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Introduction

1.1 Motivation and Goal

The light-atom interaction is one of the key research areas from the beginning of mod-
ern physics to the present time due to its vast applications in the various fields along
with its elemental interest. Advancement in optical technology has made it happen so
that one can control the properties of an atomic medium with laser and therefore can
create a new medium with distinctive characteristics. It can be possible that an atomic
medium may outshine the performance of many solid-state devices which are tradition-
ally used in optics. Atoms can be prepared in a coherent superposition of energy states
under the interaction of two or more laser fields which are resonant with various atomic
transitions. There are several coherent phenomena being investigated, like coherent pop-
ulation trapping (CPT) [5-8], electromagnetically induced transparency (EIT) [9-12],
electromagnetically induced absorption (EIA) [13-16], Autler-Townes (AT) splitting or
AC-stark splitting [16-18], lasing without inversion (LWI) [19-23], polarization rotation
(PR) or optical Faraday rotation (OFR) [24-27], magneto-optical rotation (MOR) [28-31]
etc.

Among these, in a three-level atomic system, EIT becomes a noteworthy candidate.
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Here a strong control or pump laser induces a narrow spectral transparency window at
a highly absorbing atomic resonance for a weak probe laser beam by creating coherence
between the relevant atomic states. As a result, the properties of the atomic vapour
are changed dramatically [32, 33]. This coherent interaction of the laser with multilevel
atomic or molecular system leads to quantum interference in the track of electronic ex-
citation [12]. EIT was extensively studied since its first experimental observation [9] due
to its potential applications in the non-linear optics and quantum information processing
e.g., in the slow light and storage [34], atomic clocks [35], precision magnetometers [36-
39], study of Rydberg states [40], non-linear wave mixing [41] and quantum information
[42] etc. The fundamental effect of the “production of ultra-slow light” made possible the
fact so that EIT is accompanied by a million-fold increase in the refractive index of the
atomic vapour [43]. Thus, in the vicinity of EIT, the medium becomes very dispersive.
The polarization rotation (PR) is a type of coherent phenomenon where the polar-
ization of the laser beams determine the coherent properties of the atomic medium. The
rotation of the plane of polarization of an optical field can be induced by the intrinsic
helicity of the atoms or the molecules in the medium or can be generated by applying
external electric, magnetic and optical fields. A strong circularly polarized laser beam
(pump beam) can induce the rotation of the original direction of linear polarization of
a weak laser beam (namely, probe beam). This phenomenon is called polarization rota-
tion (PR) [25, 44, 45] or optical rotation (OR) [26] or optical Faraday rotation (OFR)
[27]. In this case, the pump beam creates non-uniform population distribution among
the degenerate magnetic sub-levels due to both the optical pumping and the saturation

effects. This non-uniform distribution of population, in turn, generates a difference in the
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refractive index and a difference in the absorption of the atomic medium between the two
circular components of the linearly polarized probe beam. The refractive index difference
leads to optical birefringence, and the absorption difference produces circular dichroism in
the medium. The circular dichroism leads to an elliptical polarization in the probe beam,
while the optical birefringence creates a rotation in the plane of polarization of the probe
beam. This birefringence can be measured by detecting the rotation of the polarization
axis of the probe beam. If the external magnetic field is applied to rotate the polariza-
tion of the probe beam, then the phenomenon is known as the magneto-optical rotation
(MOR) or Faraday rotation [28-31]. Now, if the magnetic field is applied in the direction
of light propagation, the phenomenon is called the Faraday effect [28, 46, 47]. On the
other hand, for the magnetic field applied in the transverse direction, the phenomenon is
known as the Voigt effect [48, 49]. Therefore, we can say that if a strong circularly po-
larized pump beam is introduced in the atomic medium with proper conditions, it opens
up the possibility of the medium becoming transparent as well as anisotropic to the weak
probe beam.

The polarization rotation spectroscopy (PRS) [24] has applications in the various
fields of atomic, molecular and optical (AMO) physics e.g. optical locking [25, 50, 51],
linear and non-linear magneto-optical rotation [47, 52-54], atomic bandpass filter [55],
all-optical switching and high-speed Stokesmetric imaging [56], squeezing of light [57—
59], magnetometry [37, 53, 54], etc. Whereas the coherent control of the PR can be used
in a variety of fields such as in precision measurements of parity violation in atoms [60],
electron-spin-reversal phenomenon [61], to sort out the orbital angular momentum of light

[62], detection of slow light [63], birefringence lens [64] etc. This plethora of the above



4 Chapter 1. Introduction

applications made the PR phenomenon draw our attention of investigation. If the angle
of PR can be enhanced, then the results of all the above applications of the polarization
rotation will also be improved.

The main objective of this research is to study the dispersive properties of the atomic
medium, which exhibits coherent phenomena and to take the opportunity to investigate

how the PR can be controlled coherently in an EIT medium.

1.2 Thesis Overview

Observation of the properties of a coherently prepared atomic medium is the main aim of
my doctoral study. This research work contains both experiments and their corresponding
theoretical models. We have performed all the experiments in Rubidium (Rb) atomic
vapour cells which consists of 3Rb and 8Rb in their natural abundance with no buffer
gas. The atomic states were dressed by applying perturbations from the electric fields
of the lasers [1-3] and the external longitudinal magnetic field. We have studied how
the system response can be modulated by controlling the amplitude of the electric fields
in space and frequency domains and also by controlling the magnitude of the magnetic
field. Our study mainly reveals the outcome of the interaction of the weak probe and
the strong pump beams with the atomic medium in a suitable configuration so that the
strong pump beam can induce EIT and PR in the atomic medium. The experiments
were performed to study the polarization rotation and slow light phenomenon in the EIT
medium. For these purposes, we have worked with three and four-level atomic systems.

The details of all the experimental apparatus that was used, developed and built for
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this research work, are discussed elaborately in the chapter 2. Throughout this research
work, we used a few commercially available instruments, while some necessary devices
were developed in the laboratory. This chapter contains details about the procedure of
their characterization, as well as the characterization of the atomic medium. Then, the
saturation absorption spectroscopy (SAS) is discussed as one of the essential tools. Using
SAS, we chose the hyperfine levels of Rb for our experiments.

In chapter 3, a general theoretical description of the light-atom interaction is discussed.
Here, the essential theoretical tools, which have been used throughout my research work,
have been emphasized. The density matrix equations of a two-level atomic system in-
teracting with one electric field are solved with the semi-classical approach. The probe
coherence of the medium has been solved to get an essence of the light-atom interac-
tion. The probe coherence is related to the absorption and the dispersion signals of the
probe. We have detected the absorption and dispersion spectra of the probe beam in our
experiments. All of our experiments have been performed in the hyperfine states and
the Zeeman sublevels of Rb. Therefore, the hyperfine levels and the Zeeman sub-levels
structure is discussed to give completeness. Then we discuss a general three-level density
matrix formalism as a general framework of our theoretical models which were developed
during this research work. How EIT is formed in the atomic system has also been shown
in this theoretical calculation.

Chapter 4 contains the discussion on the experimental and theoretical study of the
dispersive properties of an EIT medium. In this work [1], we have reported the dispersive
properties of 8"Rb in a A—type configuration with D, transition at room temperature.

In this case, the probe beam was scanned from F' =1 — F’ = 2 hyperfine transition,
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and the pump beam was locked at FF = 2 — F’ = 2 hyperfine transition. Using the
homodyne detection technique, we have observed the dispersion signal of the probe beam.
The group index and the corresponding group velocity were calculated from the observed
signal. It has been observed that the group index varies non-linearly with the pump Rabi
frequency. Further, we have solved the Liouville equation for a three-level A—type system
analytically to get the probe coherence term. Then to accumulate the contributions of
atoms of all the velocities, we have considered the Lorentzian distribution. With this
formulation, we were able to get an analytical solution to the total susceptibility of the
medium and have examined the characteristic variation of the group index.

I have discussed about our study on the polarization rotation with electromagnetically
induced transparency (PREIT) in a V-type system of both 8Rb and 3"Rb [2] in the
chapter 5. We observed two separate cases for each of the isotopes of Rubidium. In the
first case, for ®Rb, the pump beam was locked at F' = 3 — ' = 2 and in the second
case, we locked the pump beam at F' =3 — F’ = 3 of D; transition. The probe beam
was scanned from F' = 3 — F’ = 23,4 of D, transition in both the cases of ®Rb.
Similarly, for 8Rb at first, we locked the pump beam at ' = 2 — F’ = 1 and in the
second case, the pump beam was locked at FF = 2 — F’ = 2 of D; transition. The
probe beam was scanned from F =2 — F" = 1,2, 3 of D, transition for both the cases
of 8Rb. We observed the polarization rotation spectrum experimentally with the help
of balanced polarimetric detection technique. This rotation spectrum is dispersive. We
got two EIT resonances in the case of 8Rb and one EIT for 8’Rb. We have calculated
the angle of rotation as a function of the pump intensity corresponding to each case. We

observed that the angle of rotation increased first as we increased the pump intensity up
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to a certain value. After that, it started to decrease with further increment in the pump
intensity.

To understand this phenomenon, we considered a four-level V-type system. With this
system, we were able to show two EIT resonances in the rotational spectra for ®*Rb and
one EIT resonance for 8’Rb. To explain the polarization rotation phenomenon we also
took into account, that the o, component of the probe beam and the o, component of
the pump beam formed a V-type system, which gave a two-photon contribution to the
medium. The o_ component of the probe beam gave rise only to one photon contribution.
Thus, this mismatch is responsible for the generation of the difference in the susceptibility
of the medium. Thus, the anisotropy to the refractive index exhibited by the different
components of the polarization of the probe beam is created in the medium. So, to get
a theoretical idea about this, we solved the density matrix equations under steady-state
condition. From the susceptibility, we calculated the angle of rotation in the vicinity of
the EIT region. The theoretical and the experimental results have been compared in
chapter 5.

Further, systematic investigations were performed with PREIT phenomenon in a V-
type system of 8’Rb, where the pump beam was locked at ' = 2 — F' = 2 of D,
transition and the probe beam was scanned from F = 2 — F’ = 3 of D, transition.
In chapter 6, the dependencies of the angle of PREIT on the angular mismatch between
the probe and the pump beams, the optical depth (OD) and the pump beam spot size
have been investigated experimentally and theoretically [3]. The Liouville equation for
a three-level V-type system has been solved analytically, and the characteristics of the

angle of PREIT with the angular mismatch corresponding to both experiment and theory
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are compared. Further, the group velocities of the probe beam without angular mismatch
for maximum OD and pump beam spot size have been estimated.

Chapter 7 deals with the effects of the probe ellipticity and the external longitudinal
magnetic field on the PREIT. Here also, we have chosen the same atomic configuration
for our purpose of the study. It has been observed that the angle of PREIT shows a
periodical variation of periodicity /2 with the probe ellipticity. At the same time, it
became non-linear with the variable longitudinal magnetic field. It is also observed that
the PREIT phenomenon is sensitive to the low magnetic field as the angle of PREIT
increased one order of magnitude by applying an external magnetic field comparable
to the earth magnetic field than the angle of PREIT without any magnetic field. We
have considered a four-level V-type system with degenerate and non-degenerate levels to
explain our experimental findings. We have also compared our experimental observations
with the theoretical results.

Lastly, in chapter 8, I have summarized all our studies with the importance and
applications in the field of quantum optics. This chapter also contains a few proposals for
the future experiments which can be done in continuation of the research work presented
in my thesis.

As a part of this doctoral study, I was also involved in the assembling of the vacuum
systems for the magneto-optical trap (MOT) [65-67]. Appendix D covers the method
of achieving the ultra-high vacuum after assembling the MOT chamber with different
vacuum pumps. It also deals with the design, fabrication and characterization of the

required quadrupole magnetic field along with the optical path for MOT.



Experimental apparatus and methods

This chapter describes the experimental apparatus that was utilized or developed during
this research work in an elaborating way. Even though some of them are commercially
available, there are a few necessary apparatus that was developed in our laboratory. Since
our research work is based on light-atom interactions, we need some essential instruments
to do the experiments. External cavity diode laser (ECDL) and distributed feedback diode
laser (DFBL) are the light sources, and the Rb vapour cell is the atomic medium in the
purpose of our study. Indeed, other optical components and instruments were also used
as per our experimental demand.

At first, the description of all the necessary apparatus, along with their working princi-
ples, are discussed in this chapter. It also narrates how the instruments were standardized
and optimized for our experimental needs. Some standard results of the existing reports
have been regenerated before doing the main experiment for a basic understanding of
the light-atom interaction. It also helped us to characterize our atomic medium. Then,
the saturation absorption spectroscopy (SAS) is discussed, which is one of the necessary

techniques in our experiments.
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2.1 External cavity diode laser

In the field of quantum optics or light-atom interaction experiments, light sources are one
of the important elements. To do experiments in atomic physics, one needs to have a laser
source of very narrow linewidth (a few MHz). In general, a laser diode itself consists of
a gain medium which amplifies light through stimulated emission and a resonant cavity.
The cavity is a set of reflectors which causes the light to bounce back and forth through the
gain medium so that the light is continually amplified to a higher power. The linewidth
of the emitted laser beam from a bare laser diode is not enough to study the atomic
transition line. So, to get the required linewidth, we use the tunable ‘external cavity
diode lasers’(ECDL), where an external cavity is created outside the gain medium with
an extra reflector. The ECDL allows the cavity to be longer than when it was confined
to the gain medium. Due to the large cavity length, the ECDL can be used as a light
source of linewidth below or equal to 1 MHz. It can be reduced to a few tens of kHz in
an ideal case. There are two basic types of configuration of tunable ECDL : (i) Littrow

configuration [68, 69] and (ii) Littman-Metcalf configuration [70, 71].

(a) Output (b) 2% Output
- Diffraction - Diffraction
Laser diode Lens =~ grating Laser diode Lens grating

Figure 2.1: Tunable external cavity diode laser (ECDL) in (a) Littrow and (b) Littman-

Metcalf configurations

The most common Littrow configuration (Fig.2.1(a)) contains a collimating lens and
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a diffraction grating as the end reflector. The first-order diffracted beam provides optical
feedback to the laser diode. The emission wavelength can be tuned by rotating the
diffraction grating. A disadvantage of this configuration is that this also changes the
direction of the output beam, which is inconvenient for many applications.

In the Littman-Metcalf configuration (Fig.2.1(b)), the grating orientation is fixed, and
an additional mirror is used to reflect the first-order beam to the laser diode. By rotating
that mirror, the wavelength can be tuned. This configuration offers a fixed direction of the
output beam and also tends to exhibit a smaller linewidth, as the wavelength selectivity
is more robust. Here, the wavelength-dependent diffraction occurs twice instead of once
per resonator round trip. This configuration also has a disadvantage as the zero-order
reflection of the beam reflected by the tuning mirror is lost, and this makes the output

power lower than that for a laser in Littrow configuration.
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Figure 2.2: An External cavity diode laser assembly of our laboratory. The adjustment

Screws

screws are used for the course tunning of the external cavity. The piezo is used for fine-
tuning and laser line scanning. The grating reflects the output beam and the —1 order

beam is fed back to the laser. The lens is used to collimate the output laser beam.

We have used the ECDL in Littrow configuration, which is composed of a semiconduc-

tor diode laser, an external grating and a collimating lens as shown in Fig 2.2. Generally,
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bare laser diodes have a linewidth of the order of 100 MHz [68]. The linewidth can be
reduced to below ~ 1 MHz by using the external grating. The —1 order diffracted beam
from the grating is fed into the laser source, while the zero-order diffracted beam is taken
as the laser output. The diffraction grating is mounted on a piezoelectric crystal, which
helps us to tune the wavelength. The cavity length can be adjusted, and the laser fre-
quency can be scanned by modulating the piezo voltage. With the help of the lens, the
zero-order diffracted beam of the grating is collimated, so that, throughout the experi-
mental path, the beam does not diverge. The collimation of the laser beam is ~ 4 — 5
meters. Commercially available ECDL from Toptica, Germany (DL100) has been used
in this research work. To emit the desired wavelength steadily, the ECDL further needs
some electronic controls. These consist of a current controller to control the laser current
as well as the laser output power and a temperature controller for the temperature sta-
bility of the diode laser. The emitted wavelength tremendously depends on current and
temperature stability. Apart from these, the electronics also consists of a scan controller
to control and scan the piezo of the external cavity and a lock-in-amplifier to stabilize

the frequency of the desired laser line.

2.2 Stabilization of frequency

Generally, the ECDLs are very stable over a narrow bandwidth region. But for the
experimental requirements, we need to stabilize the frequency over a concise spectral
range ~ kHz or less as the laser frequency drifts within some time intervals. For this

purpose, a lock-in-amplifier (Toptica LIR110) and a proportional integrator differentiator
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(PID) circuit are used to lock the desired laser frequency on the top of a detected signal.

The laser frequency 1y is modulated by a small frequency Ar with sinusoidal mod-
ulation to generate the derivative of the detected signal in the lock-in detection. Then
the observed signal is compared with the signal of vy + Av. Thus the LIR110 electronic
box identifies whether the slope of the signal is positive or negative and calculates the
absolute value of the signal slope. After that, the modulated signal is sent through a
low pass filter to filter out the high-frequency components (ideally all the time-dependent
contributions). The output of the lock-in signal is proportional to the derivative of the
original signal. This output is called 1F signal, which is produced electronically. Now
the LIR signal is fed into a PID feedback loop so that the frequency can be locked on the
desired region of interest. When the frequency drifts, depending on the value of the slope,
the feedback loop of the PID controller circuit adjusts the piezo current to re-establish

the desired set point so that the laser frequency remains locked at the desired position.

2.3 Distributed feedback diode laser

A distributed feedback laser (DFBL) diode is a semiconductor laser diode, which contains
a periodically structured element or diffraction grating as the active medium of the laser as
shown in Fig.2.3. In contrast to ECDL, which consist of mirrors and diffraction gratings to
form an external cavity, DFBL does not contain an external cavity. Instead, those lasers
have a periodical internal feedback structure. The structure builds a one-dimensional
interference grating (Bragg scattering), and the grating provides optical feedback for

the laser. This longitudinal diffraction grating causes reflection back into the cavity.
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This structure is a periodical variation of the refractive index or the same of the laser
medium’s gain or a combination of both. The grating operates in the first order, where
the periodicity is a one-half wave, and the light is reflected backwards. Since the Bragg
scattering is sensitive to the wavelength and the periodic structure has a certain length,
only specific wavelengths can pass the structure. It leads to a spectral selection of the

waves [72].

i Active reéion
End mirror

{ Bragg reflector or grating ]

Figure 2.3: A schematic representation of the structure of the distributed feedback diode

laser.

This periodic structure is highly dependent on the temperature of the diode. So by
altering the temperature of the device, the pitch of the grating can be changed due to the
dependence of refractive index on temperature. This change in the refractive index also
alters the wavelength selection of the grating structure and therefore, the wavelength of
the laser output. Thus by changing the temperature of the diode, we can get our specified
wavelength. Changing the current of the device also causes a change in temperature inside
the device. Therefore, by changing the current, we can also tune the device. To control

the current and temperature of the device, we need electronics controllers, respectively.
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2.3.1 Assembling and fabrication of DFBL

T
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Figure 2.4: Assembled DFBL with the collimating lens.

We had a bare DFBL diode which was bought from Eagleyard with model no: EYP-DFB-
0795-00080-1500-TOC03-005. The transition wavelength of the diode is 795 nm which is
the wavelength of D; transition for Rb atom. To get the collimated laser beam from the
diode, we used an aspheric lens of focal length f = 6 mm. We also bought a collimation
mount kit from Thorlabs to set up the diode with the collimating lens. The collimating
length is 4 —5 m and we got the beam diameter as 2 mm with the formula, beam diameter
=2x fx tan(g) with the perpendicular beam divergence § = 21°. An aluminium post
and a rectangular aluminium base were made from our institute workshop to maintain
the initial laser beam height 55 mm. We covered the entire assembly with a box made of
perspex.

The laser system needs electrical connections to operate. We used a commercially
bought temperature controller (Model no: TED 200 C) and current controller (Model
no: LDC 205 C) from Thorlabs. Both the controllers have 9 pin output configurations.
The bare diode has 8 individual specified pins. According to the pin configurations, we

made connections between the laser diode and the two controllers via two D-connectors,



16 Chapter 2. Ezperimental apparatus and methods

as mentioned above by soldering the joints. We have also made a connection for a LED
to indicate the current controller is on. The image of the DFB laser assembly is shown

in the Fig.2.4.

2.3.2 Characterization of DFBL
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Figure 2.5: (a)Schematic diagram of the laser path for its characterization. DFBL: Dis-
tributed Feedback Diode Laser, O.1.: Optical Isolator, ND: Neutral Density filter, BS: Beam
splitter, Rb cell: Rubidium vapour cell, BD: Beam Dump. (b) Power calibration plot for
the laser beam from the assembled DFBL. The variations of power with current to the
diode both before and after the isolator have been shown. The threshold current is about

38 mA.

An optical isolator (O.1.) was placed in the path of the output beam from the assembled
laser to avoid back reflections to the diode from optical components. The isolator was
adjusted so that we got 81% efficiency. Then the output wavelength was characterized
using a wavemeter (From Coherent). The laser path diagram is shown in the Fig.2.5(a).
The laser beam was passed through a neutral density filter (ND) of high optical density
to protect the wavemeter from damage due to the high power of the laser. Then the

beam was passed through a 50:50 beam splitter (BS). The transmitted part was sent to
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the wavemeter, and the reflected part was passed through a 50 mm Rubidium vapour cell
(Rb cell) to observe the fluorescence by an IR viewer. We observed fluorescence in the
Rb cell when the wavemeter showed 794.978 nm wavelength with 129.76 mA to 131.50
mA current setting and 25°C temperature for 5 k€2 value of thermistor. It is the required
wavelength of the D; transition for the Rb atom.

To get continuous tuning for each hyperfine line of Rb D; transition, we used an
arbitrary function generator to give a ramp to the current of DFBL to scan it. We set
the peak to peak modulation voltage at 160 mV, and the modulation frequency at 30
Hz. For safety, the limiting value of the current to the DFBL was set at 140 mA. The
hyperfine spectra are shown in section 2.8 and are discussed in detail. Apart from this,
the power of the laser beam from the DFBL was measured by changing the current to
the diode from 0 mA to the limiting value. It was measured before and after the isolator.
We observed the threshold current for this diode is ~ 38 mA. The characterization plot
of power vs. current is shown in the Fig.2.5(b). Our DFBL has a linewidth ~ 2 MHz

and temperature stability ~ 2 mK.

2.4 Atomic medium

Apart from the light source, the atomic medium is one of the important tools in our
research of light-atom interaction. We have used room temperature or hot Rb atom in
our experiments. Various lengths of the vapour cell of Rb containing its two main isotopes
8"Rb and ®Rb in natural abundance without any buffer gas under 10~7 Torr pressure

have been used in our experiments. Rb is an alkali atom with the atomic number 37.
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The electronic configuration of the outermost orbit is 15%2522p%3s23p®4523d'%4p55st. So,
the total spin angular momentum of the outermost electron is S = 1/2; and the orbital

angular momentum is L = 0 with the total angular momentum J = 1/2.
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Figure 2.6: Energy level diagram of 8" Rb and ® Rb for (a) Dy and (b) Dy transitions with

all corresponding hyperfine levels.

The ground state is denoted by 5257 5 and the first two excited states’ configurations
are 52Py 5 and 52P35. The transition from the ground state to the excited state 52P /o
is called the D; transition with the wavelength of transition 794.978 nm. The transition
from the ground state to the excited state 52P3/2 is called the D, transition with the

transition wavelength 780.241 nm. In this research work, one experiment has been done
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in D, transition, and the rest of the experiments have been done with the combination
of Dy and D, transitions.

The nuclear spin of the 8Rb and ®Rb are I = 3/2 and I = 5/2 respectively. Con-
sidering the hyperfine coupling (details are discussed in the section 3.3 of the chapter
3), the ground state 525 has two hyperfine levels F = 1,2 and F' = 2,3 for ¥ Rb and
®Rb respectively. Correspondingly the excited state of Dy line 52P; /5 has two hyperfine
levels F” = 1,2 and I’ = 2,3 respectively. Similarly the excited state of Dy line 52P;9
has four hyperfine levels F' = 0,1,2,3 and F’ = 1,2,3,4 respectively. Fig.2.6(a) and
Fig.2.6(b) represent the D; and D, transitions of ’Rb and **Rb with the hyperfine lines
respectively. Each of the hyperfine levels consists of (2F 4 1) Zeeman sub-levels (for

details see section 3.4 of the chapter 3).

2.4.1 Rb vapour cell
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Figure 2.7: Cell characteristics with output power vs optical depth (OD, aL). With
change in temperature of the vapour cell, the optical depth of the atomic medium was
changed. From the absorption profile of the beam we have calculated the OD following the

Beer-Lambert Law.
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Since in a experiments we have studied the effect of OD on the observed phenomenon,
to do the experiment with the cylindrical Pyrex cell, we need to study the absorption
characteristics of the cell first to characterize the atomic medium. In this purpose, we
have plotted the output power of a on-resonance beam as a function of the optical depth
of the atomic medium in the Fig.2.7 and fit the data with an exponential function. The
OD was changed as we changed the temperature of the vapour cell of length 50 mm. We
have calculated the OD (L) from the absorption profile of the resonant beam for each

of the temperatures following the Beer-Lambert law, I = [ye="

, where, I and I, are the
output and the input intensities respectively with the absorption coefficient o and length
of the atomic medium L. Since from the Fig.2.7 we have observed that the variation
follows an exponential decay characteristics as the experimental data are fitted well with

an exponential function, we can say that the absorption characteristics of cell follow the

Beer-Lambert law.

2.5 Cell heating arrangement

The optical depth is an important parameter in the study of the interaction of the light
with the atomic medium. The number density of the Rb atoms is ~ 10'*/m?® in room
temperature (21°C) under ~ 1077 Torr pressure. Due to the experimental needs, some-
times it is required to increase the number density or the optical depth (OD) of the atoms.
For increment in the optical depth, the temperature of the Rb cell needs to be increased.
To heat the cell, we used a home-build temperature controller with a double-walled cell

jacket. The arrangement contains a double-walled jacket made of brass, silicon pipes, a
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temperature controller, a pump to circulate hot water and a water heater.
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Figure 2.8: The temperature calibration curve of the home-build cell jacket with respect

to time. It shows a fluctuations of +0.5° C when the desired temperature is reached.

The inner cylinder of the double-walled jacket has an opening to place the Rb vapour
cell inside it. After placing the Rb cell in the middle of the cell jacket, hot water was passed
through the jacket. This home built temperature controller was used in our experiments.
The temperature stability curve for 39°C is shown in the Fig.2.8. When the desired
temperature was reached, its fluctuation was within +0.5°C. During heating, the atomic
vapours were deposited on the cell window. Extra copper tapes were used to keep the
window surfaces warmer than the rest of the cell body so that the vapour deposition can
be avoided. This method is advantageous over the resistive heating technique because
in that case, our experimental study can be affected due to the generated unwanted

magnetic field.
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2.6 Solenoid

There was only one perturbation in most of our experiments in this research work, i.e.,
the electric field of the laser beam. We gave an extra perturbation by applying external
axial or longitudinal magnetic field along with the electric field of the laser in one of our
experiments. As a result, the degeneracy between the magnetic or Zeeman sub-levels was

removed. We used a home-made solenoid to generate the longitudinal magnetic field.

(BN
w

T T T T T T T
,0—0—0—0—0—0—0\0\

)
~9 Q.
o-?

'—\
N
T
N,
©
4
I

(BN
=
T
\
/
1

(o]
—
1

(o]
—
1

7 1 L 1 L 1 L 1 L 1 N "]
0.00 005 010 0.15 0.20 0.25
Axial length of the solenoid (m)

Magnetic field along the axis (G)
o
\0
o

Figure 2.9: Magnetic field calibration along the axis of the solenoid.

A cylindrical paper board of length 0.24 m and diameter 0.05 m was chosen on which
we wounded copper wire of diameter ~ 1.1 mm. Since the length of the solenoid was
larger than its diameter, we have calculated the value of magnetic field (B) generated
inside the solenoid along its axis with the formula, B = “OTNI Here, 1 is the free space

permeability, N = 220 is the total number of turns of wire, I is the current through

the solenoid and [ = 0.24 m is the length of the solenoid. Using this formula we got
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B =12.67 G for I = 1.1 A. After winding the wire, to calibrate the magnetic field we
measured the field strength by a Hall probe with an accuracy of +0.01 G along the axis
of the solenoid with a constant current I = 1.1 A. The variation is shown in the Fig.2.9.
We observed the field was uniform over 0.06 m with the field strength B = 12.60 G.
Since in our experiment the laser-atom interaction length was 50 mm or 0.05 m along the
propagation direction, the magnetic field generated inside the solenoid is uniform within
our experimental region. We used the relation 1 G = 10~* T throughout our calculation

in chapter 7 to maintain all units in S.I. system.

2.7 Magnetic shield

Figure 2.10: One of the home-made cylindrical p-metal shields. The black wire was

wrapped in the cylinder with toroidal fashion for the degaussing process.

