOF 5 ms, and its variation with detuning is shown in Fig. 5.7 (a). We observe
that the number of atoms remains almost constant (~ 1.1 4 0.1 x 10%) in the range
of —4 MHz to —2 MHz of the detuning of the blue MOT laser and then decreases
as the detuning is changed towards zero.

The temperature of the cloud is determined by measuring the cloud size at two
different TOF's using the same time sequence executed twice but with TOF 5 ms
and 10 ms. Its variation with the detuning of the blue MOT laser is shown in
Fig. 5.7 (b). We observe that at —27 x 2 MHz, the temperature of the blue MOT
is minimum, and it is around 54(10) pK. Temperature increases slowly to around
80 pK as the detuning is further increased towards —27 x 4 MHz from the point
of minimum, and it increases rapidly to around 170 uK as the detuning is changed
towards resonance.
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Figure 5.8: Lifetime of the blue MOT. No. of atoms is shown versus the hold time
in the blue MOT at three dispenser currents: I = 1.8 A (green diamond), I = 2.2
A (violet square), and I = 2.4 A (red circle). The number of atoms vs hold time
data are fit to exponential decays (solid lines) and the corresponding lifetimes are
shown in the top inset. No. of atoms are probed at 0.5 ms TOF.

The number of atoms in the blue MOT at the minimum temperature of 54 uK is

~ 1.1 x 10® and the corresponding number density is ~ 1.0 x 10° cm 3.

To determine the lifetime of the blue MOT, we monitor the number of atoms in the
blue MOT at different hold times. We observe that the number of atoms decreases
exponentially with hold time, as shown in Fig. 5.8. The lifetime of the blue MOT is
determined by fitting the data (number of atoms vs hold time) with an exponential
decay function. It is found that the lifetime of the blue MOT is around 0.5 s at a
dispenser current of 2.2 A.

We have also studied the effect of the dispenser current on the number of atoms
in the blue MOT and its lifetime. A trade-off between the maximum number of
trapped atoms and the lifetime of the blue MO'T is observed. It is found that with
the increase in dispenser current, the lifetime of the MOT decreases as shown in Fig.
5.8 (inset), although the maximum number of atoms in the blue MOT increases. A
maximum of 5 x 107 atoms can be trapped in the blue MOT with a maximum
lifetime of 0.8 s at 1.8 A dispenser current. A four-fold increase in the number of
trapped atoms to 2 x 10% is achieved by increasing the dispenser current to 2.4 A
at the expense of a decrease in a lifetime by around 4 times to 0.2 s. With the
increase in dispenser current, the number of background atoms increases increasing
the collision between the trapped atoms and the background atoms and thus the
lifetime of the MOT decreases.
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5.4 Conclusions

In summary, we have demonstrated the narrow-line cooling of 8’Rb atoms in the
MOT using the open transition, 5S;/; — 6P3/; at 420 nm to trap around 1.1 4
0.1 x 10® atoms at typical temperature of 54(10) uK. As compared to the minimum
temperature of the IR MOT (around 400 pK in our experimental setup), we have
got around 8 times lower temperature in the blue MOT. Even though the 5S; /5 —
6P3/2 is an open transition with a large branching ratio, we have achieved efficient
cooling in the blue MOT using the repumper laser at 780 nm. Rb atoms loaded in
MOT at blue transition will be quite useful for transferring the atoms in ODT and
for evaporative cooling to achieve quantum degeneracy. The final temperature of
the blue MOT may further be lowered by using a 420 nm repumper laser in place
of the 780 nm repumper laser.
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! In this chapter, we report continuous loading of 8’Rb atoms in a magneto-optical
trap (MOT) at narrow linewidth, 420 nm 5S, /5, F= 2 — 6P3/5, F= 3 blue transition
(blue MOT). Continuous loading of the blue MOT is achieved by superimposing the
blue laser beam, inside a hollow core of infrared laser beam driving the broad 5S; /s,
F= 2 — 5P3,, F= 3 transition at 780 nm. We typically load ~ 10°® atoms in
the blue MOT in 2.5 s. We characterize the continuous loading of blue MOT with
various parameters such as magnetic field gradient, detuning, power and diameter
of blue MOT beam, and diameter of the hollow core (spot) inside the IR MOT
beam. We observe that the blue laser beam should overfill the spot of the IR laser
beam. This is because the blue laser cools the atoms to a lower temperature even
in the presence of the broad IR laser i.e. in the overlapped region and hence helps
in loading. To support the experimental result, we also present the theoretical
framework for cooling atoms in the presence of two lasers driving two different
transitions simultaneously. This method of continuous loading of the blue MOT can
be useful to produce a continuous atomic beam of cold Rb atoms.

!This chapter is a slightly modified version of the preprint, titled “Continuous loading of
magneto-optical trap of Rb at narrow transition” by Rajnandan Choudhury Das, Samir
Khan, Thilagaraj R, and Kanhaiya Pandey, which is accepted for publication in the journal Phys-
ical Review A and is available in arXiv as [3].
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6.1 Introduction

In the previous chapters, we have discussed that in order to achieve a higher number
of atoms in MOT with low temperature, two-step MOTs are widely used for several
elements such as Yb [51, 52], Sr [78, 147], Dy [53, 54, 148, 149], Er [55, 56, 57]
and Cd [58] (where the ratio of the linewidth of broad to narrow transition is in
orders of magnitude) and also in alkali elements [60, 61, 62] (where the ratio is
4 — 5 times). In the previous chapter, we have demonstrated the two-step MOT
of Rb at narrow transition. In the first step, atoms are loaded in MOT at a broad
linewidth transition, and in the second step, atoms are transferred to the MOT at
a narrow linewidth transition to achieve lower temperature, which means these two
steps are separated in time. Instead of separating these two steps in time, one can
also separate in space which results in the continuous loading of atoms in MOT and
was the key process for producing continuous BEC of Sr [78]. Continuous loading
of the atoms in MOT at narrow transition can enable us to generate a continuous
beam of the cold atoms at lower temperatures which offers a great advantage for
atomic-based quantum sensors as it eliminates dead time.

The continuous loading of the MOT at narrow transition pre-cooled by broad tran-
sition has been realized for certain elements Yb [51], Sr [78] and Dy [54]. In the
case of Yb, continuous loading of MOT at narrow transition is superior in terms of
the number of atoms and of course temperature [51, 79, 80]. Yb MOT at broader
transition has less number of atoms (even in the presence of repumper lasers [81]) as
compared to the narrow transition. The MOT for alkali atoms at narrow transitions
in Li [60], K [62], Rb [1, 82] has been realized but continuous loading has not been
reported yet.

We use core-shell MOT similar to the Yb [79] where a huge advantage was reported.
In the scheme, a hole is created in the core of the laser beam driving the broad
transition which is filled by the laser beam at a narrow transition. The relative
dimension of the core and the filling beam is very important and depends upon the
ratio of broad and narrow linewidth transition. In the case of Yb, the ratio of the
linewidth of broad to narrow transition is around 150 and the core should be just
filled as in the presence of the broad linewidth laser the weak transition laser (with
intensity comparable to the saturation intensity) does not play a significant role
in reducing the temperature. The case can be different in alkali atoms where the
linewidths of the broad and narrow transitions are only 4 — 5 times. In this case,
the filling area should be bigger than the core area as in the overlapped region, the
narrow transition linewidth plays a role in reducing the temperature even in the
presence of the broad transition.

In this work, we present a method to load atoms continuously in the narrow-line
MOT by superimposing the narrow-line beam inside the core of the broad transition
beam. Using Rubidium atoms, we demonstrate the loading of 1.2 x 10% atoms
continuously in the blue MOT at 420 nm using 5S; /2, F'= 2 — 6P3/5, F'= 3 transition.
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We study the behavior of the blue MOT with various parameters such as magnetic
field gradient, detuning, power and diameter of blue MOT beam, and diameter of
the spot inside the IR MOT beam.

The chapter is organized as follows. In section 6.2, we describe the experimental
set-up. In section 6.3, we describe the theoretical model for the calculation of force,
diffusion, and temperature in the presence of the two transitions at 780 nm and
420 nm. In section 6.4, we study the various effects due to magnetic-field gradient,
detuning, power and diameter of the blue MOT laser, and diameter of the spot on
the IR MOT laser. In section 6.5, we summarize our findings.

6.2 Experimental Set- up

The relevant energy level diagram and corresponding transitions utilized in this
study are shown in Fig. 6.1. The laser system comprises one commercially (Top-
tica) available 420 nm (blue) external cavity diode laser (ECDL) and two home-
assembled 780 nm (IR) ECDLs. The blue laser is divided into two parts: one for
its frequency stabilization using saturation absorption spectroscopy (SAS) and the
second for trapping the atoms in the blue MOT. Fig. 6.2 depicts the schematics of
the SAS setup. The probe beam is passed through one Rb vapor cell and detected
on a high-speed and blue color-sensitive photo-detector (make: Thorlabs, model:
APD430A2/M). The vapor cell is kept inside an oven at 85 °C. The other part of
the blue laser beam is sent through an AOM in a double-pass configuration. It is
up-shifted by around +27 x 2 x 49.75 MHz and is sent through the cell as a con-
trol beam with counter-propagating to the probe beam. This central frequency is
adjusted to vary the detuning (Ag) of the blue MOT beam. The AOM frequency is
modulated at 27 x 10 kHz to generate the error signal. Note that the probe beam
is not modulated and thus gives a better signal-to-noise ratio than when it is mod-
ulated. The laser is locked corresponding to the 55,5, F= 2 — 6P3/,, F'= 3 peak.
A portion of the leaked beam is used for monitoring the single-mode operation and
the wavelength of the 420 nm laser using a wavelength meter (make: Highfinesse
GmbH, model: WS7-60).

