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Abstract

This thesis reports on the theoretical and experimental studies of closed loop multi-level

systems, where electromagnetically induced transparency (EIT) is dependent on the

phase di�erence between the electromagnetic �elds forming the loop. We �rst theoreti-

cally investigate a scheme to develop an atomic-based microwave (MW) interferometry

in Rb, based on a six-level loopy ladder system involving the Rydberg states in which

two excitation pathways interfere constructively or destructively depending on the phase

between the MW electric �elds closing the loop. Then we compared the �eld strength

sensitivity to previous demonstrations on MW electrometry employing Rydberg atomic

states, this is two orders of magnitude more sensitive to �eld strength. Because previ-

ously investigated atomic systems are only sensitive to �eld strength but not to phase,

this scheme o�ers a great opportunity to characterize the MW completely, including the

propagation direction and wavefront. Currently, we do not have the experimental facility

for Rydberg excitation so we cannot conduct the experiment of the above theoretically

proposed work. However, we could demonstrate the phase-dependent EIT in the di�erent

con�gurations of a closed loop double-lambda system at 780 nm and 420 nm transitions

in 87Rb at room temperature.

For the MW �eld measurements, the sensitivity can be improved by employing the cold

atoms because cold atoms reduce the Doppler mismatch between the 780 nm probe and

480 nm control �elds and also minimizes the collisions and transit time dephasing e�ect.

Taking this into consideration, we have also set up the cold atom experiments and so far

we have characterized the 85Rb atoms in the MOT using the 5S1/2(F = 3) → 5P3/2(F =

4) broad cyclic IR transition at 780 nm where we trap around 1.5×108 number of atoms

at a typical temperature of 500 µK.

In laser cooling and trapping experiments, the temperature of the cold atoms is sensitive

to the lock point of the laser �elds. The laser locking can have an o�set from the line

center of the transition which depends upon the linewidth of the transition. In order

to determine the laser lock o�set on a particular atomic transition, we also present an

experimental study on the e�ect of detuning on a velocity-induced population oscillation

(VIPO) dip which is used to precisely determine the lock point with an uncertainty of

around 100 kHz.
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Chapter 1

Introduction

Atomic coherence in multi-level systems, arising by simultaneous driving of the

levels with electromagnetic �elds is the key for quantum interference e�ects in the near-

resonant electromagnetic �eld-atom interaction. Atomic coherence can result in a num-

ber of interesting phenomena like electromagnetically induced transparency (EIT) [4, 5],

coherent population trapping (CPT) [6], lasing without inversion [7�9], storage and re-

trieval of light [10�12].

In multi-level system, EIT is a phenomenon in which the probe absorption is modi�ed

in presence of strong electromagnetic �elds known as pump or control �elds and has

been extensively studied [13�15]. The EIT phenomenon can be explained using two ap-

proaches: the bare atomic state picture and dressed states atomic picture. In the bare

atomic state picture, EIT takes place due to the coherence induced between the levels

which are not directly driven by the electromagnetic �elds. In the dressed states atomic

picture, the presence of strong pump �elds creates dressed states providing di�erent ex-

citation pathways for the weak probe �eld resulting in quantum interference between

the di�erent pathways. For three level system, there are three possible EIT con�gura-

tions which are Λ, V and Ξ-type systems [16�18]. One of the striking features of EIT

is the narrow linewidth that it o�ers which is the reason for many fundamental and key

1
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applications in high-resolution spectroscopy [19�21], polarization control [22�24], mag-

netometry [25�31], atomic clocks [32], Raman velocimetry [33], slow light [34�36], laser

cooling [37], etc.

Further, EIT involving Rydberg atomic states is an important spectroscopic tool for many

interesting phenomena and applications such as dipole blockade [38], photon-photon

interaction [39], optical nonlinearity [40], quantum information [41], nonlinear optics [42],

microwave [43, 44] and radio-frequency measurements [45�47], etc. Rydberg states are

atomic states with high principal quantum number n and possesses large polarizability.

The above-mentioned applications are made possible by the properties of the Rydberg

states.

1.1 Motivation

One of the interesting properties of the Rydberg states is its large electric polarizability

which makes the Rydberg atoms to be highly sensitive to the electromagnetic �elds. The

frequency range of the electromagnetic �elds can span from the radiofrequency (RF),

microwave (MW) to terahertz due to the availability of the Rydberg states separated at

the frequencies that can be driven by these �elds by choosing the appropriate principal

quantum number n. Electromagnetic �elds are characterized by their strength, frequency,

polarization and phase. Recently the atom based electrometry for electromagnetic �eld

measurements has been investigated using the Rydberg atoms [48�53]. The atom based

electrometry has been used to measure the strength of MW electromagnetic �elds with a

high sensitivity up to 30 µV cm−1 Hz−1/2, minimum detectable �eld up to 8 µV cm−1

[49] and the polarization with an angular resolution of 0.5◦ [50]. The phase has also been

measured using the atom based MW electrometry by heterodyne technique where there

is interference between the two MW �elds in space leading to a phase resolution of 0.6◦

[54].

In comparison to the above atom based MW electrometry, the minimum detectable �eld

using the traditional antenna method for the MW �eld is only up to 10 mVcm−1 [55, 56].

Using the optical method for the electromagnetic �elds converted by the dipole antenna
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the minimum detectable �eld is improved up to 30 µVcm−1 [57] with sensitivity upto

1 mVcm−1 Hz−1/2 [56]. So, the strength sensitivity achieved by the atom based MW

electrometry is three orders of magnitude better than the traditional antenna method.

Further, the spatial resolution of the atom based MW electrometry is sub-wavelength

(λMW /650) [58] which is di�cult to achieve with traditional antenna method as the

dimension of the antenna itself happens to be λMW /2. The atom based MW electrometry

is carried out using a four level ladder system and a very basic experimental set-up with

a Rb cell operating at room temperature [49]. But it is not sensitive to the phase of

the electromagnetic �eld because in steady state EIT is not sensitive to the phase of the

electromagnetic �elds for open loop system which limits the phase determination. This

limitation can be overcome by using the closed loop multi-level system.

In steady state regime for closed loop multi-level systems, phase-dependent EIT has

been observed and has been rigorously studied [59�62]. These studies show that in the

closed loop multi-level systems coupled by multiple pump �elds, there can be di�erent

excitation pathways provided by the pump �elds that can interfere constructively or de-

structively depending upon the relative phases of the electromagnetic �elds forming the

loop. The di�erent paths of excitation can also be due to oppositely polarized electro-

magnetic �elds and hence the interference is observed between them which is in contrast

to the interference in space. Hence, this provides us the opportunity to characterize the

electromagnetic �eld completely which includes the phase. In this thesis we present a

theoretical study of the atom based MW interferometry using a six level loopy ladder

system involving the Rydberg states which is phase sensitive and is two orders of mag-

nitude more sensitive to �eld strength as compared to previous demonstrations. In a

similar line to our theoretical study, an experimental work has also been done using a

loopy system for the phase measurement of RF �eld which is measured over a range of

π, and a sensitivity of 0.1◦ is achieved [63].

In order to experimentally realise the principle of phase-dependent EIT (i.e., atomic co-

herence based interferometry) in closed loop systems, we present a double Λ-type system

to study the phase sensitivity and frequency response of the system. We have chosen

two con�gurations of the double Λ-type system. The �rst con�guration involves the ex-

cited states with same decay rates at the 780 nm transition and the second con�guration
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involves the excited states with di�erent decay rates at the 780 nm and 420 nm transi-

tions. Previous demonstration for the phase-sensitivity in the double Λ-type system, has

also been reported but involving states with same decay rates at 780 nm transition [64].

The double Λ-type system has also be demonstrated using arti�cial atoms for the phase

detection where the interference between the �elds can have a large frequency di�erence

[65].

The sensitivity of the MW �eld measurement at room temperature is also limited by

the transit time broadening, Doppler mismatch between the probe and the control �elds,

collisions, etc. These e�ects can be reduced by employing a cold gas cloud of atoms,

which will also increase the sensitivity of the MW �eld measurement. In light of this,

we also present the laser cooling and trapping experiments for Rb atoms at 780 nm

transition using magneto-optical trap (MOT) where we determine the temperature of

the atoms. The cold gas cloud of Rb atoms is also a starting point for many experimental

studies in high precision spectroscopy [66], atom interferometry [67, 68], Bose-Einstein

condensation (BEC) [69], atomic clocks [70], etc.

In laser cooling and trapping experiments, the temperature of the cold atoms is sensitive

to the lock point of the laser �elds. The laser locking can have an o�set from the line

center of the transition which depends upon the linewidth of the transition. In order

to determine of the laser lock o�set on a particular atomic transition, we present an

experimental study on the e�ect of detuning on a velocity-induced population oscillation

(VIPO) dip and utilize the e�ect to precisely determine the lock point. VIPO is a

phenomenon of temporal modulation of population di�erence between two levels induced

by the beating of the two laser �elds with same polarization driving the same transition

[71�73]. The VIPO phenomenon has also been rigorously studied for the saturated

�uorescence spectrum in two-level system and is a very useful spectroscopic technique

for weak transitions [74]. It has also been utilized for the removal of crossover peaks and

broadening due to mismatch of the wavelength for probe and control lasers [75, 76] and

hence resolve the closely spaced hyper�ne levels in Rb for Doppler mismatched double

resonance [77].
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In summary, the thesis aims to establish a connection between microwave �eld measure-

ments, laser cooling and trapping experiments, and the VIPO phenomenon in order to

improve the sensitivity of the microwave �eld measurements and advance our understand-

ing of atomic physics. As the sensitivity of MW �eld measurement at room temperature

can be limited by various factors, including transit time broadening, Doppler mismatch

between the probe and control �elds, and collisions. However, using laser cooling and

trapping of atoms enable the production of a cold gas cloud of atoms, which can reduce

these limitations. The temperature of the cold atoms in these experiments is sensitive to

the lock point of the laser �elds. The lock point of the laser �elds can have an o�set from

the line center of the atomic transition. The VIPO phenomenon is a useful spectroscopic

technique that can be used to determine the laser locking o�set. By precisely determin-

ing the laser lock point using the VIPO phenomenon, we can improve the accuracy of

measurements, and the use of cold atoms can further reduce the limitations caused by

transit time broadening, Doppler mismatch, and collisions, leading to an improvement

in the sensitivity of �eld measurements.

1.2 Thesis outline

This thesis presents the study of the electromagnetic wave interferometry in closed loop

multi-level systems based on atomic coherence. The thesis is divided into seven chapters,

each of which is explained in the following sections.

Chapter 1 titled as "Introduction" discusses the background on atomic based sensors

involving the atomic coherence e�ects, as well as the motivation for the research and a

general summary of the thesis.

Chapter 2 titled as "Theoretical framework" discusses the theoretical basis of the

electromagnetic �eld-atom interaction using the semi-classical approach. The chapter

begins with the simplest system, a two-level atom interacting with an electromagnetic

�eld. The density matrix formalism is used to determine the polarization of the medium,
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susceptibility, atomic coherence, and population of the distinct atomic states. The chap-

ter then moves on to the generalization of the density matrix formalism for multi-level

atom. The mechanism for Doppler cooling, as well as laser cooling and trapping of atoms,

are brie�y discussed. The atomic structure of Rb and some relevant information, such

as the theory of �ne, hyper�ne interaction and Zeeman splitting are discussed at the end

of the chapter.

Chapter 3 titled as "Highly sensitive atomic based MW interferometry" presents

the theoretically study of a scheme to develop an atomic based microwave (MW) inter-

ferometry in Rb. This scheme is based on the phase-dependent EIT where we employed

a six-level loopy ladder system involving the Rydberg states in which two excitation

pathways interfere constructively or destructively depending on the phase between the

MW �elds forming the loop. We compared the MW �eld strength sensitivity to previous

demonstrations on MW electrometry using Rydberg atomic states, and found that this

is two orders of magnitude more sensitive to �eld strength. As the previous demonstra-

tions are only sensitive to �eld strength and not to the phase, this scheme o�ers a great

opportunity to characterize the MW completely, including the propagation direction and

wavefront.

Chapter 4 titled as "Atomic coherence based multi lasers interferometry"

presents the experimental study of an atomic coherence based multi laser interferom-

etry in a closed loop double Λ-type system using a Rb vapour cell at room temperature.

This scheme is based upon the principle of phase-dependent electromagnetically induced

transparency (EIT). EIT in closed loop systems is dependent on the phase di�erence

between the electromagnetic �elds forming the loop. The phase dependence arises from

the fact that there are two paths of excitation which can interfere constructively or de-

structively depending on the phase di�erence between them. These two paths can be due

to two oppositely polarized electromagnetic �elds and hence the interference is observed

between them which is in contrast to the interference in space. In order to experimentally

realise the principle of phase-dependent EIT (i.e., atomic coherence based interferome-

try) in closed loop systems, we explore this e�ect in two di�erent con�guration of a closed
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loop double Λ-type system. The �rst con�guration involves the excited states with same

decay rates at the 780 nm transition and the second con�guration involves the excited

states with di�erent decay rates at the 780 nm and 420 nm transitions.

Chapter 5 titled as "Characterization of 85Rb MOT with 780 nm laser" presents

the characterization of the cold Rb atoms in the magneto-optical trap (MOT). We set

up the cold atom experiments and performed the cold atom characterization for 85Rb

atoms in the MOT using the 5S1/2(F = 3) → 5P3/2(F = 4) broad cyclic IR transition

at 780 nm. We studied the behaviour of the cold 85Rb atoms in the MOT with various

parameters such as hold time, power of cooling beam as well as the repumping beam.

We also measured the optical density, the number of atoms and the temperature using

absorption imaging.

Chapter 6 titled as "E�ect of detuning on velocity induced coherent population

oscillation" presents an experimental study on the e�ect of detuning on the velocity

induced coherent population oscillation (VIPO) for a Doppler mismatched double reso-

nance conducted on 780 nm at IR transition and at 421 nm at blue transition in 87Rb

at room temperature. We measured the shift of the VIPO dip from the line center of

the transparency or enhanced absorption (EA) peaks as a result of the lock o�set point

of the resonantly driving laser i.e., the IR laser in this case. This e�ect is used to pre-

cisely determine the locking point of the IR laser on the 5S1/2(F = 2) → 5P3/2(F = 3)

transition.

Chapter 7 titled as "Conclusions" outlines the thesis conclusions as well as future

study.
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Chapter 2

Theoretical framework

This chapter outlines the theoretical framework required in describing the research

works involved in this thesis which is the electromagnetic �eld-atom interaction. We be-

gin with the simplest system, a two-level atom interacting with an electromagnetic �eld,

and using a semi-classical technique where the atom is depicted as a quantum mechanical

object that interacts with the classical �eld to model the interaction Hamiltonian. The

density matrix formalism is used to determine the polarization of the medium, suscepti-

bility, atomic coherence, and population of the distinct atomic states. The chapter then

moves on to the generalization of the density matrix formalism for multi-level atom. The

mechanism for Doppler cooling, as well as laser cooling and trapping of atoms, are brie�y

discussed. As this thesis involves the experiments in the Rb atomic medium, the atomic

structure of Rb and some relevant information, such as the theory of �ne, hyper�ne

interaction and Zeeman splitting are discussed at the end of the chapter.

9

TH-3002_166121009



Chapter2: Theoretical framework 10

2.1 Electromagnetic �eld-atom interaction

The electromagnetic �eld-atom interaction has produced many amazing phenomena and

has received signi�cant interest in the research areas of Atomic, Molecular, and Optical

(AMO) physics. Depending on the phenomenon we would like to explore, we have a

variety of approaches for describing them [78]. These can be classi�ed into the classical,

semi-classical and full quantum approach.

In the classical approach, the atom is considered to be a classical harmonic oscillator

with an electron bound to a nucleus by a linear spring. If a classical electromagnetic

�eld interacts with such an atom, it begins to oscillate. This approach allows us to

explain a wide range of phenomena, including the refractive index (absorption and dis-

persion) of an atomic medium, laser cooling and trapping of atoms, however it does not

take into consideration fundamental concepts like the energy levels and size of atom. It

is not able to account for phenomena such as black body radiation, photoelectric e�ect,

etc. The quest to �nd solutions to these problems gave rise to other approaches. In

the semi-classical approach, the atom is considered to be a quantum mechanical object

with its discrete energy levels and the electromagnetic �eld to be a classical �eld. The

two-level atom is the simplest scenario utilized in this approach to represent the electro-

magnetic �eld-atom interaction. This approach allows us to describe numerous quantum

phenomena by solving the time-dependent Schrödinger equation using the density matrix

formalism, but it is unable to take into account the di�erent types of quantum statistics

that exist in the electric �eld. In the full quantum approach, both the atom and the

electromagnetic �eld are considered as quantum mechanical objects, i.e, each mode of the

electric �eld is associated with a quantized simple harmonic oscillator. This approach is

superior because it can now account for everything that the classical and semi-classical

approach could not account for.

We will focus on the semi-classical approach of the electromagnetic �eld-atom interaction

since it is su�cient to explain the research work presented in this thesis.
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Figure 2.1: The energy level diagram for a two-level atom with states |1⟩ and |2⟩
separated in energy by ℏω12 interacting with an electromagnetic wave of frequency ωl

12

and detuned from the atomic resonance by ∆12.

2.2 Two-level atom

We consider a two-level atom with a ground state |1⟩ and an excited state |2⟩ with

energies ℏω1 and ℏω2 respectively, interacting with an electromagnetic �eld of frequency

ωl
12 as shown in Fig. 2.1. We can write the Hamiltonian for such a system as

H = H0 +HI , (2.1)

where H0 = ℏω1|1⟩⟨1| + ℏω2|2⟩⟨2| is the bare atomic Hamiltonian such that H0|1⟩ =

ℏω1|1⟩ andH0|2⟩ = ℏω2|2⟩. HI = − #»

d · #»

E is the Hamiltonian describing the electromagnetic-

�eld interaction, with the electric dipole
#»

d = −e #»r and the electromagnetic �eld
#»

E =

ϵ̂E0cos(ω
l
12t) in the dipole approximation. In the dipole approximation, we have ne-

glected the spatial dependence of the �eld since the wavelength of electromagnetic �eld

is much larger than the size of the atom.

The atomic wavefunction |ψ⟩ as a function of time t can be expressed as a linear combi-

naton of the states basis |1⟩ and |2⟩ given by

|ψ(t)⟩ = c1(t)e
−iω1t|1⟩+ c2(t)e

−iω2t|2⟩, (2.2)

where c1(t) and c2(t) are the complex co-e�cients. The evolution of the system is

governed by the time-dependent Schrödinger equation given by

iℏ ˙|ψ⟩ = H|ψ(t)⟩. (2.3)
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In order to obtain the dynamics of the system, we solve the time-dependent Schrödinger

equation by substituting 2.1 and 2.2 into 2.3 and we obtain a set of coupled di�erential

equations

iℏċ1(t) =c2(t)⟨1|
#»

d · #»

E|2⟩e−i(ω2−ω1)t,

iℏċ2(t) =c1(t)⟨2|
#»

d · #»

E|1⟩ei(ω2−ω1)t.

(2.4)

We then introduce the Rabi frequency Ω12 = −eE0 ⟨2| r |1⟩
ℏ

which describes the coupling

strength between the electromagnetic �eld and atom. Using the exponential form of

cos(ωl
12t), the above coupled equations can now be written as

iℏċ1(t) =
ℏΩ12

2

[
ei(ω

l
12−(ω2−ω1))t + e−i(ωl

12+(ω2−ω1))t
]
c2(t),

iℏċ2(t) =
ℏΩ12

2

[
ei(ω

l
12+(ω2−ω1))t + e−i(ωl

12−(ω2−ω1))t
]
c1(t).

(2.5)

We now employ the rotating wave approximation (RWA) to eliminate the counter-

rotating terms like ωl
12 + (ω2 − ω1) which oscillates at about twice the frequency of

the interacting electromagnetic �eld, as their time dependence averages out to zero. It

is a good approximation close to resonance |ωl
12 − (ω2 − ω1)| ≪ (ω2 − ω1), and when

the Rabi frequency is su�ciently small (Ω ≪ ωl
12) [79]. The above coupled equations

reduced to

iℏċ1(t) =
ℏΩ12

2
ei∆12tc2(t),

iℏċ2(t) =
ℏΩ12

2
e−i∆12tc1(t),

(2.6)

where ∆12 = ω12 − (ω2 − ω1) is de�ned as the detuning of the electomagnetic �eld. To

remove the explicit time dependence from the above equations, we de�ne the transfor-

mations given by

c̃1(t) =c1(t),

c̃2(t) =e
−i∆12tc2(t).

(2.7)

In terms of these new coe�cients, the above coupled equations become

iℏ ˙̃c1(t) =
ℏΩ12

2
c̃2(t),

iℏ ˙̃c2(t) =
ℏΩ12

2
c̃1(t)− ℏ∆12c2(t),

(2.8)
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and the Hamiltonian can be written in matrix form as

H = ℏ

−∆12
Ω12

2
Ω12

2
0

 . (2.9)

Assuming at t = 0, the total population is in the ground state |1⟩ such that c1 = 1 and

c2 = 0, then on solving Eqs. 2.8 we obtain the expression

|c2(t)|2 =
Ω2
12

Ω′2
12

sin2
(Ω′

12t

2

)
, (2.10)

where Ω′
12 =

√
|Ω12|2 +∆2

12. |c2(t)|2 is the probability of �nding the population in the

excited state |2⟩ at time t. At resonance ∆12 = 0, the above expression of probability

reduces to

|c2(t)|2 = sin2
(Ω12t

2

)
, (2.11)

where we can see that the probability to be in the excited state |2⟩ undergoes Rabi

oscillations between |1⟩ and |2⟩ at frequency Ω12 which is known as the Rabi frequency.

