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Abstract

Optical difraction of laser beam from finite size of conventional optevices imposes a
fundamental limitation for the creation and detection dfwavelength images. Such optical
systems can not focus laser beam onto an area smaller thahaabguare of the wavelength.
In this thesis, we utilize dierent quantum interferencéects to control the dliraction and
overcome the diraction-limit. The quantum interference phenomena ineladherent pop-
ulation trapping (CPT), electromagnetically induced tparency (EIT), double dark reso-
nances (DDR) and active Raman gain (ARG).

The quantum optical phenomena result in dramatic modifinadf the absorptive and
dispersive properties of an atomic vapor. We exploit theemgly modified optical properties
of coherent media to control thefffaction via spatially dependent coherent fields. The spatia
modulation in the dispersion is used to write a waveguidé@aweguide) by using a laser
beam for confining or focusing (defocusing) of another l&gam in an atomic vapor. Also by
suitably tailoring the absorption (or gain) and disperssbthe medium along the transverse
direction, we predict a possibility of transferring théfiction-limited information from one
light wave to another light wave beyond théfdaction-limit.

Based on CPT and EIT in a three-level atomic system, we studydssbility of cloning
of arbitrary images encoded in the spatial profile of a cdriieam onto a probe beam. We
consider both weak probe field and probe field with strengthparable to the control field,
and discuss the flerences of beam propagation in the weak and strong fieldslirimterest-
ingly, we find that feature size of cloned probe field is redliog a factor of two as compared
to that of the original control field structure.

Further, we use quantum interferendkeets induced by DDR in a four-level atomic sys-
tem to improve the resolution of the cloned images. A hightast atomic waveguide struc-
ture is formed inside the medium by using three coherentsfighdl an incoherent pump field.
This waveguide enables us to imprint the Rayleigh- or Spationted control field images
to a probe field with high resolution. We find that the feature &f the cloned image is four
times smaller than the initial characteristic size of thatoal image. We also discuss that
in the absence of incoherent pump field, the microwave fieldhvbonnects the lower level
metastable states of a four-level system can swit¢hfbthe probe beam propagation inside
the medium .
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XVi

Next, we propose an all-optical antiwaveguide mechanisndiidraction-free steering,
splitting, and cloning of an optical beam. We use a spatiahomogeneous pump beam
to create an antiwaveguide structure in a Doppler broadéhgge four-level Raman gain
medium for a copropagating weak probe beam. We find that ati@uhl control field permits
the propagation of probe beam through an otherwise gainunmedithout dffraction and
instability. We also establish that an arbitrary image imjexd initially on pump beam can be
cloned onto the transmission profile of the probe beam. Manedhe resolution of cloned
image is increased twice as compared to the initial resoiuwgf pump image.
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Preface

The present thesis work deals with control of laser bedfredtion by using coherent control
fields in optical media. Our study shows afii@ent transfer of any arbitrary information
imprinted on the envelope of a laser beam to another copatipaglaser beam beyond the
diffraction-limit. The spatially dependent coherent fields ased to engineer the optical
properties of coherent media in order to control th@rdction and surpass thefitaction-
limit. The following chapters will be included in this thesi

Chapter 1 reviews a full treatment of semiclassical theory of lighatter interaction.
We begin with derivation of atomic Hamiltonian under elexttipole approximation. We
next derive an fective Hamiltonian for a two-level and three-level atomasepely under
rotating wave approximation (RWA). We then obtain an exgigs for linear and nonlinear
responses of a two-level and three-level atomic mediumsé&lagomic responses have been
used to describe their optical properties in terms of aligormnd dispersion. Next, we
proceed by deriving a self-consistent theory of the optieaponse of atomic medium by
writing Maxwell’s equations in an atomic medium. Furthera®vell’s wave equation has
been reduced to paraxial wave equation in medium as wellfaserspace. This chapter will
end with a discussion on free-space standard solutionsrakigd Helmholtz equation.

Chapter 2 discusses how an arbitrary image encoded in the spatialgpaifa control
beam is mapped onto a probe beam with increased resolutianhake utilized the phe-
nomena of electromagnetically induced transparency (&ihf)coherent population trapping
(CPT) in three-leveN-system to achieve the goal. We focus on two field intensigymes of
probe field. In one regime, the probe field is weaker than obfigld. On the other regime,
both fields have comparable strength. Thus, we includefteetef linear as well as nonlinear
response of the medium on the propagation dynamics for yottepand control fields.

XVii
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Xviii Chapter 0. Preface

Chapter 3 introduces a scheme for improvement of spatial resolutice Rayleigh- or
Sparrow-limited images. We have explored the sharp spdeimtures based on quantum
interference fects induced by double dark resonances (DDR) in a four-ldeehia system.
The focus of this chapter is how resolution can be improvedderal factors relative to
an EIT system in the vicinity of these sharp features. We stitat the application of an
incoherent pump can give rise to high contrast spatial feataf difraction-limited images.

Chapter 4 describes an all-optical antiwaveguidin@ieets in a Doppler broadened active
Raman gain (ARG) medium composed ftype four-level®’Rb atoms. We have utilized
antiwaveguide mechanism to show beam steering, splitingd,cloning of an optical beam
beyond the diraction-limit. A spatially inhomogeneous pump beam hashesed to cre-
ate an antiwaveguide structure for a copropagating wedkepbeam. Transverse modulated
index of refraction and gain due to the spatially dependantpbeam hold the keys for steer-
ing, splitting and cloning of an optical beam. We show that/ fam extra control field permits
the propagation of an optical beam through an otherwisergastium without difraction and
instability.

Chapter 5includes a brief summary of important findings for improvsgatial resolution
of diffraction-limited images by exploringftierent quantum optical phenomena.

Appendix A describes a numerical technique based on split-step Fouathod to solve
the paraxial wave equations in optical media.
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Chapter 1
Introduction

Diffraction phenomenon in optics is an inevitable subject whkidhbits the wave nature of
light discovered by C. Huygens and A. J. Fresnel in 17th cgijfijr The origin of difraction

is that any wave envelope or image with finite size can be densd as a group of flerent
plane-wave components. Each plane wave component acguiresjue phase shift during
propagation either in free space or medium. The superposdf all plane wave compo-
nents at any point in space withfidirent phases leads paraxial spreading firatition. This
also implies that wave envelope or an arbitrary image aadioe a laser beam is subjected
to diffraction and hence, it is distorted after propagating thinoongdium or vacuum. Opti-
cal diffraction imposes a fundamental limitation to the creatiaigdtion or transmission of
images in traditional optics and determines the minimura sizan image. In 19th century
Lord Rayleigh discovered the first theoretical limit on a gdaesolution of an optical sys-
tem coined as Rayleigh criterio,[3]. Rayleigh’s criterion states that two point sources of
coherent light are said to be just resolved when the priherimum of the Airy pattern
generated from one point source matches with the first mimratithe other. The typical or-
der of the Rayleigh limit is a value comparable to half of thev@langth {/2) of laser beam.
This leads to restriction over focusing of a laser beam irdesred spot.

A glimpse through the history of development of opticdfrdiction criterion provides a
wide area of theoretical and experimental research in varfields. Resolution enhancement
or surpassing the firaction limit is essential in various applications covgrinetrology, op-
tical imaging, image processing, biological imaging, ragoopy, and optical lithography.
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2 Chapter 1. Introduction

A large number of theoretical and experimental researck baen carried out for reduc-
ing diffraction and breaking the classicaftdaction-limit. To reduce the @raction spreading
lots of attempt have been made. For instance, confininggheblieam in a physical waveguide
like an optical fiber was a successfufat upto a certain extend]. Optical fiber supports
single-mode as well as multi-mode of light propagation. Adtical fiber is a cylindrical
waveguide made of a central core surrounded by a claddireg. [dye light can be confined
inside the narrow core by virtue of refractive index vanati where refractive index of the
core is higher than that of the cladding. This causes lightrb® obey the principle of total
internal reflection and remain confined inside the core atbadiber axis without any further
diffraction. However, the energy of the light beam in the fiberasaompletely confined in
the core region. A significant fraction of the injected eretrgvels into the cladding in the
form of an evanescent wave. Other major losses in optical diteeprimarily due to scattering
and absorption which causes reduction and attenuatior imtensity of the light beam. This
loss in intensity and distortion due to dispersion putsriegin on information transmission
by optical fiber which redirects to alternatives of optichEfi.

Guiding light through a nonlinear medium provides flexigilio overcome the fiber’s
limitations. Optical difraction can be greatly suppressed, eliminated or evensedéry using
light-matter interaction. The invention of laser in modeuantum optics and its interaction
with matter provided a new way to control the optical progsrby means of nonlinearity
in the medium. In a nonlinear medium, optical propertiehsag absorption and dispersion
are modified and enhanced to a great extent. More intergstithg coherent medium with
modified and improved optical properties can be used futiheontrol the propagation of
laser fields.

Numerous attempt have been made in order to elaboratedigtiing in all-optical pro-
cessing. In this context, optical soliton has been intreduo overcome or reduce the loss in
intensity and distortion occurring in optical fiber. Sphbatical solitons are stable solitary
wave formed when the medium nonlinearity balances tlffeagtion-induced beam spread-
ing [5, 6]. Spatial optical solitons have been found to play the mejte because of their
self-induced focusing and creating its own waveguifiea over a significant distances. The
advantage of using spatial solitons is that they can prdpamzer longer distances without
changing their shape. Optical solitons have huge infolwnatiarrying capacity in optical
communication systems as compared to optical fiBerijluch of the recent progress in this
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area exploits the spatial brigh][and dark P] solitons to write a waveguide in a kerr non-
linear medium. Kerr nonlinearity takes place in a medium rgheriation in an index of
refraction is proportional to the intensity of the laserdif8, 6, 10, 11]. Fuenteet al. first ex-
perimentally demonstrated that a waveguide structure eamritten by using a bright spatial
soliton in bulk media12]. In their experiment, an intense pump beam forming a solits
used for waveguiding a weak probe beam. Luther-Davies amwdockers have demonstrated
that the dark soliton can also induce waveguides for guidipgpbe beam in a nonlinear ther-
mal media 13]. Their experiment showed that a pair of diverging darktsok can form a
“Y junction” that splits a single input beam into two indeplemt guided beams. Moreover,
they have optically produced such a waveguide that can leeesteand used to produce an
optical switchyard 14]. Formation of waveguide is also possible by using a spatéton

in the bulk photorefractive material as reported by Morin anlleagues15]. According to
them, guiding éiciency can be enhanced using tapered waveguides.

In comparison with bulk nonlinear media, spatial solitonduced in atomic media has
been utilized for waveguiding a weak probe beam. BortmanvAeb al. have suggested
spatial solitons based waveguiding in a medium composedafdvel atoms16, 17]. They
have shown that a strong pump beam which forms soliton, casteroptical waveguiding
effect for a co-propagating weak probe beam. They found thatréimsverse profile of the
pump exhibits soliton like oscillations which gets mimic tognsmitted probe beam profile.
They have also predicted the importance of new four-wavangixXFWM) process on the
induced waveguidelB-20]. FWM is a nonlinear process arising where at least twledent
frequency components propagate together in a nonlinearumeand a new weak wave is
generated. They studied the importance afidcg of this weak beam on the waveguiding
specially when the medium is optically thick.

Achieving a high intensity laser beam is a major concern tmfa spatial soliton in con-
ventional nonlinear mediun2[l]. Taking into account the equivalent incorporation of gase
medium, recent developments introduce an all-optical gaxkng at low light intensities.
An all-optical waveguide describes to an electromagniicaduced waveguide whose re-
fractive index profile varies transversely by spatially elegent control beam. The physical
significance of such induced waveguides is that their pt@secan be controlled by changing
the properties of the control beam in order to fulfill somedseeAdditionally, an all-optical
waveguide can be created even by comparatively low power tEsams whose divergence is
not very severe over a short propagation distance.
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4 Chapter 1. Introduction

The interaction of laser field with atomic vapor media pr@#c remarkable changes in
optical properties of medium as well as laser field propagaf22]. Laser field interacting
with atoms in a vapor medium induces atomic transition. ‘Bhdgnic transition or excitation
to different coherently coupled atomic levels leads to generatfcatomic coherence be-
tween levels. The quantum interference between inducediatmoherences are essential to
demonstrate many interesting quantum optical phenomestaagicoherent population trap-
ping (CPT) R3, 24], electromagnetically induced transparency (EIZ9,[26], lasing without
inversion (LWI) [27-30] and saturated absorption techniquadg, [32]. Quantum coherence
and interferenceftects can give rise to dramatic enhancement of the refraciilex without
absorption 83-36]. The coherencefkect of the stimulated Raman process has been explored
to reduce the probe field attenuation or distortion resglitman absorptive medium. The ac-
tive Raman gain (ARG) schemes result in a gain spectrum by tipgi@oms in a stimulated
Raman emission mod&7, 38]. The spatial variations of enhanced dispersive propdrtiie
medium can be utilized to control thefllaction spreading of laser beams. The exceptionally
high eficiency of vapor medium through nonlinear interactions eeka its role in all-optical
waveguiding B9, 40Q].

Most of the research in nonlinear optics is concentratedl@ctremagnetically induced
transparency (EIT). In an EIT process, a strong control bisamed to reduce the absorption
and enhance the refractive index of medium around the resenaf a co-propagating weak
probe beam. Most importantly, a suitable spatial depengieiiie of the control beam pat-
terns a waveguide like structure by modulating refractigek in transverse directions. This
special inhomogeneous character of refractive index leadsnfinement of co-propagating
weak probe beam. There are a large number of theoreticalkcficets and experimental re-
alizations to accomplish all-optical waveguiding in EIT aiiem. Moseleyet al. have the-
oretically suggested and experimentally verified elecagnetically induced focusing and
defocusing of probe beam in EIT mediudil] 42]. The difraction-limited beam propaga-
tion was first experimentally demonstrated in a pure 18&t#Pb) vapor medium by Kasapt
al. [43]. They have generated a spatial profile of probe beam by agsinrough an aper-
ture. By controlling the detuning of control beam, they haveven the propagation of spa-
tially modulated probe beam with and without distortion.uJcottet al. were the first to
demonstrate experimentally the formation of opticallytten waveguide in an atomic rubid-
ium vapor B4]. In this experiment, rubidium atoms form a three-leveldsitiguration, where
a weak probe beam and a strong pump beam are coupled tofteredt excited states while
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sharing a common ground state. They have used pump beam katiuarre-Gaussian charge
3 doughnut-shaped profile to pattern an atomic waveguidguialing weak probe beam. The
doughnut-shaped pump beam creates a steep-sided redriactax spatial profile by coherent
pumping the ground state population to one of the excitaesta heir experiment was later
examined in great detail theoretically by Kapaatral. [45] and Andersoret al.[46] by con-
sidering full density matrix treatment. The spatially vagyrefractive index is also accounted
for induced focusing47, 48], transverse confinemem9, 50], self-imaging p1], and optical
beam steeringg2-54).

In comparison with EIT approach, saturated absorptiontspsmopy technique in two-
level atoms has also been utilized to shotirdction-free propagation of laser beams. This
mechanism fiers promising advantages in slow light propagation whichely useful for
guantum information technolog®p, 56]. In this technique, a strong pump beam creates a
very narrow spectral hole in the absorption profile of a cppgating weak beam which leads
to an increase in its transmissio®l] 32]. This induced spectral hole is accompanied by a
strong dispersion which causes slow light propagationlidiitg this saturation absorption
mechanism, Deet al. [57] have recently proposed a waveguiding scheme in a two-level
system. By taking dierent spatial modes of pump beam, they showed that paraffraaiion
of probe beam can be partially eliminated in saturated g@iisermedium. They found that a
super-Gaussian profile is preferable as compared to otmep peam shapes forftliaction-
free propagation of Gaussian probe beam. Furthermore,hfey presupposed that how a
probe beam partially acquires the transverse shape of peamp ht the output of the medium
which might be applicable in optical microscopy.

In addition to the previous mechanism, coherent Raman psanesibidium atoms have
been used for all-optical waveguiding by Pravetml. [58]. They modeled atoms as three-
level A-system and operated inffaeesonance Raman configuration. Taking into account
the Raman resonance phenomenon, they observed that thelsgnatransmission rapidly
changes and resulted in a sharp variation in refractivexiatisignal frequencies near Raman
resonance. They used control beam as a first order Laguauss@n mode to induce a fiber
like index variation for confining a weak signal beam. Thejpe&riment shows that the cou-
pling eficiency of the guided signal beam has a linear relationship imput signal beam.
Their findings predicted that induced atomic waveguide maydeful in icient nonlinear
processes at very low power beams.
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6 Chapter 1. Introduction

Objective of the above mentioned study is meant to summtremetical and experimen-
tal approaches so far for suppressing thé&alction. However, all of these optically written
waveguide based schemes are limited to either a singleveesesmode or only certain spa-
tial modes of guiding beam. Besides the various advantagiesé attempts, specific mode
propagation restricts their applicability in emergingaasuch as image processing with high
resolution, quantum information processing, data stoeagkoptical imaging. Thus so far,
waveguiding with multimode profiles have not been impleradrm above mentioned guiding
schemes. With all of these limitation to the context dfrdiction in mind, intensive research
has been carried out in modern optics. Theoretical invattigs as well as experimental
examination were carried out currently for surpassing flfieatttion and enhancing the reso-
lution in multimode wave profile.

An entirely difrent approch of transmission of an arbitrary image by meansdimode
incoherent soliton in self-focusing nonlinear medium hasrbused by Kiget al. [59] . In
their experiment they used affaiently broad and spatially incoherent soliton to write d-mu
timode waveguide in a photorefractive crystal. The numbbeuaded modes of that induced
waveguide are large enough to supports the transmissiom iotaherent image through the
nonlinear medium. This scheme was remarkable but limitetiearansmission of only an
incoherent image. In case of coherent images, destructithe @amage information is caused
by both modal and modulational instability, which lead tarilentation of parts of the image.

In a very recent study, a more challenging and counteriméuéipproach to remove the
restriction over spatial modes has been theoreticallygeeg and experimentally verified by
Firstenberget al. [60-62]. This scheme is fundamentallyftirent from stationary waveg-
uide methods in the sense that the nonuniformity in sudaiéptiis created in momentum
space instead of real space. They have exploited the atbenimal motions and collisions to
eliminate the paraxial ffraction of arbitrary images under EIT mechanism. The uydegl
physics in this approach can be explained as the phéeeatice acquired during propagation
for each plane-wave component of the image is exactly cosgied by an additional phase
shift induced by the atomic motion, thus leading to the elmtion of difraction. Experi-
mental challenge associated with this method is that itraesuan explicit breaking of the
usual two-photon resonance condition such that strongptisio occurs. This strong attenu-
ation results inherent loss in resolution which restrictgpplicability in quantum information
technology. Recently, Zharet al. [63] have exploited the thermal motion of atoms to show
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the difraction-less propagation of an arbitrary image and frequeonversion via four-wave
mixing process.

For the progress in this study, theffdaction-less propagation of multimode light beam
through optically written waveguides is theoretically deratrated by Det al. [64]. They
have used Laguerre-Gaussian control beam to write wavedardconfining probe beam in
off-resonant Raman system. They have shown that a probe beam sitble Gaussian, two
Gaussian modes, and multiple secant-hyperbolic shapebteanopagated without fiifac-
tion. This difraction-less propagation of multimode transverse imagk®es the dificulty of
waveguides which were earlier limited to a single transyenede. Moreover, they have also
predicted that by varying the spot size of the Laguerre-&aunscontrol beam it is possible to
control the transmission and feature size of the outputgl@am. This scheme introduces a
novel approach for the propagation of arbitrary images imwatomic vapors.

A significant contribution in theoretical and experimergpproaches to limit the firac-
tion sets a milestone. However, the proposed investigaaoa their applicability in dierent
areas are limited due to less resolution and distortion liitrary image processing. Reso-
lution enhancement is the ultimate purpose for creatioteati®n and transmission of the
smaller images. The light-matter interaction provides demariety of difraction-free tech-
niques to beat the fundamentatfdaction-limit in both near-field and far-field regimes. For
examples, near-field and far-field fluorescence spectrggeapniques are used to obtain 3D
image of living cells g5, 66]. In another proposal, possibility to attain spatial resioin of a
fraction of wavelength of light has been developed by stated emission depletion (STED)
fluorescence microscop¥[-69|. In these optical microscopy techniques, an object with
nanometer resolution could be imaged by recording fluorescspectrum from single atoms
or molecules. The position of an atom with subwavelengtltipren have been measured
using classical field amplitude and phase arrangementsitpats [0, 71]. Even more ap-
preciable work has been explored by coherent coupling ohigteystem with standing wave,
to measure the separation between two closely situatedsgditZn73]. Changet al. have
suggested a new microscopy scheme that can determine ta@asep between two identical
atoms with subwavelength precisiord]. In this scheme, two identical atoms are interacting
with a standing wave laser field in a cavity. The informatiboat atoms position is extracted
from the collective resonance fluorescence spectrum ofatdire quadrature-field measure-
ment of nonclassical fields are also used to locate the positi atom with subwavelength
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8 Chapter 1. Introduction

accuracy by moving atomic beam through a cavity{78]. These schemes are based on the
concept of virtual slits formed by localized atoms.

Recently, several new atomic localization schemes have jpegosed by detecting the
spontaneously emitted photor®®]. These methods also exploited the interaction of the atom
with the classical standing wave field. An atomic locali@gatscheme by using a simple
two-level system interacting with the classical standivaye field has been suggested by
Qamaret al.[80]. They measured the resonance fluorescence spectrum frotevel atomic
system and extracted information about the position of thena The precise measurement
of atom position has been increased by utilizing threetlE8%& 82] and four-level atomic
systems83]. The amplitude and phase control of the absorpt®#) 4nd gain B5| spectrum
of four-level atomic system have been also exploited fomsaelength atom localization.