The second part of the blue beam is passed through another AOM at +27 x 46.75
MHz, and its first-order beam is sent to the mixing scheme as shown in Fig. 6.3(a)
after expanding it by ten times. This AOM is used for switching the blue beam on
and off and varying its power. An iris is used for changing the diameter of the blue

beam (¢p).

Polarization spectroscopy is employed for the two IR laser’s frequency stabilization,
as described in [1]. The IR MOT laser is locked to 551/, F= 2 — 5P3/5, F= (2, 3)
cross-over peak and IR repumper laser is locked to 5S; /5, F= 1 — 5P3/5, F'= 1 peak.
Other parts of the IR MOT and repumper lasers are sent through two different
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Figure 6.1: The relevant energy levels of 8’Rb with the hyperfine splitting and
various decay paths of the 6P3/, state. Decay rates, linewidth of the excited state,
and the hyperfine splitting are shown in MHz unit [1].

AOMs at +27 x 123.5 MHz and 427 x 150 MHz, respectively to address the 5S; /s,
F=2 — 5P3/, F= 3 and 5S;5, F=1 — 5P3/,, F'= 2 transitions. The first-order
diffracted beams are then expanded ten times individually and sent to the mixing
scheme, as shown in Fig. 6.3(a).

On the path of the IR MOT beam, a circular mask (MA) is introduced so that a
hollow core of diameter ¢g, can be created inside the IR MOT beam. IR beams
are then mixed on a polarizing beam splitter (PBS) and made the same polarized
using another PBS and a half-plate. The vertical polarized beam from the PBS is
mixed with the vertical polarized blue MOT beam using a dichroic mirror and made
co-propagated, as shown in Fig. 6.3(a). The other two arms of the MOT beams with
the same polarization are generated from the horizontally polarized beams from the
PBS using two half-wave plates, two PBS, and two dichroic mirrors (not shown in
the schematics for simplification). All the beam’s maximum diameter is limited to
16 mm due to the limitation set by the maximum diameter of the half wave-plates
used in this experiment.

Three arms are then made circularly polarized using dual quarter wave-plates, sent
to the rectangular glass MOT chamber, and retro-reflected back using a combination
of dual quarter wave-plates and mirrors (as shown in Fig. 6.3(b)). The configuration
of the MOT set-up is the same as in [1]. Atomic Rb vapors are introduced into the
chamber by passing 2.15 A electric current to a dispenser (AlfaSource AS-Rb-0090-
2C) inside the glass chamber.
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Figure 6.2: Saturated absorption spectroscopy (SAS) scheme for the 420 nm laser.
Figure abbreviations: AOM: acousto-optical modulator, B: beam blocker, M: mir-
ror, PBS: polarizing beam splitter, PD: photo-detector, H: A/2 wave-plate, Q: \/4
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Figure 6.3: (a) Mixing scheme of the three lasers. (b) Top view of the MOT set-
up. Figure abbreviations: A: anti-Helmholtz coil, D: Rb dispenser, DM: dichroic
mirror, F: electric feedthrough, FWC: 4-way cross, G: glass chamber, GV: all metal
gate valve, H: \/2 wave-plate, I: iris, M: mirror, MA: mask, PBS: polarizing beam
splitter, Q: dual A\/4 wave-plate. 780 nm and 420 nm beams are shown in red and

blue color respectively

The absorption imaging technique is used to capture the image of the atomic cloud
on a CMOS camera (Thorlabs, CS135MUN) using an imaging beam. The imaging
beam is 2m x 5 MHz red detuned from the 5S;/5, F= 2 — 5P3/5, '= 3 transition.
It is generated using double-pass AOM and is coupled to a single-mode fiber. The
camera’s exposure time is 100 ps, and the imaging beam is turned on for 52 us
during the imaging cycle. The temperature of the cloud is determined from the

time of flight method.

6.3 Theory

We have observed in the experiment (described in section 6.4) that the size of the
blue MOT beam should be bigger than the size of the hollow core (spot) in the
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IR MOT beam for loading a higher number of atoms. This implies that there
is an overlapped region for the two lasers and hence both transitions are driven
simultaneously in this region. In order to analyze the cooling mechanism in the
presence of both transitions, we use the density matrix approach in one dimension.
We consider that two (counter-propagating) laser beams are driving the transition
1) (5812, F=2) — |2) (5P3/2, F=3) at 780 nm and two (counter-propagating) laser
beams are driving the transition |1) (5S;/2, F=2) — |3) (6P3/2, F=3) at 420 nm.

The Hamiltonian (H) for the three-level system can be written as

H = —hd, |2) (2] = hdjy |3) (3 o
\ |
" {% . %em—wt} 11 (2|

’ _
A {hglg v hglgei(éfg—élg)t} 1) (3] + h.c.

Here 525(_) and 6;})(_) are the detuning of the 780 nm and 420 nm laser beams
propagating in the positive (negative) direction, respectively. For the atoms moving
in the positive direction with velocity v, the 5;“2 = 019 — kiov, 03 = 813 — ki3,

12 = 012 + k1ov and &3 = 013 + k13v. Here, ko = 27/780 nm and k3 = 27/420 nm
and 015 and d;3 are detuning of the 780 nm and 420 nm lasers for stationary atoms.
Qf, = Q5 = Q1 and Qf; = Q3 = Q3 are the Rabi frequencies of the 780 nm and
420 nm lasers.

The atom-field interaction is described by writing the Liouville-von Neumann equa-
tion for the density matrix, [123]

dp 0
—=—=|H L 6.2
7 = P+ Lp) (6.2)
where p is the density matrix and L(p) accounts for the spontaneous decay. The
equations of motion of the density matrix are obtained by solving the Eq. 6.1 and
Eq. 6.2. Since the Hamiltonian has harmonically oscillating terms at two different
frequencies, Floquet expansion for the density matrix elements is used as follows,

(similar to [108, 123])

pij (t) _ Z Z pz(;m,n) (t)ei(mA1+nA2)t (63)

m=—0o0 N=—00

where Ajp) = —2kioa3v. The Floquet expansion is truncated up to second or-
der, substituted in the density matrix equations, coefficients of the same power in
(mAy, nAs) are compared to obtain the simultaneous differential equations and then
numerically solved to find all the coefficients.

The absorption of 780 nm laser beam propagating in positive and negative directions

are given by Im(pg’o)) and Im(,o%’o)) respectively, similarly for the blue beams it is
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Figure 6.4: (a) Force and (b) Diffusion coefficient vs velocity plot. The Red
dashed line, blue dashed line and black solid line correspond to the force (in (a))
and diffusion coefficient (in (b)) in the presence of only 780 nm laser, only 420 nm
lasers, and both lasers respectively. kio is the magnitude of the wave vector of
the 780 nm laser and I'15 is the linewidth of the IR transition. Parameters used:
0/T'=—1/2 and I/I; = 1/10 for both the lasers.

given by Im(p%o)) and Im(p%l)). All other coefficients denote the wave mixing.

Here Im{.} denotes the imaginary part. The damping force on the atoms in the
presence of the two lasers can be given as

Fdamp = h[kIQQU Im(pggp) - p§1270)>
+ k?13913 Im(p%o) - pg%,l))} (64)

The force, Fyamp/(hk12I'12) vs velocity, kiov/T'is is plotted in Fig. 6.4(a). The
parameters used for this plot are d15/I'19 = 013/T13 = —1/2 and /I = 1/10 for
both the lasers. Here, I'19(13y is the linewidth of the 780 (420) nm transition and
I is the saturation intensity. The red dashed (blue dotted) line corresponds to the
force in the presence of only 780 (420) nm laser. The black solid line represents the
net force in the presence of both lasers. For very low velocity, Fyamp = —/8v, where
S is known as the damping coefficient. From Fig. 6.4(a), it is clear that S420 > Srs0
and Bi20 & Booth, Where [rgoa0) is the 5 in presence of only 780 (420) nm laser and
Bpoth 1s the B in presence of both the lasers. This implies that once the atoms are
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Fdamp/hk12rl2
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Figure 6.5: Two-dimensional color plot of force vs position and velocity for two
spot sizes (a) 3 mm and (b) 9 mm at ¢ = 16 mm, Q1o = '15/v/2, Q3 = T'13/V/2,
012 = —2m x 10 MHz, §13 = —27 x 7 MHz. ki is the magnitude of the wave vector
of the 780 nm laser and I'15 is the linewidth of the IR transition.

cooled by the IR laser in the outer region and enter into the overlapped region of
the IR and blue laser, then the atoms are further cooled down dominantly by the
blue laser.