The Hamiltonian given in Eq. 2.9 is diagonalized to �nd the eigenvalues and eigen

vectors. The eigen values are

E1,2 =
ℏ
2
(−∆12 ∓ Ω′

12). (2.12)

For large detunings Ω12 ≪ |∆12|, the energy shift of the ground |1⟩ and excited |2⟩ states

are given by

∆E1,2 = ±ℏΩ2
12

4∆12
, (2.13)

which is known as light or AC Stark shift. The corresponding eigenvectors are

|+⟩ = cosθ |1⟩ − sinθ |2⟩ ,

|−⟩ = sinθ |1⟩+ cosθ |2⟩ ,
(2.14)

where cos2θ = −∆12

Ω′
12

. |±⟩ are called the dressed states of the atoms. At resonance ∆12 =

0, the eigenstates become |±⟩ = |1⟩+ |2⟩√
2

. The energies E1,2 = ±ℏΩ
2

are unperturbed

and this energy splitting is called the Autler-Townes splitting [80].
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2.2.1 Density matrix formalism

The evolution of the system has been characterized in terms of state vector |ψ⟩ which

gives complete information about a system in a pure state. Although we cannot measure

|ψ⟩ directly in experiments, we can measure the expectation values of any Hermitian

operator Â de�ned as < Â >= ⟨ψ| Â |ψ⟩. We alternatively de�ne a density operator ρ

which we can express in terms of |ψ⟩ given by

ρ = |ψ⟩ ⟨ψ| , (2.15)

which can be written in matrix form for a two-level system as

ρ =

ρ11 ρ12

ρ21 ρ22

 =

c1(t)c1(t)∗ c1(t)c2(t)
∗

c2(t)c1(t)
∗ c2(t)c2(t)

∗

 . (2.16)

The diagonal elements are called populations and the o�-diagonal elements are called

coherences and has the property ρ11 + ρ22 = 1 and ρ21 = ρ∗12. The system changes

its state from original state to �nal state as a result of the incoherent processes like

spontaneous emission, the collisional and transit relaxation, which also transforms a

pure state into a statistical mixture. For a statistical mixture of states |ψi⟩ the density

matrix operator of the system is given by

ρ =
∑
i=1

Pi |ψi⟩ ⟨ψi| , (2.17)

where Pi is the probability of the system being in state |ψi⟩. The time evolution of the

density matrix operator is obtained from the time-dependent Schrödinger equation Eq.

2.3 and is expressed as

ρ̇ = − i

ℏ
[H, ρ]. (2.18)

This equation is called the Liouville's equation and describes only the coherent process.

To include the incoherent processes such as spontaneous emission, the decay rates are

added phenomenologically in Eq. 2.18. In the two-level system, the time evolution of
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the population due to spontaneous emission with a decay rate of Γ2 [81] is given by

ρ̇22 = −ρ̇22 = −Γ2ρ22, (2.19)

and that of the coherences

ρ̇21 = −ρ̇12 = −Γ2

2
ρ21. (2.20)

The full equation governing the evolution of the density matrix in two-level system is

now given by

ρ̇ = − i

ℏ
[H, ρ]−

−Γ2ρ22
Γ2

2
ρ12

Γ2

2
ρ21 Γ2ρ22

 . (2.21)

Using the Hamiltonian given by Eq. 2.9 in Eq. 2.21, we obtain the coupled equations

for two-level atom

ρ̇11 =
i

2
(Ω∗ρ21 − Ωρ12) + Γ2ρ22,

ρ̇12 =
i

2
Ω∗(ρ22 − ρ11)−

(Γ2

2
+ i∆12

)
ρ12,

ρ̇21 =
i

2
Ω(ρ11 − ρ22)−

(Γ2

2
− i∆12

)
ρ21,

ρ̇22 =
i

2
(Ωρ12 − Ω∗ρ21)− Γ2ρ22.

(2.22)

These equations are called the optical Bloch equations (OBE). On solving, the coherence

terms gives us the probe absorption and the population terms gives us the scattering

rates.

2.2.2 Multi-level atom

The density matrix formalism can be extended to multi-level atom excited by several

lasers. The generalized Hamiltonian for a multi-level atom can be written as

H = H0 +HI =
n∑
i

ℏωi |i⟩ ⟨i|+
[ n∑

i

ℏΩi,i+1

2
(eiω

l
i,i+1 + e−iωl

i,i+1) |i⟩ ⟨i+ 1|+ h.c.
]
,

(2.23)
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where, h.c. is the Hermitian conjugate and Ωij = dijEije
iϕij is the generalized Rabi

frequency for the transition |i⟩ → ⟨j| having dipole matrix dij . For simplicity of calcu-

lation, the Hamiltonian is transformed to the interaction picture using a time evolution

operator U de�ned as

U = eiH0t/ℏ =
∑
i

eiωit |i⟩ ⟨i| . (2.24)

The transformation of Hamiltonian is given by

UHU+ =
n∑
i

ℏωi |i⟩ ⟨i|+
[ n∑

i

ℏΩi,i+1

2
(eiω

l
i,i+1 + e−iωl

i,i+1)e−i(ωi+1−ωi) |i⟩ ⟨i+ 1|+ h.c.
]
.

(2.25)

Under the assumption that |ωl
i,i+1 − (ωi+1 − ωi)| ≪ 0 which is the resonance condition,

the terms like e±ωl
i,i+1+(ωi+1−ωi) oscillating with twice the frequency of ωl

i,i+1 are elimi-

nated as their time dependence averages out to zero by RWA. The general detuning of

the electromagnetic �eld is de�ned as ∆i,i+1 = ωl
i,i+1 + (ωi+1 + ωi). The transformed

Hamiltonian after RWA is given by

H =

n∑
i

ℏωi |i⟩ ⟨i|+
ℏ
2

[
Ω12e

i∆12t |1⟩ ⟨2|+Ω13e
i∆13t |1⟩ ⟨3|+ ...+Ω23e

±i∆23t |2⟩ ⟨3|(2.26)

+Ω24e
±i∆24t |2⟩ ⟨4|+ ...+Ωn−1ne

±i∆n−1nt |n− 1⟩ ⟨n|+ h.c.
]
.

In order to remove the time dependence, the Hamiltonian needs to be transformed in

corotating frame and the new basis is known as rotating basis. The unitary matrix Ũ

which transforms the Hamiltonian is de�ned as

Ũ = 1 |1⟩ ⟨2|+ ei∆12t |2⟩ ⟨2|+ ei(∆23±∆12)t |3⟩ ⟨3|+ ..., (2.27)

for atomic systems such as Ξ-type and Λ-type systems and

Ũ = 1 |1⟩ ⟨2|+ ei∆12t |2⟩ ⟨2|+ ei∆23t |3⟩ ⟨3|+ ..., (2.28)
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Figure 2.2: The energy level diagram for the (a) Ξ-type, (b) Λ-type, and (b) V-
type con�guration with states |1⟩, |2⟩ and |3⟩ interacting with electromagnetic �elds of
frequencies ωl

12 coupling the states |1⟩ and |2⟩ and ωl
23 coupling the states |2⟩ and |3⟩

with ∆12 and ∆23 as the respective detunings.

for V-type. The new basis is related to old basis by
∣∣∣ψ̃〉 = Ũ |ψ⟩. The Hamiltonian in

corotating frame should satisfy the Schrödinger equation as

H̃
∣∣∣ψ̃〉 = iℏ

∣∣∣ ˙̃ψ〉 (2.29)

= iℏ
[
˙̃U |ψ⟩+ Ũ ψ̇

]
H̃

∣∣∣ψ̃〉
=

[
iℏ ˙̃UŨ † + ŨHŨ †

]
Ũ |ψ⟩

=
[
iℏ ˙̃UŨ † + ŨHŨ †

] ∣∣∣ψ̃〉 .
Finally, the dynamics of the system can be studied in density matrix formalism using

the Liouville master equation given by,

ρ̇ = − i

ℏ
[H, ρ]− 1

2
{Γ, ρ}, (2.30)

which on solving we obtain a linear set of n2 coupled di�erential equations. The com-

ponents ρii correspond to the population terms of the levels |i⟩ and the non-diagonal

elements ρij describe the coherences between levels |i⟩ and |j⟩.

The two-level atom is an ideal representation of the real atom, in reality the atom is multi-

level. The presence of a third level in system such as Λ, Ξ and V type shown in Fig. 2.2

reveals many other quantum phenomena such as optical pumping, electromagnetically

induced transparency (EIT), etc. Optical pumping is an important incoherent e�ect that
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Figure 2.3: The probe absorption, ρ12 vs probe detuning, ∆12. The black curve shows
the probe absorption in absence of coupling �eld, Ω23 = 0 which is a Lorentzian and
red curve shows the modi�ed probe absorption in presence of coupling �eld Ω23 ̸= 0

which is the e�ect of EIT.

arises from the availability of more than one decay channels where as EIT is a coherent

phenomenon that occurs when more than one lasers are involved.

Electromagnetically induced transparency

In this section we discuss the phenomenon of EIT using the Λ-type con�guration shown

in Fig. 2.2b where states |1⟩ and |2⟩ are coupled by a probe �eld Ω12 and states |2⟩ and

|3⟩ by a control �eld Ω23. The Hamiltonian for the Λ-type con�guration under RWA and

in rotating frame can be written as

H = ℏ


0

Ω12

2
0

Ω12

2
−2∆12

Ω23

2

0
Ω23

2
−2(∆12 −∆23)

 , (2.31)

where ∆12 and ∆23 are the detuning of the probe and coupling �elds respectively.

In the bare atomic state picture, the absorption of the probe �eld in a Λ system is

analysed between bare states |1⟩ and |2⟩ using density matrix formalism and is given by
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ρ12. The expression for ρ12 is given by

ρ12 =
i
2
Ω12
Γ12

1 + 1
4

|Ω23|2
Γ12Γ23

. (2.32)

The probe absorption as a function of probe detuning ∆12 is plotted in Fig. 2.3. When

the coupling �eld is o�, the probe absorption is shown by a black line which is an

absorption peak. When the coupling �eld is on, the probe absorption is shown by a red

curve which shows the EIT resonance at line center.

In the dressed state atomic picture, assuming the case for two-photon resonance condition

∆12 = ∆23 = ∆ and then diagonalizing the above Hamiltonian we obtain the eigenvalues

E1 = 0 and E2,3 = ∆±
√

Ω2
12 +Ω2

23 +∆2, (2.33)

with corresponding eigenstates known as the dresses states

|D⟩ = cosθ |1⟩ − sinθ |3⟩ ,

|+⟩ = sinθsinϕ |1⟩+ cosθ |2⟩+ cosθcosϕ |3⟩ ,

|−⟩ = cosθsinϕ |1⟩ − sinθ |2⟩+ cosθcosϕ |3⟩ ,

(2.34)

and the mixing angles

tan θ =
Ω12

Ω23
and ϕ =

√
Ω2
12 +Ω2

23

∆
. (2.35)

We can infer from Eqs. 2.34 that the zero energy eigenstate |D⟩ has no contribution from

state |2⟩ and is called a dark state since there is no possibility of excitation to state |2⟩.

However, the states |±⟩ contains all the bare atomic states |1⟩, |2⟩ and |3⟩ are known as

bright states. These pairs of states are shifted in energy by

∆E2,3 =
ℏ
2

(
∆±

√
∆2 +Ω2

12 +Ω2
23

)
, (2.36)

which is known as Autler-Townes splitting. In the weak probe limit Ω12 ≪ Ω23 and for

∆ = 0, the dark state becomes identical to the ground state |1⟩, |D⟩ = 0. The bright

states |±⟩ = |1⟩ ± |0⟩√
2

have excitation probability amplitudes that are equal but opposite
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in signs leading to destructive interference of the two excitation pathways. In other

words, the probe beam is transmitted rather than being absorbed, an e�ect commonly

known as EIT.

2.2.3 Microscopic and Macroscopic relation

The density matrix formalism determines the state of a two-level system that is inter-

acting with an electromagnetic �eld. Relating this microscopic theory for a single atom

to laboratory observations like absorption spectra is our objective. In order to relate the

microscopic and macroscopic properties we begin with polarizability which completely

characterizes the response of the atom to the electromagnetic �eld and is written as

#»

P = ϵ0χ(ω
l
12)

#»

E, (2.37)

where ϵ0 is the permittivity of free space and χ(ωl
12) is called the susceptibility of the

medium which is a key parameter that describes the absorptive and dispersive properties

of the medium. For simplicity we have assumed that the electric polarization
#»

P is linearly

proportional to the electromagnetic �eld.

We know that the dipole moment of a single atom can be calculated using the density

matrix operator as

⟨d⟩ = Tr(ρd) = d12(ρ12e
−iωl

12t + ρ21e
iωl

12t). (2.38)

By de�nition the polarization
#»

P of the atomic medium is dipole moment per unit volume

and is given by

P = n ⟨d⟩ , (2.39)

where n =
N

V
is the atomic number density. Substituting Eq. 2.38 in 2.37 and equating

2.37 and 2.39

nd12(ρ12e
−iωl

12t + ρ21e
iωl

12t) =
1

2
ϵ0E0(χ(ω

l
12)e

−iωl
12t + χ∗(ωl

12)e
iωl

12t), (2.40)
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we obtain the expression

χ(ωl
12) = −2nd12

ϵ0
ρ12, (2.41)

which is a relation between susceptibility and the induced dipole moment of the atom

and it establishes the link between the macroscopic and microscopic properties of the

medium. This result can be generalized in a very straightforward way to establish the

susceptibility in a multi-level atom.

2.3 Laser cooling: Doppler cooling

Laser cooling and trapping [79] of atoms is an essential experimental method that is

widely used in AMO physics. It depends on the electromagnetic �eld-atom interaction,

in which the laser light radiation force causes atoms to slow down. As temperature is a

measure of kinetic energy which is the average speed of an ensemble of atoms (average

thermal motion per atom), so slowing will result in cooling. Cold atoms have many

bene�ts, including the elimination of the Doppler e�ect, an e�ective reduction in the

collisional dephasing rate and o�ers low interaction of an atom with its environment

leading to long coherence time. This section discusses the fundamental principles involved

in laser cooling and trapping of atoms with regards to the magneto-optical trap (MOT).

The concept of laser cooling is based on the idea that when a resonant photon is absorbed

by an atom then by conservation of momentum, its momentum is transferred to the atom.

When a photon with momentum pr = ℏk and frequency ωl
12 that is red detuned by ∆12

from the atomic resonance ω12 counter-propagates with an atom of momentum p, due to

Doppler e�ect, the counter-propagating photon becomes closer to the atomic resonance

ω12 and the photon is absorbed by the atom. The small momentum transfer due to

absorption of a single photon changes the momentum of the atom by a recoil momentum

given by pr. The absorption is followed by a spontaneous emission process giving the

atom another momentum transfer p′r = ℏk′ but in a completely random direction leading

to no average momentum gain i.e., < p′r >= 0. Therefore, the only reason the atom

experiences a resultant momentum transfer is due to the absorption of photons. The

sketch depicting Doppler cooling is presented in Fig. 2.4.
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Figure 2.4: A sketch depicting a simpli�ed Doppler cooling mechanism. p is the initial
momentum of the atom, ω12 is atomic resonance, ωl

12 is the photon frequency, ∆12 is
the detuning and n is the number of absorption and emission cycles.
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Figure 2.5: Schematic showing radiation force acting on the atom is directed along
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Consider a two-level atom moving with a velocity #»v counter-propagating with a laser

beam of frequency ωl
12 detuned slightly below the atomic resonance ω12, the radiation

force exerted by a laser beam depends on the photon scattering rate Γsc given by

#»

F = ℏ #»

kΓsc, (2.42)

where

Γsc =
Γ12S/2

1 + S + [2(∆12 − kv)/Γ12]2
. (2.43)

Here, S = I/Is is the saturation parameter, I is the intensity of the laser, Is = πhcΓ/3λ3

is de�ned as the saturation intensity of the transition and ∆12 = (ωl
12 − ω12) is the

detuning of the laser beam. Now, we introduce another laser beam but co-propagating

with respect to the atom as shown in Fig. 2.5. Then the total radiation force exerted on

the atom from the two beams is given by

#»

F =
#»

F+ − #»

F−, (2.44)

where

#»

F± = ±ℏ #»

kΓ12

2

S

1 + S + [2(∆12 ∓ kv)/Γ12]2
. (2.45)

The forces exerted by the laser beams on the atom with respect to velocity is plotted

in Fig. 2.6. The dashed lines are individual forces exerted by the laser beams and solid

line is the resultant sum. It can be seen that the force acting on an atom is damping

its movement for all velocities and it is linear around v = 0. For small velocities when

|kv| ≪ Γ the above equation reduces to

#»

F ≃ 8ℏk2δ #»v

Γ[1 + S + (2δ/Γ)2]2
, (2.46)

and in short it can be written as

#»

F ≃ −β #»v , (2.47)

which has the form of a damping force where β =
8ℏk2δ

Γ[1 + S + (2δ/Γ)2]2
is a damping

constant and is responsible for cooling the atoms. Keeping in mind that the force can be

either attractive or repulsive depending on the sign of detuning, cooling is possible for

TH-3002_166121009



Chapter2: Theoretical framework 24

I I
σ+

σ+

B

B

v

σ+

σ+

σ+

σ+

σ+

σ-

σ-

σ-

σ-

x

x

p- k

p- k

p- k+ k‘

p- k+ k‘p-n k+< k‘>

p-n k+< k‘>

k

k

p

p

y

y

I

I

z

z

z

σ-

σ-

σ-

σ-

|1⟩

|1⟩

|2⟩

|2⟩

ω12

ω12

ω12

ω12

m
m m

m m
∆

∆12

l

l

Figure 2.7: Schematic of optical molasses.

negative values of detuning, and in the opposite case, heating occurs and the atom gains

energy. This e�ect can be extended to 3D, by using three orthogonal pairs of intersecting

counter-propagating laser beams along three cartesian axes, causing cooling in all three

directions as shown in Fig. 2.7. This con�guration is often referred to as optical molasses

(OM).

2.3.1 Doppler cooling limit

Each time an atom undergoes an absorption and emission cycle, it randomly gains mo-

mentum from photon recoil which leads to heating. This can be imagined as a random

walk problem in momentum space. Although the mean momentum still averages to zero

< pr >= 0 but the mean square momentum which enters the kinetic energy is non-zero

< p′2r >= 0 . The lowest kinetic energy is called the Doppler temperature or Doppler

limit which results from an equilibrium between the cooling and heating processes. Using

Eq. 2.47, the cooling rate at which the kinetic energy is lost due to the radiation force

is given by (dE
dt

)
cooling

=
#»

F #»v = −βv2. (2.48)

Now, the heating rate due to the random motion of atoms as a result of spontaneous

emission of photons is given by

(dE
dt

)
heating

=
1

M

d

dt
< p′2r >=

1

M
ℏ2k2Γsc, (2.49)
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which depends on the total photon scattering rate given in Eq. 2.43 where we have

considered for small velocities i.e., |kv| ≪ Γ12. At equilibrium, equating the heating and

cooling rates (dE
dt

)
cooling

=
(dE
dt

)
heating

. (2.50)

The expression for temperature is obtained and is expressed as

T =
Mv2

3kB
=

ℏΓ2
12(1 + S + 4∆2

12/Γ
2
12)

8kB∆12
. (2.51)

In the low intensity limit i.e., S ≪ 1 and taking ∆12 = Γ12/2, the minimum temperature

is given by

TD ≃ ℏΓ12

2kB
, (2.52)

where TD is called the Doppler temperature. According to this limit the lowest tem-

perature than can be achieved for Rb at 780 nm transition is 145.58 µK. However,

temperatures below the Doppler limit have also been achieved in laboratories, and these

results can be explained by sub-Doppler mechanisms like Sisyphus cooling [82, 83], grey

molasses [84, 85] and evaporative cooling [86] which are outside the purview of this thesis.

2.3.2 Magneto optical trap

The mechanisms of Doppler cooling can reduce the temperature of the atoms but in order

to trap the atoms, a position dependent force is needed. The con�guration that can cool

as well as trap the atoms is known as a Magneto-optical trap (MOT). The MOT is the

most common tool to trap and cool neutral atoms. It employs three orthogonal pairs

of intersecting counter-propagating laser beams for pushing the atoms into the center

where they are subsequently trapped in a potential minimum created by a magnetic �eld

as a result of the Zeeman shift.

To understand this mechanism, we will consider atoms in 1D MOT with two laser beams

of opposite circular polarization (σ+ and σ−) detuned below resonance and counterprop-

agating along the z-axis in an inhomogeneous magnetic �eld of quadrupole symmetry B

as shown in 2.8. For atomic transitions with a ground state F = 0 and excited state F
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Figure 2.8: Schematic of MOT in 1D. Atoms in a magnetic �eld with quadrupole
symmetry and two counterpropagating laser beams
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Figure 2.9: Schematic of the energy level shift in presence of a magnetic �eld gradient.

= 1, the excited state splits into three Zeeman components in presence of an inhomoge-

neous magnetic �eld and the sublevels splitting is linear with z as B = B(z) =
dB

dz
· z

with zero at the center as shown in Fig. 2.9. For an atom on the left side of the trap,

the magnetic �eld is negative and the beam from the left is σ+ polarized, the sublevel

mF = −1 increases in energy, and the σ+ light becomes resonant with the atomic res-

onance. As a result, momentum is transferred along the σ+ beam towards the center

of the trap. In this region, the counterpropagating σ− beam is more detuned from the

atomic resonance. This beam pushes the atom away from the center of the trap, but the

momentum transfer is very small. For an atom on the right side of the trap, opposite

happens where the sublevel mF = +1 increases in energy. Thus, the total force acting

on the atom is the sum of the forces exerted by both the beams. The above equation of
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Figure 2.10: Schematic of a 3DMOT showing the six laser beams and current I �owing
in opposite directions generate magnetic �eld of spherical quadrupole symmetry.

force in 2.45 can be modi�ed by including position dependent detuning term as

#»

F± = ±ℏ #»

kΓ12

2

S

1 + S + [2(∆12 ∓ kv ∓ µB/ℏ)/Γ12]2
, (2.53)

where µ = gFmFµB is the magnetic moment, gF is the Landé factor and µB/ℏ is the

Zeeman shift. With the assumption that the Doppler shift and the Zeeman shift are

very small compared to Γ12 i.e, |kv| ≪ Γ12 and µB/ℏ ≪ Γ12, the above equation can be

approximated as

#»

FMOT ≃ −β #»v − α #»z , (2.54)

where α =
∂B

∂z

µ′β

ℏk
is a damping constant. The coe�cient of #»v shows a dissipative force

and coe�cient of z shows a restoring force which trap the atoms. The 1D MOT can

be generalized to 3D as shown in the Fig. 2.10 where the atoms are subjected to three

pairs of counterpropagating laser beams along three Cartesian axes under a magnetic

�eld with a spherical quadrupole symmetry with gradient along the z-axis.
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2.4 Rubidium structure

In this section, we provide a brief discussion on the Rb structure as the work in this thesis

is based on the Rb atomic medium. The relevant energy level diagram is as shown in the

Fig. 2.11 with �ne and hyper�ne structures. Rb has two stable isotopes with a natural

abundance of 72% for 85Rb and 28% for 87Rb, respectively. It is one of the atomic species

that is most commonly used in experiments in atomic physics laser cooling and trapping

experiments for its requirement of relatively low temperatures to produce high vapour

pressures and easily available inexpensive diode laser at the required wavelength.