Optical lithography techniques based on classical fields Heeen limited due to the
diffraction. In optical lithography, a light field is used to e&cBubstrate for writing a pattern
which is widely used in microchip semiconductor industii@6]. However, optical lithog-
raphy based on classical field approach can create streabur@ scale comparable to half
of the wavelength of light{/2). Therefore, quantum optical based schemes are applied fo
the fabrication of small mask structures in optical litheyginy beyond the éiraction-limit.
Botoet al. discussed theoretically to surpass thigrdction-limit by using nonclassical quan-
tum nature of entangled-photon B7]. Interestingly, they showed that it is possible to create
structures with minimum size af/(2N) in anN-photon absorbing substrate. This theoretical
prediction was later verified experimentally by Angelioal. via utilizing two-photon entan-
gled states§8]. Their experimental results show that the classicéfalttion-limit can be
beaten by a factor of two. Recently, fKieret al. have proposed a new approach based on
CPT to obtain same spatial resoluti@(2N) which does not need ad-photon absorption
process §9]. This scheme utilizes a position dependent dark state xp@sng the atoms
with standing wave patterns and requires multilambda systend multiple laser beams. To
avoid the requirement of multiphoton absorption or entamgint of the photons, Liagt al.
have suggested a new method to subwavelength lithographiRabi oscillations between
two atomic levels90]. Quantum optical lithography with subwavelength resoluthas been
later predicted by using classical field in Doppleron-typsonances9[l]. Optical lithogra-
phy with super-resolution has been also suggested viatten betweem-type atoms and
temporally-cascaded driving fieldgJ].
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1.1. Theoretical background of atom-field interaction 9

1.1 Theoretical background of atom-field interaction

Before beginning the detailed discussion on light-matteraction in quantum optics, it is
important to first understand the fundamentals of semiidaltheory. In semiclassical theory,
the atoms are treated as quantum system with their disanetg\elevels and the fields are
treated classically. The dynamics of atoms are governed dyypaopriate density operator
obeying the Liouville equation. The basic Maxwell's eqoas of classical electrodynamics
are used to describe the propagation of electromagnetisfigVe start with the derivation of
atom-field interaction Hamiltonian from a gauge invariapoet of view and then simplify it
under electric dipole approximation.

1.1.1 Atom-field interaction Hamiltonian

We consider the interaction between the electromagnetdasfend alkali metal atoms. All
alkali atoms have a single electron in their outermost shieile inner shells are nearly filled.
In such atoms, the outer electron of chargeand massn is bound to the nucleus by the
Coulomb interactiorV/(r). In the presence d¥(r), the Hamiltonian of the electron is ex-

pressed as
2

Ho = ;)—m +V(r), (1.1)

whereP is the canonical momentum amds the position of the electron. We now derive
the Hamiltonian of the electron in the presence of extertet®magnetic (em) fields. The
electric fieldE and magnetic fiel@8 associated with em field can be expressed in the following
form:

E(r,t) = —VO(r,1) — %%A(r,t) (1.2)

B(r,t) = Vx AT, 1), (1.3)

whereA(r,t) is the vector potential and(r,t) is the scalar potential of the external fietd,
is the speed of light in vacuum. Using these expressionshfofields in the Lorentz force
equation:F = —¢[E + (V x B)/c] and comparing it with classical Lagrange’s equation, one
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10 Chapter 1. Introduction

can readily find the modified Hamiltonian as

2
H = %n[m SA(r,t)] —ed(r,1). (1.4)

Thus the total Hamiltonian of atom-field system takes thi¥ahg form

2
H = %n[p N EA(r,t)] —ed(r,t) + V(). (1.5)

We now discuss the motion of the electron in the nuclear aterexl fields and derive this
total Hamiltonian from a gauge invariant point of view.

1.1.2 Interaction Hamiltonian under gauge transformation

In quantum mechanics the quantization of the particle moigsodone by replacing all ob-
servables by their operators forms such as momefum P = —izV, and the total energy
ESE = ih(%,
in the nuclear field is described by the non-relativisticif®dimger equation:

wherefi = h/2r is the reduced Planck’s constant. Thus the motion of anrelect

ihﬁly(r t) = _—th2+V(r) ¥(r, 1) (1.6)
at 7 |2me e '

where¥(r, t) is the wave function of the quantum system and the quantiy, t)|* gives the
probability density of finding an electron at positiorand time t. The general solution of
Eq. (1.6) can be written as:

W(r, 1) = y(r, e, (1.7)

wherey is an arbitrary scalar function and does nfieet the probability density. Therefore,
the phase factoy is optional as the two wave functiondi@dring by a constant phase factor
signify the same physical state. However, if the phase isation of both space and time
variables, then the solution of the following form

W(r, 1) = w(r, )exr | (1.8)

does not satisfy the Sabdinger equation Eql(6), but the probability density still remains
invariant under this transformation. Therefore, we mustliiiyahe Schibdinger equation in

TH-1364_09612130
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order to satisfy local gauge or phase invariance. The mad8@hbdinger equation is given
by

2m
where the functiong\(r,t) and ®(r,t) on right hand side of Eq.1(9 represent the usual

ih%‘l’(r,t) - {i[—ihv + EA(r,t) o ed(r, 1) + V(r)} ¥(r, 1), (1.9)

vector and scalar potentials of the external electromagietd, respectively. In order to
make Eg. {.9) invariant under a transformation akin in Eq4.§), the functionsA(r,t) and
®(r,t) has to be replaced by their gauge transformations

A(r,t) > A'(r,t) = A(r,t) — %CVX(r,t) : (1.10)

e hox(r,t)
(D(r,t)—>cD(r,t)_®(r,t)+e 5 N

Under these gauge transformations, the fi&ldsdB remain invariant93]. After simplifi-
cation and rearrangement, the Ef.9 takes new form

(1.11)

0 .
in= (.0 = A¥(r. ). (1.12)

whereH is the total Hamiltonian and is given by

~ 2 i
H = _%VZ — %{A(r,t) V+V-A®r, D] + %A(r,t) A, 1)
—ed(r, 1) + V(1) (1.13)

We simplify H by considering Coulomb gauge condition, i®(r,t) = 0 andV - A(r, t) = 0.
The total Hamiltonian in the radiation gauge becomes

N R, ien e
H = _Z—mV +V(r) - H:A(r,t) -V + WA(H) A(r,1). (1.14)

We further simplify the above Hamiltonian under a reasomabplproximation known as dipole
approximation.
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1.1.3 The electric dipole approximation

We are interested in a problem of the bound electron and hawer in the presence of an
incident plane electromagnetic wave. A plane electromtgmave is described by a vector
potentialA(ro + r, t):

A(ro+r,t) = Al)exdik - (ro+r)], (1.15)

whererg is location of nucleus of the atom. We assume that the wagtieof the electro-
magnetic field is much larger than the typical size of the ataimich is of the order of the
Bohr radiusag. Thus the spatial variation of electromagnetic field is yeeonstant over the
dimension of the atom. Under this approximati&n,r << 1, wherelk| = 2r/1 is the wave
vector andl is the wavelength of the radiation field, the vector potéta be written as

A(ro+r,t) = A(t)exdik - (ro + )]
= A@)expik - ro)(L+ik-r +...)
~ A(t)exp(k - ro). (1.16)

This is so called theélectric dipole approximatich Hence a spatially uniform vector po-
tential A(ro + r,t) = A(ro,t) is considered in further study. The total Hamiltonian foe t
field-atom interaction in the dipole approximation is gi®n

A

" _, ien &€ .,
~5 V2 V() = A0t -V + 5 Ao ). (1.17)

We now perform a gauge transformation usig,t) = (—e/%ic)A(ro,t) - r. Thus the wave
function¥(r, t) of Eq. (1.8) takes new form

W(r,t) = exp{;_l—ifA(ro, ) r]w(r,t), (1.18)

Substituting Eg.1.17) and Eq. 1.18 in Schibdinger Eq. {.12 and after simplification, we
find

: —ieA - - v
| == (ro,t)-rw(r,t)+¢(r,t)]_[—Env + (r)]w(r,t).
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1.2. Interaction of light with a system of two-level atoms 13

We can express thE field atrq in terms of the Coulomb gauge potential B&o,t) =
—22A(ro,t). Therefore the simplified form of Sdbdinger equation under electric dipole

approximation is given by

ihﬁw(r t) = {—h—zvz +V(r)+er - E(r t)} w(r,t)
at” 7l 2m o ’

= (Ho + Hu(r,1). (1.19)

whereHj is the unperturbed Hamiltonian in the absence of the intidisttric field and is
given by

22
Ho = —;’—mVZ +V(r), (1.20)

andH, represents interaction Hamiltonian of atom-field systetaraflectric dipole approxi-
mation. This is expressed as

H, = ef - E(ro,t) = —d - E(ro, 1), (1.21)

whered (= —€f) is the electric dipole moment operator of the atom. Thisramttion Hamil-
tonian has been used to study the atom-field interaction irffasthcoming problems. One
of the simplest problems of atom-field interaction is a twweel atomic model system. A
two-level atomic system can be realized in the experimer@nadmly two atomic levels are
resonant or nearly resonant with the frequency of incidentadiation, while all other levels
are highly detuned. We therefore present the basic redidtsam-level atom interacting with
a near resonant laser field.

1.2 Interaction of light with a system of two-level atoms

The unperturbed Hamiltoniald, in Eq. (1.20 of an atom has a set of eigenstali¢s These
eigenstates represent the various internal stationatgsstd the atom. We first consider only
two energy eigenstates of an atom with a ground $iatend an excited stat@) as shown in
Fig. 1.1
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Ficure 1.1: The energy level diagram of a two-level rubidium atom. The atomic syste
driven by a monochromatic laser field of Rabi frequegcgnd angular frequency. The
spontaneous decay rate of the excited g2t ground staté¢l) is labeled by 2.

The energy eigenvalues corresponding to the eigendtigtasd|2) are given by following
eigenvalue equation:

Holi) = Awili) = E|li), (1.22)

wherefiw; (i = 1,2) is the energy eigenvalue of stdite Therefore, the transition frequency
between the two levels is given lay;, = (E; — E;)/%. The eigenstates form a complete set of
orthonormal states and satisfy the closure relat)gni){i|=1. Keeping this fact in mind, we
can expressl, in terms of the eigenstates and their corresponding eiGigevas

2 2
Ho = D iXiIHol )il = ) ArwiliXil
i.j=1 i=1

= Tiwr|1)(1] + hwa|2)(2]. (1.23)

We now consider theffect of an external electromagnetic field on the atom. Thergdeld
associated with an electromagnetic wave is defined by

E(r,t) = 85o(r) €%V 1 cc., (1.24)
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1.2. Interaction of light with a system of two-level atoms 15

where&y(r) is the slowing varying amplitudes is the unit polarization vector, ard (k| =
w/c) is the wave vector of field. Note that the complex conjugate)(term has been added
in above equation in order to make electric field as real qyanthe carrier frequencyw
of the laser field is very close to atomic resonance frequengy The electric fieldE(r, t)
induces a dipole moment between the two atomic levels. Tpé&c#xform of the electric
dipole moment operator, using same procedure as inlE23( is given by
2
d =) dylix(jl = [1%2dss + 211, (1.25)
,)=

i,j=1

whered;; = (|dj) is a df-diagonal matrix element of the electric dipole moment aejpmr
The df-diagonal matrix elements do exist as two atomic levels logp®site parity. It should
be noted that the diagonal matrix elemeti{g andd,, are zero because the dipole operator
has odd parity. The induced electric dipole moment intsracth the incident electric field
and gives rise an interaction energy. The interaction gnefghe atom-field system under
dipole approximation is given by the interaction HamileamH, ,

Hi = —d-E = —(|11)(2ds2 - E + [2)(1]d; - E). (1.26)

Therefore, the total Hamiltonian of the atom-field systemiven by
H = Ho + Hi = 702112)(2| = (|11)(2/d12 - E + [2)(1(d1 - E), (1.27)
whereTiw;; is the energy of the excited sta® relative to the ground staté), which is

assumed to be at zero energy for a reference.

Substituting the expression for electric field from Ef.24) into Eq. (L.27), we find explicit
form of total Hamiltonian as

H = 7102112)(2] — |da1 - 86(r) €47 + dpy - 867(r) €Y |12(1]
— [diz- 85(r) €D 1 dyp - 86 (r) e CTD||1)(2). (1.28)

Defining the new quantities

21 88" _iks

g- & - :

ikr o~ _
hi e .0=

(1.29)
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16 Chapter 1. Introduction

whereg(§) is referred as the Rabi frequency (counter-rotating fraqueof the laser field.
Note that under dipole approximation, the spatial phas®ifa@ppearing in definitions of
Rabi frequencies are treated to be unity. The total Hamdiofiy including these new pa-
rameters can be written as

H = hwxl2)(2) - hg €' + § €' |12¢1] - A e + g~ €“!||1)(2). (1.30)

It is very clear from Eq. 1.30 that the total Hamiltonian is time-dependent as the immtera
tion part contains rapidly oscillating phase factors. Ttugscannot find the solution to the
Schibdinger equation Eq1(19 unless we remove the time-dependent parts. However, under
a suitable unitary transformation we can transform thel tdamiltonian Eq. .30 into a
time-independent form. We consider a transformation ofelewing form

U = gt (1.31)

This unitary transformation is known as eotating frame transformatich If |4(r,t)) and
|p(r, 1)) represent the state vectors of the system in the statioremefand the rotating frame,
respectively, then they can be related by

lw(r. 1)y = Ulg(r. 1)) . (1.32)

Using above unitary transformation into the Sadinger equation Eq1(19 and after rear-
ranging the terms we obtain

ih%[qﬁ(r,t)) = (UTHU - ihU"'%)lqﬁ(r,t)) = H|g(r, 1)) . (1.33)

Obviously, the state vectors in the rotating frame obey tttedlinger equation with a trans-
formed Hamiltonian given by

H = 1AI2)(2) - h[g+ § Y] 12)(1] - h|g e 2" + g'||1x2), (1.34)

whereA = w;; — w is the detuning of the laser field from the transition. In etuaEq. @.2),
the rapidly oscillating terms at frequeneyw will give zero value on an average in a time
scale of an optical period as compared to without oscilipteérms. This is because the value
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1.2. Interaction of light with a system of two-level atoms 17

of § < 2w in the optical frequency domain. The terms related &ohg with complex conju-
gates will be important only if > 2w. Therefore, we neglect these rapidly oscillating terms
while retaining the dc terms. This approximation is knowih&srotating-wave approximation
(RWA). The dfective Hamiltonian for the system of interest in the appiadprrotating frame
can be written as

H = hA12)(2) - h(@I2)(1| + g'|1)(2)) (1.35)

This is dfective Hamiltonian for a single atom under rotating-wavpragimation. We can
readily write the state vectay) of a single two-level atom which contains all possible infor
mation about the system. Also, the time evolution of stattordor a single atom can be well
described by Sckidinger equation Eq1(19. However, for a collection of many such atoms,
we can not guess the actual state of individual atoms as d¢achiain an unspecified state.
Therefore, we describe the physical state of an ensembleny mentical quantum systems
by adopting density operatprformalism.

1.2.1 The Liouville equation for a two-level atomic system

The density operatqgr is defined as a projection operator onto the state vector.
p= ) Pluwil, (1.36)
i

whereP; is the time-independent probability of finding the systenstate|;). Generally,
P; is statistical probability of finding an individud; systems in statg;) and described by
P; = Ni/N, where}; P, = 1 and}; N; = N. The time derivative of this equation is given by

p= Z Py(li YWl + W XWil) » (1.37)

where over-dot denotes a partial derivative with respetinte t. Substitutingly;) and (il
from the Schodinger equation Eq1(19 into Eg. (.37, we obtain

|#.p]|. (1.38)

This equation is known as the Liouville or Von Neumann earatit is more general form of
equation of motion than the Sd@tinger equation and it gives statistical as well as quantum
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18 Chapter 1. Introduction

mechanical information about the system. Using the transfd Hamiltonian of Eq.1(.35
into Eq. (L.38, the equations of motion for the density matrix elementgven by

P22 = —p11 = igp12 — i9°p21, (1.39)
P21 = P1p = —1Ap21 +ig(o11 — p22) - (1.40)

These equations have resemblance to the equations obtairigidch in the context of the
motion of a spin-12 system in an oscillatory magnetic field. Therefore, thevalexmuations
are known as the optical Bloch equatio®][ In a general solution of density matrix ele-
ments, the diagonal elements are real while &-diagonal elementg;; are complex. The
physical interpretations of the density matrix elemenésas follows: The diagonal element
p11 gives the probability of finding atom in the ground stte while p,, denotes the prob-
ability of finding atom in the excited sta{®). Note that the total probability is conserved
for a closed system, i.ep11 + p22 = 1. The di-diagonal elemenp;, (=p3,) represents the
coherence between levels and|2). The physical meaning of theffediagonal elements are
more abstract as they describe the atomic polarizatiors atioimic polarization is related to
the macroscopic polarization of the atomic medium.

1.2.2 Rabi oscillations in two-level system

Egs. .39 and (.40 are basically a set of four simultaneous equations fordhe ¢lements
of the density matrix. We solve these equations by assurhatgtom is initially in the ground
state|l), i.e.,p1; = 1 attimet = 0. The solutions for atomic populatign, and coherencg,;
are then given by

4g? . ,(Qt
P22 = ?sz(?) ) (1.41)
29 (o (o) ot
pa1 = stm( 5 ){ Asm( 2)+ |Qcos( 5 )} : (1.42)

whereQ = {A? + 4|g|*}Y/>2.
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1.2. Interaction of light with a system of two-level atoms 19

If atom is at resonance with the applied field£ 0), thenQ) = 2|g| and above Eqs1¢(41) and
Eqgs. (.42 simplifies to

p22 = sint (git) (1.43)

P21 = %sin(%) cos(%) = 2i|—%|sin(|g|t) - (1.44)

0.8

p22

0.4

0.21-

4
9| t
Ficure 1.2: The Rabi oscillation of the excited state populatigras a function of normalized
interaction time for three values of normalized field detuning indicated agamgtdals.

Fig. 1.2illustrates the time dependence of the populatignfor various values of\/|g|.
At the resonance) = 0, the populatiom,, of the excited state oscillates symmetrically at
frequency 3| between zero and one (see black solid line in Eig). These oscillations are
known as the optical Rabi oscillations and frequenicy i8 called the Rabi frequency. This
atomic oscillation is equivalent to the problem of a spiA-&ystem with two possible states
first discovered by RabBp]. In his model, Rabi shows that a spiy2lparticle undergoes the
so-called Rabi oscillations between the spin-up and spimAdstates when subjected to an
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20 Chapter 1. Introduction

oscillatory magnetic field. For a finite value of field detumirthe angular frequency of the
population oscillation changes @ = {A? + |g}*/2. This detuning dependent frequency is
called the generalized Rabi frequency. Thus, as we increasgetuning\ of the laser field,
the angular frequency of population oscillation increagleite the amplitude of the oscillation
is attenuated as shown in Fi2

Next, we calculate the induced dipole moment for a singlel®vel atom which is in the
ground stat¢l) at timet=0. This is done by taking the expectation value of the atonmold
moment operatod,

(d(r)y = Tr(pd)
E (p21 e_iwtdlz aF CC) . (145)

wherep,, €'t has been used in the original frame of reference. The simglfiorm of
coherence,; from Eq. (L.42) is given by

2g| { A

A iQ .
021 —— 4+ —cos(Qt) + I?sm(Qt)}

T2 272
2| 22 2 2 o
2 A 1(A o 1(A |
i g {‘ﬁ "2 (5 ! 1) g (5 - 1) e} - (1.46)

Substituting above coherenpg from Eq. (L.46) into Eqg. (.49, we get

. _ 29 A i, 1(A iw-oit , LA i(wrQ)t
d(r)) = Q{ ZQe +4Q+1 e +4 9 1l e + C.C.. (1.47)
This equation shows that the atomic dipole moment oscilate only at the frequency

of the external applied field but also at the Rabi sidebandurgiesw — Q andw + Q.
Next we examine some of the properties of a two-level atonhéndressed state picture via
diagonalizing the Hamiltonian given in EdL.85.
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1.2. Interaction of light with a system of two-level atoms 21

1.2.3 Dressed state analysis of the two-level atom

The matrix representation of the rotating frame Hamiltandé Eq. (.35 by assuming the
original eigenstateld) and|2) of the atom as the basis vectors can be written as

0 o
g A

H=nh

However, the presence of théf-aliagonal elements shows that the original eigenstdtes
and|2) of the free atom are no longer the eigenstates of the atochgigdtem. It can be
readily verified by diagonalizing that the new eigenstates are a coherent superposition of
|1) and|2). We therefore Diagonalize this Hamiltonian to extract iesvreigenvalues and
corresponding eigenstates. The eigenstates are

la) = sin@|1) + coso|2) (1.48)
IB) = cosf [1) —sind [2), (1.49)

where mixing angle is given by tarfR= g/A. Thus it is evident that the presence of strong
laser field the atomic level|d) and|2) split into sub-levels. The corresponding energy eigen-
values to the dressed states) and|a_) are given by

E, = g [A+Q], (1.50)

E = Z[A -9, (1.51)

whereQ = /A2 + 4|g|? is the generalized Rabi frequency. This shift in the energgnfthe
bare atomic statg$) and|2) is called the AC Stark shift. This energy shift will play a cial
role in some of the later discussions in this chapter. In chseweak incident field, i.e., for
lgl << A, the mixing angle will be smaller and thus the dressed statesloser to the bare
atomic states. At the atomic resonance condifioa 0, 8 = /4 andE. = #|g|. In this case,
there is perfect superposition of the two bare stdfeand|2) given as

1
) = 72(|1> -12), (1.52)
18 = %201) +12)). (1.53)
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22 Chapter 1. Introduction

In such a case, the atom spends equal time in the excited anddystates. This simply
means that the population is being equally distributed betwthe ground and excited states
instead of resting mostly in the ground state. This situatesults in the reduced absorption
of the laser field.

