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Abstract

In conventional imaging experiments, optically responsive objects localized in position
space are imaged using a lens and hence viewed by the human eye. Recently, a counter
intuitive concept and experiment on a three-dimensional tomographic imaging of a pat-
tern localized in a phase space of atoms has been introduced in a paper entitled "Three-
dimensional classical imaging of a pattern localized in a phase space, Phys. Rev. A 98,
053828" [1]. In experiment of Ref [1], objects imaged were three 2D transparent masks.
The experiment was based on the concept of velocity-selective hole-burning in the Doppler
broadened absorption profile of an atomic gaseous medium. The object laser beam inter-
acted with the objects and imprinted their tomographic images onto the phase space of
an atomic medium. These patterns in phase space were localized in unique 3D subspace
of 6D phase space spanned by z, ¢ and p, coordinates. These tomographic images in
phase space were then captured by image laser beam. By varying the frequency of image
laser beam, tomographic images at different locations on momentum axis were captured.
However, method employed in this experiment can imprint and image only light absorb-
ing objects. The work in this thesis presents an experiments to imprint a transparent
birefringent phase pattern onto a phase space of an atomic gaseous medium. A posi-
tion space localized 2D transparent birefringent phase pattern is produced with a spatial
light modulator (SLM). This position space localized pattern is imprinted onto the phase
space of rubidium atoms at room temperature by using atomic state dependent velocity
selective hole burning. The phase space localized transparent pattern is imaged by mea-
suring the atomic state population difference induced phase shift at different detunings.
Sub-tomographic images of the transparent phase space localized pattern obtained in this
experiment are inverted with respect to each other. This transparent birefringent phase
pattern donot absorb light but exhibit polarization dependent phase shift of the trans-
mitted light. Therefore, these alphabets can modify the polarization of the transmitted
light without absorption. The idea and technique reported in this thesis are inspired by

the imprinting and tomographic imaging of such tranparent birefringent phase pattern.
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Chapter 1

Introduction

1.1 Historical Overview of Saturated Absorption Spec-

troscopy

Saturated absorption spectroscopy has become an essential part of numerous experiments
in atomic physics and associated fields since Bennet [3] and Lamb’s [4] demonstration
of spectral hole burning and saturated absorption with lasers. It has been employed for
the investigation of atomic and molecular structure [5] as well as its use as a frequency
reference [6]. The experimental application of the intrinsic narrow linewidths [7] in the
helium-neon optical maser is restricted by the attainable frequency stabilization. The
research undertaken by Bennett et al suggested a method to obtain an extremely high
degree of relative frequency stability. They constructed a He-Ne maser having different
mechanical design from the original He-Ne maser [§]. In his discussion of maser action
Benett has made use of the notion of hole burning [3]. Lamb et al considered a theoretical
model for the understanding of an optical maser. The medium consisted of thermally
moving atoms interacting with electromagnetic field described classically. Depending on
its trajectory, atoms see optical frequencies that have been Doppler shifted. There is very
little overlapping between the two oscillations driven by two group of atoms moving at
different velocities. The medium acquired non linear electric dipole moments under the
action of the field. They also provided a more approximate discussion of maser action

utilizing rate equations based on the concept of hole-burning [4].

Linear spectrosocpy is a term used to describe the light-matter interaction with one

primary incident radiation field which is weak and can be treated as a linear response
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between the incident light and the matter. It is frequently envisioned as a "one photon

in/one photon out" measurement when viewing the light field from a quantum mechanical
perspective. Non linear spectroscopy is used to refer to a situation that deviates from
this perspective; examples include observing how matter reacts to interactions with two
or more distinct incident fields and situations in which the linear response theory is in-
sufficient to explain how the material behaves, such as when extremely intense incident
radiation is present. The core of saturation absorption spectroscopy is the non-linear in-
teraction of an atom based on third order non-linearity. In addition to being fundamental
to gas lasers [4,9,|10], this non-linear spectroscopy is also important for laser cooling and

trapping [11-13] and to many experiments in atom optics.

For example, resolution in optical spectroscopy of gases for a long time has been re-
stricted by the Doppler effect, which imparts to each resonant line a relative width. The
saturated-absorption technique [6] can bring a substantial improvement in this regard.
By considering the nonlinear interaction of an atomic system with strong electromagnetic
waves, one can substantially address only those atoms or molecules which have a zero
axial velocity. The gaseous sample’s absorption spectrum then consists of a line that has
been Doppler broadened with a little dip in the middle. This dip, which closely resembles
the Lamb dip seen on the output of gas lasers as the frequency is tuned in the cavity over
the emission line, is orders of magnitude smaller than the Doppler width. This method
is already being employed in spectroscopy |14}|15] and for laser frequency stabilzation
purposes |16]. To explain the formation of the dip, the already described hole-burning
model [3] has been used. Such a dip in the absorption spectrum or a transmission peak
occurs when two counterrunning laser beams are allowed to propagate in the cell con-
taining gaseous atoms as shown in [Figure 1.1] If we consider atoms with velocity ¢, the
two waves having frequency w in the laboratory frame will happen to have two different
frequencies wy = w — k- 7 and w_ = w 4 k - ¥, where k is the wave vector (|k| = w/c).
The transparency of the atomic medium to the second beam (probe laser beam) is not
affected by the first beam (pump laser beam) unless the two frequencies coincide in the
atomic frame, that is when k-7 = 0 (atoms with zero axial velocity). The hole-burning (or
rate -equations) model suggests that one of the oppositely traveling waves (pump beam)
saturates the group of atoms which have the right axial velocity which causes an increase

in the transparency of the medium relative to the second wave (probe wave).
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Photo diode
Probe laser
beam
_ _ Pump
Atomic medium laser beam

Figure 1.1: Basic experimental setup for saturation absorption spectroscopy

Haroche et al constructed a theory of the saturated-absorption in a two-level atomic
system. The absorbing medium in this theory is exposed to irradiation by a quasi-running
wave composed of a strong pump beam and a weak probe beam traversing in opposite
direction. Some new findings not suggested by the so-called hole-burning or rate equa-
tion model are realized. Although the transmission peak is properly predicted by the
hole burning model, the explanation above is merely qualitative since it only addresses
population fluctuations and ignores the fact that atomic dipoles that absorb one wave
are coherently driven by another. They proposed that nonlinear phenomena like Raman
or multiphoton processes which are neglected in hole-burning model might potentially
happen when two waves couple with the atomic system simultaneously. They discovered
that the form of the probe-field-transmission peak line is significantly different from what

is predicted by the rate equations. [17].

The D1 and D2 transitions are frequently studied in atomic physics: D2 transition is
employed widely in laser cooling experiments [18-21], whereas the D1 transition is used
to probe nonlinear optical processes like electromagnetically induced transparency [22]
and chip-scale magnetometeres [23]. A growing field of study is the modification of the
absorptive and dispersive characteristics of a material to control the propagation of light
through it [24-26]. There are several uses for absolute absorption spectroscopy in physics,

chemistry, metallurgy, and industry |27,28]. It can provide the number density of the ma-
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terial being analysed and on being used to measure various spectral lines, it reveals the
populations of occupied levels, from which a temperature can be calculated. [29]. More-
over, a signal utilised for frequency reference (locking) of a laser is usually created using
Rb and C's spectroscopy. Therefore, it becomes necessary to understand the properties
of Rb and C's. Siddons et al considered the thermally moving rubidium atoms in a vapor
cell and investigated the Doppler-broadened absorption of a weak monochromatic probe
laser beam on D lines [19-21] of Rubidium. It is feasible to create sub-Doppler satura-
tion absorption and hyperfine-pumping spectra by counterpropagating a pump beam with
the weak probe [30]. They quantitatively predicted the absorptive as well as dispersive
behavior of rubidium vapor determined close to the D lines. Their results were in agree-
ment with an experimental investigation of the absolute Doppler-broadened absorption

spectrum.

A model for computing saturated absorption spectra for dipole transitions in multilevel
atoms was developed by Maguire et al. They constructed a set of coupled differential
equations representing the internal state of atoms in a standing light field by applying
semiclassical density matrix approach. They obtained saturated absorption and fluo-
rescene spectra of 8 Rb. This technique predicts significant aspects of saturated absorp-
tion spectra quantitatively and with reasonable computing efficiency, such as saturation,
crossover resonances, merging of absorption lines at high intensities, and optical pumping

between hyperfine levels [31].

1.2 Historical Overview of Polarization Spectroscopy

The magnitude of signals obtained in saturation absorption spectroscopy depends on the
relative polarization of saturating pump and probe laser beam. The light induced bire-
fringence and dichroism of absorbing gaseous medium are often seen in optical-pumping
experiments with incoherent light sources [32]. Yet, it appears that the feasibility and
benefit of utilising the resulting optical anisotropy in a sensitive polarisation detection
system has remained undiscovered. Wieman and Hansch [2] revealed a novel technique
of Doppler-free polarization laser spectroscopy based on light induced birefringence and
dichroism of an absorbing gas via a change in light polarization. In this method, a linearly
polarized probe beam produced from a monochromatuc tunable laser is passed through
a gas sample as shown in [Figure 1.2l After traveling through a polarizer that is almost

completely crossed, just a small portion of this beam reaches a photodetector. Any op-



1.2. HISTORICAL OVERVIEW OF POLARIZATION SPECTROSCOPY 5

tical anisotropy that modifies the polarization of the probe wave will change light flux
through the polarizer resulting in its detection with high intensity. Sending a pump wave
which is circularly polarised through the sample in the reverse direction can produce such
an anisotropy. Polarization spectroscopy technique offers a significantly higher signal-to-

background ratio comparative to saturated absorption spectroscopy.

In polarization spectroscopy, the linearly polarized probe beam can be considered as
superposition of oppositely circularly polarized beams. The pump beam will produce
different saturation (i.e. changes in absorption coefficeint and in refractive index) for
these two circular components of probe beam. The probe light will become elliptically
polarized due to circular dichroism caused by difference in absorption coefficient whereas
a difference in refractive index causes a gyrotropic birefringence which will rotate the axis
of polarization. Hence, over a constant background, this birefringent polarisation rotation
generates a signal with a dispersion-shape [2,[33].

s Maplate  Circularly
polarized light M Spatial

2 Filter
\
AR
M, l[
Polarizer l Sample Crossed Detector
Beam Polarizer

dumper

Figure 1.2: Experimental scheme of laser polarization spectrometer ||

Nakayama gave a theoretical model for understanding the polarization spectroscopy
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spectra. He integrated the concept of birefringence and dichroism with velocity selective
optical pumping [34,]35]. Even while this model yields findings that are very plausible, it
is unable to produce a precise theoretical computation of the polarization spectroscopy
spectrum. Harris et al provided a theoretical description by evaluating rate equations.
The transitions from the top hyperfine level of the ground state exhibited agreement
with theoretical expectations as per experimental data. Unfortunately, the results for the
transitions from the lower hyperfine level of the ground state could not be satisfactorily

explained by this model [36].

A theoretical and experimental investigation of the polarisation spectroscopy of ru-
bidium atoms was reported by Huy Diep Do et al. They considered all transitions in
hyperfine spectra of rubidium atoms. The rate equations were used to determine all of
the populations of the magnetic sublevels, which were then utilised to produce the po-
larization spectroscopy spectra. They performed the calculations for the whole spectrum
range, enabling them to get findings that were well in accord with the experimentally
observed spectral characteristics, such as the resonance and crossover lines. With high
accuracy, they were able to account for each polarization spectroscopy spectrum that was
produced for the two rubidium isotopes. The theoretical model created in this study is

also applicable to atoms such Na or C's 37].

The most important applications of polarization spectroscopy are laser frequency lock-
ing [38-43] and spectroscopic measurements in flames [29] and in plasmas [44]. The
stimulated Raman scattering and two-photon absorption in gases motivated by related

experiments [45,/46] were also facilitated by high-resolution polarization spectroscopy.

1.3 Brief History of Imaging Experiments

1.3.1 Imaging of a Transparent Object

Although it is widely known from microscopist’s perspective that transparent objects
exhibit light or dark contours under the microscope in a variety of ways depending on
the change in focus and the type of illumination utilised. Yet the phase object can not
be imaged by using a traditional single-lens imaging setup and a conventional intensity-
sensitive detector. A phase object is typically imaged in conventional coherent optics

either through interferometry or via an optical spatial Fourier-transform system [47],
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which transforms the phase distribution in the optical wave front at the object plane
into an intensity-sensitive detector-detectable amplitude distribution. F. Zernike found
that wave theory has the capability to explaining every detail of the microscopic feature
of transparent objects. He invented the phase contrast method for the microscopic ob-
servation of transparent objects [48]. The phase contrast method provides a far better
indication of the exact details of the object having periodic structure. In addition to
this, he also did independent treatment of the phase contrast method for arbitrary ob-
jects of irregular structure [49]. A thorough knowledge of imaging the transparent object
has been offered by F. Zernike. When a light strikes a microscopic object with slightly
absorbing details on a transparent background, absorbing details weaken the light and it
gets smaller amplitude. The direct and diffracted vibrations therefore travel to the image
point in the same relative phases as they did in the object. Therefore, the background
seems lighter while the absorbing details are darker. A transparent object, on the other
hand, will cause emerging vibrations to be equal in amplitude but shift in phase relative
to incident radiation. As a result, the image will have the same phase differences, which
are nonetheless invisible and have a uniform intensity throughout. In ideal case, the phase

object is completely invisible [50].