2.4.1 Fine structure

The �ne structure results from the coupling of the orbital angular momentum L of the

outermost electron with its spin angular momentum S and is characterized by the total

electron angular momentum J which is expressed as

J = L+ S, (2.55)

where J can take values between |L−S| ≤ J ≤ |L+S|, the magnitude of J is
√
J(J + 1)ℏ

and the eigen value of Jz is mJℏ. For the case of 87Rb, S=1/2 and at ground state L=0

so J=1/2; at excited state L=1 so J=1/2, 3/2. Therefore, the shift in the energy level

is according to the value of J, such that the D line at L=0 → L=1 transition split

into two components i.e., the D1 and D2 lines. The 52S1/2 → 52P1/2 at 794.760 nm and

52S1/2 → 52P3/2 at 780.027 nm transitions are the components of a �ne-structure doublet,

D1 and D2 respectively [1, 2]. The 52S1/2 → 62P1/2 at 421.673 nm and 62S1/2 → 52P3/2

at 420.298 nm transitions are the components of another �ne-structure doublet, D1 and

D2 respectively [3] as shown in the Fig. 2.11.

2.4.2 Hyper�ne structure

The hyper�ne structure results from the coupling of the total electron angular momentum

J with the total nuclear angular momentum I and is characterized by the total atomic
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Figure 2.11: The relevant energy level diagram of 85Rb and 87Rb with the Fine and
Hyper�ne structures[1�3].

angular momentum F which is expressed as

F = I+ J. (2.56)

where F can take values between |I − J | ≤ F ≤ |I + J |. For the case of 87Rb, ground

state J=1/2 and I=3/2, so F=1,2; at excited state of D1 line (52P1/2) F=1,2 and D2

(52P3/2) line F=0, 1, 2, 3. Again, the shift in the energy level is according to the value

of F. The Hamiltonian which describes the hyper�ne structure is

Hhfs = AhfsI · J+Bhfs
3(I · J)2 + 3

2I · J − I(I + 1)J(J + 1)

2I(2I + 1)J(2J − 1)
, (2.57)

which gives us the hyper�ne energy level shift as

∆Ehfs =
1

2
AhfsK +B

3
2K(K + 1)− 2I(I + 1)J(J + 1)

2I(2I + 1)2J(2J − 1)
, (2.58)
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where

K = F (F + 1)− I(I + 1)− J(J + 1). (2.59)

where Ahfs is the magnetic dipole coupling constant and Bhfs is the electric quadrupole

coupling constant which applies only to the excited manifold of the D2 transition and

not to the levels with J=1/2. The hyper�ne energy level diagram of 85Rb and 85Rb is

shown in Fig. 2.11.

2.4.3 Zeeman Splitting

The hyper�ne energy levels break into Zeeman components under magnetic �elds, and

each hyper�ne level contains 2F+1magnetic sublevels. The Hamiltonian which describes

the atomic interactions in presence of a magnetic �eld is given by

HB =
µB
ℏ
(gSS+ gLL+ gII) ·B

=
µB
ℏ
(gSSz + gLLz + gIIz)Bz,

where µB is the Bohr magneton, gS , gL and gI are the g-factors of the electron spin,

electron orbital angular momentum and nuclear spin respectively. Here, the magnetic

�eld is taken along z which is the quantization axis.

If the energy level shift is small compared to the �ne structure splitting then J will be a

good quantum number and the above interaction Hamiltonian reduces to

HB =
µB
ℏ
(gJJz + gIIz)Bz (2.60)

where gJ the Landé g-factor is given by

gJ =gL
J(J + 1)− S(S + 1) + L(L+ 1)

2J(J + 1)
+ gS

J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
(2.61)

≃1 + gS
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)

Similarly, if energy level shift due to the magnetic �eld is small compared to the hyper�ne

splitting, then F will be a good quantum number so the above interaction Hamiltonian
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now becomes

HB = µBgFFzBz, (2.62)

where the hyper�ne Landé g-factor is de�ned as,

gF =gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
+ gI

F (F + 1) + I(I + 1)− I(I + 1)

2F (F + 1)
(2.63)

=gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
. (2.64)

The nuclear term gI is neglected as it much smaller than the gJ . For small �elds the

interaction Hamiltonian in described by Eq. 2.62 and the energy shift in this regime is

called the anomalous Zeeman e�ect. For su�ciently strong �elds the hyper�ne Hamil-

tonian is negligible compared to the interaction Hamiltonian, then the e�ect is termed

as Normal Zeeman e�ect for hyper�ne structure. For even stronger �elds the interaction

is described by Eq. 2.60 and the energy shift in this regime is called the Paschen-Back

e�ect [87].
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Chapter 3

Highly sensitive atomic based MW

interferometry

This chapter outlines the theoretically study of a scheme to develop an atomic based

micro-wave (MW) interferometry using the Rydberg states in Rb. This system has

great advantage due to its much higher frequency range in comparison to the electrical

circuit, ranging from radio frequency (RF), MW to terahertz regime. In addition, this

is two orders of magnitude more sensitive to �eld strength as compared to the prior

demonstrations on the MW electrometry using the Rydberg atomic states. Further,

previously studied atomic systems are only sensitive to the �eld strength but not to

the phase and hence this scheme provides a great opportunity to characterize the MW

completely including the propagation direction and the wavefront. The atomic based

MW interferometry is based upon a six-level loopy ladder system involving the Rydberg

states in which two sub-systems interfere constructively or destructively depending upon

the phase between the MW electric �elds closing the loop. This work opens up a new

�eld i.e. atomic based MW interferometry replacing the conventional electrical circuit in

much superior fashion.

33
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3.1 Introduction

Atomic based standards such as time and length is already adopted and established

due to their high reproducibility, accuracy, resolution and stability [88]. Atoms have also

been successfully used for DC and AC (MW and RF) magnetometry, reaching impressive

sensitivity and spatial resolutions [28�31]. Inspired by these successes recently, the atom

based MW and RF electrometry has been investigated using the Rydberg states of the

atoms [48�53]. The success of these experiments for high sensitive electrometry is due

to property of the Rydberg states i.e. availability of closely spaced levels (in the range

of MW and RF region) with very high electric polarizability. The traditional antenna

method can detect MW �elds as low as 10 mVcm−1 [55, 56]. However, by utilizing the

optical method for the electro-magnetic �elds converted by dipole antenna, the sensitivity

increases signi�cantly, allowing for a minimum detectable �eld of up to 30 µVcm−1 and

sensitivity of 1 µVcm−1Hz−1/2 [49, 57]. The atomic-based MW sensor improves the

sensitivity further up to 30 µVcm−1Hz−1/2 with a minimum detectable �eld of 8 µVcm−1

[49] which is limited by the natural decay rate of the ground and the Rydberg states,

lasers linewidth, the transit time broadening, and Doppler mismatch between probe and

the control lasers. The transit time broadening can be removed completely using the

cold atomic cloud, cold atomic beam [89], or nano cell [90]. The Doppler mismatch

between probe and the control laser can be removed using the cold atom, nano cell or

collimated atomic beam. However, with very simple experimental set-up with Rb cell

at room temperature, the strength sensitivity of experimentally demonstrated four level

system [49] is already three orders of magnitude better than the electrical circuit based

MW sensor. Further the frequency range of the atomic based MW sensor is from radio

frequency (RF), MW to terahertz regime. Next, the spatial resolution of the atomic

based MW sensor is sub-wavelength (λMW /650) [58] which is di�cult to achieve with

traditional antenna method as the dimension of the antenna itself happens to be λMW /2

.

The atomic based electrometry is based upon the phenomenon of electromagnetically

induced transparency (EIT) in which the absorption property of a probe laser is altered
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in the presence of control lasers and MW (or RF) �eld in a four level system. EIT is

sensitive to the �eld's strength, frequency and the polarization and so the electrometry.

An oscillating electro-magnetic �eld i.e. MW electric �eld is characterized by its strength-

/amplitude, frequency, polarization and the phase. The previously studied atomic based

MW electrometry is not phase sensitive as EIT in a simple multi-level system, happens to

be insensitive to the absolute phase of probe and the control �elds but only it's robustness

depends upon the phase stability [91].

Phase of the MW �elds is detected using traditional MW interferometry which is based

upon the electrical circuit [92�94]. Here, we explore a six-level loopy ladder system which

replaces the traditional electrical circuits based MW interferometry by the atomic MW

interferometry, as the absorption property of the probe laser has phase dependency on

the MW �elds. This is based upon the interference between two sub-systems driven by

the MW �elds forming the loop. The limitation of the atomic based MW interferometry

is again same as in case of the atomic based MW sensor studied with four-level system

[48, 49]. But this system is two orders of magnitude more sensitive to �eld strength

(up to 80 nV/cm) in comparison to the previously explored system [48, 49] due to its

loopy nature. There are loopy system which has been studied previously and has phase

sensitivity but loop is completed using the weak magnetic dipole transition [95]. In

contrast to the previous system this six-level loopy system involves allowed electric dipole

transition.

This chapter is organized as follows. In the section 3.2, we describe the method of re-

alizing the six-level loopy ladder system in Rb and possible experimental set-up. In

subsequent sub-section we present the semi-classical model and solution for the relevant

density matrix element. Further we provide the physical interpretation of the obtained

mathematical solution in terms of the interference between the two sub-systems and in

terms of the dressed state picture. In the next section 3.3, we present various results

including the lineshape of the probe absorption, the phase dependency of it, the com-

parison of the amplitude/strength sensitivity of this system with the previously studied

four-level system and the frequency range. Finally in section 3.4, we give our conclusion

for this study.
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3.2 Method

3.2.1 Realization of the system

The considered six-level loopy ladder system is shown in Fig. 3.1a. The probe laser at

780 nm is at the D2 line i.e. driving the 5S1/2 → 5P3/2 transition in the Rb. The control

laser at 480 nm is driving the 5P3/2 → n1rydS and the three reference MW �elds are

driving the transition, n1rydS → n2rydP, n
2
rydP → n3rydS and n3rydS→ n4rydP. The unknown

MW �eld is driving the n1rydS → n4rydP. The n
1
ryd, n

2
ryd, n

3
ryd and n4ryd are Rydberg states

which are chosen according to the frequency range of the MW �eld.

The typical experimental set-up for phase dependent MW electrometry is shown in

Fig.3.1(c) in which a probe laser at 780 nm and a control laser at 480 nm are counter-

propagating inside the Rb cell. The four MW control �elds are generated by a single

frequency synthesizer having arrangements of controlling the frequency, phase and the

amplitude or the four di�erent MW �eld frequencies combined using a frequency com-

biner (e.g. ZN4PD-02183-S+ from minicircuit company can be operated between 2

GHz-18 GHz). The output of the frequency synthesizer or combiner is ampli�ed and fed

to MW horn. All four MW �elds are propagating perpendicular to the probe and the

control lasers with a uniform phase inside the Rb cell.

3.2.2 Semi-classical analysis

The electric �eld, associated with the transition |i⟩ → |j⟩ is Eije
i(ωijt+ϕij), where Eij is

amplitude, ωij is the frequency and ϕij is the phase. We de�ne Rabi frequency Ωij =

dijEije
iϕij/ℏ for the transition |i⟩ → |j⟩ having the dipole moment matrix element dij .

Please note that Ωij is a complex quantity which can be written as |Ωij | eiϕij , where ϕij

is due to the phase of the electric �eld associated with it. The Rabi frequencies of the

probe and the control lasers are Ω12 and Ω23 respectively, whereas Ωref
34 , Ω

ref
45 , Ω

ref
56 and

Ωunk
36 are the Rabi frequencies of the MW �elds. It is important to note here that the

phase of Ωunk
36 is to be characterized w.r.t to the reference MW �elds Ωref

34 , Ω
ref
45 and Ωref

56 .

The superscript ref or unk denotes the reference and unknown MW �eld respectively.
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Figure 3.1: (a) The energy level diagram for loopy ladder system. (b) Transitions
shown by the red and green arrow lines are the two sub-system to close the loop. The
probe laser (dotted red arrow line) and the control laser (solid blue arrow line) are part
of both the sub-system. (c) The typical experimental set up for the phase dependent

MW electrometry.

The total Hamiltonian for this system is given as

H =

[ 2∑
i=1

ℏΩi,i+1

2

(
eiωi,i+1t + e−iωi,i+1t

)
|i⟩ ⟨i+ 1|

+
5∑

i=3

ℏΩref
i,i+1

2

(
eiωi,i+1t + e−iωi,i+1t

)
|i⟩ ⟨i+ 1|

+
ℏΩunk

36

2

(
eiω36t + e−iω36t

)
|3⟩ ⟨6|+ h.c.

]
+

6∑
j=1

ℏωj |j⟩ ⟨j| (3.1)

If the energy of the state |i⟩ is ℏωi then the general quantum mechanical state of the

system is

|Ψ⟩ =
6∑

i−1

ci(t) |i⟩ e−iωit (3.2)
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We de�ne δ12 = ω12 − (ω2 − ω1) and δ23 = ω23 − (ω3 − ω2) i.e. the detunings of the

probe and control lasers from their respective resonance. Similarly, δ34 = ω34−(ω3−ω4),

δ45 = ω45− (ω5−ω4), δ56 = ω56− (ω6−ω5) and δ36 = ω36− (ω6−ω3) are the detunings

for the MW �elds for the respective transitions. In the rotating frame (i.e with a uni-

tary transformation c,1 = c1; c
′
2 = c2e

iδ12t; c
′
3 = c3e

i(δ12+δ23)t; c
′
4 = c4e

i(δ12+δ23−δ34)t; c
′
5 =

c5e
i(δ12+δ23−δ34+δ45)t; c

′
6 = c6e

i(δ12+δ23−δ34+δ45+δ56)t) and using the rotating wave approx-

imation, (where the terms with ei[ωij+(ωj−ωi)] is dropped out for the transition |i⟩ → |j⟩

if ωj > ωi ) we get following Hamiltonian

H = ℏ
[
0 |1⟩ ⟨1| − δ12 |2⟩ ⟨2| − (δ12 + δ23) |3⟩ ⟨3| − (δ12 + δ23 − δ34) |4⟩ ⟨4|

− (δ12 + δ23 − δ34 + δ45) |5⟩ ⟨5| − (δ12 + δ23 − δ34 + δ45 + δ56) |6⟩ ⟨6|

+
Ω12

2
|1⟩ ⟨2|+ Ω23

2
|2⟩ ⟨3|+ Ωref

34

2
|3⟩ ⟨4|+ Ωref

45

2
|4⟩ ⟨5|+ Ωref

56

2
|5⟩ ⟨6|

+
Ωunk
36

2
ei(δ34−δ45−δ56+δ36)t |3⟩ ⟨6|+ h.c.

]
(3.3)

In general, the Hamilitonian H is time dependent except for a particular condition when

δ34 − δ45 − δ56 + δ36 = 0.

The time evolution of the density matrix, ρ is given by Linblad master equation as

ρ̇ = − i

ℏ
[H, ρ] + L[ρ(t)] (3.4)

where, L[ρ(t)] is Linblad matrix and de�ned as below. L[ρ(t)] =



Γ21ρ22 − γdec
12
2

ρ12 − γdec
13
2

ρ13 − γdec
14
2

ρ14 − γdec
15
2

ρ15 − γdec
16
2

ρ16

− γdec
12
2

ρ21 −Γ21ρ22 + Γ32ρ33 − γdec
23
2

ρ23 − γdec
24
2

ρ24 − γdec
25
2

ρ25 − γdec
26
2

ρ26

− γdec
13
2

ρ31 − γdec
23
2

ρ32 −Γ32ρ33 − Γ34ρ33 + Γ63ρ66 − γdec
34
2

ρ34 − γdec
35
2

ρ35 − γdec
36
2

ρ36

− γdec
14
2

ρ41 − γdec
24
2

ρ42 − γdec
34
2

ρ43 Γ34ρ33 − Γ4ρ44 − γdec
45
2

ρ45 − γdec
46
2

ρ46

− γdec
15
2

ρ51 − γdec
25
2

ρ52 − γdec
35
2

ρ53 − γdec
45
2

ρ54 −Γ5ρ55 − γdec
56
2

ρ56

− γdec
16
2

ρ61 − γdec
26
2

ρ62 − γdec
36
2

ρ63 − γdec
46
2

ρ64 − γdec
56
2

ρ65 −Γ6ρ66


(3.5)

Where, Γij is the decay of the population from state |i⟩ (i = 1, 2,.. to 6) to state |j⟩

(j = 1, 2,.. 6) and Γi is the total population decay rate of state |i⟩. In the case of the

weak probe, the population transfer does not take place and it is completely irrelevant to
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know the population dynamics between di�erent levels. The only important parameter

is Γi and Γj , i.e.the total decay rate of states, which governs the decoherence rate (γdecij )

between the two levels |i⟩ and |j⟩ as γdecij =
Γi+Γj

2 . In addition to the total decay rate of

states, the linewidth of lasers driving the transition has to be also included for γdecij . For

example, in this study we take the value of γdec12 = 2π×3.05 MHz, which includes natural

radiative decay of excited state, Γ2 = 2π×6MHz [96] and the 780nm laser linewidth

of 2π×50kHz. We also take γdec13 = γdec14 = γdec15 = γdec16 = γdec = 2π×100kHz mainly

dominated by the laser linewidths of 780nm and the 480nm as compared to the radiative

decay rate (=2π×1kHz) of the Rydberg states |3⟩, |4⟩, |5⟩ and |6⟩ [50]. We also take

γdec = 2π×500kHz in some cases in order to check it's stringency.

From Eq. 4.1, 4.2 and 3.5 we get 36 coupled di�erential equations with the property

ρij = ρ∗ji. In order to solve these set of coupled equation we adapt similar method as in

the case of previously studied multi-level systems [97].

In the case of weak probe approximation, there will be no population transfer and hence

the time evolution of the population i.e. the diagonal terms of the density matrix such

as ρ11, ρ22, ρ33, ρ44, ρ55, and ρ66 can be ignored. Similarly, the time evolution of the

o�-diagonal terms ρij for i = 2; j = 3, 4, 5, 6 and i = 3; j = 4, 5, 6 and i = 4; j = 5, 6

and i = 5; j = 6 can be also ignored. The time evolution of the relevant density matrix

element is given below.

ρ̇12 = i
Ω12

2
(ρ11 − ρ22) + i

Ω∗
23

2
ρ13 − γ12ρ12 (3.6)

ρ̇13 = −iΩ12

2
ρ23 + i

Ω23

2
ρ12 + i

Ωref
34

∗

2
ρ14 + i

Ωunk
36

∗

2
e−i(δ34−δ45−δ56+δ36)tρ16 − γ13ρ13

ρ̇14 = −iΩ12

2
ρ24 + i

Ωref
34

2
ρ13 + i

Ωref
45

∗

2
ρ15 − γ14ρ14

ρ̇15 = −iΩ12

2
ρ25 + i

Ωref
45

2
ρ14 + i

Ωref
56

∗

2
ρ16 − γ15ρ15

ρ̇16 = −iΩ12

2
ρ26 + i

Ωunk
36

2
ei(δ34−δ45−δ56+δ36)tρ13 + i

Ωref
56

2
ρ15 − γ16ρ16
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Figure 3.2: The normalized absorption, ρ12Γ2/Ω12 vs Time for Ω23 = Ωref
34 = Ωref

45 =
Ωref

56 = Γ2, Ω
ukn
36 = 0.5Γ2 and δ12 = δ23 = δ34 = δ45 = δ56 = δ36 = 0.

Where, γ12 =
[
γdec12 + iδ12

]
,

γ13 =
[
γdec13 + i (δ12 + δ23)

]
,

γ14 =
[
γdec14 + i (δ12 + δ23 − δ34)

]
,

γ15 =
[
γdec15 + i (δ12 + δ23 − δ34 + δ45)

]
,

γ16 =
[
γdec16 + i (δ12 + δ23 − δ34 + δ45 + δ56)

]
.

Now, we apply the four-photon resonance condition for the MW �elds i.e. δ34−δ45−δ56+

δ36 = 0. In this case the system will reach steady state i.e. ˙ρij = 0, for all the elements

on the time scale of few tens of 1/Γ2 as shown in Fig. 3.2. In the weak probe condition

and in the steady state, ρ11 ≈ 1, ρ22 ≈ ρ33 ≈ ρ44 ≈ ρ55 ≈ ρ66 ≈ 0 and ρij=ρji ≈ 0 for

i = 2; j = 3, 4, 5, 6 and i = 3; j = 4, 5, 6 and i = 4; j = 5, 6 and i = 5; j = 6. Finally, we

get the following set of equations

ρ12 =
i

2

Ω12

γ12
+
i

2

Ω∗
23

γ12
ρ13

ρ13 =
i

2

Ω23

γ13
ρ12 +

i

2

Ωref
34

∗

γ13
ρ14 +

i

2

Ωunk
36

∗

γ13
ρ16

ρ14 =
i

2

Ωref
34

γ14
ρ13 +

i

2

Ωref
45

∗

γ14
ρ15

ρ15 =
i

2

Ωref
45

γ15
ρ14 +

i

2

Ωref
56

∗

γ15
ρ16

ρ16 =
i

2

Ωunk
36

γ16
ρ13 +

i

2

Ωref
56

γ16
ρ15

(3.7)
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Figure 3.3: Comparison of complete numerical solution with the analytical solution
for the normalized absorption (Im(ρ12)Γ2/Ω12) vs δ12/Γ2 of the probe laser with |Ω23| =
|Ωref

34 | = |Ωref
45 | = |Ωref

56 | = Γ2, |Ωunk
36 | = 0.5Γ2, ϕ = 0 and δ23 = δ34 = δ45 = δ56 = δ36 = 0.

The above equation gives solution for ρ12 as

ρ12 =

i
2
Ω12
γ12

1 +
1
4

|Ω23|2
γ12γ13

1+EITATA1+EITATA2+Int

Where,

EITATA1 =

1
4
|Ωref

34 |2
γ13γ14

1 +
1
4

|Ωref
45 |2

γ14γ15

1+ 1
4

|Ωref
56 |2

γ15γ16

;EITATA2 =

1
4
|Ωunk

36 |2
γ13γ16

1 +
1
4

|Ωref
56 |2

γ15γ16

1+ 1
4

|Ωref
45 |2

γ14γ15

;

Int = −
1
8
|Ωref

34 ||Ωref
45 ||Ωref

56 ||Ωunk
36 |cos(ϕ)

γ13γ14γ15γ16

1 + 1
4
|Ωref

45 |2
γ14γ15

+ 1
4
|Ωref

56 |2
γ15γ16

;ϕ = ϕunk36 − ϕref34 − ϕref45 − ϕref56 (3.8)

The refractive index, n of the probe laser is related with the density matrix element,

ρ12 as n = 1 + 3λ2pN/(2π)(Γ2/Ω12)ρ12, where λp(=780 nm) is the wavelength of the

probe laser and N is atomic number density [98, 99]. The imaginary part of n is related

with the absorption and real part with dispersion. We de�ne the normalized absorption

[(Γ2/Ω12)Im(ρ12)] i.e. for the stationary atoms, the absorption of the probe laser at

resonance in the absence of all the control lasers is 1.