So far we have discussed the dynamics of a two-level atomeiratisence of relaxation
processes. The relaxation processes are usually ignaredrpshort pulses whose duration
is much less than the relaxation times. The relaxation psE®include decay of the excited
atomic levels due to spontaneous emission and collisiorswilVsee that the population in
the respective levels will reach at a steady state valuesiptbsence of dampindfects, and
consequently, the Rabi oscillations will be damped out.

1.2.4 Transient and steady state response of two-level atoms

We study the dampingfiects by adding decay terms to the equation EB8& phenomeno-
logically. Thus the modified Liouville’s equation for therdaty operator is given by
[

p=—[H.p]+ Lp. (1.54)

where the last term describing spontaneous decay and degltdslipole moment is given
by Liouvillean operator

Lyp ==y (2)2p - 211)(Llp22 + p|2)(2))
= e (12X2lp - 212)(2lp22 + pl2)(2)) . (1.55)

The spontaneous decay rateriginates due to the finite lifetime of the excited st@eand

is consequence of uncertainty relation in energy and imat > 1. Collisional decay ratg.
arises due to elastic and inelastic collisions between sttoanshortening the life time of co-
herence and populations, respectively. Elastic colls@m® dominant part of line-broadening
effects in gaseous media and hence, we limit our consideratitretelastic variety of colli-
sions.
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1.2. Interaction of light with a system of two-level atoms 23

By incorporating the decay and collisional rates, the op@tach equations are written

as
P22 = —=2yp22 + igp12 — 19" P21, (1.56)
P11 = 2yp22 — i9p12 + 19" P21, (1.57)
p21 = —[[ +iA]p21 +i9(011 — p22) » (1.58)
p12 = —[I' —iA]p12 — 19" (011 — p22) - (1.59)

where 2 is the radiative damping rate at which population decaysisp@ously from the
excited statg2) to the ground stat¢l). While I (= v + y.) is the dephasing rate of the
coherencey;, and it is sum of radiative and collisional rates. These daggonstants are
sometimes expressed in terms of relaxation times as

2y =1/T;, T'=1/T,, (1.60)

whereT,; andT, are known as the longitudinal and transverse relaxatioagim

1

0.8

p22

0.4

0.2_ ..-.

Ficure 1.3: Damped Rabi oscillations. The excited state populgtionas a function of
interaction time at\ = O for different values of normalized radiative decay rate
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24 Chapter 1. Introduction

In the absence of collisional dephasing rdte= y and at atomic resonanee= 0, the
transient solution of Eqs1(56- (1.59 for populationp,,, under the initial conditiop,, = 0
andpi, = 0, is given by

g?

P22 = — 5
y + 2|9

{l - [cos @t + %sin (/lt)] exp(—3yt/2)} (1.61)
whered = {4|g)*> — y?/4}¥2. Fig. 1.3 shows the time-dependent behavior of excited state
populationo,, for the atoms initially in their ground states. In the abseatradiative decay

(y = 0), the population oscillates sinusoidally which showsghee Rabi oscillations. For a
finite value of decay ratey(# 0), all curves approach to a saturation value. At a highareval
of y, the oscillation are damped out more rapidly as depicteddn E3. It is also evident
from Fig. 1.3that the population will eventually reach some steady staliee.

Thus, in presence of dampingfects, the solutions of optical Block equatioris56)-
(1.59 are no longer purely oscillatory. The system now comes steéady state after a sub-
stantial longer period of time as compared to relaxatioetiirherefore, we seek the solutions
of optical Block equations in the steady state condition. Steady state solutions are found
by setting all rates of change in Eq$.56)-(1.59 equal to zero and solving them algebraically.
The results are given by

~ I'g?

P22 = V(A2 +T?) + 2T (1.62)
_ igy(r—ia)

P (N2 +T?) + 2R (1.63)

The induced polarization for an ensemble of atoms with nurdeesityN and dipole operator
d(r) between the level) and|2) is defined by

P = N((r)) = NTr(pd) (1.64)

P = N(pa1 € “"d1p + p1p €dy1) (1.65)

Now we proceed to find out the susceptibility of the mediunr.ths purpose, we express the
susceptibility as the constant of proportionality relgtihandE. In the following we discuss
how this thing can be achieve in details.
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1.2.5 Linear and nonlinear susceptibility of the medium

We calculate the polarization in terms of electric field ia fbllowing way. Since the electro-
static field due to nucleus is stronger than the externaiegfield, the perturbative approach
is suficient to describe the atom-filed interaction. Therefore,need to write the induced
polarization in the form of Taylor expansion to all ordersiternal electric field

oP 1 0°P
ch = Poz|E:O + ( a/) E‘g + = ( = )
Zﬁl 0E; ) leo * 2! ; 9E;0E,

where subscriptz denotes one component of polarizatian£ x or y or z) whereas indices

E=0

B andvy etc. indicates sum over all y andz for eacha in Cartesian coordinate system. The
first term of this equation corresponds to polarization duthé permanent dipole moment of
the medium in the absence of external electric field. In treeabe of any perturbing forces,
an atom is assumed to be spherically symmetric. Therefoeezeroth order term vanishes
for a system under our consideration. The second term of E§E)(represents the induced
linear polarization. The single partial derivative in thedket with summation is called linear
susceptibilityy. The higher order susceptibility term can be found in thessgbent terms.
These are important only if electric field intensity is vetyosg. In principle, polarization
response of medium at a given pomat moment depends on the electric field at all other
pointsr’ at all earlier moments of timg. Therefore,y must be expressed in such a manner
that it has zero value fdr—t’ < 0 in order to preserve causality and nonzero value e’
which is called a nonlocal response. Keeping this fact indywme truncate above expansion
after the first order term and concentrate on the linear zataon which can be expressed as

t +00
Pur.t) = f f AU yap(r — 't = )ES(. 1), (1.67)
B —00 J —00

wherey,; is the linear dielectric susceptibility tensor of rank twoan anisotropic medium
where response of the medium igtdrent for diferent components of the electric field. For
isotropic medium, the polarization is aligned with and pndgnal to the electric field. This
implies that the complex susceptibility is direction indaedent and should be treated as a
scalar quantity, i.ey.s = xy. Hence, for a linear homogeneous and isotropic dielecteidiom
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as in the present thesis work, the polarization can be \urage
t
P(r,t) = f dt'y(t — tHE(r,t). (1.68)
The electric field associated with an electromagnetic wagvien by
E(r,t) = 85o(r,t) é®Y L cc.. (1.69)
Using this definition of electric field in Eq1(68), we get
t _ .
P(r,t) = éf dt' y (t — t)Eo(r, 1) €®Y) 1 cc.. (1.70)

We assume that the electric field is a continuous wave, theidield amplitudeSy(r,t’) is
time-independent. Therefore, polarization for long iat#ion time can be expressed as

P(r,t) =2 f ) dt' y(t — t)Ep(r) XN gt 4 cc.. (1.71)
Using a transformatiob—t’ = 7 in Eq. (1.68, we get
P(r,t) =& f : dry(r) €°08(r) €€ =Y 1 cc., (1.72)
where Fourier transform of susceptibility can be expressed
x(w) = ‘[ a dry(r) €90 (1.73)
Using above definition of susceptibility, the polarizatican be written as
P(r,t) = &(w)Eo(r) €®Y 4 c.c. = Y (W)E(r,1). (1.74)

Comparing Egs.1.65 and (.74, the susceptibility of a two-level system is expressed as

Nd2? iy(I' —iA)
B y(A2+T2)+2INgl2 "

x21(w) = (1.75)

Note that this expression of susceptibility contains bothlinear as well as nonlinear contri-
butions instead of only linear contribution. This is beeathe field strength is already present
in the Rabi frequencig| in the denominator. For better understanding, it is beradficibreak
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the complex susceptibility into its real and imaginary cam@nts which is given by

_ Nldio? A
Rebal = = ey 2t (76
2
iMyar(w)] = %2 d (1.77)

ho (A2+T%) +2(T/y)lg>

The real part Ref,1(w)] gives the dispersion of the medium. The dependence otigm
on the field detuning for three fiierent values of field intensity is plotted in Fiz.4(b). We
can see from Figl.4(b) that it has a standard anomalous dispersive kind ofhiaes even in

the presence of an intense laser field.

(b)

Ficure 1.4: The susceptibility of laser field as a function of normalized detunihg (a)
Imaginary (Imf]) part gives absorption and (b) real (R®[part describes dispersion. The
other parameters afe= 37 x 10°rag/sec,1 = 795 nm, andV = 5x10' atomgem?.

The imaginary part Imf21(w)] is related to the absorption ceient of the medium. The
linewidth (full width at half maximum) of the absorption spprim is given by

6 = 2{% + 2(T/y)lgl*}"2. (1.78)

This clearly shows that the linewidth depends on radiatiet @ollisional decay rates as well
as intensity of laser field. Thefect of intensity of laser field on the absorption lineshape is
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illustrated in Fig.1.4(a). The width of spectral profile continues to broaden wittreéasing
intensity of the field. This tendency of broadening of spadine with intensity is known

as power broadening. It is clear from Fig4(a) that the power broadening becomes more
pronounce for high intensity of laser beams. Interestintlg value of absorption in the
line center is almost saturated with respect to its weak fralde. Therefore, the presence
of intense laser fields leads to saturatidgfeets. This phenomenon is known as saturation
broadening96]. Thus the saturationfiect reduces the rate of absorption or attenuation of the
incident laser field. In the weak field limit, the real and inmegy parts of linear susceptibility
takes usual form

2

Refyar(w)] = ':12' (Azﬁ - (1.79)
d 2

IM[pas(@)] = 'hlz' (AZZFZ) . (1.80)

Thus for a fairly weak light beams the absorption line hasréepeLorentzian shape where
power broadening is negligible (see solid red curve in Eig(a). The linewidth of the ab-
sorption line in this case reduces to a simple addition ofrétakative and collisional decay
rates (2" = 2y + 2y.). The refractive index of the medium is connected with the real part of
the susceptibility by the following relation

n= 1+ 4rRefyo1(w)]
=1+ 2nrRefyx(w)] if Re[y21] << 1. (1.81)

For the maximum value of refractive index the real part Rgf1(w)] should be maximum.

The real part Rgfx1(w)] is maximum atA =T. However, the high index can not be uti-
lized since the imaginary part of susceptibility is veryguat this point. Thus a laser beam
tuned close to an atomic resonance of a two-level atomiesysiways stiers from huge
absorption. The large absorption prevents the propagafitaser beams inside the resonant
medium. However, one can get zero absorption with high céf@index by using atomic
coherence and interferencéexts in an ensemble of phase coherent atoms. The ensemble
of such atoms is a new state matter know as phaseoridin $uch a high refractive index
would require 1 Torr pressure in a gaseous medi@8h [Moreover, the other processes such
as Doppler broadening, collisions and number of fluctuatiofluence the coherence and thus
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limiting the scheme for practical realization. The well kmosaturation absorption technique
is used in order to get rid of from this large absorpti®8,[100. In this technique an extra
strong field is applied which takes medium into a saturattagesand protects the weak laser
beam. MacCall and Hahn experimentally demonstrated thaleatremagnetic pulse having
area between and Zr can propagate shape invariant through a resonant twodégelrptive
medium [LOY]. This phenomenon where a single pulse creates transpei@ntself is known
asself induced transparendIT) [102 103.

The emphasize of the present thesis is to deal with contsww@ve laser beams instead
of light pulses. Therefore, the multilevel systems are ex@dl to fulfill the need, i.e., the
vanishing of absorption with high refractive index. A drammanodification in the absorption
and dispersion properties of a coherent medium has beemgesnthese multilevel systems
interact with more than one laser field. In the following, wecdss the interaction of a three-
level atom with two laser fields.

1.3 Interaction of light with a system of three-level atoms

We consider an isotropic homogeneous gas medium composebidium atoms. Each atom
is modeled in three-leveh-configuration as shown in Fid..5. A single excited statg) is
coupled with two closely spaced ground metastable sthtesd|2) via two optical fields. A
weak probe field of frequenay, couples the dipole allowed transiti¢8) < (1] and a strong
control field of frequencyw, drives the dipole allowed transitig8) < (2|. The direct optical
coupling between the two ground sublevels is not possibéetdyarity constraints. In other
words, the transitiof2) < (1| is an electric dipole forbidden transition. The excitedesfa)
decays spontaneously to the stdlesnd|2) at the rates# and 2/,, respectively. The probe
and control fields are given respectively as

Ep(r,t) = 8,E,(r) e®ro) 1 cc., (1.82)
Eco(r,t) = &8(r) ek L cc., (1.83)

where&(r), E(r) are the slowing varying envelope functiois; & are the unit polarization
vectors, and,, k. are the wave vectors of probe and control fields, respeygtilte that the
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complex conjugate (c.) term has been added in above two equations to make eleetds fi
as real quantity.

1>

Ficure 1.5: The energy level diagram of three-level rubidium atominonfiguration. The

atomic system is driven by two laser fields. A weak probe field of Rabutaqyg is cou-

pled to transitiorj3) < (1]. A strong control field of Rabi frequendy drives the transition

|3) « (2. The transition$3) < (1| and|3) « (2| are electric dipole allowed transitions while
the transitior2) « (1] is an electric dipole forbidden transition.

The total Hamiltonian of three-levél-system interacting with optical fields under electric
dipole approximation is given by
H=Ho+H, (1.84)

whereHy is unperturbed Hamiltonian of the atom aHd s the interaction Hamiltonian be-
tween the atom and optical fields. The expression for ungertlHamiltonian is written
as

Ho = hwsl3)(3| + hwa|2)(2), (1.85)

wherenws; is the energy of the excited staB andniw,; is the energy of metastable stig
relative to the ground staté). We have assumed that the ground lgtglhas zero energy.
The interaction Hamiltonian between the atom and the eatetassical electric fields can be
expressed as

Hi = —(13)(Llda; - Ep + [3)(2/ds2 - Ec + H.C), (1.86)
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whereds;(ds2) andE, (Ec) are denoting the atomic dipole matrix element and appbéeteal
electric field between the statg® and|1)(]2)). The abbreviation “kt.” stands for the Her-
mitian conjugate of the preceding expression is to be ad@led.explicit form of interaction
Hamiltonian including electric fields expressions can eritéen as

Hi = =[day - 88p(r) €*7=) 1 dgy - ,85(r) e ®v =) ||3)(1
— |da1 - &8p(r) &Xr ) + d; - () e 113
— [daz - @Ec(r) €47 + dgp - &8 (r) €T 1312
— |5, - &8e(r) €%eTe 1 dy, - 8.8(r) e ] 123, (1.87)
where “” denotes the complex conjugate.

Defining the new quantities as

~ A %
_ d31 o ep8p eikp~r ~ d31 . ep8p

7 g= —— e (1.88)
G ds, 'hécac gkt G = ds2 'hecé‘é kot (1.89)

whereg(§) andG(G) are known as the Rabi frequencies (counter-rotating frecjes) for
probe and control fields, respectively. Note that underldippproximation, the spatial phase
factors appearing in definitions of Rabi frequencies ardeckt be unity. Introducing above
parameters in Eq1(87) for the interaction Hamiltonian, we get

Hy = —h[g e + § d[|3)(1] - |G e + g* €7!]11)(3
— 1[G €' + G 1132 - 1[G+ e + G* €]12)(3). (1.90)

We consider a unitary transformation
w(r, 1)) = e lopdSrlerel@g(r 1)) (1.91)

Using Schrodinger’s equation one can obtain

100, 0) = Fero(r, ) (192)
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whereﬁeff is an dfective Hamiltonian and it is given by
Herr = UT(Ho + HI)U — 7i(wpl3)(3] + (wp — we)[2)(2)) . (1.93)
HereU is a unitary transformation which is defined by

U = e ilop®@(wp-wi232t (1.94)

The unperturbed Hamiltonian doesn’t not change under thitary transformation as one can
verify easily

UT(Ho)U = 7iws1|3)(3| + fiw1|2)(2) . (1.95)
Under the unitary transformation, the interaction Hamnilém takes new form

UTHIU = -5[g+8 & [13)(1 - h[§ e + g']11)(3
— 1[G + G &!||3%(2 - H[G* e + G| 12)(3]. (1.96)

In this equation, the rapidly oscillating terms at frequea@w,(+2w:) will give zero value
on an average in any appreciable time scale as comparedioutiscillating terms because
0 < 2wy andG < 2w, in an optical frequency domain. The terms related &ndG will

be important only ifg” ~ 2w, andG ~ 2w, along with their complex conjugates, respec-
tively. Therefore, we neglect these rapidly oscillatingris while retaining the dc terms. This
approximation is known as thedtating-wave approximation(RWA). The efective Hamil-
tonian for the system of interest in the appropriate rotpfiame can be written as

A

Hert = 1ApI3)3| + A(Ap — Ac)I2)(2] — 1(gI3)(1] + GI3)2| + H.c.), (1.97)

whereA, = w3 — wp andA; = wsz — w. are the one-photon detunings of the probe and
control fields from the respective transitions. The two{phoRaman detuning is defined
asA = Ap — A¢, which involves two diterent frequencies to transfer an atom from ground
state|1l) to state|2) via third state3) through Raman process. We further use thisctive
HamiltonianHe in the Liouville equation to study the dynamics of threeellex-system.
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1.3.1 The Liouville equation for a three-levelA-system

We study equation of motion for the density matrix elementthie Liouville Equation:

b= [ Rerrop] + L. (1.98

where the term describing spontaneous decay and dephdsilygote moment is given by
Liouvillean operator

Lyp = —y1(13)3lp = 21)(1lpss + pI3)(3])
= 72(13)(3lp — 22)(2ps3 + pI3)(3]) - (1.99)

The first and second terms on right hand side describe spamiaremission from stat8)
to stategl) and|2), with rates 2, and 2,, respectively. In the third term we have also
introduced energy-conserving dephasing processes vighlta

Pluging the &ective Hamiltonian from Eq.1(97) into Eq. (.98, we obtain the equations
of motion for the elements of the density matrix,

P33 =— 2(y1 + ¥2)p3z + igp13 — i p31 + iIGpasz — IG"p3z, (1.100)
P22 =2y2p33 + 1G"p3z — IGpy3, (1.101)
p32 = — [[a2+i1Ac] paz2 + i9p12 + 1Gp22 — iGpss, (1.102)
P31 =— [F31 it iAp] P31+ 1Gp21 +igp11 — igpas, (1.103)
p21 == [I21 = i(Ac = Ap)lp21 + IG"p31 — igp23, (1.104)

where the coherence decay rates are definé@d,as (y1 + y2), I's1 = (y1 + y2), andl’p; = T.
The remaining equations for population and coherences easaleulated from population
conservation conditionpi1 + p22 + p3z = 1 andpjj = pj- For simplicity, we shall consider
the spontaneous emission from the excited state to the drsiates with same decay rate
v1 = y2 = yin our further calculations. We next try to find out exact $iolus of these density
matrix equations under steady state limit.
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1.3.2 Steady state solution of density matrix elements

We exactly solve the density matrix equations under stetadg sondition. In the steady state
condition, the time derivatives of right hand side of dgnsiiatrix Eqs. 1.100- (1.100 are
set to be zerod = 0). Now solving these resulting linear algebraic equatmmes can readily
find the populations and the coherences to all order in bathepand control fields. The
optical coherencgs; for probe field is given by

pa1=N/D, (1.105)
where numeratoN and denominatod are given by
N =(GI(y(iy + Ap)I? + (Ac — Ap)?)

+ (Y(T + Ac — Ap) + T(Ac + Ap))IgI” + ¥(iT + Ac — Ap)IGIH)Q), (1.106)

D =(y19l° + 191 (2y (T + Ac(=Ac + Ap)) + 3(y + 2I)IGF)
+YIGA((T*(Ac - Ap)A)( + AYY)
+ 20T + (Ac — Ap)AR)IGE + GG (2 + AP) (I + (Ac — Ap)?)
+ (47T + y(6T2 + 4(Ac — Ap)?) + T(Ac + Ap)d)IG + 3(y + 2I)IG[%)). (1.107)

This is exact expression for probe field coherence incluboity linear as well as nonlinear

contributions. We use above coherence to calculate thegtilsitity of the medium.

1.3.3 Linear and nonlinear susceptibility of the probe field

The induced polarization for an ensemble of atoms with nundleasity N and the dipole
matrix interaction ternd,, between the level) and|j) is defined by

P(r,t) = N(r)) = NTr(pd), (1.108)

P(r, t) = N(pgl e‘i“’ptalg + P32 e_iwctazg + C.C.) . (1109)
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The polarizatiorP is also related to the amplitude of the probe figlgin the following way
P(r,t) = x(wp)Ep(r,t) = Epx(wp)Ep(r) P + C.C.. (1.110)

Therefore, using Eq.1(108 and Eqg. 1.110, the susceptibility for probe field can be ex-

pressed as
(o) = NP SNy
X P/ — hg p31_ 1&_{_39 p31’
whereq, = 2nC/wy, is the wavelength of thl) < (3] transition. The spontaneous emission
ratey is given by Weisskopf-Wigner theory. = 4|0T13|2wf;/3hc3. Note that the expression in
Eq (1.11] gives the total susceptibility, including both linear amzhlinear contributions as
coherences; is obtained to all orders in probe field.