The diffusion coefficient in the presence of both the driving lasers can be given as:
D = 1 [k}, Tm(pl5” + pf;?)
+ ks Im(p3” + piy )] (6.5)

The diffusion coefficient, D/(hky2)?T12 vs velocity, k1ov/T12 plot is shown in Fig.
6.4(b) for the same parameters as in Fig. 6.4(a). Two-dimensional color plot of
force vs position and velocity for two spot sizes 3 mm and 9 mm at ¢ = 16 mm,
Q1o = T12/V2, Qs = T13/V/2, 619 = —27 x 10 MHz, 6,5 = —27 x 7 MHz are shown
in Fig. 6.5(a) and (b) respectively. The IR transition has a stronger damping force
as compared to the blue transition. The larger spot size reduces the region/ area
of the stronger damping force and hence reduces the number of atoms in the blue
MOT.
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Figure 6.6: Temperature vs intensity of the 420 nm laser at various intensities of
the 780 nm laser.

Then the effective temperature is found using the Einstein relation, 7' = D(0)/Skg,
where D(0) is the diffusion coefficient at zero velocity and kg is Boltzmann constant
[150]. The temperature vs intensity of the 420 nm laser (I499) is plotted in Fig. 6.6
for various intensities of 780 nm laser ([7g9) at d12/T'19 = d13/'13 = —1/2. In the
absence of the 780 nm laser (dark blue line at bottom), 7" decreases linearly with
the decrease in 1450 and reaches the Doppler temperature (7p) corresponding to the
blue transition, given by Al'y3/2kpg = 34 pK. Note that Tp at 780 nm is ~ 150 pK.
As the intensity of the IR laser increases in the absence of the blue laser, the 7" also
increases. However, T' decreases in the presence of the 420 nm laser, as shown by
the light blue (dark grey) curve in Fig. 6.6. For fixed IR laser intensity, 7" initially
decreases with an increase in I459, reaches a minimum, and then increases with a
further increase in Iy59. We also observe experimentally that the temperature of the
IR MOT decreases from ~ 1 mK (in the absence of the blue laser) to ~ 400 uK (in
the presence of the blue laser at Agp = —27wx 3 MHz). Thus in the overlapped region,
the laser driving the narrow linewidth transition further reduces the speed of the
atoms (than the outer region) before it reaches the core region where only the laser
driving the narrow linewidth transition is present. This suggests that the overlapped
region in the broad and narrow linewidth transitions affects the continuous loading
of the atoms in the narrow line MOT and eventually the number of atoms in the

blue MOT.

Note that for low intensities (in comparison to saturation intensities) of 780 nm and
420 nm laser beams, the V-systems behave as two separate two levels systems (]1)
— |2) and |[1) — |3)). The T for very low intensity of 780 nm and 420 nm is given
as

_ # Tiosiok?,4T13s13k2,
Iv = 2kp  s12ki,+s13ki, (66>

Here, s15(13) is the saturation parameter of the 780 (420) nm laser.
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Figure 6.7: No. of atoms (N) vs (a) detuning (Ap) and (b) power (Pg) of the
blue laser at three different magnetic field gradients: 9 G/cm (orange), 12.6 G/cm
(blue) and 18 G/cm (green). In (a), Pg = 25 mW and in (b) Ap = —27 x 7 MHz.
In (a) and (b): ¢p = 16 mm and ¢gpor = 6 mm.

6.4 Results and Discussion

Initially, the diameter of all the beams is kept at a maximum, i.e. 16 mm. The
diameter of the spot introduced in the core of the IR MOT beam is ¢g,or = 6 mm
and superimposed with the blue beam. The total power of the IR MOT, repumper,
and blue MOT beam are 50 mW, 13 mW, and 25 mW, respectively. Detuning of the
respective lasers are —27 x 10 MHz, —27 x 7 MHz, and —27 x 7 MHz, respectively.
A magnetic field gradient (B’) of 12.6 G/cm is produced using an anti-helmholtz
coil. We observe that the no. of atoms in the blue MOT (N) saturates to 1.2 x 108,
and its loading time is 2.5 s.

We study the effect of detuning of the blue laser (Ag) on the no. of atoms (N) at
three different magnetic field gradients. The blue laser’s power (Pg) is 25 mW. As
shown in Fig. 6.7(a), N increases slightly to 1.2 x 10® at 12.6 G/cm when Ap is
changed from —27 x 10 MHz to —27 x 7 MHz. When Ap is further varied towards
resonance, N decreases, and the MOT disappears. When the magnetic field gradient
is increased (decreased) to 18 G/cm (9 G/cm), N decreases (increases).

Next, we vary the power of the blue laser (Pg) at Agp = —27 x 7 MHz and study
its effect on NV at three different magnetic field gradients, as shown in Fig. 6.7(b).
At 18 G/cm (green diamond), with the increase in Pg from 2.5 mW to 10 mW, N
increases to 6 x 107 and saturates with further increase in Pg. Similar trends are
observed for 12.6 G/cm (blue circle) and 9 G/cm (orange triangle). However, Pg
for N to reach saturation increases with an increase in magnetic field gradients.

We then switch off the IR MOT beam and optimize the blue MOT to decrease its
temperature by lowering its power to 5 mW and changing its detuning to —27 x 3
MHz. After a hold time of 20 ms, the blue MOT beam and the magnetic field are
switched off. We measure the temperature of the blue MOT to be around ~ 90 uK.
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Figure 6.8: No. of atoms (V) in the blue MOT vs diameter of the (a) blue beam
(¢B) and (b) spot (Pspot). In (a): Pspot = 6 mm and in (b) ¢p = 16 mm.
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Figure 6.9: (a) No. of atoms (V) in the blue MOT vs hold time (tz) for different
diameter of the blue beam. (b) Lifetime (7) of the blue MOT vs diameter of the
blue beam (¢p). In (a) and (b), ¢spot = 6 mm and B’ = 12.6 G/cm.

To study the effect of the diameter of the blue beam (¢ ), we measure N at different
¢p. Fig. 6.8(a) shows the N vs ¢p data for the 6 mm diameter of the spot (¢spot)-
We observe that, with increase in ¢ from 4 mm to 8 mm, N increases from 4.5 x 107
to 1.1 x 108. With further increase in ¢z, there is no significant improvement in
N. A similar trend is observed for the spot size of 3 mm. We observe that for
better loading of the continuous blue MOT, the diameter of the blue beam should
be bigger than the diameter of the spot.

Next, we study N at three different diameters of the spot. Fig. 6.8(b) shows the
variation of N vs ¢gpor data for the 16 mm diameter of the blue beam (¢p5). When
Gspot 1s increased from 3 mm to 6 mm, we observe a slight increase in the number
of atoms in the blue MOT to N = 1.2 x 10%. With further increase in Gspot 10 9
mm, N significantly drops to 8 x 107. Although N corresponding to ¢gpor = 3 mm
is slightly lower than that with ¢g,or = 6 mm, the lifetime of the blue MOT with
Gspot = 3 mi is around three times lower than the lifetime with ¢g,or = 6 mm. The
number of atoms in the MOT is decided by the loading rate and loss rate (lifetime).
The IR transition has a stronger damping force as compared to the blue transition.
The larger spot size reduces the region/ area of stronger damping force (as shown
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in Fig. 6.5(a) and (b)) and hence reduces the number of atoms in the blue MOT.
Smaller spot size increases the stronger trapping region but reduces the lifetime of
blue MOT and hence there is a slight decrease in the number of atoms in the blue

MOT as shown in Fig. 6.8(b).

We further study the effect of the diameter of the blue beam (¢p5) on the lifetime
(1) of the blue MOT. First, we measure N at different hold times (¢z) of the blue
MOT and fit the N vs ty data with the equation: N = Ny x exp (—ty /7). Fig.
6.9(a) shows the variation of N with ¢y at different ¢p for the blue MOT with spot
size 6 mm. The solid lines in Fig. 6.9(a) are exponential fit to the N vs ¢ty data.
Fig. 6.9(b) shows the corresponding lifetime (7) with ¢5. We observe that when
¢p is 4 mm, the lifetime of the blue MOT is around 180 ms. It increases to 550 ms
when ¢p is increased to 8 mm and then remains the same even after increasing the
¢p to 16 mm.

6.5 Conclusions

In summary, we have demonstrated the continuous loading of 8’Rb atoms in the blue
MOT with a typical number of 1.2 x 10® atoms in 2.5 s. The continuous loading of
the blue MOT is achieved by superimposing the blue laser beam inside the hollow
core (spot) of the IR laser beam driving the broad transition. In order to achieve
maximum loading, the spot size should be 6 mm for the total diameter of 16 mm
for the IR laser beam and the size of the blue laser beam should be more than
6 mm. This means that the blue laser beam should overfill the spot of the IR laser
beam. We have also measured the lifetime of the blue MOT with various diameters
of the blue laser beam and found around 500 ms for a beam diameter of more than 6
mm. This method of continuous loading of the blue MOT can be useful to produce
continuous atomic beams of cold Rb atoms.
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! The well-known sub-Doppler polarization gradient cooling in type-I transition
(F. = F, + 1) is caused by red-detuned lasers. On the other hand, in type-II
transition (F, < F,), sub-Doppler cooling takes place through blue-detuned lasers.
This opposite behavior for the two types of transitions is due to SGC. In the absence
of SGC, both types of transitions show blue-detuned cooling. In this chapter, we
experimentally and theoretically demonstrate blue-detuned cooling for both types
of transitions in 8’Rb. For completeness, we compare the temperatures in various
configurations.