In order to verify the approximation made above, we have checked the analytical solution

of ρ12 given by the Eq. 3.8 and the complete numerical solution in the steady state

for various values of control �elds and detunings. It has excellent agreement between

complete numerical and approximated analytical solution as shown in Fig. 3.3. The

solution for ρ12 in Eq. 3.8 has the following interpretation.
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3.2.3 Interpretation

Interference between two sub-system

Eq. 3.8 looks very complicated but it can be interpreted in the following simple way.

The closed loop system can be realized by two open loop sub-systems |3⟩→|4⟩→|5⟩→|6⟩

and |3⟩→|6⟩→|5⟩→|4⟩ shown with red and green arrows respectively as shown in Fig.

3.1b. These two sub-system shares a common |1⟩→|2⟩→|3⟩ ladder system. In order to

understand the absorption property of the probe laser Ω12, we switch on the control

�elds one by one and in the sequence for the two sub-systems. Firstly, the control laser

Ω23 causes transparency for the probe laser Ω12 and known as EIT. For path shown

with the red color, the control �eld Ωref
34 recovers the absorption against the EIT created

by Ω23 and known as EITA. Again the control �elds Ωref
45 causes transparency against

the EITA created by the Ω23 and Ωref
34 , and known as EITAT. Finally the Ωref

56 causes

absorption against the EITAT created by the Ω23, Ω
ref
34 and Ωref

45 , and known as EITATA

[97] and expressed by EITATA1 in Eq. 3.8. ( In order to understand the transparency

and absorption in the sequence, we strongly advice the readers to see the paper [97].)

The other path shown with green color will also cause EITATA by sequence of the control

�elds Ωunk
36 , Ωref

56 and Ωref
45 which is expressed by EITATA2. Further, these two sub-system

causing EITATA1 and EITATA2, interferes with each other and expressed by the Int term

in the Eq. 3.8, which is phase(ϕ) dependent.

In the other words, the closed loop |3⟩ → |4⟩ → |5⟩ → |6⟩ → |3⟩ causes absorption

against EIT created by the control laser Ω23. The closed loop has two-open loop sub-

systems which interfere destructively (for ϕ = 0) and constructively (for ϕ = π) with

each other. As shown in Fig. 3.4 a, for |Ωref
34 |=|Ωref

45 |=|Ωref
56 |=|Ωunk

36 | =Γ2 (>> γdec), there

is a complete transparency at the line center for ϕ = 0. This is due to perfect destructive

interference between the two-subsystems as the strength is same for both, i.e. EITATA1

= EITATA2. There is maximum absorption at the line center for ϕ = π as the two sub-

systems are interfering constructively. For |Ωref
34 |=|Ωref

45 |=|Ωref
56 | ≠ |Ωunk

36 | >>γdec, there is

a absorption peak at the line center for ϕ = 0, as shown in Fig. 3.4 b. This is due to

unequal strength of the individual system (EITATA1>EITATA2), hence the destructive

interference between them is not perfect.
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Dressed state approach

At high Rabi frequencies (much greater than the absorption peaks linewidths) of the

control lasers and MW �elds, the linewidth of the absorption peak can be explained using

dressed state picture. In this condition there is no interference between the absorption

peaks as they are well separated from each other. The position of the absorption peak

is determined by the eigenvalues of the Hamiltonian associated to the control �elds as

given below

Hc =



0 Ω23
2 0 0 0

Ω∗
23
2 δ23

|Ωref
34 |
2 eiϕ34 0

|Ωunk
36 |
2 eiϕ36

0
|Ωref

34 |
2 e−iϕ34 δ23 − δ34

|Ωref
45 |
2 eiϕ45 0

0 0
|Ωref

45 |
2 e−iϕ45 δ23 − δ34 + δ45

|Ωref
56 |
2 eiϕ56

0
|Ωunk

36 |
2 e−iϕ36 0

|Ωref
56 |
2 e−iϕ56 δ23 − δ34 + δ45 + δ56


(3.9)

For general control �elds detunings and Rabi frequencies, the position of the absorption

peaks will be complicated. However, the expression becomes simpler for zero detuning

of control �elds and with |Ω23| = |Ωref
34 | = |Ωref

45 | = |Ωref
56 | = Ω, but with arbitrary values

of |Ωunk
36 |. In this condition the positions of the absorption peaks (i.e. eigenvalues of the

Hc) are

− 1√
8

√
4Ω2 + |Ωunk

36 |2 +
√
(2Ω2 + |Ωunk

36 |2)2 + 8Ω3|Ωunk
36 |cosϕ,

− 1√
8

√
4Ω2 + |Ωunk

36 |2 −
√
(2Ω2 + |Ωunk

36 |2)2 + 8Ω3|Ωunk
36 |cosϕ, 0,

1√
8

√
4Ω2 + |Ωunk

36 |2 −
√
(2Ω2 + |Ωunk

36 |2)2 + 8Ω3|Ωunk
36 |cosϕ, and

1√
8

√
4Ω2 + |Ωunk

36 |2 +
√
(2Ω2 + |Ωunk

36 |2)2 + 8Ω3|Ωunk
36 |cosϕ.
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The eigenvectors determines the dressed state in terms of the bare atomic states. For

example the normalized eigenvector corresponding to eigenvalue 0 is

1

[(1 +
|Ωunk

36 |2
Ω2 − 2

|Ωunk
36 |
Ω cosϕ) + 2]1/2



1− |Ωunk
36 |
Ω eiϕ

0

−1

0

1


(3.10)

This is the central dressed state (or the central absorption peak) and is expressed as

[(1 − |Ωunk
36 |eiϕ
Ω ) |2⟩ − |4⟩ + |6⟩]/[(1 +

|Ωunk
36 |2
Ω2 − 2

|Ωunk
36 |
Ω cosϕ) + 2]1/2. The linewidth of the

dressed state or the absorption peak is given in terms of the bare atomic states decay

rate. For example, if dressed state is written as C2 |2⟩ + C3 |3⟩ + C4 |4⟩ + C5 |5⟩ then

the linewidth of it will be |C2|2Γ2 + |C3|2Γ3 + |C4|2Γ4 + |C5|2Γ5 Hence the linewidth of

the cenetral absorption peak is given by [(1 +
|Ωunk

36 |2
Ω2 − 2

Ωunk
36
Ω cosϕ)Γ2 + Γ4 + Γ6]/[(1 +

|Ωunk
36 |
Ω2 − 2

Ωunk
36
Ω cosϕ) + 2] which is phase dependent. In order to crosscheck the expression

for the linewidth, we �t (shown with black solid line) the central peak of the normalized

absorption obtained by Eq. 3.8 with Lorentzian pro�le to �nd the linewidth for three

di�erent phases as shown in Fig. 3.4. The �tted linewidths for ϕ = 0, ϕ = π/2 and

ϕ = π are 0.13Γ2, 0.47Γ2 and 0.64Γ2 respectively, while the calculated linewidths are

0.13Γ2, 0.39Γ2 and 0.54Γ2 respectively. There is a small mismatch between the �tted

and the calculated linewidths by the dressed state approach for ϕ = π/2 and ϕ = π. This

is because, as we see in Fig. 3.4, the central absorption peak is broadened for ϕ = π/2

and ϕ = π and the interference between peaks starts playing a role in the modi�cation

of the linewidth similar to three level system [100].

3.3 Results

3.3.1 Probe laser absorption

The normalized absorption (Im(ρ12)Γ2/Ω12) vs probe detuning (δ12) for three di�erent

phases, ϕ = 0, π/2 and π is shown in Fig. 3.4. For the central absorption peak i.e. at
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Figure 3.4: Normalized absorption (Im(ρ12)Γ2/Ω12) vs δ12/Γ2 of the probe laser with
|Ω23| = |Ωref

34 | = |Ωref
45 | = |Ωref

56 | = Γ2, δ23 = δ34 = δ45 = δ56 = δ36 = 0 and (a)
|Ωunk

36 | = Γ2 (b) |Ωunk
36 | = 0.5Γ2.

δ12 = 0, only the linewidth depends upon the phase but not the position, while both

the position and the linewidth depends upon the phase(ϕ) for the other four absorption

peaks. This has been explained in the previous section.

Now, we consider the e�ect of the temperature as lineshape of EIT is signi�cantly changed

by the thermal averaging [21, 23, 101�104]. The thermal averaging of ρ12 is done numer-

ically for the room temperature (T =300 K) for the counter-propagating con�guration of

the probe (Ω12) and the control laser (Ω23) with wave-vectors k780 and k480 respectively

by replacing δ12 with δ12+k780v and δ23 with δ23−k480v for moving atoms with velocity

v, while the Doppler shift for the MW �elds are ignored. Further the ρ12 is weighted

by the Maxwell Boltzmann velocity distribution function and integrated over the veloc-

ity as ρThermal
12 =

√
m

2πkBT

∫
ρ12(v)e

− mv2

2kBT dv, where kB is Boltzmann constant and m is

atomic mass of Rb. The integration is done over velocity range which is three times of√
kBT
m . The Doppler averaging changes the absorption pro�le signi�cantly as shown in

Fig. 3.5. One of the interesting modi�cations is the phase dependency of the probe laser

absorption at the zero detunings of the probe. The probe laser absorption is minimum

for ϕ = 0 and maximum for ϕ = π as shown with red and blue curve respectively in

Fig. 3.5. This modi�cation is due to mismatch of Doppler shift for probe at 780 nm and

the control at 480 nm for moving atom. Please note that without thermal averaging at
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Figure 3.5: Normalized absorption of the probe laser with thermal averaging (Im
(ρThermal

12 )Γ2/Ω12) vs δ12/Γ2 with |Ω23| = |Ωref
34 | = |Ωref

45 | = |Ωref
56 | = Γ2, |Ωunk

36 | = 0.5Γ2

and δ23 = δ34 = δ45 = δ56 = δ36 = 0.

zero detunings of the probe, control laser and MW �elds, probe laser absorption has no

signi�cant di�erence between ϕ = π/2 and π.

3.3.2 Phase sensitivity

Sinusoidal behaviour

As seen in the previous section that the absorption pro�le of the probe laser depends

upon the phase, ϕ. Please note that the previously studied (i.e. four-level) system [48�

53] were insensitive to the phase of the MW �eld. This is also clear from Eq. 3.8 in

the special case with |Ωref
34 |=|Ωref

45 |=|Ωref
56 | = 0, which reduces the six-level loopy ladder

system to four-level system and will have no phase dependency.

The probe absorption at room temperature vs the phase ϕ with all the detunings to be

zero is shown in Fig. 3.6. From the plot shown with red open circle in Fig. 3.6a we

observe more than 15% change in the probe absorption for the change of the phase from

0 to π for the chosen combinations of the control Rabi frequencies. In particular, we have

chosen low value of |Ωunk
36 | = 0.1Γ2 and the optimized control �elds Rabi frequencies i.e.

|Ω23| = 2Γ2, |Ωref
34 | = 1.5Γ2, and |Ωref

45 | = |Ωref
56 | = 4Γ2. The numerical data points (red

open circle) are �tted by a function A+Bsin(fϕ+θ), where A, B, f and θ are kept as free

parameters that yields f=1 and the �tting is shown with black curve in Fig. 3.6a. Now,

choosing a high value of |Ωunk
36 | = 2.5Γ2 and keeping the other parameters unchanged, we

observe more than 80% change in the probe absorption for the change of the phase from 0
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Figure 3.6: Absorption of the probe laser after thermal averaging in arbitrary scale
obtained as (Im(ρThermal

12 ))/max(Im(ρThermal
12 )) vs phase ϕ with δ12 = δ23 = δ34 = δ45 =

δ56 = δ36 = 0 and (a) |Ωunk
36 | = 0.1Γ2, |Ω23| = 2Γ2, |Ωref

34 | = 1.5Γ2, and |Ωref
45 | =

|Ωref
56 | = 4Γ2. (b) crossed points |Ωunk

36 | = 2.5Γ2, |Ω23| = 3Γ2, |Ωref
34 | = 2Γ2, and

|Ωref
45 | = |Ωref

56 | = 4Γ2, solid circled points |Ωunk
36 | = 2.5Γ2, |Ω23| = 3Γ2, |Ωref

34 | = 3Γ2, and
|Ωref

45 | = |Ωref
56 | = 4Γ2.

to π as shown crossed red points, but there is a deviation from sinusoidal behavior. This

deviation is compared with the �tted black curve as shown in Fig. 3.6b. On increasing

the value of |Ωref
34 | to 3Γ2 and keeping the other parameters unchanged, there is a splitting

of the absorption at ϕ = π as shown by the solid circled points in this �gure.

Optimization of sensitivity

Now, we maximize the phase sensitivity for this system for given value of |Ωunk
36 | by

using the parameters, Ω23, |Ωref
34 |, |Ωref

45 |, and |Ωref
56 |. In order to do this we de�ne a

quantity called sensitivity as S = Im[ρThermal
12 (ϕ = 0)−ρThermal

12 (ϕ = π)]/Im[ρThermal
12 (ϕ =

0)+ ρThermal
12 (ϕ = π)], which is a measure of the phase/strength sensitivity of the system

and is to be maximized. For given value of |Ωunk
36 |, we maximize the S by minimizing

1/S or -S using matlab inbuilt function "fmincon" treating Ω23, |Ωref
34 |, |Ωref

45 |, and |Ωref
56 |

as free parameters but bounded in the region from 0 to 5Γ2. Please note that the values

5Γ2 for Ω23 |Ωref
34 |, |Ωref

45 |, and |Ωref
56 | is well in the experimental reach.

We �rst consider the case without thermal averaging i.e. T = 0 . The maximized

sensitivity, Smax vs |Ωunk
36 | is plotted in Fig. 3.7(a). The Smax increases with Ωunk

36 and

TH-3002_166121009



Chapter 3: Highly sensitive atomic based MW interferometry 48

80

60

40

20

S m
ax

(%
)

1.0

0.8

0.6

0.200.150.100.05

|Ω
unk

36|/Γ2

5.00

 Ω23/Γ2

|Ω
ref

34|/Γ2
 

 |Ω
ref

45|/Γ2

 |Ω
ref

56|/Γ2
 

a

b

T=0K

Figure 3.7: (a) The maximum sensitivity Smax (%) vs |Ωunk
36 |/Γ2 (b) The optimum

value of |Ωref
34 |/Γ2 and |Ωref

56 |/Γ2 for Smax (shown by left scale), Ω23/Γ2 and |Ωref
45 |/Γ2

(shown by right scale) vs |Ωunk
36 | for δ12 = δ23 = δ34 = δ45 = δ56 = δ36 = 0 and T = 0.
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Figure 3.8: Smax (%) = Im[ρ12(ϕ = 0)−ρ12(ϕ = π)]/Im[ρ12(ϕ = 0)+ρ12(ϕ = π)]×100
vs Ω23/Γ2 for δ12 = δ23 = δ34 = δ45 = δ56 = δ36 = 0, |Ωunk

36 | = 0.005Γ2 and T = 0.

starts saturating around 0.05Γ2. The corresponding maximizing values of Ω23, |Ωref
34 |,

|Ωref
45 |, and |Ωref

56 | are also plotted in Fig. 3.7(b). The optimum value of the Ω23 is as high

as possible which is 5Γ2 in this case as it is bounded by this limit. This is more clear

from the Fig. 3.8, where Smax increases with Ω23 and then saturates around Γ2 for any

given values of |Ωref
34 |, |Ωref

45 |, |Ωref
56 |, and |Ωunk

36 |.

Next, we consider the room temperature case (T = 300 K), which makes the problem

a bit more complicated, as the lineshape of the absorption gets modi�ed signi�cantly as

described previously. The maximum sensitivity (Smax) vs |Ωunk
36 | is plotted in the Fig.

3.9(a). The Smax at T = 300K is much lower than the case at T = 0 as the saturation

point is around |Ωunk
36 | = 1.5 Γ2 as compared to 0.05Γ2 and hence at T = 0 the system
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Figure 3.9: (a) Smax (%) vs |Ωunk
36 |/Γ2 (b) The optimum value of Ω23/Γ2, |Ωref

34 |/Γ2,
and |Ωref

56 |/Γ2 shown by left scale and |Ωref
45 |/Γ2 shown by right scale vs |Ωunk

36 |/Γ2 for
δ12 = δ23 = δ34 = δ45 = δ56 = δ36 = 0 and T = 300K.

can detect the phase of lower values of |Ωunk
36 | . Unlike the case of T = 0, in this case for

Smax the value of Ω23 ̸= 5Γ2 but has optimum values as shown in Fig. 3.9(b).

3.3.3 Strength sensitivity

The quantity, S de�ned above can also be used as a measure of the strength/amplitude

sensitivity for |Ωunk
36 | for the six-level loopy ladder system. The strength sensitivity

parameter is useful as it provides a measure of the change in absorption of a system

due to a change in the strength or amplitude of the unknown �eld. Now we compare

the strength sensitivity of the six-level loopy ladder system with the previously studied

four-level system [48�53]. The solution of ρ12 for the four-level system can be obtained

from the six-level loopy ladder system by setting |Ωref
34 |=|Ωref

45 |=|Ωref
56 |=0 in Eq. 3.8 and

is given by Eq. 3.11.

ρ12(4l) =

i
2
Ω12
γ12

1 +
1
4

|Ω23|2
γ12γ13

1+ 1
4

|Ωunk
36 |2

γ13γ16

(3.11)
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The subscript (4l) indicates for four-level system. Further the thermal averaging can

be done in a similar fashion as in the case of the six-level system i.e. ρThermal
12(4l) =√

m
2πkBT

∫
ρ12(4l)(v)e

− mv2

2kBT dv. We de�ne the strength sensitivity for the four-level system

for unknown |Ωunk
36 | as change in the absorption in the presence and the absence of the

|Ωunk
36 | normalized by the sum of the two conditions which is mathematically expressed as

S =
[
ρThermal

12(4l) (|Ωunk
36 | ̸= 0)-ρThermal

12(4l) (|Ωunk
36 | = 0)

]/[
ρThermal

12(4l) (|Ωunk
36 | ̸= 0)+ρThermal

12(4l) (|Ωunk
36 | = 0)

]
.

We maximize the sensitivity of the four-level system adapting similar method as for the

six-level system but with only one optimizing parameter i.e. Ω23.

First, we consider T = 0 case. The maximized strength sensitivity for the six-level loopy

ladder system and the four-level system is compared in Fig. 3.10. From this �gure it is

clear that the six-level system has more sensitivity as compared to the four-level system

as shown in Fig. 3.10 (a). In order to quantify this comparison, we plot the ratio of the

sensitivities of the six-level to four-level system in Fig.3.10 (b). The ratio is more for the

low values of the |Ωunk
36 |. The increased sensitivity for the six-level loopy system is due

to the interferometric nature of the system where the e�ect of small |Ωunk
36 | is enhanced

by the large values of the |Ωref
34 |, |Ωref

45 | and |Ωref
56 | as the int term in Eq. 3.8 involves

multiplication of these quantities. The strength sensitivity of both the systems decreases

with increased γdec (from 2π × 100kHz to 2π × 500kHz) but the e�ect is more for the

four-level system in comparison to the six-level system as shown Fig. 3.10b.

Now, we consider the case at the room temperature. The strength sensitivity for the

six-level and previously studied four-level is plotted in Fig. 3.11(a). Form this plot it is

clear that the six-level system has much superior strength sensitivity as compared to the

four-level system. Further we quantify the comparison by plotting the ratio (R) of the

sensitivities of the six-level to the four-level for di�erent values of |Ωunk
36 | in Fig.3.11(b).

In order to check the stringency of γdec on the sensitivity, we also plot Smax for these

two systems taking γdec = 2π × 500kHz.

We also plot the R vs maximum sensitivity (Smax) of the six-level system which gives

the information about the possibility of the detection of |Ωunk
36 |. This is an important

plot because there is a possibility that the R might be huge but cannot be detected by

the six-level system as well. The detection of Smax up to 1% is very much feasible using
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Figure 3.10: (a) Smax(%) vs |Ωunk
36 |/Γ2 for six-level loopy and four-level ladder system

(b) ratio (R) of the sensitivity between six-level and four-level system vs |Ωunk
36 |/Γ2 at

T = 0 with all the detunings to be zero and for γdec = 2π × 100kHz and γdec =
2π × 500kHz.
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Figure 3.11: (Color online). (a) Smax(%) vs |Ωunk
36 |/Γ2 for six-level loopy and four-

level ladder system (b) ratio (R) of the sensitivity between six-level and four-level system
vs |Ωunk

36 |/Γ2 at T = 300K with all the detunings to be zero and for γdec = 2π×100kHz
and γdec = 2π × 500kHz.
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Figure 3.12: Ratio (R) of the sensitivity between six-level and four-level system vs
Smax (%) of the six-level system at T = 300K. The variation of Smax (%) corresponds

to range of |Ωunk
36 | from 0.005Γ2 to 0.02Γ2.

locking detection. At this value of sensitivity for the six-level system, the sensitivity of

the four-level system will be around 1
150% as shown in Fig. 3.12.

Finally one more important point is that, for the six-level loopy ladder system the MW

�eld Ωunk
36 can be detected by just varying the phase of the reference MW �elds, while in

the case of the four-level system we need to insert and remove MW mechanical shield.

3.3.4 Frequency range

The frequency range of the atomic based MW interferometry can be anywhere from

the range of the few tens of MHz, GHz and THz. The Rydberg states can be chosen

depending upon the interest of the frequency region of MW �eld. For example, for

frequency in the range of few tens of GHz nryd's should around 54 [50] while for tens of

MHz it should be higher number and it is around 57 in case of Cs [51]. For THz regime

this should be around 20 [105].