Another scheme to image weakly absorbing materials based on phase contrast method
was demonstrated. In this scheme, phase contrast radiography, which instead of recording
intensity variations, variations of the phase of the emerging radiation was recorded. This
experiment was perfomed with an X-ray source having high spatial coherence [51]. By
resolving phase differences throughout the X-ray beam, Davis et al. described a technique
for improving contrast in hard X-ray pictures of weakly absorbing materials. Similar to
the case of visible light passing through an optically transparent media, the propagation
of X-rays via an X-ray transparent medium is accompanied by a change in the wavefront’s

phase with respect to vacuum [52].

Abouraddy et al used beams of entangled photons created via spontaneous parametric
down conversion to image a pure phase object. For a phase object, they configured micro
electromechanical system micromirror array to modulate the phase of the incident wave
front. One of the beams probes the object while the second beam does not interact with
the object. The coincidence rate of the photons detected by the two detector is measured
as detector (corresonding to second beam) is scanned. They showed theoretically and

experimentally that coherent image of the phase object may be obtained by this optical
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setup [53]. A transparent phase object also is imaged with quantum entangled photons
using ghost diffraction [54Jand computational ghost imaging techniques [55/56]. Classical

ghost imaging has also been of considerable interest with thermal light [57].

In another setup, a long path experiment has been performed to quantum image a
transparent polarization sensitive phase pattern with hyper-entangled photon pairs in-
volving momentum and polarization degress of freedom. This transparent phase pattern
alters the phase of transmitted photons without absorbing them. This change in phase
is position dependent and is different for different polarization of the incident light. One
photon interacts with the pattern in the imaging setup, while the second photon, which
has never interacted with the pattern, is simultaneously measured in a specified polariza-
tion basis as well as in a quantum superposition basis of its position, which is comparable

to measuring its momentum. [58].

Another experiment used hyper entangled photons with polarisation and Einstein-
Podolsky-Rosen (EPR) entanglement to image a transparent polarization-sensitive phase
pattern. By detecting correlations between the polarization-position and polarization-
momentum of interacting and non-interacting photons, a quantum ghost image was cre-
ated. The EPR entanglement links the position states of an interacting photon in the
object plane with position states of a non-interacting photon in the image plane, and po-
larization entanglement enables the detection of the pattern’s polarization-sensitive phase
shift. [59].

1.3.2 Imaging of Bose Einstein Condensate

Absorption imaging of Bose-Einstein condensate is used to measure its temperature and
number of atoms. But this technique destroys the condensate. Several techniques has

been used to image the Bose Einstein condensate and some of them are described below.

Andrews et al noticed that their attempts to directly examine the Bose condensate
using absorption imaging failed due to the high optical density of the atom cloud close to
the critical temperature. As result, direct imaging of the condensate is not possible since
probe light is totally absorbed, even in the wings of the spatial distribution. However,
they demonstrated in their study that dispersively scattered light is able to clearly image

the condensate by using the so-called dark ground imaging approach associated with
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phase contrast methods discussed above [60]. The birefringence of atomic medium was
used for non destructive imaging of the magnetization of an ultracold spin-1 Bose gas. It
described how the density and internal state of the atoms being imaged affect the strength
of the phase-contrast imaging signal for polarised probing light. In order to resolve the
spatial magnetization profile of an optically trapped ultracold gas, polarization-dependent

phase-contrast imaging is used [61].

High efficiency detection of ultracold atoms with low noise is often challenging. For
this, resonant excitation can be employed, and either the probe light’s absorption or
the resulting induced fluorescence can be detected. However, optically thick cloud and
spontaneously emitted photons which destroys quantum coherence resulting in loss of
atoms from the trap makes this task difficult. These difficulties can both be reduced by
detuning the light beam to make the medium optically thin and the rate of scattering
low. The detection was then performed by measuring the phase shift induced by the
atoms impose on the light. This optical phase shift was investigated by interference with
a reference beam extracted from the same laser. The dispersion feature was seen when
either of the two frequency components tunes through the |m = 2) — |m’ = 3) resonance
of rubidium Dy line [62].

Dispersive techniques are often used to image atomic ensembles non-destructively and
with high spatial resolution [63]. These dispersive techniques depend on a phase shift
imparted to an imaging light by an atomic sample via either the scalar or vector part of
the interaction Hamiltonian. The methods based on the vector part utilize the anisotropic
response of distinct magnetic substates- generally known as the Faraday effect. Gajdacz et
al using this effect implemented Dark Field Faraday Imaging (DFFI) for non-destructive
measurements of ultracold atomic clouds [64]. A single polarizer was inserted in a standard
absorption imaging set-up, thereby making this imaging simpler than the other disper-
sive techniques. Atoms were prepared in |f = 2,m; = 2) state of ®” Rb and for imaging
wavelengths are close to the D2 transition. The polarization plane of initially linearly
polarized light is rotated as a result of Faraday rotation. They concluded that DFFI can

precisely measure relevant properties of the atomic clouds.

Davis et al. successfully accomplished the Bose-Einstein condensation of sodium atoms.
The trapped atomic cloud was pictured using absorption imaging. In order to probe the

atoms, 10mW /cm? laser beam in resonance with ' = 1 — F = 2 transition was first
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used to pump the atoms to the F' = 2. Another probing laser pulse in resonance with
the F = 2 — F = 3 was simultaneously applied to the atoms. A lens system with a
resolution of 8 pm was used to image this probe laser onto a charge coupled device sensor.
Due to heating, upto 100 photons per atom were absorbed without causing the picture
to become blurry. By integrating over the absorption image, the number of atoms were
determined [65].

The magnetic field confinement and evaporative cooling were used to create a Bose-
Einstein condensate in a vapor of rubidium-87 atoms. To determine the spatial distri-
bution of the trapped atomic cloud, absorption of the circularly polarized laser pulse in
resonance with the 55,9, I’ = 2 to 5P;),, F' = 3 transition was observed. A charge-
coupled device array was used to scan, digitise, and store the cloud’s shadow for further
examination. The recorded image obtained is the intial velocity distribution projected
onto the plane of the image. As a result, both the velocity and coordinate space dis-
tributions can be obtained from the single image, which can be used to determine the
temperature and central density of the atomic cloud. They suggested that with improve-
ment in measurement senstivity, atomic cloud can be probed to monitor its dyanmics

without destruction [66].

1.3.3 Imaging in Position Space

Any image localized in a position space is called a position space image. This section
describes some of the imaging experiments conducted to image the object located in

position space.

Abouraddy et al took into consideration a two-photon imaging system in which a high-
spatial-resolution detector examines the reference photon’s arrival position. This photon
is used to investigate a distant (transmissive or scattering) object while another photon
arrives at the bucket detector. The photoevent registered by the bucket detector gates
the scanned reference detector and an image is captured in the coincidence counts. They
gave theoretical arguments about the role of entanglement versus correlation in such a
setting. They have illustrated that the image is partially coherent for an entangled two-
photon source. However, the imaging is incoherent, if the source produces unentangled
but classically correlated photon pairs. They concluded that distributed quantum-imaging

setup actually requires entanglement in the source and cannot be realised with a classical
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source that has correlations but lacks entanglement [67].

Bennink et al argued that coincidence imaging can be performed using classical sources
and entanglement is not necessary for coincidence imaging. Although classical sources
cannot mimic the global statistics of entangled sources, the joint detection statistics which
occur in the context of coincidence imaging can be produced using a classical source
with the appropriate correlations. They successfully performed the experiment by using
classical source made by chopping a laser beam, deflecting it by a variable amount, then

passing it through beam splitter [68].

Alejandra Valencia et al introduced the concepts of two-photon coherent and two-
photon incoherent imaging. Using these concepts, they explained the differences between
quantum entangled and classical thermal source. They demonstrated in a experiment the
two-photon ghost imaging with thermal radiation. This thermal source allows reproducing
in coincidence measurements the ghost image of an object, similarly to the SPDC case,

except for a constant background noise [69).

F ferri et al showed that the product of the near and far field resolutions obtained us-
ing the classical source is better than the entangled case. They performed high-resolution
ghost image and ghost diffraction experiments using a single source of classically correlated
thermal light. The only advantage of entanglement with respect to classical correlation
lies in the better visibility of information |70]. Shapiro et al used a pair of bright pseu-
dothermal beams possessing a phase-sensitive cross relation as a classical source. They
showed that all the features of quantum imaging experiment performed by Barreto Lemos
et al can be realized in a quantum-mimetic fashion using this source. This source offered
a much higher signal-to-noise ratio, thereby greatly reducing image acquisition time com-

pared to that of quantum imaging experiment by Barret Lemos et al [71].

So far imaging in position space has been discussed. However, in this dissertation, a
novel concept and experiment of phase-space localized patterns and their tomographic
imaging introduced by Mandip Singh in Ref [1] will be explained. Such patterns are
six-dimensional generalizations of three-dimensional position localized objects. This is
different from the conventional imaging experiments where optically responsive objects in
position space are imaged using a lens and hence viewed by the human eye. In experiment

of Ref [1], objects imaged were three 2D transparent masks. Each mask consisted of an
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image of an alphabet of the English script: "C", "A", and "T" respectively. All alphabets
were transparent, and the remaining part of each mask was entirely opaque to light.
The object laser beam interacted with these objects and imprinted their tomographic
images onto the phase space of an atomic medium. These patterns in phase space were
localized in unique 3D subspace of 6D phase space spanned by Z, § and p, coordinates.
These tomographic images in phase space were then captured by image laser beam. By
varying the frequency of image laser beam, tomographic images at different locations
on momentum axis were captured. By combining all the tomographic images, the word
CAT is formed. However, method employed in this experiment can imprint and image
only light absorbing objects. Suppose, there are alphabets which donot absorb light
but exhibit polarization dependent phase shift of the transmitted light. Therefore, these
alphabets can modify the polarization of the transmitted light without absorption. The
imprinting and tomographic imaging of such polarization-sensitive transparent pattern is
the motivation behind the concept and experiment presented in this thesis. The present

experiment is different from the Ref [1] experiment for the light absorbing pattern.

1.4 Thesis Outline

The [chapter 1| : [Introduction| of the dissertation provides an outline of the complete

dissertation. This chapter serves as a brief introduction to each chapter that follows.
It provides a quick review of saturated absorption spectroscopy and polarization spec-
troscopy. The complete description is provided in the individual chapters. Also, this
chapter illuminates a succinct history of earlier experiments that were conducted in the
relevant field. The final chapter of this dissertation presents an overall overview and

conclusion.

In [chapter 2| : |[Atomic Structure of Rubidium| , fine and hyperfine splitting in en-

ergy levels of 8 Rb and 8"Rb [72] is discussed. Two different spectroscopic techniques
named saturated absorption spectroscopy [5] and polarization Doppler-free spectroscopy
technique [2] [5] are employed to resolve the hyperfine energy levels. In saturated ab-
sorption spectroscopy [17}31},/73], two counterpropagating pump and probe beams of the
same polarization are allowed to pass through the atomic vapor, and a change in ab-
sorption of the probe beam generates signals. However, in polarization Doppler-free
spectroscopy (36,3740, /74], the pump is circularly polarized, and the probe is linearly

polarized. A polarization-dependent change in the refractive index of the medium due to
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the pump beam produces a change in the plane of polarization of probe light, which is
detected to produce a locking signal. In both experiments, a single-mode extended cavity
diode laser is used. The linewidth of the laser is < 1 MHz at 780 nm and mode hop free
spectral range is 7 — 8 GHz.

This [chapter 3| : 3D Tomographic Imaging in Phase Space| introduces an entirely new

concept of phase space imaging [1]. It is known that in conventional imaging experiments,
optically responsive objects in position space can be imaged using a lens and hence viewed
by the human eye. The work described in this chapter goes beyond this usual imaging
in position space and explains the concept of imaging phase space patterns. The pattern
in phase space cannot be imaged with a lens conventionally and cannot be seen by the
human eye. It is explained in this chapter, how a stationary structural pattern is created
and imprinted onto the phase space of an atomic gaseous medium at room temperature,
and tomographically imaged. The experiment is based on the concept of velocity selective
hole burning [3,/75] in the Doppler broadened absorption profile [76] of an atomic gaseous

medium [4].

In this experiment, an atomic gaseous medium considered is a 10 cm long rubidium
(87 Rb) vapor cell insulated from an external magnetic field. Objects to be imaged are
three 2D transparent masks. Each mask consists of an image of an alphabet of the
English script: C (on mask-1), A (on mask-2), and T (on mask-3). All alphabets are
transparent, and the remaining part of each mask is entirely opaque to light. The three
object laser beams carrying the intensity profiles of these masks are allowed to pass
through the atomic medium. A counterpropagating linearly polarized imaging laser beam
is overlapped with the object laser beams traveling through the atomic gaseous medium
to picture this localized pattern. If the imaging laser beam interacts with a velocity class
of atoms excited by object laser beams, its absorption reduces. This produces velocity-

selective hole burning in the Doppler broadened absorption profile of the atomic medium.