The EIT based experiments are highly delicate to the external magnetic fields. When
we perform high-resolution spectroscopy, it is mandatory to take care of the external
magnetic fields, i.e., we need to control the magnetic field and also to maintain its homo-
geneity. The stray magnetic field, due to the earth, as well as generated from the nearby
electronic instruments, bring a necessity to do experiments in a magnetically shielded

environment. In this purpose, we have used p-metal shields which are manufactured
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with a high permeability material composition of nickel-iron alloy. The shields reduce
the magnitude of the stray magnetic fields by several orders depending on the thickness
of the shield. In most of our experiments, we have used one layer of thick u-metal shield,
which was commercially bought from Hamamatsu Photonics. This p-metal shield has
a diameter 0.1 m, length 0.2 m and thickness 0.002 m with attenuation factor ~ 911.
The efficiency of the shield can be improved further by using three or four layers of such
shields. The shielding accuracy depends on the geometry of the shield. In one of our
experiments, where we perturbed the atomic medium by the external magnetic field, to
maintain homogeneity, we used three layers of cylindrical py-metal shields of length 0.3
m each (see Fig.2.10). The three cylinders of py-metal have diameters 0.07 m, 0.08 m
and 0.09 m respectively. These cylinders were made from a sheet of p-metal of thick-
ness 0.001m at the workshop of our institute. The dimensions were so chosen such that
the magnetic field generated inside the solenoid remains homogeneous and would not be
affected by the stray magnetic fields.

The accuracy of the magnetic field shielding of the p-metal degrades over time mostly
due to the mechanical stress. To improve the efficiency of the shields, we used degaussing
technique. The shield of each layer was wrapped with an electric wire in a toroidal
approach shown in the Fig.2.10. Then the alternating current of 8 — 10 A was passed
through the wire. With the help of a variac transformer, we slowly decreased the current
over a few minutes. The process is repeated for several times. It, in turn, increase the
efficiency of the shield. We have used a 10 (Q register in series with the wire to limit the

current while using a variac.
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2.8 Saturation absorption spectroscopy

ECDL (780 nm)/
DFBL (795 nm)

For experiment

Figure 2.11: The general experimental setup to perform the saturation absorption spec-
troscopy with the ECDL and DFBL. ECDL: External Cavity Diode Laser, DFBL: Dis-
tributed Feedback Diode Laser, O.1.: Optical Isolator, BS: beam splitter, M: Mirror, Rb
cell: Rubidium vapour cell, BD: Beam Dump, BDet: Balanced Photo-detector. The red
line transmitted from the BS2 indicates the pump beam. The blue lines are the probe and

the reference beams.

In the conventional laser spectroscopy, the closely spaced hyperfine transition lines are not
resolvable due to the Doppler effect in the atomic medium. Since atoms have different
velocities, due to the Doppler effect, instead of a narrow transition line, we observe a
Doppler broadened absorption spectrum when laser passes through the atomic medium.
The saturation absorption spectroscopy (SAS) technique helps us to get rid of the effect
of Dopper broadening, which in turn helps us to resolve the hyperfine profiles of the
atomic medium. To start any experiment related to the EIT phenomenon, first of all,

we need to select particular hyperfine transitions so that a three-level atomic system can
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be formed. Therefore, we had done the SAS for D; and D, transitions for both of the
lasers. In SAS, a laser beam with a relatively higher intensity is sent through the atomic
vapour (say Rb). This beam is called as the pump beam. Another counter-propagating
weak beam is also sent through the atoms at the same frequency, which is known as the
probe beam. The third beam, with almost the same intensity of the probe beam, is also
sent through the atomic medium in parallel to the probe beam. This beam is called the
reference beam. The experimental setup to perform the SAS is shown in the Fig.2.11.
In this figure, it is shown that after coming out from the optical isolator (O.I.) the laser
beam is split by a 10:90 (R:T) beam splitter (BS1). The reflection part is taken for the
SAS, and the transmitted part is for the main spectroscopic experiments. After that,
the reflected part is passed through a 30:70 thick beam splitter (BS2). The two reflected
beams (blue lines) from the front (reference beam) and the rear surface (probe beam)
of the BS2 are sent through the Rubidium vapour cell (Rb cell) parallel to each other.
The transmitted beam (red line) is made counter-propagating with the probe beam and
is sent through the Rb cell with the help of three mirrors (M1, M2 and M3). The pump
is made overlapped with the probe beam inside the Rb cell. Then the reference beam
and the probe beam are detected with a balanced photo-detector (BDet). The setup is
similar for both the laser diodes (ECDL and DFBL), which are used in our experiments.

When only the reference beam is passed through the atomic medium, the Doppler
broadened absorption profile was observed. It happened due to the thermal motion of
the atoms. The atoms moving in the direction of the propagation of the beam are blue
detuned with respect to the transition frequency and the atoms moving opposite to the

beam propagation are red detuned. So we got a Doppler broadened absorption profile.
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This is the case of moving atoms in a travelling wave. The linewidth of this Doppler
broadened profile is a few hundred MHz while the natural linewidths of the hyperfine
lines for the Rb atom are 5.76 MHz and 6 MHz for D; and D, transitions respectively.
Due to this, the hyperfine lines can not be resolved by detecting only the reference beam.
A standing wave is generated by the counter-propagating pump and probe beams in
which the atoms are moving. Although the two beams are at the same frequency, they
address a different set of atoms due to their natural thermal motion.

If the beams are red detuned with respect to the atomic transition frequency, the pump
beam will be absorbed by the atoms moving towards the beam source. At the same time,
the probe beam will be absorbed by the atoms moving away from that source at the same
speed in the opposite direction. If the beams are blue detuned, the opposite phenomenon
occurs. When the frequency of the applied field satisfy the resonance condition, the
pump beam reduces the absorption of the probe beam for a very narrow frequency range
[73, 74]. Tt leads to a Lamb dip in the Doppler background profile. This Lamb dip has
a Lorentzian line shape with homogeneous linewidth. Here, the zero-velocity group of
atoms are responsible for the hyperfine lines. Due to the velocity group of other atoms,
additional resonances occur at the mid-value of the two consequent hyperfine transition
frequencies. These resonances are called crossover peaks. These crossover peaks can be

quite strong, often stronger than the main saturated absorption peaks.
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Figure 2.12: Doppler broadened profiles (black lines) of the reference beam, and the
Lamb dips with Doppler background (red lines) of the probe beam for (a) D; and (b) Do
transitions of both 8”Rb and 8Rb. The hyperfine and the crossover line shapes (dark red
lines) for (c) Dy and (d) Do transitions of both 8"Rb and #5Rb.

The Doppler broadened profiles of absorption for both D; and D, transitions are
shown in Fig.2.12(a) and Fig.2.12(b) respectively with the black lines. The absorption
profiles with the Lamb dips are shown with red lines in these two figures. Since there are
two ground states for both the isotopes of Rb, we got four Doppler broadened absorption
profiles for both D; and D, transitions. Now since the excited state separation of 3'Rb for

D, transition is beyond the Doppler width at the room temperature of the Rb atom, one
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Lamb dip was observed beyond the Doppler profile of 'Rb in each case of D, transition
as shown in the Fig.2.12(a). From this figure, we have also noticed that for each of the
ground states of each of the isotopes, there are three Lamb dips because there are two
excited states for each case. Two of the Lamb dips are the hyperfine lines, and the middle
one is the crossover lines.

In case of the Dy transitions since there are three excited states, transitions are allowed
corresponding to each ground states of each of the isotopes of Rb atom. So in total six
Lamb dips should be observed (see Fig.2.12(b)). All the narrow linewidth hyperfine
and crossover peaks can be observed by subtracting the Doppler background from the
Lamb dip profiles. For this reason, in this experiment, we used a BDet which produced
the subtracted signal of the reference and the probe beam. In the Fig.2.12(c) and the
Fig.2.12(d) the hyperfine and the crossover profiles for both D; and D, transitions are
depicted. The peaks corresponding to 8"Rb and ®°Rb are marked in each of the plots of
the Fig.2.12.

Most of our experiments had been performed with the D; transition of 8Rb and 8°Rb
and the D, transition of 8’Rb. In case of D; transition we mainly used the transitions
of the excited states from the ground states F' = 2 and F' = 3 corresponding to 8’Rb
and 8Rb respectively. The hyperfine and crossover peaks corresponding to the above
mentioned transitions are shown in Fig.2.13(a), Fig.2.13(b), Fig.2.13(c) and Fig.2.13(d)

respectively.
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Figure 2.13: Hyperfine and crossover peaks in case of D; transition corresponding to (a)
F =2 — F’ = 1,2 transitions of 8Rb and (b) F = 3 — F’ = 2,3 transitions of °Rb.
In case of for Dy transition the hyperfine and crossover peaks for 8’Rb corresponding to (c)

F =2— F' =1,2,3 transitions and (d) F =1 — F’' =0, 1,2 transitions.

In the Fig.2.13(a) and Fig.2.13(b) the peaks (1 and 3) indicated with red arrows
are the hyperfine transition peaks due to FF =2 — F/' =1land F =2 — F' =2
transitions for 8"Rb and transitions from ' =3 — F' =2 and F =3 — F' =3
for 8Rb respectively in D; transition. The peak 2, marked with the purple arrow is the
crossover peak situated at the middle position between the two hyperfine peaks. In case

of Dy transitions the peaks 1, 3 and 6 designated with blue arrows are the hyperfine
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peaks due to the transitions from F' = 2(1) — F’' = 1(0), F' = 2(1) — F’' = 2(1)
and F = 2(1) — F’ = 3(2) respectively for 8’Rb as shown in the Fig.2.13(c) and the
Fig.2.13(d). The purple arrows show the crossover peaks 2, 4 and 5 of the corresponding
transitions in the Fig.2.13(c) and the Fig.2.13(d) respectively.

The separations of the peaks depend on the separation of the hyperfine transitions.
While the linewidth of the individual peaks depend on the relaxation rates as well as the

intensity of the applied laser light [75].

| hda SR |
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]

Figure 2.14: A representation of the real experimental setup of our laboratory

All the instruments mentioned above and accessories described in this chapter are
needed to study the experiments related to quantum optics. Fig.2.14 shows a general
image of the experimental setup in our laboratory with the accessories discussed above.
Apart from these we also used a lot of optical components like mirrors (M), half-wave

plates (HWP), quarter-wave plates (QWP), polarizing beam splitter cubes (PBS) etc.
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according to our experimental needs.



Theoretical framework

To understand the physics behind our experimentally observed phenomena, we had built
corresponding theoretical models. This research work also contains a theoretical analysis
of atomic interactions with applied light fields in different configurations. In the first part
of this chapter, we describe the semi-classical approach in density matrix formalism to
calculate the atomic polarization, susceptibilities, atomic coherence, populations of the
individual atomic levels, probe absorption and dispersion, etc. Then a two-level atomic
system interacting with a classical field is discussed. After that, the hyperfine levels and
the Zeeman levels of the atomic system are described. In the end, one of the atomic

coherence effects with a general three-level atomic system is also discussed.

3.1 Semi-classical description of light-atom interac-
tion

To describe the interaction of atoms with light fields, we have used the semi-classical
representation [32, 33] in which the atom is considered as a quantum system in different
configurations, e.g., two levels, three levels and four levels as the situation demand and

the light, i.e. the laser field is treated as a classical electric field.
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3.1.1 Formalism of density matrix: Equation of motion for den-
sity matrix

The wave function |¢)) contains complete information about a system in a pure state in
the case of quantum mechanics. The state vector 1) can be written in a basis set {|i)}

as,

%) = g i (3.1.1)
While [¢) carries all the possible information about a system, we cannot measure this
quantity directly in an experiment. Instead of this, the expectation value of any quan-
tum mechanical Hermitian operator (fl), which is a physical observable quantity, can be
measured experimentally as,

(A) = (v|Alp) (3.1.2)
where |¢) is normalized as (¢|1)) = 1. It can happen that for many situations, |¢) is
unknown and we know only the probability (P,) of the system to be in the state |1). In
such cases, not only the quantum mechanical average but also the ensemble average over
many identical systems needs to be calculated. To do this we have defined the density

operator as,

p=[¥) (Y] (3.1.3)

For a pure state, P, = 1. Thus p can be written in terms of n X n density matrix, where
n is the dimension of the Hilbert space. Therefore, the elements of the density matrix

become

pij = (lpl) (3.1.4)
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The normalization of the wave function gives Tr[p] = (¥)) = 1. The diagonal terms are
the probabilities |¢;|* for an atom to be in the state |i). The off-diagonal components c;c;
are called coherence since they are dependent on the phase difference between ¢; and ¢;.

From Eq.(3.1.1) and Eq.(3.1.2) we get,

A

J

<A> = %c?cj <z

3) = piiAij = Y (pA)jj = TrlpA] (3.1.5)

In above calculation we have considered the system to be in the pure state for which

Tr[p?] = Tr[p] = 1. For a mixed or impure state the density operator can be written as,

p=3 Pylv) (vl (3.1.6)
P

In this case Tr[p? < Tr[p].

When light travels through an atomic medium, it polarizes that atomic medium. This
in turn affects the propagation of the light field. Since we measure the experimental signal
after it crosses the medium, it contains the changes occurred in the properties of light
due to interaction with the atom. The polarization of the medium P can be calculated

from the density matrix as the expectation value of the dipole moment operator /i as,

P = NoTr[pji] = No'y_ pjitsij (3.1.7)
i?j

where N is the atomic number density. From the above equation we can write,
P = No(pjipij + pijhii) (3.1.8)

Again the atomic polarization can be expressed in terms of susceptibility x of the medium
as [32, 33|,

S 1 . .
P= §eoEé[X(w)e_Z(“’t_kz) + X*(w)ez(“’t_kz)] (3.1.9)
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where F is the amplitude of the electric field. Therefore, Eq.(3.1.8) and Eq.(3.1.9) yields,

2No i
= i 1.1
E Pji (3 0)

X

The susceptibility of the medium carries all the information about the absorption and the
dispersion properties of the atomic medium when light interacts with it. The imaginary
part (x”) of the susceptibility carries the information about the absorption and the real
part (x’) describes the information of the dispersion of the medium respectively. The
dependency of the susceptibility on frequency is due to the coherence term of the density
matrix as in Eq.(3.1.10), the other terms are independent of frequency. It makes the
formulation of the time evolution of the density matrix important.

The equation of motion of the density matrix can be derived from Schrodinger equa-
tion [32],

d ) i

Taking time derivative of the Eq.(3.1.6) and using Eq.(3.1.11) we obtain [32],

dp i

Eq.(3.1.12) is known as the Liouville equation or the von Neumann equation of motion
for the density matrix [32]. This equation is also called the master equation for the
system. The Eq.(3.1.12) describes the statistical properties, as well as the quantum
mechanical information about the system because it consists of a density operator rather
than a specific state vector. In this equation, the decay of the atomic levels is not
considered since it is derived from the Schrodinger wave equation. But the atoms decay
with spontaneous emission. So we need to consider the relaxation terms for an atomic

system. Again, the other decay mechanism like collisional decay persists in the atomic
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systems. The relaxation terms can be added phenomenologically in the master equation.

This relaxation operator can be defined as [76],

(ilT)j) = Ty, (3.1.13)
This matrix can also be called as depopulation matrix. After considering the decay matrix
phenomenologically the modified density matrix equation of motion becomes,

dp i

L = ——[H,p] - ;{F,p} (3.1.14)

where {} is the anti-commutator. If we assume the conservation of the number of atoms,
the population which decay from the excited states must be repopulated to the ground
states. Then the Eq.(3.1.14) can be modified further by considering the re-population

matrix Ay [76]. Therefore,

dp 1 1
— =——|H,p|] — -{T A 1.1

Now the time evolution of an element of the density matrix can be written as,

) 1 1
Pij = —3 > (Hiwprj — pirHig) — 3 > (TCikprj + pirlin) + Asj (3.1.16)
% k

The Eq.(3.1.16) is useful in the treatment of the multilevel atomic system. Thus, We
have added the re-population and the depopulation terms directly (as discussed above)
in each of the density matrix equations phenomenologically in all of our theoretical models

presented in the later chapters.
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3.2 Two-level atom

A two-level atom [32, 33, 76] interacting with a classical optical field, £(t) (see Fig.3.1) is
considered in order to give an overview of the light-atom interactions. The external field

g(t) polarized along the direction é is given as,

£(t) = Epcos(wt)é (3.2.1)

where Fy and w are the amplitude and the frequency of the electric field respectively.
To get the density matrix elements, we need to calculate the Hamiltonian of the sys-

tem, relaxation matrices and re-population matrices as required by the Eq.(3.1.15) or

Eq.(3.1.16).
1
2> flé‘_l __________________________ E hwg
_________ eedee. 0
I, Ao |[hwg
1
> — O — = hoy

Figure 3.1: A two-level atomic system with ground state |1) and excited state |2) interacts
with a laser of frequency w. 6 = (wo — w) is the detuning and T’y is the decay rate from

state |2).

The total Hamiltonian of the system is given by

H = Hy+ H, (3.2.2)

where Hy and H, are the unperturbed and the perturbed Hamiltonian of the system,
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respectively. The unperturbed Hamiltonian of the two-level system is given by,

—wWo 0
Hy =

N | St

(3.2.3)
0 wo

with the transition frequency between the states [1) —» |2) is wy. The perturbed Hamil-
tonian with the electric dipole approximation can be written as,
B 0 912(67@15 4 ez‘wt)
H, = —ji.&t) = —3 (3.2.4)
Qo1 (e7 Wt + eit) 0
where [i is the dipole moment operator of the transition |1) — [2) and Q2 = Qf, =
(1] f.e]2)

EOT is the Rabi frequency of the applied electric field. Therefore the total Hamil-

tonian takes the form [76],
h —wo —Qua(e™ ™" + et)
H=3 | | (3.2.5)
— Qo (e7™t 4 gt wo

From Eq.(3.2.5), it can be seen that the Hamiltonian of the system depends on time.
So, the polarization of the medium also becomes time-dependent, oscillating with the
light frequency. But the explicit time dependency can be removed as this time scale
is much shorter than any other time scale of the problem. Therefore, we have to do an
average over many cycles of the optical oscillation for any measurement. It is also noticed
from Eq.(3.2.5), that the optical field oscillates with a frequency w having a coupling
strength A$22. This prompted a transition between the states |1) — |2) with transition
frequency wp. If w & wy, then one component of the field is in near-resonant condition,
termed as co-rotation and the other component 2w which is in far detuned condition, is
named as counter-rotation. In the case of the optical transition, we can neglect the far

detuned term. Now if the operators are transformed in a new rotating basis with the co-

rotating frame, then the measurements will be static with respect to the rotating frame
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which is known as the rotating wave approximation (RWA) [32, 33, 76]. RWA ! is an
approximation used in atom optics and magnetic resonance. In this approximation, terms
in a Hamiltonian which oscillate rapidly are neglected. When the applied electromagnetic
radiation is near resonance with an atomic transition and the intensity is low or when
the field-atom coupling strength is a small fraction of bare frequency of an uncoupled
atom, we can apply the RWA. The name of the approximation originates from the form
of the Hamiltonian in the interaction picture. Transforming to this picture the evolution
of an atom due to the corresponding atomic Hamiltonian is absorbed into the state of
the system, leaving only the evolution due to the interaction of the atom with the light
field to consider. We can neglect the rapidly oscillating term in this picture. In other
words, only the part of the electromagnetic wave which co-rotates with the system-state
is kept while the counter rotating component is discarded, as we can think the interaction
picture as rotating with the state of system.

Therefore, to make the transformation from the Schrodinger to the interaction picture

or to find out a rotated basis we assume a unitary matrix,

eiwt/2 0
U= (3.2.6)
0 efiwt/Z

which satisfies the relation &'/ = 1. In a rotating frame, the state vector |¢) changes to

1) as
) =ut|y) (3.2.7)

"'When the driving field in a two-level system gets strong, e.g., atoms driven by a strong laser field
or nuclear spins in NMR, driven by a strong oscillating magnetic field (radio frequency) then RWA is
no longer valid. In 1940, Felix Bloch and Arnold Siegert showed that the dropped parts oscillating
rapidly can give rise to a shift in the true resonance frequency of the dipoles. This shift is known as

2
Bloch-Siegert shift (BSS). The corresponding shift is given by [77], Awpgs = %%—201 The method to get a
solution keeping the counter-rotating term for the strong field effects in the radio-frequency spectroscopy
is discussed in details in the textbook [33]. In the mentioned reference, the result is shown in terms of a

continued fraction, BSS and multiphoton resonances.
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Similarly, on a rotating basis, the operators will also be modified. Now we start with the

time-dependent Schrodinger equation in the laboratory frame,
L d
H ) = in |) (3.2.8)

Multiplying both sides by ¢! and inserting the identity operator 4" in front of the state

ket on each side of the above equation yields,
UTHUUT [¢) = ihtd! %aa* ) (3.2.9)
Using Eq.(3.2.7), the above equation can be rearranged to form
U HUY — z‘huTiU)\@ = miy@ (3.2.10)
dt dt

Comparing Eq.(3.2.10) with Eq.(3.2.8), the effective Hamiltonian in the rotating frame

can be written as

d
Hepp = UHU — z’hw%m (3.2.11)
Now,
. e—iwt/2 0 h —wo _le(e—iwt + eiwt) eiwt/2 0
U'HU = -
. 2 . ) .
0 ezwt/2 _QQl(e—zwt + ezwt) wo 0 e—zwt/2
e—iwt/2 0 n _woeiwt/Z —912(6_3th/2 +€iwt/2)
0 eiwt/2 2 _Q2l(e—iwt/2 + eBiwt/Q) woe—iwt/Z
B —wy —912(672&“ + 1)

(3.2.12)
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and
—iwt/2 iwt/2
d e 0 d le 0
il U =ih pr
0 ciwt/2 0 e—iwt/2
' ef'iwt/Q 0 %Jeiwt/Q 0
—ih (3.2.13)
0 eiwt/Q 0 _Luefiwt/Q
Bl—w 0
T2
0 w

Therefore using results of Eq.(3.2.12) and Eq.(3.2.13) in Eq.(3.2.11), We obtain the matrix

form of the effective Hamiltonian as,

B -9 _912(1 +672iwt)
Hepp =5 (3.2.14)

—Qzl(l + €2th) 1)
where 0 = wy — w is the detuning of the applied electric field. The counter rotating 2w

frequency term can be neglected due to far off detuning. So, after the RWA, the effective

Hamiltonian becomes,

Bl =6~
Hepp =5 (3.2.15)

In this way, the effective Hamiltonian becomes time-independent or static after the RWA

with respect to the rotating frame.

3.2.1 Optical Bloch equation

In case of a two level atomic system shown in the Fig.3.1 the density matrix can be

written as,

P11 P12
p= (3.2.16)

P21 P22
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If the excited state can decay spontaneously at a rate of I'y, then the relaxation matrix

is given by,

= (3.2.17)

Now, the population which decay from the upper level |2) can repopulate in the lower
level of the atom [1). If the total population is conserved for a closed two level system

then the re-population matrix becomes [76],

Iap2o 0
(3.2.18)

Ao
0 0

Using Eq.(3.2.15), Eq.(3.2.16), Eq.(3.2.17) and Eq.(3.2.18), the time evolution equations
for the density matrix elements can be obtained in the rotating frame from the Eq.(3.1.16)

as,

pi1 = Tapos + £2p21 — 5Qo1p12

pr2 = —Tapa — EQapa1 + 502112

(3.2.19)
pia = —(12 —id)p1a — L a(p11 — p22)
pa1 = —(5 +i6)pa1 + EQ12(p11 — pa2)

The equations in Eq.(3.2.19) are known as the optical Bloch equations (OBE) [32, 33,
76]. Here, (% — i)' is the complex detuning term. p;; and p;; are the population and
the coherence terms, respectively. The population terms inform us about the scattering
rates of the system, and the coherence terms give the essence of the absorption and the
dispersion properties of the system. By solving the time-dependent solution of the OBE,

we have plotted the transient behaviour of the excited state and the ground state along

with the coherence term in the Fig.3.2.
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0 1 2 3
Time (in ps)

Figure 3.2: Transient behaviour of the population terms corresponding to the ground

state (p11) and the excited state (p22) and the coherence term (p21).

From the Fig.3.2 it can be noticed that p;; shows oscillatory behaviour with respect

to the time. These oscillations are the Rabi oscillations with a frequency €2;5. The

oscillations are dying down after some time as the system has decayed and it has reached

the steady-state. The decay time depends on the natural linewidth I's.

The steady-state solution (see Appendix A for details) of the OBE can be obtained

by considering p;; = 0. With the conservation of population i.e. pi; + pa2 = 1, we can

solve the OBE analytically and the solutions are given by,

02 41% 52
124'(4+ )

P11 = 2
2{02, + 2(Z2 +62)}
QZ
P22 = 1%2
20, +2( + %)}
1‘\2
Q12(12 +42)
P21 = { D)

(5 +i0){0%, + 2(% +62)}

(3.2.20)
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—— Absorption
—— Dispersion

Coherence term (p21, in arb. unit)

-20 -15 -10 -5 O 5 10 15 20
Light detuning (3, in MHz)

Figure 3.3: Steady state solution of the coherence term as a function of light detuning.
Imaginary and real parts of the coherence term represent the absorption (red line) and

dispersion (green line) profiles of the beam, interacting with the system respectively.

We have plotted the steady-state solution of the probe coherence as a function of the
detuning in the Fig.3.3. I'm[ps1| and Re[py;] give the absorption and dispersion respec-
tively. The absorption profile shows a Lorentzian behaviour due to the homogeneous
decay of the system. The width of this profile is dependent on the Rabi frequency and

the decay rate of the upper excited state. The width, /Q3%, + 1'%/4, is called the power

broadened width.

3.2.2 Dressed states

The rotating frame Hamiltonian in the Eq.(3.2.15) is presented in the bare state basis
of the atomic levels {1,2}. But, sometimes it is convenient to represent the phenomena
on a different basis, e.g. the atom + photon basis where the photon dresses the bare
atomic levels. This basis is known as the dressed state basis. For this purpose, we

need to diagonalize the Hamiltonian matrix. By diagonalizing the Hamiltonian given in
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Eq.(3.2.15) we have obtained the eigenvalues as [32],

R = +/0% + 62 (3.2.21)

and the corresponding eigenvectors are calculated by an effective rotation of the uncoupled

basis states |1) and |2) as,

|+) cosf|1) 4 sin 6 |2)
_ (3.2.22)

|—) —sinf|1) + cosf2)

The states represented in Eq.(3.2.22) are the dressed states of the two level system where,

cos = —2L____ and sinf = —L=2___ The eigenvalues represented in the
(R—06)%+|Q21 |? vV (R=8)2+[Q21]2

Eq.(3.2.21) are called generalized Rabi frequencies. The energy corresponding to these
frequencies have a shift from the energy of the bare state and is known as the AC-Stark

shift.

3.3 Hyperfine levels

This research work is mainly based on alkali metals, which is a one-electron system. Most
of the experiments were done in the hyperfine levels of Rubidium atom. Since the atom
has nuclear spin, the hyperfine shifts exist in this type of system. This section will cover
the discussion on the hyperfine coupling.

It is known that due to the coupling between the orbital angular momentum L and
the spin angular momentum S of the electrons, the fine structure of the atom occurs.
Again, the coupling of the L and S creates the total angular momentum J of the atom

as,

.
Il
N
+
Uy

(3.3.1)
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where .J can take values in between,
IL-S|<J<|L+S]| (3.3.2)

On the other hand, the nucleus can have the spin angular momentum [ similar to the
electrons. Similarly, the nuclear spin can couple to the total angular momentum. This
leads to the hyperfine splitting of the atoms. So, the total hyperfine angular momentum

F becomes,

F=J+T (3.3.3)
and can take values in between,
|J—I < F<|J+1I] (3.3.4)

The energy levels will be shifted due to the hyperfine coupling. The Hamiltonian describ-

ing the hyperfine splitting can be written as [78, 79],

=

T
Hyge =g T+ By 27 é” 1)J (éj_l)iéml)
10(1.0)2 + 2(LJ)I(I +1) + J(J + 1) + 3] = 3I(I + 1)J(J + 1) = 5I1(I + 1)J(J + 1)

+ Chys I(I—1)(2I —1)J(J —1)(2J — 1)

(3.3.5)
The energy level splitting can be calculated from the above equation. The hyperfine

energy shift becomes,
SK(K+1)—2I(I+1)J(J+1)
2I(21 —1)2J(2J — 1)
SIA(E + D)+ K[I(I+ 1)+ J(J+1)+3=3I(1+1)J(J+1)] —5I(I+1)J(J +1)

1
AVI/WR :§Ahsz + Bifs

+ Chys I(I-1)(21 - 1)J(J - 1)(2J — 1)

(3.3.6)
where, K = F(F +1)—I(I +1) — J(J+1). In the above Eq.(3.3.5) and Eq.(3.3.6),
Angs, Brps and Chys are the magnetic dipole constant, the electric quadrupole constant

and the magnetic octupole constant respectively. The terms corresponding to Bjss and
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Chys apply only to the excited state manifold of the D, transition and not to the D,

transition.

3.4 Zeeman shift

The hyperfine levels have (2F + 1) manifold, and the levels are degenerate in the absence
of an external magnetic field. If the magnetic field is applied, the degeneracy of the energy
levels will be broken. This phenomenon is known as the Zeeman effect. To describe the

interactions of the atoms with the magnetic field, the Hamiltonian can be written as,
BB, &, 7. AR
Hp = ?(gSS—i—gLL—i—gII)B (341)

If the magnetic field is applied in the z direction, then the Hamiltonian becomes,

_HB

Hp 5

(gSSZ +gLLz +gllz)Bz (342)

where, gg, g, and g; are the g-factors of the electron spin, the electron orbital angular
momentum and the nuclear spin respectively and pp is the Bohr magneton.
J will be a good quantum number where the energy shift is small comparable to the

fine structure splitting and the corresponding Hamiltonian further becomes [78, 79],
H="E(g,1. + g:1.)B. (3.4.3)

gy is the Lande g-factor and is given by,

JU+) =SS+ D+ LL+1) | 41+ S5 +1) = L+ 1)

9= 9L 2J(J +1) 2J(J +1) 5.44)
L I AN S+ L A1) h
=i 57(J + 1)

with g, = 1 and gg = 2.
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In case of the applied ‘high’ magnetic field strength, Eq.(3.4.3) describes the appro-
priate interaction. This interaction term dominates the hyperfine energies so that the
hyperfine Hamiltonian perturbs the strong-field eigenstate |Jm jIm;). The interaction of
the atoms with high magnetic field is known as the Paschen-Back effect. In this case, the

energies are given by [78, 79,

Im3m? — 3J(J + 1)m)I? = 3I(I + 1)m?% + (I +1)J(J + 1)
4J(2J — 1)I(2I — 1)

E\ymytmpy RAngsmrmg + Bpys

+ pe(gsmy + grmr)B
(3.4.5)

For the applied ‘small’ magnetic field where the energy splitting due to the magnetic
field is small enough compared to the hyperfine splitting, F will be a good quantum num-
ber. Assuming the quantization axis along the z-direction the corresponding interaction

Hamiltonian becomes,

Hp = ’%BgFFzBZ (3.4.6)

Here, the hyperfine Lande g-factor gr is defined as,

F(F+1) — IT+1)+J(J+1)  FF+1)+I(I+1)—J(J+1)
9F(F + 1) tor 2F(F + 1)
F(F+1)—I(I+1)+J(J+1)
2F (F + 1)

gr =49J
(3.4.7)

=9J
Moreover, the nuclear correction term g; is neglected since g; << g;.