(1.111)

3
2x10

— G=0.00Y, g=0.001%
L _ - G=1.5y,9=0.01%

=
o

Im[X(wp)]
'—\
Re[x(wp)]

o
o

Ficure 1.6: Imaginary (Imf]) and real (Ref]) components of probe field susceptibility of

Eq. (1.11]) as a function of normalized detunink,/y. (a) absorption and (b) dispersion.

The three dierent curves are displayed for three sets of fie@ls: 0.001y, g = 0.0015y (red

solid line);G = 1.5y, g = 0.015y (green dashed line), art&l = y, g = 0.15y (blue dot-dashed

line). The other parameters atg = 0,I"' = 0.00Ly, y = 37 x 1P rad'sec,A = 795 nm, and
N = 5x10' atomgcm®.

Fig. 1.6 shows the plot of the probe field susceptibility of E4.1(1l]) as a function of the
probe field detuning from resonance. The imaginary compoimefry] of the susceptibility
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which determines the absorption spectrum is illustrateBign 1.6(a). The real component
Rely] of susceptibility which characterizes the dispersionigpthyed in Fig1.6(b). As can
be seen from Figl.6, the response is highly dependent on the strengths of theepaod
control fields. In the limit of a week control field5( << vy), the A-type system reduces to
a two-level system driven by a probe field, where a huge albisars always accompanied
with anomalous dispersion around the line center. Surgigi for a strong control field
(G >> v,0), the imaginary part Imf] undergoes destructive interference in the region of
resonance. This simply means that the coherently drivenumeldecomes transparent to the
weak probe field under the action of a strong control field. sTghienomenon is known as
electromagnetically induced transparen(T) [104. Moreover, the absorption spectrum
also carries the signatures of an Autler-Townes douliles|| There are two enhanced ab-
sorption peaks on the lower and upper frequency sides ofaiii@o profile. Furthermore, the
dispersion becomes normal from the anomalous in a regiawo@bsorption. Also, the slope
of the normal dispersion curve is more steeper in the vicwiithe line center. The steepness
of dispersion can be controlled further by lowering thersgte control field and increasing
the strength probe field. For example@t y ~ g, we obtain a transparency window with
a line width much narrower than the case of strong contradl fi@lherefore, changing the
strengths of the fields not only changes the spectral profissorption, but also modifies
the slope of dispersion. This steep variation in the reifraghdex profile is useful to control
the speed of light inside the medium.

It is now well known that the absorptive and dispersive proee of the atomic medium
can be controlled by using external coherent fields. Coheanrttol of the optical properties
of medium by an extra resonant laser field was first proposeteimari and Agarwal106.
EIT was first designated by Harrét al. where they discussed the enhancement of nonlinear
effects in optical mediall07]. The phenomenon of EIT was later experimentally observed
in several medium by various research groups. Balteal. were the first to experimentally
demonstrate the EIT using an auto-ionizing transitionriargium vapor L08§). In their exper-
iment, the signal beam transmission was improved feothto e ! in the presence of a strong
coupling field. Fieldet al.[109 reported EIT in Pb vapor where they observed the transmis-
sion improvement frone 14 to e, Xiao et al.[110 observed and measured the dispersive
properties of EIT in rubidium vapor. The important applioat of EIT technique are covered
in slow light [111, 117, fast light [113 114 and stored light]15 116. These mechanism of
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controlling light have potential applications in quantuetwiorks and quantum information
processing.

Using the definition of Eq.1.66 for series expansion for induced polarizatidx &
Npglalg), the linear part of polarization can be calculated as

it > [9pa

P(l)z(_) = Nd (_) 1.112
ag gzog 13 5g g=0 ( )

s igIT +i(Ap — AJ)]
= N AT + 1(Ap — A + 1GP (1.113)

Hence, the explicit expression for linear susceptibikityritten as

2 T i(A A

YP(wp) = N|dy3] i[T +i(Ap — Al 1

I 2y +iAp)C +i(Ap— Ag)] +1GI2

We now analyze linear susceptibility of the probe field aggiin Eq. (.114. At two-photon
resonanceé, = A, the linear susceptibility reduces to

N|dy3 ir
i TQy+iAp) +|GI7

X Owp) = (1.115)
It is clear that both the real and imaginary party©f(wp) are zero foll” = 0. This true if the
levels|1) and|2) have infinitely longer life time. In &-system, the life time of ground levels
are much large which gives a large coherence time of the grstate coherence. This is
why the A-system is very useful to realize the EIT phenomenon as coedpa other atomic
model configurations.

Following the standard textbooks such &uantum Opticsby G. S. Agarwal L17], we
explain the physical reason behind EIT resonance. We ed&the poles of the denominator
of yM(wp) in Eqg. L.114. At pump field resonanca, = 0, the two poles are given by

Ap = 12(2y +T) + \/|G|2 - %1(2y ~T1)2. (1.116)

The first term gives the width which is¥2- I') /2 and the second term gives the position of the
two absorption peaks. It should be noted that absorptioksoeave some contribution from
dephasing rates, not exactly locatedtis|. We now discuss the pole structure foffdrent
conditions of control field strengtks|.
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1. For the first case in whidg| << %lZ)/ — I, the two poles are

[ [l
Ap = 5(2’)/ + F) +1 \/1(2’)/ - F)Z - |G|2

~ 2iy,iT+|G?/(2y -T)  y>>T. (1.117)

Hence, in this case two poles are purely imaginary and adlysua> TI', there exists only
one absorption peak at, = 0 with line width 2y. This condition is depicted by a solid red
line in Fig. 1.6(a).

2. For the second case in whifh| >> %lZy — T, the two poles are
Ap ~ '§(2y+r) + 1G] (1.118)

This case represents the Autler-Townes splittih@q where two absorption profiles have
distinct frequencies but same width/(2 I') /2. The green dashed line in Fiy&(a) illustrates
this particular condition of strong control field.

3. In the third case df5| = %|2y — T, the two poles are

i .1
Ap = 5(2’)/ + F) + | \/2(2’)/ = F)Z = |G|2

= iy, y>>T. (1.119)

This condition corresponds to two peaks in the absorptiofilpr(see blue dot-dashed line in
Fig. 1.6(a)). In order to understand above properties of EIT rescaane proceed to dressed
state analysis offéective Hamiltonian Eq.1(.97). Dressed state analysis provides a complete
physical interpretation of both CPT and EIT resonances.

1.3.4 Dressed state analysis of the three-lev&lsystem

Using the bare eigenstatfl$, |2), and|3) of free atom as the basis vectors, the matrix repre-
sentation of the rotating frame Hamiltonian E#.97) can be defined as
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0 0 g
Heis = -7 |0 —(Ap -A) G*
g G —Ap

This dfective Hamiltonian in rotating frame can be diagonalizeeiivact its new eigenvalues
and eigenstates. The new eigenstates are a coherent ssipenpof the bare atomic states
and are regarded as dressed states-system. For the special case of two-photon resonance
(A = 0), we find the three new eigenstates as

|ag) = cosé |1) —sind |2), (1.120)
lay) = sin@ sing |1) + coso sin ¢ |2) + cose |3), (1.121)
lo_) = sin@ cos¢ |1) + cosh cose |2) —sing |3), (1.122)

where the angleg and¢ are known as mixing angles and are given by

Jtan () = 2—,(|g|2+|G|2) (1.123)

tang =
Ap

®la

The corresponding energy eigenvalues are given by

€& =0, (1.124)
.= 5 |o+ i+ atar 16 (1.125)
e =5 |- ok ag+ 7). (1.126)

The dressed stafeo) remains at zero energy while other two dressed stateésand |a_)

are shifted up and down by an amountande_, respectively. The eigenstats)) is a linear
superposition of the two ground statésand|2) and it does not contain the excited st@e
Thus, the statéyp) is decoupled from the laser field and there is no possibilitgxaitation

to the statd3). Therefore, the stateg) is known as dark state. The atoms prepared in this
state will not absorb or emit any light and will be trappedhistdark state. This phenomenon
is known as toherent population trappifig CPT) [23, 24]. This case is illustrated by a blue
dot-dashed line in Figl.6(a) where two laser fields have comparable streggth G. The
first experimental observation on CPT was reported by Alzetital. [11§. In their work,
they found that the absorption vanishes when the fluoresggfirsndium atoms is illuminated
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by a two coherent laser fields. This fluorescent spectrum walyzed as a function of ex-
ternal inhomogeneous magnetic field applied along the eéxsmor cell. They observed a
regular decrease in fluorescence intensity at some posiong the length of the vapor cell.
This happens when the hyperfine splittings of the groune staincides with the frequency
difference of the two laser fields. Orriolkl]9 has theoretically explained the absorption can-
cellation by using coherence and interferenffecs that lead to the CPT phenomenon. The
application of CPT mechanism includes lasing without iner$120, coherent population
transfer L21], metrology [L22), and in the area of atomic clock$23-125.

We now consider a special case where the probe field (g) is maaker than the control
field (G), that is,g << G. The resulting dressed states at probe resonangce Q) are given

by
o) = 11, (1.127)
2} = \i@(m +13), (1.128)
o) = %ua - 13)). (1.129)

It is evident that a weak probe field does nfieat the atomic states and thus the ground state
|1) becomes identical to the dark statg). In contrast, a strong control field induces coherent
superposition of state®) and|3). The total transition amplitude from ground stétg to

the dressed stat@s, ) and|a_) is zero. This means that the probe absorption vanishes when
the two-photon resonance condition is satisfied. This isadl®d EIT phenomenon and it is
illustrated by a green dashed-line in Fig&(a).

In the weak probe field limit, the separation of between thteskr, ) and|a_) is the twice
of control field Rabi frequency,|@|. The two absorption peaks in the EIT spectra occurs at
A, = £|G| due to two transitions frori) to the dressed statgs,) and|a_), respectively.

So far we have discussed th#eet of the electric field on the atoms and their responses
in terms of absorption and dispersion. The complex sudaéptigiven by Eq. (.11]) rep-
resents the response of the system to an applied field. T¢psmse then gives the induced
polarization which acts as a source for Maxwell’'s wave eignaiWe next derive beam prop-
agation equation using basic Maxwell’'s equations.
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1.4 Maxwell's wave equation in a dielectric medium

We now discuss thefkect of atomic response on the propagation dynamics of trariele
field by using the classical theory of electromagnetism. dlassical theory commences with
Maxwell's equations in a dielectric mediurhZ6, 127]. We start writing down the fundamen-
tal Maxwell’s equations in Gaussian units which govern tfeppgation of an electromagnetic
field. In a medium they can be written as following

VD =4np,( Gauss’s Law ) (1.130)
V-B =0, ( Gauss’s Law for Magnetism) (1.131)
10B .
VXE= _Eaa_t , ( Faraday'’s Law of Induction ) (1.132)
4 10D o
VxH= %TJ + Eaa_t , (Ampere’s Circuital Law ) (1.133)

whereE andH are time-avaraged values of the basic electric and magfelticvectors at
some space-time point, ), rather than instantaneous values, respectively. Thedspidight
is denoted by. The material equations for the electric displacenizfield and the magnetic
inductionB, coming from the interaction of matter and field, are as fefip

D =E + 4P, (1.134)
B=H+41M, (1.135)

whereP is the electric polarization anlll is the magnetic polarization which are defined
in terms of microscopic bound charges and bound curreneotisply. We assume that the
medium is non magnetigl = 0, charge fre@ = 0, and non conducting = 0. By taking curl

of the equation Eq.1(132 and using Eq.X.139, one can rewrite it as follows

2

10
VxVxE+§ﬁ(E+47rP):O. (1.136)

Now using identityV x V x A = V(V - A) — V2A in Eq. (1.136, we find the wave equation for

a transverse electric fiel@ ( E = 0) as the following,

vog _ LO°E _ 4n P

—_— = . 1.137
c? ot? c? o2 (1.137)
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This is Maxwell’'s wave equation for an electric field in a éietfic medium. The equation
determines how the field changes as it propagates throughdteim. The term on the right-
hand side of Eq.1.137 containing the macroscopic polarizatiénis related to the micro-
scopic polarization of the medium. The optical propertiethe medium such as absorption
and refractive index modify the evolution of the electriddieln order to simplify the wave
Eq. (1.137, we make some reasonable approximation by writing exghcm of an electric
field and the polarization. If a nearly monochromatic eledield is propagating along the
z-direction of medium with frequency and wave vectok, then we have both electric field
and field-induced polarization of the following forms:

E(xy.zt) = 8(xy,zt) €Y+ cc., (1.138)
P(x,Y,z1) = &P(x Y,z 1) €**Y 4 cc., (1.139)

where&(x, Y, z t) andP(x, Y, z t) are the slowing varying envelope functions. The unit vecto
e denotes the direction of polarization.

The required derivatives of EqL.A37) are given by

& 0& ikz-i
2 _ (2 i 2 kz-iwt
VE=&ViE+ 2 + ZIKE - kg) €“ ' + cc., (1.140)
aZE o 628 o 68 2 ikz—iwt
_8t2 = E(W = 2|(1)E —w 8) e+ cc., (1141)
PP PP P o i
_atZ = Q(W — 2Iw§ - W P) g“ ' +cc. s (1142)

whereV2 = §2/9x? + 8%/9y? is the transverse Laplacian operator in the transversetitire
We assume that the change in envelopes of the electricdialad polarizatior® with time
and space are very small within the optical period and optieaelength. Mathematically,
this assumption can be represented by following ineqaaliti

0°E 0& 2 0°E 0& 2
92 < 'kE < keg|, el < 'wa < |lw?El, (1.143)
0°P oP 2 0°P oP 9
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The above approximation is known as tlstotvly varying envelope approximatio(EVEA).
Substituting above derivatives into E4..137 and ignoring the second order partial deriva-
tives with respect ta andt, we find wave equation for slowly varying electric field erofe

as follows:

1 o0& 108

_V2 — —_ = i . .

ik VL + 5 + C ot 2rnikP (1.145)
We consider that the laser beam is a continuous wave andg‘}h:uso. Therefore, the above
equation becomes

| il 08 :
The above form of wave equation is callegataxial wave equatioh This paraxial wave
equation for electric field amplitud&can be expressed in terms of probe field Rabi frequency
g = d3:86,/h and polarizatiorP = y,&,. We obtain propagation equation for probe field as
dg ic (9’9 d%g .
— = —|=—= + — | + 2inky Q. 1.147
oz 2w(c9X2 T gy) T ATRY (1.147)
Herew = ckandc is velocity of light in free space. The first terms in parest®on the right
hand side describes the beanffrdiction. The second term accounts for the dispersion and
absorption of the beam inside the medium. This equation easobved numerically using
split-step Fourier method given in Appendix A.

1.4.1 The origin of paraxial diffraction and diffraction-limit

The classical resolution limit imposed by opticafdaction originates from its geometrical ef-
fects [L26, 127]. The physical interpretation of paraxialfftaction spreading of any arbitrary
image of the light beam with finite shape and size can be giyatsi-ourier decomposition.
The distribution of any electric field associated with theelabeam can be represented as a
superposition of plane waves:

E(r,t) = ) E(ky k) @ikt g (1.148)
Kioky
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We consider the light propagation sdirection. Using Maxwell’s equation one can readily
find the longitudinal component of the wave vector

k, = k2 — ke — k2, (1.149)

wherek = nw/c is an absolute value of wave vector= (ky, ky, k;). Here n is the refractive
index of medium at wavelength

For larger values of spatial frequency componéqis,, i.e., whennw?/c? < k¢ + k2,
thenk, component becomes complex

K, = ik + k2 — k2. (1.150)

These are so-called evanescent waves which decay expalhewiih distancez. Detection
of evanescent waves to improve spatial resolution comesrurehr-field microscopy. These
waves cannot be collected in conventional materials asdbegy exponentially with propa-
gation distance.

However, we are interested in propagating waves for whiéh3/c? > k¢ + k). In the
paraxial limitky, ky << k, the Eq. (.149 can be written as

ke® + Ky

kZ:k_ 2

(1.151)

The phase gathered by each transverse compokientk, of a plane wave after a propagation
distancez is given by

0k, ki D) = ol K)Z. (1.152)

Therefore, each Fourier component acquires a unique ph#séhsoughout its propagation
either in free space or medium. The coherent superposifiati plane wave components at
one point of space gives rise toffdaction. As a result, the transmitted beam or an image is
distorted heavily even after propagating only a few Rayléggigths. This interpretation indi-
cates that diraction can be eliminated if conditions are engineered shetheach plane wave
component acquires the same phase shift during propag&iorexample, several specially-
shaped beams with spatially-dependent phases such asl&i8y 129, Bessel 130, 131],

and Mathieu beamd4 B2 133 has been suggested which can propagate withdiraidtion in
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free space. In these special class of ndfraliting beams, the phase gathered by each plane
wave comprising beams are exactly equal. Consequentlyyfiersosition of all plane waves
remains the same during the propagation.

From this interpretation it is clear that the propagatinyegaare limited taw?/c® >
ke + kyz. Therefore, the information about the smallest spatiaiufeasize of an image is
contained in the largest spatial frequendigandk,. The largest value a2+ ky2 is given by
ke* + k% = k2. Therefore, the maximum resolution of spatial shape inrege is limited to

_2r _2rc A

A = = —. 1.153
X k Nnw n ( )

This is called the classical filiaction-limit of an optical device. Overcoming this limih@
reducing feature size of an image is one of the main goalsihith resolution spectroscopy.
From this equation, it is very clear that there is a pos$ybdf reducing the feature size of
an image by increasing the refractive index of the mediumis Téduced feature size find
potential applications in optical lithography and in optionaging.

1.4.2 Paraxial wave equation in free-space

The wave equation for the electric field in free-space canlieiwed from Eq.1.137 by
ignoring the source ternP(= 0) as

VE- - =0. (1.154)

Let us consider a solution of EdL.054 for a linearly polarized monochromatic electric field
of the following form

E(r,t) = &s(r) e + cc., (1.155)

wherer is the position vector which defines a point in three-dimemnai spacew is the
monochromatic angular frequency afitt) is one of the electromagnetic field components.
Substituting this expression in E4..154, we obtain

V2E(r) + k2E(r) = 0, (1.156)
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wherek = w/c is the wave number. This equation is known as a Helmholtztemjuavhich
describes the propagation of monochromatic waves in fjpaees One of the solutions to the
spatial Helmholtz equation EqL.(L56 is written as

&(r) = & e, (1.157)

where&y is the constant amplitude ardis the wave vector with magnitude This is so
called plane wave solution of the scalar Helmholtz equatiurch a plane wave solution has
the same value for all points in any plane normal to wave vedtave choose the z-axis as
the direction of wave propagation, then the plane wave isrgiwy

E(r) = & €. (1.158)

Ideally, a plane wave does notfillact because it has an infinite cross-sectional area. The
output of a laser source is féigiently collimated along the-axis and propagates with some
finite cross-sectional area. Therefore, we now search bgamelutions of scalar Helmholtz
equation for a unidirectional laser beam. We consider disolfor the laser beam as follows:

E(r) = &o(r) €, (1.159)

where the field amplitud&y(r) is no longer constant, unlike a plane wave. Substitutimng th
form of field into Helmholtz equation, we get

8280 8280 8280 . (980 2 ik 2 ik
( a2t ot oz T Mgy K 80) Triang < (1:160)

We assume that the variations of field enveldp€r) in the z direction are very small as
compared to transverse directionsy() within a distance of the order of a wavelength. This
assumption can be expressed mathematically as

iz
0y?

7
G

78|
072

&

oo 2
k=2l k. (1.161)

2 2
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1.4. Maxwell's wave equation in a dielectric medium 47

This is caIIed paraxial wave approximatidh Under the paraxial wave approximation, we
|gnore ¢ and rewrite the Helmholtz equation as

&y | 0 o 060
a2ty A= 0 (1.162)

This equation is known agparaxial wave equatioh The solutions of this partial ¢lieren-
tial equation yields an infinite set of functions. For exaesplGaussian, Hermite-Gaussian,
and Laguerre-Gaussian beams are some well-known stanolatobss to the paraxial wave
equation in free-spacé&84]. In the following, we discuss these standard modes in gretail.

1.4.3 The Gaussian beam

The Gaussian beam is the lowest-order solution the parédalihholtz equation. This is
the fundamental transverse mode of most of the laser’s aipgsonator. A mathematical
expression for its complex electric field amplitude can betem as

2 2 H 2 2
&(r) = 50T p[_(xw(;)g> ; 'k(;‘R(*Z)y) —ip—ikz| | (1.163)
2
W(2) = Wo 1+(£) , (1.164)
R@) =z|1+ (Z;R)Z] : (1.165)
e 1| o
¢ = tan |:ZR:| , (1.166)
_ ™G 1.167
R= Rk (1. )

Herew(2) is the beam width at which the field amplitude fallsetd or intensity drops t@2

of its axial value. It has a minimum valwa, at z = 0 which is refereed as the beam waist or
the spot size. The quantiB(2) is the radius of curvature of the beam’s wavefronts conmugis
the beam. The phase factprs an additional contribution to the phase of the Gaussiambe
This extra phase is known as the longitudinal Gouy phase.pah@meters is known as the
Rayleigh range which is a measure of the distance-axris from the waist to the point at
which the widthw(z) becomesy2w,. The Rayleigh ranges will be smaller for the smaller
value of the spot size/,, and thus the greater is the rate of growth watbf the beam width
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48 Chapter 1. Introduction

from the waist. The beam sizg(z) increases with distance and becomes linear witbr
z>> zz. Hence, the beam divergence is strong in the far-field regibe far-field divergence
angle of the Gaussian beam is given by

0=20= 2M
z
Wo A
R2— =2— . 1.168
N2t @ (1.168)

Clearly, the divergence angkis inversely proportional to the minimum spot si@g Thus a
Gaussian beam that is focused into a smaller spot spreadapmdly as it moves away from
that waist. In order to avoid the laser beam divergence antbke it well collimated, it must
have a larger diameter. A plane wavédiction through a circular aperture having diameter
D has a divergence angle similar to laser beam divergence.ahgithis case, the far-field
divergence angle is given by

®= 1.22% . (1.169)

It is evident from this equation that smaller the apertussterD, greater the diraction.
Thus we conclude that a Gaussian beam modetfiisadtion-limited because it uses the parax-
ial approximation. This model fails when wavefront arestilioy more than about 2Grom
the direction of propagatiorbfl]. Expression 1.168 implies that the Gaussian beam formal-
ism is valid only for beams with waists much larger than theelength of light. In other
words, the paraxial approximation in E4..{61) will not be valid for a Gaussian beam with
waists smaller than the wavelength or comparable to wag#ie herefore, in order to study
the beam propagation beyond the paraxial approximationnwng retain the second order
derivative inz-direction b4, 135.