The frequency spread of all laser beams is less than 1 MHz. The object laser beam is
extracted and red detuned by 190 MHz from the resonant transition. On a non polariza-
tion beamsplitter, this extracted object laser light is overlapped with the imaging laser of
the same polarization. A quick response photodetector detects the beating signal of two
lasers, which is then analyzed using a radiofrequency spectrum analyzer. The frequency

of the beating signal, which corresponds to a frequency difference between two lasers, is
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used to determine the detuning. The frequency detuning of beams is measured with a
resolution 0.1 MHz.

In [chapter 4] : [Sub tomographic imaging of a birefringent phase pattern localized in a|
, which is an experiment to imprint a transparent birefringent phase pattern

onto the phase space of an atomic gaseous medium is described. The experiment is

conducted with gaseous 8" Rb atoms confined in a glass cell. The concept of atomic-
state dependent velocity selective hole burning [3,/75] serves as the foundation of this
experiment. Two separate single-mode extended cavity diode lasers, each with a linewidth
of 1 MHz, are used to produce imprinting and imaging laser beams. Both beams are
frequency locked to the D, transition of the " Rb at A = 780nm and the frequency of

imaging laser light can be shifted by acousto-optic modulators.

The measurement of the precise frequency difference between two laser beams is crucial
for carrying out this experiment. This is done by extracting the imprinting laser light
and shifting its frequency by —110 MHz. This frequency-shifted beam is overlapped with
another extracted imaging laser light on a fast response photodetector. These two laser
beams interfere in the time domain with a beat frequency equal to a difference in laser
frequencies. A radio frequency analyzer measures the frequency of a laser beat signal and

assesses the detuning of the imaging laser beam.

The position localized 2D transparent birefringent phase pattern is created with a
spatial light modulator (SLM). Direct imaging of this pattern with a camera does not
yield an intensity image. To image this pattern, both the imaging and imprinting laser
beams are allowed to propagate through the glass cell. After traveling through the atomic
medium, the rotation of a plane of polarization of the imaging laser beam is analyzed by a
polarizer. An EMCCD camera measures its transverse intensity profile to construct a sub-
tomographic image. Four different images are acquired for 200 ms time of exposure on the
camera. Each image is separated by a time interval of 700 ms. This chapter explains how
two sub-tomographic images are obtained in the experiment. Furthermore, the pattern is
localized in a unique 3D subspace of a 6D phase space formed by two position coordinates
(x,y) and one momentum coordinate p,.

The conclusions of the foundational experiments conducted in the lab are summarized in

thechapter 5|: [Conclusion, This chapter concludes the saturation absorption spectroscopy

and polarization spectroscopy experiments. Furthermore, it encompasses the summary
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of an experiment conducted to image transparent birefringent phase object localized in

phase space.






Chapter 2

Atomic Structure of Rubidium

2.1 Introduction

The coupling of the electron’s spin magnetic moment with the magnetic field of the pro-
ton gives rise to fine structure effects. This coupling causes splitting in the energy levels
of the electronic state. These fine energy levels are further split into hyperfine energy
levels. This hyperfine splitting in energy levels of the electronic state is due to the in-
teraction of the electromagnetic field produced by the electrons at the nucleus with the
electromagnetic multipole moments possessed by the nucleus. In this chapter, we will
discuss the fine and hyperfine splitting in energy levels of 8 Rb and 3" Rb. These hyperfine
energy levels are not resolved due to Doppler broadening. This chapter mainly focuses on
overcoming this limitation. We are going to discuss two different spectroscopic techniques
viz saturated absorption spectroscopy [5] and polarization doppler free spectroscopy tech-
nique [2] [5]. In saturated absorption spectroscopy, two counterpropagating pump and
probe beams are allowed to pass through the atomic vapor. The absorption of the pump
beam increases when it matches the resonant transition frequency of an atom, thereby
increasing the transmission of the probe beam. This change in absorption of the probe
beam generates signals in saturated absorption spectroscopy. However, in polarization
Doppler-free spectroscopy, the pump wave causes a change in the absorption coefficient
a and a change in refractive index n. The signals in the latter arise due to the change in

the probe light polarization state induced by a polarized pump wave.

17
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2.2 Fine structure

The fine structure arises due to the coupling of the electron’s spin magnetic moment with
the proton’s magnetic field. It is known that an electron with charge —e and orbital
angular momentum L rotates around the positively charged (Ze) nucleus. This circular

motion produces a magnetic moment given by [77]:

s = _mecS (2.1)
The S has a magnitude of \/S(S + 1)k, here S is the spin quantum number. Now let
us transform to a reference frame in which electron is at rest at origin. From this frame
of reference, a nucleus can be seen moving with the frequency v, around the electron at
radius . The motion of the nucleus is equivalent to a current carrying loop, and the
current is equal to Zev,,. This current will produce a magnetic field at the location of the
electron [77):
g1 1dvy

1 =

2.2
emecr dr (2:2)

For Hydrogen like atoms, a single valence electron moves in the central potential of the
nucleus represented by V(r). Due to two spin orientations S, = £h/2, the magnetic spin
moment of the electron can be aligned spatially in two directions in this field. The torque
due to the magnetic field in will try to align the magnetic moment of the
electron along the direction of the field. The Hamiltonian of the combined system is [77]:

Loav g

Hso = —1,- B = S-L (2.3)

m2c? rdr
It is important to note that the rest frame of the nucleus is not the inertial one. This can

be corrected by Thomas precession where factor 1/2 is incorporated in the expression:

1 1dV - -
Ve

Hso = ——5-—
2m2c2 r dr

(2.4)
It is better to use eigen states of L?, S?, J?, and J, as Hamiltonian no longer commutes
with L and S. This implies that the spin and orbital angular momentum are not conserved

separately. Introducing the total angular momentum [78§]

-

J=L+85 (2.5)
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where J2 = J(J 4+ 1)A2 and L? = L(L 4 1)k2 . So the scalar product L - S is given by:

— —

1
L-S= §h2[J(J +1)— L(L+1)—S(S+1)] (2.6)
The energy correction due to the spin orbit coupling is [77]:

e — e*h? J(J+1)— L(L+1)—3/4
597 om2e nAl(2L + 1)(L + 1)ad

(2.7)

It should be emphasized here that there is no fine structure splitting for s-states (L = 0).

The splitting in energy levels due to fine structure occurs only for L > 1 levels.

2.3 Hyperfine structure

The observation of fine structure with very high spectral resolution reveals that it is further
split into subcomponents. These subcomponents are referred to as hyperfine structure.
When the electromagnetic field produced by the electrons at the nucleus interacts with the
electromagnetic multipole moments possessed by the nucleus, energy levels of electrons
are altered, resulting in hyperfine splitting. Depending upon the nuclear spin, hyperfine
splitting is different for different multipole moments of the nucleus. However, the mul-
tipole moments possessed by the nucleus are quite restricted. The odd-order magnetic
moments and even-order electric moments are the only non-vanishing nuclear multipole
moments. The discussion below focuses on the hyperfine structure due to magnetic dipole

and electric quadrupole hyperfine interaction [79).

2.3.1 Magnetic Dipole Interaction

In atom, nucleus is confined in a small but finite volumed region. In addition to an electric
charge of Ze, it also possess a nuclear spin. In analogy to the electron spin, nuclear spin

has absolute value given by [80]:

—

1) = /I(I + Dk

The operator I_; has eigen values mrh with —I < m; < +1I. Consider the nucleus to be

point dipole having magnetic dipole moment given by:

fin =l (2.8)
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In terms of nuclear magneton, the same expression can be written as:

— k 7
NN‘:gn%{] (2.9)
where p = 2?\2 = ]\"}p p is the nuclear magneton, M, is the mass of the proton and pp

is the Bohr magneton.

The interaction of the nuclear dipole moment 43y with the magnetic field —(po /47 )eL /mr®
created at the nucleus by the rotation of the electronic charge is represented by the
following Hamiltonian [79):

_ Mo 2 1~ -

Hi=-——gn —L-1 2.10
1= o 2 InHBHE ( )

It is important to note that there is no energy correction for this term for L = 0 as
H; has non-zero matrix elements only between states for which L # 0. Now, the other
interaction which alters the electronic energy levels is due to the interaction of electronic
magnetic moment jig with the nuclear magnetic moment jiy. It is given by the following
Hamiltonian [79):

§.fv2<1)—(§ﬁ)(fﬁ)

r

Mo 2

1
47 h?

r

HQZ

GnhtB /b (2.11)

It is more easier to look at the term H, for the two instances r # 0 and r = 0 separately.
This expression at » = 0 is only relevant for states with L = 0 states. For L = 0, H; will
not contribute, so the only correction will come from this term.

po 8T

Hy(atr =0) = a3 He [ino(r) (2.12)

For r # 0, both term H; and H, will contribute, so their combined hamiltonian is given
by [79]:
2 Ao oo (SR
H =—— —\|\L-I-S-IT+3——F—F——= 2.1
Total = 335 InHBHk 3 S-I+3 2 (2.13)
The diagonalization of the perturbation is substantially facilitated by the introduction of

the total angular momentum of the atom , analogous to the spin orbit coupling:
F=T+17J (2.14)

We will represent the eigenvalues of the operator F2 by F(F + 1)h? and those of F, by
Mph with Mp = —F, —F+1,..+F. The energy shift due to Hamiltonion in [Equation 2.13]
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is [79]:
AB = C;[F(F SN = I +1) =TT+ 1)] (2.15)
with . pr
Ho
— Hoy 1
O = g lomksin 5N G 1) a3’ (2.16)

where J = S for s-states. The combination of the aforementioned results with the selec-
tion rules for electromagnetic transitions between energy levels will provide the hyperfine
structure of spectral lines resulting from the magnetic dipole interaction. The selection
rules AL = +1 and AJ = 0, £1 remain valid for electric dipole transitions, and in addition

to this the quantum number F' follows selection rule given by:

AF =0, +1(excludingF = 0 — F = 0) (2.17)

2.3.2 Electric Quadrupole Hyperfine Interaction

Another important characteristic of the structure of a nucleus is the electric quadrupole
moment. The energy correspondig to the interaction of electric quadrupole moment of

the nucleus with the electrostatic potential V. created by an electron at the nucleus is

given by [79]:
S Jf T 1) —
Hpg = B2 2.18
BQ 2021 + 1)J(2J + 1) (2.18)
where the quadrupole coupling constant B is given by
52V,
B = 2.19
QU5 (219
The first order energy shift due to the electric quadrupole interaction is:
B3K(K+1)-2II+1)J(J+1

1 121 = 1)J(2J + 1)

where K = F(F+1)—1(14+1)—J(J+1). There is no quadrupole energy shift for s-states

because <5;Z‘§3> vanishes for spherically symmetric charge distribution of electronic charge.

Also, there is no electric quadrupole moment for nuclei with no spin (I = 0) or a spin
I = 1/2, so energy shift vanishes in this case too. The total hyperfine structure energy

correction is obtained by addition of electric quadrupole correction to the magnetic dipole
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Figure 2.1: Fine structure of 8" Rb due to spin-orbit coupling

shift and is given by:

AFE K +

:g (2.21)

B3K(K+1)—2I(I+1)J(J+1)
4 12 —1)J(2J +1)

2.4 Rubidium Atoms

Rubidium is an ideal atomic medium from an experimental standpoint since it has a
sufficient vapor pressure at room temperature to provide significant absorption in vapor
cell. Additionally, the D lines for these atoms appear at wavelengths where reliable
and affordable laser diode sources are available [76]. The electronic configuration of the
Rubidium is [K7]5s'. Its energy levels have a reasonably straightforward hydrogen like
structure since it only has one electron outside of closed shells. Rubidium has two isotopes,
8 Rb and 8"Rb, with a natural abundance of 3 : 1. The rubidium sample cell used in
this experiment contains **Rb and 8"Rb in natural abundances of 72.17 % and 27.83 %
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Figure 2.2: Hyperfine splitting of energy levels in 8" Rb

respectively [81]. Here the convention used for the magnitude of .J is \/J(J + 1)h. The
outer most electron’s orbital angular momentum L and spin angular momentum S couple
together to yield fine structure J=L+S. As already discussed in , we can see
in that there is no fine structure splitting for L = 0 ground state. The excited
state due to fine structure splits into two states with J = 1/2 or J = 3/2. Therefore, the D
line (L = 0 — L = 1) transition splits into two components, the D; line (52512 — 5%P; /o)
and the D, line (5%S; /5 — 5°P3/5). Now, these fine structure components will further split
into hyperfine components [82-84] due to the coupling of J with the total nuclear angular
momentum /. This coupling will yield the total atomic angular momentum F' given by
F = J+1T and the magnitude of F can take the values |J —I| < F < [J+1|. Accordingly,
hyperfine splitting in (87 Rb) rubidium is illustrated in . for the ground state

(525 /2), F' is either 1 or 2, so there are two hyperfine energy level and for excited state
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Figure 2.3: Hyperfine splitting of energy levels in ®° Rb

(52P3)2), F' can take any of the values 1, 2, 3 and 4 [72]. The hyperfine energy levels for
the  Rb is shown in [Figure 2.3 It can be seen in [Figure 2.1] for Dy, A = 780 nm [85] and
I' = 276.065 MHz [86]. whereas for Dy, A = 794.979 nm [85], [87], I" = 275.746 MHz [86].
In the presence of external magnetic field, each level with specific F' value splits into
2F + 1 Zeeman sublevels known as Zeeman effect, where splitting in energy levels is given
by Egnpy = gFmF,uB]§|; gr is the gyromagnetic ratio, up is Bohr magneton, |§| is the
magnitude of applied magnetic field. [88].