7.1 Introduction

Spontaneously generated coherence (SGC) plays an important role in spectroscopy
and has been extensively studied in multilevel systems [92, 93, 94, 95, 96, 97, 98, 99].
Since the behavior of laser cooling has a direct connection with the atomic spectrum
profile, SGC also plays a crucial role.

!This chapter is a slightly modified version of the preprint, titled “Role of spontaneously
generated coherence (SGC) in laser cooling of atoms” by Rajnandan Choudhury Das,
Samir Khan, Thilagaraj R, and Kanhaiya Pandey, currently under review and is available in arXiv
as [4].
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In alkali atoms, laser cooling is generally realized using type-I transition, i.e., Fy —
F, = Fy+1 (where F, and F, are ground and excited state total angular momentum).
In type-I transition, both Doppler and sub-Doppler cooling require red-detuned
lasers. In contrast, for type-II transition (F, > F.), Doppler cooling requires red-
detuned lasers, while sub-Doppler cooling requires blue-detuned lasers [44]. The
opposite behavior of these two types of transitions is attributed to SGC. Red-detuned
sub-Doppler cooling is due to SGC which is prominent if the magnetic sub-levels
are degenerate and are therefore fragile to the magnetic field [40, 41, 42, 43, 44, 45].
Achieving low temperatures involves carefully nullifying the magnetic field, a task
not feasible in the MOT phase.

It is known that blue-detuned cooling occurs in MOT at type-II transition and has
been demonstrated in Rb with significant advantages [45, 83, 84]. Blue-detuned
MOTs have also been demonstrated in molecules and are crucial for cold molecule
experiments [85, 86, 87, 88]. In this work, we show that blue-detuned cooling in
MOQOT is possible even in type-I transition.

In the experiment, we utilize a narrow open transition in 8’Rb for MOT [1, 3, 82],
similar to Li [60, 61], K [62], Ca [47, 48], Sr [49, 50], Yb [51, 52], Dy [53, 54],
Er [55, 56, 57], Cd [58], Eu [59], etc. The MOT for 8"Rb atoms is realized at a
narrow open transition at 420 nm, which has a 4-5 times lower theoretical Doppler
temperature (34 pK) than the regularly used broad transition at 780 nm. Since
the blue transition is open, we observe that the repumper laser plays a crucial role
in lowering the temperature of the narrow-line MOT. We observed that the blue-
detuned repumper causes further cooling in both type-I (F, = 1 — F, = 2) and
type-1I (F; =1 — F, = 1) transitions in the MOT. We have also explored various
other configurations that produce both red-detuned and blue-detuned blue MOTs
of Rb.

In this work, we undertake a comprehensive numerical investigation employing a
density matrix analysis to explore the impact of SGC on the sub-Doppler force
within an atomic system characterized by the Fy, = 1 — F, = 2 transition. Our
primary objective is to assess the feasibility of blue-detuned laser cooling in MOT.
Subsequently, through experimental exploration, we investigate various configura-
tions of blue-detuned MOTs for Rb at a narrow transition on the D; and D lines.
Our results, augmented by the density matrix analysis, demonstrate the efficacy of
blue-detuned laser cooling even in type-I MOTs, achieving sub-Doppler tempera-
tures as low as 24 K in the D; MOT and 31 puK in the Do MOT.

7.2 Theory

First, we analyze the cooling by two counter-propagating lasers with ot and o~
polarizations for Fy = 1 — F, = 2 with all the magnetic sub-levels (as shown in Fig.
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7.1 (a)) using density matrix calculations. The Hamiltonian, H of the 8 level system
under the electric-dipole and rotating wave approximation and in the rotating frame
is expressed as H = H, + H;, where

Ha=h{—2kv|3) 3| + (kv — A)[4) (4] + (kv — A) |5) (5|
— (kv + A)|6) (6] — (kv + A)|7) (7]
— (3kv + A) [8) (8] } (7.1)

and

:—hQ{|1 (4l + ) (6] + ) (5] +

\/—Il \/—IQ \/—I2><|

13) (5] + |3) (8] } + h.c. (7.2)
e )

Here, A, €2, and k denote the detuning, rabi frequency, and magnitude of the wave
vector of the lasers respectively, and v is the velocity of the atoms. The atom-
field interaction is described by writing the Liouville-von Neumann equation for the
density matrix,

p=—11H, o]+ L(p) (7.3)

Here, L(p) accounts for the spontaneous decay of atoms via various channels. The
formulation of the Hamiltonian and decay matrix for this system is discussed in detail
in Sec. 2.8. 64 simultaneous differential equations are obtained. Only equations for
P12, P13 and po3 have the effect of SGC, which are given below. The terms appearing
due to SGC are underlined.

P12 = = ;Q(pzm + %Pm) 2\/— Q*(p15 + p17)
(\/—P45 + \}—056 + \1/—)067) (7.4)
¢ ? 1 1 1
M F §Q(p43 + %%3) + §Q*<%Pl6 + pis)
+ 2ik?}013+r(%/)46 + 557 + %Pb‘s) (7.5)
P23 = — FQ(P&; + pr3) + %Q*(%P% + pas)
+ z'k‘vp23—|—F(2—\1/§p56 + %Pm + %Ms) (7.6)
The remaining equations are presented below.
p11 = —5Qpa1 + \/Agpm) + c.c. + T(paa + 5p55 + §P66)
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P22 = \ifQ(ﬂE)z + pr2) + c.c. + T(5ps5 + 5 pes + 5077),
P33 = — Q( 5163 T ps3) + c.c. + F( Pe6 + %P?? + pss),
pas = Qpa + c.c. — Tpaa,

P55 = ﬁgﬂpw + c.c. — L'pss,

Pe6 = ﬁgﬂ(ﬂm + pe3) + c.c. — I'pge,

prr = #Ql)?z +c.c. — Lprr,

Pss = —Qﬂss + c.c. — Dpss,

pra = ‘Q(Pll P44 — \[/064) i (A= kv)pua — %FPM,

P15 = lQ(Tﬂlz — P45 — \/51065) — i (A —kv) p15 — 3T pss,

P16 = 3 (%Pn + \/013 Pas — \/Lgﬂ%) —i (A+Fkv)prs — %pra
p17 = 'Q(\%Pm — Par — \/6'067) — i (A +kv) pir — 3Tpu7,

prs = 5Qp1a — pas — Jepes) =1 (A +3kv) pis — 3T pis,

P24 = 'Q(le \1[054 \1/,074) — i (A = kv) pag — 5T pou,

P25 = 552 p22 — P55 — pr5) — i (A = kv) pas — 5T pas,

pa6 = 5 (%le - \/023 \[P56 \[076) — i(A + kv)pag — 3T pos,
par = 55U p22 — ps7 — prz) — i(A + kv)par — 5T par,

pos = 5 <P23 \/5/)58 \/51078) i(A + 3kv) pas — 5T pas,

paa = 531 — \/%PM — pga) — (A + kv)pss — 5T psa,

p3s =75 <\/L§P32 - \/Lgp% + pgs) — (A + kv)pss — 5T pss,

P36 =3 (\/%031 + \/%P:B — \/Lgp% — pse) — (A + 3kv)pss — 3T pss,
P37 =% (\/%932 - \/%Pw — ps7) — (A + 3kv)psr — 3T par,

pas = 5psz — \lfp68 — psg) — i(A + 5kv)pss — 5T pss,

pas = 2\/9042 50" p15 — Tpys,

pac = 5. Q(P41 + paz) — ‘Q p16 — 2ikvpag — Lpag,
par = 2\1[9042 1 p17 — 2ikvpar — Dpaz,

Pag = ‘QP43 T ‘Q p1s — 4ikvpss — Dpas,

P56 = \[Q(Pm + ps3) — QIQ*P% 2ikvpss — I pse,
P57 = ﬁgg(%z — par) — 2ikvpsy — L psz,

pss = 582 ps3 — \%ng) — dikvpss — Ipss,

Per = ZL\/gQPEQ —'ﬁgﬁ*(ﬂw + p17) — Uper,

Pes = 52063 — ﬁgQ*(P:&s + p1s) — 2tkvpgs — I pes,
prs = 580073 — ﬁg*ﬂ% — 2ikvprs — L'prs

They are numerically solved and the force experienced by the atom is evaluated from
the absorption of the ot and o~ light, following a similar approach as in [3, 89, 90].
The force on the atom can be given by the following expression,

1 1
Faamp = hkQ Im [(p1a — pss) + —=(p25s — por) + —=(p3s — p16)] (7.7)

V2 V6

In Fig. 7.1 (b), we present the force vs velocity plot for a large velocity range under
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Figure 7.1: (a) Energy level diagram of the F, = 1 — F, = 2 atomic system.
All the Zeeman energy levels are labeled using |i) notation. Clebsch-Gordan co-
efficients are shown near the transitions. Velocity-dependent force curve for the
Fy =1 — F, = 2 system is presented for (b) a large velocity range and (c) a small
velocity range. The dashed red (solid blue) curve corresponds to the presence
(absence) of SGC. The black-circled portion in (b) is magnified and illustrated in
(c). Parameters: Aj_,9 = +3I and Q =T'/v/2.
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the influence of blue detuned lasers. The red dashed (blue solid) curve corresponds to
the force in the presence (absence) of SGC. Both the curves reveal indistinguishable
Doppler force profiles for large velocity ranges. The analysis indicates that atoms
with positive (negative) velocities encounter positive (negative) forces, leading to
heating in the presence of blue-detuned lasers. These force vs velocity curves undergo
sign reversal for negative detuning, indicative of the well-known Doppler cooling.