1.4.4 The Super-Gaussian beam
A Super-Gaussian beam is a light beam which has a uniformsitijeacross the beam profile.

Flat-top beam or top-hat beam can be also approximated as-8gussian beam with some
smooth edges. These beams are just opposite to Gaussiag Wwhane the intensity smoothly
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1.4. Maxwell's wave equation in a dielectric medium 49

drops from its maximum to zero around the beam axis. Theveass profile of a Super-
Gaussian beam can be given by

&E(r) =&y exp —(szjzyz)p] . (1.170)

where&, is peak amplitude ana is the beam width of the Super-Gaussian beans an

order parameter that determines thatent spatial beam shapes. The order paranpetet
gives a usual Gaussian beam profile. A super-Gaussian modeecabtained by choosing
order parametep = 10. A nearly flat-top beam is obtained by settipg= 100. Thus,
at very large values of the order parameter the Super-Gaussiams approach to flat-top
beams. Super-Gaussian or Flat-top beams can be generatsthhya graded-phase mirror
resonator{ 36 or a spatial light modulator based on liquid crystaBY]. Need to mention
here, a Super-Gaussian or a flat-top beam is not a free-spade a3 the order parameter
has been added intentionally. A super-Gaussian beam ispast af standard solutions to the
paraxial wave equation. The propagation of an initiallyesu@aussian beam in free-space
or through optical elements shows that the beam profile finstracts to form smooth edges
and spreads further. A circular or rectangular super-Gandseam evolves Gaussian-like
structure in the center but an airy or sinc function in faldfiegion. Unlike Gaussian beam,
a super-Gaussian beam would not only change the size bubha satensity profile.

1.4.5 Hermite-Gaussian beam

Hermite-Gaussian modes are solutions for the lasers whas® design has a rectangular
geometry rather than radially symmetric. Therefore, smuvihe paraxial Helmholtz equa-
tion (1.162 in Cartesian coordinates gives rise to a family of solutiomawn as the Hermite-
Gaussian moded88. The transverse spatial profile of the electric field for iHge-Gaussian
mode is given by

Smn(r):aoﬂH [Xﬁ)exp[ X ]Hn(y—ﬁ]exp[ Y ]

w2 "(w@) w@?| W@ w(@)?

X exp[—i(m +n+1)tan? (Z—i)] . (1.171)
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Here, & Is the constant amplitude, amgz) is the width of the electric field. The function
Hy is a Hermite polynomial of ordek, and the indicesn andn determine the shape of the
electric field profile along thex andy directions, respectively. The lowest-order Hermite-
Gaussian beamm = n = 0 is fundamental the Gaussian beam. The spatial light mtaiula
based on liquid crystal can be used to produce the Hermitesstan Beamsl39.

1.4.6 Laguerre-Gaussian beam

If the laser’s optical resonator is cylindrically symmetrihe natural solutions of the paraxial
wave equation result in Laguerre-Gaussian modds§][ Thus, the solution of the paraxial
Helmholtz equation in cylindrical coordinates ¢, 2) leads to the LaguerreGaussian modes.
The complex amplitude of the Laguerre-Gaussian beam ieegpd as

Cowo (o2 20! ko> p°
Sp'(p"”’z)“g"vﬁ(ﬁ) Lg(w%z)) & [2R(z> ‘w%z)]
x exp|—i2p + 1 + 1) tan—l(i) Lilg) (1.172)

whereL'r',| is the generalized Laguerre polynomial functignis the radial index antlis the
azimuthal index. The lowest-order Laguerre-Gaussian beanp = 0 coincides with the
Gaussian beam. The other beam parameters are same as ahaasn case. The Laguerre-
Gaussian beam can be produced using a computer generatepamos 141, 142, or all-
optical spatial light modulator in coherent medl# 8 and digital micro-mirror devicel44.
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Chapter 2

Diffractionless optical cloning via single
dark states

In this chapter, we theoretically explore the possibilifyclmning of an arbitrary image car-
ried on control field to probe field with high resolution. Fbistpurpose, we utilize the EIT
and CPT resonances in presence of spatially dependent obfietds to obtain higher spa-
tial resolution. A rigorous literature survey suggesteel plossibility of an alternative way

of imaging through various theoretical and experimentgragches based on EIT and CPT
schemes. Mitsunaget al. have suggested and experimentally demonstrated an EIT base
absorption imaging technique in cold sodium atoriéq. They found that a bright spot of
signal beam is transmitted through an opaque atomic clotiekgaoints where coupling beam
was present. In their experimental set up, they achievetbigeam transmission upto 200%
which is due to cross-focusingtect induced by spatial dependent coupling beam. Based
on CPT mechanism, Agarwal al. have predicted that the atom can be localized at sub-
wavelength scalel4g. They have used standing-wave and tightly focused beasysially
localize the atomic population in subwavelength domainarirextension of this CPT based
scheme, Yavuz and colleagues have discussed and repagtetbth localization by spatial
dependent dark stat&47. They predict that a fluorescence shadow image of a nanomete
sized object implanted into an atomic medium can be obtdayestanning the focusing lens
around the object. In an early work, Kapale and Agarvtdld have found a new optical
microscopy technique by using CPT mechanism. In this schémeg-level atom is driven

by an amplitude modulated probe field and a spatially dep@ratripling field to localize the

51
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52 Chapter 2. Difractionless optical cloning via single dark states

population. Additionally, they have predicted that lozation scheme can be used to get a
shadow image of nanometer sized object embedded into thecatoedium.

More recently, Liet al. [153 experimentally demonstrated that the spatial shape of a
control beam can be cast onto a weak probe beam via CPT in aldweddambda atomic
system. In their experiment, the transmitted intensityhefpprobe beam had a similar spatial
profile as that of the control beam, no matter what the inpob@ris. Moreover, the size of
the transmitted probe beam was half of that of tH&action-limited input probe.

These studies motivate us to explore other possibility oppnay the spatial shape of
control beam onto probe beam. The spatial profile of the gtimmtrol beam makes the
probe’s susceptibility inhomogeneous along the trangveisection. This inhomogeneity
in susceptibility leads to spatial variations in both alpson and refractive index of probe
beam. Key idea behind cloning mechanism is that the absorptid refractive index profiles
are dependent on shape and intensity of control beam. Thesgkisorption and refractive
index profiles can be flexibly engineered along the trangveirection with desired shape of
control beam.

In our study, both control and probe fields are coupled to eetlevel atomic lambda
system to form a CPT configuration. It is important to note thatprobe field is typically
treated as a weak and control field as a strong, such thatipatian theory can be employed
to derive the linear féect of the atomic medium on the probe field propagation. Thaxe
been theoretical and experimental studies where the psai@ nhecessarily wea49-151].

In this situation, the fect of the atomic coherence on the propagation dynamiceafahtrol
field need to be taken into accoud6p]. We assume the two laser fields to be of comparable
strength, such that perturbation theory for the probe figldat valid any more to describe
the dfect of the atomic medium on the two fields. We start by calouethe susceptibilities
including linear and nonlinearfects for both fields by solving the related density matrix
equations. As expected, we find that a spatially-depen@émtctive index for the probe field
is generated, structured by the spatial intensity profilthefcontrol beam. In particular, the
generated structures enable one to transfer the translistsbution of the control field onto
the transmission profile of the probe field. In order to stuwy full propagation dynamics,
we then numerically solve the paraxial propagation equatfor both fields by using a higher
order split operator method. We begin our analysis with asSiam control and a super-
Gaussian probe field and observe the gradual mapping of titeotGield onto the probe field
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2.1. Theoretical model and basic dynamical equations 53

throughout the propagation. We find in particular that in tase of a strong probe field,
the transmitted probe beam is focused more tightly by a faafttwo compared to the weak
probe field case. Next, we consider a control field with a spatio-peaked Hermite-Gaussian
profile, and demonstrated cloning of the profile onto the piiodam with feature size reduced
by a factor of about 2.5. In order to verify that our method sarve as an universal tool
for cloning of arbitrary image, we finally simulate the thh@ienensional light propagations
for both fields, in which the spatial profile of the control diearries the three letters “CPT".
We show that also this structure can be cloned onto the prebentwhich initially has a
simple plane-wave profile, even though the control field i&esgly distorted throughout the
propagation due to fraction. Again, we observe a reduction of the feature siza factor
of about 2 in the probe field.

2.1 Theoretical model and basic dynamical equations

2.1.1 Equations of motion for density matrix elements

We consider a homogeneous cloudt®b atoms, with two laser fields coupled to the atoms
such that a three-leval-scheme as shown in Fig.1is of relevance. The probe field couples
to transition|1) « |3), and the control field to transitio@) < |3). The two copropagating
fields are defined as

E(r.t) = §&(r) (% 4 cc. (2.1)

where&(r) are the slowing varying envelope functior@g,the unit polarization vectorsy;
the laser field frequencies akgis the wave numbers of fields. The indgx {1, 2} denotes
the probe or control field, respectively.

The Hamiltonian of the system in electric dipole and ro@gtiave approximation is given
by,

H = :1wasl3)(3| + iwa|2)(2] + Fiwa|1)(1]
— i (ge™3)(1| + Ge™“?' [32| + H.c.) (2.2)

wherew,; are the corresponding atomic frequencies.
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Ficure 2.1: Schematic setup for the cloning of arbitrary images encoded in the gpafité

of a control field onto the spatial profile of a probe beam. Both fields opggate through

a rubidium vapor cell, and couple to the atoms on|&e— (1| (probe field with frequency

w1) and|3) « (2| (control field with frequencyw,) transitions, respectively. Our analysis
includes the case in which both fields are equally strong.

The Rabi frequencies of the probe and control fields are deéised

da; - &8, €M2

9= 7+~ | (2.3)
q - ikoz
G= % (2.4)

Here,agj are the corresponding dipole moment matrix elements. Ttetenaquation for the

density operataop is given by

o= -% [H.p| + Lyp. (2.5)
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The last term in Eq.4.5) describes incoherent processes such as spontaneoumaraiss is
determined by

Ly[p] = =71 (138 — 21)(1psz + pI3)(3))
= v2(13)lp = 22)(2pss + pI3)(3]) - (2.6)

We label the radiative decay rate from stgeto ground statgj) by 2y;.

Plugging the Hamiltonian of Eg2(2) into the master equation, we get equations of motion
for the density matrix elements as the following

3z = — 2(y1 + y2)pas + ig€ “p13 — I € pay + IGET X pgg — IGTE g, (2.7)
P22 =2y2p33 + IG" € pgp — IGE X g, (2.8)
P32 = — [(y1 + v2) + iwzz] p3z + i€ p1p + IGE“? (022 — ps3) , (2.9)
pa1 == [(y1 + 72) + iwa1] pa1 + IGE™ ' p2y + ige™  (p11 — p33) » (2.10)
p21=— [T +iw]pz1 + IG"€“p3; — ige™“pzs. (2.11)

Wherewss = waz — Wa2, W31 = Waz — Wa1, aNdws1 = Wa — Wa1.

We define the following transformations
i = iy pa1=03€ ", par =03, py =0pe @, (2.12)

In this suitable interaction picture, the density matrixiatipns follow as

033 =~ 2(y1+ ¥2)033 + 9013 — g 031 + iGops = IG 032, (2.13)
022 =2y20733+ 1IG 03, — IGO0 23, (2.14)
032 =—[(y1+72) +i1Az] 032 + 19012 + IGO 2 — iGoss, (2.15)
031=—[(y1+72) +1A1] 031 + IG0p1 + Q011 — iQ0r33, (2.16)
021 =—[[=i(A2 — Ay)]oa1 +iG 031 — Igo23. (2.17)

The detunings of the probe and the control fields from theeetsge transition frequencies
are defined ad; = w3; — w; andA; = ws; — wy, respectively. We have further included pure
dephasing of the ground state coherence, e.g., due to phasging collisions, and denote
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56 Chapter 2. Difractionless optical cloning via single dark states

the total decay rate of the coherencelbyThe remaining density matrix equations follow

from the constraintsy; + 02, + 033 = 1 andoj = -

2.1.2 Propagation equations for probe and control beams

We use Maxwell's wave equations to simulate the spatialugvoi of the control and the
probe beams through the medium, in order to study fieetof both difraction and dispersion
during the propagation. The wave equations for the prgbe 1) and control | = 2) fields
can be written as

2 52p.
(v2 18) _ o (2.18)

o) e

whereP; are the macroscopic polarizations induced by the contrdlpanobe fields, respec-
tively. They can be expressed in terms of both the atomicresives as well as the suscepti-
bility as

P; = N(dgjagje““’it + c.c.)
= (X3jéj8je_iwjt aF C.C.) s (219)

whereN is the density of the atomic medium, apel andys; are the susceptibilities for the

response to the probe and control fields, respectivelyolmlglvarying envelope and paraxial

wave approximation, Eqs2(1), (2.3, (2.4) and Q.18 lead to propagation equations for the
two fields given by

0 REe 5> :
fe (57 * a—yz)g g, (220
G i ([ :

The first terms in the parentheses on the right hand sidesuiacéar the difraction. The
second terms on the right hand sides are responsible foigperdion and absorption of the
both the control and probe beams. Note that the two progagatjuations are coupled via
the susceptibilitiegz; andyzo.
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2.1.3 Medium susceptibilities of probe and control beams

Next we calculate the response of the medium to the probe @midot fields, characterized
by the respective susceptibilities. Using Eds10), one can readily obtain the susceptibility
at the frequencies at, andw. as

N1d3i?

X3(wp) = |hggl| 031, (2.22)
N1d3

Xa2(we) = ;éﬂ 032. (2.23)

In steady state, the atomic coherenogg(w,) and osx(wc) are obtained from Eqs2(13-

(2.17 as
o3j = & , (2.24)
D
where the numeratoids,, N3; and the denominatdd are listed below:
Nap =(IGP(y(iy + A)(I? + (A2 - A1)?)
+ (y(iT + Az — A7) + T(Az + A))IgP + ¥(iT + Az = A)IGP)g) (2.25)
Naz2 =(19P(y(iy + A)(T? + (A2 — Ar)?)
+ (T = Az + Aol + ((iT — AzA1) + [(Az + A1))IGP)G) (2.26)
D =yIg® + IgI*|[3GI*(y + 2T) + 2y(yT + Ay(A2 — Ay))|
+7IGI [21GP(T + Ao(Ar = Ag)) +IGI* + (v + Ag) (A2 — Ag)? +T7)]
+ [gIP[IGP ((4y + T)A3 + 2yT'(2y + 3T) + 2(T - 4y)AzA; + (4y + [)AZ)
+ 3Gy + 20) + y(* + AD((A2 — A1)® + T?)] . (2.27)

The expressions are rather complex, since we include thasfiel all orders, in order to
account for nonlinearfeects. To simplify the expressions, we have assumed equay dates
on the two transitionsy; = y, = vy/2.

2.1.4 Transverse beam profiles

In the main part of our result section, we will numericallppagate complex transverse beam
profiles. But first, in order to interpret théfect of the beam profiles on the propagation, we
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chose the transverse spatial profile of the control field asranile-Gaussian mode. At= 0,
it can be written as,

G(xy) =Go Hm(xf) Hn (yf)eXp[—M] : (2.28)

e e W2

Here, Gy is the input amplitude, and, is the width of the control field. The functiddy is

a Hermite polynomial of ordek, and the indicesn andn determine the shape of the control
field profile along thex andy directions, respectively. Since we want to consider thesfiexr
of arbitrary spatial information, we will study filerent values ofn, nin the following.

Similarly, the probe field is initially assumed to have a staussian transverse profile
given by
X2+ 2\8
9(x.y) =9o eXp[——( ng') ] : (2.29)
p
The initial peak amplitude and the width of the probe field@aoted byg, andw,, respec-
tively. Instead of choosing super Gaussian as an initidilprahe shape of the probe field
can be consider any arbitrary shape such as a plane wavesi@aos hyperbolic shape . The
desired spatial profile of the probe beam can be generatedibyg a spatial light modulator
based on either liquid crystal or coherent EIT mediaq.

2.2 Numerical simulation and Results

2.2.1 Spatial modulation of linear and nonlinear susceptibility

We now turn to our results and start by studying the probe antfal field susceptibilities at
frequenciesv; andw, using Eq. .22 and Eq. 2.23. For this purpose, we first consider a
super Gaussian probe field and a Gaussian control field 0, n = 0 in Eq. .28] such that

the probe susceptibility becomes inhomogeneous alongahsverse directions. Results are
presented for two dlierent cases of the initial field amplitudes. We denote the gas Go

as the weak field limit, andy ~ Gg as the strong field case. In our numerical calculations, we
choosegy = 0.015y andgy = 0.15y for the two cases, respectively.
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Ficure 2.2: Probe beam susceptibility as a function of the transverse coordinEte control

field has a Gaussiaim( = 0O,n =

0) beam profile. (a) shows the imaginary and (b) the

real component of the susceptibility. The threffatient curves show probe field detunings

Ay = —0.005 (blue dotted line, blue dashed lina), = 0.0 (green solid line, green dot-dashed
line), andA; = 0.005y (red dashed line, red dashed double-dot line) for two data sets af prob

amplitudesy = 0.015y andg = 0.15y, respectively. The other parameters wpre 0.005cm,

Wp = 15Qum, we = 40Qum, A, = 0,T = 0.001y, andN = 5x10' atomgen?®.

TH-1364_09612130



60 Chapter 2. Difractionless optical cloning via single dark states

Fig. 2.2 displays the spatial dependence of the probe field susdéptiblhe different
curves show Imy;3) and Ref3) for three diferent detunings and both probe intensity cases
as a function ofx, with y = 0.005 cm. From Fig2.2(a), we find that the probe field is
essentially transmitted without absorption in regions ok the control field amplitude is
large, whereas in the wings( > 0.05 cm) with low control field, strong absorption occurs.
As expected, we found that the width of the transparency swindepends on the intensities
of the control and probe fields as well as the decay rate ofrgif@tiate atomic coherence.
Comparing the two intensity cases, we find that a relativeem®e of the probe field intensity
results in steeper transitions between regions of high@mdbsorption. Later, we will show
that this in turn leads to a smaller feature size of the imdg@irng scheme.

The transparency of the medium to the probe field can be utoderas arising from coher-
ent population trapping (CPT) or electromagnetically iretlitransparency (EIT), depending
on the relative strength of the two applied fields. In botresadestructive interference occurs
between two dferent excitation pathways frofh) or |2) to the excited stat@). CPT and EIT
are restricted to a certain transparency window. This parecy window can be controlled
via the external parameters, and permits to transfer tims\teaise distribution of the control
field onto the transmission profile of the probe field. Thidis key mechanism of cloning the
control field profile to the probe field.

The corresponding real part of the susceptibility is shawhig. 2.2(b). We notice that it
can be controlled between negative and positive valueseiaétuning. For red detuning of
the probe field4; = 0.005y), it has a local maximum around= 0, whereas for blue detun-
ing, @ minimum occurs arourd= 0. For non-zero detunings, the real part becomes spatially
dependentin particular around the regions in which thergibiem undergoes a transition from
low to high values.

Therefore, at red detuning, the transverse profile of thérabfield allows one to imprint
a fiber-like refractive index gradient onto the atomic medidhis parabolic refractive index
variation causes focusing of the probe field towards theecesftthe control field and also
guides the probe field propagation along the propagation a&onversely, at blue detuning
of the probe field, the real part has maxima at its wings, whickferred to as antiwaveguide
like refractive index 184]. This antiwaveguide refractive index leads to shape distus
of the probe field. Hence, electromagnetically induced $ouy and defocusing is possible
in our setup by properly detuning the probe field. At two pimotesonance condition.e.,
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A, = Ay = 0, only the imaginary part of the susceptibility varies st while the real part
is constant. Then the probe field propagates through thepgesency window without being
focused or defocused. Note that the probe field will nevéetisespread due to the inevitable

diffraction.
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Ficure 2.3: Real part of the control field susceptibility as a function of trangvpositionx.

The control field has a Gaussian £ 0, n = 0) shape. The threef@ierent curves show probe

field detuningsA; = —0.005 (blue dotted line, blue dashed lind), = 0.0 (green solid line,

green dot-dashed line), and = 0.005y (red dashed line, red dashed double-dot line) for two

data sets of probe amplitudgs= 0.015y andg = 0.15y, respectively, with dterent scales of
the axes. The other parameters are same as i2FAg.

Next, we consider thefiact on the control field. Fig2.3 shows the real part of the sus-
ceptibility experienced by the control field. It in partiaulillustrates that it becomes espe-
cially important when the relative intensity of the probelaontrol fields are of comparable
strength, as for the intense probe field case, the spat@didi®mn of the control field is about
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62 Chapter 2. Difractionless optical cloning via single dark states

three orders of magnitude larger than in the weak probe fede.cHence, it is important to
include atomic coherencdtects in the paraxial wave equation for the control field.