2.5 Doppler Broadening

If a laser beam is permitted to pass through an atomic medium, transition between distinct

energy levels will take place due to the absorption of light. The light absorption by the
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medium depends upon the laser intensity and its frequency in relation to the resonant
frequency of atoms (1) in the medium. However, each energy level has a linewidth, so
the absorption will take place over a range of frequencies rather than a single precise
frequency. The absorption profile after passing through the atomic medium is Lorentzian

in shape given by following equation [80]:

I(w) =1 r/2n

"W —w) + (T/2)? (2.22)

Here, T is the natural linewidth of a particular transition. This so called natural linewidth
is due to the finite time of the electronic energy state. It does put a limit on the achievable
accuracy of the measurement of spectral lines. However, it has been observed in real
situations that width of a transition is generally larger than the natural linewidth (I).
This broadening occurs due to different broadening mechanism like pressure broadening,
collision broadening and Doppler broadening. For this experiment, we focus on Doppler
broadening. The Doppler broadening arises due to the random thermal motion of the
atoms in the medium. At room temperature, atoms move with an approximate average

speed of 300ms™1.

Thus, if this medium is irradiated by laser light, thermal motion
will cause most of atoms to receive incident light at frequencies shifted away from the
laser frequency. If laser’s frequency matches atomic resonant frequency, atoms having no
velocity component along the direction of incident light will absorb this light. Suppose
laser beam is incident along z-direction, then atoms having velocity component along

incident direction will absorb light only when laser frequency is tuned to [76]:

Vy

W= wy (1 + > (2.23)

c

where ¢ is the speed of light and wy is the resonant frequency of an atom at rest. This is
the equation for the case v, << c¢. Because of the distribution in atomic velocities, there
will also be a distribution of light frequencies that can be absorbed by the atoms in the
medium, even for a single atomic transition. At thermal equilibrium, we can assume that
the velocities in the atomic medium will follow a classical Maxwellian distribution. The

probability of an atom having velocity between v, and v, + dv, is given by the Maxwellian

[ m mvg
P(’Uz)dvz = m exXp <—M> d’l}z (224)

distribution:
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where m is the mass of an atom and 7' is the absolute temperature. In terms of observed

transition frequency (w), the above expression can be re-written as:

—(w—w, 2 ch
P(w) o 4/ 2:;:T6 o) o (2.25)

By using Maxwell Boltzmann statistics, we can define the full width half max to be:

2kpT
mc?

Aw = 2wy In2 (2.26)
This expression represents Doppler width. Saturation absorption spectroscopy can be

used to overcome this spectral resolution limitation.

2.6 Saturation Absorption Spectroscopy

The subtle details of the atomic or molecular structure can be seen with the use of
Doppler free spectroscopy techniques [5]. The hyperfine structure of an atomic gaseous
medium is mainly hidden by Doppler broadening. The saturated absorption technique
circumvents this limitation due to Doppler broadening without cooling down the sample.
The hyperfine transitions are resolved down to their natural linewidth, typically orders of
magnitude less than the Doppler width. This technique is used to lock laser frequencies
to particular atomic transitions. It plays a crucial role in high-resolution spectroscopy

and cooling and trapping of atoms.
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Figure 2.4: Experimental setup for Saturated Absorption Spectroscopy: Beam Splitter
(BS); Mirror (M); Photodiode (D; and Dy)

2.6.1 Theory

The Doppler free spectroscopy is based on the nonlinear interaction of laser light with
atoms to achieve Doppler free spectra of atomic gases . This technique commonly
called saturated absorption spectroscopy has revolutionzed spectroscopic studies. In this
technique, light beam from the laser is split into three beams and is allowed to traverse
through the atomic vapor. The frequency of the laser is varied, and when this frequency

matches transition frequency of the atom, increase in absorption is observed.
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Figure 2.5: Doppler broadened spectral lines for 8" Rb and * Rb

In the experiment, probe beam is propagating along the positive z-direction. The
pump beam is propagating along negative z-direction. Depending upon the velocity,
different subgroups of atoms will absorb the pump and probe beams as explained below
[76].

o When the frequency of the laser is greater than the resonant frequency of the atoms
in the medium (v, > 14), the pump beam will be in resonance with the atoms
having v, < 0, whereas the probe beam will interact with the different velocity
group of atoms for which v, > 0. In other case, consider the laser frequency to be
less than the resonant frequency (v < 14). The pump beam will then interact with
the atoms subgroup having v, > 0 and probe wave will excite the atoms having z

velocity component i.e. v, < 0.
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Figure 2.6: Doppler broadened lines with dips representing hyperfine structure of 3" Rb
and % Rb.

o When the laser frequency matches the resonance frequency of the atoms, both the
pump and probe beam will interact with the same subgroup of atoms of velocity
v, = 0. Consequently, the pump beam will saturate this atomic transition and the
population of atoms in ground state will deplete. In this circumstance, absorption

experienced by the probe wave will be greately reduced.

2.6.2 Experimental Setup

The schematic diagram for saturation absorption spectroscopy is shown in [Figure 2.4 In
this experiment, a single mode extended cavity diode laser is used. The linewidth of the
laser is about < 1 MHz at 780 nm and mode hop free spectral range is 7 — 8 GHz. The

light from the laser is divided into three beams. The most intense (of the order of the
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saturation intensity of the transition) beam is the pump beam while the other two beams,

which are of considerably lower intensity than the pump beam are probe beams.

®Rb, F; =3

Rb, Fy =2

®Rb, Fy =2

Probe beam signal
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Frequency detuning (GHz)

Figure 2.7: Saturated absorption lines

The intensity of probe beam is much lower than the saturation intensity of the tran-
sition under consideration. These probe beams are sent through the vapor cell in the
opposite direction to that of the pump beam. The probe beam that intersects the counter-
propagating pump beam inside the cell is called the overlap probe beam, and the other
beam that does not cross the pump beam is known as the reference probe beam. A
slight crossing angle between the two beams results in a residual doppler width. If the
pump and probe beams are strictly anticollinear, the probe beam is coupled back into
the laser, resulting in laser instabilities. The signals generated by the two probe beams
at the photodiode are adjusted to be equal before subtracting from each other. In the

experiment performed in the laboratory, spectrum is obtained by recording the difference
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between these two signals as laser frequency is varied. In this technique, firstly overlap
probe beam is blocked so it does not reach the photodiode, the absorption signal then
comes from the reference probe beam. This signal from reference beam displays Doppler
broadened absorption profiles. This well-known effect arises because the atoms have a

thermal (Maxwellian) distribution of velocities.

¥ Rb, Fy =2 COys

Probe beam signal

-400 -300 -200 -100 0
Frequency detuning (MHZz)

Figure 2.8: F, =2 — F, = 1,2,3 transitions for 8" Rb

In the presence of pump beam, when the laser frequency is different from the resonant
frequency of Rubidium (¥"Rb) atoms 1y, one beam (probe beam) interacts with a set
of atoms with velocity v,, and the other beam (pump beam) interacts with an entirely
different set of atoms those with velocity —v,. However, when the frequency is tuned to
Yy (resonant frequency of atom), the two beams interact with the same group of atoms,
those with velocity components perpendicular to the beam. Under these circumstances,

the stronger pump beam reduces the absorption experienced by the weaker overlap probe
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beam but only over a very narrow range of frequencies that under proper conditions can
approach the natural width determined by the lifetime of an atomic transition. This
decrease in absorption will appear as a dip in Doppler broadened absorption spectrum.
This phenomenon is known as hole-burning. As we tune the laser through a range of
frequencies, transitions among the different excited states can be induced resulting in
various dips in the spectrum. However, in addition to real transitions, the interaction of
laser light with different velocity groups of atoms can also induce crossover peaks [5,,30,76].
A crossover resonance occurs when two transitions share a common ground state and differ
in frequency by less than the Doppler width. A higher transition has frequency 5 and
lower transition has frequency vy (both from common ground state). The crossover then
occurs at some laser frequency v, such that the same group of atoms will be resonant at
v1 with the pump and at v, with the probe. The crossover frequency v, is given by [76]:
v+ s

= 2.2

The spectrum obtained using this experimental setup is shown in [Figure 2.5, Plot
shows the Doppler broadened absorption profile of Rubidium (due to reference beam
only). Here the stronger absorption is due to 8°Rb, and the weaker absorption is due to
STRb. The ® Rb line comprises of three 525 2(F = 2) — 52P3;o(F = 1,2, 3) transitions,
but these are not resolved and manifest together as one line in the data of
because of Doppler broadening. When the reference probe beam is blocked and only
the overlap probe beam is allowed to strike its photodiode, there appear dips in the
spectral lines shown in [Figure 2.6| For ground state F,; of each isotope, three transitions
F, — F, = I, F,£1 are resolved and so called cross over resonances are observed midway
between each resonance [73]. In this manner, it is possible to obtain 24 atomic resonances.
The depth of velocity-selective hole-burning differing for each transition depends on the

absorption cross-section for the transition.

The two photodiodes in are wired so that their signals subtract by using
difference amplifier. If none of the probe beams is blocked, the signals shown in
ure 2.5 and |[Figure 2.6| are subtracted and the resulting signal is like that in [Figure 2.7]
In , a section of spectrum is shown which corresponds to 525 2(F = 2) —
52 P 2(F =1,2,3) for 8"Rb. The three peaks labelled as R, correspond to real transitions
from F; — F,, = pand and CO,,, are crossover lines between the transitions F, — F, = u
and F; — F, = v.
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Width of spectral holes - As seen in |[Figure 2.5 and [Figure 2.6] width of spectral

holes burnt can be order of magnitude narrower than the Doppler broadened absorption
lines. The width of these spectral holes is determined by several factors. First, there is an
inherent natural line width because of the uncertainity principle, the transition linewidth
for Rb (F, = 2 — F. = 3) is about 6 MHz. Secondly, collisions of Rubidium atoms
with the walls of the cells and other rubidium atoms broaden the width of spectral holes.
Thirdly, the spectral width of the laser is a finite quantity, and the absorption spectra will
reflect the laser line width. The linewidth of laser used for this experiment is < 1 MHz.

2.7 Polarization Doppler Free Spectroscopy

The spectrum obtained from saturation absorption spectroscopy discussed above
arises as a result of a decrease in the absorption of the probe beam caused by a
pump wave that has selectively reduced the population of absorbing level [36]. However,
in polarization doppler free spectroscopy [2], the pump wave causes a change in the ab-
sorption coefficient o and a change in refractive index n. The signals in the latter arise
due to the change in the probe wave’s polarization state induced by a polarized pump

wave [5].

2.7.1 Theory

The main principle of polarization doppler free spectroscopy is to induce birefringence in
a medium with a circularly polarized pump beam with stronger intensity and probe this
with a counterpropagating weak beam having intensity much lower than the saturation
intensity of the transition under study. [5]. Consider that the laser is tuned to an allowed
transition (F — F”), where F' and F’ are angular momentum vectors corresponding to
ground and excited state respectively. The projection of F' onto the direction of light
propagation is represented by mg. This mp follows different selection rules for different
polarized states of laser beam. The Ampr = 41 transitions among magnetic sublevels
are excited by right circularly polarized light whereas left cirularly polarized light follows
the selection rule Amp = —1. When light propagation direction is along z-axis, linearly
polarized laser light follows the selection rule Amp = 41. Initially all atoms in the
medium are in ground state and right circular polarized pump beam traverses through
the sample. In the [Figure 2.9] it can be seen that the right circularly polarized light

excites only Amp = +1 transitions. The Amp = —1 and Ampr = 0 transitions are
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// // F=3
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Figure 2.9: Transitions induced by ¢ pump beam.

mg -3 -

Am F = +1

mge -2
suppressed in this case. Consequently, magnetic sublevels mp = —3 and mp = —2
are not populated. This process results in an unequal saturation by the pump beam
and therefore, nonuniform population among magnetic sublevels mp is established [36].
This non-uniform population is equivalent to an anisotropic distribution of the angular
momentum vector F. Thus, atomic sample becomes birefringent due to right circularly
polarized pump beam. A linearly polarized probe beam can be decomposed into two

oppositely circular polarized components i.e left circularly polarized and right circularly

polarized as given below [5].

E = E,e!™*) B, = (E,,0,0) (2.28)

with E = ET + E—, where
Et = Efewt=k2) g — ;(fc + i) (2.29)
E~ = E;ewi-k2) p- — ;(ﬁ —i¥) (2.30)

These two components experience different absorption after passing through the birefrin-
gent sample. The left hand circularly polarized component undergoes stronger absorption
than right circularly polarized part. As a result, these components experience different

refractive index. Thus, the plane of polarization of the probe wave is rotated after having
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passed through the sample.

Similarly, if the pump beam is left circularly polarized, it will excite Amp = —1 tran-
sitions. For this polarization of pump beam, Ampr = +1 and Amy = 0 transitions are
suppressed as shown in [Figure 2.10] Here, the right circularly polarized component of
probe beam will experience more absorption and again the plane of polarization of probe

wave is rotated.

mg -3 -2 -1 0 1 2 3

Am,: = -1

F=2
mg =2 -1 0 1 2

Figure 2.10: Transitions induced by ¢~ pump beam.