Zooming into the black-circled region in Fig. 7.1 (b), Fig. 7.1 (c¢) provides a closer
examination of the small velocity range. SGC exerts a substantial influence on the
force vs velocity behavior, particularly for lower velocities. In the presence of SGC,
atoms with positive (negative) velocities experience a more pronounced positive
(negative) force compared to the Doppler force alone, contributing to enhanced
heating. Conversely, diminishing the impact of SGC results in a sign reversal in the
slope of the force vs velocity curve, indicating the onset of blue-detuned cooling in
a type-I system. These curves for force vs velocity flip signs for negative detuning,
leading to polarization gradient cooling (heating) in the presence (absence) of SGC.

7.3 Experimental setup

The experimental set-up comprises one commercially available (Toptica) 420 nm
(blue) external cavity diode laser (ECDL) and two home-assembled 780 nm (IR)
ECDLs. Polarization spectroscopy is employed for the IR MOT laser’s frequency
stabilization [1], while saturation absorption spectroscopy is used for the IR re-
pumper laser and the blue laser (similar to our previous experiments [2, 3]). Four
sets of beams Ly, Ly, L3 and L, are derived which are IR MOT (581/2, F=2—>
5P3/9, F' = 3), IR repumper (5Sy/2, F =1 — 5P3/5, F = 1 or 2), red detuned blue
MOT (5S1/2, F =2 — 6P3/5, F = 3) and blue detuned blue MOT (at D; or D, line
depending on the configuration) beams respectively. All these beams are switched
on/off using AOMs. Each beam is further divided into 3 beams, overlapped, co-
propagated, made circularly polarized using dual A\/4 wave plates, expanded to a
diameter of 25 mm, sent to the MOT chamber, and retro-reflected back using dual
A/4 wave plate and mirror. In each arm, the polarization of L; and Ls are the same,
and L, and L, are the same but orthogonal to L; and Lj.

Atomic vapor is introduced into the MOT chamber by passing 2.15 A current to
the dispenser (AlfaSource AS-Rb-0090-2C). First, the IR MOT is loaded for 2 s at
quadruple magnetic field (B’) of 12.5 G/cm by switching on Ly (power, 50 mW and
detuning —27 x 10 MHz from 58, )2, F = 2 — 5P/, F = 3 transition) and L, (power,
Pi_,5 = 33 mW and detuning, A;_,,/27 = +40 MHz from 5S,/5, F =1 — 5P35, F
= 2) transition. The power of the L; is lowered by 5 times and is waited for 4 ms
to lower the temperature. Number of atoms, /N in the IR MOT is ~ 1.3 x 10% and
the temperature, T is ~ 2 mK. Then it is transferred to the red detuned blue MOT
by switching off the L; beam and switching on the Lz beam (power 26 mW and
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Figure 7.2: (a) Relevant energy levels for studying the effect of repumper laser
addressing F' = 1 — 2 transition. (b) Temperature vs power of the repumper laser
when Aj_,9/2m = +40 MHz (filled blue circle) and —5 MHz (unfilled red circle).
(c¢) Temperature vs detuning of the repumper laser when P9 = 10 mW (unfilled
green diamond), 20 mW (filled yellow triangle), and 33.4 mW (filled blue circle).
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Figure 7.3: (a) Relevant energy levels for studying the effect of repumper laser
addressing F' = 1 — 1 transition. (b) Temperature vs power of the repumper
laser when Aj_,;/2m = +17.4 MHz (filled blue circle) and —5.2 MHz (unfilled red
circle). (c¢) Temperature vs detuning of the repumper laser when Py_,; = 10 mW
(unfilled green diamond), 20 mW (filled yellow triangle), and 31.5 mW (filled blue
circle).

detuning —27 x 7 MHz from 55/, F = 2 — 6P3/5, F = 3 transition). After 4 ms, the
power of Lz beam is reduced to 10 mW and detuning is ramped to Ay ,3/2m = —3
MHz in 5 ms. After 20 ms of hold time, Lo, L3, and B’ are switched off. N and
T are measured from the time of flight (TOF) method using absorption imaging at
5S1/2, F' =2 — 5P3)5, F = 3 transition on CMOS camera with an exposure time of
100 ps.

7.4 Results and discussion

We first study the effect of the orthogonally polarized IR repumper laser (F, =1 —
F. =2 ) on the IR MOT by changing the power (P;_2) at Aj_,/27 = +40 MHz.
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We observe that with an increase in P;_5 from 0.5 mW to 33 mW, T of the IR
MOT increases from 1 mK to 2 mK. N also increases and saturates to 1.3 x 10%. We
then vary A;_5/27 from —20 MHz to +40 MHz at P;_,» = 33 mW. We observe no
significant change in N and T". This is because the IR MOT laser is driving a close
transition and only a small fraction of atoms are lost due to off-resonant excitation.

Now, we study the effect of IR repumper on the red-detuned blue MOT. As the blue
transition is open with a large branching ratio, atoms decay continuously to the
lower ground state, F, = 1. Fig. 7.2 (b) and (c) show the variation of the 7" with
P35 and Ay_,5/27 respectively for the configuration shown in 7.2 (a). Here, the L3
is at —27 x 3 MHz detuned to the 55,5, F = 2 — 6P3/5, ' = 3 transition. First, the
repumper laser is kept at +27 x 40 MHz detuned to the F= 1 — F= 2 transition
(which is also a type-I transition), and the power of the repumper laser is varied.
We observe that with an increase in P;_,5 from 5 mW to 30 mW, T decreases from
80 uK to 65 pK as shown in Fig. 7.2 (b) by filled blue circle points. This is opposite
to the case when the repumper laser is red-detuned. When Ay _,5/27 = —5 MHz, T
increases from 90 pK to 105 uK as shown by unfilled red circle points (a). In both
the cases, IV increases with the increase in P;_,» and then saturates to 1.1 x 10%.

Next, we study the behavior of the red detuned blue MOT with the detuning of the
repumper laser, A;_,,/27 at three different power: 10 mW, 20 mW, and 33 mW, as
shown in Fig. 7.2 (c) by unfilled green diamond, filled yellow triangle and filled blue
circle points respectively. When A;_,5 /27 is varied from —20 MHz to +40 MHz at
P12 =33 mW, T decreases from 120 uK to 75 K and then saturates. A similar
pattern is observed at P;_5 = 10 mW and 20 mW. We observe that blue-detuned
laser cooling works even at type-I transition and the blue-detuned repumper laser
helps the narrow line MOT at the blue transition to reach a lower temperature than
the red-detuned repumper laser.

The same study is done for the configuration shown in Fig. 7.3 (a), where the
repumper laser is —27 X 5.2 MHz red detuned to the F= 1 — F= 1 transition,
which is a type-II transition. Similar to the previous case, T increases from 120 pK
to 150 uK when the power of the repumper laser (P1,1) is increased from 5 mW
to 30 mW (as shown in red in Fig. 7.3 (b)). In the blue detuned repumper laser
configuration i.e. when Ay_,/27 = +17.4 MHz, T shows a decreasing trend from
90 pK to 44 puK with an increase in Py_; from 5 mW to 30 mW. In both the cases,
N increases with P;_,; and then saturates to 1.1 x 108.

We study the effect of repumper laser detuning (A;_,;/27) on the blue MOT at three
different powers: 10 mW, 20 mW, and 31.5 mW (as shown in Fig. 7.3 (b) by unifilled
green diamond, filled yellow triangle and filled blue circle points respectively). At
Py =315 mW, T decreases from > 200 uK to 44 1 K and reaches saturation as
the Aj_,1/2m is changed from —10 MHz to +17 MHz. A similar trend is observed
when Py ,; = 10 mW and 20 mW, but T" saturates to a higher value.