It is also evident from Fig2.3 that in addition to the diraction, the variation of the
refractive index induces further distortions of the cohtield shape for both red- and blue-
detuned probe fields. Our further analysis also showed hieatlbsorption of the control field
is rather low as compared to the probe field absorption in tasles, such that the control field
can be propagated through the medium without significargratisn for relevant parameter

ranges.
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Ficure 2.4: Probe field susceptibility as a function of the transverse spatial icadeck.

The control field has a doubly-peaked spatial profile characterized byl andn = 0 in

Eq. 2.28. The central part around = 0 is magnified in the inset in the top part of the

figure. The other parameters gre= 0.005 cm,Go = 1.5y, go = 0.015y, wp = 40Qum and
N = 7.5x10" atomgem?.
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2.2. Numerical simulation and Results 63

Finally, we analyze the dependence of the probe suscefytibil the control field trans-

verse beam shape. Fig.4 shows the transverse variation of the probe field suscéptifor

a doubly peaked transverse spatial distribution of therobfield obtained by settingh = 1
andn = 0in Eq. .28. The central part of the figure is shown enlarged in the iSgerall,
the interpretation is similar to the case of a singly-peat@utrol field beam profile. But the
doubly-peaked structure leads to the formation of two pansncy windows. For positive
probe detuningA; = 0.005), each of the transparency windows features a fiberdikactive
index, focusing the probe field towards the waist of the adfiteld and thereby reducing the
feature size. The generalization of these results to offedred modes of the control field with
different values o, n is straightforward.

2.2.2 Propagation dynamics of probe and control beams

In this Section, we present results for the evolution of thatial beam profile throughout
the propagation. For this, we numerically integrate thé gat of paraxial wave equations
Egs. .20 and @.21) using a higher order split operator method given in ApperdiWe
begin with a super-Gaussian probe beam shape and a Gaussiesi beam shape to demon-
strate the mapping of the control field profile onto the prole&dfi Results are shown in
Fig. 2.5. Fig. 2.5a) depicts the intensity profile of the probe beam &edent propagation
distancesz. The initial field amplitudes ar&, = 1y andgo = 0.15y, corresponding to the
strong probe field case. We find that the probe beam profileugiydacquires the control
beam shape as it propagates through the medium. This prisaasapleted at approximately
z = 2 cm. Interestingly, the probe field width at this propagaticstance is about @dm which

is an order of magnitude less than the initial width of thetomrbeam. At this distance, the
Rayleigh length of the cloned probe beam is abod2m. Consequently, the cloned beam
sufers from ditraction throughout the further propagation. We also ndtiom Fig. 2.5that
at two photon resonance conditian = A, = 0, the probe beam experienceffrdiction. In
contrast, at red detuning, the probe field propagates uadltarough the medium. We thus
find that the probe field éraction can be controlled by a proper choice of the singldgho
detuningA; of the probe field.
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Ficure 2.5: Normalized intensity profile of the propagating probe beam againsisaghe

transverse coordinatefor y = 0. (a) shows the beam profile afféirent propagation distances

z In (b), the transmitted probe beam intensity at the output of a 4 cm long meslisimown
for different detunings. All other parameters are chosen as ir2Fg.
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Fig. 2.5b) illustrates how the intensity and detuning of the proleddfican be used to
control the width of the transmitted probe beam. It showsitiaprobe beam is more tightly
focused by a factor of about two for the strong control fielsecaompared to the weak probe
field case. At red detuning condition, our numerical compors show that the width and the
transmission of the output probe beam areu@5[55 um] and 20% [5%] for weak [strong]

field case.
120
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Ficure 2.6: Spatial intensity profile of the control field as a function of the trarseveoordi-

natex after propagation through a 4 cm long atomic medium. Results are showrfteredt

field parameters. The profile is shown in the 0 plane. All other parameters are the same
as in Fig.2.5.

Fig. 2.6 show the corresponding results for the spatial variatiotheftransmitted con-
trol beam intensity profile in thg = O plane after propagation through a 4 cm long atomic
medium. For the weak probe field case, the control field prajmgessentially without any
distortion. But in the strong probe field case, we find from Rid that the control field
shape is distorted. Nevertheless, the integrated trasgmismtensity of the control field is
approximately 100% in both cases.
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66 Chapter 2. Difractionless optical cloning via single dark states

Thus, we conclude that the control beam intensity is spatiatistributed in the strong
probe field case. As a consequence, it is necessary to intled#fect of atomic coherence
in the propagation of the control field in the non-resonawek as in the resonant condition
for the strong probe field case.
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Ficure 2.7: Transverse spatial intensity profile of the probe and control fiélds @opaga-

tion through an atomic vapor cell of length 4cm. The initial control field profihissen as a

Hermite-Gaussian doubly-peaked profile. The top panel (a) showsdbe field, the bottom
panel (b) for the control field. The parameters are as inZ#§.
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2.2. Numerical simulation and Results 67

Next, we study cloning of a two-peaked Hermite-Gaussiartrobbheam onto the spatial
profile of the probe beam. Fig.7shows the peak-normalized intensity of both the transahitte
probe and control beams after a propagation distance of 4itcoan be seen from Fig.7
that while the overall structure of the control beam is pres@, the width of the cloned probe
beam profile is reduced by a factor of aboli 8s compared to the initial width of the control
beam. Therefore, the finesse of the transmitted probe beatvoist 2.5 times greater than
that of the control beam, which is consistent with the findin§an recent experiment by Li
et al[153. The integrated transmission intensity of the cloned oufpobe beam is 5% of
the integrated intensity of the input probe beam. The trasson of the cloned beam can be
increased by decreasing the optical density. We also fdumicthe width of the cloned beam
can be decreased by decreasing the relative intensity qirtiee and control field giving us
control over the finesse of the cloned probe beam.

Finally, Fig.2.8shows how a complex image encoded in the transverse comticbiriten-
sity profile can éiciently be cloned onto the probe field. For this, we chooselthee letters
“CPT” as initial profile of the control beam, and a plane wawvetfe initial probe beam pro-
file. We find from Fig.2.8(b) that the control beam profile is significantly distortéga3 cm
propagation length through a vapor cell. This distortioses from difraction and from the
variation of the refractive index experienced by the cdritedd.

Control image Control image Cloned image
a z=0 b z=3 cm c z=3 cm

-50 0
X in um

Ficure 2.8: Transverse spatial intensity profile of the control and probe fiéédshows the

initial profile of the control field at the medium entry. (b) shows the conteddifprofile after

propagation through a vapor cell of length 3cm filled with rubidium atoms.slicws the

probe field profile after the propagation. Initially, the probe field is ch@sea plane wave.

The parameters age= 0.15y, G = 1.5y, A, = 0, A; = 0.002y, T’ = 0.001y, andN = 10%?
atomscnr.
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68 Chapter 2. Difractionless optical cloning via single dark states

In contrast, the fiber-like spatial dispersion of the prole&lfcan be used to compensate
or to reverse theftect of the difraction. As a result, the cloned image in the transverselerofi
of the probe beam is tightly focused. We further note fromeb#o) that the feature size in
the cloned image is reduced by a factor of 2 as compared totigent control field image.
This suggests that the finesse of the transmitted clonedaimsago times greater then that of
the incident control image. Hence, the feature size of tbeed image is decreased twofold.

2.3 Chapter conclusion

In conclusion, we have studied the possibility of cloningaafarbitrary images encoded in
the spatial profile of a coupling beam onto a probe beam. Outinaodes based on coherent
population trapping in a three-level atomic lambda syst®ve. have considered both, weak
probe fields and probe fields with strength comparable todh&al field, and have discussed
the diferences for light propagation in the weak and strong fielddimn the “strong field
limit” where the probe and control fields are of comparabtersith, we firstly calculated
the atomic susceptibilities including both linear and mugwr dfects for the two fields. We
then found that a waveguide-like structure can be formedenthe medium at red detuning
of the probe field when applying a Gaussian control and a s@pessian probe. At the
same time, a transparency window centered in the wavegwidieh can be controlled by
changing the relative intensities of the probe and conteddi$. This transparency window
allows to transfer the transverse intensity profile of thatoa onto the transmitted probe
field. By numerically solving the propagation equations fothbfields, we found that the
spatial profile of the control is gradually mapped onto tlesmitted probe already after a
few Rayleigh lengths. Interestingly, the feature size ingpatial profile of the probe field
is reduced compared to that of the original control fieldctrice. In order to show that our
method works for arbitrary images,fiiirent spatial profiles of the control and probe fields
are considered. In particular, the three letters “CP T atligiencoded on the control field are
cloned onto the transmission profile of the probe. In thicpss, the feature size is decreased
by a factor of 2. Interestingly, even though cloning of adoy images onto the probe field is
constructed nicely, the control field image is severelyadtstl due to diraction throughout
the propagation.
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Chapter 3

Resolution improvement via double dark
resonances

The ability to enhance spatial resolution of a Rayleiglhdr Sparrow-limited 154 image is
one of the main challenges in optics. Conventional opticsfdiged to resolve the character-
istic size of an image beyond a value comparable to the wagtief the probing light155.
Main constraint of high resolution imaging comes from th&rdction and the absorption.
The difraction of an image is inevitable due to its geometricaliarigrhe above obstacles
can completely or partially be eliminated by use of quantntarference fects.

Optical properties of medium tailored along the transvelisection can open up a new
possibility of transferring the characteristic featurédhe control field to the probe field.
This is because the propagation dynamics of probe field isrt#gnt on the dliraction and
dispersive properties of the medium. Thefidiction and dispersion characteristics of the
atomic medium can be manipulated by using proper spatialpmogeneous control field.
This concept has been demonstrated experimenta8g in a CPT system where a well
resolved control field structure is used for optical imagimgirther, the transmitted cloned
image has feature size four times smaller as compared toitied control image. However,
EIT and CPT based schemedisu from strong absorption due to breaking of two-photon
resonance condition. Hence the absorption based mechdim#s practical implementa-
tion. Therefore, one can take advantages of gain based sshtengenerate high resolution
cloned image. Resolution of cloned image can be improved Qynerring the contrast of

69
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the refractive index of atomic waveguides of the gain medi@uantum interferencetects
induced by interacting dark resonances have been showrastiaghlly increase the contrast
of the refractive index profilel5g.

In this chapter, we have used interacting dark resonancespont the Rayleigh- or
Sparrow-limited control image to probe field with high redg@n and contrast. To facili-
tate these processes, we use a four-level atomic systemghke slark state can be created by
the control and the probe fields couple to the two arms-gfystem. This interaction gives rise
to usual single transparency window. The double-dark stzda be generated by using a mi-
crowave or optical field which interacts with magnetic orcétlie dipole moments of relevant
atomic transitionsI57-159. We find that the interference between two dark states tesul
a new sharp absorption peak at line centre. The double dagkaace (DDR) spectra show
two transparency windows accompanied with one sharp atisorpeak. Furthermore, we
demonstrated that a very weak incoherent pump fieldfiscgnt to turn the induced absorp-
tion dips to gain peaks. We exploit these sharp spectralifeatto write waveguide inside
medium. We begin with Rayleigh-limited control field strueand do a comparative study
of inhomogeneous susceptibility for EIT, Microwave inddcgbsorption (MIA), and LWI.
The result shows that the presence of three fields with arheremt pump provides a sharp
contrast in refractive index from core to cladding than otfwe cases. Wef&ciently use
this sharp refractive index contrast for cloning the Rayidimited control field image to the
probe field with high resolution. Finally, we also show thaa8ow limited three modes of
the control image can also be cast onto the probe field witinegpble resolution and high
transmission. Later, we also use induced absorption andgesency mechanism to demon-
strate the spatial switching ffoor on) of probe beam. The spatial optical beam switching
based on spatial phase modulation has been discussedyeécemtical lattice L60.

3.1 Theoretical Formulations

3.1.1 Atomic model system
In this work, we consider a homogeneously broadened foet Ry atomic system consisting

of an excited stat@l) and three metastable statgs |2), and|3) interacting with two optical
fields and one microwave field as shown in the BdL. The excited stat¢) is coupled
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3.1. Theoretical Formulations 71

to two degenerate ground staiés, and|3) by two coherent fields, namely, a weak probe
field with frequencyw; and a control field with frequency,, respectively, which form a
three levelA-system. The ground stal®) is further coupled to the metastable st@eby

an additional microwave field with frequeneay. In the real experimental scenario BRb
(D,0rD; line) atomic vapor, the hyperfine magnetic sublevel®f5: [F’ = 2, m = 1) serves
as an excited statd) in Fig. 3.1 The ground-state hyperfine magnetic sublevelsSyf5:

IF =2,m=2),|F =1m=0), and|F = 2,m = 0) correspond to statg$), |2), and|3),
respectively 157, 15§.

Ficure 3.1: Schematic diagram of the four-le¥Rb atomic system. The atomic transition

|4) < |1) is coupled by the coherent probe field with Rabi frequegieynd incoherent pump

field r. The control field with Rabi frequendy interacts to the atomic transitigfh) < |3). A

microwave field with Rabi frequend® acts on the transitiof3) « |2) to produce the double
dark resonance of the system.

We define two copropagating optical fields along zkeis as
Ei(r.t) = &&(r) e'(“it%d 4 cc. (3.1)

where&(r) is the slowing varying envelope; is the unit polarization vectow); is the laser
field frequency and; is the wave number of field, respectively. The index {1, 2} denotes
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the probe or control field, respectively. The microwave figldefined as
Es(r,t) = 885(r) e'@stkd L cc. (3.2)

where &E;(r) is constant amplitudeys is the frequency of the microwave field. In the presence
of three coherent fields, the Hamiltonian of the system utfueelectric dipole and rotating-
wave approximation can be expressed as,

PN (3.3)
Ho =hiwagld) (4] — hwogl2)(2] — hwqsl1)(1], o
Hy = = (14)(1|da; - &8, @itk

+ |4)(3|d43 - é282e—i(w2t_k22)
+8)(2d3; - 8385677 + H.c). (3.5)

The time dependent parts of the above Hamiltonian can bewenoy using of following
unitary transformation,

0 =eit, (3.6)
W = iwal4) (4| — hwsl2)(2| — Ii(w: — w2)I1)(1]. (3.7)

If |(r,t)) represents the state vector in the stationary frame andg@nd)) in the rotating
frame, then they can be espressed as

l(r, 1)) = Ulg(r, 1)) . (3.8)

Using above unitary transformation into the Sadinger equation Eq1(19 and after rear-
ranging the terms, we obtain

(e, 1) = (0'A0 — in0' io(r, 0) = Vio(r, 1), 3.9)
where the transformed Hamiltonidhis given by

V/h = = A& (4| + Agf2)(2) + (A1 = A2)I 1)L
— (9l4)(1] + G14)3| + Q[3)2| + H.c.), (3.10)
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whereA; = wy — wa1, Ay = wyr — waz, Az = wo — w3, are the single-photon detunings and
d - 'k]_Z - .k22 - 'k3Z
g= 94 €6.€ G- dyz - €262€ o= d3z- €163€
h h h
are the Rabi frequencies of the probe, control and the micrevialds, respectively. The

atomic transition frequencies and the corresponding dipgdment matrix elements are de-
noted byw;; andd;;j, respectively.

3.1.2 Dynamical equations for density matrix elements

We use Liouville equation to incorporate the coherent andherent processes of the atomic
system. Thus the dynamics of the system is governed by tloeviag Liouville equation

o= —%[\”/,p]u:p, (3.11)

where the second term represents the incoherent processesn be determined by
Lo=Lp+Lip+Lp, (3.12)

with

3
Lo == 3 2 (o ~ 2i)iloas-+ pI4) .

i=1

3 3
L= > Z(ixilo - 2i)les + pli)

i=1 %=1
Lo =L+ La1p,
r
Lip =~ > (14)(4lp — 2|1)(1lpas + pl4)4) ,

r
Lap=-3 (112l — 214)4lp11 + pI1)(1]) .
The first term of Eq.3.12) refers to the radiative decay from excited stdjeo ground states
|j) as labelled byy;. The second termfyp, represents pure dephasing for the cohergfce

due to collision with rate. The incoherent pumping between levdlsand|4) with rater is
described by, p.
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The dynamics of the population and atomic coherences indhelével system can be
described by the following set of density matrix equations:

P11 = —Tp11+ P4a + y1paa + 19" pa1 — iQp14, (3.13)
P22 = Yopas+1Q°p32 — 1Qp23, (3.14)
P33 = Y3pa4 + 1Qp23 — 1Q"p3r + 1G"pyz — iGpas, (3.15)
Paa = —p11— P22~ P33, (3.16)
P21 =~ % +y21—i(Ar— Az — As)] P21 +1Qp31 — igp24, (3.17)
P23 = —[y23+1A3] p23 = iGp2s + Q7 (033 = p22) » (3.18)
P24 = —[y2a+ 1(A2 + A3)] p2a — 19721 — IG"poz + I1Q7paa, (3.19)
par = ~| 5+ yo1 + (A2 - A1) pss + 901 - igpse + 16 ps, (3.20)
p3a = —[yaa+1A2] pas — 19"p31 + 1Qp24 — IG* (033 — pas) , (3.21)
Par=— % +Ya1— iAl] pa1+1Gp31 +ig(p11 — paa) , (3.22)
fij = Pji » (3.23)

where the overdots stand for time derivatives ard tlenotes complex conjugate. The total
dephasing rate of the atomic coherences is givep by vy + vi/2.

3.1.3 Solution of density matrix equations under perturbative approach

We adopt steady state solutions of the master E33$3((3.23 to study the response of the
medium. These equations can be solved to all orders in thieat@md probe field provided
both the fields have approximately equal amplitude. Howewverrestrict ourselves to cases
where the probe field is much weaker than the control field aicdowave field. This allows
us to apply a perturbative approach in order to determingpgnoaimate solution. Thus in
the spirit of weak probe field limit, we calculate the coheesiand populations to the first
order ing and to all order in control fiel& and microwave field2. Hence the steady state
solutions of the density matrix equations can be writtenfiollawing expansion form

py =P+l +g'pl), (3.24)
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wherep?

) describes zeroth order term of the solution in the absendeegbrobe field. The
second and third terms denote the solutions at positive agdtive frequencies of the probe
field respectively. We now substitute the above expressi@ys. 8.13-(3.23 and equate the
codficients ofg, g* and the constant terms. Thus, we obtain a set of sixteenedgphulta-
neous equations. The zeroth order solutions of simultasiequations which are relevant for

coherencey; are given by
o _ [2(r + MIGPQHy(Ty + |GI?) + I'l(A2 + Ag)® + Q?]}]
11 —
D
%) = [(YIGP + IGI*(2ry” — 2yAzAs — 2yA} + TQ° — Q)
+ 2DQP[AS + 2A3A3 + YPAS + A5(2y2 + A5 — 2Q%) + 2A,A3(y% — Q2) + (% + Q2)?
+IGP{yAz + (7% + Q) [I%y = (T = 2)Q%] + AJ[¥(T% +9%) + 2(T + 2y)Q7]
+ AJ[T%y + yAZ + (BT + 2y)Q%] + AAz[2T%y + 2yAS + (7T + 6y)Q%])]/D  (3.26)
P8 = (rQ?(2T A7 + 4ATA3A3 + AZ[2T2 + (2T + 7)IG?]
+ AS[2T'A3 + (3T + 2y)|G + 4T (y? — Q)] + AxA3[(BT + 2y)|G[* + 4T (y* — Q)]

(3.25)

+ [IGI* + 2(y* + Q)[(7IGF + T'(y* + Q%)]})/D (3.27)
E&) - (2r|GIPQ2%{y(Ty + |G|2)D+ [T(Az + As)? + Q2]}) (3.28)

D = (ryIGP° + IGI*(2ry[Ty — As(Az + Ag)] + [2° + r(T + 4y)]Q%)
+ 4TQH( + A2 + (A2 + Ag)’] + 2[y% — Ag(A + Ag)]Q% + Q)
+IGP{Iry(T? + AV + (Az + Ag)?] + (¥[2T + 1 (T + 2y)?]
+ 2[[y + 2r(3C + )] A3 + 4(5T + 2ry + T'y)AsAs
+ (8T + 5ry + 2Iy)A31Q% + 2[Ty + 2r(y + T)]Q%). (3.29)

Now, the linear-order atomic coheren@%) which will yield susceptibilityy,; at frequency
w1 is found as

2y(,0) ©) 2
o _ .[(F21F31 + )01y — pag) + AG| ) , (3.30)

=i
Par [41(T21031 + Q2?) + T'54|GP?
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with
0 0 0 0
B8 B
(T23(T2al3a + Q2) + |G]?)
B = (To1(T23l 24 + G%) — T'23Q7),
C = (a1 + ['34)Q2,

wherel'sy = [r/2+ y21 — (A1 — Ao — A3)], Tog = [y23 +iAz], Tog = [y2a+ (A2 + Ag)], T'31 =
[r/2+vy31+i(A2 — A1)], Tag = [yza—iAz], andT'yy = [r/2+y41 —iA1]. For the simplicity,
we have assumed equal decay rates from excited state, v, = y3 = y and coherence
dephasing rategs; = yo4 = Y34 & y, Y21 = Y31 = Y23 ® Yc = . We now express the
macroscopic polarization of the medium in terms of both tioendc coherences as well as the
susceptibility as

Py = N (dape™ + cc.)
= (/\/41é1816_iw1t arF C.C.) s (331)

whereN is the density of the atomic medium. Now E8.30 and 3.31), will yield the linear
response of the medium as

NIdail® (4
5 Pa

xa1(A1) = (3.32)

The real and imaginary parts of the susceptibility in Eq. 3.32 gives the dispersion and
absorption of the medium respectively. The optical prapsif the medium can be manipu-
lated coherently by proper consideration of spatial shapleratensity of the dferent applied
fields. The &ect of diferent fields such as optical, microwave and incoherent pustgpdn
the medium properties are in sequence in the results andssisns section.