The fact that only a certain group of atoms would experience this non-isotropic ori-
entation must be noted. When frequency of laser is different from the atomic resonant
frequency, pump and probe beams interact with the different velocity group of atoms.
In this case, probe beam will remain unaffected by the pump beam. For probe beam to
experience birefringence, it should interact with the atoms already excited by the pump

beam. This happens for the velocity group of atoms [28§]:

. £ Av, = +
v v 2

w—wy I
T (2.31)

where I' is the homogenous linewidth of the considered transition and k = k,. This

subgroup of atoms will absorb both pump and probe beams. The probe beam’s plane of

polarization will be rotated after interacting with these velocity group.

So far, we have discussed polarization doppler free spectroscopy qualitatively. In the

discussion that follows, we will have a quantitative look at the polarization doppler free

spectroscopy. A rubidium cell is illuminated by the pump beam along the —z-direction.
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The probe beam (Z cos(¢) + ¢ sin(¢)) is slightly tilted by an angle ¢ with respect to z-axis
and is allowed to travel along the z-direction. This probe beam is linearly polarized with

¢ ~ 7. The resultant electric field of the probe wave after passing through the medium

is given by [37]:

Ey [# + i)

F—0 (et L/2) gilkny L—6) gikL(as+iby) we(fa_L/2)€i(kn_L+¢>)eikL(a_+ib_)
V20l V2 V2
(2.32)
Laser beam Linearly
polarized light
Probe beam
v Glass cell
\ M PBS
” 1 ” H Oas
v
PBS |: N2 plate
A D2 D2-D1
Y  Beam dumper
H Ma4 plate Y
M Pump beam Circularly polarized M
light

Figure 2.11: Experimental setup for polarization doppler free spectroscopy: Polarization
Beam Splitter (PBS); Mirror (M); Photodiode (D; and Ds) ; Quarter wave plate (A/4);
Half wave plate (\/2)

where ny and n_ are the refractive indices of the rubidium vapor for two oppositely
circularly polarized components of probe beam and «- is the absorpion coefficient for the
respective components of the probe wave. The index of refraction for the windows of the
absorption cell is a complex quantity a4 + ib; and is different for o component of the

probe beam and k is the wave vector. Separating the x and y component of electric field,

Output
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we have
E, = 2?/05 [€—a+L/26i(kn+L—¢)6ikL(a++ib+) + e(—oc,L/Q)ei(kn,L—i-qb)eikL(af-‘rib,)] (233)
E, = i;\?/% [em 0+ L/2 ik L) ik L{as+ibs) 4 o(—a-L/2) gilkn-L+9) jikL(o—+ib-)] (2.34)

The transmitted intensity is I, = ceg 5, E. Let’s first compute E, E>:

ExE; _ @ e—a+L6—2klb+ + e—(a+a7)L/2e—2icf>eik(n+—n,)LeikL((er—af)e—kl(b++b,) (235)

8
+ 6(a++a7)L/26—ik‘(n+ —nf)L82i¢e—ikL(a++a7)e—k’l(b++b7) (236)
87
Rb, F, =2
%) Ry COq R, CO43  COy3 Rs
e
jo2
(1))
-600 -400 -200 0

Frequency detuning (MHz)

Figure 2.12: Polarization spectra for F, =2 — F, = 1,2, 3 transitions in 3" Rb
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We define average and difference of above mentioned quantities (n, a, b, o) as:

1
nzi(n++n_), An=ny —n_

azi(aJr—l—a_), Aa=a; —a-

1
b= (b +b),  Ab=by—b

azi(a++a_), Aa=a; —a_
Intensity is given by:
I, = ceoELE; (2.37)
_ C€O8E§ (@t Aa/2)  ~2KI(b+Ab/2) | oL ,~2id ikAnL gikLAa,~2kLb (2.38)
| emaL—iknL 2id iklda ~2kVL | —a-L,~2kib- (2.39)

Similarly 7, can be evaluated. The intensity difference between respective components of

the probe beam is:

Al=1,—1, (2.40)

2
CEOQEO g — 26 + kL(An + Aa)

Al = e~ (at2kb)L (2.41)

We can see that signals in polarization doppler free spectroscopy are proportional to the
difference in refractive index (An). The refractive index difference calculated for different

transitions in the atom will yield polarization spectra.

2.7.2 Experimental Setup

The experimental layout of polarization doppler-free spectroscopy used in this experiment
is shown in [Figure 2.11] In this experiment, a single mode extended cavity diode laser is
used. The linewidth of the laser is about < 1 MHz at 780 nm and mode hop free spectral
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range is 7 — 8 GHz. The output from a single mode extended cavity diode laser is split
into a weak probe beam with the intensity much lower than the saturation intensity of
the considered transition, and a stronger pump beam with intensity of the order of the
saturation intensity. The intensity of pump beam is ~ 0.8 mW /cm? whereas the intensity

of probe beam is ~ 20 pW /cm?

. In this experiment, polarization signals are obtained
for the D, transition of 8"Rb. A \/4 plate makes the pump beam circularly polarized
whereas the probe beam is linearly polarized. The linearly polarized probe beam can be
decomposed into two opposite circularly polarized components. These two components
experience the same absorption without a pump beam as the sample is isotropic. In the
presence of pump beam, these components experience different absorption and different
refractive indices yielding polarization spectra. The output signals from the polarizing
beam splitter (PBS) were focussed onto photodiodes (D1 and D2) and were electronically

subtracted via the difference amplifier to generate the signals in polarization spectra.
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*Rb, Fy =2

Signals

Ry COs;; R; COy3  COy Rs

-600 -400 -200 0
Frequency detuning (MHz)

Figure 2.13: Polarization spectra for F, = 2 — F, = 1,2, 3 transitions in 3 Rb. In this

experiment, the circular polarization of the pump beam is opposite to the polarization of
the pump beam considered in the experiment of By changing the circular
polarization, the slope of the polarization signal has reversed.

The spectrum obtained for two opposite circular polarizations of the pump beam is

shown in [Figure 2.12] and [Figure 2.13| respectively. In this spectrum, R;, Ry and Rj

represent the real transition from Fy =2 = F, =1, F;, =2 = F, =2and F, =2 = F, =
3 respectively. The C'Oq5 corresponds to crossover resonance between Fy, =2 — F, =1
and Fy, = 2 — F, = 2 transition. Similarly, CO;3 and CO,3 represent crossover peak
between Fy =2 - F,=1land F, =2 = F, =3, F,=2 = F.=2and F, =2 = F, =3
transition respectively. It is important to note that opposite circular polarization of pump
beam with respect to the experiment of [Figure 2.12] has reversed the slope of polarization
signal. On comparing this polarization spectra with saturated absorption spectra, we

see here that the signal is the first derivate of absorption profile obtained by saturated
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absorption spectroscopy. These signals [74] have steep slopes which are used in laser

frequency stabilization [40].

Parameter Experiment [Figure 2.12| | Experiment [Figure 2.13
Intensity of pump laser | 0.5 mW /cm? 0.5 mW /cm?
Intensity of probe laser | 60 pW /cm? 60 W /cm?

Polarization of probe laser | Linear (+45°) Linear (+45°)
Polarization of pump laser | Right circular Left circular

2.8 Conclusion

This chapter aimed to explain the fine and hyperfine structure effects resulting in splitting
of energy levels in 8" Rb and ® Rb. It was discussed that the origin of fine structure is due
to coupling of electron’s spin magnetic moment with the magnetic field of proton. These
fine energy levels additionally split into hyperfine energy levels which is a result of an
interaction of electromagnetic field produced by the electrons at the nucleus with the
electromagnetic multipole moments possessed by the nucleus. The transitions between
fine and hyperfine energy levels were resolved using saturated absorption spectroscopy
set up. The setup for polarisation spectroscopy, which generates signals for frequency

locking was also explained in this chapter. The results shown in this chapter are essential

to perform the Imaging experiment described in [chapter 4] : [Sub tomographic imaging of|

[a birefringent phase pattern localized in a phase space]







Chapter 3

3D Tomographic Imaging in Phase
Space

3.1 Introduction

In this chapter, we are going to introduce the entirely new concept of classical imaging [1].
It is known that in conventional imaging experiments, optically responsive objects in
position space can be imaged using a lens and hence viewed by the human eye. The work
described in this chapter goes beyond this usual imaging in position space and explains the
concept of imaging phase space patterns. The pattern in phase space cannot be imaged
with a lens conventionally and cannot be seen by the human eye. It will be explained
in the following sections how a stationary structural pattern can be created from object
transparencies and imprinted onto the phase space of an atomic gaseous medium at room
temperature. The experiment is based on the concept of velocity selective hole burning

in the Doppler broadened absorption profile of an atomic gaseous medium.

3.2 Velocity Selective Hole Burning

Let’s suppose there is an ensemble of atoms having atomic states |a) and |5). The energy
separation between these states is £, — Fg = hwy. The atom is allowed to transit between

these two energy levels as per selection rules. It is convenient to represent this atomic

43
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system of two energy levels by a 2 X 2 density matrix [17] :

o(z,t,0) = [““" ”0‘5] (3.1)

Opa 0pp

here o,, and osp represent population of excited and ground state respectively. The
off-diagonal elements are proportional to atomic dipole moment. The number density of
atoms is V. At room temperature, atoms in medium are in continuous random thermal
motion. Consequently, there will be distribution of velocities in this ensemble and the

same is represented by Maxwellian velocity distribution [17]:

N(v,)dv, = 1/%62;;%dvz (3.2)

The energy levels |a) and |3) decay with rate constant v, and y5 whereas 7,4 corresponds

to the decay rate of atomic dipole moment. The irradiation of the medium to the light will
cause the atoms to transit between two energy levels. The excitation process is velocity
dependent and excites the atoms to levels o) and |5) at excitation rate of A\, and \g
respectively. Thus, excitation rates of levels |a) and |5) can be supposed to be of the

form:

Aj(v2) = AN (v:) (= p) (3-3)

The variation of population of levels with time is dependent on excitation (E) and relax-

ation (R) rates and can expressed in the following form [17]:

(daaa (2, t,v)> = Aa(V) = Ya0aa(z,t,v) (3.4)
dt E+R
dO’gﬁ

(F2(t0) = Male) = 9p0rsal,,0) (3.5)

dt E+R

dO'ag
< (Z,t,l))) = —’Ya/BUaB(Z,t,U) (36)
dt E+R
do

The population difference under the only action of excitation and relaxation process [57 =

0] is thus written as:

Ooa — 03 = ( — )N(vz) = ByN(v,) (3.7)
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Aa
Yo
the cell. The atomic system mentioned above is made to interact with an electromagnetic

where Py = — 1;5) is the total population difference at equilibrium per unit length of

wave propagating along z-axis, the electromagnetic field of this wave is given by:
E = Ejcos(wt — kz2) (3.8)

where w is the frequency of the field. The combined Hamiltonian of the atomic system

and the electromagnetic field is given by:
H=H,- PFE (3.9)

where Hj is the Hamiltonian of the atom in the absence of field and is represented by

1 0
H, = , P is the z- component of the atomic dipole moment. This operator
2 \0 -1

has only off-diagonal matrix elements which can be written as («|P|5)= (5|P|a) = p

hwo (10 0 1
H=— — oFycos(wt — kz 3.10
9 (0 _1) Ly ( ) (1 O) ( )

Applying rotating wave approximation as w is very close to the atomic frequency wy.

Then
fiwy (10 oEq 0 e M wi—kz)
putal) 0) skl 0 .

The total time variation of the density matrix is obtained by adding contributions due to

excitation, relaxation and the action of em fields:

do do 2
@ (dt>e+r_ pliol (3.12)

where [H,0] = Ho — o H. Here time derivative £ is a total time derivative along the path

of the atoms moving with velocity v, so it is replaced by % + v%. Then we have [89.(90]

0 0
(82& + ’Uaz)aaa = Ao — Yalaa — gp—;(aaﬁe’(“t’kz) — agae’l(”t’kz)) (3.13)
8 a Zpe Wwt—kz —UWil—Kkz
<at+vaz)055:)\5—’%@>0’55+%(Uage( t k)—O'gae (wt k)) (314)
0 0 1€ bk
(at + ’Uaz>0a5 = —(”yag + ZUJO)O'ag — Th(a'aa — 0'55)6 (wi—kz) (3.15)
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For a steady state solution, form is given by 040 = nao, 088 = ngo and oup = pge*’(‘”t*kz).
Thus, we obtain [17]
Sz 2
Neoo — Ngo = P()N(UZ) 1— ’Yaﬁ (316)

735 + (wo — w + kv)? + S22,

2 12
fv 522 = 52 is a dimensionless quantity called saturation parameter. [Equation 3.16

shows that the population difference as a function of velocity follows the maxwellian

Here

distribution N(v,), with an additional minimum when the resonance condition (w — kv =
wp) is fulfilled. The minimum corresponds to the hole burnt into the population difference
by the travelling wave [3]. In other words, we can say that when a strong monochromatic
light at frequency w is incident, the population of the lower state is reduced at the velocity
component of v = (w — wy)/k, whereas that of the upper state is raised. Thus, incident
light burns a hole in the velocity distribution of the lower state and piles up a peak in
that of the upper state. This dip, can, however, be detected if two lasers are used: One
beam is saturating pump laser with the wave vector k;y, which is kept at the frequency
wy and which burns a hole into the velocity class v, + Av,/2 with v, = (wy — w1)/k and
the other one is a weak probe laser with the wave vector ks and a frequency w tunable
across the Doppler broadened profile. This probe laser will not cause extra saturation as

it is sufficiently weak [5].