Thus when the energy level splitting is small due to the smaller applied magnetic field,

the Hamiltonian in Eq.(3.4.6) describes the proper interaction. It perturbs the zero-field

eigenstates of Hjss. the level splitting is given to the lowest order by,
AE\FmF) == ,uBgFmFBZ (348)

It is a linear Zeeman shift, and this regime is called the anomalous Zeeman effect or

simply the Zeeman effect.
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3.5 Doppler broadening

In the spectroscopy, no resonance line is infinitely narrow. A finite width is always
associated with the resonance line. Spontaneous emission introduces a finite lifetime to
the upper state (by the uncertainty principle). Therefore we can say that every transition
has a natural width. Finite observation time, collisions, the motion of the atom, field
inhomogeneity, pressure, etc. are the parameters which lead to an additional broadening
of the spectral lines. These may be of two types, (i) homogeneous broadening and (i7)
inhomogeneous broadening. Since the probability of absorption or emission of radiation
is equal for all the atoms in an ensemble, natural linewidth having Lorentzian line shape
is an example of homogeneous broadening. The transition probability is not equal for
all atoms but depends on their velocity, e.g., Doppler broadening, which has a Gaussian
line profile in case of inhomogeneous broadening. In this section, we will discuss Doppler
broadening, which is very relevant to vapour cell experiments.

The relationship between the angular frequency w of incident light field in the lab-
oratory frame of reference and the angular frequency (w’) seen in a frame of reference

moving at velocity v can be written using Doppler effect as,
W=w—k-7 (3.5.1)

where the wave-vector k of the incident radiation has magnitude k£ = £ = 27” The

component of the velocity along k leads to the Doppler effect. Here, k-7 = kvcost) = kv

as 0 = 0. The Doppler effect acts on the absorption by a gas where each atom absorbs

radiation with frequency wy in its rest frame, i.e. W' = wy. Converting Eq.(3.5.1) to the
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linear frequency scale we can write,
v
v=v(l--) (3.5.2)
c

Atoms in a vapour cell at room temperature, which are in thermal equilibrium, follow
Maxwell-Boltzmann (MB) velocity distribution which is spherically symmetric. The frac-

tion of atoms with velocity in the range v to v + dv in atomic vapour is given by,

M v?
f(v)dv = 27TkBTe$p(—§)dv (3.5.3)
where kg = 1.38 x 10%® J/K is the Boltzmann’s constant and u = Q%T is the most

probable speed for atoms of mass M at absolute temperature T. Now, we can rewrite
Eq.(3.5.3) in terms of frequency using Eq.(3.5.2) to obtain the Gaussian line shape func-

tion for absorption. This is given by,

c M A v—uy.,
G(v)dv = V—OU 27rkBTexp{—?( ” )" v (3.5.4)

Eq.(3.5.4) represents the Doppler line shape of an ensemble of atoms. Further, the FWHM

of the absorption line shape from Eq.(3.5.4) is given by

Avp = \/lni2u—(’:’° = SkBan%,/MLN (3.5.5)

where T is the temperature in absolute scale and My denotes the mass number. For
example, Avp = 504.34 MHz for 8"Rb with v = 236.32 m/s at T = 294 K. We have
convoluted the MB distribution to get the information of atoms of all velocities over the

coherence term of the density matrix.
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3.6 Three-level atoms: Electromagnetically induced

transparency

When laser fields interact with three or multilevel atoms, many interesting phenomena like
coherent population trapping (CPT), electromagnetically induced transparency (EIT),
electromagnetically induced absorption (EIA), lasing without inversion (LWI) etc. can
be observed. There are three kinds of three-level systems, such as A-type, V-type and
cascade or ladder type. To observe the EIT phenomenon, one needs to have an alkali
atomic system. Since this research work is mainly based on the EIT phenomenon in this

section, a fundamental theoretical explanation of this phenomenon has been given.

3.6.1 Electromagnetically induced transparency (EIT)

As we discussed in chapter 1, EIT is a coherent phenomenon generated due to quantum
interference-effect. To understand the physics behind this phenomenon, we have consid-
ered here a A-type system as shown in the Fig.3.4(a). The atomic levels are defined as
|1), |2) and |3). The weak probe laser of frequency w, connects the transition between
|1) — |3) while the strong pump laser with frequency w,. couples |2) — |3) transition.
The probe laser has Rabi frequency €2, and detuning J,, while these quantities for the

pump laser are €2, and J. respectively.
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(b)
FF=3
Dressing Field

13>

11>—L—

Figure 3.4: (a) Three level A-type system for EIT. (b) Coherent coupling between meta-
stable state |2) and excited state |3) of the dressing (pump) field. (c) The formation of
the dressed states in the atomic system. In this figure |1), |2) and |3) correspond to the
hyperfine levels ' =1, F = 2 and F’ = 3 of 8"Rb respectively.

Both these transitions are dipole allowed, and the involved levels have opposite parity.
So, |1) — |2) transition involves the same parity levels and is dipole forbidden. T's is
the spontaneous decay rate of level |3) and the ground states have zero decay rates.
Since the pump beam is strong enough compared to the probe beam, it will act as the
dressing field between the levels |2) and |3) (see Fig.3.4(b)). The pump field generates
interference of excitation pathways through the doublet of dressed states |+) (Autler-
Townes doublet), provided the decay out of state |2) is negligible compared to that of
state |3) is shown in the Fig.3.4(c). Suppose the probe field is tuned precisely to the

resonance frequency. In that case, the contributions to the linear susceptibility due to
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the two resonances, |1) —» |+) and |1) — |—), which are equally spaced but with
opposite signs of detuning, will be equal and opposite. In this way, the cancellation of
the response at this frequency due to a Fano-like interference [80] of the decay channels
is created. In the probe absorption spectrum, we will get a transparency window at the
resonance position.
To get a view about the dressed states of a three level system, let us consider that
the probe and the pump fields are given by
5(t) = Eopeos(wyt)é,
(3.6.1)
ge(t) = Eoccos(wet)éc
Following the derivation of the two-level system done in section 3.2, the effective Hamil-

tonian for the three-level A-type system with RWA becomes,

0 0 -Q,
h
Hepp=51 0 =26, —6:) —Qe (3.6.2)
—oro—or -2,
FEo, (1| ii-é,|3 Eo. (2| fi-é.13 ) .
where, Q, = o { “Fj ¢ 3) and Q, = =2 < |';; ¢c13) are the Rabi frequencies for the

probe and the pump beams respectively. Probe (pump) beam detuning is defined as
Op(e) = (Wa1(32) = W(e))-

To express the eigenstates we consider the mixing angles # and ¢ which depend in a
simple way upon the Rabi frequencies as well as on the one photon detuning (9, = J) and
the Raman or two photon detuning (g = (d, — d.)). For Raman resonance condition i.e.

at 0r = 0, the mixing angles are defined as [32],
Qp
tan(0) = o
[ + 1922
]

(3.6.3)
tan(2¢) =
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Solving the characteristic equation for the Hamiltonian matrix of Eq.(3.6.2) at the Raman

resonance condition, we have obtained the eigenvalues of the Hamiltonian as,

A =0
(3.6.4)
h
A = 5[0 /8 + 2 + [P
The corresponding eigenstates are written in terms of the bare states as,
|0) = cos(0)|1) — sin(0) |2)
[+ = sin(8)sin(6) [1) + cos(6) 3) + cos(8)sin(9) [2) (3:6.5)

=) = sin(8)sin(9) |1) — sin(6) |3) + cos(0)cos(9) |2)
The states |£) contain all the bare states’ components while the bare state |3) has no
contribution for the state |0). The state |0) is therefore called the dark state because there
is no possibility of excitation to state |3) from it and subsequent spontaneous emission
for the atoms who are in this state |0).

Now for the case of EIT considering a weak probe beam, ie., 2, << Q. =
tan(f) << 1 = sin(d) — 0, cos(f) — 1 and if the probe beam is on resonance,

ie,d=0 = tan(2¢) =00 = ¢ =7, Eq.(3.6.5) becomes,

0) = 1)
+) = j§<|2> +13) (3.6.6)
-y = ;5('” ~13))

The states described in the Eq.(3.6.6) are the usual dressed states created in the EIT
phenomenon with the condition of strong pump beam and weak probe beam as shown in
the Fig.3.4(c).

To get the probe absorption and the dispersion spectra we have to solve the master
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Eq.(3.1.16). Here the relaxation matrix of the system is given by

0 0 O
'=10 0 o (3.6.7)
0 0 I's

The re-population matrix of this three level system can be written as,

T

3533 0 0
Ao = 0 F32p33 0 (3.6.8)
0 0 0

Using Eq.(3.6.2), Eq.(3.6.7) and Eq.(3.6.8), from Eq.(3.1.16), the OBE for the three level

A-type system can be obtained as,

) 7

p1i1 = I'zips3 + §Qp(P31 — p13)
) 7

P22 = I'saps3 + 590(;032 — p23)

. /l/ /L
pi3 = —(I31 + T'32)pss — §Qp(/)31 — p13) — 5@:(032 — p23)

1 1
7Qp(p33 — pn) + chPm

P31 = —D:;llpzn 3

. - ,l. Z.
piz = =D p3s — 5 Qu(pzz — pa2) + §Qpp12

2
. 1 7} 1
pa1 = —Dyy pa1 + §QCP31 - §Qp,023 (3.6.9)

Here, D;; is the complex detuning defined as DZ»_j1 = 7j + 105, i is the coherence
decay for the corresponding transition |i) — |j) and ¢;; is the detuning of the corre-
sponding levels. Under the steady state condition, with the first order perturbation for
the probe beam, the probe coherence term is obtained as,

Qngl

i
R o L (3.6.10)
21+ %Dy Dy

P31 =

While calculating the coherence term we have assumed that p;; = 1 and pss = p33 = 0



3.6.  Three-level atoms: FElectromagnetically induced transparency o7

for the sake of simplicity. Here, we have calculated the probe coherence term only for the

atoms which are at rest.

| —— Absorption
—— Dispersion

Probe Coherence (p31, in arb. unit)

-20 -15 <10 5 0 5 10 15 20

Probe detuning (3, in MHz)

Figure 3.5: Probe coherence as a function of detuning at the steady-state. The red line
represents the absorption profile with the transparency window in the vicinity of two photon
resonance. The green line indicates probe dispersion with normal dispersion in the vicinity

of the two photon resonance corresponding to the EIT.

In the Fig.3.5 the probe absorption and the probe dispersion profiles for a three-level
A-type system are shown. We have observed the transparency window in the absorp-
tion profile and the normal dispersion in the dispersion spectrum in the vicinity of the
resonance. For the interaction of only the probe beam, we would have observed just an
absorption and an anomalous dispersion, as shown in Fig.3.3. Thus, the atomic medium
becomes very dispersive when EIT resonance occurs in the medium. It leads to the phe-
nomenon of slowing down of light while the light interacts with an EIT medium. So, the
EIT medium becomes very interesting to investigate the light-atom interactions. We had
explored several phenomena with this quantum interference effect, as described in the
later chapters of this thesis.

On the other hand, for both of the EIT and the Autler-Townes (AT) effect one can
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observe a transparency window at the resonance position, but origins of these two phe-
nomena are different. In the spectroscopy, the AT effect (AC Stark effect) shows a change
in shape of absorption spectra of a spectral line when an oscillating electric field is tuned
in resonance to the transition frequency of that spectral line. The AC Stark effect was
discovered by Stanley Autler and Charles Townes in 1955 [17]. This effect is more pro-
nounced when the field is tuned to the frequency of a two-level transition. Here, the
oscillating field has the effect of splitting the two bare transition states into doublets or
“dressed states” which are separated by the corresponding Rabi frequency. On the other
hand, EIT is coming mainly due to the Fano interference effect [80]. In both the cases
of AT effects and EIT we can observe a transparency window at the resonance position
in an absorption background. In the EIT, the transparency is induced coherently by a
pump field even if the pump is relatively weak. Here, the coherence between the relevant
atomic levels is achieved due to the Fano interference between the two atomic transi-
tions. In the atomic system, for very high pump Rabi frequency, the Fano interference
starts to wash out. Then the transparency occurs simply due to a doublet structure in
the absorption profile resulting from electromagnetic pumping and this is known as AT
splitting (ATS). For a three-level A-type system the strong EIT occurs for the condition

Q. < (T's1 — 721)/2 and ATS starts to appear for Q. >> T'3; [81-83].



Dispersive properties of a coherent

atomic medium?

4.1 Introduction

In this work, we have reported the experimental and theoretical study of the dispersive
properties of 8Rb in Dy transition with A-type configuration at room temperature [1].
Experimentally, we observed the dispersion profile of the probe beam with the help of the
balanced homodyne detection technique [84]. The dispersive signal carries information
about the phase difference between the reference and the probe signal beams which
formed the two arms of a Mach-Zehnder interferometer. There are several previous
studies where the dispersive properties of the atomic medium under the EIT resonance
condition have been investigated. The change in the refractive index can be observed
by studying the dispersion signal when the probe beam interacts with an EIT medium.
Xiao et al. [85], using homodyne detection technique, measured the dispersive properties
of an EIT medium. They observed rapidly varying refractive index under EIT condition
in a cascade-type system of Rb-Dy transition and achieved a reduced group velocity

of 35 m/s at room temperature. Schmidt et al. [86] showed the group velocity was

!This chapter is based on the publication Das et al. Laser Phys., 2018, 28, 125205 - 125212. The
experiment and the theoretical calculations presented in this chapter have been entirely done by Arpita
Das.
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Cc

near about T

m/s at room temperature with a 20 mm Cs cell. They observed the
dispersion signal for the CPT phenomenon. In the theoretical work of Harris et al. [87],

the dispersive properties of a Pb vapour in a cell were studied, and they predicted a

[

355 m/s. Measurement of the dispersive profile of a multi-window EIT

group velocity of
spectrum in Rb atomic medium had also been reported recently [88]. The authors studied
both experimentally and theoretically, how under the EIT effect, an anomalous dispersive
region of the medium got modified into multiple normal and anomalous dispersive regions.
Liu et al. [89] experimentally demonstrated a measurement method to get high-precision
refractive index spectrum using the phase interferometry setup of 8Rb. They performed
the experiment in the hyperfine spectrum. Recently, the subluminal light propagation in
the EIT medium forming a V-type configuration in 8°Rb has been studied [90]. In this
work, the system was studied in the time domain. The slow light phenomenon has also
been observed in GaAs/AlGaAs solid-state medium configuring a V-type system [91].
Beil et al. [92] also studied both A-type and V-type systems in Pr3* : Y55iOj5 crystal for
this purpose.

In our experiment, we determined the group index of the medium within the EIT
region from the slope of the probe dispersion signal. Then we have studied the varia-
tion of the group index of the medium with respect to the pump power (or the pump
Rabi frequency). From our study, we calculated the group velocity of light, which passes
through the atomic medium. We theoretically supported our observation by solving
the density-matrix equation of motion (Liouville equation) analytically using the semi-

classical approach. We have found out an analytical expression of the group index as-

suming Lorentzian velocity distribution of the atom. We have also shown that the ana-
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lytical solution matched precisely with the numerical solution of the group index for the
Maxwell-Boltzmann (MB) velocity distribution of the atoms. Finally, we have compared

our experimental findings with our theoretical calculations.

4.2 Experiment

To study the dispersive properties of 8Rb atoms, an EIT setup was made using the

concept of a Mach-Zehnder interferometer.

Hwp1 PBS1

NIRRT

Ol BD1

{ PBS3
BSLRS = B.Det

Det
Rb cell
| ]
CBS,
PBS4
BS3
M3
M2

M1 BD3
PZT -

Figure 4.1: Experimental Setup. ECDL : External cavity diode laser, OI : Optical isolator,
HWP: Half-wave plate, PBS: Polarizing beam splitting cube, BS: Beam splitter, CBS : Non-
polarizing beam splitting cube, M: Mirror, Rb Cell : Rubidium vapour cell, BD : Beam
dump, Det : Single pin photodetector, B.Det : Balance detector, VND: Variable neutral
density filter, SAS Setup: Saturation absorption spectroscopy setup, L: Convex Lens, PZT:

Piezoelectric transducer.

We used two external cavity diode lasers (ECDLs) for the probe and the pump beams.
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The probe beam was taken from ECDL1, and the pump beam was drawn from ECDL2
as shown in Fig.4.1. Both the beams were passed through the optical isolators (OI)
to prevent back reflection into the laser diodes. The probe and the pump beams were
made orthogonally polarized with the combination of the half-wave plates (HWP) and
polarizing beam splitters (PBS). The pump beam from ECDL2 was passed through a
30:70 plate beam splitter (BS2). The reflected part of the beam was taken for saturation
absorption spectroscopy (SAS) setup. The transmitted part of the pump beam was taken
for our experiment after passing through HWP2 and PBS2. For the probe beam, we took
the reflected part after it passed through HWP1 and PBS1. The probe beam was then
passed through a 30:70 plate beam splitter (BS1) and divided into the probe signal beam
and the reference beam.

The probe signal beam and the pump beam were combined in PBS3, and the com-
bined beams are co-propagated through the 50 mm long cylindrical Rubidium vapour
cell (Rb cell) of diameter 25 mm. It formed one arm of the interferometer. The reference
beam travelled along another arm of the interferometer, which consists of a piezoelectric
transducer (PZT) attached to a mirror (M1). To detect only the probe signal, we sepa-
rated the probe signal and the pump beams after the Rb cell by using another polarizing
beam splitter (PBS4). The probe signal beam was again divided into two parts by an-
other 30:70 plate beam splitter (BS3). The reflected part was focused into a single pin
photodetector (Det, New Focus Model: 2001) by a convex lens (L) of focal length 10 cm
to observe the probe transmission signal. The transmitted part of the probe signal beam
and the reference beam were recombined in a 50:50 non-polarizing cubic beam splitter

(CBS). The probe dispersion signal was observed by a balanced photodetector (New Fo-
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cus Model: 2307) using the homodyne detection technique. The dispersion profile carries
a small phase difference f(w)! between the two arms of the interferometer due to the EIT
created in the Rb atomic medium, where [3(w) is the dispersion coefficient of the medium
and L is the length of the Rb cell.

The difference signal from the balanced photodetector (B.Det) is given by (see Ap-
pendix B)

Alj(w) x 2B, Eyexp(— ()L

)cos(¢pr + B(w)L) (4.2.1)

where E, and E, are the amplitudes of the electric fields of the reference beam and the
probe signal beam respectively. a(w) is the absorption coefficient of the medium, and ¢,
is the reference phase of the interferometer. Thus the phase difference between the probe
signal beam and the reference beam due to an EIT medium is manifested by the dispersion
signal. We adjusted the phase of the reference arm of the Mach-Zehnder interferometer

using a PZT by changing the voltage on it such that the phase becomes 7/2. Then, the

difference signal becomes, Al;(w) exp(—a(‘;)L)ﬂ(w)L for [B(w)|L < 1 [85]. The Rb
cell contains both 8Rb and ®Rb in their natural abundance and no buffer gas. The
pressure of the cell is of the order of 1077 Torr at the room temperature. Throughout our
experiment, we have kept the powers of the probe signal beam and that of the reference
beam constant at 13 £0.5 pW and 4 £0.05 mW respectively. We varied the pump power
from 14 £ 0.5 W to 5 + 0.05 mW using a variable neutral density filter (VND) placed

in the path of the pump beam. We recorded both the probe absorption and the probe

dispersion signals using a digital storage oscilloscope (Rohde and Schwarz).
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4.3 Experimental results and analysis

F=3
Fr_ ol 26665 MHz -
Fro 1} 136947 MHz y w
B 72.218 MH
F'=0 -
F=2 — 2=
6.834 GHz
F=1 1>

Figure 4.2: Level scheme of 87 Rb with Dy transition. This figure shows the A type
configuration of the atomic system, where the pump beam (two-sided red arrow) is locked
between the F' = 2(|2)) — F' =2 (|3)) levels and the probe beam (one-sided blue arrow)
is scanned through the ' =1 (|1)) — F’' =2 (|3)) levels.

In our experiment, we focused only on the D, transition of 8" Rb. We locked the pump
beam at F' = 2 — F’ = 2 hyperfine transition with the help of SAS setup, the lock-
in circuit and the PID control loop. The probe beam was scanned from F' = 1 —
F' = 2 transition as shown in Fig.4.2. When only the probe beam passed through the
Rb cell, we got the Doppler-broadened transmission and dispersion profiles of the probe
signal beam as shown in Fig.4.3(a). When both the pump and the probe beams travelled
through the cell at the two-photon resonance condition, we observed an EIT peak in the
probe transmission profile. Corresponding to the EIT peak in the transmission profile,
we got the normal dispersion in the probe dispersion profile. A zoomed view of the

probe transmission spectrum with the EIT and the dispersive EIT profile are shown in
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Probe Signal (arb. unit)
Probe Signal (arb. unit)
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Figure 4.3: (a) Experimental Doppler-broadened spectra of the probe beam when only
the probe beam passed through the vapour cell. (b) Zoomed view (only the EIT portion) of
the experimental Doppler broadened spectra of the probe beam when both the pump beam
and the probe beam passed through the vapour cell at EIT condition. The probe Rabi
frequency was 1.73 MHz in case of both (a) and (b), whereas the pump Rabi frequencies
were 0 MHz and 32.74 MHz respectively. The black curve represents the probe transmission
signal, and the red one denotes the probe dispersion profile.
Fig.4.3(b).

We studied the pump power variation of the dispersion signal. In Fig.4.4 the dispersion
profiles corresponding to five pump Rabi frequencies are shown. It was observed that as we
increased the pump beam power or the pump Rabi frequency, the slope of the dispersive
EIT signal became steeper upto a certain value of the pump power. After that, the slope
gradually decreased as we increased the pump beam power. Although the strength of the
EIT in the dispersion profile always kept increasing.

The Rabi frequencies of both the probe and the pump beams in our experiment were

2
calculated using the formula, I%t =2 (%) (78], where I, is the saturation intensity and
I is the natural linewidth of the medium . We have the atom density as, Ny ~ 4 x 10*% /m?
[78] since our laboratory temperature during the experiment was 21°C. The intensities of

either the probe or the pump beams I,y can be obtained from the relation I, = %,
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where P, is the the probe (pump) power and A is the cross sectional area of the laser

beam respectively. In our case, the diameter of each beam was 2 mm.

1017 (arb. unig)
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Figure 4.4: Normalized dispersive EIT profiles corresponding to five pump Rabi frequen-
cies (21 = 1.81£0.03 MHz, Q9 = 6.3+£0.01 MHz, Q3 = 15.53+0.37 MHz, 4 = 25.84+0.22
MHz, Q5 = 32.74 + 0.17 MHz). The data were normalized only in the region of EIT. The
probe Rabi frequency is 1.73 + 0.34 MHz for all of the above spectra.

dB(w)

From the slope of the dispersive EIT signal we got Ld@g“) |lwo- We calculated 552,

from it, where wy is the resonance frequency of the probe. With this value, the group
index ngy =1 —i—c% |, Was calculated. We noticed that the nature of variation of the group
index with the pump Rabi frequency was similar to that of the slope of the dispersive
EIT signal with the pump beam power. The value of the group index increased as the
pump Rabi frequency was increased, upto a certain value. But beyond that value, the
group index decreased as the value of pump Rabi frequency was increased. From this
behaviour, we can say that the medium became more dispersive when the pump Rabi
frequency was increased in the low pump power region. Although beyond a critical point

of the pump Rabi frequency, power broadening phenomenon started dominating over the
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dispersive behaviour of the atomic medium, even if the strength of the dispersive EIT
signal was always increasing. The variation of the group index with the pump Rabi
frequencies, which was observed experimentally, is shown in Fig.4.5 by the blue triangles.

The theoretical plots are explained in section 4.4.
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e —A— Experimental
N
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Figure 4.5: Variation of the group index with pump Rabi frequencies. The blue triangles
show the experimental results (the line joining these experimental data points is given for eye
guidance). The black line shows the variation of group index calculated analytically using
Lorentzian velocity distribution of the atoms. The red dashed lines indicates the theoretical

numerical variation considering the Maxwell-Boltzmann (MB) velocity distribution of the

atoms.

From the group index we can calculate the group velocity, v, = ¢/n, where c is the

velocity of light in free space. v, was calculated with the help of the relation v, = ﬁ,
dw 1?0

where wy is the resonance frequency of the probe beam. The time delay (At,) can also be
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calculated as At, = (L/v,—L/c) =~ L/v, = Lny/c. The values of the group velocities and
the time delays corresponding to each pump Rabi frequency are mentioned in the Table

(4.1). We got the maximum time delay corresponding to the maximum group index.

Pump Rabi frequency (MHz) | Group velocity (m/s) | Time delay (ns)
1.81£0.03 S 16.17 + 0.70
3.54 £0.02 5065539 20.11 £ 0.65
6.3 £ 0.01 S 21.73 % 1.99
10.64 £ 0.01 S 13.87 = 1.99
15.53 £ 0.37 —— 887+ 0.37
20.76 + 0.27 S—— 6.54 £ 0.4
25.84 £ 0.22 —— 4.61 + 0.42
2771+ 0.21 S—— 2.88 £ 0.06
32.74+0.17 S — 2.68 £ 0.07

Table 4.1: Experimentally measured values of the group velocities and the time delays for
nine different pump Rabi frequencies.

From the values of group velocity in Table (4.1) one can see that the group velocity
reduced as we increased the pump Rabi frequency upto a certain value. Then the group
velocity increased with increase in the pump Rabi frequency as the group velocity is
inversely proportional to the group index. Therefore we can say that to get the most
reduced group velocity; we have to select the pump Rabi frequency or the pump power
carefully. We achieved the most reduced group velocity in our EIT medium as v, =
Todors M/s with the pump Rabi frequency 6.3 £ 0.01 MHz at 21°C for a 50 mm Rb
vapour cell. This corresponds to a time delay of 21.73 +1.99 ns in a A-type configuration

of ¥Rb with D, transition.
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4.4 Theory

To support our experimental observations theoretically and to explain the non-linear be-
haviour of the group index, we used a semi-classical approach of density matrix formalism.
We considered a three-level A type configuration as shown in Fig.4.2. The states |3) and
|2) are coupled by the strong pump beam while the weak probe beam couples the states
|3) and |1). The transitions |1) — |3) and |2) — |3) are dipole allowed, while the
transition between |1) and |2) is dipole-forbidden. The pump beam has the frequency
w. and the electric field amplitude E., while for the probe beam, those quantities are
w, and E), respectively. In general we can define the electric fields of both the lasers as,
4wy, 2) = Re[E e wit=ka2)] where ¢ = ¢,p. Here c stands for the pump beam and p
stands for the probe beam. We assumed that the fields propagate along the z-direction.
Here, k, is the wave propagation vector which is defined as k, = 27/A,;. The wave vectors
of the pump and the probe beams are almost equal, so we took &k, = k. = k in our
calculation. Here our total Hamiltonian of the system is the sum of unperturbed and
perturbed Hamiltonian of the system.

For our system Hj is the unperturbed Hamiltonian that can be written as,

3

Ho = hwj i) (il (4.4.1)
j=1

where hw; is the energy of j-th level. Hj is the perturbation or the atom-field interaction

Hamiltonian. It can be written as,
Hy = — 10, 13) (1] (70509 =) 4.0 [3) (2] (e et hed) et 8o ] (4.4,

Here, 0, = ps1E,/h is the probe Rabi frequency and Q. = ps2E./h is the pump Rabi
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frequency with p3; and pge as the dipole moments of the respective dipole allowed tran-
sitions. For the dipole forbidden transition, p;2 = 0. We considered the Rabi frequencies
to be real. The time evolution of the atomic density matrix operator can be derived from
the Liouville equation (Eq.(3.1.16)), after including the decay terms phenomenologically.