3.1.4 Beam propagation equations
The spatial dynamics of the probe and control fields alongztieection of the medium is

governed by the Maxwell's wave equations. The wave equatrater slowly varying enve-
lope and paraxial wave approximations can result the beapegation equation. The spatial
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evolution equations for the probe and control fields areinbthas

0 i (0% &2 .
8—2 = 2_k1 (W + (9_)/2) g+ 2inkiya1 9, (3.33)
0G i [ 6? 0?

The terms within the parentheses on the right hand side BE2B) and Eq. 8.349) are related
with transverse variation of the laser beam. These termsuatdor the difraction either in
free space or in the medium.

The second term on the right hand side of EX338 is responsible for the dispersion and
absorption or gain of the probe beam. As we have seen in tvépsechapter theféects of
the atomic coherences on the control beam propagation ayenegligible under the weak
probe field. Therefore, we study th&ext of both difraction and dispersion for the spatial
evolution of the probe beam where we include only tffea of difraction for the control
beam dynamics.

3.2 Results and Discussions

3.2.1 Susceptibility with homogeneous fields

We first study the atomic coherences by using homogeneoieabahd microwave fields at
steady-state condition. The quantum interference of ateoherences induces EIT, MIA and
LWI in our system. The characteristic of these quantum ieterice phenomena is illustrated
in Fig. 3.2 In Fig. 3.2@a) we have plotted the variations of the imaginary part ef phobe
susceptibility with probe field detuninty in the presence and absence of both microwave and
incoherent pump fields. In the absence of both microwave acwhierent pump fields four-
level system reduces to three-levelsystem with a weak probe and a strong control field.
The probability amplitudes of two arms of the system leads to destructive interference.
This interference enable us to cancellation of absorptiqmrabe field provided two-photon
resonance condition is fulfilled as shown in F&32 This phenomenon is known as EIT. In
EIT, a single transparency window is accompanied by two igitise peaks which originates
from the strong control field. Now this single transparenégdew can be split into double
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Ficure 3.2: Variations of imaginary (a) and real (b) parts of the probe susdéytivith

the detuningA; in the presence and absence of both microwave field and incoherent pump
is plotted. The zoomed part of the absorption spectrum corresponds farméxss, gain

or transparency at the line center is shown in the inset. The corresgopadiameters for
these regimes ar&2 = 0.01y, r = 0 (red dot-dashed line}2 = 0.01y, r = 0.0005y (green
dashed line), an@ = Oy, r = 0 (black solid line). The common parameters @re- 1.0y,

A> = A3 =0,T = 0.0001y, y = 37 x 1P ragsec,A = 795 nm, andV = 5x10'* atomgem®.

transparency windows by the use of the microwave field. ltaarcfrom Fig.3.2(a) that the
double transparency window is accompanied with very namabsorption peak. This peak
occurs due to the double dark states formed by microwave dietdree-photon resonance
condition. Furthermore, the position and width of these timsparency windows strongly
depend on the intensity of microwave field. Now a relativelyak incoherent pump acting
along the probe transition can switch the absorption pe#ke@ain dip. The second term in
the numerator of Eq3(30 is responsible for gain around line center. This gain atterastic

is illustrated by green dashed line line in F&y2(a). At three photon resonance the second
term is negative and is lager than the first term which chatigegroperties of the medium
from absorption into gain. Thus the presence of both weakawiave and incoherent pump
fields is able to produce a gain window for the medium. Bg(b) clearly shows sharp
variation in refractive index due to DDR as compared to &rdfrk resonance. This steep
variation in refractive index has been used to separateheudiraction-limited Rayleigh or
Sparrow images.
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3.2.2 Susceptibility with inhomogeneous control field

In this section, we discuss théfect of spatial inhomogeneous field on linear susceptibility
given in Eq. 8.32. For this purpose, we change the control field profile froormbgeneous

to spatially inhomogeneous field while keeping rest of thiel§ias homogeneous for further
study. The spatially inhomogeneous transverse profileeo€tmtrol field is a combination of
more than one Gaussian peak.zAt 0, the control beam can be written as,

n
G(x.y) =Go ) exp

i=1

[_ (x—a&)* +y ’ (3.35)

2
We

whereGy is initial peak amplitudey, is beam width andy are the individual peak position.
The full-width-at-half-maximum (FWHM) of individual peak i/2In(2)w.
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Ficure 3.3: Spatial intensity variation of the control image is plotted against the tresesve

axis x with y = 0 at entry face of the vapor cell. The Rayleigh limited and Sparrow limited

control image are formed by choosiag = —a, = 0.01 cm anda; = —a, = 0.009 cm,

respectively. The individual peaks can be well resolved by charging —a, = 0.02 cm.
The common parameters of two graphs@ge= 1y, andw, = 100um.
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80 Chapter 3. Resolution improvement via double dark resor&ance

Fig. 3.3 shows the intensity distribution of the control field agairedial positionx at
the entry face of the medium. The overlapping of two peaksgiise to a central minimum
with non-zero intensity as shown in Fig.3. The Rayleigh-limited or Sparrow limited control
field images can be formed when the intensity of the peak nia@ethcentral minimum is
Imin ~ 0.5 or ~ 0.7, respectively. The resolution of thefldaction limited images can be
improved by reducing the central minimum intensity to zefdws, by increasing the peak
separation or by decreasing the width of the individual peadbles to create high resolution
image.

. | ) | 1 | )
6.02 0.02 0 0.02 0.04

Ficure 3.4: The Spatial variation of the real (Re]]) and imaginary (Imf41]) parts ofya1.

The plots are shown against the transverse axis coordiateéhe control beam foy = 0

plane. The dferent curves are for threeftiirent set of parameter§2 = 0.015y, r = 0,

A1 = 0.001y (red long dashed, and dot-dashed lin€s} 0.015y, r = 0.0005y, A1 = 0.001y

(blue dashed double-dot, and dot double-dashed lines)QardO, r = 0, A; = —0.001y

(black solid, and short dashed lines). The control beam parames€ss ar 1y, w, = 100um,
anda; = —ap = 0.012 cm.

The spatially modulated control field perturbs the probenbesasceptibility along the
transverse direction as shown in F&4. Fig. 3.4 illustrates the spatial variation of the real
and imaginary parts gf4; as a function of the transverse axigor y = 0 plane. The very
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special inhomogeneous character of dispersioy Rpand absorption Imf4;] causes the spa-
tial modulation in phase and amplitude for the probe fieldpeetively. Since the phase of
probe beam is influenced by the co-propagating control bélaenefore, this phase modu-
lation is termed as cross phase modulation (XPM§1]. The mutual coupling between the
optical beams is attributed to XPM which causes focusingpégarobe beam. The amplitude
modulation results in attenuation or gain to the probe beam.

The curves of Fig3.4represent three flerent cases of EIT, MIA, and LWI, respectively.
It is clear from Fig.3.4that for MIA and LWI cases two transparency windows are forraed
higher intensity regions whereas absorption occurs irivels low intensity regions of con-
trol field G defined by two Gaussian modes using B339. The real part of the susceptibility
is maximized at these higher intensity regions. This resesntwo parallel waveguide like
structures with claddings (0.0075 gnfix| > 0.0175 cm) and cores (0.0175 gnx| > 0.0075
cm). In order to have a perfect wave-guiding, there should begh contrast between core
and cladding. In case of EIT, it is evident from F&j4 that a single transparency window is
formed and the variation in refractive index arouné O is very small. Therefore, the single
transparency window is failed to create two parallel wavwegs: As a result, EIT is not suit-
able to separate out the modes with high resolution. Howevére case of MIA, one can see
a sharp variation in refractive index (red long dashed lareundx = 0, with a rapid increase
in contrast from core to cladding. But there is reasonablesase in absorption in the region
between 0.0175 cm|x| = 0.0075 cm of the doublet as compared to EIT. This incremelht wi
reduce transmission of the probe beam and therefore, itslitisseems to be restricted.

Interestingly, in case of LWI, the refractive index contrBstween core and cladding is
higher than the other two cases. This contrast enhanceraeses strong focusing of the
probe beam towards the center of the two peaks of the corgidl #\s a result, the width of
the probe beam becomes narrow which improves the contrdst ofoned image on the probe
field. Also the two deeps of the doublet changes from absmrjnito gain and can produce the
enhancement of the cloned beam transmission. Hence thepraadbeam is not only guided
or focused but also amplified in order to preserve the inféionaduring the propagation
through the optical medium. This is the key mechanism ofiolgthe un-resolvable or just-
resolvable control field profile to the probe field with higketution. In the following, we use
the inhomogeneous susceptibility for LWI case to illusttatzimprovement of the resolution
of the cloned images of the control field onto the probe field.
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3.2.3 Beam propagation dynamics
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Ficure 3.5: Spatial evolution of beam profiles. In panel (a), the spatial evoluigrobe

beam profile is shown against the transverse coordirafier y = 0 plane at dierent

propagation distances In panel (b), the peak-normalized intensity profile of the control

beam is shown at fferent propagation distances z. The parameters are chosen as follows:

Q = 0.018y, r = 0.00075, A; = 0.00Ly. The control beam (Rayleigh limited) parameters
are same as in Fig3(3.
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We numerically integrate the paraxial wave Eds30 and 3.34) by using a higher order
split operator method (Appendix A) to study the propagatignamics of both control and
probe beams. First, we explore the cloning of Rayleigh lichitentrol beam onto the probe
beam in presence of both microwave and incoherent pump fi€éldsthis purpose, we set
we = 100um anda; = —a, = 0.01 cm in the Eq.3.39. The results for the spatial evolution
of the control and the probe profiles throughout the mediugrshown in Fig3.5. It is clear
from Fig. 3.5@a) that within a very short distance, the control field stuoe is mapped on
to the probe with central minimum reduced to zero. As a reshéd finesse, which is the
ratio of the spacing between peaks to the width of peaks ofrtresmitted probe beam at
z = 2.5 cm, is 4 times smaller than initial control beam finesse. dpigcally cloned probe
image atz = 2.5 cm is well matched with the control field envelope expras§s35 for the
parametersvy, = 29um andal = —a2 = 0.01 cm.

We also find that the integrated transmission of the outpob@mheam at = 2.5 cm
is about 98%. The probe beam transmission can be changedapgioly the incoherent
pump field rater. Fig. 3.5b) depicts the intensity profile of the control beam dafetient
propagation distances We find that the the shape of the control beam is gradualtgrdés! as
it propagates through the medium due tfirdiction. As a consequence, control beam induced
waveguide structure in the medium is modified. Accordingly shape of the cloned beam
starts experiencing firaction afterz = 2.5 cm propagation distance as shown in Bdxa).
Long distance diractionless cloned image propagation can be achieved lsydenng tightly
focused control beanbf] or self-reconstructing Bessel control beah6 .

Fig. 3.6 compares the cloning mechanism in presence and absencé¢homiimowave
and incoherent pump fields for the Rayleigh limited contrdtifsgructure generated a double
transparency window and a single transparency window foRRDd EIT system, respec-
tively. Itis clear from Fig3.6that the double transparency windows enable to perfeatlyecl
the control image with high resolution whereas single gpansncy window failed to clone the
control image to the transmitted probe beam. We also ndtatdhe DDR induced waveguide
structure can support the propagation of cloned probe beimowt any dffraction. In con-
trast, for EIT case, the transmitted probe beaffess severe distortion due to lack of parallel
waveguide like structure inside the medium. Hence EIT basechanism has limitation to
clone unresolved or just resolved control image onto praasrbwithout loss of generality.
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Ficure 3.6: A comparison study of EIT and DDR with incoherent pump for cloninghef
just resolved control images onto the probe beam at the output of the elpavith length
L = 25 cm. The parameters are same as in Big.

Next, we demonstrate how the microwave and incoherent pugigsfater the unprece-
dented control over the image cloning for unresolved images this purpose, we consider
more complex structure of control beam consisting of thraesSian peaks. Fi@.7 shows
the radial distribution of the input Sparrow limited coritb@am (at z= 0) and output probe
beam at z= 1 cm. As in Fig.3.7(b) it can be seen that the cloned probe images contains
three distinguishable peaks even though the control beafilepis unresolved. Surprisingly,
the integrated transmission intensity of the cloned profegie is approximately 74%. Thus
microwave and incoherent pump fields allow one to cloned tfieadtion limited control field
image onto the probe beam with improved spatial resolutt@htagh transmission. We also
verified that the resolution enhancement of cloned image$egossible even for Rayleigh
limited control images with the Bessel as well as non-Gaussii@pe. These studies may be
useful for practical applicability such as optical micrope, quantum metrology and quantum
imaging [163.
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Ficure 3.7: Picture (a) shows 3-D intensity profile of the input control beam. Ricio)

shows the transmitted probe beam at the output of a 1 cm long medium. Thagtara

are as in Fig3.5 except location of the three peaks ar.009 —0.009), (0009, —0.009),
(0.0,0.0066)cm, and2 = 0.02y, r = 0.00073.
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3.2.4 Spatial optical switching

Here, we show how the propagation dynamics of the probe baarbe controlled by switch-
ing the microwave field on andio The well resolved control beam image is being considered
for this demonstration. The individual peak has width A®0which corresponds to 4 cm
Rayleigh length. The spatially dependent control field &sdiatomic waveguide can protect
the feature of the cloned beam in a 4 cm long medium.
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Ficure 3.8: The intensity profile of the probe field transmission is shown againsvieese

axis x with y = 0 at diferent propagation distances Parameters used: (a) EIT case £

0,r = 0,A; = —0.005y), LWI case 2 = 0.01y,r = 0.0001y,A; = 0.000%), and (b) MIA
case 2 = 0.0Ly,r =0,A; = 0.000%y).
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Fig. 3.8(a) illustrates that the nonfiliacting cloned probe beam propagation is possible
inside the medium in both EIT as well as LWI system. Top panelshprobe beam is
turned on in both EIT and LWI cases. The lower panel shows pbaaen is turned 6 in
MIA situation. The initial profile of the control field contas two well resolved Gaussian
peaks with locatiora; = —a, = 0.02 cm as in Eq.3.35. We found that the width and the
transmission of the cloned beamzat 3 cm are 25m (100um) and 60% (5%) for LWI
(EIT) mechanism. Therefore, the precise control of finesgkthe contrast of the output
cloned probe beam can be achieved by application of cohéedti$ and incoherent pump
field interacting in a four level atomic medium. F&8(b) shows how the microwave induced
absorption can be utilized to attenuate the probe beam gilgdaside the medium in the
absence of incoherent pump field. Thus, microwave field wkimnects the lower level
metastable states of four level system can switéhh® probe beam propagation inside the
medium. This investigation can be applicable for all opgtgwitching and logic gateslp0,
164).

3.3 Chapter conclusion

In conclusion, we have revealed a scheme to improve theutesobf the cloned image based
on the quantum interferencéects induced by interacting dark resonances. For this gerpo
we have used four levels atomic system interacting withetto@herent fields and an inco-
herent pump field. An atomic wave-guide structure is fornreside the medium by using a
spatially modulated control field. The refractive-indexitast between core and cladding of
the atomic waveguide can be increased by use of sharp alosopgiak associated with dou-
ble dark resonances. The high contrast atomic wave-guaeenus to imprint the Rayleigh
or Sparrow limited control images to probe field with highalesion. The transverse feature
of control image is fficiently cast on to the probe field even though the control erafers
distortion due to the diraction during the propagation. Our numerical result shioat the
propagation of high resolution cloned image is possibld tivé feature of the control image
lost completely. We use incoherent pump field in order togase the transmission of the
cloned probe image. Finally, we have also demonstratedsgadial optical switching is pos-
sible by use of EIT, LWI and MIA mechanism. Moreover, incomgngumping reduces the
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unwanted attenuation or may result in amplification of tightiin medium but it simultane-
ously destroys the atomic coherence. Incoherent pumpiag iscoherent process causes a
lasing without population inversion by transferring thegptations from one level to another
through spontaneous emission. Thus, the benefits of gainppression of absorption due
to incoherent pump pays the price of dephasing of the cohesenThe decrease in atomic
coherence by increasing incoherent pumping results ingiradde continuous decrease in
slope of dispersion curve. In contrast, the active Raman gaicess is completely coherent
process have the advantage to give desirable gain and widbititly without disturbing the
coherences. In a Raman gain medium, lifetime of atomic colceres comparatively longer
compared to incoherent processes. Therefore, by intrnglRaman gain system, we exploit
the possibility to overcome the limitations through incateé pumping.
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Chapter 4

Optical beam steering, splitting, and
cloning in Raman gain medium

Optical beam guiding, deflection and cloning has attractgeat deal of attention due to its
tremendous applications in optical imaging, optical skiitg, optical lithography, laser ma-
chining, and free-space communication technologies. Tindirgg and steering of an optical
beam is made possible by virtue of a refractive index of thdioma. Several techniques such
as mechanicallf65, 166, thermal [L67], electrical [L68], acousto-opticall69 and all optical
[170-173 have been proposed to control the refractive index for bdafiection. However,
all-optical methods have been paid mudfod owing to many striking features such as high
speed, #iciency, and quick nonlinear response time.

The nonlinear optical interactions between light and mafteates a new avenue to con-
trol over beam propagation dynamics through a medium. Ehfsasible as the absorptive
and dispersive properties of the medium can be modified bgttleagth of the interactions.
Such manipulation of dispersion and absorption leads toymamel phenomena including
electromagnetically induced transparency (EIT). Mosthef EIT-based schemes for produc-
ing beam deflection and guiding have low transmission dugdegmce of medium absorp-
tion [52, 53, 174. Therefore, finding an alternative medium which displagsngwith the
desired variation of refractive index is a challenging taskthis context, active Raman gain
(ARG) media have attracted a lot of attenti®V]. Recently Zhuet al. [175 have theo-
retically studied the beam deflection in an ARG medium. Theyehased spatially inho-
mogeneous pump beam to deflect a weak probe beam. They hancktfmat the deflection

89
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angle is increased by an order of magnitude as compared tonetlium. Nonetheless the
probe field experiences a large amount of gain during thegmajmon through a-type ARG
medium B7, 175. This large gain makes the probe beam propagation unsaadléhus limits
the practical applicationl[76, 177. Moreover, the input spot sizes for individual Gaussian
profiles of pump and probe beams are equal.tocin and 1 mm, respectively. Hence, the
diffraction spreading of such beams are not relevant since Raylength is much larger
than the length of the medium. Focusing laser beams intolensgots and increasing the
spatial resolution of arbitrary images is a fundamentabjem in all-optical image process-
ing [178 179. Distortion and absorption holds the fundamental linnatfor the creation,
detection, or propagation of small images. This limitatasiects the applications such as
efficient transfer and conversion of small imag&s3 180, 181], steering b4, 182 or optical
manipulation of light beamslB3. Here we address these issues by considering the propaga-
tion of diffraction-limited beams and arbitrary images through a otlatsle ARG medium.

In this chapter, we exploit an antiwaveguide mechani&g¥|[to show beam steering,
splitting, and cloning of an arbitrary images in an inhomuggusly broadened medium.
To facilitate these processes, we use spatial inhomogsenaamp beam to write an anti-
waveguide inside the medium for copropagating probe bedrtw@photon Raman detuning
condition, the refractive index and gain of the probe sutio#ipy are high at the peak of the
Gaussian pump beam whereas at wings both are very small.igtnedfractive index together
with gain allow to deflect the probe beam when it is launchati@tvings of the pump beam.
The control field parameters such as detuning and intenaitybe used to control the trans-
mission intensity and width of the deflected probe beam. Nestreveal splitting of a single
super-Gaussian probe beam into two Gaussian beams by use-peak pump beam struc-
ture. The bright and dark regions of the pump field profile oebua high (cladding) and low
(core) refractive index of the probe field which lead to fotima of an antiwaveguide struc-
tures inside the medium. More specifically, the super-Gangsobe beam guided out from
the core where it was injected. Thefdaction-limited probe beam gets focus in the cladding
due to the converging refractive index. We also observetttgatransmitted probe beam gets
the shape of the pump beam with finesse two times larger tleainitial finesse of the pump
beam. Further, we demonstrate the cloning of a doughnyteshpump beam structure onto
the probe beam. Our numerical simulation shows that theedgmobe has a controllable
gain with high resolution. Furthermore, our scheme can @@ed for cloning the arbitrary
pump images to the probe beam even though the pump imagegei®lyedistorted due to
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diffraction. It follows that our findings can greatly improve tihevice performance on beam
steering, splitting and image cloning beyond th&rection limit.

4.1 Physical Model and Basic Equations

The schematic of the system under consideration for therggoe of steering, splitting and
cloning of an optical beam is illustrated in Fgy1(a) where three co-propagating fields inter-
act within the inhomogeneously broadened medium. Theratattlipole allowed transitions
11y « [3), |3) « |2), and|2) < |4) form a four-levelN-type atomic system as shown in
Fig. 4.1(b). The transition$l) < |2), |3) < |4) and|1) < |4) are generally forbidden electric
dipole transitions. The atomic transitiof® < [1), |3) < |2), and|4) < |2) are driven by

a pump field with frequencw,, a weak probe field with frequeney, and a control field
with frequencyw,, respectively. This generic level configuration can be tbfar example in
energy levels of’'Rb which contain ground leve|&) = [5S;/5, F = 2), [2) = [5Sy)2, F = 3)
and excited level3) = |5Py/,, F’ = 2) and|4) = |SP5,,, F’ = 4), respectively 185 186].

(@) (b)

4

Ficure 4.1: (a) Schematic illustration to produce steering, splitting and cloning of tteabp

beam. The beam shaped pump, probe and a plane wave control fiebdsEn@pagating with

the thermaP’Rb atoms. (b)Energy-level diagram of a four-le§&Rb atomic system ilN

configuration. The atomic transitidB) < |1) is coupled by a pump field of Rabi frequency

G. The weak probe field of Rabi frequengyinteracts with the atomic transitid8) < |2).

A control field of Rabi frequenc§2 connects the transitiod) < |2) to produce controllable
gain of the system.