3.3 Phase Space Imaging Based on Velocity Selective
Hole-Burning

3.3.1 Theory

Consider a linearly polarized object laser beam of frequency v, with transverse intensity
profile I,(z,y,v,) travelling in an atomic gaseous medium in a direction opposite to the
z-axis as shown in The intensity profile I,(x,y, v,) represents a 2D image of
an object in position space. This object laser beam is allowed to pass through an atomic
gaseous medium of length L where an isolated stationary atom has a ground quantum
state |g) of energy E, and an excited quantum state |e) of energy E, with linewidth I

The object laser beam is on resonance with a velocity class of atoms of z-component of
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their velocity equals to [1]

v, = W (3.17)

E.—FE
where vy = %

is the resonant frequency, k = 27“ is the magnitude of the propagation
vector of the object laser beam having wavelength A. Owing to the Doppler effect, atoms
of other velocity groups are out of resonance. The transverse Doppler shift is negligible
due to the nonrelativistic velocity regime at room temperature.

Suppose n is the number of atoms per unit volume of the gaseous medium. According
to Maxwell-velocity distribution, a fraction of atoms with velocity in an interval dv,

around v, at temperature T is

7mvg
N(v.)dv, = || 27TKmBTe”fBTdvz (3.18)

where Kpg is the Boltzmann constant and m is the mass of an atom. In the presence of

an object laser beam, the ground state atoms of resonant velocity class are pumped to
the excited state. This results in a steady state difference of atomic number densities in

the ground state (ny) and the excited state (nq) at v,:

nN(v,)

1+ =

Is 4[(27ryp—27ruo+kvz)2+¥]

(3.19)

ni(z,y,v.) — na(z,9,0,) =

where I, is the saturation intensity of atomic transition. The transverse intensity profile
I,(x,y,v,) of the object laser beam is imprinted in the form of an atomic population
difference if attenuation and diffraction of the object laser beam are insignificant. The
intensity profile of object laser beam corresponds to a tomograph in the subspace of phase
space.

As atoms are uniformly distributed in the position space, the imprinted pattern is
delocalized in the direction of propagation of the object laser beam in a 3D position
space. In a 3D momentum space, each tomogram is delocalized in all planes parallel to
Pz —Dy Plane, where p, and p, are the  and y- components of momentum of an atom. The
pattern, on the other hand, is localized in a unique 3D subspace spanned by Z, § and p,
coordinates where p, is the z component of momentum of atoms. When three overlapping
object laser beams with the same linear polarization but distinct intensity profiles and
frequencies pass through the atomic medium, each beam imprints a different pattern in
different velocity group. These patterns are located at different p, corresponding to the

resonating velocity class of atoms addressed by the resonating object laser beam. As a
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result, a localized pattern of all position space objects is imprinted onto a 3D subspace

of the 6D phase space of atoms as shown in [Figure 3.1]

Tomographic sections of a
pattern in a phase space

-

@

N\ome“wm

Position (y)

. P
POS;UO N (o

Figure 3.1: A pattern localized in a 3D phase space and its three tomograms ||

To image such a pattern, a counterpropagating linearly polarized imaging laser beam
of frequency v, is overlapped with the object laser beams travelling through the atomic

gaseous medium. The total absorption coefficient « of the imaging laser beam is

1'\2

5 2 >d"UZ
(2méy — kv, )2 + L

[e.°]

[nl(xvyavz) —n2($,y,vz)]ao< (320)

a(z,y,ov) = /
where o, is the peak absorption crossection of the atomic transition and v = v, — vq is
the frequency detuning. If the imaging laser beam interacts with a velocity class of atoms
excited by object laser beams, its absorption reduces. This produces velocity selective
hole burning in the Doppler broadened absorption profile of the atomic medium. For the
incident transverse intensity profile of the imaging laser beam I,.(x,y, év), the transmitted

imaging laser beam intensity profile after passing through the gaseous medium is
I.(x,y,0v)exp(—OD(x,y,ov)) (3.21)

where OD(z,y,0v) = a(x,y,0v)L is the optical density of the atomic medium. The

optical density profile, at a detuning v, corresponds to a tomographic section of the

phase space pattern, at p, = @. If object laser beams are present, then optical density
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of imaging laser beam decreases. A change in the optical density profile in the presence

of object laser beams is

IOTL Y ) 5

AOD(z,y,6v) = —In <M> (3.22)
Ioff(x, Y, 61/)

where I,r¢(x,y,dv) is the intensity profile of the imaging laser beam in the absence of

object laser beams. This change in the optical density profile represents an image of the

tomographic section.

3.3.2 Experimental Setup

Imprinting a Pattern in Phase Space

To begin with, object laser beams are passed through Single Mode (SM) polarization
maintaining optical fibers. The intensity of object laser beam is ~ 2mW /cm?. These
fibers act as transverse mode filters and produce beams of a Gaussian transverse intensity
profile. The mode-filtered collimated object laser beams of frequencies vy, vy and vy then
travel through mask-1, mask-2 and mask-3, respectively as shown in [1].

Ima%ng laser light Detuned pump e} Object laser light
(Variable frequency Vi) |5er light Object  (Constant frequencies)

Im agmg laser
laser v

V1
Iy Vo Lens
Photo
detector A

I SM Optical fiber
(Mode filter) RF Spectrum analyzer

x-Polarizer ﬁ 1 ask-3

PBS-1 l

BS

Atomic medium

yi LY
EMCCD camera Mask-1 Mask-3 Mask-2

Figure 3.2: Experimental schematic diagram

Each mask consists of an image of an alphabet of the English script: C (on mask-1), A

(on mask-2), and T (on mask-3). All alphabets are transparent, and the remaining part
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of each mask is entirely opaque to light. The transverse intensity profiles of object laser

beams after passing through masks correspond to alphabets C (at 1), A (at 1) and T
(at Vg).

2

(y) 8.2 mm
Transmittance

o
o
o
<
< _

Normalized intensity

200 -100 O 100 200

e | Detuning (8v) MHz
0O 0.2 04 06 0.8 1.

Figure 3.3: (a) A 2D transverse intensity profile of the overlapped object laser beams.
All three letters overlap with each other [1]. (b) Transmittance, for the imaging laser
beam, of the atomic medium in the presence of object laser beams without masks [1].

All three object laser beams are overlapped on polarization beam splitters (PBS — 3,
PBS — 2). The z-polarizer is placed before PBS — 1 to make these overlapped object
laser beams linearly x-polarized. Before and after the PBS — 2, two half wave-plates
are placed to rotate the linear polarization of the object laser beams to equalize the
intensity. Before their entrance into the atomic medium, the image of the transverse
intensity profile of the overlapped object laser beams is displayed in (a), where
images of alphabets overlap. The overlapping alphabets are blurred due to diffraction of
object laser beams. In after PBS-1, beam color is changed just to show image
and object laser beam differently. Both the beams are locked to the same D, transition
of wavelength A = 780 nm.

An atomic gaseous medium is a 10 cm long rubidium (¥7Rb) vapor cell isolated from
an external magnetic field. The Doppler shift generated by atomic motion broadens the
linewidth of the resonant transition of the atomic medium. The overlapped object laser
beams are then allowed to pass through this atomic medium. An object laser beam of
frequency 14 is on resonance to the atomic transition of stationary 87 Rb atoms where a

ground quantum state is 525, /2 with total angular momentum quantum number F' = 2
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(l9)), and an excited quantum state is 5P/, with F' = 3 (|e)). The wavelength of this

transition is A ~ 780 nm for stationary rubidium atoms.

The frequency of object laser beam is stabilized to the atomic transition, and three object
laser beams of different frequencies are produced by shifting object laser light frequency
with acousto-optic modulators. An object laser beam of frequency v is on resonance
with an atomic velocity class of v, = 0 and it imprints an image of an alphabet A in this
zeroth velocity class in the form of an atomic population difference. An object laser beam
of frequency v, is blue tuned by +40 MHz from the resonant transition for stationary
atoms. It is on resonance with atomic velocity class of v, = —31.2ms™!, and an image of
an alphabet C is imprinted in this velocity class of atoms. Similarly, object laser beam
frequency v red detuned by —40 MHz imprints an image of an alphabet T in the velocity

class v, = +31.2ms .

Imaging the Phase Space Pattern

The phase-space pattern is imaged with a y-polarized imaging laser beam passing through
the atomic medium in the opposite direction relative to the propagation direction of ob-

2. The imaging

ject laser beams. The image laser beam has a intensity of ~ 80 pW /cm
laser is also frequency locked to the same resonant transition of stationary atoms and its
frequency is shifted by acousto-optic modulators. The imaging laser beam is reflected by
PBS —1, after passing through the atomic medium, and its transverse intensity distribu-
tion at different detunings is captured with an electron-multiplying charge coupled device
(EMCCD) camera without gain multiplication. The object laser beam is extracted and
red detuned by 190 MHz from the resonant transition. On a nonpolarization beamsplitter,
this extracted object laser light is overlapped with the imaging laser of the same polar-
ization. A quick response photodetector detects the beating signal of two lasers, which
is then analysed using a radiofrequency spectrum analyzer, as illustrated in [Figure 3.2|
The frequency of the beating signal, which corresponds to a frequency difference of two

lasers, is used to determine the detuning.

Capturing Different Tomograms

By varying the frequency of the imaging laser beam, tomograms at different p, are imaged.
In the presence of object laser beams without masks, the transmittance of the atomic vapor
cell for the imaging laser beam, at different detuning dv, is shown in |Figure 3.3(b). The

object laser beams of frequency vy, 1y, and vy generate velocity-selective hole-burning in
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Imaging laser detuning —

ov =-40 MHz ov =0 MHz oV =+40 MHz
v,=-31.2 m/sec v,= 0 m/sec v,=+31.2 m/sec
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Figure 3.4: Three tomographic images of a localized pattern in the 3D phase space
captured at different detunings of the imaging laser beam. Each image is a plot of a
change in the optical density AOD(z,y,év) [1].

a Doppler-broadened absorption profile, represented by three peaks labelled as 1, 2, and
3, respectively.

The frequency of the imaging laser beam is red detuned by dv = —40MHz from the
resonant transition. In the absence of three object laser beams, its transverse intensity
profile Ioss(z,y,0v) is captured with an EMCCD camera. Then another image of the
imaging laser beam intensity I,,(z,y,dr) is captured in the presence of three object
laser beams after a time delay. A change in the optical density profile AOD(z,y, év)
is evaluated and tomographic image of a letter C' is obtained. Before the construction of
images, a reflection transformation in a plane paralled to the y — z is made as imaging
laser beam is reflected by PBS — 1 and AOD(z,y,0v) is transformed to AOD(z,y, ov).
Similar measurements are performed for detuning év = 0 MHz and év = +40 MHz shown
in By combining all the tomographic images, the word CAT is formed. In
contrast to[Figure 3.3|(a), where non-selective image consists of all letters and it is a direct
image of object laser beams, in different letters are tomographically selected
and imaged selectively in phase space. The is a false color plot, it has no

connection with wavelenght of laser.
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Figure 3.5: (a) A photograph of overlapping neutral density filters . An image,
AOD(z,y,6v = 0), of an area enclosed by a square as shown in (b) [1].

Imaging of a Variale Depth Phase-Space Pattern

In another experiment, an object of nonuniform transmittance is imaged using a similar
concept. This object with non-uniform transmittance generates a phase space pattern of
variable depth. To form this object, two neutral density filters of neutral densities (ND)
0.3 and 0.6 overlap to form four different depth regions, a), of this object.
These four different are Ry (ND=0), Ry (ND=0.3), R3 (ND=0.6) and R, (ND=0.9). The
intensity profile of the object laser beam through four regions produces hole-burning of
different depths in the absorption profile of the atomic gaseous medium. The object is
positioned in place of a mask-2 and image captured with the imaging laser is shown in
Figure 3.5(b). The imaging laser beam is on resonant with the velocity class v, = 0. Tt
can be seen in (b) that the imaging laser beam intensity varies as it passes
through the object of non-uniform transmittance and an image of change in optical density

OD(z,y,0v = 0) of the atomic gaseous medium is constructed.
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3.4 Conclusion

This is the first experiment in phase space imaging concept which is presented in Ref [1].

This idea is further extended for transparent phase space localized objects which is the

main research component of this thesis. It is explained in [chapter 4} [Sub tomographic|

imaging of a birefringent phase pattern localized in a phase space]

This newly proposed concept in Ref. [1] was discussed in this chapter. This concept
differs from the typical imaging experiment carried out in position space. The experiment
to create and image structural patterns in phase space was reported. The object laser
beam interacted with the three different position space localized objects and imprinted
their tomographic images onto the phase space of atomic medium. eye. In this experiment,
objects imaged were three 2D transparent masks. Each mask consisted of an image of
an alphabet of the English script: "C", "A", and "T" respectively. All alphabets were
transparent, and the remaining part of each mask was entirely opaque to light. The three
object laser beams were of different frequencies and addressed different velocity groups
in the atomic medium. The pattern is localized in a unique 3D subspace spanned by z,
g and p, coordinates where p, is the z component of momentum of atoms. The three
tomographic images of the localized phase space pattern were then captured by a single
image laser beam. The frequency of the image laser beam was shifted to capture images
at three distinct momentum locations. By combining all the tomographic images, the
word CAT is formed. It was explained how this image laser beam never interacted with
the actual position space localized objects. The theory behind the experiment’s central
idea, velocity-selective hole burning was explained. An another experiment was discussed

where an object having non-uniform transmittance was imaged using the same concept.