3.4 Discussion

In conclusion we theoretically study a six-level loopy ladder system using Rydberg states

for the phase sensitive MW or RF electrometry. This is based upon the interference

between the two sub-systems of EITATA. In counter-propagating con�guration of the

probe and control laser there is a change of the lineshape of the probe absorption due
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to Doppler averaging. The limitation of the proposed system is the decoherence rate

between the ground state and the Rydberg states. The previously explored four- level

atomic system has the same limitation and is already much superior than the electrical

circuit for the strength sensitivity, frequency range and spatial resolution. This pro-

posed system further improves the sensitivity by two orders of magnitude, removes the

drawback of the phase insensitivity of the previous atomic four level-system and retains

the advantages of the large frequency range of operation and spatial resolution. This

system provides a great possibility to characterize the MW or RF electric �elds com-

pletely including the propagation direction and the wavefront. This work will be quite

useful for MW and RF engineering hence in the communications specially in active radar

technologies and synthetic aperture radar interferometry.
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Chapter 4

Atomic coherence based multi lasers

interferometry

This chapter outlines the experimental study of an atomic coherence based multi

laser interferometry in a closed loop double Λ-type system using a Rb vapour cell at

room temperature. This scheme is based upon the principle of phase-dependent elec-

tromagnetically induced transparency (EIT). EIT in closed loop systems is dependent

on the phase di�erence between the electromagnetic �elds forming the loop. In order

to experimentally realise the principle of phase-dependent EIT (i.e., atomic coherence

based interferometry) in closed loop systems, we explore this e�ect in two di�erent con-

�guration of a closed loop double Λ-type system. The �rst con�guration involves the

excited states with same decay rates at the 780 nm transition and the second con�gu-

ration involves the excited states with di�erent decay rates at the 780 nm and 420 nm

transitions.

55
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4.1 Introduction

Atomic coherence is the reason for the modi�cation of the absorption of the probe laser in

the presence of a control laser, also known as electromagnetically induced transparency

(EIT) [4, 5]. The atomic coherence is caused by the simultaneous driving of the levels

by probe and control laser sharing the common levels. The phenomenon of EIT has

a wide applications in the �eld of atomic and optical physics such as slowing of light

[34�36], precision spectroscopy [66], precise atomic clocks [70], magnetometry [25�31],

radiofrequency (RF) [45�47] and microwave (MW) [43, 44] electrometry, etc. In the

steady state, EIT is insensitive to the phase of the electromagnetic �elds for the open

loop multi-level systems which limits the phase determination of electromagnetic �eld

[49, 97]. However, in the closed loop multi-level systems, EIT is dependent on the phase

di�erence between the electromagnetic �elds forming the loop [59�62, 64, 106]. The phase

dependence arises from the fact that there are two path of excitation which can interfere

constructively or destructively depending on the phase di�erence between them. These

two paths can be due to two oppositely polarized electromagnetic �elds and hence the

interference is observed between them which is in contrast to the interference in space.

The atomic coherence based multi laser interferometry is based upon the principle

of phase-dependent electromagnetically induced transparency (EIT). In this work, we

demonstrate the atomic coherence based multi laser interferometry in two di�erent con-

�guration of a closed loop double Λ-type system. The �rst con�guration involves the

excited states (5P3/2(F = 0, 1)) with same decay rates (2π × 6 MHz) at the 780 nm

transition and the second con�guration involves the excited states (5P3/2(F = 0, 1) and

6P3/2(F = 0)) with di�erent decay rates (2π× 6 MHz and 2π× 1.4 MHz) at the 780 nm

and 420 nm transitions. Here, we study the phase sensitivity and the frequency response

of the two di�erent systems in order to compare them.

This chapter is organized as follows. In section 4.2, we describe the relevant energy levels

for the di�erent experimental con�gurations and the experimental set-up. In section 4.3,

we describe the density matrix formalism for the double Λ-type and the numerically

simulated absorption pro�le of the probe. In section 4.4, we present the experimental
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results of the phase sensitivity and the frequency response of the two di�erent systems.

Finally in section 4.5, we give the conclusion on this work.

4.2 The energy level schemes and set-up

4.2.1 Michelson interferometer

The Michelson interferometer is a well-known and widely used type of interferometer in

the �eld of optics and is shown in Fig. 4.1a. A laser beam from the 780 nm source is split

into two parts by the beamsplitter. The two laser beams are then retro-re�ected back to

the same beamsplitter where they are combined and then directed to a photodetector.

The two laser beams will interfere constructively or destructively depending upon the

phase di�erence between the two arms of the interferometer. This change in phase is

achieved by employing a mirror actuated by a piezoelectric transducer (PZT) in one of

the arms of the interferometer.

4.2.2 Double Λ-type system at 780 nm transition

The energy level diagram of the double Λ-type system in 87Rb which involves the excited

states with same decay rates at 780 nm transitions that contains the hyper�ne magnetic

sublevels is given in Fig. 4.1b. The decay rates of the two excited states, 5P3/2(F = 0)

and 5P3/2(F = 1) are given by Γ4 and Γ2 respectively, where Γ4 = Γ2 = 2π×6 MHz.

The 780 nm probe laser is locked to resonance on the 5S1/2(F = 1) → 5P3/2(F = 1)

transition and the control laser is locked to the 5S1/2(F = 1) → 5P3/2(F = 0) transition.

These two lasers di�er in frequency by the hyper�ne separation of 72 MHz between the

(F = 0) and (F = 1) of the 5P3/2 state.

4.2.3 Double Λ-type system at 780 nm transition and 420 nm transi-

tion

The energy level diagram of the double Λ-type systems in 87Rb which involves the excited

states with di�erent decay rates at 780 nm and 420 nm transition that also contains the
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Figure 4.1: (a) The Michelson interferometer. (b) Energy level diagram of the double
Λ-type system in 87Rb which involves the excited states with same decay rates using
transitions at 780 nm that contains the hyper�ne magnetic sublevels. Energy level
diagram of the double Λ-type systems in 87Rb which involves the excited states with
di�erent decay rates at 780 nm and 420 nm transitions that also contains the hyper�ne
magnetic sublevels when probe is locked to (c) 5S1/2(F = 1) → 5P3/2(F = 0) and (d)
5S1/2(F = 1) → 5P3/2(F = 1) transition. The control laser is locked to the 5S1/2(F =
1) → 6P3/2(F = 0) for both (c) and (d). M: mirror; PZT: piezoelectric transducer; BS:

beamsplitter; PD: photodetector.

hyper�ne magnetic sublevels is given in Fig. 4.1c and Fig. 4.1d. The decay rates of

the two excited states, 5P3/2(F = 0)(5P3/2(F = 1)) and 6P3/2(F = 0) are given by Γ4

and Γ2 respectively, where Γ4 = 2π×6 MHz and Γ2 = 2π×1.4 MHz. The 780 nm probe

laser is locked to resonance on 5S1/2(F = 1) → 5P3/2(F = 0) transition for the double

Λ-type system in Fig. 4.1c. While the 780 nm probe laser is locked to resonance on

5S1/2(F = 1) → 5P3/2(F = 1) transition for the double Λ-type system in Fig. 4.1d. The

420 nm control laser beam is locked to the transition 5S3/2(F = 1) → 6P3/2(F = 0) for

both the cases.
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4.2.4 Set-up I: Double Λ-type system at 780 nm transition

The experimental set-up of the double Λ-type system in 87Rb at 780 nm transitions

is as shown in Fig. 4.2a. The 780 nm probe and control lasers are generated from

two di�erent laser diodes (Thorlabs L785H1) which are home-assembled extended cavity

diode lasers (ECDLs) with typical linewidth of 500 kHz [107]. The probe laser beam is

split in two main parts. The �rst beam is sent to the interferometry set-up while the

second is sent to the saturated absorption spectroscopy (SAS) set-up for laser locking

and stabilization. It should be noted that, in this particular case, we have two closed

transitions: 5S1/2(F = 2) → 5P3/2(F = 3) and 5S1/2(F = 1) → 5P3/2(F = 0). The

appearance of these two peaks can be attributed to saturation e�ects. In addition, the

peaks from other transitions are a result of subDoppler hyper�ne pumping [108].

In the interferometry set-up, the probe beam is directed to the Rb vapour cell at room

temperature and into the photodetector. The photodetector (Thorlabs APD430A2) em-

ployed has a su�cient bandwidth from DC to 400 MHz. The probe beam is linearly

polarized which can be decomposed into the superposition of two circularly polarized

components (left and right-handed) with equal amplitudes that couples the di�erent

magnetic sublevels according to the selection rule ∆mF = ±1 leading to the formation

of a Λ-type system with ground state 5S3/2(F = 1) and excited state 5P3/2(F = 1). Next,

the control laser beam is also split into two main parts. The �rst beam is again sent to

the SAS set-up for laser locking and stabilization while the second beam is directed to the

interferometry set-up. In the interferometry set-up, the second beam is further split into

two beams using a PBS and then recombined in another PBS forming the two arms of

the interferometer, but their polarizations are orthogonal to each other. The two beams

are then made circularly polarized before entering the cell by using a λ/4 waveplate at

45◦ to the optic axis and counter-propagated with the probe beam from the �rst laser

in the cell. The two circularly polarized beams couples the di�erent magnetic sublevels

according to the selection rule ∆mF = ±1 which leads to the formation of another Λ-

type system. This second Λ-type system has the same ground states 5S3/2(F = 1) as

the �rst Λ-type system but with di�erent excited state 5P3/2(F = 0). Thus, we obtain

a closed loop double Λ-type system as shown in Fig. 4.1b. A mirror actuated by a
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piezoelectric transducer (PZT) (Thorlabs AE0203D04F) is installed in one of the arms

of the interferometer to vary the phase in order to monitor the phase sensitivity of the

system.

Since the bandwidth of the PZT is only up to few KHz, so in order to have phase variation

at high frequency we introduce the frequency di�erence between the two arms using

AOMs. The frequency of the laser can be tuned in one of the arms of the interferometer

by using the AOM arrangement given in �gure. This is done by sending one of the

control beams through two AOMs, one of which is downshifted by 72 MHz and the other

is upshifted to around 72 MHz. It is worth noting that we selected 72 MHz for the AOM

frequency based on the availability of RF signal sources and the bandwidth of the AOM.

The vapour cell is kept inside a double layer mu-metal magnetic shield. The vapour cell

also has a solenoid arrangement for the magnetic �eld variation along the direction of

the probe beam. The solenoid has 80 turns, a diameter of 4.5 cm and length of 11 cm.

4.2.5 Set-up II: Double Λ-type system at 780 nm and 420 nm transition

The experimental set-up of the double Λ-type systems in 87Rb at 780 nm and 420 nm

transition is given in Fig. 4.2b. The 780 nm beam is generated from the same home-

assembled ECDL used above and is used as the probe. The probe laser beam is again

split into two main parts: one part is sent to the SAS set-up for locking and the other

is sent to the interferometry set-up. The 420 nm control laser beam is generated from a

commercially available ECDL (Toptica DL PRO HP) with a typical linewidth of less than

200 kHz and output power of 70 mW. The 420 nm control beam is also aligned in a similar

fashion as above where it is split into two parts. The �rst part is used for the frequency

locking and stabilization to the 5S3/2(F = 1) → 6P3/2(F = 2) transition. The second part

is further split using a PBS and recombined in another PBS forming the two arms of the

interferometer but with polarizations that are orthogonal to each other. The two beams

are then made circularly polarized before entering the cell by using a λ/4 waveplate at

45◦ to the optic axis and co-propagated with the probe beam from the �rst laser in the

cell. Each of the two arms are passed through an AOM where they are downshifted by

75 MHz such that they are both resonant to the 5S3/2(F = 1) → 6P3/2(F = 0) transition.
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Figure 4.2: (a) Schematic of the experimental set-up for the double Λ-type system
in 87Rb at 780nm (b) Schematic of the experimental set-up for the double Λ-type sys-
tem in 87Rb at 780nm and 420nm transitions. M: mirror; DM: dichroic Mirror; PZT:
piezoelectric transducer; λ/2: half waveplate; λ/4: quarter waveplate; PBS: polarizing
beamsplitter; AOM: acousto-optic modulator; PD: photodetector; SAS: saturated ab-

sorption spectroscopy of rubidium for probe beam and control beam.

Any of the AOMs in either arms can be employed for the frequency variation of the laser

for the study of phase sensitivity and the frequency response of the system.
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Figure 4.3: Theoretical plot of Im(ρ12) + Im(ρ32) vs change in phase, ϕ with Ω12 =
Ω32 = 0.01Γ2, Ω14 = Ω34 = Γ2 and ∆12 = ∆23 = ∆34 = ∆14 = 0.
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Figure 4.4: Theoretical plot of the interference amplitude of Im(ρ+1
12 )+Im(ρ+1

32 ) vs
the magnetic �eld B in Gauss at �ve di�erent detuning of the control laser, ∆14 =1,
2, 4, 6, 10 (2π× MHz) with Γ1 = Γ2 = 2π×6 MHz for (a) Ω14 = Ω34 = 0.01Γ2 and

Ω12 = Ω32 = 0.5Γ2, and (b) Ω14 = Ω34 = 0.01Γ2 and Ω12 = Ω32 = Γ2.
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Figure 4.5: Theoretical plot of the interference amplitude of Im(ρ+1
12 )+Im(ρ+1

32 ) vs the
detuning of the control laser, ∆14 in absence and in presence of the magnetic �eld B
with Γ2 = Γ4 = 2π×6 MHz for (a) Ω14 = Ω34 = 0.01Γ2 and Ω12 = Ω32 = 0.5Γ2, and

(b) Ω14 = Ω34 = 0.01Γ2 and Ω12 = Ω32 = Γ2.

4.3 Theoretical formulation

The Hamiltonian, H of the double Λ-type system as shown in Fig. 4.1 under the electric-

dipole and rotating-wave approximation and in rotating frame is expressed as

H = ℏ
[
0 |1⟩ ⟨1| −∆12 |2⟩ ⟨2| − (∆12 −∆23) |3⟩ ⟨3| − (∆12 −∆23 +∆34) |4⟩ ⟨4|

]
+

[
Ω12

2
|1⟩ ⟨2|+ Ω23

2
|2⟩ ⟨3|+ Ω34

2
|3⟩ ⟨4|+ Ω14

2
e−i(∆12−∆23+∆34−∆14)t |1⟩ ⟨4|+ h.c.

]
(4.1)

where Ω12, Ω23, Ω34 and Ω14 are the Rabi frequencies with corresponding detunings ∆12,

∆23, ∆34 and ∆14 driving the transitions |1⟩ → |2⟩, |3⟩ → |2⟩, |1⟩ → |4⟩ and |3⟩ → |4⟩

respectively. The Rabi frequency is de�ned as Ωij = dijEije
iϕij/ℏ for the |i⟩ → |j⟩
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transition with dij as the dipole moment matrix element, Eij as the amplitude of the

electromagnetic �eld and ϕij as the phase.

The evolution of the system is described by the Liouville-von Neumann equation for the

density matrix

ρ̇ = − i

ℏ
[H, ρ]− 1

2
{Γ, ρ}, (4.2)

where ρ is the atomic density operator and Γ is the relaxation operator [78]. The sub-

stitution of Eq. 4.1 into Eq. 4.2 gives the following set of equations of motion with

time-dependent coe�cients

ρ̇11 = −iΩ12

2
ρ21 − i

Ω14

2
e−iδtρ41 + i

Ω∗
12

2
ρ12 + i

Ω∗
14

2
eiδtρ14 + Γ21ρ22 + Γ41ρ44,

ρ̇12 = i
Ω12

2
(ρ11 − ρ22)− i

Ω14

2
e−iδtρ42 + i

Ω∗
32

2
ρ13 − γ12ρ12,

ρ̇13 = −iΩ12

2
ρ23 − i

Ω14

2
e−iδtρ43 + i

Ω32

2
ρ12 + i

Ω∗
34

2
ρ14 − γ13ρ13,

ρ̇14 = −iΩ12

2
ρ24 + i

Ω14

2
e−iδt(ρ11 − ρ44) + i

Ω34

2
ρ13 − γ14ρ14,

ρ̇22 = −iΩ
∗
12

2
ρ12 − i

Ω32

2
ρ32 + i

Ω12

2
ρ12 + i

Ω∗
32

2
ρ23 − Γ21ρ22 − Γ31ρ22,

ρ̇23 = −iΩ
∗
12

2
ρ13 − i

Ω32

2
(ρ33 − ρ22) + i

Ω∗
34

2
ρ24 − γ23ρ23,

ρ̇24 = −iΩ
∗
12

2
ρ14 − i

Ω32

2
ρ34 + i

Ω14

2
e−iδtρ21 + i

Ω34

2
ρ23 − γ24ρ24,

ρ̇33 = −iΩ
∗
32

2
ρ23 − i

Ω34

2
ρ43 + i

Ω32

2
ρ32 + i

Ω∗
34

2
ρ34 − Γ23ρ22 − Γ43ρ44,

ρ̇44 = −iΩ
∗
14

2
eiδtρ14 − i

Ω∗
34

2
ρ34 + i

Ω14

2
e−iδtρ41 + i

Ω34

2
ρ43 − Γ41ρ11 − Γ34ρ33,

(4.3)

where δ = ∆12 − ∆32 + ∆34 − ∆14, γ12 = i∆12 + γdec12 , γ13 = i(∆12 − ∆32) + γdec13 ,

γ14 = i(∆12 −∆32 −∆34) + γdec14 , γ23 = −i∆32 + γdec32 , γ24 = i(−∆32 +∆34) + γdec24 and

γdecij = 1
2(Γi + Γj) is the decoherence rate between level |i⟩ and |j⟩.

In the four photon resonance (∆12−∆23+∆34−∆14 = 0) condition, the Hamiltonian in

Eq. 4.1 will be time independent and the probe absorption given by Im(ρ12) + Im(ρ32)

is plotted in Fig. 4.3 with the change in phase ϕ, where ϕ = ϕ12 − ϕ23 − ϕ34 − ϕ14. This

plot is obtained by varying the phase of the control laser, Ω14 in one of the arms of the

interferometer. The sinusoidal behaviour from this plot shows the phase dependence of

the system.
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In order to have phase variation at high frequency, we need to introduce a frequency

di�erence between the two arms of the interferometer by detuning one of the control

�elds which causes non-zero four-photon detuning and the above equations of motion

are now time dependent. The time dependent equations can be solved using the Floquet

expansion given by

ρij(t) =
∞∑

n=−∞
ρ
(n)
ij (t)einδt, (4.4)

where ρ
(n)
ij (t) are the nth harmonic amplitudes. Substitution of Eq. 4.4 in Eq. 4.3 and

comparing the coe�cients with same factor einδt, the time dependence of the equations

of motion is removed which yields the following set of steady state equations of motion

for the slowly varying harmonic amplitudes.

ρ̇
(n)
11 = −inδρ(n)11 − i

Ω12

2
ρ
(n)
21 − i

Ω14

2
ρ
(n+1)
41 + i

Ω∗
12

2
ρ
(n)
12 + i

Ω∗
14

2
ρ
(n−1)
14 + Γ21ρ

(n)
22 + Γ41ρ

(n)
44 ,

ρ̇
(n)
12 = −inδρ(n)12 + i

Ω12

2
(ρ

(n)
11 − ρ

(n)
22 )− i

Ω14

2
ρ
(n+1)
42 + i

Ω∗
32

2
ρ
(n)
13 − γ12ρ

(n)
12 ,

ρ̇
(n)
13 = −inδρ(n)13 − i

Ω12

2
ρ
(n)
23 − i

Ω14

2
ρ
(n+1)
43 + i

Ω32

2
ρ
(n)
12 + i

Ω∗
34

2
ρ
(n)
14 − γ13ρ

(n)
13 ,

ρ̇
(n)
14 = −inδρ(n)14 − i

Ω12

2
ρ
(n)
24 + i

Ω14

2
(ρ

(n+1)
11 − ρ

(n+1)
44 ) + i

Ω34

2
ρ
(n)
13 − γ14ρ

(n)
14 ,

ρ̇
(n)
22 = −inδρ(n)22 − i

Ω∗
12

2
ρ
(n)
12 − i

Ω32

2
ρ
(n)
32 + i

Ω12

2
ρ
(n)
12 + i

Ω∗
32

2
ρ
(n)
23 − Γ21ρ

(n)
22 − Γ31ρ

(n)
22 ,

ρ̇
(n)
23 = −inδρ(n)23 − i

Ω∗
12

2
ρ
(n)
13 − i

Ω32

2
(ρ

(n)
33 − ρ

(n)
22 ) + i

Ω∗
34

2
ρ
(n)
24 − γ23ρ

(n)
23 ,

ρ̇
(n)
24 = −inδρ(n)24 − i

Ω∗
12

2
ρ
(n)
14 − i

Ω32

2
ρ
(n)
34 + i

Ω14

2
ρ
(n+1)
21 + i

Ω34

2
ρ
(n)
23 − γ24ρ

(n)
24 ,

ρ̇
(n)
33 = −inδρ(n)33 − i

Ω∗
32

2
ρ
(n)
23 − i

Ω34

2
ρ
(n)
43 + i

Ω32

2
ρ
(n)
32 + i

Ω∗
34

2
ρ
(n)
34 − Γ23ρ

(n)
22 − Γ43ρ

(n)
44 ,

ρ̇
(n)
44 = −inδρ(n)44 − i

Ω∗
14

2
ρ
(n−1)
14 − i

Ω∗
34

2
ρ
(n)
34 + i

Ω14

2
ρ
(n+1)
41 + i

Ω34

2
ρ
(n)
43 − Γ41ρ

(n)
11 − Γ34ρ

(n)
33 ,

(4.5)

It is di�cult to derive an analytical solution of the various harmonic components of the

density matrix but the equation can be solved numerically and we have truncated the

order at n=2. The zeroth order given by Im(ρ
(0)
12 ) + Im(ρ

(0)
32 ) gives the DC component of

the probe absorption. The Im(ρ
(−1)
12 )+ Im(ρ

(−1)
32 ), Im(ρ

(+1)
12 )+ Im(ρ

(+1)
32 ) and Im(ρ

(−2)
12 )+

Im(ρ
(−2)
32 ), Im(ρ

(+2)
12 ) + Im(ρ

(+2)
32 ) gives the �rst harmonics and second harmonics and so

on of the probe absorption. For small Rabi frequencies of the probe �eld compared to

the control �eld, the amplitude of the second harmonics is very small.
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The plot for the amplitude of probe absorption of the �rst harmonic given by Im(ρ
(+1)
12 )+

Im(ρ
(+1)
32 ) with the change in the magnetic �eld at di�erent control �eld detunings, ∆14

and Ω14 = Ω34 = 0.5Γ2 is given in Fig. 4.4a. When the magnetic �eld is absent

(i.e., B = 0), levels |1⟩ and |3⟩ are degenerate. In presence of magnetic �eld applied

along the direction of the probe �eld, the degeneracy is lifted and the shift in levels

are given by the Zeeman shift, ∆B = gFmFµBB where gF is the Landé g factor, mF

is the magnetic quantum number and µB is the Bohr magneton. For the ground state

5S3/2(F = 1) of 87Rb, gF=-1/2 and for mF=1, we have ∆B = 1.4 MHz when B =

1 G. With the increase in strength of the magnetic �eld, the shift in the levels for |1⟩

and |3⟩ are enhanced and are given by ∆B/2 and −∆B/2 respectively. When magnetic

�eld increases to a value B = ∆14/1.4 MHz, the amplitude of the interference reaches a

maximum value as the two-photon resonance (∆34−∆14 = 0) condition is now satis�ed.