Therefore, assuming RWA the time evolution can be expressed as following,

pi1 = Ds1p33 + Da1pae — Traprr + 5Q(p51 — p13)

P22 = Dsapss — Dorpao + Traprr + 5Qe(ps2 — pas)

p33s = —(Ts1 4 s2)pss — 50, (ps1 — p13) — 5Q(ps2 — pas)
(4.4.3)
ps1 = —Dy'psi — 50 (pss — p11) + £Qepa
P32 = —Di3' p32 — 103z — po2) + 2 Qpp12
pr1 = —Dyi' par + EQepsi — 10,03

Here, I'3; = T'3p = g, where I' is the spontaneous decay rate from the excited state |3).
['1 and T'y; are the non radiative decay rates between the two ground levels |1) and |2)

respectively. We have assumed that I'y; = I'15. 737 and 732 are the coherence decay rates

314132

— I31+T'39
5 .

and are defined as, 3, = D)

and s

In the equations, A, and A, are the probe and the pump laser detunings respectively
after taking the Doppler shift into account and they are defined as, A, = (6, + kv) and
A, = (d.+kv) respectively. d, = (w,—wi3) and 0, = (w.—wa3) are the probe and the pump
laser detunings without the Doppler shifts, where, w3 and w3 are the frequencies of the
allowed atomic transitions. We denoted w;3 = wy in our further calculation. Under the

steady state condition we have solved the Eq.(4.4.3) analytically. Since in our experiment

the intensity of probe beam was very low than the pump beam, we took the first order
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perturbation for the probe beam. We have obtained the zeroth order population of |3)

from the Eq.(4.4.3),
i

—QT‘S(PQQ ) (4.4.4)

PgS =
and the zeroth order pump-coherence term,

0 ifdc (szs - 082)
= Cc 33 P22/ 4.4.5
P32 2 mme — A, ( )

Using Eq.(4.4.5), Eq.(4.4.4) becomes,

i§de i (P33 — £32) i (P33 — £32)

0
P33 = — — ;

23" 2 7y —iA, 2 32 +iAc (4.4.6)

_ Q2732 po

203(73, + A2) + W2y

Again, from Eq.(4.4.3) the zeroth order population of |1) becomes,
L3109 + 219

o0, = T31f3s + Toifiy (44.7)

I'i2

Assuming population conservation, i.e. p{;+p3,+p% = 1, using Eq.(4.4.6) and Eq.(4.4.7
11T P22+ P33

we have obtained,

P+ 3+ P33 =1 (4.4.8)
Q2732
o 2F3(7§2 + Ag) + 92732 P2 2P + po + 93732 /0(2)2 =1
I'o 27 2T3(v3, + A2) + Q275
(4.4.9)
Q2732
r < 09 + Ta1 09
N SOT(13, + A2) + 2y 2 T 2 L0+ Q2732 L1
I'o 27 2T3(3, + A2) + Q25
(4.4.10)
2 ol3(v3, + A2) + T 02
0 121 3(732 c 1277323 4¢
P22 4T1905(v35 + A2) + (3012 + 's1) 32922 ( )
Therefore, Eq.(4.4.6) and Eq.(4.4.6) become,
r 02
0 127732825
= 4.4.12
pa3 4T1905(v35 + A2) + (3D12 + I's1) 32022 ( )
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and
pO _ 2F12F3(’732,2 + A(Q;) + (T2 + F31)73QQ<23 (4.4.13)
AT ol (73, + A2) + (3T + T'a1) 73222
Thus we got the probe coherence under steady state condition,
. Q2
pay = — %Qngl[(pgg - p(l]l) - TCD23D21(P83 _ p(2]2)] (4 4 14)
_ _ 4.
(1+ % D51 Do)
Where we have assumed that (k, — k.) ~ 0 and
1
D3 = -
T (s —idy)
1
' (4.4.15)
27 (a2 +iA)
1
Doy =

Now, to get the group index we have to calculate the susceptibility of the medium
since the refractive index of the medium is related to the susceptibility as, n(w) = 1 +
% X'(w). Therefore the group index at the transition frequency can be calculated from the
relation, ny = n(wp) + wo2|,,, where n(wg) = 1. X’ is the real part of the susceptibility.
Considering the contribution of all velocities of the atoms the complex susceptibility at
the probe field frequency can be determined from the probe coherence by the following
equation,

_ 2uzy [0

Xlp) = 22 [y N (ko)i(ko) (4.4.16)
€0Lyp J—oo

where, ps; is the dipole moment for the transition from |1) to |3). N(kv) is the ve-
locity distribution of the atoms. Generally, the atoms obey Maxwell-Boltzmann (MB)

distribution which can be written as,

[\

N() (kv)

N(kv) = Wexp[—(ku)2

] (4.4.17)

Here, u is the most probable velocity and it is related to the Doppler width of the

absorption of the probe response. Eq.(4.4.16) for the susceptibility is not analytically
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integrable with the MB distribution of Eq.(4.4.17). So, to get an analytical expression of
the susceptibility we assumed the velocity distribution to be a Lorentzian function of the
same FWHM as the MB distribution, i.e. 2Wp = 2v/In2ku. This Lorentzian velocity
distribution [93] is given by,

Wp/m

N(kv) = NgAg——"—=
(kv) 0 OW[Z)—F(k:v)Q

(4.4.18)

Maxwell-Boltzmann distribution
— — Lorentzian distribution
T T

Maxwell-Boltzmann distribution
— — Lorentzian distribution

40 -20 0 zb 40 40 -20 0 20 40
Probe Detuning (MHz) Probe Detuning (MHz)

Probe absorption signal (arb. unit)
Probe dispersion signal (arb. unit)

Figure 4.6: Theoretical Doppler-broadened (a) absorption spectra and (b) dispersion
spectra of the probe beam under EIT condition with both the M-B distribution and the
Lorentzian distribution. The black lines and the red dashed lines in (a) and (b) correspond
to the MB and the Lorentzian distribution respectively. In both (a) and (b) the probe Rabi

frequency and the pump Rabi frequency are 1.73 MHz and 32.74 MHz respectively.

In both the Eq.(4.4.17) and Eq.(4.4.18), Ny is the number density of atoms, k is the
wave vector and Ay = v/7ln2 in equation Eq.(4.4.18) is a constant. Therefore, with this

Lorentzian distribution, Eq.(4.4.16) becomes,

2451 NoAg [+ W
Xwp) = 020 / p/m Sd(kv) (4.4.19)

eo oy —0 ps1 W3 + (kv)
It is observed that the numerical solutions of Eq.(4.4.16) by taking both of the above
distributions of Eq.(4.4.17) and Eq.(4.4.18) are completely overlapped in the vicinity of

the EIT region from Fig.4.6(a) and Fig.4.6(b). So, we have taken the Lorentzian velocity
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distribution instead of the MB distribution to calculate y analytically and also the values
of the group index (n,) from the susceptibility.

Solving the integral of the Eq.(4.4.19) by the contour integral method we found
i/1672T 3, + 4T 1 (T + 6T12) Q2

and —il'/2 — A, —

five poles of x. They are +:Wp, £

82
%. Among these we took two poles situated in the upper half plane i.e. +iWp
z'\/16F2F%2 + A5 (I 4 6I'12)$22 e
and + . Therefore, the total susceptibility is, x = x1 + Xo,

8I'9

where x; and y» are the contributions of the two above said poles respectively.
The contribution of the pole kv = +iWp to (%]wo, when the pump and the probe

beams are on resonance, is given by,

%| _
dw '“°
213, No Ao 2[8(4W3 — T)1273, +42WpLi2(T + y21)]
coh O AWprar + 20ya1 + Q2)2(16W3BT 5 — 40205 — (I + 6012)02)  (4:4.20)
B 2[0(TT12 + (T'12 — v21)721)) 22 + QY] |
(4WD721 + 2F'Y21 + 92)2(16W%F12 — 4F2F12 — (F + 6F12)Qg)
i\/16T212, + AT 15(T + 6T1)Q2
kv = \/ 12 ( ) pole contributes to the 9X|,  as,
8F12 dw %0
@| _
dw '“°
2“31]\7 Ao SWpI'$hQ2[41% 19 + T'(4l 12721 — 273, + Q22)]
o OO T {AT 15 + (L + 6L12)Q2}{—16W3Ty5 + AT2T' 5 + (T + 6I'12)0Q2}

21\/T12{4T2T 15 + (T + 6T'12)Q2} + 2T'12[6L 19791 + /T12{412T 12 + (T + 6012)Q2}]
\/F12{4F2F12 + (F + 6F12)Q%}{—16W12)F12 + 4F2F12 + (F + 6F12)Qg}

]
(4.4.21)

From these Eq.(4.4.20) and Eq.(4.4.21) the group index (n,) can be calculated. Through-
out our calculation we maintained the condition ¢, = 0, as in our experiment the pump
beam is locked. In our simulation we have used I' = 6 MHz, ') = 150 KHz, v5; = 300

KHz and g3, = 3.58 x 1072 C.m .



4.5. Discussions 75

In the Fig.4.5 the black line shows the variation of the group index with the pump Rabi
frequency for the analytical solutions of the group index. In this figure the red dot line
indicates the same variation for the numerical solution of the group index considering the
MB distribution shown in Eq.(4.4.17). The characteristics of the variations corresponding
to the analytical and the numerical solutions are exactly overlapped with each other and
these are almost matched with our experimental observations. Now when 2. — o0,

then

2r

dx
dw - (T + 6F12)Qg]

w 4.4.22
X (44.22)

9 2
s &Nvo
eoh

d
Therefore from the Eq.(4.4.22) we see that in the high pump power region, al—XLd0 ~
w
1

ek Thus for high pump Rabi frequency region, the group index decreases with increas-
ing pump Rabi frequency as shown in the Fig.4.5. Thus from both the numerical and
analytical solutions, we have found that for maximum reduction of group velocity, we
have to optimize the pump Rabi frequency. It depends only on the system parameters
like the decay rates (the spontaneous decay rate (I') and the non-radiative decay rate
(721)), the saturation intensity (Is), the optical depth (al) of the medium and the
pump beam detuning (d.). We have chosen the same values of these parameters for both

the numerical and analytical solutions. So both of these solutions were overlapped on

each other as shown in the Fig.4.5.

4.5 Discussions

In the study of the dispersive properties of an EIT medium in room temperature, we have

taken a A— type configuration of 3’Rb. The dispersion signal with the normal dispersion
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in the vicinity of the EIT region has been observed by measuring the phase difference
between the two arms of the Mach-Zehnder interferometer. The signal was detected
by a balanced homodyne detection technique. From the detected intensity profile, we
have calculated the group index of the medium. The corresponding group velocity and
the time delay of the probe beam have also been estimated. We have observed a non-
linear dependency of the group index on the pump Rabi frequency. To explain our
experimental observation theoretically, we have considered a three-level A type system.
The optical Bloch equations have been solved analytically to get the probe coherence
term. We have also obtained analytical expression for the population of the individual
atomic states. To get an analytical expression for the susceptibility (), we assumed the
velocity distribution to be Lorentzian distribution. Then the susceptibility was calculated
by the contour integral method. We have shown that the group index varies with 52 at
the high pump power region. On the other hand, as we know that the group velocity can
be calculated from the group index. Therefore such a behaviour of the group index of the

medium with the pump Rabi frequency implies that one has to optimize the pump power,

which is related to the pump Rabi frequency, to get the most reduced group velocity. The

/s

C

maximum reduced group velocity obtained in our experiment was v, = 13040 £ 12 m

Observation of group velocity using a Mach-Zehnder interferometer is an application
of interferometry technique. Our experimental setup can be used to observe the slow
light phenomenon indirectly. Since the dispersion slope or the group index depends on
the coherence relaxation times of the two ground levels in a A-type system, we can prolong

this time to achieve further reduced group velocity of light by introducing a buffer gas
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cell [94] or a cell with paraffin coated wall [95] in place of a normal glass vapour cell. The
group velocity of the beam can be reduced further if the atomic density in the medium
is increased either by increasing the temperature of the vapour cell or by experimenting
with cold atoms. Using our setup, we can also study the dispersive properties in the
electromagnetically induced absorption (EIA) region. We can use our setup as phase shift
interferometer [89] to study phase shift measurements in the observation of absorptive
EIT to dispersive EIT transformation. Our setup has a potential application in optical

magnetometer [96-98] as the dispersion in EIT is very sensitive to the magnetic field.
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Polarization rotation with

electromagnetically induced transparency!

5.1 Introduction

In the previous work (described in chapter 4), we have observed the dispersion signal
of the atomic medium by homodyne detection technique with the help of Mach-Zehnder
interferometry setup. This technique is very noise sensitive. Therefore, the signal to
noise ratio (S/N) of our observed signal was low. To get rid of the noise, we have chosen
to experiment with polarization rotation spectroscopy (PRS) setup where the observed
signal is dispersive, and the S/N ratio of the signal is very high.

There are many previous works on PRS where authors detected the rotation signal
due to the atomic medium in two-level [25] and three-level [44, 45, 99] systems. Kulatunga
et al. [44] studied two colour polarization spectroscopy in room temperature Rb vapour
with a cascade configuration. They used the PRS signal to lock the 776 nm laser. Carr et
al. [45] demonstrated polarization spectroscopy of an excited state in room-temperature
Cs-vapour also with a cascade configuration. Pandey et al. [31] experimentally studied

the rotation of the polarization axis of the probe beam with or without the magnetic

IThis chapter is based on the publication Das et al. J. Phys. B: At. Mol. Opt. Phys., 2018, 51,
175502 - 175513. The experiment and the theoretical calculations presented in this chapter have been
entirely done by Arpita Das.


https://doi.org/10.1088/1361-6455/aad6d5
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field for the room temperature Rb vapour. They studied their system in a cascade
configuration. Polarization-rotation has also been studied in a AV — type system of
the Rb Dy transition in room temperature vapour cell [100]. Polarization effects in the
interaction between multi-level atoms and two optical fields have been studied in ®Rb
in a A type, and a cascade-type configuration [101]. Absorption, polarization rotation
and the visible fluorescence that result from the decay of the excited states were also
measured in Rb atom with a cascade configuration [102]. Cha et al. [99] presented a two
colour spectroscopy in a V-type configuration using the D; and D5 transitions of Rb with
co-propagating and counter-propagating geometry. However, EIT was not observed in
their experimentally observed spectrum. Kang et al. [103] did an experiment with the Dy
and Do transitions of Rb atom where they studied the coherence effect of the EIT with
the absorption properties in a V-type system of 8"Rb using the polarization spectroscopy
setup.

This chapter contains the process of finding out how the quantum interference effect
of the V-type Rb system affects the rotation of the plane of polarization of the probe
beam [2]. For this purpose, we made a polarization spectroscopy setup. We used two laser
sources of 795 nm and 780 nm wavelengths for the circularly polarized strong pump beam
and the linearly polarized weak probe beam respectively. We studied the phenomenon
of rotation of the plane of polarization in the EIT region [9, 12] at room temperature
(21°C). We named this phenomenon as polarization rotation with electromagnetically
induced transparency (PREIT). In this study, we have investigated the optical rotation
from the dispersion signal under EIT condition both for 8Rb and 8"Rb. We have also

studied the dependency of the optical rotation for the probe field in the EIT region on the
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intensity of the pump field. We have modelled a four-level atomic system to understand
the physics behind the experimentally observed phenomenon. We have solved the four-
level density matrix equation under the steady-state condition analytically to get the
probe coherence term. The variation of polarization rotation with the pump intensity
has also been shown. The experimental and the theoretical characteristic variation of the

angle of rotation with the intensity of the pump beam are compared.

5.2 Experiment

BD1
" $ i - metal Shield BD3 -
- —"
Y I&IL e Rb Cell U
M HWP2

N
VND <> qwp

O.l. BS |_| n -
R

HWP1 PBS1

SAS
Setup

Figure 5.1: Experimental Setup. ECDL : External Cavity Diode Laser, DFBL: Dis-
tributed Feedback Diode Laser, O.I. : Optical Isolator, HWP: Half-wave Plate, QWP:
Quarter-wave Plate, GL: Glan-laser Polarizer, PBS: Polarizing Beam Splitting Cube, BS:
Beam Splitter, M: Mirror, Rb Cell : Rubidium Vapour Cell, BD : Beam Dump, ND: Neutral
Density Filter, VND: Variable Neutral Density Filter, SAS Setup: Saturation Absorption
Spectroscopy Setup, BDet: Balanced Detector.
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The experimental setup to study the PREIT is shown in the Fig.5.1. We used an external
cavity diode laser (ECDL) of 780 nm with linewidth ~ 1 MHz for the probe beam, and
a home built distributed feedback diode laser (DFBL) of 795 nm for the pump beam.
The DFBL has a linewidth ~ 2 MHz and temperature stability ~ 2 mK. Both the beams
have a diameter ~ 2 mm. Optical isolators (O.1.) were used to avoid back reflections to
both the diodes. A neutral density filter (ND) was used to reduce the probe beam power.
With the help of a glan-laser polarizer (GL), the probe beam was made p-polarized. A
10:90 (R:T) beam splitter (BS) was used in the path of the pump beam. The reflected
part of the beam was used to lock the pump beam to a particular hyperfine level using
the saturation absorption spectroscopy setup (SAS setup), and the transmitted part was
taken for the polarization spectroscopy experiment. Using a polarizing beam splitting
cube (PBS1), the pump beam was made s-polarized, and with the help of a half-wave
plate (HWP1), the intensity of the pump beam was adjusted. A quarter-wave plate
(QWP) after PBS1 made the pump beam o polarized. The probe and the pump beams
co-propagated with a certain angle through a 75 mm long Rubidium vapour cell (Rb
cell) of 25 mm diameter. Our Rb cell contained both **Rb and ®"Rb in their natural
abundance without any buffer gas under ~ 10~7 Torr pressure. The angle between the
pump and the probe beams was kept very small, about ~ 8 mrad so that only the probe
beam can reach the balanced detector (BDet; New Focus, Model No:2307). To avoid
interference due to the stray magnetic field of the earth, the Rb cell was covered by a
thick p—metal shield. After coming out from the atomic medium, the probe beam was
passed through a half-wave plate (HWP2) and a polarizing beam splitting cube (PBS2).

The combination of HWP2 and PBS2, oriented at an angle (¢) of /4 helped in resolving
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the electric field of the probe beam into two orthogonal components. The components
were detected by the BDet. This detection technique is known as balanced polarimetric
detection technique [25, 104]. We recorded the Doppler-free dispersion spectrum of the
probe beam with a digital storage oscilloscope (Rohde and Schwarz, Model No: RT01004)
since the polarization spectroscopy is a Doppler-free technique. Beam dumps (BD1, BD2,

BD3) were used for laser safety in the path of the unused beams.
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Figure 5.2: (a) Energy level diagram for 85(8)Rb for two cases. In case I, the pump beam
was locked to F' = 3(2) — F’ = 2(1) transition and then in case II, we locked the pump
beam to F' = 3(2) — F’ = 3(2) of Dy transition for 8587 Rb. The probe beam was scanned
from F = 3(2) — F' = 2(1),3(2),4(3) of Dy transition for 857 Rb. (b) Simplified four

level system modeled for theoretical analysis (for details see section (5.4)).

We have observed the phenomenon of rotation of the polarization axis of the probe
beam for both 8Rb and 8Rb at EIT condition in room temperature. We observed
two separate cases for each of ®Rb and 3 Rb. In the first case, for ®*Rb, the pump
beam was locked at F' = 3 — F’ = 2 and in the second case, we locked the pump
beam at ' = 3 — F’ = 3 of D; transition. The probe beam was scanned from

F =3 — F' = 2,3,4 of Dy transition in both the cases of ®Rb. Similarly, for ¥ Rb
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at first, we locked the pump beam at FF = 2 — F’ = 1 and in the second case, the
pump beam was locked at F = 2 — F’ = 2 of D; transition. The probe beam was
scanned from F = 2 — ' = 1,2,3 of D, transition for both the cases of Rb. The
corresponding level schemes are shown in Fig.5.2(a). Since in each case the pump and the
probe beams shared a common ground state, the V-type system was formed. Throughout
our experiment we had fixed the probe beam power to 16.02 + 1.01 ¢W and varied the
pump beam power from 18.00 £ 1.2 W to 5.05 £ 0.25 mW for each of the cases of 8°Rb

and 8 Rb.

5.3 Experimental results and analysis

The experimental spectra of both the absorption (a and c in Fig.5.3 ) and the dispersion
(b and d in Fig.5.3) for ®Rb when the pump beam was locked at FF =3 — F' =2 (a
and b in Fig.5.3) and at F' =3 — F’ = 3 (c and d in Fig.5.3) are shown in Fig.5.3. In
both the cases we got two EIT peaks since the pump beam can couple both the excited
states i.e. F' = 2 and F’ = 3 simultaneously. This is because the separation between
them in the D; transition for ®Rb (6 = 361.58 MHz) is within the Doppler width (~ 510
MHz) at room temperature. The EIT peaks were observed for the closed transition of
the probe beam and they were separated by § = 361.58 4+ 0.05 MHz. We defined the
EIT peak appearing at the lock position as ‘EIT peak’ and the EIT peak situated at
the coupled position as ‘EIT peak due to coupling” Besides these two EIT peaks, we
also observed four velocity selective resonance (VSR) peaks [105] corresponding to the

excited states of Dy transition for the probe beam. In general, VSR peaks occur due to
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Doppler effect of the atom. When the pump beam is locked at a particular transition
and the probe beam is scanned through all the allowed dipole transitions, then due to
velocity effect, the atoms with different group of velocities are in resonance with pump
beam. Since we observed the absorption profile of the probe beam, we got peaks in the
absorption profile. The peak, which occurred at the closed transition of the probe beam,
satisfies the Raman detuning condition. It is therefore called an EIT peak. Other peaks
are known as velocity selective resonance (VSR) [105, 106]. For example, let us consider
the case of ®Rb where the pump beam was locked at F' = 3 — F’ = 3 of D; transition
line. When pump beam is on resonance with this transition it can absorb the atoms of
such velocity groups where their Doppler shifts are equal to the transition frequencies of
F=3—F =2 F=3— F =3and F =3 — F’ = 4 of Dy transition line of
the probe beam. Therefore, being a closed transition, F' = 3 — F’ = 4 gives EIT peak,
while the other peaks are coming purely from velocity effects of the atom and are known
as VSR peaks.

On the other hand, in case of ®Rb the system behaves as a double V-type system as
the pump beam can couple both the excited states simultaneously. The Raman detuning
condition was satisfied for both the three-level systems when the probe is on-resonance
with the closed transition (F' = 3 — F’ = 4). Therefore, we observed two EIT peaks
in the absorption profile and correspondingly two normal dispersions in the dispersion
signal separated by 361.58 + 0.05 MHz. So, in total, we got four VSR peaks along with
two EIT peaks for 8Rb. The resonance positions of the peaks in Fig.5.3 are given in

Table (5.1).
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Figure 5.3: (a,c) Experimental Doppler-broadened absorption spectra for ®Rb of the

probe beam when one of the photo diodes of the balanced detector was blocked. (b,d)

Experimental Doppler free spectra for > Rb of the probe beam when both the photo diodes

of the balanced detector were opened. In the above figures the lock positions of the pump

beam were at (a,b) F =3 — F' = 2 and at (¢,d) F =3 — F’ = 3 of D; transitions

respectively. In all the plots, the probe intensity was 0.51 & 0.05 mW /cm? and the pump

intensity was 1.53 £ 0.15 mW /cm?. In all the cases the probe beam was scanned from

F =3 — F'=2,3,4 of Dy transition. The numbers in the figures are explained in Table

(5.1).
Rb iso- L.OCk PO | peak 1 | Peak 2 | Peak 3 | Peak 4 | Peak 5 | Peak 6
tope tion
Fo_3 —184.044 —120.64+ 177.54 £ | 240.94 4+ | 361.58 +
85 9 0.05 0.05 0 MHz 0.05 0.05 0.05
MHz MHz MHz MHz MHz
3 —545.624| —482.224 —361.58+ —184.044+ —120.64+
85 3 0.05 0.05 0.05 0.05 0.05 0 MHz
MHz MHz MHz MHz MHz

Table 5.1: Experimentally observed resonance positions for 8°Rb.
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From Fig.5.3, we observed that the strength of the ‘EIT peaks due to coupling’ is
more than the strength of the ‘EIT peaks’ The number of atoms interacting with the
coupling transition, which is 361.58 + 0.05 MHz shifted from the locked transition of the
pump beam, is less than the number of atoms interacting with the locked transition.
Due to this reason the EIT peaks due to coupling were observed with more transparency

background than the EIT peaks [107].
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Figure 5.4: (a,c) Experimental Doppler-broadened absorption spectra for 8’Rb of the
probe beam when one of the photodiodes of the balanced detector was blocked. (b,d)
Experimental Doppler free spectra for ' Rb of the probe beam when both the photodiodes
of the balanced detector were opened. In the above figures the lock positions of the pump
beam were at (a,b) FF =2 — F' =1 and at (¢,d) F = 2 — F’ = 2 of D; transitions
respectively. In all the plots the probe intensity was 0.51 £ 0.05 mW /cm? and the pump
intensity was 1.53 £ 0.15 mW /cm?. In all the cases the probe beam was scanned from

F=2— F'=1,2,3 of Dy transition. The numbers in the figures are explained in Table
(5.2).
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. Lock posi-
Rb isotope tion Peak 1 | Peak 2 | Peak 3
P9 —423.60+ —266.65+
87 . : 1 0.07 0.07 0 MHz
o MHz MHz
o9 —423.60+ —266.65+
87 P : 9 0.07 0.07 0 MHz
o MHz MHz

Table 5.2: Experimentally observed resonance positions for 87Rb.

Similarly, the experimental spectra of the absorption (a and ¢ in Fig.5.4) and the
dispersion (b and d in Fig.5.4) for ' Rb when the pump beam was locked at F = 2 —
F'=1 (aand b in Fig.5.4) and at FF =2 — F' = 2 (c and d in Fig.5.4) are shown in
Fig.5.4. Here, we got only one EIT peak at the closed transition position as the pump
beam can not couple the two excited states simultaneously since they are separated by
861.66 MHz which is beyond the Doppler limit at the room temperature. We also observed
two VSR peaks. The resonance positions of the peaks in Fig.5.4 are given in the Table
(5.2).

We observed that it is difficult to resolve the VSR peaks from the absorption spectra of
the probe beam as shown in Fig.5.3(a), Fig.5.3(c), Fig.5.4(a) and Fig.5.4(c) respectively.
This happens possibly due to the optical pumping effect (which broadened the peaks) and
also due to the positions of the VSRs are at the tailing end of the Doppler profile. But
in the dispersion spectra of Fig.5.3(b), Fig.5.3(d), Fig.5.4(b) and Fig.5.4(d) respectively,
the resonances are well resolved since these spectra are Doppler free.

Since our aim was to measure the angle of rotation of the plane of polarization of the
probe beam in the EIT region, so we focused only on the dispersion spectra. We observed

from the above spectra that the slope corresponding to the EIT position is ‘positive’ due
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to normal dispersion. By varying the pump beam intensity in each case for both % Rb
and 8" Rb, we observed that the intensity of the dispersion signal near the resonance of
the probe beam was increasing with the increment in the intensity of the pump beam.
The variations of the intensity, as well as the slope for both of ®Rb and ®"Rb, are shown

in the Fig.5.5, where we can observe the increasing intensity of the spectra.
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Figure 5.5: Experimental dispersion spectrum in EIT region with three different pump
beam intensities (I3 = 1.53 & 0.15 mW /cm?, Iy = 10.76 & 0.54 mW /cm?, I3 = 20.05 + 1.02
mW /cm?) when the pump beam was locked (a) at F' = 3 — F’ = 2 transition for °Rb,

(b) at F' = 3 — I’ = 3 transition for 8°Rb, (c) at F = 2 — F' = 1 transition for 8’Rb
and (d) at F =2 — F’ = 2 transition for 3'Rb.

Since we detected the signal to measure the polarization rotation from a balanced
detector, we got a Doppler free dispersion signal of the probe beam. The angle of po-

larization rotation in the EIT region can be calculated from the slope of the dispersion
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signal. The output intensity of the rotational signal can be written as (see Appendix C),

Al(wp) =~ Inexp(—aL)f(wp) (5.3.1)

Here, 0(w,) = M is the angle of rotation of the polarization axis of the probe beam.
c is the velocity of light in free space. An(w,) = n4(w,)—n_(w,) measures the anisotropy
created in the atomic medium corresponding to the refractive index and a = (a4 + a_)
gives the total absorption in the medium due to the different polarization components
of the probe field. Since § << 1, from Eq.(5.3.1) at w, = wy we can write the angle of

rotation as,

_ 1 d(Al(wp))
~ Ipexp(—al)  dw,

0 (wo) |wo Awp (5.3.2)

Eq.(5.3.2) is a general equation to calculate the rotation angle for any resonance position.
Following this equation we have calculated the angle of rotation 6 in the vicinity of the
EIT resonance. The corresponding anisotropy for the refractive index at the resonance

frequency can be calculated as,

C 9(&10)
woL

An(wp) = (5.3.3)

Following Eq.(5.3.2), from the slope of the dispersive EIT signal, we calculated the
angle of rotation of the plane of polarization of the probe beam for increasing pump
beam intensity. The angle of rotation has been calculated in each case for both 8°Rb and
8TRb. We have plotted the angle of rotation as a function of the pump intensity and got
a non-linear variation, as shown in Fig.5.6. From Fig.5.6(a) and Fig.5.6(b) we see that
with the increase in the pump intensity upto a certain value, the rotation of the probe

field increases gradually (see the insets of these figures), then it decreases with further
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increase in the pump intensity. Even at high pump power (or, intensity), the variation

maintains a decreasing trend. This phenomenon can be explained in the following way.
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Figure 5.6: Experimental variation of the angle of rotation of the polarization axis of the
probe beam for different pump intensities in the EIT region for (a) ®®Rb and (b) 8’Rb (the
lines are drawn for the eye guidance). The regions shown by the dashed lines in both the
figures are zoomed in the insets given in each figure. The lock positions for the EIT peaks

are shown in the legends.

The anisotropy of the refractive index for the probe field or the circular birefringence
in the medium and the dispersive behaviour increases as the intensity of the pump beam
increases in the low pump power region. Then in the vicinity of the saturation intensity
of the pump beam, we get the maximum rotation. In the high pump power region, the
power broadening phenomenon dominates over the anisotropic, as well the dispersive,
behaviour of the medium for the probe field. On increasing the pump intensity further,
the medium gets saturated, and the rotation is maximized. Beyond this, i.e. in the high
pump power region, no further distribution of the population is possible, so the angle
rotation decrease. In the high pump intensity region, the interference effect of the EIT is
dominated by the power broadening phenomenon. This results an increase in the slope of

the normal dispersion corresponding to EIT resonance. As a result the angle of rotation
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decreases.