Chapter 4

Sub tomographic imaging of a
birefringent phase pattern localized

in a phase space

4.1 Introduction

In this chapter, imrinting and imaging of a transparent birefringent pattern in phase
space of Rubidium atoms is explained. Such a transparent birefringent phase pattern
changes the phase of transmitted light, which depends on polarization and position of
incident light without absorption. A thorough knowledge of imaging the transparent
object has been offered by F. Zernike [48-50]. Another scheme to image weakly absorbing
materials based on phase contrast method was demonstrated in Ref. [51]. However, these
experiments were performed in position space. In this chapter, an experiment conducted
to imprint the birefringent phase pattern onto a phase space of an atomic gaseous medium
by using atomic state dependent velocity selective hole burning is described. A laser beam
of constant frequency, after interaction with a position localized transparent birefringent
phase patter, is passed through a Doppler broadened atomic gaseous medium to imprint
the pattern onto a phase space of atoms at room temperature. The pattern is localized in
a unique three dimensional subspace of a six-dimensional phase space of atoms. A linearly
polarized counter-propagating and overlapping imaging laser beam of variable frequency
is detected by a camera after its polarization analysis to construct two sub-tomographs

of the imprinted phase space localized pattern.

95
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4.2 'Transparent Birefringent Phase Pattern Local-

ized in a Position Space

A transparent birefringent phase pattern modifies the phase of transmitted light. It in-
troduces a phase shift &y (x, z) in a horizontally polarized (2) component of transmitted
light and ®y (z,2) in a vertically polarized (%) component of transmitted light, at an
arbitrary location (x,z) on the pattern. The transmitted electric field of a plane wave

— — idp (2:2) 5
i(2nvpt—ky)e'®H z’ where EH

propagating along y-axis, for 2 polarized component, is Exe
is the electric field amplitude, v, is frequency, k = 27/ is the magnitude of propagation
vector at wavelength A and ®y(x, z) is the phase shift introduced by the pattern. Sim-
ilarly, the transmitted electric field for Z polarized component is Eve_i(%”f’t_ky)ewv(z’z)é ,
where ®y (x, 2) is the phase shift introduced by the pattern. If the incident light is lin-
early polarized such that its plane of polarization is oriented at an angle -45° w.r.t. z-axis,
which is an equal superposition of horizontally and vertically polarized components then
the transmitted light exhibits a change in the polarization such that the transmitted elec-
tric field is F,e~Gmvri=kv)eiov(@.2) (3 — ¢i9(®2)2) /\/2 Therefore, a change in polarization

depends on the position dependent phase difference given by:

¢(x,2) = ou(x, 2) = dv(z, 2) (4.1)

which is a representation of birefringent property of the transparent polarization sensitive
phase pattern localized in x-z position space. A transparent birefringent phase pattern is
shown in [Figure 4.1, where the darker region represents the phase difference, ¢(z,2) = +7
while a lighter region represents ¢(z,2) = —7. Therefore, transmitted light just close to
the pattern is right circularly polarized corresponding to the darker region and left circu-

larly polarized in the lighter region.
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dx,2)=+1/2  Ox,z)=—-1/2
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Figure 4.1: A position space localized transparent birefringent phase pattern, ¢(z, z).

If a camera is used to directly image the transparent birefringent phase pattern, no inten-
sity image is formed. To produce transparent birefringent phase pattern in the experiment
performed for this thesis, a linearly polarized light is retro-reflected from a reflection-type
SLM with plane of polarization of beam oriented at an angle of -45° w.r.t. z-axis. This
pattern is equivalent to a transmission type transparent birefringent phase pattern, where
a retro-reflected light exhibits a position and polarization dependent phase shift. The
SLM’s reflecting surface is kept perpendicular to y-axis and it introduces a position de-
pendent phase shift in the horizontal polarization component of the incident beam as
shown in whereas the phase of vertical polarization component is uniformly
shifted. This produces the required phase shift ¢(z,z). A pattern shown in is

dispalyed on SLM and transferred to the retro-reflected imprinting laser beam.

4.3 Imprinting of a Transparent Birefringent Phase
Pattern onto a 3D Phase Space

Consider a linearly polarized laser beam of frequency v, and transverse intensity profile
I,(x,y,v,). This beam interacts with the birefringent phase pattern displayed on SLM
and is known as imprinting beam. It is allowed to pass through the atomic gaseous

medium in a direction opposite to the z-axis. The electric field of an imprinting laser
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beam propagating along -z-axis is given by

—

E

= Eoe—i(QWthJrkZ)eiqﬁv(Ivy) (Z + 6i¢(f€7y)g) (4.2)

where Ej is an amplitude of electric field, kis a propagation vector of imprinting laser
beam, & and ¢ are the unit vectors representing linear polarization. A position space
localized transparent birefringent phase pattern is displayed on SLM. As can be seen in
[Figure 4.3 after reflection by BS-2, the birefringent phase pattern is denoted by ¢(z,y).
Note that after this reflection the direction of propagation of the imprinting laser beam is
changed from +y axis to -z-axis. Thus, the imprinting laser beam carrying information of
the position localized pattern is propagating along -z-axis in the atomic gaseous medium,
where z axis is considered as a quantization axis. A position space localized pattern is
imprinted onto the phase space of atoms by using atomic state dependent velocity selec-
tive hole burning in a Doppler broadened atomic gaseous medium.

After imprinting beam interacts with the pattern displayed on SLM, some regions on the
wavefront where ¢(z,y) = +7/2, imprinting laser beam becomes 6% circularly polarized
(left circular polarization). For regions where ¢(z,y) = —m/2, imprinting laser beam be-
comes 6 circularly polarized (right circular polarization). This o-polarization convention
is defined w.r.t. a right-handed coordinate system given in [Figure 4.3] Note that after a
reflection by B.S — 2 the right circular polarization becomes the left circular polarization
and vice-versa, but the o-polarization convention remains unchanged. This position de-
pendent circular polarization produces an atomic state selective excitation of atoms. If
this pattern is imaged on camera, no image is formed as can be seen in (b). To
transfer this image to phase space of atoms, consider a ground state of an atom |F,, mp)
with energy F, and an excited state |F,, m/}) with energy E., where magnetic quantum

states are labelled by mpr and m/.. Here z-axis is considered as a quantization axis.
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2 (b) |
b2y =412 dx,z) = —m/2 (arb unit)
- I 0.5 1.0 1,_:% .
W:8.2mm, H=82mm Wzsmm,HZSmm X

Transparent Birefringent Direct image of the pattern
phase pattern

Figure 4.2: (a) A position space localized transparent birefringent phase pattern ¢(z, 2).
(b) A transverse intensity profile of the retro-reflected beam measured by a camera-2

For a stationary atom, maximum absorption occurs when frequency of light matches the

atomic resonant transition frequency as:

(Ee — Eg)

. (4.3)

gy =
where h is the planck’s constant. Regions on the wavefront of imprinting laser beam,
where beam is 6% polarized, light excites atoms from a ground state |F,,0) to an excited
state |F,, +1) and regions where beam wavefront is 6~ polarized, light excites atoms from
|F,,0) to an excited state |F,, —1), considering a single magnetic sub-level of ground state

and three magnetic sub-levels of excited state.
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Figure 4.3: (a)Experimental schematic diagram of a sub-tomographic imaging experi-
ment (b) part of the experiment to measure frequency difference of lasers by time domain
interfernce on a fast response photodetector

At room temperature, atoms are moving with a Maxwell velocity distribution, therefore,
atoms of a particular velocity class v, moving along z-axis are in resonance with the

imprinting laser beam because of the Doppler shift, which is given by:

27T(I/0 - Vp)

. (4.4)

v, =
where k£ = 27“, A is wavelength of exciting laser beam in a rest frame of reference. Here,
atoms moving along a transverse direction to the beam propagation experience a negligible
transverse Doppler shift at room temperature. Consider, n is number of atoms per unit
volume at an absolute temperature T, a fraction of atoms in an interval dv, around

z-component of velocity v, of atoms is given by the Maxwell velocity distribution

m

7mv§/2kBTd 4.
2kpT vz (45)

f(v)dv, =
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where kg is the Boltzmann constant and m is mass of an atom. Imprinting laser beam
causes velocity selective and magnetic state selective excitation of atoms. Therefore, for
61 polarized regions, atom number difference per unit volume of atoms in the ground
state |F,, 0) with atomic density n(x,y, v,) and in the excited state |F;, +1) with atomic
density ng (z,y,v.) is given by

nf(v.)

_nT —
n1 (I, Y, UZ) Ty <I7 Y, UZ) 1+ I;(ac,y,zzp)I‘Q (46)

41F <(27rup27ruo+kvz)2+F2/4>

where I is the saturation intensity of o™ atomic transition, I/ (x,y,1,) is the intensity
of imprinting laser beam at 6T polarized regions and I' is the linewidth of transition.
Similarly, for 6~ polarized regions, atom number difference per unit volume of atoms in
the ground state |Fy, 0) with atomic density n;(z,y,v,) and in the excited state |F,, —1)
with atomic density n (x,y,v,) is given by:

nf(v.)

Al (-Ta y7 UZ) - TLQ ('Ta y7 UZ) = 1 + ]p_(gc,y,l/p)l"z (47)

415 | (2rvp—2mvo+tkvs )2+F2/4)

where I is the saturation intensity of ¢~ atomic transition, I, (x,y,1,) is the intensity
of imprinting laser beam at ¢~ polarized regions. For a uniform beam, I; (x,y,vp) =
I (z,y,v,). This magnetic state dependent and velocity selective atomic population dif-
ference given by ni(z,y,v.) —n3 (z,y,v.) and ni(z,y,v.) —ny (z,y,v.) together represents
a 3D phase space localized pattern with p, = mwv,. In a 3D position space, atoms are
randomly moving and an excited atom can be anywhere on z-axis, therefore, this pattern

is delocalized in a 3D position space along z-axis.

4.4 Imaging of a 3D Phase Space Localized Pattern

The imprinted pattern localized in a unique 3D subspace of phase space is imaged to-
mographically by an another beam known as imaging beam. The horizontally polarized
(along y-axis) imaging beam of uniform intensity 7,.(z,y, Jv) and frequency v, is counter-
propagating w.r.t. imprinting laser beam. This beam is overlapped with the imprinting
laser beam and passed through an atomic gaseous medium as shown in Fig. A

linearly polarized beam is a linear superposition of 67 and 6~ circular polarizations.
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Therefore, each circular polairzation component of the imaging laser beam experiences a
different absorption and refractive index at different transverse locations (z,y) and de-
tunings v = v, — 14, as the medium is excited magnetic state selectively and velocity
selectively. A particular location of a tomographic section on a momentum axis is given
by:

p, = 2rmov/k (4.8)

which is selected by the frequency detuning dv of imaging laser beam.

Figure 4.4: Experimental setup of a sub-tomographic imaging experiment

Absorption coefficient ot (z,y, dv) for 67 polarized component of imaging laser beam
is a convolution of atomic population difference and absorption cross-section for a corre-

sponding transition of an atom, which is given by

2
oo [l vs) = (2,9.02)| o ()

a*(,y,0v) = /_oo [(27”” — kv:) + FQ]
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where o is the peak absorption cross-section of o atomic transition. Similarly, absorp-

tion coefficient o~ (z,y,dv) for 6~ polarized component of imaging laser beam is given

by

_ _ 2
+00 nl(‘r)yv 'UZ) — Ny ($7y7 UZ):| Oy (%)dvz

a (z,y,0v) = / (4.10)

e [(2%51/ — kv,) + Fj]

where o, is the peak absorption cross-section of ¢~ atomic transition. The absorption
coefficient is reduced due to the saturation of absorption when imprinting and imaging
laser beams interact with same velocity class. A decrease in absorption is different for 6+
and 6~ polarized components of imaging laser beam at different transverse locations. As
a consequence of Kramers-Kronig relations, a change in absorption leads to a change in
refractive index for each polarization component at different transverse locations, which
is given by

AnE(x,y,0v) = —Aa™(z,y, 6v)dve/20,T (4.11)

Consider n*(z,y,dv) and n~(x,y, o) are the refractive indices of 6% and 6~ polarization
components of the imaging laser beam. For length L of the glass cell, the electric field of

imaging laser beam at the entrance of glass cell is given by
Emne—i(2m/rt—kz)g (412)

with an amplitude FE,.. Therefore, electric field of the imaging laser beam after propaga-

tion through the atomic medium is given by

Eorefz?m/rt efoﬁ (z,y,éu)LezﬁfL (z,y,0v)kL —a~ (x,y,éu)Lein’ (x,y,él/)kLa.f

6T —e

iv/?2

—

E.(x,y,0v) =

(4.13)
Consequently, the transmitted imaging laser beam becomes elliptically polarized. How-
ever, for at(z,y,0v) =~ a (x,y,0r), atomic medium becomes circularly birefringent.