When B further increases, the amplitude of the interference decreases as the two-photon

resonance condition is no longer satis�ed. This can be used to optimize the amplitude

of the interference by properly adjusting the magnetic �eld. The peaks are �tted to a

Lorentzian, and each �t yields a linewidth of around (1.5 ± 0.1) G ((2.1 ± 0.1) MHz).

Fig. 4.4b presents the same plot of the amplitude of probe absorption with magnetic

�eld, but with higher Rabi frequency of control �elds Ω14 = Ω34 = 1Γ2. This plot simply

shows the power broadening e�ect of the control �elds on the Lorentzian peaks. The

peaks are �tted to a Lorentzian, and each �t yields a linewidth of around (5.5 ± 0.1) G

((7.7 ± 0.1) MHz).

In order to study the frequency response of the system, we now plot the amplitude of

probe absorption with the detuning of the control �eld ∆14 and Ω14 = Ω34 = 0.5Γ2 in

Fig. 4.5a. The red and blue curve corresponds to the amplitude of interference in absence

and in presence of the magnetic �eld respectively. The blue curve is obtained by setting

the value of B such that the interference amplitude is maximized as discussed above. We

can clearly see that the magnetic �eld enhances the frequency response of the system.

The plots are �tted to a Lorentzian and the linewidth in absence and in presence of the

magnetic �eld is around (2.5 ± 0.1) MHz and (12 ± 0.1) MHz respectively. Fig. 4.4b

presents the same plot of amplitude of probe absorption with the detuning of the control

�eld ∆14, but with higher Rabi frequency of control �elds Ω14 = Ω34 = Γ2. This plot
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simply shows the power broadening e�ect of the control �elds on the frequency response

curve. The plots are �tted to a Lorentzian and the linewidth in absence and in presence

of the magnetic �eld is around 6 MHz and 12 MHz respectively. We also see similar

behaviour in the case of excited states with di�erent decay rates (Γ2 = 2π× 6 MHz and

Γ4 = 2π× 1.4 MHz) of the double Λ-type system.

4.4 Experimental Results
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Figure 4.6: The probe absorption vs the change in phase, ϕ of the double Λ-type
system in Fig. 4.1b which involves the excited states with same decay rates (Γ2 = Γ4 =

2π× 6 MHz) at 780 nm transition.

4.4.1 Double Λ-type system at 780 nm transition

In order to monitor the phase sensitivity of the closed loop double Λ-type system which

involves the excited states with same decay rates at 780 nm transitions in Fig. 4.1b, we

plot the probe absorption from the photodetector as a function of the change of phase, ϕ

and is shown in Fig. 4.6. This plot is obtained by introducing a phase di�erence between

the two arms of the interferometer by employing a mirror driven by a PZT as shown

in the set-up given in Fig. 4.2a. When ϕ = 2nπ radians, two waves are in phase they

interfere constructively and when ϕ = (2n+1)π radians, the two waves are out of phase

and they interfere destructively and cancel each other out. The di�erence between the

maxima and minima is scaled to π and is consistent with the voltage calibration for PZT

that was employed.
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Figure 4.7: The interference amplitude vs the power of the 780 nm control laser in
mW at di�erent detuning of the control laser frequency, ∆14 =0.5, 4 and 6 (2π× MHz)
of the double Λ-type system in Fig. 4.1b which involves the excited states with same

decay rates (Γ2 = Γ4 = 2π× 6 MHz) at 780 nm transitions.
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Figure 4.8: The interference amplitude vs the detuning of the 780 nm control laser,
∆14 in MHz of the double Λ-type system in Fig. 4.1b which involves the excited states
with same decay rates (Γ2 = Γ4 = 2π× 6 MHz) at 780 nm transitions. Plots are shown

for three di�erent powers of the 780 nm control laser: 0.5, 2 and 6 mW.

To ensure that a change in voltage applied to the PZT results in a change of phase in the

interferometer, a voltage calibration was performed. The calibration involved measuring

the relationship between the voltage applied to the PZT and the corresponding change

in the position of the mirror attached to it. In this particular case, a displacement of

0.39 µm is required for a phase di�erence of 2π, which corresponds to a PZT voltage of

13 V. So, for four fringes, a PZT voltage of (52 ± 2)V is required which is consistent

with Fig. 4.6.
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Figure 4.9: The interference amplitude vs the magnetic �eld in Gauss at di�erent
detunings of the 780 nm control laser frequency, ∆14 =1, 2, 4, 6 and 10 (2π× MHz)
of the double Λ-type system in Fig. 4.1b which involves the excited states with same

decay (Γ2 = Γ4 = 2π× 6 MHz) rates at 780 nm transitions.
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Figure 4.10: The interference amplitude vs the detuning of the 780 nm control laser,
∆14 in the presence of magnetic �eld of the double Λ-type system in Fig. 4.1b which
involves the excited states with same decay rates (Γ2 = Γ4 = 2π× 6 MHz) at 780 nm
transitions. Plots are shown for three di�erent powers of the 780 nm control laser: 0.5,

2 and 6 mW.

We now study the frequency response of this system. In order to begin, we must �rst

investigate the e�ect of the power of the 780 nm control laser on the amplitude of probe

absorption. The plot of the amplitude of probe absorption with change in the control

laser power at three di�erent control laser frequency detunings, ∆14 is shown in Fig. 4.7.

According to this plot, the maximum interference amplitude is at around 500 µW, thus

we set the control power at this value. When the power of 780 nm control laser is further

increased, the interference amplitude decreases as the atoms are optically pumped to the
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Figure 4.11: The interference amplitude vs the detuning of the 780 nm control laser,
∆14 in absence and in presence of the magnetic �eld of the double Λ-type system in
Fig. 4.1b which involves the excited states with same decay rates (Γ2 = Γ4 = 2π× 6
MHz) at 780 nm transitions. The power of the probe and control lasers are kept at 0.02

mW and 0.5 mW respectively.

other ground state 5S1/2(F=2) as the system is not perfectly closed. We then plot the

amplitude of probe absorption with change in the control laser detuning, ∆14 at three

di�erent powers of the 780 nm control laser and is shown in Fig. 4.8. The plot is obtained

by detuning the frequency of the control laser in one of the arms of the interferometer

using the AOM arrangement as shown in the set-up given in Fig. 4.2a and measuring

the amplitude of the interference signal obtained at every frequency detuning.

We also study the frequency response of this system in the presence of a magnetic �eld. In

order to do this, we must �rst optimize the magnetic �eld strength for a particular control

laser frequency detuning as described above. Therefore, while keeping the control laser

frequency detuning �xed, we vary the magnetic �eld such that the interference amplitude

is maximized. This occurs as a result of the magnetic �eld lifting the degeneracy of

magnetic sublevels such that the two-photon resonance condition is satis�ed. The plot

of the amplitude of probe absorption with the change in magnetic �eld at various control

frequency detunings is shown in Fig. 4.9 and each peak depicts this behaviour. The

peaks are �tted to a Lorentzian, and each �t yields a linewidth of around (0.7 ± 0.1) G

((1.0 ± 0.1) MHz). Next, we plot the amplitude of probe absorption with the detuning

of the 780 nm control laser, ∆14 at three di�erent powers of the 780 nm control laser

but in the presence of a magnetic �eld and is shown in Fig. 4.10. The plot is obtained
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by measuring the interference amplitude at every control laser detuning after it has been

optimize using the magnetic �eld such that it is maximum.

Further, we plot the amplitude of probe absorption with the detuning of the 780 nm

control laser, ∆14 in absence and in presence of a magnetic �eld at optimum power and

is shown in Fig. 4.11. The plot shows that the frequency response is improved in the

presence of the magnetic �eld. The yellow and brown curve corresponds to the amplitude

of interference in absence and in presence of the magnetic �eld respectively. The plots

are �tted to a Lorentzian and the linewidth in absence and in presence of the magnetic

�eld is around (1.5 ± 0.1) MHz and (8.4 ± 0.1) MHz respectively.
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Figure 4.12: The probe absorption vs the change in phase ϕ of the double Λ-type
system which involves the excited states with di�erent decay rates (Γ2 = 2π× 6 MHz
and Γ4 = 2π× 1.4 MHz) at 780 nm and 420 nm transitions when (a) probe laser is
locked to 5S3/2(F = 1) → 5P3/2(F = 0) in Fig. 4.1c, and (b) probe laser is locked to

5S3/2(F = 1) → 5P3/2(F = 1) in Fig. 4.1d.
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Figure 4.13: The interference amplitude vs the power of the 420 nm control laser in
mW at various detuning of the 420 nm control laser, ∆14 =0.1, 1 and 10 (2π× MHz)
for the double Λ-type system in Fig. 4.1d. which involves the excited states with
di�erent decay rates (Γ2 = 2π× 6 MHz and Γ4 = 2π× 1.4 MHz) at 780 nm and 420 nm

transitions.

4.4.2 Double Λ-type system at 780 nm transition and 420 nm transi-

tion

Similarly, we monitor the phase sensitivity of the closed loop double Λ-type systems which

involves the excited states with di�erent decay rates at 780 nm and 420 nm transitions

in Fig. 4.1c and Fig. 4.1d. We again plot the probe absorption from the photodetector

as a function of the change of phase between the two arms of the interferometer, ϕ and

is shown in Fig. 4.12a and Fig. 4.12b. The sinusoidal behaviour from these plots shows

phase sensitivity of the two systems.

We now study the frequency response of the two systems given in Fig. 4.1c and Fig. 4.1d

similar to Fig. 4.1b as described above. We �rst investigate the e�ect of the power of the

420 nm control laser on the amplitude of probe absorption. The plot of the amplitude

of probe absorption with the change in the 420 nm control laser power at three di�erent

control laser detunings, ∆14 is shown in Fig. 4.13. According to this plot, the maximum

interference signal amplitude is at around 8 mW, thus we set the control power at this

value. We then plot the amplitude of probe absorption with change in the control laser

detuning, ∆14 at three di�erent powers of the 420 nm control laser and is shown in Fig.

4.14a and Fig. 4.14b. The plot is obtained by detuning the frequency of the 420 nm

control laser in one of the arms of the interferometer using the AOM arrangement as
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Figure 4.14: The interference amplitude vs the detuning of the 420 nm control laser
in MHz for the double Λ-type system in (a) Fig. 4.1c, and (b) Fig. 4.1d which involves
the excited states with di�erent decay rates (Γ2 = 2π× 6 MHz and Γ4 = 2π× 1.4 MHz)
at 780 nm and 420 nm transitions. Plots are shown for three di�erent powers of the

420 nm control laser: 2, 4 and 8 mW.

shown in the set-up given in Fig. 4.2b and measuring the amplitude of the interference

signal obtained at every frequency detuning.

We also study the frequency response of the two systems given in Fig. 4.1c and Fig.

4.1d in the presence of a magnetic �eld. The plot of the interference amplitude with the

change in magnetic �eld is shown in Fig. 4.15a and Fig. 4.15b at various control frequency

detunings. From these plots we �nd that whenever the two-photon resonance condition

is satis�ed, the interference amplitude is maximized. Next, we plot the interference

amplitude with the detuning of the 420 nm control laser, ∆14 but in the presence of

a magnetic �eld and is shown in Fig. 4.16a and Fig. 4.16b. The plot is obtained by
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Figure 4.15: The interference amplitude vs the magnetic �eld in Gauss at various
detuning of the control laser frequency, ∆14 =0.1, 0.5, 1, 2, 4, 6 and 10 (2π× MHz) for
the double Λ-type system in (a) Fig. 4.1c, and (b) Fig. 4.1d which involves the excited
states with di�erent decay rates (Γ2 = 2π× 6 MHz and Γ4 = 2π× 1.4 MHz) at 780 nm

and 420 nm transitions

measuring the interference amplitude at every control laser detuning after it has been

optimize using the magnetic �eld such that it is maximum.

Further, we plot the amplitude of probe absorption with the detuning of the 420 nm

control laser, ∆14 in absence and in presence of a magnetic �eld at optimum power and

is shown in Fig. 4.17a and Fig. 4.17b. The plot shows that the frequency response

is improved in the presence of the magnetic �eld. Fig. 4.18 shows a comparison of the

amplitude of probe absorption vs the detuning of the control laser, ∆14 in presence and in

absence of the magnetic �eld for the two di�erent con�guration of the closed loop double

Λ-type system given in Fig. 4.1b and Fig. 4.1c. The plot shows that the behaviour in

terms of the frequency response of the two systems is similar.

TH-3002_166121009



Chapter 4 Atomic coherence based multi lasers interferometry 75

8

7

6

5

4

3In
te

rf
er

en
ce

 a
m

pl
itu

de
 (a

rb
. u

ni
ts

)

108642
Detuning of the 420 nm control laser, ∆14 (2π x MHz) 

 8 mW
 4 mW
 2 mW

(5S1/2(F=1)→6P3/2(F=0))

(a)

20

15

10

5

In
te

rf
er

en
ce

 a
m

pl
itu

de
 (a

rb
. u

ni
ts

)

108642
Detuning of the 420 nm control laser, ∆14 (2π x MHz) 

 8mW
 4mW
 2mW

(5S1/2(F=1)→6P3/2(F=1))

(b)

Figure 4.16: The interference amplitude vs the detuning of the 420 nm control laser,
∆14 in the presence of magnetic �eld for the double Λ-type system in (a) Fig. 4.1c, and
(b) Fig. 4.1d which involves the excited states with di�erent decay rates (Γ2 = 2π× 6
MHz and Γ4 = 2π× 1.4 MHz) at 780 nm and 420 nm transitions. Plots are shown for

three di�erent powers of the 420 nm control laser: 2, 4 and 8 mW.
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Figure 4.17: The interference amplitude vs the detuning of the 420 nm control laser,
∆14 in absence and in presence of the magnetic �eld for the double Λ-type system in
(a) Fig. 4.1c, and (b) Fig. 4.1d which involves the excited states with di�erent decay
rates (Γ2 = 2π× 6 MHz and Γ4 = 2π× 1.4 MHz) at 780 nm and 420 nm transitions.
The power of the probe and control lasers are kept at 0.02 and 8 mW respectively.
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Figure 4.18: The interference amplitude vs the detuning of the control laser, ∆14 in
presence and in absence of the magnetic �eld for the two di�erent con�guration of the
closed loop double Λ-type system given in Fig. 4.1b and Fig. 4.1c. The plot in red
involves the excited states with same decay rates (Γ2 = Γ4 = 2π× 6 MHz) at the 780
nm transition and the plot in blue involves the excited states with di�erent decay rates
(Γ2 = 2π× 6 MHz and Γ4 = 2π× 1.4 MHz) at the 780 nm and 420 nm transitions.
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4.5 Conclusions

In conclusion we have demonstrated the atomic coherence based multi lasers interfer-

ometry in two di�erent con�gurations of the closed loop double Λ-type system which

is based upon the principle of phase-dependent EIT. These con�gurations involve the

excited states with same decay rates at the 780 nm transition and with di�erent decay

rates at the 780 nm and 420 nm transitions respectively. We observed a similar behaviour

in terms of the frequency response of the two di�erent systems.

This chapter is to submitted as:

Atomic coherence based multi lasers interferometry

Dangka Shylla, Rajnandan Choudhury Das and Kanhaiya Pandey
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Chapter 5

Characterization of 85Rb atoms in

the MOT

This chapter outlines the characterization of the cold Rb atoms in the magneto-

optical trap (MOT). We know that cold atoms reduce the decoherence brought on by

transit time broadening, the Doppler e�ect, collisions, etc., so it will be helpful for our

interferometric experiments. We compared the sensitivity of the phase of atoms at room

temperature and cold atoms in chapter 3, and it is evident that cold atoms perform better

in the sensitivity measurements. In light of this, we set up the cold atom experiments

and performed the cold atom characterization for 85Rb atoms in the MOT using the

5S1/2(F = 3) → 5P3/2(F = 4) broad cyclic IR transition at 780 nm. We studied the

behaviour of the cold 85Rb atoms in the MOT with various parameters such as hold

time, power of cooling beam as well as the repumping beam. We also measured the

optical density, the number of atoms and the temperature using absorption imaging.

The temperature of the atoms in the MOT is around 500 µK as the result of Doppler

cooling and the number of atoms trapped is around 1.5×108.

79
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5.1 Introduction

One of the most basic laser cooling techniques [79, 109] used to obtain a cold gas cloud

of atoms is the Doppler cooling method, which has a cooling limit [110, 111]

Tmin
D =

ℏΓ
2kB

(5.1)

where, Γ is the natural linewidth of the atomic transition, ℏ is the reduced Planck's

constant and kB is the Boltzmann's constant. However, the expression in Eq. 5.1 is

valid in cases where the energy width of the excited state ℏΓ exceeds the recoil energy

Er

ℏΓ ≫Er =
ℏ2k2

2m
(5.2)

where, m is the mass of the atom and k is the wave vector of the transition. In order to

reach sub-Doppler temperatures, other cooling methods such as Sisyphus cooling [82, 83],

grey molasses [84, 85] and evaporative cooling [86] methods are used. By laser cooling we

can lower the temperature of the atoms, but a trapping mechanism is needed to keep the

atoms con�ned. The con�guration that can cool as well as trap the atoms is known as a

magneto-optical trap (MOT) [112]. The cold gas cloud of atoms in the MOT serves as

the foundation for many experimental studies on high precision spectroscopy [66], atom

interferometry [67, 68], Bose-Einstein condensation (BEC) [69], atomic clocks [70], etc.,

as the ensemble of such atoms e�ectively reduces the collisional dephasing rate in the

medium and also eliminates the Doppler e�ect in the spectral feature.

In this chapter, we discuss the design of a MOT for laser cooling and trapping of Rb

atoms. The cold atom characterization was done for 85Rb at 5S1/2(F = 3) → 5P3/2(F =

4) broad cyclic IR transition using absorption imaging. To analyse the images and

extract information about the cloud, such as its radius, optical density, number of atoms

in the trap, and temperature, an image analysis programme was built. We report on

the number of atoms we were able to trap as well the temperature of the cold atom

cloud achieved with our set-up. These atoms can be further cooled by using sub-Doppler

cooling mechanism such as polarization gradient cooling or narrow linewidth cooling at
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420 nm open transition. In polarization gradient cooling, the cooling beams are left on

and the magnetic �eld is switched o� so the temperature reduces but the density of the

cloud also reduces as a result of the cloud expansion. In narrow linewidth cooling, the IR

MOT is simply transferred to the 420 nm MOT where the linewidth is four times lower

than the IR transition. As a result, by the Doppler limit the temperature is lowered by

four times while also winning at high phase-space density for quantum degeneracy which

can bene�t applications for a wide range of many-body physics phenomena [113] as well

as quantum information processing [114�116]. We prepare such cold atoms for loading

into a second stage narrow linewidth cooling at 420 nm open transition where we will

experimentally realize the lower temperature it can o�er [117].

This chapter is organized as follows: In section 5.2, we describe the energy level scheme

and the experimental set-up which includes the polarization spectroscopy set-up, the

MOT set-up that comprises the vacuum part as well as the magnetic �eld generation

and the imaging set-up for the laser cooling and trapping of 85Rb atoms in the MOT.

In section 5.3, we present the experimental results obtained with our set-up. Finally in

section 5.4, we give the conclusion on this work.

5.2 The energy level scheme and experimental set-up

The energy level scheme for the laser cooling and trapping of 85Rb atoms with hyper�ne

splitting in MHz of the ground state 5S1/2 and excited state 5P3/2 [118] is given in Fig.

5.1. The lifetime of the 5P3/2 state is τ1 = 26.25 ns [96, 119]. In order to achieve the laser

cooling and trapping of 85Rb atoms, the 780 nm cooling laser is red detuned (in our case

by 15 MHz) from the 5S1/2(F = 3) → 5P3/2(F = 4) cooling transition. This is a closed

transition so an atom excited to the 5P3/2(F = 4) state will spontaneously decay back to

the 5S1/2(F = 3) ground state. However, despite the signi�cant frequency mismatch it is

also possible for an o�-resonant excitation of another transition to the 5P3/2(F = 3) state

to occur. In this case the atom can then decay to the 5S1/2(F = 2) lower ground state

or 5S1/2(F = 3) upper ground state. If an atom decays to the 5S1/2(F = 2) lower ground

state then it will become inaccessible to the cooling laser. The repumping laser that is
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Figure 5.1: The energy level scheme for the characterization of 85Rb atoms in the
MOT using 780 nm laser with hyper�ne splitting in MHz.

resonant with the 5S1/2(F = 2) → 5P3/2(F = 3) transition is then used to bring back

the atoms into the cooling cycle. This ensures the continuous operation of the MOT.

The experimental set-up for the laser cooling and trapping of 85Rb atoms at 5S1/2(F =

3) → 5P3/2(F = 4) cooling transition is shown in Fig. 5.3. The IR lasers are generated

from the laser diodes (Thorlab L785H1) which are home-assembled extended cavity diode

lasers (ECDLs) with a typical linewidth of 500 kHz [107] and beam diameter of 2 mm ×

3 mm. In order to prevent the optical back re�ections into the laser cavity, each laser is

shielded with a single stage 40 dB optical isolator (Isowave I-80-T4-H). The IR lasers DL1

and DL2 operates in the master-slave con�guration [120, 121] as shown in Fig. 5.3. The

master laser is designated as DL1, while the slave laser as DL2. A portion of the beam

from the master laser is frequency shifted by around +2×100 MHz using an acousto-optic

modulator (AOM) in the double-pass con�guration [122] and is then injected into the

slave laser as shown in the Fig. 5.3. The double-pass con�guration has the advantage of

preserving the optical alignment of the injection beam when the frequency of the AOM

is changed. The frequency of the master laser is stabilized by an electronic feedback

circuit with the method of polarization spectroscopy [123]. The frequency of the slave

laser gets locked to the frequency of the injection beam. By varying the frequency of

the AOM, the frequency of the slave laser can be changed precisely and rapidly. With

this con�guration, the frequency of the cooling laser is always precise within sub-MHz

precision and provides a tuning range up to 26 MHz. The slave laser output of 70 mW

is used as the cooling beam for the MOT experiments after it has been frequency shifted
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Figure 5.2: Illustration of the Rubidium cell oven.

by +114 MHz using another AOM in the single-pass con�guration such that it is red

detuned on the 5S1/2(F = 3) → 5P3/2(F = 4) cooling transition. This AOM is used

for fast switching and power variation of the 780 nm cooling beam. The DL3 with laser

output of 25 mW is used as the repumping laser. Both the cooling and repumping beams

are combined to co-propagate and is then sent to the MOT set-up. The experimental

set-up is further divided into three main sections: the spectroscopy set-up, the MOT

set-up and the imaging set-up.