From these variations we have also observed that the value of the angle of rotation is
always more for the transition F' =3 — F’ = 3 than that for the transition F' =3 —
F’ = 2 in case of Rb. We mentioned earlier that the anisotropy created in the medium,
which leads to the rotation of plane of polarization, occurred mainly due to the non-
uniform distribution of population between the sub-levels. Therefore, we might say that
for a particular pump intensity, this non-uniform distribution of population is more for
the transition from F' = 3 — F’ = 3 than that for the transition from F =3 — F’ = 2.
So we got more rotation for F' = 3 — F’ = 3 than that for F' = 3 — F’ = 2. Similarly,
since for a particular pump intensity, the non-uniform distribution of population is more
for the transition F' = 2 — F’ = 2 than that for the transition F' = 2 — F' =1,
we observed that the value of rotation is more for the earlier case than that for the later
for 8’Rb. Thus, we can conclude that to get maximum rotation we have to be selective

about the pump intensity and the transition where the pump beam had to be locked.

Rubidium | Lock position of | Value of anisotropy
isotope the pump beam | (An(wp))

85 F=3—F =2 35.2+0.17 & 44.34 £ 0.12
85 F=3—F =3 106.4 + 0.83 & 65.2 £ 0.20
87 F=2—F=1 80.95 £ 0.58

87 F=2—F =2 108 £ 0.88

Table 5.3: Experimentally obtained maximum anisotropy in the Rb atomic medium at
room temperature in the vicinity of the EIT.

We have also estimated the maximum value of anisotropy for the difference in the
refractive index (An(wp)) at the resonance frequency, i.e., corresponding to each EIT
position in the atomic medium. It arises due to the different components of the polariza-

tion of the probe field in the EIT condition. The maximum values of anisotropy towards
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refractive index are calculated from the maximum values of the angle of rotation with
the help of Eq.(5.3.3). The corresponding values for both ¥’Rb and ®**Rb due to all the
transitions are shown in the Table (5.3). There are two values of anisotropy for ®*Rb
corresponding to the two EIT positions, as shown in the table. The first one is for the

EIT peak, and the second one is for the EIT peak due to coupling.

5.4 Theoretical Model

To explain the formation of double EIT in the case of ®*Rb and the optical rotation
phenomenon in EIT, we have considered a four-level system. The simplified system is
shown in the Fig.5.2(b), where the probe beam interacts with the levels |1) and |4) and the
pump beam couples the levels |1) and |2). The pump beam can also couple the level |3)
with the level |1) simultaneously while interacting with the level |2) if the separation (4)
between |2) and |3) is within the Doppler limit. Transitions between |1) and |4), |1) and
|2) and |1) and |3) are dipole allowed transitions. Transitions between |4) and |3), |4) and
|2) and |2) and |3) are dipole forbidden transitions. Since in the case of ®Rb, § = 361.58
MHz, the pump beam can couple both the excited states due to thermal velocity. Thus
in the case of ®Rb, we defined the system as a double V-type, which is formed only with
two beams. This leads us to two EIT peaks for ¥Rb. For 8"Rb, § = 816.66 MHz, the
separation being beyond the Doppler width, the pump beam cannot couple the excited
states. Therefore, in this case, the four-level system is reduced to a three-level V-type
system, and we get one EIT peak for 3"Rb.

To get the probe coherence term, we have solved the master equation, Eq.(3.1.12)
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with phenomenologically included decay terms described in Eq.(3.1.16). In this case, p
is a 4 x 4 density matrix. We took the probe field as ¢, = E,cos(w,t — k,z) and the
pump field as e, = E.cos(w.t — kcz) where E, is the amplitude of the electric field
of frequency wpy() and k) = 2w/ is the wave vector for the probe (pump) field.
With the above definitions, the perturbed Hamiltonian becomes, H;y = —h(§9;cos(w.t —
kez) |1) (2] + Qg1cos(wet — kez) |1) (3| + Qarcos(wpt — kpz) [1) (4] + c.c.). In this case the

optical Bloch equations for the four level system assuming RWA are given by,

pi1 = La1paa + Ts1p33 + Tarpoz + Qo1 (p21 — p12) + 5Q31(p31 — p13) + Q41 (pa1 — p14)

pr2 = —Ta1p2s — £Q21(p21 — p12)

p3s = —T's1p33 — $Q31(p31 — p13)

pia = —Ta1pas — £Qu1(pa1 — p1a)

pis = —Di3' p1s + 5Q31(pss — p11) + £Q01p23 + L Qu1pas
pi2 = —Di3 pia + £Qo1(p22 — p11) + $Q31p32 + £ Qu1pao
pu = —Dy'pa — Qi (pas — p11) — $Q21p12 — Q31 pa3
pis = —Dy3 pas + 2Quipiz — Q3100

pi2 = —Dg pao + Quipro — Q3100

P32 = —D3'psa + Q31012 — Q2131

(5.4.1)
Here, €;; is the Rabi frequency of the pump beam for the transition from |1) to |é)
(i = 2,3) and Qg is the probe Rabi frequency for the transition from |1) to |4). Since
the probe resonance frequency is wy = wp, d, = 041 = (Wo — w,) is the probe detuning.
The Doppler detuning of the probe is A, = Ay = (6, + k,v), where v is the component
of the velocity of one of the atoms in the propagation direction (z) of the beam through

the atomic medium. Similarly, we have defined do; = (w21 — w.) and 031 = (w31 — we) =
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(wo1 —we 4+ 6) = (091 + 9) as the detunings of the pump beam while it coupled the levels
|2) and |3) with the Doppler detunings of the pump beam as Ay = (d91 + k.v) and
Asz; = (031 + kov) = (Ag + 0) respectively.

Now, solving Eq.(5.4.1) under steady state condition we obtained the probe coherence

term p4q as,

Q41 2 2
1245 Dy Q Q
= m 1)2 R {pl + =+ (Da2Cra = =2 Dagd) (po — p1)
(1+ = Dy1Dyo + = Dy1Dy3) (5.4.2)
02 02
+%(D43013 - %Dmd )35 — pi1)}

We have calculated the probe coherence term contained in the Eq.(5.4.2) under the first
order perturbation for the probe beam. In this equation pJ;, p3, and pd; are the zeroth
order populations of the levels |1), |2) and |3) respectively. The zeroth order population
(pY,) for the level |[4) was assumed to be zero. The parameters used in Eq.(5.4.2) are

described as follows,

0o 1

P11 1+ P

o By Fy — i BB Fud + ) =23 and k=32
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o131 4 . _ -
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Q2
Ay =1+ %D21D23

QQ
Az =1+ %D13D23

Dj_ll =vj1 + 101, j=2,3,4
Dyt =var +i(An — Ap), k=23

D3_21 =732 + i(Agl - Agl) (543)
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Figure 5.7: Simulated (a) absorption and (b) dispersion spectra of the probe beam for
85Rb. In both the spectra, the probe beam intensity and the pump beam intensity are set
at 0.51 mW/cm? and 1.53 mW /cm? respectively.

Since in our experiment we have scanned the probe beam and have locked the pump
beam, to maintain the same experimental condition in the simulation, we varied the
detuning (6,) of the probe beam and set the detuning of the pump beam dy; = 0. The
I'm(p41) is related to the absorption of the medium and the Re(p41) gives the response
of the dispersion of the medium. The Rabi frequencies were calculated from the relation,
Q=T T; [78, 79], where I is the natural linewidth, I is the intensity of the beam and

Iy, is the saturation intensity of the medium.
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For ®Rb, the simulated absorption and the dispersion spectra are shown in Fig.5.7(a)
and Fig.5.7(b) respectively, where we have set d3; = (21 +361.58) MHz and got two EIT
peaks. Peak 3 at 0, = 0 MHz and peak 6 at 6, = 361.58 MHz are the two EIT peaks
shown in Fig.5.7(a) and Fig.5.7(b) (similar to the peaks as marked in Fig.5.3(a) and
Fig.5.3(b)) of the experimental spectra. Here, peak 3 and the peak 6 are the EIT peak
and the EIT peak due to coupling respectively. Other way round, if we had set d3; = 0
MHz and dy; = (031 —361.58) MHz, then we would get the two EIT peaks at 6, = —361.58
MHz (EIT peak due to coupling) and at §, = 0 MHz (EIT peak) respectively. So for ®*Rb
our model behaves like a double V-type system though it is coupled with only two laser
beams. Since we assumed a simple four level model we did not get any VSR peaks in our
simulation. Further, for this reason we did not observe any asymmetry in the absorption
and the dispersion profiles in theoretical simulation. Whereas, those asymmetries were
present in the experimental spectra.

The simulated absorption and the dispersion spectra for 8’Rb are shown in the
Fig.5.8(a) and Fig.5.8(b) respectively. In this case the probe detuning §, was varied
and the pump detunings were set at do; = 0 MHz and 031 = (21 +816.66) MHz. Here the
separation 0 is beyond the Doppler limit, so we got only one EIT peak (peak 3 in Fig.5.8)
for 8"Rb. Thus for 8"Rb our model is reduced to a three-level V-type system. In our
simulation we took I'y; = 6 MHz, I's; = 'y = 5.7 MHz, 4 = %, Vo1 = S, 31 = 5t

_ Ty4Ty

and for the dipole forbidden transitions, v = “#15-21, qu3 = % and 732 = 100 kHz.
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(b)
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Figure 5.8: Simulated (a) absorption and (b) dispersion spectra of the probe beam for
87Rb. Both the spectra are plotted for the probe intensity 0.51 mW /cm? and the pump

intensity was 1.53 mW /cm?.

The anisotropy was created in the medium due to the non-uniform distribution of
population in the sub-levels when the circularly polarized strong pump beam and the
linearly polarized weak probe beam interacted with the medium simultaneously. In our
case we considered, that the o™ component of the probe beam (the blue dashed lines
in Fig.5.9) and the ot component of the pump beam (the red lines) formed a V-type
system, which gave two photon contribution to the medium. The ¢~ component of the
probe beam (the orange lines) gave rise only to one photon contribution. Thus this
mismatch is responsible for the generation of the difference in the susceptibility of the
medium. The real part of the susceptibility () is related to the refractive index of the

medium by, n =1 + %Re[x].



5.4. Theoretical Model 99
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Figure 5.9: (a) Complete energy level diagram with all sub levels in each F value for 85Rb
indicating the case when the pump beam was locked at FF =3 — F’ = 3. (b) Complete
energy level diagram with all sub levels in each F value for 8 Rb showing the case when
we locked the pump beam at F = 2 — F’ = 2. In both (a) and (b), the blue dashed
lines indicate the transition for o™ component of the probe beam, orange lines are for the
transitions corresponding to the o~ component of the probe beam and the red lines are for

the transition of the o component of the pump beam.

In this way, the anisotropy to the refractive index exhibited by the different compo-
nents of polarization of the probe beam is created in the medium. The situation is shown
in the Fig.5.9 and the simplistic view of the two photon and one photon contributions
are shown in the insets of both the figures. In the Fig.5.9(a) we have shown only the
case when the pump beam is locked at F' = 3 — F’ = 3 transition for 3Rb and the
Fig.5.9(b) shows only the case when the pump beam is locked at F' = 2 — F' = 2
transition for 8’Rb. For 8°Rb, if the pump beam is locked at F' = 3 — F’ = 2, then the
number of sub-levels in the excited state will be less. Similar things will happen to the
case when the lock transition for the pump beam is F = 2 —s F’ = 1 for 8"Rb.

Thus the difference in the refractive index can cause circular birefringence which
produced the rotation in the plane of polarization of the probe field. The angle of rotation

(0) can be written in terms of the difference in the real parts of the susceptibility due to
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different polarized components of the probe field from Eq.(5.3.3) as,

wolL

O(wp) = %RG(X—F(WP) — X—(wp)) (5.4.4)

where Y. (w) is the susceptibility for 0% components of the probe field. These can be
calculated from the probe coherence ps14+ and ps;— of the density matrix component,
where py14 gives the two-photon contribution to the system and p4;_ carries information
about the one photon contribution.

Now, from Eq.(5.4.2) we can write the two photon contribution of probe coherence

(pary) as,
Q41 2 2
124Dy Q Q
e = 1)2 1Q§1D 5 {11 + %(942012 - %D43d)(p82 - )
(1+ = Dy1Dy2 + =1 D41 Dy3) (5.4.5)
02 02 .
+%(D43013 - %D@d )(p33 — i)}
and the one photon probe coherence (p4;_) as,
Q)
pai— = z%Dmpgl (5.4.6)
Considering atoms of all velocities the susceptibilities can be written as,
2p41 [T
X+(wp) = wF, pa14 N (v)dv (5.4.7)
D —0o0

Here, N(v) = UNTOWe*”Q/ “* is the Maxwell-Boltzmann velocity distribution with the most
probable velocity u of the atoms at temperature “I” K and the number density Ny. T'j;
and +;; are the natural decay rates to the ground state |1 > and the coherence decay rate
respectively, where j = 4,3, 2 and k = 1,2, 3. In our simulation, we took Ny = 4x10' /m?

and the magnitude of the dipole matrix element 4 is taken as 1.79 x 1072° C.m for ¥ Rb

9| and 1.73 x 10~ .m for 8.
7 d1.7 29 C.m for 8"Rb [7
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Figure 5.10: Variations of the angle of rotation corresponding to the EIT positions with
pump intensities for (a) #Rb and (b) 3"Rb.
Now expanding Eq.(5.4.4) at w = wy we got an explicit expression for the angle of

rotation (@) at the resonance frequency as,

0(wo) = WQOCL ARe(x (UJZL_ @l A, (5.4.8)

The variation of the angle of rotation calculated from the Eq.(5.4.8) is plotted as a
function of the pump intensity.

The variations of the angle of rotation at EIT condition for ¥ Rb and 8" Rb are shown in
Fig.5.10(a) and Fig.5.10(b) respectively. In Fig.5.10(a) the variation of angle of rotation
for the probe beam are shown corresponding to both the EIT positions for #Rb. The
characteristics behaviour is the same as we found in our experiment. In the region of
the low pump Rabi frequency, the angle of rotation increased as the pump intensity
was increased, upto a certain value of that intensity. This indicates that in this region,
the anisotropy created in the medium was increasing. It also means that the circular
birefringence was increasing in the medium, upto a certain maximum value. Then as the
pump intensity was further increased, the value of the angle of rotation decreased. It

means that the power broadening phenomenon dominates over the anisotropic behaviour
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of the medium. Finally, at the high pump power (or, intensity) region, the angle of
rotation became almost constant. It happened because the pump created the anisotropy
due to the non-uniform distribution of the population. In the high pump power region,
the medium got saturated for which further redistribution of the population was not

possible.

5.5 Discussions

In conclusion, we have observed experimentally as well as theoretically PREIT in rubid-
ium vapour at room temperature in the absence of any magnetic field. In this work, we
studied PREIT for both 8Rb and 8"Rb combining the D; and the D, transitions with a
V-type configuration. In our experiment, we observed two EIT peaks for Rb and one
EIT peak for 8Rb. We have modelled our system in such a way so that we can explain
the occurrence of double EIT in case of 8Rb. We can further explain the rotation of
the plane of polarization which occurred in the probe beam. The occurrence of one EIT
peak for 8"Rb was also explained by our model. We have studied both experimentally
and theoretically, the variation of the angle of rotation with the pump intensity. Here,
we got a similar type of non-linear behaviour of the variation of the angle of rotation
with the pump intensities in both the experiment and the theory. But the experimental
values differ from the theoretical values possibly due to (a) the angular broadening as
there was a mismatch in the overlapping between the probe and the pump beams inside
the atomic medium, (b) the difficulty to relate the measured power to what is actually

seen by the atoms inside the vapour cell and (c) in the experimental system, there are
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other energy levels where the population may decay, but in our theoretical formulation,
we have taken a four-level system. So the extra decays in the real system can also in-
troduce this discrepancy. From the dispersion spectra, we observed that for the EIT,
we got positive rotation because, in the case of EIT, normal dispersion occurred. We
also observed that the maximum rotation not only depends on the pump power, but it
also depends on the number of sub-levels where the pump beam is locked. The value of
rotation can be increased if the Rb cell is heated because the number density is increased
by increasing the temperature of the cell and if the angular mismatch between the pump
and the probe beams is reduced further.

From the absorption and the dispersion spectra, it is clear that this experimental
technique can be used to identify any resonance position which is smeared out in the
absorption spectrum due to the power broadening or the angular broadening phenomenon.
All the resonances are well resolved in the dispersion spectrum. As we got a sharp rotation
in the vicinity of the probe resonance, i.e., at the EIT position, we can use this signal as
an error signal for frequency stabilization of the probe beam at the EIT position without
using a lock-in-amplifier circuit. Such an optical locking method is advantageous because
the dispersion signal is modulation free and noise insensitive signal. As the rotation can
be changed by introducing the magnetic field [31] so our experimental technique can be

used to measure an unknown magnetic field by knowing the rotation.
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Angular dependency of the polarization

rotation in a coherent atomic medium?!

6.1 Introduction

In our previous study discussed in chapter 5, we have shown how the EIT phenomenon
influences the polarization rotation (PR) of the probing field by forming a V-type sys-
tem for both 3" Rb and # Rb with D; and D, transitions. It was also shown how this
polarization rotation with electromagnetically induced transparency (PREIT) could be
modified with the pump field intensity. We realize that the study of the dependencies
of the angle of rotation on other system parameters is needed. On the other hand, the
V-type system was used to study absorptive, and dispersive properties of the atomic
medium under the EIT condition [92, 108-111]. With D; and D, transitions of the 8"Rb,
the coherence effect of EIT in a V-type system was studied recently [103]. However, the
polarization rotation phenomenon was not explored much in the V-type system. Cha et
al. [99] studied the two colour polarization spectroscopy (TCPS) in rubidium vapour at
room temperature but they did not get any EIT resonance in their system due to weak

pump beam. Carvalho et al. [112] studied the angular dependence of EIT in Cs vapour

!This chapter is based on the publication Das et al. J. Phys. B: At. Mol. Opt. Phys., 2020, 53,
025502-025509. The experiment and the theoretical calculations presented in this chapter have been
entirely done by Arpita Das.
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with a A type configuration. They observed how the EIT linewidth depends on the angle
between the coupling and the probe beams. Angular dependence of Dicke-narrowed EIT
was also studied using a A type system of 8’Rb atomic vapour with buffer gas [113].
However, to the best of our knowledge, there is no work done with the V-type system to
study the angular dependence of EIT. Therefore, how the angle between the pump and
the probe beams affect the coherent control of the polarization rotation under the EIT
condition needs to be ventured. In the present study [3], our aim was to systematically
investigate how the PREIT angle for the probe beam can be controlled by (a) the angular
mismatch between the pump and the probe beams, (b) the optical depth (OD) of the
medium and (c) the spot size or the radius of the pump beam in 8’Rb atomic medium.
For this purpose, we have used a V-type system combining the D; and Dy transitions of
the 8"Rb. The effect of the OD of the medium was studied by changing the temperature
of the atomic medium.

We have also calculated the group velocity from the PREIT spectrum. Although,
there are two techniques of detection for the subluminal light propagation through the
atomic medium. One is an indirect process [1], and the other one is a direct process
[90]. Our detection technique of group velocity is advantageous than the balanced homo-
dyne detection technique using the Mach-Zehnder interferometer [1] because the PREIT
spectrum has a high signal to noise (S/N) ratio. For a theoretical explanation of these
experimentally observed phenomena, we have considered a three-level V-type system and
solved the master equation analytically in steady-state condition to get the susceptibil-
ity of the medium. We have also considered the probe field and the pump field to be

Gaussian distribution functions to study the spot size effect in the theoretical model.
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6.2 Experiment
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Figure 6.1: (a) Experimental Setup. ECDL: External Cavity Diode Laser, DFBL: Dis-
tributed Feedback Diode Laser, O.I.: Optical Isolator, HWP: Half-wave Plate, QWP:
Quarter-wave Plate, GL: Glan-laser Polarizer, PBS: Polarizing Beam Splitting Cube, CBS:
Non-polarizing Cubic Beam Splitter, L: Lens, BS: Beam Splitter, M: Mirror, Rb Cell: Ru-
bidium Vapour Cell, BD: Beam Dump, ND: Neutral Density Filter, VND: Variable Neutral
Density Filter, SAS Setup: Saturation Absorption Spectroscopy Setup, BDet: Balanced
Detector, DSO: Digital Storage Oscilloscope. (b) V-type configuration of 8" Rb combining
D1 and D- transitions for experimental observation of polarization rotation in the EIT
medium. Here, |1), |2), |3) indicate the theoretical level scheme. (c) The orientation of the

—

wave vector of the pump field (k.) with respect to the probe field wave vector (k;)

Fig.6.1(a) shows the experimental setup to study the effect of the angular mismatch
between the pump and the probe beams (¢) on the PREIT without applying any external
magnetic field. The experimental setup is more or less same as the previous one, except

here the probe and the pump beams were mixed in a 50:50 non-polarizing cubic beam



Chapter 6. Angular dependency of the polarization rotation in a coherent atomic
108 medium

splitter (CBS). This CBS was placed on a combination of the kinematic rotational mount
and a translational stage to create an angle between the path of the pump beam and
the probe beam. The probe and the pump beams were co-propagated through a 50 mm
x 25 mm cylindrical Rubidium vapour cell (Rb cell). The Rb cell was placed inside a
heating jacket to change the temperature of the medium for OD variation. The OD of the
atomic medium was increased by increasing the Rb cell temperature from 21°C' to 45°C'.
We used a bandpass optical filter (O.F., Thorlabs FBH780-10 with a central wavelength
of 780 nm and an OD 6 for 795 nm) after the Rb cell to block the pump beam (795
nm) so that only the probe beam (780 nm) can be detected. After passing through the
atomic medium and the O.F., the probe beam was detected with the help of balanced
polarimetric technique [25, 104], to get the polarization rotation signal.

In this experiment, we have also observed how the spot size of the pump beam (w,)
can affect the angle of rotation of the polarization of the probe beam. To study this, we
made a telescopic arrangement in the path of the pump beam with the combination of
L1 and L2 lenses so that the beam size can be changed. The intensities of the probe and
the pump beams were set at 0.47 £0.02 mW /ecm? and 4.77 & 0.03 mW /ecm?, respectively.
These intensities were kept fixed throughout the experiments even when we changed the

spot sizes of the pump beam by changing the corresponding laser power accordingly.

6.3 Experimental results and analysis

In our experiment we have locked the pump beam from F = 2 — F' = 2 of D,

transition and scanned the probe beam from F = 2 — F’ = 3 of D, transition of 8" Rb
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(see Fig.6.1(b)).

Q- ) enpe0s waaa

Figure 6.2: Polarization rotation signal of the probe beam with electromagnetically in-
duced transparency (PREIT) as a function of probe detuning at three different angular
mismatch (¢ = 0 mrad, ¢y = 14.49 + 3.68 mrad and¢; = 36.23 + 3.75 mrad ) positions

with the probe beam intensity as 0.47 £+ 0.02 mW /cm? and that of the pump beam as

4.77 £0.03 mW /cm?. In each case, w, = w. = 1 mm and the OD= 0.189 + 0.003.

Fig.6.2 shows the polarization rotation signals of the probe beam at the EIT condition
at three different angular mismatch positions between the pump beam and the probe
beam. From this figure, we have seen that due to the EIT condition we got normal
dispersion signal at the vicinity of resonance. It is also clear from the Fig.6.2 that the
intensity, as well as the slope of the spectra, got reduced as we increased the angle ¢

This indicates that the two-photon coherence contribution, i.e. the coherence effect due
to EIT, decreases with the increase in the angular mismatch between the pump and the
probe beams. From the slope of the dispersion spectrum, we have calculated the angle of
PREIT (#). The output intensity difference (AI(w,)) depends on the phase shift due to

the refractive index difference (anisotropy in refractive index (An(w,) = ni(w,) —n_(w,))
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for the two circular components (o, and o_) of the probe beam as [2],

Al{wy) ~ Ioexp(—aL)W (6.3.1)
The angle of polarization rotation which we detected is defined [63] as,
0(wp) = A"(gpc)woL (6.3.2)

Therefore the angle of PREIT can be calculated by Taylor series expansion of Eq.(6.3.1)

as,

B 1 d(AT)
-~ 2Igexp(—al) dw

| Aw (6.3.3)

where, wy is the resonance frequency of the probe beam, Aw is the smallest division of
frequency, « is the absorption coefficient of the medium and L is the interaction length
of the atomic medium. In our case L = 50 mm is the Rb cell length.

In this study, we choose the pump intensity to be 4.77 4= 0.03 mW /ecm? so that there
was no power broadening due to the pump beam in the medium. We have plotted the
angle of PREIT (#) with the angular mismatch (¢). From the Fig.6.3(a) and Fig.6.3(b),
it is seen that 0 decreases as ¢ increases.

This may be due to the reasons that (i) as we increased ¢ the residual Doppler
broadening effect increased in the medium, (ii) increment in ¢ also decreased the two-
photon coherence effect and (iii) since we changed the angle between the pump and
the probe, it changed the effective number of interacting atoms in the interaction cross-
section. Moreover, the number density of atomic medium can be changed by changing the
OD and the spot size of the pump beam. Therefore, we have also studied the dependency
of 6 on the OD and on the pump beam spot sizes. At first, we kept the spot size of the

pump (w,.) and that of the probe beam (w,) same, i.e. w. = w, = 1 mm and changed



6.3. Experimental results and analysis 111

the angle between the pump and probe beam taking OD as a parameter.

o
T

@ — OD =0.189+0.003 ]
—— OD =0.365+0.002 |
— OD =0.847+0.004
—— OD =1.129+0.001 | |
—— OD =1.209+0.009

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Angular mismatch (¢in mrad) Angular mismatch (¢in mrad)

a1

~

Angle of PREIT (6, in mrad)
w
Angle of PREIT (6, in mrad)

N

[N

o

Figure 6.3: Variation of angle of rotation of the plane of polarization of the probe beam
taking (a) optical depth as a parameter with w. = 1 mm and (b) pump beam spot size as
a parameter with OD = 0.847 £ 0.004. In both (a) and (b), the spot size of the probe was

wp = 1 mm.

We have observed that for a particular OD, as we increased the angle between the
pump and the probe beams the angle of polarization rotation was decreased as shown in
the Fig.6.3(a). Due to the angular mismatch between the pump and the probe beams, the
residual Doppler broadening effect was increased, which hindered the process of Doppler
narrowing effect in the medium. Thus the anisotropic behaviour of the medium was dom-
inated by this residual Doppler broadening phenomenon for a particular OD. Since the
anisotropy created in the medium led to the rotation of the plane of polarization of the
probe beam, increasing the angular mismatch decreased the rotation angle. Besides, the
increase in an angular mismatch between the pump and the probe beams also decreased
the two-photon coherence contribution in the medium continuously because the contri-
bution of the pump beam in the propagation direction of the probe beam was reducing
(see Fig.6.1(c)). For this reason, also the anisotropy in the medium, as well as the angle

of polarization rotation, was decreased. From this figure, we have also observed that the
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angle of rotation was increased as the OD was increased by increasing the temperature
of the medium for a particular ¢. With the increment in OD, the number density of the
atoms was increased. Therefore the angle of rotation was also increased since it depends
on the number density of the atomic medium.

We also changed the pump beam spot size with respect to the probe beam spot size
keeping the OD of the medium fixed at 0.847. For each w,. we have changed the ¢. The
corresponding variation is shown in Fig.6.3(b), where we have found that for a particular
w,, 6 shows similar variation with respect to ¢ as it shows in Fig.6.3(a). As shown in
Fig.6.3(b), we took three different w,; one is smaller than the probe beam, w. = 0.5 mm,
the second one is comparable to the probe beam, w, = 1 mm and the last one is greater
than that of the probe beam, w, = 2 mm. For different spot sizes of the pump beam
at a particular ¢, we have observed that the value of 6 increases as we increased w.,.
This happened because as we increased w,, the cross-sectional area for the two-photon
interaction was also increased. Therefore, the two-photon contribution was increased,
which in turn increased 6. From this study we have observed that though it may seem
that when the probe beam is fully inside the pump beam, the rotation may be insensitive
to ¢, but from the Fig.6.3(b) we have found that ¢ is always an important parameter
even if the probe beam is fully overlapped by the pump beam. From both the Fig.6.3(a)
and Fig.6.3(b) we have observed that to get enhanced rotation we have to take care of
the value of ¢ together with the OD and w,, since the angular mismatches between the
pump and the probe not only change the effective number of atoms in the interaction
cross-section but also enhance the residual Doppler broadening effect and decrease the

two-photon contribution.
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Figure 6.4: Variation of group index of the medium with (a) optical depth and (b) pump
beam spot size for ¢ = 0 mrad. In (a) wp, = w. = 1 mm and in (b) w, = 1 mm and OD

= 0.847 £ 0.004.