Next, we demonstrate the red detuned blue MOT using 55, /2, F= 2 — 6P3/, F= 2
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Figure 7.4: (a) Relevant energy levels for studying the effect of the blue laser
addressing F' = 2 — 2 transition. (b) Temperature vs power of the 420 nm laser
(L3) when Ag_yo/2m = —2 MHz. (c) Temperature vs detuning of the 420 nm laser
(L3) when Py, = 26 mW. (d) Temperature vs power of the 420 nm blue detuned
laser (L4) when Ag_y9/2m = 45 MHz. (e) Temperature vs detuning of the 420 nm
blue detuned laser (L4) when Py_o = 15 mW. In (b)-(e), Aj11/27 = +14 MHz
and P]‘*}l =30 mW.

transition (type-II MOT) with repumper laser at 30 mW and +27 x 14 MHz blue
detuned from the 55,5, F= 1 — 5P3/,, F= 1 transition. We study the effect of
the power (Py_,5) of the red detuned blue MOT beam at Ay /27 = —2.5 MHz
and observe that with an increase in Po_,5 from 5 mW to 20 mW, T" decreases from
60 uK to 32 pK and then increases after 20 mW, as show in Fig. 7.4 (b). Then we
study the effect of Ay .5 on the blue MOT at Py_,o = 26 mW and observe that T
initially decreases from 38 pK to 32 pK as the Ag_,5/27 is changed from —4 MHz
to —2.5 MHz and then increases to > 40 uK as the detuning is changed towards
zero (as shown in Fig. 7.4 (¢)). As compared to the minimum temperature of the
red detuned blue MOT at 5S; /5, F= 2 — 6P3/5, F= 3 transition (44 pK), T of the
red detuned blue MOT at 55,9, F=2 — 6P3/5, F= 2 transition (32 xK) is lower.

We fix the parameters to load the red detuned blue MOT at 26 mW power and
—2m x 2.5 MHz detuned from the 55,5, F= 2 — 6P3/5, F= 2 transition. We then
demonstrate the blue-detuned blue MOT using the same transition by transferring
the atoms from the red-detuned blue MOT. This is done by switching off the Lj
beams and switching on the L, beams. The quadruple magnetic field is also increased
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Table 7.1: Temperature of the different MOTs. Detuning (A) of each laser from its
corresponding transition is shown. IR repumper laser is driving the 55, 5, F=1 —
5P3/9, F= X transition, where X =1 or 2. Blue MOT laser is driving the 55, s,
F=2 — 6P3/5(1/2), F= X transition for the Dy;) MOT, where X = 1,2 or 3.

IR Repumper Blue MOT T (1K)
Transition A/27 (MHz) Transition A/27 (MHz)

1—2 +40 Dy, 2 — 3 -3 65 £+ 2
1—=1 +17 Dy, 2 —3 -3 44+ 2
11 17 Dy, 2 -5 3 ) 53+ 2
1—=1 +14 Dy, 2 — 2 —2.5 3241
1—=1 +14 Dy, 2 — 2 +5 31+1
1—=1 +14 Dy,2—2 —2 40+ 1
1—=1 +14 Dy,2—2 +5 24+1
1—=1 +14 Dy,2—1 —2 61 +2

to 45 G/cm. We wait for 20 ms for the atoms to settle in the blue-detuned blue
MOT. First, we vary the power of the blue detuned blue beam (Ps_,5) from 7 mW
to 15 mW at Ay /27 = +4 MHz and observe that 7" decreases from 43 pK to
31 pK and saturates, as shown in Fig. 7.4 (c). We also reduced the blue-detuned
blue beam size by 4 times to confirm if we are limited by its power and observe no
change in temperature at maximum available power.

Next, we study the effect of the detuning of the blue detuned blue beam (Ajy_;5)
at fixed power, Py = 15 mW. As the Ay ,5/27 is changed from +13 MHz to +5
MHz, T decreases from 90 pK to 31 K and then further increases to > 40 uK as the
frequency is changed towards resonance. We do not see any significant difference in
temperature between the red detuned blue MOT and the blue detuned blue MOT
with 5S; /5, F= 2 — 6P3/, F= 2 transition.

We then carry out the same study for the blue MOT in the D; line at 55;/,, F=
2 — 6Py, F= 2 transition, which is also a type-II open transition but of weaker
transition strength as compared to the Dy line. We observe that the minimum
temperature of the red detuned blue MOT at D; line is 40 pK. We then transfer
the atoms to the blue-detuned blue MOT at the same line and observe that T is
lowered to 24 ;K. No. of atoms in the blue detuned blue MOT at D; transition also
decreases to 5 x 107.

We also study other configurations of the blue MOT and the minimum temperature
achieved at different configurations are summarized in Table 7.1. Unlike in [83],
we have observed an almost spherical shape of the atomic cloud with Gaussian
distribution of atoms in all different configurations of the MOTs.
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7.5 Conclusions

In summary, we observe that SGC plays a crucial role in laser cooling in the sub-
Doppler regime. Prior to this work, it was known that there is no sub-Doppler
cooling with blue-detuned lasers in type-I transition. In this work, we show that it
is possible to achieve cooling with blue-detuned lasers but in the absence of SGC.
As SGC is fragile to stray magnetic fields, we observe blue-detuned cooling even in
type-I transition in MOT. For completeness, we also explore various combinations
for the effectiveness of blue-detuned laser cooling in both type-I and type-II MOT
configurations, achieving temperatures as low as 24 pK in the D; MOT and 31 pK
in the Dy MOT.
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CHAPTER 8

Conclusions and Future work

In conclusion, we have presented a detailed study on the laser cooling and trapping
of Rubidium atoms in the blue magento-optical trap using the 5S; /5 — 6P3/, narrow-
line transition at 420 nm. We have also discussed the direct spectroscopy of Rb at
the blue transition. This blue transition has a linewidth of 27 x 1.4 MHz, which
is around 4 times narrower than the widely used 5S;/, — 5P3/, transition of Rb
at 780 nm. The Doppler temperature of the blue MOT is 34 K which is around
4 times lower than the IR MOT (146 uK). Although narrow-line cooling has been
demonstrated for the lighter alkali atoms such as Li and K, it was not certain that
it would work for Rb, due to its large branching ratio. Experimental demonstration
of the temperature reduction in the narrow-line MOT of Rb was important.

We have demonstrated the narrow-line cooling of 8"Rb atoms in the MOT using
the open transition, 55/, — 6P3/, at 420 nm to trap around 10® atoms at typical
temperature of 54(10) uK. We have used the two-stage MOT. First, we load the IR
MOT of Rb using the 5S; /5, F = 2 — 5P3/5, F' = 3 transition at 780 nm and then,
transferred the atoms to the blue MOT using the 5S;/5, F = 2 — 6P3/, F = 3 at
420 nm. As compared to the temperature of the IR MOT, we have got around 8
times lower temperature in the blue MOT. Even though the 5S;/, F' = 2 — 6P3),
F = 3 transition is an open transition with a large branching ratio, we have achieved
efficient cooling in the blue MOT using the repumper laser at 780 nm.

This method uses the two steps separated in time. Instead, the steps can also
be made separated in space. Using this idea, we have presented a method for
continuous loading of alkali atoms in the narrow-line MOT. We have demonstrated
the continuous loading of around 10® Rb atoms in the blue MOT by superimposing
the blue laser beam inside the hollow core (spot) of the IR laser beam driving the
broad transition. We observe that for maximum loading, the filling beam diameter
should be more than the core diameter. For a 16 mm (in diameter) IR beam with a
6 mm (in diameter) hollow core, we have found that the diameter of the blue beam
should 8 mm or more. This is because, in the overlapped region, the beam addressing
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narrow-linewidth transition decreases the temperature, even in the presence of the
broad transition. We also gave a theoretical framework for cooling atoms with two
simultaneous transitions. We have also measured the lifetime of the blue MOT
with various diameters of the blue laser beam and found around 500 ms for a beam
diameter of 8 mm or more.

We have also presented a detailed study on the effect of spontaneously generated
coherence (SGC) in laser cooling. We have observed that SGC plays a significant
role in the sub-Doppler regime. It modifies the sub-Doppler force and results in
polarization gradient cooling with red-detuned lasers in the presence of the SGC and
blue-detuned cooling in the absence of SGC. As SGC is fragile to the magnetic fields,
we have observed blue-detuned cooling even in type-I MOT. For completeness, we
have also explored various combinations for the effectiveness of blue-detuned cooling
in both type-I and type-II MOT configurations, achieving temperatures as low as
24 pK in the D; MOT and 31 pK in the Dy MOT.

Furthermore, we have also performed the direct spectroscopy of Rb at 420 nm tran-
sition. We have systematically examined the effect of temperature of the Rb cell,
control beam power, and beam size on SAS dip heights and linewidths. We have
achieved the optimal signal-to-noise ratio at a Rb cell temperature of 84 °C. We have
found that the minimum linewidths of the 5S;/5, F = 2 — 5P3/, transitions with
F= (2,3) and F= 3 are 27 x 2.7 MHz and 27 x 2.8 MHz, respectively. Additionally,
we have presented all eight error signals for 8Rb and 8"Rb corresponding to 5S —
6P transition at 420 nm and 421 nm. This study has helped us in the frequency
stabilization of the blue laser and consequently in producing laser-cooled Rb atoms
at the blue transition.