5.2.1 The spectroscopy set-up

In order to improve the signal-to-noise ratio of the absorption spectra for the spec-

troscopy, an oven for heating the Rb vapour cell is designed and is shown in Fig. 5.2.

The Rb vapour cell is heated to around 50◦C using two Peltier modules. These two Peltier

modules are placed close to the windows to prevent coating which develops as a result of

uneven heating of the Rb vapour cell and can obstruct beam transmission, resulting in

weak spectra signals and consequently low signal-to-noise ratio. The signal-to-noise ratio

signi�cantly increases with this arrangement given in Fig. 5.2. The spectroscopy set-up

for error signal generation and laser stabilization of the 780 nm cooling and repumping

laser to the desired transition is done using polarization spectroscopy [124�126] where
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Figure 5.3: A schematic diagram of the experimental set-up displaying how the optical
table is arranged. The Master-slave con�guration, spectroscopy set-up, imaging set-
up and the MOT set-up are shown in blocks marked with a dashed line. DL: diode
laser; AOM: acousto-optic modulator; PD: photodetector; PMT: photomultiplier tube;
CCD: charge-coupled device; FWC: four-way cross; AV: angle valve; EF: electrical

feedthrough.

the magnetic �eld is applied in the direction of propagation of the probe beam and is

labelled as spectroscopy set-up in Fig. 5.3. The advantage of this method is that it does

not a�ect the frequency of the laser beam going to the experiment. The typical error

signal generated by polarization spectroscopy is shown in Fig. 5.4a and 5.4b.

The master laser is divided into three main parts. The �rst part is used for injection

locking as described above. The second part is sent to the Rb vapour cell inside the oven

for the frequency stabilization to the F = (2, 4) crossover peak of the 85Rb absorption

spectrum as shown in Fig. 5.4a. The power of the control and probe beams used are

around 1 mW and 160 µW, respectively. The third part is sent to the imaging set-up

where it will be covered in section 5.2.3.

The 780 nm repumping laser is divided into two parts. The �rst part is sent to the
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Figure 5.4: (a) Error signal vs frequency scan in MHz of 85Rb 5S1/2(F = 3) →
5P3/2(F = 4) and (b) Error signal vs frequency scan in MHz of 85Rb 5S1/2(F = 2) →
5P3/2(F = 3) using the polarization spectroscopy method. The numbers represent the
various hyper�ne levels and the numbers in the brackets are the crossover resonances.

same vapor cell inside the oven for the frequency stabilization. The repumping laser

is frequency stabilized on the 5S1/2(F = 2) → 5P3/2(F = 3) transition of the 85Rb

absorption spectrom as shown in Fig. 5.4b using the same polarization spectroscopy

[126]. The power of the control and probe beams are 150 µW and 128 µW, respectively.

The spatial separation between the cooling and repumping probe beams is around 1 cm.

The second part is then sent to the MOT set-up.

5.2.2 The MOT set-up

The MOT set-up consists of a vacuum system, an atomic source of Rb, magnetic �eld

coils and three sets of beams as shown in the Fig. 5.5.
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Figure 5.5: The 3D-MOT set-up displaying the vacuum chamber of the experiment,
the three pairs of the circularly polarized cooling laser beams counter-propagating along
three coordinate axes and current I �owing in opposite directions of the AH coils.

Vacuum system

In order to reach the required vacuum conditions for our MOT experiments, three pumps

have been employed in the following order: rotary pump, turbo-molecular pump, and ion

pump. Each one of them operates within a speci�c range of pressure. The rotary pump

has a pressure range from 1 bar to 1.9 × 10−3 mbar, the turbo-molecular pump from

0.5 × 10−2 to 10−7 mbar and ion pump from 10−6 to 10−11 mbar. The rotary pump is

connected to the turbo-molecular pump through a �exible corrugated metal hose using

rubber O-rings and Klein Flange (KF) �anges. The turbo pump is then connected to a

four-way cross and a pressure gauge is attached above it to monitor the pressure inside.

One end of the four-way cross is then attached to the manually operated all-metal angle

valve through another �exible corrugated metal hose. The angle valve is connected to

one of the �anges of another four-way cross. On the �ange opposite to the valve, there is

an inlet and a branch in which the ion pump with pumping speed of 75 l/s is connected.
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A separate ion-gauge gives a measure of the vacuum pressure inside, which should be in

the range of 10−10 mbar. The vacuum system at this point are sealed by copper O-rings

and ConFlat (CF) �anges. At the other two �anges, we have the MOT cell of dimension

100 mm x 25 mm x 25 mm and the Rb source that is attached to the electric feedthrough

as shown in the Fig. 5.3.

The Rb source used here is a Rb dispenser (AlfaSource AS-Rb-0090-2C) which is a

controllable source of Rb vapour has 90 mgs of Rb compound. The Rb compound is

contained in a small stainless steel cylindrical casing. This source is a�xed onto two

pins of vacuum electric feedthrough system attached to one end of the four-way cross

as shown in Fig. 5.5. When current is applied, Rb vapour is produced and �ows in the

MOT cell. The dispenser can emit Rb atoms only if the threshold current is exceeded.

The more current applied to the dispenser the more Rb vapour is produced. The current

is adjusted to the operating current preferably at low operating current of the dispenser

which is 2.1 A in our case. The Rb dispenser is positioned as close to the MOT cell as

shown in Fig. 5.5 but there must not be a direct line of sight between it and the ion

pump.

Continuous baking of the chamber for one week at a temperature of around 200oC has

been done in order to remove as many molecules as possible through the process of

degassing. Once the necessary pressure has been reached which is around 10−10 mbar

in our case, the rotary and turbo-molecular pumps are removed from the ion pump. The

angle valve is then used to isolate the vacuum system from the turbo-molecular pump

using a hermetic seal and the ion pump is constantly kept on.

Magnetic �eld generation

A MOT requires a well designed Anti-Helmholtz coil [127, 128]. We have used an Anti-

Helmholtz coil which can generate 18 G/cm magnetic �eld gradient by passing current,

I= 1 A. Each coil has an inner diameter of 7 cm, outer diameter of 13 cm, thickness of 3

cm, and 500 number of turns. The wire diameter of 1 mm is also taken into consideration

because there is a limit to how much current a wire can withstand before being damaged.

The design of the Anti-Helmholtz coil pair is such that it does not obstruct our three pairs
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Figure 5.6: Photo of the cold atomic cloud in the MOT at780 nm as seen with the
naked eye.

of laser beams. To eliminate the stray magnetic �eld, three pairs of shim coils are also

utilized around the MOT chamber (although these are not included in the schematics).

For fast switching "on" and "o�" of the magnetic �eld, a high current switch based on

an insulated-gate bipolar transistor (IGBT) is used. The switching-o� time of the coil is

around 20 µs.

In the MOT set-up the cooling and repumping beams after combining and co-propagating

are further divided into three pairs. The three pairs of beams are expanded with Galilean

telescopes consisting of a pair of plano-concave and plano-convex lens of focal length -25

mm and 250 mm respectively to a diameter of around 25 mm. The expanded beams are

then made mutually perpendicular and properly circularized using a λ/4 wave-plate and

retro re�ected back with a combination of a mirror and a λ/4 wave-plate intersecting at

the center of the MOT chamber. The laser cooled and trapped rubidium atomic cloud

in the MOT at 780 nm observed that is visible to the naked eye and is as shown in Fig.

5.6.
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Figure 5.7: (a) Timing squence used to capture the images for the measurement of
the optical density, radius, number of atoms in the trap as well as temperature, and

(b) Cloud expansion at 1 ms and 4 ms TOF respectively.

5.2.3 Imaging set-up

The absorption imaging is done using a portion of beam from the master laser as shown

in Fig. 5.3. It is upshifted by +2×46 MHz using an AOM in double-pass con�guration

such that it is resonant on the 5S1/2(F = 3) → 5P3/2(F = 4) cooling transition. This

AOM is used mainly for fast switching and for tuning the frequency of the imaging

beam around the resonance of the cooling transition. A double-pass con�guration [122]

is chosen as it prevents misalignment when the detuning of the imaging beam is changed.

This beam is then sent to the polarizing maintaining �bre where its spatial modes are

clean to a Gaussian. It is then expanded and collimated with a combination of lenses

such that it is big enough to overlap with the whole atom cloud. It is also circularly

polarized using a combination of λ/4 wave-plate and a polarizing beam splitter (PBS).

A small biasing �eld if 1 G is generated from a pair of shim coils which is not shown

in the schematics. The power of the imaging beam used before the expansion is around

6 µW. After the MOT the imaging beam is demagni�ed close to the size of the chip in

the camera i.e. a demagni�cation of 0.1. The camera used is a CCD camera (Imprex

B0620) with a chip of 640x480 pixels each of which has a size of 7.40 µm. The timing

sequence used to capture the images for the measurement of the optical density, radius,
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Figure 5.8: Loading of the MOT. The beams are turned on at t = 0, after which the
signal shows an exponential growth with a time constant of about 1.7 s as obtained

from the �t.

number of atoms in the trap as well as temperature using absorption imaging is as shown

in Fig. 5.7a. Three images: the imaging beam with the atomic cloud, the imaging beam

without the cloud and then the background are captured using the timing sequence to

determine the optical density, radius of the cloud and the number of atoms. The same

sequence is executed twice but with two di�erent time of �ights (TOF) at 1 ms and 4

ms to determine the temperature of atomic cloud and is shown in Fig. 5.7b.

5.3 Experimental results

We determined the loading time of the atom cloud by measuring the trap �uorescence

with time by fast switching the beams from "o�" to "on". The trapped �uorescence is

related to the number of atoms. The plot of PMT signal with time is shown in Fig.

5.8. The loading time of the atom cloud is determined from the �t given by exponential

growth equation

N = Ns(1− e−
t
τ ) (5.3)

where Ns is the number of atoms in the steady state and τ is the loading time. The

loading time is found to be around 1.70 s as obtained from the �t (for time, t > 0). As a

result, the loading time of the atomic cloud in the timing sequence for our experiments

is �xed at 2 s.
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Figure 5.10: Characterization of 85Rb atoms in the MOT. Radius of the atomic cloud
vs the hold time in ms at low power of the cooling laser in the MOT for horizontal and
vertical direction. The solid lines are exponential �ts with 1/e decay time of 2.33 ms

and 5.52 ms for horizontal and vertical direction respectively.

Using the loading time of 2 s, we measured the optical density (OD) at di�erent detuning

of the imaging beam in MHz. The OD is determined from three recorded images in the

following sequence: the imaging beam with the atom cloud, the imaging beam without

the cloud and then the background. Thus, the OD can then be calculated as:

OD = − ln

(
Iabs − Ibac
Iref − Ibac

)
(5.4)

where Iabs is the image of the imaging beam with the atom cloud, Iref is the image of the
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Figure 5.11: Characterization of 85Rb atoms in the MOT. Number of atoms vs
Frequency detuning of cooling laser in MHz keeping the power of cooling and repumping
laser at maximum i.e., at 70 mW and 20mW respectively. The detuning of the cooling

laser at 780 nm is kept at -6 MHz during the hold time.

imaging beam without the atom cloud and Ibac is the image of the background. To �nd

the OD the fraction of − ln

(
Iabs − Ibac
Iref − Ibac

)
for every pixel is calculated at every detuning

of the imaging beam, thus creating a matrix for the optical density for every pixel of

the CCD chip. Using a 2D gaussian �t we extract the OD and the radii of the cloud

along horizontal and vertical direction. The plot of OD with various imaging detuning

in MHz is as shown in Fig. 5.9 and linewidth is found to be 8 MHz as obtained from

the Lorentzian �t. It also shows that there is no lock o�set as the OD is maximum at

the resonant frequency of the cooling transition at 5S1/2(F = 3) → 5P3/2(F = 4).

We then vary the hold time and lower the power of the cooling laser by factor of 10

keeping the detuning of the cooling laser at -6 MHz. Fig. 5.10 shows the radius of the

atomic cloud with the hold time decreasing exponentially with increase in the hold time,

indicating the cooling of the cloud. The radii data are �tted to an exponential decay

function with 1/e decay time of 2.33 ms and 5.52 ms for horizontal and vertical direction

respectively. The plot also shows that the radius of the cloud does not vary in size after

a 5 ms hold time. For this reason, the cooling laser power is lowered to 7 mW for 5 ms

throughout our experiments.

Next, the number of atoms in the atom cloud is measured by varying various parameters

like the detuning of the cooling beam and power of the cooling beam as well as the
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Figure 5.12: Characterization of 85Rb atoms in the MOT. (a)Number of atoms vs
Power of cooling laser in mW keeping power of repumper at maximum i.e., at 20 mW
and (b) Number of atoms vs Power of repumper in mW keeping power of cooling laser
at maximum i.e., at 70 mW. The detuning of the cooling laser at 780 nm is kept at -15

MHz during the loading time and -6 MHz during the hold time for both cases.

repumping beam. To �nd the number of atoms, we �rst determine the number density

using optical density and radii obtained above. The number density n0 of atoms is given

by

n0 =
OD√

2πS0σmin

(5.5)

where S0 = 3λ2/2π is the saturation parameter and the total number of atoms can be

obtain by using Eq. 5.5 in

N0 = (2π)3/2n0σxσyσmin (5.6)

σx and σy are the radii along the horizontal and vertical direction. σmin is taken to be

the minimum of σx or σy.
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The number of atoms is �rst monitored by varying the detuning of the cooling laser during

the loading time and keeping it �xed to -6 MHz during the hold time. We obtained a

plot for number of atoms with the frequency detuning of the cooling laser in MHz and

is shown in Fig.5.11a. From the plot, it shows that the number of atoms increases with

the increase in the detuning of the cooling laser and then begins to saturate at higher

detuning. At -15 MHz detuning of the cooling beam, maximum number of atoms (4 ×

107) are trapped. This detuning is hence used for loading throughout our experiments.

In order to study the e�ect of power of cooling laser on the number of atoms, the detuning

of the cooling beam is kept at -15 MHz during the loading time, -6 MHz during the hold

time and power of the repumper is kept at maximum. We obtained a plot for the number

of atoms with change in power of the cooling laser in mW and is shown in Fig 5.12 a

where the number of atoms starts to increases with increase in power of the cooling laser

and then saturates at high power. It indicates that 70 mW power of the cooling laser is

su�cient for the loading of the cold atoms and is used throughout the experiments.

We also studied the e�ect of the power of the repumping laser on the number of atoms

and the plot is given in Fig.5.12b. The power of the cooling laser is kept at maximum

and its detuning is kept at -15 MHz during the loading time and -6 MHz during the

hold time. We observe a similar behaviour with the cooling laser power. The number of

atoms �rst increases with increase in repumping power and then saturates to a maximum

at high power. It shows that 25 mW of repumper power is su�cient to capture 4Ö107

atoms.

Lastly, we measured the number of atoms and temperature in µK of the atom cloud with

various detuning of the cooling laser during the hold time but keeping the detuning �xed

at -15 MHz during the loading time. From the plot shown in Fig.5.13a it shows that the

number of atoms increases with the increase in the detuning of the cooling laser and then

begins to saturate at higher detuning. At around -15 MHz detuning of the cooling beam,

maximum number of atoms 1.5 × 108 are trapped. For the temperature measurements

as discussed above, the atomic cloud temperature is measured by comparing its radius

at two distinct TOF where the magnetic �eld has been turned "o�". This is done by

repeating the same time sequence in Fig. 5.7 again, but using TOF 1 ms and 4 ms. The
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Figure 5.13: Characterization of 85Rb atoms in the MOT. (a) Number of atoms vs
Cooling laser frequency detuning in MHz. (b) Temperature in µK vs Cooling laser
frequency detuning in MHz keeping cooling and repumping laser power at maximum
i.e., at 60 and 20 mW respectively. The detuning of the cooling laser at 780 nm is kept
at -15 MHz in the loading phase and -is varied from 0 to -27 MHz in the optimization

phase for both the cases.

radius of the cloud is expressed as a function of time t by [129]

σ2z = σ2z0 +

(
kBT

MRb

)
t2 (5.7)

The temperature is then determined from Eq. 5.7 and is given by

T =
MRb

kB

(
σ2z2 − σ2z1
t22 − t21

)
(5.8)

where MRb is the mass of Rb, σz1 and σz2 are the radii of the cloud at t1 and t2

respectively. The plot of temperature with change in the detuning of the cooling laser is

TH-3002_166121009



Chapter 5: Characterization of 85Rb atoms in the MOT 96

shown in Fig.5.13b. From the plot, the temperature decreases rapidly as the deturning is

shifted from the resonance and then it increases slowly as the detuning is further change

from the point of minimum. We observe that at -15 MHz, the temperature of the atomic

cloud is minimum and it is around 500(50) µK.

5.4 Conclusions

In conclusion we have demonstrated the laser cooling and trapping of 85Rb atoms in the

MOT using the broad cyclic IR transition, 5S1/2 � 5P3/2 at 780 nm to trap around

1.5×108 number of atoms at typical temperature of 500(50) µK. These cold atoms are

prepared to be loaded into a second stage narrow linewidth cooling at a 420 nm open

transition, where we �nally realized the lower temperature it can o�er due to the Doppler

cooling limit. This will help create the high phase-space density atomic cloud necessary

to achieve quantum degeneracy.
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Chapter 6

E�ect of detuning on velocity

induced population oscillation

This chapter outlines an experimental study on the e�ect of detuning on velocity

induced population oscillation (VIPO) for a Doppler mismatched double resonance. The

double resonance experiment is conducted on 5S1/2 → 5P3/2 transition (at 780 nm)

and 5S1/2 → 6P1/2 transition (at 421 nm) in 87Rb at room temperature. The method

measures the shift of the VIPO dip from the line center of the transparency or enhanced

absorption (EA) peaks caused by the lock o�set point of the resonantly driving laser i.e.,

the IR laser in our case. The shift in the VIPO dip with IR laser detuning is non-linear

but symmetrical and the width of the line pro�le for the VIPO dip height with IR laser

detuning is sub-natural. We subsequently utilized the e�ect to precisely determine the

locking point of the IR laser on the 5S1/2(F=2) → 5P3/2(F=3) transition in the double

resonance con�gurations with an uncertainty of around 100 kHz. The experimental result

is well supported by numerical simulation using the density matrix calculations.

97
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6.1 Introduction

Velocity-induced population oscillation (VIPO) [71�73] is an important addition to the

commonly used saturated absorption spectroscopy (SAS) [130, 131] and has been utilized

for the removal of crossover peaks and broadening due to mismatch of the wavelength

for probe and control lasers [75, 76]. The phenomenon of VIPO has been rigourously

studied for the saturated �uorescence spectrum in two-level system, which is a very useful

spectroscopic technique for weak transitions [74]. Recently, the VIPO e�ect has been

utilized to eliminate the partial Doppler broadening and hence resolve the closely spaced

hyper�ne levels of the 6P3/2 state in Rb for Doppler mismatched double resonance [77].

In this work, we describe the e�ect of detuning on the VIPO dip which can be an e�ective

method to determine the laser lock o�set on a particular atomic transition. Laser lock

o�set is very important for the precision measurement of the optical transition. As the

precision measurement of the atomic-optical frequency is used for the veri�cations of

various atomic models [132, 133], accurate calculations of physical quantities such as

Lamb shift [134], hyper�ne structure constants [135], optical frequency reference [136],

coherent excitation of the Rydberg states for quantum information processing [137], etc.

We demonstrate this e�ect i.e. the detuning on VIPO resonance in the V-type and in

the optical pumping system in 87Rb. A probe and a counter-propagating control laser

beam of same polarization driving the 5S1/2(F = 2) → 5P3/2(F = 3) transition starts

interfering (or beating) which induces a temporal modulation of the population between

the lower and upper levels of the transition [138�144]. A second pump laser scans across

the 6P1/2 hyper�ne levels on 5S1/2 → 6P1/2 transition and redistributes the population.

In this con�guration, a VIPO dip appears in the transparency or EA spectrum window

whose position is sensitive to the IR laser detuning. The shift in the VIPO dip vs IR

detuning is non-linear but symmetrical. The width of the pro�le for the VIPO dip height

vs IR laser detuning is sub-natural which helps us to precisely determine the lock o�set

of the IR laser. VIPO is very similar to the standing wave electromagnetically induced

transparency (EIT). Note that, EIT in the standing wave probe-control con�guration in a

V-type system [77, 145, 146] as well as in the standing wave control-control con�guration

in the ladder system [147, 148] and lambda system [149] has been studied. However, the

TH-3002_166121009



Chapter 6: E�ect of detuning on velocity induced population oscillation 99

e�ect of detuning has not been studied in detail and it has not been utilized in the theme

of spectroscopy. In this work, we utilize these e�ects to determine the laser lock o�set.

This chapter is organized as follows. In section 6.2, we describe the relevant energy levels

for the di�erent experimental con�gurations and the experimental set-up. In section

6.3, we describe the density matrix formalism for the various systems considered and

the numerically simulated absorption pro�le of the probe. In section 6.4, we present

the experimental results of the e�ect of detuning on the VIPO dip corresponding to

5S1/2(F = 2) → 5P3/2(F = 3) transition in 87Rb. Finally in section 6.5, we give the

conclusion on this work.

6.2 The energy schemes and set-up

The relevant energy levels for the di�erent experimental con�gurations are shown in Fig.

6.1. The propagation direction of the beams for the probe and control laser at 780 nm

(IR) and the pump laser at 421 nm (blue) transitions are shown at the bottom of the level

schemes. The IR laser is tuned near the resonance on the 5S1/2(F = 2) → 5P3/2(F = 3)

cycling transition. The lifetime of the 5P3/2 state is τ1 = 26.23 ns [96]. The absorption

of the probe is monitored as the co-propagating blue pump laser scans across the 6P1/2

hyper�ne levels on 5S1/2(F = 2) → 6P1/2 transition which corresponds to a V-type

system (or 5S1/2(F = 1) → 6P1/2 transition which corresponds to the optical pumping

system). The lifetime of the 6P1/2 state is τ2 = 125.32 ns [150]. The experimental set-up

for the various con�gurations (in Fig. 6.1) is shown in Fig. 6.2. The IR laser is generated

from a laser diode (Thorlab L785H1) which is a home-assembled extended cavity diode

laser (ECDL) with a typical linewidth of 500 kHz. The beam diameter of the 780 nm

beams are 2× 3 mm. The power of the probe beam used in the experiment is 42 µW (or

peak intensity of 1.78 mW/cm2).