Apart from the determination of the angle of PREIT, the polarization rotation spectra
can be used to estimate the group velocity of the probe beam. We have calculated the

relative group index of the medium from the slope of the rotational spectra of PREIT

at ¢ = 0 mrad as An, = An(wp) + we22|,, = ToeaptalL ‘TI(GZAWI)LJ0 from Eq.(6.3.1). In
Fig.6.4(a), the variation of the relative group index (An,) with the OD of the medium

is shown. As the number density increased with the increment of the OD, Ang, has also

increased. So, the group velocity was reduced with the increasing OD of the atomic

medium as v, = —AC . We have observed the maximum reduced group velocity, v, =
g
m m/s for OD = 1.209 &+ 0.009 at w, = 1 mm and w, = 1 mm. We have

also plotted the group index as a function of w.. It increased with increasing w,. since
the effective number of atoms exhibiting the two-photon contribution was increased as
shown in the Fig.6.4(b). In this case we got the maximum reduced group velocity, v, =
WCL?A m/s for w, = 2 mm at and w, = 1 mm OD = 0.847 £+ 0.004. From the

Fig.6.4(b) it seems that the group index has a tendency of saturation as w. becomes
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larger than w,. This indicates that the effective number of atoms in the overlapping
cross-section of the probe and the pump beams, which were exhibiting the two photon
contribution, was getting maximized. From the Fig.6.4(a) and Fig.6.4(b) it is apparent
that the parameter OD is more sensitive to the two photon coherence contribution than
the parameter w,. after a certain value. Therefore to get enhanced coherence control on
the polarization rotation, a very large spot size of the pump beam will not be effective

but a very large OD will be effective.

6.4 Theory

We have considered a three-level V-type system as shown in Fig.6.1(b) to explain the
experimentally observed phenomena, where the probe beam interacts with the levels |1)
and |2) and the pump beam couples the levels |1) and |3). Since the probe beam is linearly
polarized, we have assumed that it carries both the o, and o_ components of polarization
equally. Therefore in our system, the o, component of the probe beam and the o,
polarized pump beam formed a three-level system and gave a two-photon contribution
to the atomic medium. While the o_ component of the probe beam gave only one
photon contribution to the medium. Thus a mismatch in the population distribution was
generated, which in turn produced anisotropy towards the refractive index in the atomic
medium. As a result, polarization rotation occurred for the probe beam [2]. Since the
refractive index (n = 1+ %X' ) is related to the real part of the complex susceptibility ()
of the medium, to generate the polarization spectrum and to get the angle of polarization

rotation at the EIT condition we have to find the difference in susceptibilities (x) in the
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atomic medium corresponding to the two circular components of the probe beam. These
can be calculated from the probe coherence terms po;y and po;— of the density matrix
component, where these two terms carry information about the two-photon and the one-
photon contribution of the probe field to the medium respectively. To get these terms we
have solved the master equation, Eq.(3.1.12) where we phenomenologically included the
decay terms. In this case our unperturbed (Hp) and perturbed (H,) Hamiltonians are
given by respectively,
Hy = Y2125 hwgi i) (il

(6.4.1)
Hy = —h{ Q91 (r)cos(wyt — ky.7%p) |1) (2] + Q31 (1) cos(wet — k) |1) (3] + c.c}

Here, p is a 3 x 3 density matrix; diagonal terms of which give the populations for the
individual energy levels and the off-diagonal terms indicate the coherence terms of the
system. We have considered the probe field as ,(r) = E,(r)cos(wyt — k,.7,) and the
pump field to be e.(r) = E.(r)cos(wst — ke.7.) where, Ep¢)(r) being the amplitude of the
electric field of frequency wy(c), kpe) = 27/ is the wave vector and 7, is the propagation
direction of the probe (pump) field. €;(r) = w;iEpe)(r)/h, j = 2,3 and i = 1, are the
Rabi frequencies for the probe and the pump fields respectively. Using Eq.(3.1.16) and
assuming the RWA we have obtained the optical Bloch equations for this three level
V-type system as follows,

pi1 = TD31p33 + La1paz + 5Q21(r)(p21 — p12) + 5Q31(r) (ps1 — p13)

pr2 = —To1pas — £Q01(r)(p21 — p12)
p33 = —Ta1p33 — £Q31(r)(ps1 — p13)
(6.4.2)
pa1 = —Dyjlpar — 101 (r) (p22 — p11) — 2Q31(r)pas
pis = —Di3' p1s + 5Q31(r)(pss — p11) + 5Q21(r)pas

Pz = —Day3' pas — 1Q51(r)pa1 + 521 (r)p13
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Where the parameters can be described as follows,

1 1 1

Dyj=——— Dig=———— Dy = :
2 Yo1 + 1A, BTy —ia TP Y23 + i(Ap — Ap)

(6.4.3)

Vi1 = % are the coherence decay rates, where j = 2,3 and I'j; is the natural decay
rate from |j) to [1). 723 = 13512 s the non-coherence decay rate between the dipole
forbidden transitions.

Using the first order perturbation for the probe field under steady state condition

from Eq.(6.4.2) we can write the zeroth order pump coherence as,

Q31(7)
0(1)3 =1 B D13(p33 - P(1)1)
0 0 (6.4.4)
_ 2931(7”) (P33 — P11)
2 (ms—1A)

Again, from Eq.(6.4.2) under steady state condition with first order perturbation for the

probe field we can write the zeroth order population of the levels |3) and |2) as,

Q31(r)
sz =1 (P(1)3 - Pgl) (6.4.5)
and
Py =0 (6.4.6)

Now, from Eq.(6.4.4) we can write,

31(r Qa1 (r
(P13 — 1) =i 312( )Dla(/’ga — ) +i 312( )D31(Pg3 - i)
Qa1(r) o 0 1 1
=1 - - + - 6.4.7
5 (P33 Pll)[(,m A T (s 4 iny) ( )
_ i931(7’)’731(P33 — )
(1 + A2)
Therefore using Eq.(6.4.7), Eq.(6.4.5) can be written as,
Q3 (r)y31
0 31 0 0
P33 = — o5 ~gv (P33 — Pi1)
33 2]:‘31(7%1 + Ag)( 33 11 (6 ) 8)

_ Q§1(7")731
2031(73, + A2) + Q3 (r)y31

0
P11
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Since we assumed the population conservation,i.e. pi; + p9 + p3; = 1, the zeroth order

population of the ground state is given by,

p(l)l =1- szs
931(7”)731 0
_ 6.4.9
2031 (73 + A2) + Q31 (r)731 i ( )

_ 95, (r)ys + 2051 (73, + A2)
2{T31(73; + AZ) + 93, (r)ys1}

Where we have used Eq.(6.4.6) and Eq.(6.4.8). Following this Eq.(6.4.8) becomes,

=1

_ Q:Qn(?“)’YBl
5 2{Ta1(v3 + A2) + Q% (r)vs1)

09 (6.4.10)

Using all the above equations, we obtained the probe coherence (p914) containing two

photon contribution as,

.Q 02
_ ! 212(T) D21[p(1]1 + S}L(T) D13D23(p(3)3 - p?l)] (6 4 11)
P21+ = le(r) A

(1 4+ == D1 Dos3)

and putting 3;(r) = 0 in the Eq.(6.4.11), we get the one photon probe coherence term

(p21-) as,

Qo1(r
p21— =1 212()

D1 pYy (6.4.12)

Since our V-type system is a combination of D; and D, transition of 8’Rb, we have
taken I'y; = 6 MHz and I'3; = 5.75 MHz. Since in our experiment we have varied the spot
size of the pump beam, in the above Eq.(6.4.11), Eq.(6.4.12), Eq.(6.4.10) and Eq.(6.4.9),
we have considered, Qg(r) = Q, exp(—r?/w?) and Qg1(r) = Q. exp(—r?/w?) to include
the spot size variation in the simulation as we have assumed Gaussian distribution of the
probe and the pump fields. Here, €2, and €2, are the peak values of the probe and the
pump Rabi frequencies respectively. The peak values of Rabi frequencies were calculated

T

from the relation,  =T'y /57— (78], where T" is the natural linewidth, I is the intensity

and I, is the saturation intensity of the laser beam. In our simulation we have assumed
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that the peak value of the pump Rabi frequency is constant for all the cases of different
spot sizes similar to our experiment.

Since the probe resonance frequency is wo; = wy, the probe detuning is 6, = (wo —wp).
As we have taken the propagation direction of the probe beam along the z—axis, the
Doppler detuning of the probe is A, = (6, + k, - 7) = (6, + kyv.). Similarly, we have
defined the detuning of the pump beam as . = (ws3; — w,) with the Doppler detuning of
the pump beam A, = (. + k?c -¥). Since the pump field wave vector k_; is rotated in the xz
plane as shown in Fig.6.1(c), A. = (0. + kv, sin ¢+ kv, cos @) ~ (. + kv + k.v,). Here
¢ is the angular mismatch between the pump and the probe beams. We have assumed
¢ to be small enough so that we can write sin¢ — ¢ and cos¢ — 1. Therefore the
two photon Doppler detuning becomes, (A, — A.) = (6, — d.) + (k, — ko)v, — kv é.
This (k, — k.)v, — k.v,¢ introduces the residual Doppler broadening effect in the atomic

— —

medium. It may be noted that, in general the residual Doppler effect ((k, — k) - ) due
to the wavelength mismatch is negligible because (k; — k;;) is very small. But in our case
the term k.v,¢ is playing a dominating role. So due to the angular mismatch the residual
Doppler broadening effect is increased in our system.

Considering atoms of all velocities and integrating over space, the susceptibilities can

be written as,

2p31
éng Vy=—00

X+ = / / p214 (7, Vg, V2 ) N (Vg, vy )drdugdv, (6.4.13)
Vp=—00 Jr=
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Figure 6.5: Simulated polarization rotation spectrum of the probe beam with positive

dispersion in the vicinity of the EIT resonance for different values of ¢ (¢

= 0 mrad,
¢ = 14.49 mrad, ¢3 = 36.23 mrad) with the probe intensity as 0.47 mW /cm? and that of
the pump beam as 4.77 mW /cm?.

Here, as l{?; lies in the xz plane, we have considered the two-dimensional Maxwell-

Boltzmann (MB) velocity distribution assuming that the third component of velocity

does not affect the phenomenon,

u2 u2

N(vg,v;) = :r—o exp{—M} (6.4.14)

In the above Eq.(6.4.14), u is the most probable velocity of the atoms and Ny is the
number density of the atoms at temperature ‘T’K. The dipole moment, p3; = 1.73x 1072°
C.m [78]. The simulated polarization rotation spectrum with a positive slope in the
vicinity of the EIT resonance is shown in the Fig.6.5 for three different values of ¢. Here
also we have observed that the intensity of the spectrum is reducing as ¢ is increasing
similar to what we observed in our experiment. We have varied the detuning of the

probe beam while the detuning of the pump beam was set at 0 MHz in our theoretical
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calculation to match the experimental condition.

The angle of polarization rotation can be related with the real part of the suscepti-

bilities for the two photon (x/,) and one photon contribution (x’.) to the medium as,

Oleop) = “2 (X () — X () (6.4.15)

Therefore, f can be calculated using the Eq.(6.4.15) at the EIT resonance position as,

woL d(x', —x")

0= Aw 6.4.16
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Figure 6.6: Simulated variation of the angle of polarization rotation with the angular
deviation between the pump and the probe beams taking (a) OD as a parameter and (b)
the pump beam diameter as a parameter. In (a) w, = w. =1 and in (b) w, = 1 mm, OD

= 0.847.

We have calculated the angle of rotation (@) of the plane of polarization of the probe
beam from Eq.(6.4.16) in the vicinity of the EIT resonance. The variation of 6 with ¢
was studied with the OD and w, as parameters similar to our experiment. In the first
case, we have fixed the pump beam spot size w., = 1 mm and changed the OD of the
medium. In the second case, the OD of the medium was kept constant, and we changed
the pump beam spot size w,.. In both, the cases the probe beam spot size was taken as

w, = 1 mm.

p
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From the Fig.6.6(a) and Fig.6.6(b) we have found that the characteristics of variation
of  with ¢ for both the cases are similar to what we have observed in our experiment
(shown in Fig.6.3). One could also see that the angle of polarization rotation is decreasing
as the angular mismatch is increased due to the residual Doppler broadening effect similar
to the experimental result. From Fig.6.6(a) it is observed that the angle of polarization
rotation increases as we increased the OD. From Eq.(6.4.13) and Eq.(6.4.14) we have
found that the susceptibility is directly proportional to the atomic number density. Since
on increasing the OD of the medium, the number density of the interacting atoms also
increased, as a result, more non-uniform population distribution between the sub-levels
occurred. As more anisotropy was created in the medium, the angle of polarization rota-
tion increased. When we kept the OD fixed and changed w,, we noticed that 6 increased
as we increased w, similar to the experiment. On increasing w,, the two-photon contri-
bution in the medium increased. So, the chiral behaviour of the medium, as well as the
angle of polarization rotation, was also increased as shown in the Fig.6.6(b). But there is
some mismatch between the experimental and the theoretical results as we have observed
from the Fig.6.3 and Fig.6.6. This difference between the experimental and theoretical
observations occurs due to certain reasons. In the case of the experiment, the effective
interaction length is always changing as we changed ¢. In theory, for simplicity, we have
assumed that this remains constant for a particular OD and w,. In the experimental sys-
tem, there are other energy levels where the population may decay, but in our theoretical
formulation, we have taken a three-level closed system. So the extra decays in the real
system can also introduce this discrepancy.

Further, this theoretical formulation can be used to calculate the relative group index
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(Ang) and then the group velocity (v,) of the probe beam as An, = Q;Od(xzrd;xl)bo.
We have compared the variation of An, as a function of OD of the system and pump
beam spot size w,. In Fig.6.4(a) and Fig.6.4(b) the red up triangles show the theoretically
calculated values of An, as a function of OD and w, respectively. The values match well

with our experimental observations.

6.5 Discussions

We have investigated how the angle of polarization rotation of the probe beam at the EIT
region can be tuned by changing the overlapping cross-section between the pump and the
probe beams, by increasing the optical depth of the medium and by changing the spot size
of the pump beam. The linear polarized probe beam and the circularly polarized pump
beam interacted simultaneously with the atomic vapour medium. We have noticed that
the angle of PREIT depends non-linearly on the angular mismatch between the pump
and the probe beams. It has also been observed that this value of angle 6 for a particular
angular mismatch increases as we increased the optical depth of the medium or as the
pump beam spot size was increased. From the study, we can conclude that the angular
mismatch between the pump and the probe beams will always remain as an essential
parameter whatever be the OD and the pump beam spot size. The final findings of our
study say that this is the way where one can control the enhancement of the two-photon
contribution in the medium to enhance the anisotropy, as well as the chiral behaviour, of
the medium. This enhanced PREIT spectrum can be used for optical locking purpose as

we got a sharp rotation at the vicinity of the EIT region, and the spectrum is modulation
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free as well as has a high S/N ratio. The generated 1F signal is modulation free because
we get it directly out of the atomic birefringent phenomenon.

Since we have shown that we can use the PREIT spectrum to calculate the group
velocity of light, this experimental technique can be useful for the study of subluminal
light propagation. For better estimation of the group velocity of light, the enhancement
of the coherent control of the polarization rotation is needed. Thus our systemic study

of the dependency of PREIT on the angular mismatch carries significance.
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Effects of ellipticity and magnetic field on
the polarization rotation in a coherently

prepared atomic medium’

7.1 Introduction

From our earlier studies [2, 3| depicted in the chapters 5 and 6, it is realized that to get
an enhanced polarization rotation in the medium the system should be optimized for the
corresponding parameters. The non-linear dependency on the pump beam intensity of the
polarization rotation with electromagnetically induced transparency (PREIT) condition
has been studied [2]. We have also investigated the effects of the angular mismatch
between the pump and the probe beams, the change in the optical depth (OD) of the
medium, and the change in the spot size or the radius of the pump beam on the angle
of PREIT of the probe beam in 8’Rb atomic medium for same system configuration [3].
Further, the ellipticity of the beam and the external magnetic field are the two essential
parameters in the case of study of the coherent phenomenon.

The effect of incident field ellipticity on the coherent phenomenon in Hanle config-

uration [5, 114] has been studied well both experimentally and theoretically [115, 116].

IThis chapter is based on the publication Das et al. OSA Continuum, 2021, 4, 105-120. The
experiment and the theoretical calculations presented in this chapter have been entirely done by Arpita
Das.
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Generally, study of the coherence phenomenon in Hanle configuration [5, 115-118] has
been done by using a o, probe and ¢_ pump beam. Both the beams are locked at a
desired hyperfine transition and the externally applied magnetic field is scanned. By
scanning this magnetic field when the Raman detuning condition is achieved one can
observe the interference effect (CPT or EIT). The effect of quantum interference due to
the spontaneous emission on the linear magneto-optical rotation (MOR) has been studied
[119]. In MOR or Faraday rotation [28], the birefringence is created due to the applied
magnetic field. In this case, one need only the linearly polarized probe beam and the
external magnetic field. Here, the probe field is locked at a particular atomic transition
and the magnetic field is scanned. Coherent control of MOR has also been investigated
in a cascade system theoretically [29, 30] and experimentally [31], where along with the
magnetic field a circularly polarized or linearly polarized pump beam is applied. There
is one similar experimental technique by which one can study the spin dynamics of the
medium. This phenomenon is known as spin-noise spectroscopy [120]. The idea of SNS
is to detect intrinsic fluctuations of spin magnetization. In this technique the concept of
Faraday rotation is used and the fluctuation of the angle of rotation is measured. To do
this, after detecting the rotation signal by balanced polarimetric detection technique, the
signal is fed into a spectrum analyzer instead of a oscilloscope. The fluctuation of angle
of rotation is related with the magnetization fluctuation [120, 121]. Recently M. Swar et
al. [122] using the Faraday rotation technique, explores the application of the spin noise
spectroscopy (SNS) to detect the spin properties of atomic ensembles in and out of equi-
librium. Besides, there are several studies on the Faraday rotation in cold atoms [123],

hot atomic vapour [26], in a tripod system [124] and in multi-Zeeman levels [125] of room
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temperature atomic vapour. In contrast to these, in our experiment the birefringence is
created at first due to the circularly polarized pump beam and the EIT condition was
created in the medium. Therefore, we called this phenomenon as polarization rotation
with electromagnetically induced transparency (PREIT). In this chapter, we present how
the angle of PREIT can be controlled by changing the ellipticity of the linearly polarized
probe beam in the absence of an external magnetic field [4]. This work also involves an
observation on the modification of polarization rotation due to the application of static
longitudinal magnetic field in the EIT medium. We have shown that due to application
of the magnetic field an additional birefringence effect is generated in the medium. To
observe these phenomena, we have considered a V-type system of 8’Rb with D; and
Ds transitions in room temperature. To explain the experimentally observed phenomena
theoretically, we have considered a four-level system combining the magnetic sub-levels of
the corresponding hyperfine transitions. We have also followed a semi-classical approach

to get the probe response of the medium.
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7.2 Experiment

Rb cell with
solenoid+ u - metal Shield

Figure 7.1: (a) Experimental Setup to study the polarization rotation in a coherently pre-
pared atomic medium. ECDL: External Cavity Diode Laser, DFBL: Distributed Feedback
Diode Laser, O.I.: Optical Isolator, HWP: Half-wave Plate, QWP: Quarter-wave Plate,
GL: Glan-laser Polarizer, PBS: Polarizing Beam Splitting Cube, CBS: Non-polarizing Cu-
bic Beam Splitter, BS: Beam Splitter, M: Mirror, Rb Cell: Rubidium Vapour Cell, BD:
Beam Dump, ND: Neutral Density Filter, VND: Variable Neutral Density Filter, SAS
Setup: Saturation Absorption Spectroscopy Setup, BDet: Balanced Detector, DSO: Digital
Storage Oscilloscope. (b) V-type configuration of 8Rb combining D; (55, /2 — 5Py )9)
and Dy (551, — 5P35) transitions for experimental observation of polarization rotation

in EIT medium.

Fig.7.1(a) describes our experimental setup to study how the polarization rotation of the
probe beam in an EIT medium can be affected by changing the ellipticity of the probe
beam and also by applying an external magnetic field in the medium. The experimental

setup is almost similar to the experimental setup to study angular dependency of PREIT
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shown in Fig.6.1 of chapter 6. The difference lies in the fact that here we have used a
quarter-wave plate (QWP2) in the path of the linearly polarized probe beam to change
its ellipticity and a Rb vapour cell of length 0.05 m is placed inside a solenoid to observe
the effect of the magnetic field. The entire arrangement of the Rb cell along with the
solenoid was covered by three layers of y—metal shields to avoid interference due to the
stray magnetic field of the earth. The probe beam was detected with the help of balanced
polarimetric technique [25, 104] to get the polarization rotation signal. To study this
phenomenon in an EIT or coherently prepared medium, we have chosen a V-type level
scheme with D; and D, hyperfine transitions of 8Rb as shown in Fig.7.1(b). The probe
beam was scanned from F = 2 — F’ = 3 of D, transition, and the pump beam was
locked at F' = 2 — F’ = 2 of Dy line. Throughout our experiment, the intensities of the
probe and the pump beams before the Rb cell were kept constant at 0.47 4 0.02 mW /cm?

and 5.09 + 0.02 mW /cm?, respectively.

7.3 Experimental results and analysis

7.3.1 Dependency on the ellipticity

To study the behaviour of the angle of polarization rotation in a coherently prepared
atomic medium due to the ellipticity of the probe beam, we have varied this parameter
by rotating QWP2 as shown in the Fig.7.1(a)). The polarization rotation signals with
EIT (PREIT signals) for different ellipticities with normal dispersion is shown in the
Fig.7.2(a). From this figure, we have seen that the intensities, as well as the slopes

of the signals, are changing periodically as the ellipticity of the probe beam () was
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changed. It indicates that the birefringence created in the medium due to the difference
in contributions of o, and o_ components of the probe beam is changing periodically with
the change in probe ellipticity. It happens because the intensities of both components

were changing as the ellipticity was varied.
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Figure 7.2: (a) Experimental polarization rotation signal of the probe beam for different
probe beam ellipticities in EIT medium. (b) Experimental variation of angle of PREIT

with the probe ellipticity.

The output intensity difference (Al(w,)), detected by the balanced photo-detector
(B.Det in Fig.7.1(a)), can be written as (see appendix 2),

An(wp, B)woL

Al(wp, B) = Ipexp(—a(wp, B)L) . (7.3.1)
The detected angle of polarization rotation is defined [3] as,
0(wp, B) = An(wp, flwoL (7.3.2)

2c

So, the angle of rotation in the vicinity of the EIT resonance is calculated by Taylor series
expansion around w, =~ wy of Eq.(7.3.1) as,

1 d(AI(wp, B))

"0 = Sherp(—aoPL) dw

|wo Aw (7.3.3)
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where, wy is the resonance frequency of the probe beam, Aw is the smallest division of the
frequency, ag(5) is the absorption coefficient of the medium at the resonance condition
corresponding to the probe ellipticity § and L = 0.05 m is the interaction length of the
atomic medium.

From the slope of the rotation signal we have calculated the angle of polarization
rotation at the vicinity of EIT i.e. the angle of PREIT using Eq.(7.3.3). In the Fig.7.2(b),
we have plotted the angle of PREIT (6(5)) as a function of the probe beam ellipticity
(B). From this plot we have observed that 6(/3) shows a periodical behaviour with the
variation of . It shows maxima at 8 = m7 while the minima occur at g = (m + 1)7,
where m = 0, 2,4, ... . To explain the physics behind this phenomenon let us express the

electric field of the probe beam along with its ellipticity as,
Ep(Tp, t) = Epécos(wpt — Ep.Fp) (7.3.4)

where E, is the complex amplitude and € is the unit polarization vector. The polarization

vector can be written as,

é = ézcos(B) + 1éysin(f) = —éqicos(f — Z) +é_qcos(B + Z) (7.3.5)

where €, is directed along the propagation direction (Ep) and é,, is directed along the
polarization ellipse semi-axes. €41 = :F(GL\/%%) are the cyclic basis vectors and [ is the
ellipticity of the probe beam.

Now from Eq.(7.3.4) and Eq.(7.3.5) we can say that when $ = m?7, our probe beam
became linearly polarized and both o, and o_ components of the beam were equal in

intensities. So the birefringence created due to the difference between the contributions

of the o, and the o_ components of the probe beam in the medium was maximum. As
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a result, we got a maximum rotation in the medium. Again for 3 = (m + 1)7§ the probe
beam became circularly polarized. Depending on the value of 3, it had either o, or
o_ component in the medium and we got minimum rotation as the birefringence was
minimum in this condition. In the intermediate value of 3, the intensities of o, and o_
components were not equal, and we got an intermediate value of rotation. Therefore,
we got a periodical variation of the angle of PREIT with the probe beam ellipticity
with a /2 period. Another way round, depending on the value of rotation, we can
find the corresponding ellipticity from this variation. After getting the value of S from
Eq.(7.3.5), we can say whether the beam is linearly or circularly or elliptically polarized.
So, our study becomes important to find the unknown state of polarization of the probe
beam. In our previous studies [2, 3] we have shown that from the angle of PREIT, one
can calculate the refractive index of the medium. So our study becomes useful when
one uses this experimental technique to find the group velocity of light as the refractive
index is directly proportional to the angle of rotation. Our study also confirms that we
need to use a linearly polarized probe with circularly polarized pump in the polarization
spectroscopy technique to get the most reduced group velocity of the probe beam; as the

angle of rotation for a linearly polarized probe beam is maximum.

7.3.2 Dependency on the longitudinal magnetic field

To venture into the effect of the longitudinal magnetic field on the angle of PREIT, we
kept the probe beam as linearly polarized and the pump beam as circularly polarized.
We have recorded the polarization rotation signal first without an external magnetic field

under the EIT condition. Then we varied the magnetic field inside the solenoid. For each



7.3.  Experimental results and analysis 133

magnetic field, we took the data corresponding to the PREIT signal of the probe beam.
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Figure 7.3: (a) Experimental polarization rotation signal of the probe beam for different
magnetic fields (B; = 0 mT, By = 0.132 + 0.001 mT, B3 = 0.300 &+ 0.001 mT and By =
0.516 4+ 0.001 mT) in the EIT medium. (b) Experimental variation of the angle of PREIT
with the longitudinal magnetic field.

In this case, the anisotropy in the refractive index was also created due to the applied

magnetic field (é) Therefore, the output intensity difference is written as,

An(wp, B)woL

Al(wp, B) = Ipexp(—a(wp, B)L) . (7.3.6)
This gives the angle of rotation at the EIT resonance condition as,
_ AI(B)
B) = SeancanBID) (7.3.7)

In the Fig.7.3(a) the PREIT signals have been shown for different longitudinal magnetic
fields. We have calculated the angles of PREIT (6(B)) from these signals, as a function
of the magnetic field using Eq.(7.3.7).

The variation of the angle of PREIT with the applied magnetic field is shown in the
Fig.7.3(b). We have observed that in the beginning, 6(B) increased with the increment of

B field upto a specific value. After that, §(B) decreased for further increased B field. A



Chapter 7. Effects of ellipticity and magnetic field on the polarization rotation in a
134 coherently prepared atomic medium

qualitative explanation behind this phenomenon is that when we apply the longitudinal
magnetic field, the degeneracy among the magnetic sub-levels is removed (see Fig.7.6(b)).
Since our medium is interacting with both circularly polarized pump beam and external
magnetic field, both of these effects create a circular birefringence in the medium due
to the non-uniform population distribution among the magnetic sub-levels of the atom
[2, 25, 31, 45]. Again, due to the fixed intensity of the pump beam, in this case, the
applied longitudinal magnetic field is the only reason for the enhancement of the circular
birefringence for more non-uniform population redistribution. It increased the anisotropy
of the refractive indices for the o, and o_ components of the probe beam, which in turn
augmented the angle of PREIT as we increased the magnetic field. For this reason, we
got an increasing behaviour in §(B) with increasing B field till a specific value is reached
where the population redistribution saturated. After this, as we have seen from the
Fig.7.3(b), further increment in the B field worsen the birefringence effect in the medium
due to the decreasing coherence as the population redistribution got saturated. Because
in this region as the separation between individual magnetic-sublevels is increased, it in
turn decreases the slope of the dispersion signal corresponding to the EIT resonance. So,
0(B) shows a decreasing trend with increasing B in this region. Thus we observed a
non-linear variation of 6(B) with the B field.

Further, we can also comment that the angle of polarization rotation in the EIT
medium is sensitive towards the magnetic field. From our experiment, we got the angle
of rotation as 0.0267° £ 0.0002° without any external magnetic field, while the angle of
rotation was 0.32°£0.01° for B = 0.036 0.001 mT. This got maximized as 8.79° +0.05°

at 0.900 £ 0.001 mT. So, the angle of rotation was increased by one order of magnitude
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on introducing a magnetic field comparable to the earth’s magnetic field in comparison
to the value of rotation without any magnetic field. Moreover, it got maximized with two
orders of magnitude using our atomic system. Thus our study becomes important when

one uses the polarization spectroscopy technique to measure an unknown magnetic field.

7.4 Theoretical Analysis

To describe the experimentally observed phenomena for the dependency of the angle
of PREIT on the probe beam ellipticity and the magnetic field, we have constructed
two four-level systems as shown in the Fig.7.4(a) and Fig.7.6(a) with degenerate and
non-degenerate excited states respectively. As shown in these figures, the o, and o_
components of the probe beam interact between |1) — [3) and |1) — |4) respectively,
while the o, pump beam couples between |1) — |2) states. To calculate the angle of
PREIT theoretically, we need the susceptibilities (x. and x_) corresponding to the o
and o_ components of the probe beam since the refractive index of an atomic medium
is related to the real part of the susceptibility of the medium. Therefore, we have to
calculate the probe coherence terms ps; and p4; of the density matrix component, where
these two terms carry information about the contribution of the o and o_ components of
the probe field to the medium respectively. To get these terms, we need to solve the master
equation Eq.(3.1.12). Here, Hy = >"=1 iw,, |n) (n| is the unperturbed Hamiltonian for
both the cases of study. The perturbed Hamiltonian (H,) will be different for the two
cases. In Eq.(3.1.12), p is a 4 x 4 density matrix, whose diagonal terms contain the

information of the population for the individual energy levels and the off-diagonal terms
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give the information about the coherence contributions corresponding to the respective

electric fields.