The insights gained from this study hold practical implications for applications in
quantum technologies, particularly those based on the blue atomic transition of
Rb. The study can be used for blue transition-based Rydberg excitation of cold Rb
atoms such as using 420 nm and 1015 nm as well as 421 nm and 1004 nm. The
narrow-line cooling of atoms in MOT may be useful for loading atoms into the ODT
and magnetic quadrupole trap as well as for atom interferometry. The work may
also be helpful for field deployable quantum sensors.
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CHAPTER A

Computer Control System: Hardware

The computer control system hardware comprises a computer system with a PCI
slot, PCI-DIO-32-HS card, Buffer Card, Relay Card, Digital Card, DAC (Digital to
Analog Converter) card, LED board, 68-pin female-female connector, 50-pin Ribbon
Connector, and Power Supply. The computer itself featured an AMD Phenom (tm)
IT X3 710 processor with a clock speed of 2.60 GHz and 3.25 GB usable RAM,
operating on Windows 7 Professional. The data flow within the system, from the
PCI card to all the other cards, is discussed in Sec. 3.6. All these cards are tested
using the steps mentioned in [151]. Fig. A.2, A.3, A.4, A.5, A.6, and A.1 shows the
images of all the cards used in our computer control system. These images provide
a visual insight into the key components that constitute our hardware setup.

If the computer control system does not work, first double-check the time sequence.
Next, check whether the power supply is switched on or off. If the error persists,
check the strobe signal on an oscilloscope from the buffer card following the steps
in [151]. If the strobe signal is not correct while the time sequence is running, in
that case, rotate the potentiometers R13, R14, and R15 of the buffer card (shown
in A.3) following the steps in [151].

Figure A.1: Image of the LED Board, 68-pin female-female connector, and 50-pin
ribbon connector (from left to right).
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Figure A.2: Image of the PCI-DIO-32HS card
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Figure A.3: Image of the buffer card
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Figure A.4: Image of the relay card

Figure A.5: Image of the digital card
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Figure A.6: Image of the analog card
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CHAPTER B

Computer control system: Software

The computer control system’s user interface (UI), depicted in Fig. B.1, has been
developed using Visual Basic within the vb.net framework. While the current UI is
functional for typical cold atom experiments, there is room for enhancement.

B.1 Identifying the various buttons and text boxes

The UI features buttons and text boxes organized into 90 rows (45 on each side) for
accommodating various signals in a single experimental run. Each row corresponds
to parameters for a specific time coordinate. Columns include Device Name, Address,
Type, Time us, Time step, End time, Data, Final Data, and Pretrigger.

B.2 Setting the address of the devices

For every device, the user can give a unique name and unique address. The devices
are controlled by the different channels of the digital cards and analog cards. Each
card must have a unique address, which can be set using DIP switches on the cards.
Each channel of the Analog card by default has a unique address. However, all 16
channels of a digital card have the same address as that of the card. To differentiate
each channel, we give each channel an additional number. The following convention
is used. Suppose a digital card has address 3, then its 1st channel will have the
address 3.01, its second channel will have address 3.02, its 15th channel will have
an address 3.15, and so on. With this convention, when the software detects the
address as 7.06, the signal will by default go only to the 6th channel of the digital
card with address 7. If a signal needs to be transferred to all the 16 digital channels
of the same card, then the user needs to put the address as 7.
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Figure B.1: User interface of the computer control system

B.3 Saving the device name and its address

It is difficult to remember the address of the devices. Thus the user can store the
device names and their corresponding address. By clicking on the Device Name
button (at the top left of the UI), a new Ul named Form2 can be opened. Write
the device names in the first column and their corresponding address in the decimal
system. Click the Device Name button of Form2 to the list of devices and their
addresses. They are saved as NewDeviceAddress.tzt file in the same directory as
the main UI. Once the device name and address are saved, the Form2 UI needs to
be closed. To modify any particular device name and address, the text file can be
edited manually. To delete the address file, click on the Delete Address File button
in the main UI.

While entering any time sequence, the user needs to give the device names and click
on the Addr button on the top left as shown in green. If the device addresses are
already stored, then it will automatically update the addresses in the main UI.
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Laser 632 00000701 5 Zeeman 5 00170010 | 50 Mag Field & R RAE IS Cryo 10 10001100 140 Laser 540 0111001 185
Shuter 1 00000110 6 Zeeman & ori0oT 51 Mag Field 7 01100000 | % Laser 540 000107 141 Laser 540 011010 186
Shuter 2 wonTl 7 Zeeman 7 o | 52 Mag Field 8 onnon | 97 Laser 540 10001110 142 Laser 540 oo 187
Mag Field 1 00001000 & Zeeman & oo1i0101 | 53 Mag Field 10 01700010 98 Laser 540 10001111 143 Laser 540 0111100 188
DC Voltage 1 00001001 9 Zeeman 9 0170110 | 54 Laser Biue 1 01700011 88 Laser 540 10010000 144 Laser 540 01T 188
Device 10 00001070 10 Zeeman 10 T NAYAG Laser 1 01700100 100 Laser 540 10010001 145 Laser 540 010 180
Device 11 wonion 11 MOT 1 00111000 | 56 Temperature Sensor 1 01100101 101 Laser 540 10010010 148 Laser 540 o 18
Device 12 wonno0 12 MOT 2 00111001 | 57 Temperature Sensorz 01100110 102 Laser 540 10010011 147 Laser 540 11000000 152
Device 13 wornm 13 MOT 3 00111010 | 58 Temperature Semsor 01100111 103 Laser 540 10010100 148 Laser 540 11000001 183
Device 14 0001110 14 MOT 4 w0110 58 Temperature Sensor 4 01101000 104 Laser 540 10010101 149 Laser 540 1000010 194
Device 15 oooiTi 15 MaT 5 0111100 | 60 Temperature SensorS 01101001 105 Laser 540 10010110 150 Laser 540 11000011 195
Device 16 00010000 16 MOT & ot1iiol 61 Temperature Sensor € 01101010 106 Laser 540 10010111 151 Laser 540 11000100 136
Device 17 00010001 17 MaT 7 woi1iie 62 Temperature Senser 7 01101011 107 Laser 540 10017000 152 Laser 540 100010l 187
Device 16 [ IE] MOT & i 62 Tempersture Senser € 01101100 108 Laser 540 10017001 153 Laser 540 11000110 1%
Device 19 00010011 13 MOT § 01000000 | 64 Temperature Sensor & 01101101 103 Laser 540 10017010 154 Laser 540 11000111 183
Device 20 00010100 20 MOT 10 01000001 €5 Temperature Sensor 1 01101110 110 Laser 540 10011011 155 Laser 540 11001000 200
Heater 1 oototol 21 Fighpower AOM 1 01000010 65 oo 1 orfottil Laser 540 10017100 155 Laser 540 11001001 201
Heater 2 wototi | 22 Highpower OM2 01000011 | 67 D2 010000 112 Laser 540 10011101 157 Laser 540 11001010 202
Heater 3 Qo102 Fighpower AOM 3 01000100 68 cCD3 10001 113 Laser 540 10011110 158 Laser 540 11001011 203
Heater & w0000 24 Fighpower AOM 4 01000101 63 cCD4 01710010 114 Laser 540 10011111 153 Laser 540 1001100 204
Heater § 00011001 25 Figh power AOM 5 01000110 70 CCD5 01110011 115 Laser 540 10100000 160 Laser 540 11001101 205
Heater 6 wotiolo 2 Highpower AOM 6 01000111 7 ccoe ofioie 116 Laser 540 10100001 161 Laser 540 1o0ti0 208
Heater 7 gotiolt 27 Highpower AOM 7 01001000 7: o7 orffotot 117 Laser 540 10100010 162 Laser 540 100t 207
Heater 8 00011100 28 Highpower OM & 01001001 | 73 ccoe 011010 118 Laser 540 10100011 163 Laser 540 11010000 208
Heater § 000110 28 Fighpower AOM § 01001010 74 ccos 01110111 118 Laser 540 10100100 164 Laser 540 11010001 208
Heater 10 wotitie 1 Figh power AOM 10 01001011 7 cco 10 011000 120 Laser 540 10100101 165 Laser 540 11010010 210
Pump 1 [ RA T Laser 1 01001100 | 76 Ro Cortraler 1 offtiool 12 Laser 540 10i00ti0 168 Laser 540 1010011 21
Pump 2 00100000 32 Lsser 2 otootiol | 77 Rb Controller 2 ottt 12 Laser 540 10100111 167 Laser 540 1010100 212
Pump 3 00100007 | 33 Laser3 w0010 | 78 Ro Controller 3 oo 123 Laser 540 10101000 168 Laser 540 oI 213
Turbo Fump 1 00100000 34 Laser 4 vooT 7 Ro Controller 4 oI 124 Laser 540 10101001 163 Laser 540 om0 214
Turbo Fump 2 0010001 35 Laser 5 01010000 | 80 Ro Cortroller 5 [RRRRC TR Laser 540 10000 170 Laser 540 1010111 215
Turbo Pump 3 0100100 36 Lsser & 0010001 61 Rb Controller 6 o111t 126 Laser 540 wofoion 17 Laser 540 11011000 216
Rotary Pump 1 Wi 37 Lsser 7 0010010 82 Ro Controller 7 o 127 Laser 540 o 172 Laser 540 Ton0ol 217
Rotary Fump 2 00100110 38 Laser 8 m0100m 83 Ro Controller 8 10000000 128 Laser 540 wonen 17 Laser 540 1000 218
fon Pump 1 0010011 38 Laser 9 0010100 84 Ro Controller $ 10000001 128 Laser 540 000 17 Laser 540 oo 218
on Pump 2 00101000 40 Laser 10 ootolol & R Cortroler 10 10000010 130 Laser 540 it 17 Laser 540 11011100 220
Metar 1 wofoionl 41 DC Vokage 2 ECRCIES Cryo 10000011 131 Laser 540 10110000 176 Laser 540 oIl 221
Motor 2 w1010 42 DC Votage 3 00101 87 Cyo2 10000100 132 Laser 540 w0001 177 Laser 540 o0 22
Cooler 1 o010 43 DC Votage 4 01011000 88 Cyo3 fo000t01 133 Laser 540 w1000 178 Laser 540 T 2
Cocler2 w0100 4 OC Veltage 5 01011001 | 89 Cyad 0000110 134 Laser 540 w1001 17 Laser 540 11100000 224
Cadler 3 wionm 45 DC Vakaae 6 oo | % Cva5 10000171 135 Laser 540 w0l 18 Laser 540 11100001 225