Therefore, the transmitted electric field of imaging laser beam is written as

—

. . il _nt
EOT67127ruTt67a(x,y,6V)Le’m+(IE,yﬁV)kL <a.+ el |:77 (2y,60)—n (x’y’éy)} kLa-)
E.(x,y,0v) =

iv2

(4.14)
where a(x,y,0v) = at(z,y,0v) = o (x,y,0v). As aresult, the transmitted imaging laser

beam exhibits a position and detuning dependent rotation of its plane of polarization. This
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rotation is opposite for ¢(z,y) = +7/2 and ¢(z,y) = —7/2 at a given detuning év and
therefore, at a p, = 2rmodv/k. Since this rotation depends on a transverse location on the
beam wavefront, therefore an image is formed by passing the beam through an analyzing
polarizer Ps with its pass axis oriented at an angle —45° w.r.t. x-axis and by detecting
its transverse intensity profile by an imaging camera-1. The intensity profile is evaluated

and given by

L, (1 - sin([n*(x, y,0v) —n~(x,y, (51/)}]{:L>
2

I(x,y,0v) = (4.15)
where I,, = ceg| By |2e™20@:L /2 ¢ is the speed of light in vacuum and ¢ is the vacuum
permittivity. This intensity profile represents a 2D section transverse to the p,-axis of
the 3D localized phase space pattern. This sectional image at a detuning dv is a sub-

tomograph around p, = 0.

4.5 Experimental Method and Results

The experimental setup in the lab for the sub-tomographic imaging is shown in [Figure 4.4
Experiment is conducted with gaseous 8" Rb atoms filled in a glass cell of length L = 10 cm,
which is shielded from an external magnetic field. A uniform magnetic field ~ 0.25G is
applied along z-axis. Main experimental schematic is shown in Imprinting
laser light is produced by a single mode extended cavity diode laser of linewidth 1 MHz
and its frequency is locked to the D, transition of 87 Rb atoms with a hyperfine ground
state | F, = 2) and an excited state |F,;, = 3) at A\ = 780 nm. Imprinting laser light is passed
through a single mode optical fiber to obtain a broad gaussian beam, which is collimated
by a collimator. In , the imprinting laser beam is first incident on SLM and
a retro-reflected beam is further reflected by a polarization independent beam splitter
BS-2 into a glass cell filled with atomic gas. The material’s optic axis lies in a plane
perpendicular to the direction of propagation of light. If optic axis is paralled to direction
of propagation of light, it will experience reduced birefringence. After reflection by BS-2,
the birefringent phase pattern is denoted by ¢(x,y). However, a transmitted part of the
imprinting laser beam by B.S-2 is imaged by a camera-2 without any lens, which captures
a direct intensity image as shown in[Figure 4.2] (b). It can be seen that no image is formed
on the camera. This transparent birefringent phase pattern is not visible however, only

edges appear in the image due to diffraction at phase boundaries of transmitted beam
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as the image is captured at a distance of 45cm from the pattern. Light transmitted by
a beam splitter BS-1 is absorbed by a beam dumper to avoid any scattering into the
camera. The plane of polarization of light incident on SLM is oriented at an angle —45°
w.r.t. a horizontal axis (z-axis) and this is achieved by rotating polarizer P;. This beam
propagating along -z-axis in the atomic medium is named as imprinting laser beam. Its
polarization is transverse position dependent according to the pattern displayed on SLM.
Imaging laser light is produced by a different single mode extended cavity diode laser of
linewidth 1 MHz, which is locked to the same transition but its frequency can be shifted
by the acoustic-optic modulators. Imaging laser light is passed through a single mode
optical fiber to obtain a broad collimated gaussian beam. This collimated imaging beam
is horizontally polarized along y-axis by a polarizer . The polarized beam propagating
along z-axis is overlapped with the imprinting laser beam in the glass cell. Intensity of
imaging laser beam is ~ 90 PW /cm? and of imprinting laser beam is ~ 1.2 mW /cm?.

In this experiment, it is essential to measure a precise frequency difference between
two laser beams, which is measured by shifting frequency of an extracted imprinting laser
light by —110 MHz and overlapping it with another extracted imaging laser light on a fast
response photodetector Dy as shown in (b). These two laser beams interfere
in time domain with beat frequency equals to a difference of laser frequencies. Frequency
of a laser beat signal is measured by a radio frequency spectrum analyzer and detuning
of imaging laser is evaluated. Rotation of a plane of polarization of imaging laser beam,
after its propagation through the atomic medium, is analyzed by a polarizer P; and its
transverse intensity profile is captured by an EMCCD imaging camera-1 to construct

sub-tomographic image.
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Figure 4.5: (a) Transmittance of atomic medium when both laser beams are linearly
polarized. (b) Photodetector D; output voltage when imprinting laser beam is 6 polar-
ized. (c¢) when imprinting laser beam is 6~ polarized. Dotted line represents the same
plot without imprinting laser beam. Imaging laser beam is linearly polarized in all plots.

A part of the imaging laser beam is reflected by B.S-3 and a mirror onto a large area
photodetector D; after passing it through an analyzing polarizer P; with its pass-axis
oriented at an angle —45° w.r.t. z-axis. This additional arrangement is used to obtained
a frequency response of the atomic medium prior to the tomographic imaging experiment
as shown in [Figure 4.5 Where (a) represents a transmittance of the atomic
medium when imaging and imprinting laser beams are linearly polarized and no pattern is
displayed on SLM. An increase in transmittance is due to saturation of absorption caused
by the imprinting laser beam. However, in contrast to an experiment described in Ref [1],
where transmittance is important to construct a tomograph, in the present experiment
the transmittance variation is not critically important. The detuning of imaging laser

beam is measured w.r.t the peak of transmittance.

In [Figure 4.5 (b), a 67 polarized imprinting laser beam is passed through the atomic
medium, which produces a rotation of the plane of polarization of the imaging laser beam,
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which is measured by P, and photodetector D; at different detuning dv. In
(c), aa 6~ polarized imprinting laser beam is passed through the atomic medium, which
produces an opposite rotation of the plane of polarization of imaging laser beam. A dotted
line in plots of (a), (b) and (c) is the medium reponse when only imaging laser
beam is passed through it and imprinting laser beam is blocked. In (a),
imaging laser power is twenty percent higher than other plots. This experiment signifies
the effect of imprinting laser beam. Therefore, atomic medium shows detectable response
for different circular polarizations. After this measurement, a sub-tomographic imaging

experiment is performed.

(a) (b)
oV =—-114MHz oV = +8.6 MHz
W=82mm, H=8.2mm W=82mm, H=82mm
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Figure 4.6: Two sub-tomographs of a 3D phase space localized pattern. Each plot is an
experimentally constructed image, p(x,y,ov) = — ln(I’"(gE’y’é")). (a) For v = —11.4 MHz.

I (z,y,0v)
(b) An inverted image for ov = +8.6 MHz.

Experiment is controlled by a Lab-View program. A 3D position space localized pattern
is displayed on SLM. To obtain a sub-tomographic image of a 3D phase space localized
pattern, four different images are acquired for 200 msec time of exposure on EMCCD
imaging camera 1, where each images is separated by a time interval of 700 m sec from an
adjacent images. First image is discarded and it is captured to clear the noise accumulated
on EMCCD camera. A second image is captured in presence of imaging laser beam, in
absence of imprinting laser beam and is denoted by I;(x,y,0v). A third image is captured

in presence of imaging and imprinting laser beams, it corrresponds to the image field and
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denoted by I,,(z,y,0v). A fourth image denoted by I;(z,y) is captured in absence of
imaging laser beam and in presence of imprinting laser beam. This images captures only
the scattered light of imprinting laser beam. A background corrected image field is given

by I.(x,y,0v) = In(x,y,6v) — If(z,y). A final sub-tomographic image at a detuning
I (z,y,0v)
I;(z,y,0v)
positive if a plane of polarization is rotated away from the pass-axis of polarizer P; and

dv is constructed and given by p(z,y,d0v) = —ln( ) Therefore, p(x,y,dv) is
negative if a plane of polarization is rotated towards the pass-axis, which is also evident
from |[Figure 4.5 Two experimentally constructed sub-tomographic 2D images are shown
in [Figure 4.6, where (a) corresponds to a transverse section at év = —11.4MHz and
(b) corresponds to a transverse section at ov = +8.6 MHz. These two sub-tomographic

images are inverted w.r.t. each other.

4.6 Conclusion

This is the first experiment performed to image transparent birefringent phase pattern
localized in phase space. It is an extension of an experiment described in Ref [1]. The
experiment in Ref [1] can imprint and image only light absorbing objects. However, ex-
periment conducted for the thesis can image objects which donot absorb light but exhibit
polarization dependent phase shift of the transmitted light. Therefore, these phase space
localized objects can modify the polarization of the transmitted light without absorption.
The imprinting and tomographic imaging of such polarization-sensitive transparent pat-
tern is the motivation behind the concept and experiment presented in the thesis. The

present experiment is different from the Ref |1] experiment for the light absorbing pattern.

In the work described in this chapter, a transparent birefringent phase pattern was
imrinted and imaged onto a phase space of an atomic gaseous medium by using atomic
state dependent velocity selective hole burning. The transparent birefringent phase pat-
tern changed the phase of transmitted light depending on the polarization and position of
incident light. An imaging laser interacted with a position localized transparent birefrin-
gent phase pattern and is passed through a Doppler broadened atomic gaseous medium
to imprint the pattern onto a phase space of atoms at room temperature. This pattern
was imaged using a counter-propagating imaging laser beam of variable frequency. Af-
ter imaging beam’s polarization analysis, it was detected by a camera to construct two
sub-tomographs of the imprinted phase space localized pattern. The two sub-tomographs

obtained in this experiment were inverted w.r.t. each other. These two sub-tomographs
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are separated by 20 MHz. This experiment can find applications where different position
space transparent images can be selectively labeled by the momentum of atoms in phase-
space. These different images can be reconstructed tomographically from the phase-space
at different frequency of the imaging laser beam. From a direct application perspective,
a real advantage of this type of image reconstruction is the extremely narrow frequency
selectivity offered by the atomic medium, which corresponds to few tens of MHz. This
is an extremely narrow optical multi-bandpass image filter. However, the main focus
of this experiment is on the foundational significance of the concept introduced and its

experimental feasibility.






Chapter 5
Conclusion

In this thesis, a novel concept and experiment of phase-space localized patterns and their
tomographic imaging introduced by Mandip Singh in Ref [1] is discussed. The experi-
ment is conducted with Rubidium atoms at room temperature. The thesis began with
understanding the fine and hyperfine splitting in energy levels of 8" Rb and ®°Rb. Fine
structure splitting due to the coupling of electron’s spin magnetic moment with the mag-
netic field of proton was explained. These fine energy levels are further split into hyperfine
energy levels. This hyperfine splitting in energy levels of electronic state is due to the
interaction of electromagnetic field produced by the electrons at the nucleus with the elec-
tromagnetic multipole moments possessed by the nucleus. These hyperfine energy levels
are not resolved due to Doppler broadening. The saturation absorption spectroscopy
experiment was performed to resolve these hyperfine energy levels. In saturated absorp-
tion spectroscopy, two counterpropagating pump and probe beams were allowed to pass
through the atomic vapor. The absorption of pump beam increased when it matches the
resonant transition frequency of an atom, thereby increasing the transmission of probe
beam. This change in absorption of probe beam generated signals in saturated absorp-
tion spectroscopy. Another experiment i.e. polarization doppler free spectroscopy was
also performed. In polarization spectroscopy, the pump wave causes a change in the ab-
sorption coefficient o as well as a change in refractive index n. The signals in the latter
arised due to the change in the probe light polarization state induced by a polarized pump
wave. The signals for laser frequency locking was generated using the setup of polarization

spectroscopy.

The understanding of the atomic structure of Rubidium atoms provided a motivation

for phase space imaging experiment. It is known that in conventional imaging exper-

71
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iments, optically responsive objects in position space can be imaged using a lens and
hence viewed by the human eye. The work described in this thesis goes beyond this usual
imaging in position space and explained the concept of imaging phase space patterns.
The pattern in phase space cannot be imaged with a lens conventionally and cannot be
seen by the human eye. It is discussed how a stationary structural pattern can be cre-
ated from object transparencies and imprinted onto the phase space of an atomic gaseous
medium at room temperature. The experiment is based on the concept of velocity se-
lective hole burning in the Doppler broadened absorption profile of an atomic gaseous
medium. In contrast to previous work described in Ref [1], the current research is fo-
cussed on transparent phase-space localized patterns. The theory behind the imrinting
and imaging of a transparent birefringent pattern in phase space of rubidium atoms is ex-
plained. Such a transparent birefringent phase pattern changes the phase of transmitted
light, which depends on polarization and position of incident light without absorption.
An experiment was conducted to imprint the birefringent phase pattern onto a phase
space of an atomic gaseous medium by using atomic state dependent velocity selective
hole burning. A laser beam of constant frequency, after interaction with a position space
localized transparent birefringent phase patter, is passed through a Doppler broadened
atomic gaseous medium to imprint the pattern onto a phase space of atoms at room
temperature. The pattern is localized in a unique three dimensional subspace of a six-
dimensional phase space of atoms. A linearly polarized counter-propagating and overlap-
ping imaging laser beam of variable frequency is detected by a camera after its polarization

analysis to construct two sub-tomographs of the imprinted phase space localized pattern.
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