7.4.1 Dependency on the ellipticity

Figure 7.4: (a) Simplistic energy level diagram for theoretical analysis. See text for details.
(b) All possible sub-level couplings of the degenerate sub-levels with both the components
of the probe beam and the o4 pump beam in the complete atomic system. In both, the
figures, the solid blue and the dotted blue one-sided arrows indicate the couplings due to
the o4 and o_ probe beams respectively. The solid red both sided arrows show the coupling

for the o4 pump beam.

To explain how the rotation phenomenon occurred in the study of dependency of the
angle of PREIT on the ellipticity of the probe beam, we considered that both the o, and
o_ components of the probe beam contributes to the two-photon coherence contribution
in the medium along with the o, pump beam. But there was a mismatch between
the contributions of the o, and the o_ probe beams depending on their amplitudes of
the electric fields as the ellipticity of the probe beam was varied. Thus anisotropy was
created between the refractive indices of the two circular polarization components of the
probe beam leading to the rotation of its plane of polarization. Fig.7.4(b) represents the

energy level diagram with o, and o_ polarization components of the probe beam and
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o, component of the pump beam, where all the possible degenerate sub-level couplings
for both the components of the probe beam and that for the o, pump beam have been
shown. From this figure, it is also clear how the contributions can differ due to the
different intensities of the components. For simplicity, we have taken only four sub-levels
(see Fig.7.4(a)) to explain the phenomenon theoretically.

In this case, the perturbation in the system was only due to the electric fields of the

applied beams so the perturbed Hamiltonian can be written as,

H, = Hp = —h{Qa1cos(wet — ke.7) |2) (1] + Q31(8)cos(wyt — kp.7p) |3) (1]
(7.4.1)

+ Qa1 (B)cos(wpt — ky.7y) |4) (1] + c.c}
We have considered the probe field as in equation (7.3.4) and the pump field to be
Eu(Teyt) = E.é,cos(wet — EC.FC), where, F, being the amplitude of the electric field of
frequency w, lgc = 27/ \ is the wave vector and 7}, is the propagation direction of the

fields. Here, ‘le(ﬁ)’ = %S(ﬂ_%) = QpCOS(ﬁ — %) and ‘941(5” — %ﬁw% —

Qycos(B + 7) are the Rabi frequencies for the oy and o_ components of the probe field
respectively and Q9| = ’mTEC = (). is the pump Rabi frequency. The optical Bloch

equations (OBE) in this case can be written as,

p11 = La1paa + I's1ps3 + Ta1pas + iQp(B)(pfil — p13) + §Qp(6)(p4l — pua) — ch(Pm — p12)

. 7
P22 = —L'a1pag — §QC(P21 - P12)

. 7
p33 = —I's1p33 — iﬁp(ﬁxpi’)l — p13)

. 7
para = —La1pag — EQp(6>(p41 — p1a)

. _ 1 7 7
pi2 = =Dy (we, v)p1a + iﬂp(ﬁ)pw + iQp(ﬁ)Pu + §Qc(/)z2 — p11)

' B i 7 1
pa1 = =D (wp, v) p31 — iQp<ﬁ)(p33 —pu) — 596932 - 5910(5)'034
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' B i { [
pin = =Dy (@p, 0)pa = 5B (B)(pas — p11) = 5Qepao — 5% (B)pss

. _ 7
P32 = —D321(Wp>wa v)p32 + §Qp(ﬁ)P12 — = Qcp31

)
2
?

' B ?
piz = =D (wWp, we, V) paz + 5N (B)pr12 = 52epun

) _ 1 1
P43 = _D321 (wWp, V) paz + §Qp(5)P13 — §Qp(5)P41 (7.4.2)

Using the rotating wave approximation (RWA) and the first order perturbation for the
probe field, solving Eq.(7.4.2) under steady state condition, we obtained the two photon

contribution terms (ps; and py1) as,

2220758 Doy (wp, v)

{P (we, v)

p31(wp7wcu87v) = )
[1 + % D31 (wp, v) D2 (wp, we, )]

(7.4.3)
Q2 0 0
+ ZCDH (ww U)D?)Q(wpv We, v)(p22(wc, U) —P1n1 (ww U))}
and
. Qpcos(B+7)
i ——5—2 D1 (wp, v)
p41(wpaw6757v) = Q2 : g {p(l)l(w(bU)
[1 4 =5# D41 (wp, v) Dy2(wp, we, v)] (7.4.4)

02
+ ZDQ(UJC,U)DQ(WP,OJC,U)(pgz(wc, v) = pl1(we, v)}

PY) (we, v), P9 (we, v) are the zeroth order populations of the levels |1), and |2) respec-

tively. They were calculated analytically as,

QQ 21 21(’72 2( U))

: p + ZI 21 "‘ AC a-’C’

0 We, V) = 7.4.5
n ) 2[02y21 + a1 (73 + AZ(we, )] | )

93721

7.4.6
Q2721 + Ta1(73) + A2(we, v))] ( )

0 —
p22(wc’ ,U) - 2[

The parameters used in Eq.(7.4.3) , Eq.(7.4.4), Eq.(7.4.5) and Eq.(7.4.6) are described

as follows,
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1
Dy (wp,v) = : :m = 3,4 7.4.7
1( D ) Yo —i—zAp(wp,v) ( )

1
D V) = , : 7.4.8
12(w U) Y1 — ZAC(WC7 U) ( )

1

Do (wp, we, ) :m=3,4 (7.4.9)

"z + (A (W, 0) — Aclwe, )

where, v,,1 = % are the coherence decay rates, where m = 2, 3,4 and I',,; is the natural
decay rate from |m) to |1). vz = 820 and 4 = T2 are the non-coherence
decay rates between the dipole forbidden transitions. In our calculations we have taken
I'31 =141 = 3 MHz and I'y; = 5.75 MHz. Following our experiment, when we have varied
the ellipticity of the probe beam, the probe Rabi frequencies for both the components
containing the ellipticity information had also changed accordingly. The amplitudes of
Rabi frequencies have been calculated using, 2 = T Tim (78], where I' is the natural
linewidth, I is the intensity and I, is the saturation intensity of the laser beam.

The probe resonance frequency is ws; = wp and the probe detuning is d,(w,) =
(wo—wyp). As we have taken the propagation direction of the probe beam along the z—axis,
the Doppler detuning of the probe is A, (w,, v) = (,(wp) + k:; 0) = (0p(wp, v) + kpv) (as,
U = vZ). Similarly, we have defined the detuning of the pump beam as J.(w.) = (w31 —w,)
with the Doppler detuning of the pump beam A.(w.,v) = (d.(w.) + k.v). Since in our

experiment the pump beam was locked so in our calculation we have taken ws; = w..

Therefore, in our calculation, . = 0 and A.(v) = k.v.
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Figure 7.5: (a) Simulated polarization rotation signal of the probe beam for different probe
beam ellipticities in the EIT medium. (b) Theoretical variation of the angle of PREIT with

the probe ellipticity.

Convoluting the velocity distribution for the atoms, the susceptibilities can be written

as,
211371 (4 +o00
X31(41) (Wp, B) = %/ p31(a1) (Wp, B, v) N (v)dv (7.4.10)
€Ly Jv=—o0
In the above equation, N(v) = \/]ZO? exp{—%} is Maxwell-Boltzmann (MB) velocity dis-

tribution, where w is the most probable velocity of the atoms and N is the number
density of the atoms at temperature ‘T’K. The dipole moment, ji3141) = 1.73 x 107
C.m [78]. The simulated polarization rotation spectra with positive slope in the vicinity
of the EIT resonance are shown in the Fig.7.5(a) for different values of 3. Here also we
have observed the same periodical variations in the intensity of the rotational spectra
with changing # as we had observed in our experiment.

With help of Eq.(7.4.10) we have calculated the angle of rotation according to,

OJ()L

0(wp, B) = TC(X§1(wp,ﬁ) — X (wp, B)) (7.4.11)

Therefore, () at the EIT resonance position can be calculated by expanding the Eq.(7.4.11)



7.4. Theoretical Analysis 141

in Taylor-series upto the first order term as,

d(Xél(wpa /8) - Xﬁll (Wpa 5))
dw

wol

0(8) = {1 (a1(wo) = X (wo)) +

oy A} (7.4.12)

In the above equations X’ is the real part of the susceptibility. In Eq.(7.4.12), x4, (wo) =
X (wo) = 0. Therefore, 0(3) entirely depends on the derivatives of x4, (w,, ) and
X411 (wp, B) at the resonance position. Since the susceptibilities depend on 5 as shown
in the Eq.(7.4.10), the angle of PREIT is also a dependent of 5. Using Eq.(7.4.12) we
have calculated 6(3) for different values of 5. In the Fig.7.5(b) we have shown the theo-
retical variation of the angle of PREIT with the probe beam ellipticity 8. We got similar

periodical variation of # as a function of 3 with a period of 7.

7.4.2 Dependency on the longitudinal magnetic field

mg, = +1 |3> (a)
.9211:#33 mg, = +1|2>
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mpl= —T

11>
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Figure 7.6: (a) A simple four-level V-type system to explain the magnetic field dependency
on PREIT phenomenon. (b) Effect of the magnetic field with all the magnetic sub-levels in
our experimental system. In both, the figures, the solid blue and the dotted blue one-sided
arrows indicate the couplings due to the o, and the o_ probe beams respectively. The

solid red both sided arrows show the coupling for the oy pump beam.

In the Fig.7.6(a), a simplistic level scheme has been shown, where the o, and o_ com-

ponents of the probe beam and the o, component of the pump beam coupled the non-
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degenerate magnetic sub-levels. In this case, we have considered that the o, component
of the probe beam along with the o, pump beam created the EIT condition which con-
tributed to the two-photon coherence effect in the medium. Whereas, the o_ component
of the probe beam gave only one photon contribution to the medium. Thus, there was
a mismatch between the contributions of the o, and the o_ probe beams due to the
non-uniform population distribution.

Further, as we applied the magnetic field along the direction of propagation of the
pump beam, here, both the pump beam and the longitudinal magnetic field created
circular birefringence in the medium. Therefore, an anisotropy was generated between
the refractive indices of the two polarization components of the probe beam leading to
the rotation of its plane of polarization. In the Fig.7.6(b) we have shown the effect of
the magnetic field (B), which is responsible for splitting the magnetic sub-levels by an
amount of gpupmpB. For simplicity, we have taken only four sub-levels (Fig.7.6(a)) to
describe the phenomenon theoretically.

In this case, both the external magnetic field and the electric fields of the applied

laser beams perturbed the system. Therefore, H, can be written as,

H,=Hp+ Hp

n=4
=Y hgr, pemp, B|n) (n| — M{Qacos(wet — ke.7) |2) (1] + Qa1cos(wpt — k,.7) 3) (1]

n=1

+ Quicos(wyt — kyp.7) |4) (1] + c.c} (7.4.13)

Where gp, is the Lande g-factor, up is the Bohr magneton, mp, is the magnetic
quantum number corresponding to the hyperfine state F'. For n = 3,4, we can write gg, as

gp and for n = 2 gp, can be written as g.. According to the Fig.7.6(a), mp, =0, mp, = +1,
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mp, = +1, and mp, = —1. Since, in this case our probe beam is linearly polarized (8 = 0),

so the probe Rabi frequencies are no longer a function of ellipticity. Therefore, the probe

Rabi frequencies can be written as, [Qg| = #2422 = O and [Qy| = #2522 = Q. In this

h

case the OBE can be written as,

h

?

p11 = I'o1p22 + T's1p33 + L'a1paa + 591)(,031 — p13) + §Qp(P41 — p1a) — 2(p21 — p12)

. 7
pa2 = —I'91pa2 — ch(Pm — p12)

)
*Qp(/)sl - ;013)

p33 = —I'31p33 — 5

. 7
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2

) 3 l l l
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pP34

pP43

(7.4.14)

After taking RWA, the analytical solution of Eq.(7.4.14) under steady state condition

yields the probe coherence terms as,

i%Dgl(wp, B, U)

P31 (wpa We, Bv U) =

2

4

and

2
(1+ %D:ﬂ(wp, B, v)Dsa(wp, we, B,v))

{,0?1 (wCa Ba U)
(7.4.15)

Q
+7CD12(<"}67 Bv U)D?)Q(WIN We, Ba U)(p(QJZ (wm Bv U) - :0(1)1 (wm B: ’U))}]

Q
pa1(wWp, we, B,v) = z?pDu(wp, B,v)pY; (we, B, v) (7.4.16)
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The zeroth order populations are given by,

P (we, B,v) = Q2y21 + 2021 (73 + Ac(we, B,v)?)
11 Cy I i

7.4.17
D21 T Tar (1B + Delioes B, 0)?)] (7.4.17)
QZ’Y21
0 c
we, B,v) = 7.4.18
Pnalwe: Bo) = 5o s A o BL0)?)] (7.4.18)
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Figure 7.7: (a) Simulated polarization rotation signal of the probe beam for different
magnetic fields (B; = 0 mT, By = 0.132 mT, Bs = 0.300 mT and By = 0.516 mT) in

the EIT medium. (b) Theoretical variation of the angle of PREIT with the longitudinal
magnetic field.

The parameters in Eq.(7.4.15) , Eq.(7.4.16), Eq.(7.4.17) and Eq.(7.4.18) are described

as follows,

D Bov) =—— A,i B (7.4.19)

Dulen, B,v) =2 ZAI: (wps B, v) (7.4.20)

Dioe. B.v) =—— AC; o 0 (7.4.21)
Daleioe B0 =g sy 4
Dy (wp, we, B,v) = !

- 7.4.23
o By @ B — A By )
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The Doppler detunings for both the probe and the pump beams have been changed
10 Dy (s Bv) = {Aypsv) + gpinBY, Ay = {Ay(wpv) — goiinB} and Aoy —
{A.(we,v) + geptp B} respectively. Since our atomic system is a V-type system of 8"Rb
with the combination of D; and D, transitions, we have taken g, = %, ge = % and
up = 1.4h MHz/G [78]. In this case, A.p = {A.(v) + g.upB} since 6. = 0. All the

values of decay parameters are the same as in the earlier case of ellipticity dependence.

Therefore, integrating over all the velocity range, the susceptibilities are given by,

23141y [T
X31(41)(Wp,B) = 760];7 ) / P31(41) (wpaBav)N(U)dU (7.4.24)
D V=—00

The simulated PREIT spectra with different magnetic fields are shown in the Fig.7.7(a).
The angle of polarization rotation at the EIT resonance position is calculated theoretically

with the help of,

wolL

6(B) =

(Xél(B) - Xﬁu(B)) (7.4.25)

After calculating 0(B) using Eq.(7.4.25), we have numerically plotted it as a function of
the magnetic field(B). The theoretical characteristic variation of #(B) with respect to B
is shown in the Fig.7.7(b), where it can be seen that §(B) increases with the B field upto
a specific value. Then further increase in B decreases the value of §(B) similar to what

we have observed in the experiment.

7.5 Discussions

In this work, we have investigated how the angle of polarization rotation of the probe
beam at the EIT region can be modified by changing the ellipticity of the probe beam

without the external magnetic field in 8"Rb atomic vapour at room temperature. We had
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also studied how the polarization rotation in the EIT region can be affected by applying
the longitudinal magnetic field when the probe beam was linearly polarized, and the
pump beam was circularly polarized. We had observed that the angle of PREIT shows a
periodical behaviour of periodicity 7 when the ellipticity of the probe beam was varied.
The angle of PREIT became maximum when the probe beam was linearly polarized and
became minimum when the probe beam was circularly polarized. It has been noticed
that the angle of PREIT depends non-linearly on the applied longitudinal magnetic field.
The circular birefringence was increased due to the increment in the applied magnetic
field upto a specific value; after which, the circular birefringence decreases due to the
decreasing coherent effect. Therefore, we can say that one can control the enhancement of
polarization rotation occurring in the atomic medium at the EIT condition by controlling
the ellipticity of the probe beam as well as by controlling the longitudinal magnetic field.
Thus we can also enhance the anisotropy, as well as the chiral behaviour of the atomic
medium.

To understand the experimental observations, we have analytically solved the density
matrix equation for a four-level system. We have considered the excited states of the
system to be degenerate for the case of ellipticity variation as there was no external
magnetic field. Whereas, the excited states were considered to be non-degenerate for the
magnetic field variation. From our theoretical calculation, we got a good agreement in
the characteristic variation of the angle of rotation with the experimental observations.

As discussed in section 7.3, we can find the ellipticity of an unknown polarized probe
beam from our study of dependency on the probe ellipticity of the angle of PREIT.

Therefore, we can use the plot of 6(5) vs § as a calibration curve for this purpose. From
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our observation, we can also say that the polarization rotation is highly dependent on
the magnetic field. We found out that the angle of polarization rotation increased by one
order of magnitude when 0.036 + 0.001 mT magnetic field was applied compared to the
angle of rotation without the magnetic field. Therefore, this experimental technique of

detecting rotation spectrum can be useful to detect an unknown magnetic field.



Chapter 7. Effects of ellipticity and magnetic field on the polarization rotation in a
148 coherently prepared atomic medium




Conclusion and Outlook

8.1 Peroration

Exploring the coherent phenomena for the application of the atomic medium in real
life is a deep-rooted objective in physics. Even though the basic research focused on
the interaction of laser with the atomic medium in different configurations, certainly in-
situ measurements with high precision are needed for real-world applications. My thesis
work has dealt with the experiment and theory behind the coherent control of light-
atom interactions as a part of the ongoing research. We have studied how the atomic
properties have changed as the EIT condition was created inside the Rb medium. It has
been observed that we can control various phenomena by manipulating several system
parameters like the intensity and the polarization of the beams, beam size, OD, residual
Doppler broadening and the magnetic field.

Experiments have been carried out in multilevel Rb vapour medium. We have selected
the probe and the pump transitions so that we can observe the interference effect, namely
the EIT, in the medium. Main aim of this thesis was to study the dispersive properties
of the atomic medium under several laser induced coherent phenomena, in terms of light-

atom interaction. We have observed from one of our experiments that the group velocity
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of light depends on the pump intensity non-linearly and to get a maximum reduction in
the group velocity one needs to optimize the pump intensity. The experiment related
to polarization rotation with electromagnetically induced transparency (PREIT) reveals
that to get a maximum angle of rotation we have also to optimize the pump intensity.
We have also observed that the angle of PREIT will be enhanced if the angular mismatch
between the probe and the pump beam is minimized, the OD of the medium is increased
and the spot size of the pump beam is increased. From our study we have found that the
angle of PREIT became more sensitive to the OD than the pump beam’s spot size after
a certain value. We have also shown that the angle of PREIT will be maximum only
for the linearly polarized probe beam. The characteristics curve for the variation of the
angle of PREIT with the ellipticity of the probe beam can be used as a calibration curve
to get an idea about the polarization of the beam. The angle of PREIT also depends on
the external static magnetic field non-linearly. To get an enhanced rotation, the strength
of the applied magnetic field should be optimized. Moreover, our studies find application
in the light-storage experiments, the frequency stabilization or the optical locking in the
EIT transition, in the field of magnetometry etc. The atomic medium can be used as a
polarization rotator and also used as a birefringence lens. Along with the experiments
we have built corresponding theoretical models. In all the cases we have taken a semi-
classical approach for light-atom interaction and have solved the OBE for the multi-level
atomic systems to get the probe coherence term. With the models we were able to
understand the phenomena in a qualitative way. Although there are some mismatches
observed between the theory and experiments due to various reasons.

In the study of the dispersive properties of an EIT medium in room temperature, the
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susceptibility of the medium for a three level A— type system was calculated analytically
assuming the Lorentzian (Lz) velocity distribution of the atom. We have numerically
plotted the imaginary and the real parts of the probe coherence term as a function of the
probe detuning for both the Lz and the MB distributions to check the correctness of our
assumption. We have obtained a complete overlap of the coherence terms corresponding
to both distributions in the EIT region for the two distributions. Analytical expressions
for the susceptibility and the group index of the medium have also been derived. The
characteristic variation of the group index with the Rabi frequency of the pump beam
matches well with our experimental findings. Although there are some discrepancies
in the numerical values, we think that it can happen due to certain reasons. In our
experiment, we have measured the power of the beams before the Rb cell, but there was
power loss in the glass windows of the cell when the beams enter the medium. We did
not incorporate this power loss in our theory. It is well known that the magnetic field can
affect the EIT phenomenon. In this particular experiment, we did not use any magnetic
shielding for the Rb cell. So the earth’s magnetic field may have affected the numerical
values of the group index. In the real experimental system there are other hyperfine
states which can affect the observed phenomenon, but in theory we have considered
only a three level system and the effect of the hyperfine levels has been ignored. The
reduction of the group velocity and the maximization of the time delay of the probe beam
under the EIT condition are the important parameters to optimize the efficiency of light
storage and retrieval. The maximum storage efficiency depends on the optical depth,
and this can be achieved by optimization of the probe and the pump pulse shapes. We

can take the help of a powerful time-reversal-based optimization process which allows us
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to find the pulse shape of a weak input field iteratively until the shape of the retrieved
pulse becomes identical to the reversed profile of the input pulse [126]. Thus, our study
becomes important in the field of storage of light experiments since it gives an indirect
measurement, of slow light.

PREIT phenomenon has been studied in a V-type system for both 8Rb and 8°Rb
combining both D; and D, transitions. For this purpose, a polarization spectroscopy
setup has been made, and the polarization rotation signal of the probe beam has been
detected with the help of a balanced polarimetric detection technique. Therefore, we
have obtained a Doppler-free dispersion signal with positive slope and high S/N ratio.
For 8Rb, we observed two EIT peaks simultaneously and one EIT peak for ' Rb. From
the detected signal, we have estimated the angle of rotation. The angle of rotation gave
a non-linear characteristic variation. We have also measured the maximum birefringence
created in the medium calculating the relative refractive index of the medium. We have
considered a four-level V-type system, where the pump beam couples two excited states
to explain the occurrence of two EITs in the medium for 8Rb. Using our theoretical
model, we have justified the reason behind the creation of one EIT resonance for 8"Rb, as
well as two EIT resonances for 8Rb. Following our model, we were able to understand the
rotation phenomenon. To get the probe response, we have solved the OBE for a four-level
system analytically under the steady-state condition. The susceptibilities corresponding
to the o, and the o_ components of the probe beam have been calculated numerically
using the 1D MB velocity distribution of the atoms. The angle of rotation has been
calculated numerically in theory for the atoms of all velocities. Theoretical characteristics

of the angle of PREIT with the intensity of the pump beam matches consistently with
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our experimental observations. In a realistic system, there are more hyperfine levels
which also contributed to our experiment due to which we got the VSR peaks. We have
considered a simple four-level system in our theoretical model with no extra energy levels.
It may generate discrepancy in the numerical values between the experimental and the
theoretical results. The discrepancy also comes due to the angular broadening effect,
which was not included in our theoretical model. Difficulty in the measurement of exact
Rabi frequency seen by the atom may additionally affect the value of the angle of rotation.
Therefore, considering all the energy levels, as well as the angular broadening effect in our
theoretical model, can improve the similarities between the experimental and theoretical
results. Knowing the ratio between the output and input powers of a non-resonant beam
passing through the vapour cell, we can get an idea about loss of power due to scattering,
reflection or absorption in the cell window. This will help us to calculate Rabi frequency
closer to the exact value seen by an atom.

From this study, we can say that for a particular pump intensity, there exists a max-
imum rotation in the plane of polarization of the probe beam when it passes through an
EIT medium. The system can be optimized to get maximum rotation using our theoret-
ical calculations. The atomic medium can be used as atomic polarization rotator using
this experimental technique. Further, from the absorption and the dispersion spectra, it
is clear that we can use this experimental technique to identify any resonance position,
which is smeared out in the absorption spectrum due to the power broadening or due to
the angular broadening. All resonance positions can easily be resolved in the dispersion
spectrum. As we got a sharp rotation in the vicinity of the probe resonance, i.e., at EIT

position, we can use this signal as a 1F signal for frequency stabilization of the probe
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beam at the EIT position without using a lock-in-amplifier circuit. Such an optical lock-
ing method is advantageous because the dispersion signal is a modulation free and has
high S/N ratio.

A further experiment was carried out to find how the PREIT phenomenon in a V-
type system of 8’ Rb can be affected by the residual Doppler broadening. To do this, we
have changed the overlapping angle (angular mismatch) between the probe and the pump
beams inside the atomic medium. While increasing the angular mismatch, the number of
interacting atoms in the interaction region was also changed along with residual Doppler
broadening in the medium. Therefore, we have taken the OD and the pump beam spot
size as two separate parameters in our study. For a particular OD and pump beam
diameter, we observed that the angle of PREIT decreased as the angular mismatch was
increased. For a particular angular mismatch, the angle of PREIT increases with OD
and the pump beam diameter with having a saturation tendency in case of pump beam
diameter variation. So, OD is more effective in this case than the pump beam diameter
after a specific value. From the angle of PREIT, we have also calculated the group
velocity of the probe beam for zero angular mismatch. In support of our experiment, we
have solved the OBE analytically for a three-level V-type system. The theoretical results
show a consistent agreement with the experimental observations in most of the cases.
However, there are possible causes of some discrepancies. The effective interaction length
is always changing as we changed the angle between the probe and the pump beams in our
experiment, but in theory, we have assumed that this remains constant for a particular
OD and w, for the sake of simplicity. There are other energy levels where the population

may decay in the existing experimental system. But we have taken a three-level closed
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system in our theoretical formulation. So the extra decays in the real system can also
introduce this discrepancy. This experimental technique can be used to get slow light,
and the atomic medium can be prepared with the proper choice of the system parameters
using our theoretical model.

Effects of ellipticity of the probe beam and the external longitudinal magnetic field
on the PREIT with the same atomic system and configuration has been studied. We
have observed a periodic variation of the angle of PREIT with the probe ellipticity when
there is no external magnetic field. A non-linear variation of the angle of PREIT was seen
with the external longitudinal magnetic field when the probe beam was linearly polarized.
To understand the experimental observation, we have analytically solved the OBE for a
four-level system. We have considered the excited states of the system to be degenerate
in the case of ellipticity variation. On the other hand, the excited states were deemed to
be non-degenerate in the case of magnetic field variation. The characteristic variations of
the angle of rotation corresponding to the experimental observations and the theoretical
results matches well. As discussed in the section 7.3 of the chapter 7, we can find the
ellipticity of an unknown polarized probe beam from our study for the dependency of the
angle of PREIT on the ellipticity of the probe beam. Therefore, we can use the plot of
the angle of PREIT vs the ellipticity of the probe beam as a calibration curve for this
purpose. From our observation, we can also say that the polarization rotation is highly
dependent on the magnetic field because the angle of polarization rotation increased by
one order of the magnitude when we applied 0.036 + 0.001 mT compared to the angle of
rotation without the magnetic field. Therefore, this experimental technique of observing

rotation spectrum can be useful to detect an unknown magnetic field. Although there
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are some discrepancies between the experiment and the theory. It may be due to the
reason that in the theoretical model for sake of simplicity we have reduced our system to
a four-level system, whereas in our real system there seventeen non-degenerate sublevels
which will also affect the rotation phenomenon. If we consider all the sub-levels then the
numerical solution will be helpful. Instead of this, one can get an idea about the magnetic
field using our theoretical model to get the maximum rotation using our experimental
method.

On the other hand, in the polarization measurement the stress induced birefringence
in glass may play an important role. It results when isotropic materials are stressed or
deformed causing a loss of physical isotropy. In our experiments, circularly polarized
pump creates the birefringence in the atomic medium, as a result the direction of linearly
polarized probe beam is rotated. This rotational signal was detected with help of balanced
polarimetric detection technique. When there is only linearly polarized probe beam, then
no dispersion signal was observed. This implies that no rotation occurred in the direction
of polarization of the probe beam. We have observed the same when we heated the
atomic cell at 45°C. Therefore, we can say that in our case there is no stress induced
birefringence which can affect the observed phenomenon. Even if, there is any stress
induced birefringence, it is so small that it cannot affect our measurements. Therefore,
we did not consider this effect in our all of our analysis.

Finally, we can comment that the systematic study with PREIT phenomenon becomes
important in the field of the applications of the PR phenomenon. In each case, to optimize

the system, our theoretical models can be helpful.
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8.2 Future trek

The studies carried out in this thesis unlocks several possibilities in the future direction.

It can be done in the experimental and as well as theoretical directions.

8.2.1 Storage and retrieval of information

The study of dispersive properties in the A-type configuration and also the study of
PREIT phenomenon in the V-type system open up the chance of the storage and the
retrieval the light in the EIT medium. The study can be performed in the cold atoms,
which is in the building stage in our laboratory (see appendix D). Use of the polariza-
tion rotation spectroscopy (PRS) technique is advantageous as it gives high S/N ratio
signals in case of indirect detection of slow light. Moreover, the noise generated in the
interferometric setup can be overcome by using the PRS technique. The results will be
improved with cold atoms because in this case, we can get a high optical density, and we
can get rid of the Doppler broadening of the medium. Use of the V-type system gives a

possibility of getting larger storage time [92].

8.2.2 Magnetometry

Since the PREIT technique is sensitive to the low magnetic field, we can detect such
fields using this experimental technique. It can be said that our study is the building
stage of the magnetometry experiment. Therefore, this experimental process of PREIT
can be used in the field of magnetometry [37, 47, 53, 54]. To detect an unknown magnetic

field with this technique, we need to scan the magnetic field. The system needs to be
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optimized with various system parameters for this purpose. It can be done following the
studies contained in this research work. In this case, for theoretical calculation, we need

to consider all the sub-levels acting in the experimental system to get a realistic estimate.

8.2.3 Birefringence lens effect

The atomic medium can behave as a birefringence lens when polarization rotation oc-
curred in the medium. Generating EIT in the medium gives rise the possibility of increas-
ing birefringence in the medium. Therefore, the PREIT technique can be used to prepare
a more active birefringence lens experimentally. In this case, the pump beam should be
highly intense and spatially inhomogeneous. This effect will be more in a tripod system
since this system can be treated as a double A— type system. The divergence to conver-
gence transition of the lens like effect can be enhanced in the double-EIT configuration

[64]. This study can be done in Rb vapour as well as in cold atoms.