The blue laser is generated using a commercially available ECDL (Toptica DL PRO HP)

with a typical linewidth of < 200 kHz and output power of 70 mW. A portion of the blue

beam is fed to the Fabry-Perot Interferometer for monitoring the single-mode operation

of the laser. The beam diameter of the 421 nm pump beams is 3 × 4 mm. The scan of
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Figure 6.1: The energy level schemes (with hyper�ne splitting in MHz) for (a) V-
type system, (b) V-type system with VIPO e�ect at IR transition, (c) optical pumping

system and (d) optical pumping system with VIPO e�ect at IR transition.

the blue pump laser is frequency calibrated using the peaks of the reference spectrum

corresponding to the 6P1/2(F=1,2) hyper�ne levels and the hyper�ne interval is given in

Ref. [151].

In order to study the e�ect of detuning of the IR lasers on the VIPO dip, the probe

laser beam is divided into two beams with the same polarization and power. The two

probes co-propagate in another Rb cell with a spatial separation of about 1 cm. The blue

laser beam is also divided into two beams with identical polarization and co-propagates

with the two probes (see the experimental set-up in Fig. 6.2 for details). One set of co-

propagating probe and blue pump beam is used as a reference for frequency calibration

of the scan of the blue pump laser. The IR control beam which counter-propagates with

only one of the probe beam, has the same polarization as the probe beam. The same
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polarization is crucial for the beating of the two �elds addressing the same IR transition.

The angle between the beams is kept as minimum as possible and in addition a magnetic

shield is also used to minimize the broadening e�ects of the spectrum.

6.3 Theoretical model

6.3.1 The V-type system

The energy level con�guration for the V-type system is shown in Fig. 6.1a. The absorp-

tion of the probe is reduced by blue pump laser due to multiple e�ects namely, population

transfer by the blue pump laser in a V-type atomic system [152], the coherence e�ect

causing EIT in a V-type atomic system [153, 154] and the optical pumping of population

[155�157] to the other ground state hyper�ne level 5S1/2(F = 1). These e�ects give rise

to Doppler-free transparency peaks of the 6P1/2 hyper�ne levels and has been utilized

for the hyper�ne measurement of the 6P1/2 state [151].

The energy level con�guration of the V-type system with VIPO at IR transition is shown

in Fig. 6.1b. The interference (or beating) of the two counter-propagating IR laser �elds

(i.e., probe and control) addressing the 5S1/2(F = 2) → 5P3/2(F = 3) transition induces

a temporal modulation of population di�erence between the upper level 5P3/2(F = 3)

and lower level 5S1/2(F = 2), a phenomenon which is called population oscillation [138�

144]. The beating frequency of the �elds is δ = −2k1v where, k1 is the wavevector of

the 780 nm laser and v is the velocity of the atom in the direction of the probe. The

beat frequency is dependent on the velocity of the atom and hence the phenomenon

is called velocity induced population oscillation (VIPO) [74, 77]. The Hamiltonian, H

of the V-type system under the electric-dipole and rotating-wave approximation and in

rotating frame is expressed as

H =
ℏ
2

{
(Ωc +Ωpe

iδt) |1⟩ ⟨2|+Ωpu |1⟩ ⟨3| −∆c |2⟩ ⟨2| −∆pu |3⟩ ⟨3|+ h.c.
}
, (6.1)
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Figure 6.2: The experimental set-up for studying the e�ect of detuning on the VIPO
dip in a V-type system and optical pumping system.

where 5S1/2(F = 2) = |1⟩, 5P3/2(F = 3) = |2⟩, 6P1/2(F = 1) = |3⟩, 5S1/2(F = 1) = |4⟩,

Ωp (and Ωc) is the Rabi frequency of the probe (and control) laser driving the 5S1/2(F =

2) → 5P3/2(F = 3) transition and Ωpu is the Rabi frequency of the pump laser driving

the 5S1/2(F = 2) → 6P1/2(F = 1) transition. The frequency of the probe (and control)

lasers are ωp (and ωc) and δ = (ωp−k1v)− (ωc+k1v) = −2k1v is the Doppler frequency

di�erence between IR probe and control beams (since these two laser �elds are from the

same laser source i.e. ωp = ωc). ∆c = ωc− (ω2−ω1)+k1v is the detuning of the 780 nm

control laser and ∆pu = ωpu − (ω3 − ω1) − k2v is the detuning of the blue pump laser

for moving atoms with velocity v along the direction of the probe laser and k2 is the

wavevector of the 421 nm laser.

The atom-�eld interaction is described by writing the Liouville-von Neumann equation

for the density matrix

ρ̇ = − i

ℏ
[H, ρ]− 1

2
{Γ, ρ}, (6.2)

where ρ is the atomic density operator, Γ is the relaxation operator de�ned as ⟨i|Γ |j⟩ =

γiδij (δij = 1 if i = j and 0 if i ̸= j) and γi is the decay rate of state |i⟩. γ3 includes optical

pumping of population to the other ground hyper�ne level and Πg which is ground states

mixing rate [158�160]. The equations of motion for the density matrix (corresponding

to a V-type con�guration given in Fig. 6.1b) is obtained by substituting Eq. 6.1 in Eq.
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6.2. The resulting equations of motion (given in Eq. A.1) are time dependent and can

be solved using the Floquet expansion given as

ρij(t) =
∞∑

n=−∞
ρ
(n)
ij (t)einδt, (6.3)

where ρ
(n)
ij (t) are the nth harmonic amplitudes. Substitution of Eq. 6.3 in Eq. A.1 and

comparing the coe�cients with same factor einδt, the time dependence of the equations

of motion is removed. In the steady state condition (ρ̇
(n)
ij = 0 for all n, i and j), the

imaginary part of the zeroth harmonic ρ
(0)
12 and �rst harmonic ρ

(+1)
12 corresponds to the

IR pump and probe absorption respectively and all the other harmonics are for wave-

mixing [161].

6.3.2 The optical pumping system

The energy level con�guration of the optical pumping system is shown in Fig. 6.1c. The

absorption of the probe driving the 5S1/2(F = 2) → 5P3/2(F = 3) transition is increased

by optical pumping of population to the upper ground hyper�ne level 5S1/2(F = 2) [155�

157] in the presence of the blue pump laser driving the 5S1/2(F = 1) → 6P1/2 transition.

The e�ect gives rise to Doppler-free enhanced absorption (EA) peaks of 6P1/2 hyper�ne

levels and again has been utilized for the hyper�ne measurement of the 6P1/2 state [151].

The energy level con�guration of the optical pumping system with VIPO at IR transition

is shown in Fig. 6.1d. The beating of the IR probe and control laser �elds on 5S1/2(F =

2) → 5P3/2(F = 3) transition induces a VIPO dip on the EA peaks of the 6P1/2 hyper�ne

levels [74, 77]. The Hamiltonian, H of the optical pumping system under electric-dipole

and rotating-wave approximation and in the rotating frame is expressed as

H =
ℏ
2

{
(Ωc +Ωpe

iδt) |1⟩ ⟨2|+Ωpu |4⟩ ⟨3| −∆c |2⟩ ⟨2| −∆pu |3⟩ ⟨3|+ h.c.
}
, (6.4)

where 5S1/2(F = 2) = |1⟩, 5P3/2(F = 3) = |2⟩, 5S1/2(F = 1) = |3⟩ and 6P1/2(F = 1) =

|4⟩.
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Figure 6.3: (a) Theoretically calculated probe absorption (ρ+1
12 ) vs blue pump laser

detuning (∆pu) for three di�erent IR laser detuning i.e. lock-o�set of IR laser. (b) The
VIPO dip position relative to the EA peaks and VIPO dip height vs IR detunings for
Ωc = 2π × 10 MHz, Ωpu = 2π × 6 MHz, Γ2 = 2π × 6 MHz, Γ3 = 2π × 1.27 MHz, Πg =
2π × 40 kHz. The linewidth of the spectrum (dip height vs IR detuning) is around

2π×2 MHz as obtained from the Lorentzian �t.

The equations of motion for the density matrix (corresponding to EA con�guration given

in Fig. 6.1d) is obtained by substituting Eq. 6.4 in Eq. 6.2. The resulting equations of

motion (given in Eq. A.3) are also time dependent and can be solved using the Floquet

expansion of the density matrix element ρij given in Eq. 6.3. The absorption of the

probe laser is proportional to the imaginary part of ρ
(+1)
12 and is plotted in Fig. 6.3a with

detuning of the pump laser (∆pu) for various detunings of probe and control IR laser.

The VIPO dip inside the EA spectrum shifts with the IR laser detuning from the line

center of the transition. The VIPO dip shifts to the left of the line center of the EA

peak when the IR frequency is red detuned (see red trace of Fig. 6.3a when lock o�set
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is -2 MHz) and shifts to the right when the IR frequency is blue detuned (see the blue

trace of Fig. 6.3a when lock o�set is +2 MHz). When the IR laser frequency is locked

to resonance, the VIPO dip is symmetrical about the line center of the EA peak (see the

black trace of Fig. 6.3a). In order to quantify the shift, the spectrum is �tted with a

function given as

A1 +A2e
− (∆pu−A4)

2

(A3)
2 A5

(∆pu −A4)2 +A5
−A6e

− (∆pu−A8)
2

(A7)
2 , (6.5)

where A1, A2, · · ·A8 are �t parameters. The parameters A2, A3, A4 and A5 corresponds

to the EA peaks and A6, A7 and A8 are for the VIPO dip. The �t parameters A6 and

A8 gives the height and position of the VIPO dip respectively.

For the numerically simulated plots, we plot the VIPO dip height (A6) and the VIPO

dip center (A8) vs IR laser detuning from -2 MHz to +2 MHz in steps of 200 kHz in Fig.

6.3b. The VIPO dip height is maximum for ∆c = 0 (∆c = ∆p) and decreases with |∆c|.

The VIPO dip height (A6) vs IR laser detuning is �tted with a Lorentzian pro�le whose

linewidth is found to be around 2π×2 MHz which is sub-natural. The VIPO dip position

with respect to the EA peak is shown in Fig. 6.3b with blue dots which is symmetric but

non-linear. We also see similar behavior of the VIPO dip in the case of the transparency

spectrum of V-system.

6.4 Experimental results

In this section, we study the e�ect of the VIPO dip with IR laser detuning. The fre-

quency of the IR laser is downshifted by around 133 MHz using AOM in the double pass

con�guration and is locked to the cross-over peak F=(2,3) of the saturated absorption

spectroscopy (SAS) set-up (see set-up of Fig. 6.2). The frequency of the AOM is varied

from 2×66.0 MHz to 2×67.5 MHz in steps of 2×100 kHz around the cross-over resonance.

The linewidth of the crossover peak in the SAS set-up is around 2π×12 MHz.
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Figure 6.4: (a) The absorption spectra of the 6P1/2 hyper�ne levels for various AOM
frequencies. (b) The corresponding analysis of the VIPO dip shift from the line center of
the absorption peak and height with the AOM frequency. The linewidth is 2π×3.8 MHz

as obtained from the Lorentzian �t.

The power of the blue pump laser used in the experiment is 10.05 mW (or peak intensity

of 208 mW/cm2). The power of the IR probe and control laser beams are 42 µW and

3.05 mW respectively (which correspond to peak intensity of 1.8 mW/cm2 and 129

mW/cm2). Fig. 6.4a shows the EA spectra (for 3 AOM frequencies) which corresponds

to the optical pumping system shown in Fig. 6.1d. The VIPO dip shifts to the left

from the line center of the EA peak when the AOM frequency is 132.0 MHz (see the

red trace of Fig. 6.4a) and shifts to the right when the AOM frequency is 135.0 MHz

(see the blue trace of Fig. 6.4a). When the AOM frequency is 133.2 MHz, the VIPO

dip line center is nearly coinciding with the line center of the EA peak (see the black

trace of Fig. 6.4a). Fig. 6.4b shows a corresponding analysis of the VIPO dip shift and

height with the AOM frequency. The height of the VIPO dip is highest when the line
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Figure 6.5: AOM frequency with the VIPO dip shift in MHz for Transparency and
EA peaks. The spread of data from the mean lock point is shown in the inset. The
precise lock point is (133.17± 0.10) MHz as obtained from the polynomial �t of n=6.

center of the EA peak and the VIPO dip coincide (i.e. zero shift of the dip). The zero

shift of the VIPO dip corresponds to the precise lock point of the laser. The VIPO dip

height vs AOM frequency is �tted with a Lorentzian pro�le whose linewidth is found to

be around 2π× 3.8 MHz which is sub-natural. We observe a similar behavior for the

V-type con�guration.

The precise lock point of the IR laser is determined from the plot of AOM frequency vs

VIPO dip shift in Fig. 6.5 of the Transparency and EA peaks combined. The resulting

curve is �tted to a polynomial function of sixth-order. The AOM frequency corresponding

to a VIPO dip shift of zero is obtained from the polynomial �t and is determined to be

(133.17 ±0.10) MHz. This frequency represents the precise lock point of the IR laser, as

it corresponds to the resonance of IR laser on the 5S1/2(F=2) → 5P3/2(F=3) transition.

The error in the lock point is determined from the spread of the data in the plot of

VIPO dip shift vs AOM frequency. The spread of the data is shown in the inset of Fig.

6.5, and it is �tted to a Gaussian distribution. The standard deviation of the Gaussian

distribution is taken as the error in the lock point and is found to be around 0.10 MHz.
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6.5 Conclusions

In conclusion we have presented a detailed experimental study on the e�ect of detuning

on VIPO dip for a Doppler mismatched double resonance at 780 nm and 421 nm in 87Rb

that measures the shift of the VIPO dip from the line center of the transparency (or

EA) peaks. This shift is due to the lock o�set of the resonantly driving laser. The VIPO

dip shift vs IR detuning is non-linear but symmetrical. The width of the line pro�le

for the VIPO dip height vs the IR laser detuning is sub-natural. This e�ect is used to

precisely determine the locking point of the IR laser on the 5S1/2(F = 2) → 5P3/2(F = 3)

transition. The lock o�set measurement by this method has an uncertainty of around

100 kHz which is 1/100 times the linewidth of SAS of 12 MHz.
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Chapter 7

Conclusions and Future work

In conclusion, the thesis reports on the theoretical and experimental studies of closed

loop multi-level systems, where EIT is dependent on the phase di�erence between the

electromagnetic �elds forming the loop. We �rst described the theoretical study of a

phase-dependent EIT system in Rb using a six-level loopy ladder system involving the

Rydberg states for the phase sensitive MW or RF electrometry. This system improves

the sensitivity by two orders of magnitude and removes the drawback of the phase insen-

sitivity of the previous demonstrations on MW or RF electrometry using the Rydberg

states. Due to the Rydberg states properties, this system also has the advantage of

the large frequency range of operation ranging from radio frequency (RF), MW to tera-

hertz regime. The spatial resolution by this method is sub-wavelength λMW /650. This

method provides a great opportunity to characterize the MW or RF electric �elds com-

pletely including the propagation direction and the wavefront. The theoretical study of

the phase-dependent EIT system was then demonstrated in a closed loop double Λ-type

system using a Rb vapour cell at room temperature. We studied the phase-dependent

EIT (i.e., atomic coherence based interferometry) in two di�erent con�guration of a

closed loop double Λ-type system. The �rst con�guration involves the excited states

with same decay rates at the 780 nm transition and the second con�guration involves

109
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the excited states with di�erent decay rates at the 780 nm and 420 nm transitions. We

observed similar behavoiur in term of the frequency response of the two systems.

From the above theoretical study in chapter 3, the sensitivity of the MW �eld measure-

ments can be improved by employing the cold atoms as cold atoms reduce the Doppler

e�ect and also minimizes the collisions and transit time dephasing e�ect. Taking this

into consideration, we also set up the cold atom experiments and so far we have charac-

terized the 85Rb atoms in the MOT using the 5S1/2(F = 3) → 5P3/2(F = 4) broad cyclic

IR transition at 780 nm where we trap around 1.5×108 number of atoms at a typical

temperature of 500 µK. In laser cooling and trapping experiments, the temperature of

the cold atoms is sensitive to the lock point of the laser �elds. The laser locking can have

an o�set from the line center of the transition which depends upon the linewidth of the

transition. In order to determine the laser lock o�set on a particular atomic transition,

we also present an experimental study on the e�ect of detuning on a velocity-induced

population oscillation (VIPO) dip. We utilized this e�ect to precisely determine the

locking point of the IR laser on the 5S1/2(F=2) → 5P3/2(F=3) transition. The lock

o�set measurement by this method has an uncertainty of around 100 kHz which is 1/100

times the linewidth of SAS of 12 MHz.

Our future objective is to experimentally realize the theoretical study of the phase sensi-

tivity of the six-level loopy ladder system involving the Rydberg states that was desribed

in chapter 3 of the thesis. We will further utilized this study in cold atoms as the cold

atoms reduce the doppler e�ect, collisions, decoherence brought by transit time broad-

ening and thus improve the sensitivity of the MW �eld measurement. The cold atoms

prepared at 780 nm broad transition in chapter 5 are also ready to be loaded into a sec-

ond stage narrow linewidth cooling at a 420 nm open transition, where we �nally realized

the lower temperature it can o�er due to the doppler cooling limit. This will help create

the high phase-space density atomic cloud necessary to achieve quantum degeneracy.
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Appendix A

V-type and Optical pumping system

A.0.1 V-type system

The dynamics of the atom-�eld interactions for the V-type system with VIPO e�ect at
IR transtion is obtained from Eq. 6.1 and 6.2 which gives the following set of equations
of motion with time-dependent coe�cients:

ρ̇12 =
i

2
(Ωc +Ωpe

iδt)(ρ11 − ρ22)−
iΩpu

2
ρ32 − γ12ρ12,

ρ̇13 =
iΩpu

2
(ρ11 − ρ33)− γ13ρ13 −

i

2
(Ωc +Ωpe

iδt)ρ23,

ρ̇14 =− iΩpu

2
ρ34 − γ14ρ14 −

i

2
(Ωc +Ωpe

iδt)ρ24,

ρ̇22 =
i

2
(Ωc +Ωpe

iδt)ρ21 −
i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ12 − Γ2ρ22,

ρ̇23 =− i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ13 +
iΩpu

2
ρ21 − γ23ρ23,

ρ̇24 =− i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ14 − γ24ρ24,

ρ̇33 =−
iΩ∗

pu

2
ρ13 +

iΩpu

2
ρ31 − Γ3ρ33, (A.1)

ρ̇34 =−
iΩ∗

pu

2
ρ14 − γ34ρ34,

ρ̇44 =Γ34ρ33 +Πg(ρ11 − ρ44),

where γ12 = i∆c + γdec12 , γ13 = i∆pu + γdec13 , γ14 = γdec14 , γ23 = i(∆pu −∆c) + γdec23 , γ24 =
−i∆c + γdec24 , γ34 = −i∆pu + γdec34 , Γ1 = Γ4 = Πg and Γ3 = Γ31 + Γ34. γ

dec
ij = 1

2(Γi + Γj)
is the decoherence rate between level |i⟩ and |j⟩.

The absorption of the probe �eld is obtained by considering the steady state solution
of Eq. A.1 to �rst order in the Floquet expansion. The substitution of truncated series
of Eq. 6.3 into Eq. A.1 yields a set of steady state equations of motion of the V-type

system. The ρ
(+1)
12 density matrix element in the Floquet expansion is given as

ρ
(+1)
12 =

iΩp(ρ
(0)
11 − ρ

(0)
22 )

2(γ12 + iδ)
+
iΩc(ρ

(+1)
11 − ρ

(+1)
22 )

2(γ12 + iδ)

− iΩpuρ
(+1)
32

2(γ12 + iδ)
, (A.2)
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where (ρ
(0)
11 − ρ

(0)
22 ) is the saturation population inversion induces by the IR pump in the

presence of the blue pump, (ρ
(+1)
11 −ρ(+1)

22 ) is the population oscillation di�erence induced

by the beating of the �elds on the IR transition and ρ
(+1)
32 is the coherence oscillation

component. The Doppler broadened spectrum of Eq. A.2 is accounted for by thermal
averaging over all the velocities of the atoms in the vapor cell.

A.0.2 Optical pumping system

Similarly, the dynamics of the atom-�eld interactions for the optical pumping con�gura-
tion with VIPO e�ect at IR transtion is obtained from Eq. 6.4 and 6.2 which gives the
following set of equations of motion with time-dependent coe�cients:

ρ̇12 =
i

2
(Ωc +Ωpe

iδt)(ρ11 − ρ22)− γ12ρ12,

ρ̇13 =− i

2
(Ωc +Ωpe

iδt)ρ23 +
iΩ∗

pu

2
ρ14 − γ13ρ13,

ρ̇14 =− i

2
(Ωc +Ωpe

iδt)ρ24 +
iΩpu

2
ρ13 − γ14ρ14,

ρ̇22 =
i

2
(Ωc +Ωpe

iδt)ρ21 −
i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ12

− Γ2ρ22,

ρ̇23 =− i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ13 − γ23ρ23 +
iΩ∗

pu

2
ρ24,

ρ̇24 =− i

2
(Ω∗

c +Ω∗
pe

−iδt)ρ14 − γ24ρ24 +
iΩpu

2
ρ23,

ρ̇33 =− iΩpu

2
ρ43 +

iΩ∗
pu

2
ρ34 − Γ3ρ33, (A.3)

ρ̇34 =− iΩpu

2
(ρ33 − ρ44)− γ34ρ34,

ρ̇44 =−
iΩ∗

pu

2
ρ34 +

iΩpu

2
ρ43 + Γ34ρ33 +Πg(ρ11 − ρ44),

where γ12 = i∆c + γdec12 , γ13 = γdec13 , γ14 = i∆pu + γdec14 , γ23 = −i∆c + γdec23 , γ24 =
i(∆pu −∆c) + γdec24 , γ34 = i∆pu + γdec34 , and γdecij = 1

2(Γi + Γj).

The absorption of the probe �eld obtained by considering the steady state solution of

Eq. A.3 to �rst order in the Floquet expansion is given by density matrix element ρ
(+1)
12

as

ρ
(+1)
12 =

iΩp(ρ
(0)
11 − ρ

(0)
22 )

2(γ12 + iδ)
+
iΩc(ρ

(+1)
11 − ρ

(+1)
22 )

2(γ12 + iδ)
. (A.4)

The Doppler broadened spectrum of the probe, is obtained by thermal averaging of Eq.
A.4 over all the velocities of the atoms in the vapor cell.
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