Figure B.2: User interface for saving device name and address
B.4 Types of signals

Next to the address column is the Type column. The Users can choose in general 18
different types of signals. They are broadly classified into three categories: Digital,
Analog, and Ramp. The digital signal can give an output of either 0 or 5 V. For
output voltage 0 (5), the user needs to enter 0 (1) in the Data column of the same
row. For a digital signal, values in the Time Step, End Times, and Final Data

column have no effect. The other 17 types of signals will be discussed later in Sec.
B.12.

B.5 Time co-ordinate of each sequence

The next column is the Tume us. This keeps track of the time coordinate of the
particular row. All the time-related text boxes should be in us and it should be
multiple of 4. This is due to the limitation of the frequency of operation of our PCI
card. The Time us corresponds to the time after the previous signal. For example,
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if the user puts 52 in the 6th line. Then the signal will transmit 52 us after the
start of the signal at the 5th line. It is a relative coordinate, not an absolute time
coordinate.

B.6 Incorporating the delay

The column Pretrigger accounts for the delay between the transmitted signal and
the actual response by the device. When a device has a delay of x ms, then the
sequence automatically sends the signal x ms before the exact time coordinate at
which the signal was supposed to be sent, so that due to the delay device responds
at the exact time coordinate.

B.7 Controlling the maximum signals and dura-
tion of a signal

This computer control system can send a maximum of 90 signals in a cycle. It can
transmit up to 60 s in a cycle. If the number of maximum control signals needs to
be reduced, it can be set in the text box below the Maxz Control Signals button.
Similarly, if the sequence per cycle is of lesser duration, it can be set in the text box
below the Max Duration button. It is always better to use less number of control
signals and for less duration to avoid unnecessary waste of time.

B.8 Sending the signal

Once the user writes the complete time sequence in the UI, for transmitting the
signal, the following sequence should be executed: Delete Signal Text File — Clear
updated signal — Update all Signals — Create Signal — Send Signal.

B.9 Insert, delete, copy and paste

If any particular line/lines need to be deleted, copied, or pasted, they can be done
using the Insert Line, Delete Line, and Copy Paste buttons.
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ol Formd

e ]
v

\S'pecfaf Control ngm[f

Max. repetition

Figure B.3: User interface of the computer control system: Extended

B.10 Saving and loading a time sequence

The time sequence can also be saved for later use. For that the user needs to give
the name of the file in the text box just below the SAVE AS button and click the
SAVE AS button. To load the previously stored file, just click on the Load button

and open the stored file.

B.11 Repeating a time sequence for multiple it-
eractions

Every sequence is stored in the PC in the form of a text file. If the same sequence
needs to be repeated multiple times, then the user needs to write the 1 in the First
text box, 2 in the Last text box, and 1 in the Step text box and click Create Multiple
File button. This will create 2 text files with names 1, and 2. These text boxes give
rise to a variable p whose value changes from F'irst to Last with a step size of Step.
For example, if the user chooses 3, 6, and 2.5, then there will be two values of p: 3
for file 1 and 5.5 for file 2.

It is always important to first delete all existing sequences before creating a signal
for multiple iterations. This can be done by clicking the Delete all Files button

Now if the user clicks the Help button, it opens another Ul (Form4) as shown in
Fig. B.3. If the user now enters the No. of repetition as 3, and click the run Expt.
button, then the files will run as per the following: 1-2-1-2-1-2. On the other hand,
if the user clicks the Average button, then the files will run as 1-1-1-2-2-2. This
function comes in handy while analyzing the data when an average over the no. of
repetitions is required.
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Until now, files have been generated by keeping the TOF 1 radio button checked.
All the files are saved in one folder. When the TOF 2 radio button is checked, the
files will be saved in another folder. let the folder be A and B. So now, when the
button NEW AV ERAGE is clicked the following files will be executed: A1-B1-A1-
B1-A1-B1-A2-B2-A2-B2-A2-B2. Further, the Max repetition sets the cut-off on the
allowed number of repetitions.

B.12 More on the Types of signals

So far, we have discussed only the Digital type signal. There are two different
analog signals from a single analog channel possible. One is Analog and the other
is uC'Analog. The uC' terms refer to the uncalibrated. Thus, when uC Analog type
is chosen and in the Data column 5 is written, the analog channel gives 5 V. If the
type is chosen as Analog, it gives the output according to the calibration, which we
will discuss later.

The next type of signals are Ramp and uC Ramp. uCRamp represents the un-
calibrated values. In ramp signals, the Tvme, timestep, and EndTime as well as
Data and FinalData all columns are used. The signal starts at a time coordinate
that corresponds to the start time T@me at value Data. It lasts for a duration of
EndTime and reaches the value FinalData. The values change linearly but only
at discrete time steps of timestep.

We have discussed the variable p above. Using this signals with variable parameters
can be created. Following are the different types of signals that are useful in experi-
ments, tAnalog: fixed output value but at different time coordinates, t Ramp: fixed
Ramp signal but at different start time of the ramp signal, dRamp: fixed Ramp
signal and fixed start time but the duration of the ramp is varied, pRamp: fixed
initial value and time, but end value of the ramp is variable, piRamp: fixed end
value and time but the starting value of the ramp is variable, and their unclibrated
counterparts.

B.13 Calibration of an Analog channel

Next, we discuss an example to understand the procedure of doing the calibration
of the analog channels. Suppose we need to calibrate the channel corresponding to
address 128 of the analog card, which is used to control the power of the first-order
diffracted beam. Steps to be followed:

1. Put Power-meter on the 1st-order beam.
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10.

11.

. Enter 001000000 as max Duration, 4 as Max Control Signal.

Open a new CCS7.0 software and enter the following: ArbitaryName, 128,
uCAnalog, 1000, 4,4, variableVoltage, 0, 0 in the 3rd line (any line preferably
not in the 1st line).

Click: Delete Signal Txt File — Clear Updated Signal — Update All Signals
— Create Signal Txt File — Send Signal

. Enter a different voltage in place of variable voltage, V, and measure the power,

P.

. Plot V vs P, (not P vs V) and fit the data with a polynomial in the range

Pmin to Pmax, i.e. the range where it is fitting well (not necessarily the entire
range) and note down the fitting coefficients.

Open the 128.txt file located in Desktop/Rajnandan/ComputerControl
_Upgrade_001/FinalSoftware/SetOfSignals/Calibration/128.txt.

. Enter Pmin, Pmax, kO, k1, k2, etc one value in each line till the 11th line.

The fitting equation is: k0 + k1 x P+ k2 x P?+ ... + k8 x P? (i.e. upto 8th
order). Put 0 in the rest of the lines if you have only 2 coefficients (for ex.)

Calibration is done and now to see if the calibration is working fine or not,
follow the next steps.

Change the combo box type from uCAnalog to Analog and enter the power
value (for ex. 4) in place of the variable voltage as mentioned in step 3.

Follow step 4 and you should get the same output power (4 mW) if the fitting
equation is correct.

B.14 Suggestions and warnings

It is advised to use the PC with the time sequence exclusively for running the time
sequence. When a sequence starts, it pops up a black CMD prompt, and shows the
various status of the sequence. It is recommended not to close the CMD prompt
forcefully after the status shows that the signal transmission has started. The CMD
prompt can be closed before this status appears. If by mistake, the user runs multiple
unnecessary repetitions, to stop the sequence the user needs to delete the text files
manually. Care must be taken while deleting any file. Only files users are very
sure can be deleted manually. No folder must be deleted from the computer control
signal software and the directory of the software should not be changed.
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