Summary

Experiments have been performed with multilevel Rb atomic vapour to understand the
quantum interference effect in the light-atom interactions. An indirect measurement of
the slowing down of the group velocity has been studied by using the dispersive properties
of electromagnetically induced transparency (EIT) in a A—type system at room temper-
ature with Dy transition of 8Rb [1]. It has been observed that the group index of the
medium varies non-linearly with the pump Rabi frequency. This observation indicates
that to get maximum reduction in the group velocity, one needs to optimize the system.
Moreover, the dispersive properties of the atomic medium can be modified by control-
ling the polarization of laser, which in turn can create birefringence in the medium. An
experiment on polarization rotation spectroscopy (PRS) has been performed by forming
EIT in a V-type configuration combining D; and D transitions for both Rb isotopes to
understand the phenomenon mentioned above in detail. This technique is named as po-
larization rotation with electromagnetically induced transparency (PREIT) [2]. PREIT
gives a non-linear characteristic variation of the rotation angle with the pump intensity.
The amount of anisotropy in the refractive index is also estimated. Dependence of the
angle of PREIT on the angular mismatch between the probe and the pump beams has
been studied in the 8"Rb with a similar configuration [3]. Effects of the optical depth
(OD) and spot size (w,) of the pump beam on the PREIT phenomenon have also been
explored. From the angle of PREIT, the relative group indices of the medium are mea-
sured for variable OD and w, respectively, without any angular mismatch between the

probe and the pump beams. Reduced group velocities of the probe beam corresponding
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to maximum OD and w, are also estimated from this study. Other two parameters, the
ellipticity of the probe beam (f) and the external longitudinal magnetic field (B), can
also modify PREIT [4]. Therefore, the effect of 5 on the angle of PREIT has been inves-
tigated, and a periodical variation is observed in a V-type system of 8’Rb combining its
D; and D, transitions. From this periodicity, one can comment about the unknown state
of polarization of the beam if the angle of rotation is known. Further, the dependence of
the angle of PREIT on B has been studied, which gives non-linear characteristics. This
study also indicates that the PREIT is sensitive to the low magnetic field. Thus, the
effects of the system-parameters on PREIT help us to understand how we can control the
system so that we can get an enhanced rotation in the system. All the above studies are
explained with corresponding theoretical models. The Liouville equation for three and
the four-level systems have been solved analytically under the steady-state condition to
get the probe coherence term. We have considered the velocity of the atom by convoluting
its velocity distribution with the analytically derived susceptibility. We have also com-
pared our experimental findings with our theoretical calculations and found consistent

agreement between them.
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Solution of the OBE for a two-level

atomic system

Under the steady state condition (% = 0), from Eq.(3.2.19) we obtain,
1 1
Lopo + 5912021 - 5921P12 =0 (A.0.1)
Since, Q15 = Q9. Therefore, Eq.(A.0.1) gives,
)
P22 = TBQlQ(p12 — pa1) (A.0.2)

Similarly, from Eq.(3.2.19) we get,

€12
- A.0.3
P12 2(% 5) (Pn /)22) ( )
and
€12
P21 = m(ﬂll - 022) (A-0-4)

Subtracting Eq.(A.0.4) from Eq.(A.0.3) we get,

i (p11 — p22)

(p12 = p21) = > (A.0.5)
2(2 +6?)
Using Eq.(A.0.5), Eq.(A.0.2) yields,
0ty
pa2 = F37(/711 — p22) (A.0.6)

4(=¢ + 92)
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Since we have considered that p;; + poe = 1, i.e. the population is conserved. With this

assumption Eq.(A.0.6) gives,

0%y
P22 = —fs (1 —2p22)
4(—¢ +6%)

QZ
— — 12
p22 - 9 F2 9
2{03, + 2(-% +§2)}

Therefore using pi; + pa2 = 1,

0
p1n=1- 2
2{0%, +2(% + %)}
2
03, + 4(%2 + 62
P11 = 12 ( 4 )

- 2(0h 2 + )
Using Eq.(A.0.8) and Eq.(A.0.10), Eq.(A.0.4) can be written as,

912(%3)+52)
L2 4 551102 21;% 52
(F +i0){Qfy +2( +6%)}

p21 =1

(A.0.7)

(A.0.8)

(A.0.9)

(A.0.10)

(A.0.11)

Eq.(A.0.8), Eq.(A.0.10) and Eq.(A.0.11) are the analytical solutions of Eq.(3.2.19)

under steady state condition.

The numerical solution has been done in Mathematica using NDSolve technique.



Calculation of the output intensity
difference in balanced homodyne

detection technique

After mixing the probe signal and the reference beams in the 50:50 CBS shown in the
Fig.4.1, there were two outputs from it. If we assume them to be €; and &5 respectively

then we can write [84],

1
= —[E, exp{i(¢, + f(w)L)} + Ep exp{—a(w)L/2}]
V2 (B.0.1)

g9 = \}i[ET exp{i(¢r + f(w)L)} — E, exp{—a(w)L/2}]

The intensities at the two photo detectors of the balanced detector Iy and I, can be

€1

written as,

AL (w) x g1€]

[E} + ErEp exp{—a(w)L/2}(exp{i(¢r + B(w)L)} + exp{—i(¢r + B(w)L)})

N

X

+ Eg exp{—a(w)L}]
(B.0.2)
and

Al (w) x 965

x 312 — B, By exp{~0(w) L/2}(exp{i(6, + H()L)} +exp{~i(r + Hw)L)})

+ By exp{—a(w)L}]

(B.0.3)
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Therefore, the output of the balanced homodyne detector is given by,

AId(w) = Il - Ig
(B.0.4)

x 2E, E, exp{—a(w)L/2} cos (¢, + B(w)L)



Calculation of the output intensity in

balanced polarimetric detection technique

For a linearly polarized light the initial state of electric field can be written as,

(C.0.1)

cos ¢
sin ¢
where ¢ is the angle of the polarization with respect to x-axis. Now Eq.(C.0.1) can be

written in terms of circular polarization basis vectors,

e—i¢ |1 et | 1
E=FE 5 —i—Eo? (C.O.Q)

v —1

While propagating through the cell of the length L, the different polarization com-
ponents of the beam will exhibit the differential absorption and dispersion on account of
the atomic medium. The electric field of the probe field is given by after passing through

the atomic medium,

—i¢ |1 i 1
e 2z gk LarLf2 Eo% ¢ik-L-a-L/2} (C.0.3)

) —1

E = Eof

wn4

where, k+ = ==, n. is the refractive indices for o circular polarization components and
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ay is the corresponding absorption coefficient. Simplification of Eq.(C.0.3) leads to,

1 1
_swnlL al ]. _Z-(z)_,'_w%:L 1 '¢+W%SL }

E = Epe " ¢ 6_7{56 (C.0.4)

where, n = 1(ny+n_), a = 1(ay+a_) and An = (ny —n_). Eq.(C.0.4) can be rewritten

as,
E = EBpe i* e~ % % (C.0.5)

sin (¢ + W%ZLL)

Therefore, the x— component and y— component of the electric field are given by,

wnlL

By = Ege ¢ ¢~ %" cos (¢ +

wAnL)

2¢ (C.0.6)

s wn (7 A L
E, = EoeﬂTLe*TL sin (¢ + d 2n )
c

This gives the intensities in the x and y direction as,

wAnL

2 (C.0.7)
wAnL)

2c

I, < E2e™ L cos? (¢ +

I, < E3e L sin? (¢ +

Therefore the output intensity of the balanced homodyne detector is given by,

Al =1, -1,
A (C.0.8)
—a wAnL
= Ipe *Fcos2(p + 5 )
Since we set ¢ = /4 , so Eq.(C.0.8) yields,
AT = Iye Y sin wAnl
A ¢ (C.0.9)
_ [pe-or@Ank

This intensity depends on several system parameters e.g. frequency, ellipticity, amplitude

of the electric field and also on the perturbation given to the medium.



Assembling magneto-optical trap (MOT)

My research work contains the study of coherence phenomena in the hot and room tem-
perature Rb vapour. This work also involves in the development of the vacuum and
the magnetic field for the magneto-optical trap (MOT) along with the planning of the
optical path to get cold atoms. The detail description of designing and characterizing
the quadrupole magnetic field and the description of assembling of the vacuum chamber
with the pumps with a schematic presentation of the optical path are discussed with an

initial introduction on MOT.

D.1 Assembling vacuum chambers for magneto-optical

trap (MOT)

In this section, at first, I will explain the scattering force on atom when it interacts with
a light field. The mechanism of Doppler cooling and the MOT will also be discussed
qualitatively. After that, I will discuss how we achieved the ultra-high vacuum in our
laboratory for this purpose. Then, the details of the magnetic coils will be presented. A

schematic view of the optical path will also be presented.
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D.1.1 Scattering force on an atom

There are two types of optical force when the laser interacts with atoms; they are (i)
stimulated force or dipole force and (ii) spontaneous or radiation pressure force. Dipole
force arises due to the induced dipole moment, i.e., the absorption of photon followed
by stimulated emission. It is related to the intensity gradient of the field. Radiation
pressure force arises due to the momentum transfer from the laser beam to the atom.
It is related to the phase gradient of the field. This force represents the rate at which
the light delivers momentum, or we can say that this equals the rate at which the light
delivers energy divided by the speed of light. Therefore, the magnitude of the radiation

pressure force is given by [65, 67],

A
Frog = — (D.1.1)
C

Where the quantity A represents the power of radiation absorbed by the atom and
¢ is the speed of light in vacuum. The radiation force has a significant effect on the
atoms since the peak absorption cross-section is much greater than the physical size of
the atom. Now, it is convenient to describe the absorption process in terms of photons.
When atoms absorbed photons, then each absorbed photon gives the atom a kick in
the opposite direction of its motion, and spontaneously-emitted photons scatter in all
directions so that the scattering of many photons gives an average force which slows
down the atom. The value of this scattering force, being equal to the rate at which the

absorbed photons impart momentum to the atom, is given by

Fs = hk x Rscatt (D12)
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where hk is the momentum of the photon. R..; is the scattering rate and is given by,

QZ
L =
2

-2 (D.1.3)
02 4 T+

Rscatt = F2P22 =

with I'y as the spontaneous decay rate and poy is the excited state population of a two-

level atom (discussed in chapter 3). The Rabi frequency (€212) and the saturated intensity

(Isat) are related by I%t =2

%%2. Now Eq.(D.1.2) can be written as,

Fy = hk—=—fsat (D.1.4)

Thus for I — oo, the magnitude of the scattering force given in Eq.(D.1.4) tends to
a maximum value of F,,., = hk% For an atom of mass M, this radiation force gives

maximum magnitude of acceleration (a,,q.) as,

F, hkTy o,
Umaw = 7]7;”3 — 2M2 =~ (D.1.5)

with 7 as the lifetime of the excited state and the magnitude of the recoil velocity v, =
h—]\’j = ﬁ is the change in the velocity of atom for absorption or emission of a photon at

wavelength .

D.1.2 Doppler cooling: Optical molasses

Doppler cooling technique [65, 67] uses the radiation pressure force to reduce the kinetic
energy of the atoms. This technique is understandable considering three simple cases
shown in the Fig.D.1.

Consider an atom cloud constrained to move in one dimension with two red detuned
laser beams (Laser 1 and Laser 2) of frequency wy, incident from either side of the atom

cloud. Now for the atom at rest, photons from both the laser beams will be absorbed



170 Appendiz D. Assembling magneto-optical trap (MOT)

equally by the atom as shown in the Fig.D.1(a), where |1) and |2) are the two energy
states of the atom. Due to collection of the equal number of photons from each beam, the
atom experiences an equal force in each direction, or we can say that the atom experiences

the same frequency wy, from the two lasers.

Atom
Laser 1 Laser 2 WilTaser 1 Laser 2
- ® = 1> l‘ “ K 1>

Figure D.1: Three simple cases when an atom constrained to move in one dimension
interacts with two laser beams of equal frequency incident from either side of the atom :

(a) atom at rest, (b) atom moving left and (c¢) atom moving right.

For the atom having a velocity, it experiences different frequencies from Laser 1 and
Laser 2 due to the ‘Doppler shift’. If the atom is moving to the left, it sees Laser 1 with
increased frequency wy; = (wy, + kv) as it is moving against Laser 1. While it experiences
Laser 2 with decreased frequency wy = (wy — kv) because it is moving in the direction
of Laser 2 as shown in Fig.D.1(b). Therefore, the atom will absorb more photons from
Laser 1 than that from Laser 2. Absorbing more photons from Laser 1 effectively reduces
its leftward velocity while absorbing fewer photons from Laser 2 indicates that it cannot
be accelerated to the left.

Similarly, if the atom is moving to the right, it experiences Laser 1 with decreased
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frequency wy = (wy, — kv) and Laser 2 with increased frequency wy = (wy, + kv) as shown
in Fig.D.1(c). It means that the atom does not absorb nearly as many photons from
Laser 1 as it does from Laser 2. It indicates that the rightward velocity of the atom is
reduced and it cannot be accelerated to the right. By this process, the laser light always

reduces the velocities of the atoms, but never increase them.

\ V4 |’
Y
~ ’
Figure D.2: Configuration for optical molasses.

Since in reality, atoms have velocities in all directions; the above idea is extended
in three dimensions to reduce their temperature. This requires laser cooling with the
configuration of three orthogonal standing waves, as shown in the Fig.D.2. When three
pairs of laser beams propagate from each direction in space and converge on a single point,
the atoms interacted with the beams are slowed down from each direction in space. The
atomic sample begins to cool as the velocities of the atoms in the sample decrease. Here,
the three pairs of counter-propagating beams behave like a thick liquid that hinders
the motions of the atoms. Thus this situation is referred to as “optical molasses ”. It

attenuates the motion of the atoms in every direction in space and cools the sample.
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o
o
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-0.02

-0.04
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Figure D.3: The total force as a function of velocity in 1D optical molasses technique for

0 = —I'9/2. The force is plotted in units of hkI['2/2, and the velocity is in units of I'y/k.

Considering the scattering force due to each laser beam, the above analysis of the 1D
case can be quantified. The magnitude of the net force acting on an atom moving with

velocity v due to two counter-propagating laser beams is given by [65, 67],

F
Frolasses = Fs(wp — wo — kv) — Fs(wr — wo + kv) = _2]{311(; = —nv (D.1.6)
(%)
where the damping coefficient, n = 2]@‘3—5 is given by,
;-
n = 4hk? Iy (D.1.7)

Tsat [1+ (%—‘;)2]2
The damping coefficient requires a positive value. It implies § = (w — wp) should be
negative, therefore for this purpose we need red detuned laser beams. From the above
equations, we can say that for v > 0, F},,01asses Will be negative and vice versa. So, the force
decelerates the atoms. Analyzing the above equation one can get the lowest temperature,

which is known as the “Doppler cooling limit”, when the detuning, § = —I'y/2. The lowest
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temperature is given as,

kpTp = hTo/2 (D.1.8)

In the Fig.D.3 we have plotted the magnitude of the force with § = —I'y /2 as a function of
the magnitude of velocity. For very small v, the total force is linear with a negative slope.

For 8"Rb with D, transition line, I'y/27r = 6 MHz, the estimated lowest temperature is

Tp = 140 uK.

D.1.3 Magneto-optical Trap (MOT)

In the optical molasses technique, cold atoms, accumulating in the region where the three
orthogonal pairs of laser beams intersect, take a considerable time for atoms to diffuse
out. With the proper choice of polarizations for the laser beams, this configuration can
be turned into a trap by the addition of a magnetic field gradient. In MOT, using a pair
of anti-Helmholtz coils produces a quadrupole magnetic field which in turn creates an
imbalance in the scattering forces of the laser beams, and it is the radiation force that
strongly confines the atoms [66, 127].

To understand the principles of MOT [65, 67] let us consider the Fig.D.4(a) for J =
0 — J =1 transition. In this case, the magnetic field produced by the anti-Helmholtz
coils is zero at the middle point of the distance between the coils and close to this zero,
due to uniform field gradient, the Zeeman effect makes the energy of the sub-levels of
J = 1 to vary linearly with the atom position as shown in the Fig.D.4(a). Here, the
counter-propagating laser beams have opposite circular polarization along with slightly
less frequency than the atomic resonance frequency. Now, consider an atom displaced

from the centre of the trap along the z—axis with z > 0. The AM; = —1 transition move
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closer to the resonance with the laser frequency.

(a) M Energy M _ =
B B S ) [ coils BT

1 —= 4l
J—10>< 0
ISt T -

lA\ Y
/'T/

X
I—

Figure D.4: (a) The mechanism of a magneto-optical trap illustrated for the case of an

o, o_
/] %
J=0
Z Coils

atom with J = 0 to J = 1 transition. In the magnetic field gradient, the Zeeman splitting of
the sub-levels depends on the atom’s position. (b) Configuration of a magneto-optical trap
with three orthogonal pairs of laser beams which have the requisite circular polarization
states and intersect at the centre of a pair of coils carrying opposite currents. The small

arrows indicate the direction of the quadrupole magnetic field produced by the coils.

The selection rules favour the atom to absorb photons from the o_ polarized laser
beam and this pushes the atom back towards the trap centre generating a scattering force.
A similar process happens for the displacement of the atom in the z < 0 direction. Here,
the Zeeman shift of the transition frequency and the selection rules leads to absorption
of photons from the o, polarized beam; as a result, the atom is pushed back to the z =0
position. Therefore here, the magnitude of the net force acting on the atom is given by
(65, 67],

ns

Fyor = —nv — =7 (D.1.9)

Therefore, from the Eq.(D.1.9) we can say that in case of MOT, the imbalance in the

radiation force caused by the Zeeman effect generates a restoring force with a spring
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constant ¢

1>, where 7 is the damping coefficient as discussed in case of optical molasses,

¢ = Q“TB% is related to the gradient of the magnetic field. So, atoms that enter the
region of the intersection of the laser beams are slowed by optical molasses technique,
and the position-dependent force pushes the cold atoms towards the trap centre. This
combination of strong damping and trapping makes the magneto-optical trap to work.

The configuration of the MOT with three-orthogonal pairs of circularly polarized laser

beams with a pair of anti-Helmholtz coils is shown in the Fig.D.4(b).

D.1.4 Assembling vacuum chamber

The chamber, where the Rb atom will be loaded, should have ultra-high vacuum (~ 107°
mbar) conditions. To achieve this, we have used different vacuum pumps. Rotary vane
pump was used as a backing pump of a turbo molecular pump. The rotary pump has
two filters connected at its output and input, respectively: 1. oil mist filter to prevent
the leakage of the pump’s oil vapour in the atmosphere, 2. oil trap filter to prevents the
pump’s oil from entering the turbo pump as the rotary pump is attached at the outlet
of the turbo pump. We have used a magnetic isolator valve between the rotary and the
turbo pumps and a pneumatic gate valve which allows us to isolate the vacuum chamber
from the turbo pumping station. The isolation valve would protect the pumps from oil
backstreaming if the roughing pump failed. In that case, the pressure would build behind
the turbo pump and eventually leak into the chamber, possibly bringing in contaminants.
If the turbo pump fails or there is a leakage in the chamber due to an accident, air with
debris would rush in. Then the high-speed closure of the gate valve would be needed to

limit the contaminants from being sucked into the vacuum chamber. This valve has a
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gate that comes down fast and seals against the valve wall powered by air pressure (~ 80
psi). When the Pirani gauge pressure, connected at the outlet of the turbo pump, read
5 x 1072 mbar, we opened the gate valve.

After that, the turbo pump was turned on. With the help of a penning gauge, the
pressure inside the chamber read 1.03 x 10~7 mbar after the turbo attained full speed
and ran for a few hours. After running for a day, we started baking out the whole system
while the turbo pump was still on. We wrapped the vacuum chambers and the metal
part of the turbo pump by heating tape and then by aluminium foil. A thermometer was
used to monitor the temperature of the vacuum chamber with time. The MOT chamber
was baked out for about 48 hrs upto 140°C temperature. On backing, the pressure inside
the chamber will rise due to outgassing. This rise in pressure will subside with time, and
the vacuum inside the chamber will get better. We baked the chamber till the time we
observed no further fall in the pressure. When we stopped the process of baking out the
system, the pressure of the chamber was 2 x 10~7 mbar. Baking out the system to such
a high temperature to achieve low pressure while it is being pumped makes sure that the
atoms and molecules stuck to the interior walls of the chamber will be removed before
MOT becomes operational. It makes the bake out a necessary process for pumping the
vacuum chamber down to pressures as low as possible before the MOT can begin trapping.
After the successful bake-out process, we achieved 1.34 x 10~® mbar pressure inside the
chamber with only turbo pump running. Then we turned on the ion pump to get even
lower pressure, and with the ion pump gauge, we read the lowest pressure as 3.2 x 1079

mbar.



D.1. Assembling vacuum chambers for magneto-optical trap (MOT) 177

(b)

“~ Penning Gauge Viewports Turbo- molecular pump

CF 100 e

(a)

CF 40

Pump System
MOT Cell

S8 Tham. Pillar Adapter
post of
l 150 Optical table
/ ()

CF63 —_,
All metal valve and —
CF 16 Hose with Rb 60 mm:[

ampoule are attached Ion Pump

| \z

Pneumatic gate valve

N\

Pillar post of 200 mm

/
Pillar post of 200 mm

Figure D.5: (a)-(c) Schematic diagrams of the vacuum system with the MOT chamber.
The ports of the MOT chamber, where these two pumps are attached, are indicated with

red and orange arrows respectively in (a).

Fig.D.5(a)-(c) shows a schematic view of our design to attach the vacuum pumps with
our MOT chamber. We have also used an interlock circuit connecting the rotary pump,

turbo pump and the gate valve.

D.1.5 Interlock to operate the turbo pump and the gate valve

We have used an interlock circuit connecting the rotary pump, turbo pump and the gate
valve. A relay circuit (say, relay A) is connected between the backing gauge of gauge
controller and the turbo controller. 5 x 102 mbar and 8 x 102 mbar pressure readings
are set as low and as high limit of the relay A respectively. A schematic circuit diagram is
shown in the Fig.D.6(a). When the backing pressure is in 5 x 1072 mbar via operation of
the rotary pump, then the ‘NC’ (normally closed) contact opens, and turbo starts. When

the turbo speeds up, the backing goes bad. If the pressure goes higher than 8 x 10~2 mbar,
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the turbo controller shows the pumping unit error (PUE), and turbo turns off. Turbo
restarts again only if the backing falls to 5 x 1072 mbar. In all the above conditions,
turbo pumping unit remains switched on along with the gauge controller.

There are two modes to open the pneumatic gate valve - (i) ‘auto mode’ and (ii)
‘bypass mode’. Fig.D.6(b) shows the required circuit schematically. +24 V DC is taken
from the gauge controller first to the relay C which is connected with vacuum chamber
penning gauge of the gauge controller. The low and high limits are set as 5 x 10~° mbar
of the relay C. When the pressure inside the chamber is better than this, ‘NO’ (normally
open) contact of the relay is closed, and 24 V reaches the turbo controller for full-speed
contact. When the turbo reaches 80% of its maximum speed, another relay K1 inside
the turbo controller closes, and 24 V comes to the coil of the gate valve relay. The coil is
activated at this point and 220 V AC from the mains which is connected to ‘NO’, now
on the closing of contact, comes live at the gate valve output and thus opens the gate

valve. It is interlock operation in ‘auto mode’.
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Figure D.6: Schematic diagram of home-made turbo interlock circuit. (a) Interlock for

backing and (b) interlock to open the gate valve.

When power comes back after an occasional power cut, all the above logic needs to be
satisfied for the gate valve to open. In ‘bypass mode’, 24 V is directly connected to the
gate valve relay coil through a switch. Whenever the bypass switch is closed, the gate
valve opens irrespective of the turbo and pressure conditions. But the gauge controller
must always be switched on for 24V DC supply. This mode is used for initial pumping
out of the chamber. In this case, without putting on the turbo, we open the gate valve,
do a slow and controlled roughing of the chamber through the rotary pump. We have
to get 5 x 1072 mbar at the backing side to deactivate the PUE in turbo controller and

start it. This interlock is not bypassed even in the ‘bypass mode’.
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D.1.6 Design and calibration of the anti-Helmholtz coils

For the position-dependent magnetic field, we have designed a pair of anti-Helmholtz coils
with 15.5 cm diameter and 15.4 cm distance between the two coils. We have simulated

the magnetic field generated by the coils along its axis.
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Figure D.7: (a)Cylindrical coordinates for the magnetic field of a circular coil carrying
current I at the axial position (z— direction). (b) The magnetic field along the axis of the

pair of anti-Helmholtz coils.

The magnetic field at a distance d along the axis of a circular coil of radius a carrying

current I as shown in Fig.D.7(a) has magnetic field components given by [128]

_ ,UOTlI ]. 9 R2 _ p2 o (Z _ d)2 )
B = Via+p)?+ (2 —d)? KR + @t p?+(z— d)gE(k )] (D.1.10)
_ ponl (z —d) g2 R4+ —(z—d?
Po2m p(a+p)2+ (2 — d)2[ K(k7) + (a+tp)2+(z— d)zE(kf ) (D.1.11)
4ap

Here, k? =

, K(k?) and E(k?) are the first and second kind of elliptical
(@+p)2+ (2 —d)? (k%) (k%) p
integrals respectively [129]. Using Eq.(D.1.10) and Eq.(D.1.11), we have simulated the
magnetic field along the axis of the coils with the number of turns n = 170 and current
I = 6.0 A in each coil. The simulation gives the field gradient as 10.8 G/cm and the

field variation along the axis (z direction) of the anti-Helmholtz coils is shown in the

Fig.D.7(b).
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Figure D.8: Calibration of the magnetic field along the axial length of the coils in anti-

Helmholtz configuration with current (a) I =6.0 A, (b) I=70A, (¢) I =75A, (d) I

8.0 A.

We have fabricated the spools of the coils from our institute workshop. The winding

of copper wire on the spools was done from the workshop of Variable Energy Cyclotron

Centre (VECC), Kolkata. We have calibrated the coils in the anti-Helmholtz configura-

tion for the separation between the coil as 15.4 cm with different sets of current through

the coils by a Hall-probe with accuracy 0.01 Gauss. The calibrations are shown in the

Fig.D.8. For I = 8.0 A we got field gradient as 10.7 G/cm.
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D.1.7 Optical path for MOT

L To the top
DL | e — =T = and bottom
Repumper port of the
MOT
chamber

Beam Expander

To the side ports of the
MOT chamber

Figure D.9: Schematic presentation of the optical path from lasers to the MOT chamber.
ECDL: External cavity diode laser, O.I.: Optical isolator, HWP: Half wave plate, PBS:
Polarizing beam splitting cube, L: Lens, M: Mirror, SAS Setup: Saturation absorption

spectroscopy setup.

I was also involved in the planning of the optical path for this purpose. Fig.D.9 represents
a schematic view of the required optical path for developing MOT. We plan to take the
cooling and the repumper beams from two separate ECDLs (From Moglabs:CEL002/780
and Toptica:DL100). Our required cooling transition is F = 2 — F’ = 3 of Rb and
the repumper beam will be locked at FF = 1 — F’ = 2. For this, two separate SAS
setups are corresponding to two ECDLs. 5% of the intensity of the beams is taken for
SAS, and the rest is for MOT setup. The cooling and the repumper beams are expanded
3 times compared with initial beams’ sizes. Both of the beams are mixed in PBS3. The

intensities of the reflected and the transmitted part of the cooling beams are adjusted
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with the help of the HWP3 as shown in the Fig.D.9.

Figure D.10: An image of the MOT setup in our laboratory.

The reflected part of the cooling beam is sent to the bottom port of the MOT cham-
ber after making the beams circularly polarized with a quarter-wave plate (QWP). The
counter-propagating beam from the top port is made opposite circularly polarized by
the process of retro-reflection of the beam from the bottom port using another QWP.
The transmitted part of the cooling beam is sent to the two mutually perpendicular side
ports of the chamber with circular polarization created with the help of two individual
QWPs. Here also the counter-propagating beams from the two opposite ports become
opposite-circularly polarized with retro-reflection from a pair of mirrors and QWPs. The
repumper beams follow the MOT cooling beams with the same polarization. The height
of the laser beams will be adjusted accordingly to the positions of the viewports of the
MOT chamber. A CCD camera is fitted to take the image of the cold Rb cloud.

Fig.D.10 shows the image of the MOT setup in our lab. Once our atom source is
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ready, we can move forward to observe the cold atom with the proper characterization of

its temperature using the camera and other necessary apparatus.
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Experiments have been performed to understand different coherent phenomena in multilevel room-
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and the theoretical studies of polarization rotation, slow light with a coherence phenomenon in the
atomic medium like electromagnetically induced transparency (EIT). Our goal is to find how the various
system parameters affect the above-mentioned phenomenon when light interacts with atoms. Fig.1
describes a general experimental setup we have used for this purpose along with some results. From
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magnetic field along with a circularly
polarized pump beam. We have also
observed that the polarization rotation depends non-linearly with the magnetic field. With one of our
experiments, we have carried an indirect measurement of group velocity of light with help of Mach-
Zehnder interferometer. To understand all the observed phenomenon theoretically, the probe
response is calculated in a semi-classical approach. The optical Bloch equations (OBE) for the
multilevel atomic system has been solved analytically. The theoretical characteristics show good
agreement with experimental observations. Apart from these, qualitative explanations for the
experimental observations have also been given in this thesis. Studies contained in this thesis find

application in optical locking, storage of light experiments, birefringence atomic lens, magnetometry
etc.
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