TH-1364_09612130



92 Chapter 4. Optical beam steering, splitting, and cloning anfk&n gain medium

We define three co-propagating electric fields as follows:
E(r.t) = &&(r) e (%9 4 cc., (4.1)

where,&;(r) are slowing varying envelopes; is the unit polarization vector, arld is the
wave number of electric fields. The indg¢x {1, 2, 3} denotes the pump, probe, and control
fields, respectively. Under the action of three coherentdiethe interaction Hamiltonian of
the system in the dipole and rotating wave approximationvsrgby

Hi/h = (A2 — A — Ag)|AX(4] + (A2 — A1)I2)(2)
— A13)(31 = (913)(2 + GI3)(1] + Q4)2[ +H.c.), (4.2)

whereA; = w, — w,,, A2 = w, — w,,, Az = W, — w,, are the single-photon detunings of the
pump, probe, and control fields, respectively. The atonaindition frequencies are denoted
by wij. The Rabi frequencies of pump, probe and control fields areeldfs

_ d13'e181, g= d23'9282, 273 0 = (s DY ’

° h h h

(4.3)

where thed;; are the corresponding dipole moment matrix elements o$itians|i) < |j).

The dynamical evolution of the atomic system can be destilyehe Liouville equation:
: i
p=—=H.pl+Lp. (4.4)

where the Liouvillian matrixLp describes the relaxation by radiative and non-radiativayge
and is defined by

Y13P33 t V14Pus ~YPr2 —F13p 13 _r14p 14
£p _ ~YPau Y23P33 t VosPus _anpzs _F24p24 ) (4.5)
—F31p31 _rszpsz _(713 + 723).033 —F34p34
—F41p41 —F42p42 —F43p43 _(714 + 724)p44

The radiative decay rates from the excited sti@esind|4) to ground stategl) and|2) are
labeled byy,, andy,, i € {1, 2} and the collisions dephasing ratedescribes redistribution of
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populations between ground levels. The decay rate of thmiattoherence is defined as

Z Yie T Z Yis
i i

Substituting the interaction Hamiltonian of E4..2) and the Liouvillian matrix of Eq.4.5)
in the density matrix Eq.4(4), the equations of motion for the four-level atomic systean c
be described as

1 .
Tp=35 +7v,, i ¢{a,pB}. (4.6)

P11 = ViaPss + YaPus +1G p,, —1Gp,,, 4.7)
P22 = YalPss + Yalus + 19 Py, — 19, +1Q°p,, —1Qp,, (4.8)
00 = — [ve — 1A P,y — 1Gp,, + 1970, +1Q7°p,, , (4.9
Pz = =(Via + ¥2a)Pas +1Gpy, —1G"pyy + 100, — 1970, » (4.10)
0y = — [Ty, — 1A1] ps, + 190, + IG(0,, — P23) (4.11)
05, = —Is, — 1A2] 0, +1Gp,, — 1Q0,, +19(0,, — 0ss) 5 (4.12)
s = — [Ty — 1(A2 = A3)] s, + 1Gp,, +i0p,, —1Q70,, , (4.13)
04 = — [Ty — 1(Ag + A3)] p,, +1Q0,, — iGp,, (4.14)
Py =~ Ty, —1A3] pp + 105, — pir) — 9P, (4.15)

together with population conservation conditi@n+p,, +p.. +p,, = 1 and two photon Raman
detuningA, = A; — A,. In the next section, we obtain the analytical expressiotife linear
susceptibility of the probe field in a compact form with asgtion of equal decay rates from
excited states,e.,y,; = Vs = Y = Yos = ¥/2 .

4.2 Probe Susceptibility for hot atomic medium

In this section, we derive an approximate solution of lireasceptibility of the probe field in
a hot atomic medium. The analytical solution of the atomicezence., for the probe field
can be obtained by solving the density matrix E4s7)¢(4.19 in the steady state condition.

We assume that the atoms are prepared initially in the gretatg1). Due to the presence
of large detuning of the strong pump and weak probe fieldst ofdlse atoms populate at their
ground statel) while other statej)(j # 1), remain empty at later time. Hence the system
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turns to an ARG configuration for the probe field. Since Raman geacess is basically a
second-order process, we therefore expand the densityxmeéments to first order in the
probe fieldg and to second order in the pump figkdbut all orders in the control fiel in
the weak probe field limit. The perturbation expansion ofdbasity matrix can be expressed
as

+ |G| p(G) + G*2 @+ ngi(jS) +9G'p i(jg)
GG+ GG 4 g (4.16)

where,p(? describes the solution in the absence of all three optictisfiandp!¥ denotes
the k-th order solution. Now we substitute the above expressidhe Egs. 4.7)-(4.15 and
equate the cdicients ofg, g*, G" (n € 1, 2), and constant terms. As a result, we obtain a set
of 12 coupled simultaneous linear algebraic equationst&raene the expression pﬁz). We

use back substitution method to solve these algebraic iegsah order to derive the probe
coherence,,. The diferent terms related to 12th-order contributions are giwen b

. ,(6) (6) . (12)
12 I(pzz U psa) + Iplz I.Qp34

" _ , 4.17
32 [')/32 — IAz] ( :
o2 Py + 0 — 19, (4.18)
* 7L 89) ’ '
) . (9)
©9) p Ip13 Qp14
— 4.1
p12 ['yc IAR] ’ ( 9)
o A~ O
© I, —1Qp,,
. ’ 4.20
P [Ca1 +i(A, + A3)] (420
s (2) (1)
I -
pi) ~ (p13 pBl) ’ (4.21)
[Vis + Vs
(6) (6) (6)
Pra =P =P, =0, (4.22)
2 1) _i
_ 4.23
Py =Py = [1‘13 + |A1] ( )
()
p3 _p34 —0. (4.24)
31[F i(Az - AS)] + [F34 B i(AZ B A3)][F41 + i(AR + A3)] _ lle (4.25)

P =200+ V) [2 +A2) ([, +iA)[(y, + AL, + (A + Ag)} + Q2]
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4.2. Probe Susceptibility for hot atomic medium 95

with
—igIGF?
A= . . . 4.26
(y32 = iA2){yaa — I(A2 = Ag)} + |Qf? (4.26)
The atomic coherenge, will yield the probe susceptibility at frequencyw,
Nld,,?
X(AZ) = h32 Pz (427)

where N is the atomic density of the medium. The above analysis igl fal stationary
atoms. While for a hot atomic system, the thermal motion ofdtens causes inhomo-
geneous broadening of the atomic spectra. The thermaliteloof the atom can be in-
cluded in the susceptibility expressioh27) by introducing velocity-dependent field detun-
ingsAj(v) = A; = kv, j €{1,2,3}. The termk;v is the Doppler shift experienced by an atom
with a velocity component in the direction of the beam propagation of the fields. We have
assumed the wave vectors of the three fields are nearly ekjualK). The negative sign in
the velocity-dependent field detunirg(v) indicate that atom and field are co-propagating.
The susceptibility of a hot atomic vapour system needs tovbeaged over the entire velocity
distribution of atoms and it is given by

) = f x(kv)P(kv)d(kv) . (4.28)
The velocity distribution of the atom is assumed to obey tlexWell-Boltzmann distribution
1 (kv)?
P(kv)d(kv) = s exp[— 2z)z]d(kv). (4.29)

The Doppler widthD at temperaturd defined by

kBT(J)z

D= -,
Mc2

(4.30)

whereM is the atomic mass ang is the Boltzmann constant. Doppler broadening plays a
crucial role to control the width of the absorption or gaimdow of the thermal medid.[L2,
187-190. The spectral features of window become narrower in a Dedpioadened medium
as compared with the homogeneous medium. The steepness adfthactive index due to
the narrowing of resonance window can be useful in many egidns such as slow light,
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96 Chapter 4. Optical beam steering, splitting, and cloning anfk&n gain medium

storage of light and high resolution spectroscopy. Thusngkitde atomic velocity fect on
the beam propagation dynamics through ARG medium by consgi®oppler averaging in
the susceptibility expression.

4.3 Beam propagation equations and beam profiles

The propagation of co-propagating pump and probe fields antplitudest; and&; along
the z-direction are governed by Maxwell's wave equations. Urglewly varying envelope
and paraxial wave approximations, the beam propagatioatiems for pump and probe field
can be expressed in the following form

0G i (02 62
0z~ 2k (ﬁ Y a_y2)G’ (@31
0 i (02 ©6° .

The velocity-averaged susceptibiligy) is included only in the probe beam equation, whereas
this dfect is very negligible on the pump beam propagation undewdak probe field as been
pointed in Chapter 1. The second partial derivatives in toestverse directiony) represent

a paraxial difraction. The diraction of beam or image is inevitable since its constitypésnte
wave components acquirefidirent phases during its propagation. The spatially depgnde
refractive index of the fields can be used to suppress or exange due to éiraction. We
use a suitable spatially dependent pump field to produceadipatependent refractive index
for the probe field. For this purpose, we choose the tranev@ratial profile of the pump
beam as a Laguerre-Gaussian with chargelenoted by LGR. The profile of pump beam
can be written as

ikr2  r?
2R, w2

G(x,Y,2 :GOW m

z

Wo(l' \/é)mex

X exp[—i(m +1)tan? (i) +ima| , (4.33)

whereGyq is an initial peak amplituden is the azimuthal index. The beam width is defined
asw, = Wo V1 + (z/7r)?, wherew, is the beam waist & = 0, andzg = nvvg//l is the Rayleigh
length. The radial distance from the axis of the beam is ghwen= +/x2 + y2. Note that for
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4.3. Beam propagation equations and beam profiles 97

the azimuthal index = 0, the Laguerre-Gaussian pump (LgPeam reduces to a Gaussian
pump beam (G§).

T I 1 I T I LI
B Input beam GP , at z=0 — = = Output beam GPat z=5 cm 7
+ = » = Input beam LGP at z=0 * =+ * = Output beam LGP at z=5 cm
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Ficure 4.2: Pump intensities profile for two fierent shapes namely Gaussian ¢=&nd
Laguerre-Gaussian (L@Pis plotted againsk aty = 0 plane. The initial amplitude and
width of profiles are&5y = 2y andwp = 100um, respectively.

Fig. 4.2 shows the intensity distribution of the pump field againgiiabpositionx at the
different length of the medium. The LGBeam exhibits a dark spot in the centre and a bright
profile in the annular region. This makes intensity profileamtrast to GPbeam. Itis clearly
shown in Fig.4.2 that difraction induced distortion of the pump beam profile is noesev
even after 5 cm of propagation. Therefore, phase modulatippsed on the probe beam due
to the spatially varying pump beam iffective throughout the length of the medium. The
probe beam possesses a Gaussian profile as

a2 a2\
xzay vy ‘332“’)], (4.34)

a(%.y) =go epo
p
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98 Chapter 4. Optical beam steering, splitting, and cloning anfk&n gain medium

at an entry face of the medium. The initial peak amplitudethedvidth of the probe field are
denoted byg, andw, anda is the initial location of the centre of the probe beam aldmg t
x direction. We have chosen the initial intensity of the prblbam such that it gets absorbed
inside the medium without pump and control fields. The integéues off decides the input
profile of the probe beam: either a Gaussi&ni-=(1) or a super Gaussiath ¢ 1).

4.4 Results and Discussions

4.4.1 Spatial modulation of the probe field susceptibility

In order to elucidate thefiect of position dependent characteristic of the pump fieldhen
probe beam dynamics, we first numerically explore the bemafivelocity-averaged probe
susceptibility under dierent detuning and intensity of the control field. FMg3 shows the
spatial variation of probe dispersion and gain plotted @gjdransverse axisaty = 0 plane.
Here two diferent transverse profiles of pump beam namely Gaussiag) @B Laugerre-
Gaussian (LGB have been used.

We begin with Gaussian pump beam and study the usefulnessifofma control field
Q on the spatially modulated probe susceptibility. In absesfca control field, the position
dependent refractive index of the probe is zero under twatgghRaman condition whereas
the spatial gain profile of the probe field takes the shapeeoptimp beam profile (see black
solid line in Fig.4.3). The spatially dependent pump structure generates a gaiheprofile
which is one of the key components in realizing the defleatibthe probe beam if it is &
centered with respect to the pump beam. In absence of theotdield Q = 0, the gain
profile of the probe field is 15 times larger than in case of dfiield QQ = y. This large gain
can create modulation instability of systetvp, 177. Therefore a controllable gain of the
medium is required to avoid the modulation instability.
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Ficure 4.3: (a) Real and (b) imaginary part of the averaged susceptibility is plaganhst
the transverse co-ordinaxeaty = 0 plane. The spatial probe gain profile (solid black line) is
reduced by a factor of ten to visualise it wil{x, y) = y. The common parameters are fixed

as follows: single photon detuning of pump and probe fidlgls A; = 180y, Doppler width
D = 140y, densityN = 2.5 x 10'° atomgcm?® and atomic coherence decay raje= 0.01y.
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100 Chapter 4. Optical beam steering, splitting, and cloning anfk&n gain medium

It is clear from Fig.4.3(b) that the position dependent probe gain can be substantially
suppressed by a uniform control field wik(x, y) = y. This restricted probe gain is accom-
panied by a Gaussian shaped spatial refractive index. Tduegt of the refractive index is
dependent on the sign of the control field detuning. At raftesthcontrol field detuning, the
slope of the spatial refractive index attains maximum atlitieecenter and decreases gradu-
ally toward the wings. Hence, a convex lens like refracthaeix can be mimiced in the ARG
medium forAz > A;.

On the contrary the blue-shifted the control field detumigg< A; can generate a concave
refractive index profile onto the medium. Therefore theaetive index gradient allows us to
focus or defocus the probe beam towards the center of the peap. As a result the probe
field propagates through the gain window with narrowing @agiening, respectively. Hence
a control field can prepare a gain medium with suitable spatieactive index for encompass
the probe beam deflection to a great extent.

Next we consider higher order LGPhode to investigate the spatial inhomogeneous char-
acter of(y) in the presence of uniform control beam. The grey dot-dashedn Fig.4.3(a)
and4.3(b) shows the transverse variation of probe refractive indewelsas gain, respec-
tively. The position dependent refractive index and gaithbocrease in the bright region
whereas it decreases at the dark region of the doughnutdipapep beam. In other words,
LGP; induces a diverging gradient index in the regjon< 0.005 cm whereas a converging
gradient index exists in regions 0.005 €nfr| < 0.02 cm of the medium. Thus bright and
dark regions of LGRPresembles a waveguide and anti waveguide structure insgatomic
medium. Fig4.3(a) is also show that the waveguide and anti-waveguide festare accom-
panied with gain and absorption, respectively. As a rethdtprobe beam is guided out from
dark region and confined at bright region in the course of @gagion inside the medium.
Hence the shape of the pump beam profile can fheiently transfered to the transmitted
probe beam.

4.4.2 Numerical simulation of paraxial beams equations
We have simulated numerically the propagation E4s3%) and @.32 for pump and probe

beams by split step operator method (see Appendix A) to dstrade the spatial susceptibility
as well as diraction dfects on the beams propagation dynamics.
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4.4.2.1 Optical beam steering
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Ficure 4.4: (a) The transverse probe beam intensity is plottedfigrdint propagation dis-
tances within the medium. The initial amplitude, width and peak position of Gaussiae p
beam arey = 1073y, Wp = 70um anda = 1.7 mm, respectively. Single photon detuning of
pump, probe and control fields ate = A; = Az = 180y. (b) Transmitted probe beam width
controlled by changing the detuning of control fieldzat 4 cm under two photon Raman
resonance condition, = A; = 180y. The other parameters are as in Hdg.

TH-1364_09612130



102 Chapter 4. Optical beam steering, splitting, and cloning anfk&n gain medium

First, we study how the deflection of a probe beam can be dtedrby a spatial dependence
of the pump Rabi frequency. The shape and position of a proae e given by Eq.4.39

at the entry face of the medium. Fig.4(a)shows the spatial evolutions of the probe beam
with a = 1.7 mm andw, = 70um when the peak of pump beam is centered at the origid) (0
with w, = 100um. Initially the overlap area between the probe and pump beasry negli-
gible. The overlap area is gradually increased due to thedaming of both the beams during
propagation. It is evident from this figure that after a piggtaon of one Rayleigh length, the
probe beam progressively enters the pump region. The lmegidn of the pump beam tends
to refract the probe beam into it and subsequently enhahegsrobe beam amplitude. As a
result, the probe beam is focused towards the high intersgipn of the pump and remains
confined there. li is noteworthy that the probe beam gaingiitial shape of the pump beam
and retains this shape as it propagates along thes. Similarly, if the peak position of the
probe beam is shifted along the positikselirection then it can be dragged by the pump beam
towards the pump line centre.

Fig. 4.4(b) exhibits the &ect of control field detuning onto the propagation dynamics
of a probe pulse & = 4 cm. It is seen that the deflected probe beam becomes narabwer
redshifted detuning as compared to a blue-shifted deturiingrefore the sign of the detuning
of the control field gives an additional flexibility to contrithe width of the deflected probe
beam. Thus the ARG medium not only acts as fiaative beam deflector but also can act
like a lens with a wide focal length tunability.

4.4.2.2 Optical beam splitting

Next, we demonstrate the spatial evolution of single s@peussian probe as well as dou-
ble Gaussian pump beam withfiirent propagation distanee At the entrance face of the
medium, the probe beam is launched in the dark region of tbhblddaussian pump beam as
shown in Fig.4.5. The position dependent pump beam creates two gain pea&hevgvith
converging refractive index in the probe susceptibilityiebhis similar to the grey double
dashed dotted line in Figl.3. The gain and spatial inhomogeneity of the refractive index
accountable for this splitting of a single super-Gaussrab@beam into two Gaussian beams.
The converging lensfiect in the intense regions of the pump leads to focusing o€liveed
probe beam towards it.
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Ficure 4.5: Propagation dynamics of single super Gaussian probe beam ingeeselouble

Gaussian pump beam. The parameters are as idHigxcept that the Gaussian probe beam

is injected at centre (@) with widthw, = 80 um and the double Gaussian pump beam has
width 100um.

Therefore, the transmitted probe beam width is reduced bgtaif of two as compared to
the initial width of the pump beam and image become sharpeompared to original pump
beam. Itis also noticeable from Fid.5that the transmitted probe beam structure is preserved
even though the pump beamfiars distortion due to éiraction.

4.4.2.3 Optical beam cloning

In this section, we investigate thefieient transfer of images between two co-propagating
orthogonal polarized optical beams. We adopt all-optioéihaaveguide mechanism to clone
the images from pump to probe beam. An all-optical anti-wgange structure can be formed
inside the medium with use of LGMeam which has zero intensity at the beam center. The
dark and bright regions of LGFheam give rise to minimum and maximum refractive index
gradient on the probe susceptibility. As a results a diveygind converging refractive index

is formed in the core and cladding region of the antiwavegsiducture.
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Ficure 4.6: Image transfer from doughnut-shaped pump structure to the peaine \ia anti-
waveguiding mechanism. In (a), the 3D intensity profile of pump beam at tipeitoaf 5-cm-
long medium. In (b), the cloned 3D probe intensity profile at the exit face efubidium
vapour cell. The other parameters are same as irtEgxcept atomic density = 2.5x10'
atomgem?® and ground state atomic coherence decayyate0.001y, G = 2.5y andQ = 5y.
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Thus an all-optical anti-waveguide for a probe beam is gardrby the copropagating
doughnut-shaped strong pump beam. In order to demongtetdaning mechanism in ARG
medium, we take center of the dark region of the doughnut pbegm as initial location
of probe beam. The diverging refractive index gradient aiffiattion leads to the probe
beam leaving the core region and slowly enter the high imiensgions of the pump beam.
Therefore each wing of the probe beam profile experiencesagal converging gradient of
refractive index in the cladding region. Thus the probe gyés guided into the annular
ring of the doughnut-shaped beam and leaving a zero inyeinsibhe dark region. Hence the
transmitted probe beam profile acquires a doughnut-shagditepas shown in Fig4.6(b)
We have found that the transmitted structure of probe beamic® as sharp compared to
the LGR beam structure. The transmitted pump beam profile is destoseverely at the
output of the medium as shown in F§6(a) The spatial evolution of probe beam affeient
propagation distances are similar to that in Hich

4.4.2.4 Arbitrary image cloning

Fig. 4.7 shows the cloning of an arbitrary images and it$rdction éfects through an ARG
medium. In order to elucidate the arbitrary image cloning, a@nsider the probe beam as
a plane wave whereas the pump beam carries complex imageasutinee letters “ARG”
structured at the entrance face of the medium. The initiaigpbeam structure is depicted

(a) (b) (©)

input pump image cloned image output pump image

0 20 40 60
X in um

Ficure 4.7: Arbitrary image cloning in gain medium. (a) Three letters “ARG” are imprinted

on pump beam. (b) Theffeciently transferred image onto the probe beam after 2 cm length

of propagation inside the atomic medium. (c) The transmitted pump beam image which is
completely blurred at the exit face of medium. The parameters are same as4rbFig
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in Fig. 4.7(a). The two-dimensional transverse profile of the pump bew@aates gain for the
probe beam wherever two-photon Raman condition is satigfledce the transverse pattern
of the pump beam can bdfeiently transfered to the probe beam. The cloned probe beam
also experiences focusingfects at the high intensity regions of the pump beam. Thus the
transmitted probe beam has better resolution than thenatigump beam images as can be
seenin Fig4.7(b). Fig.4.7(c) illustrates that the firaction induced distortion severelffects

the pump beam images and is completely distorted after aagedjwn of 2 cm.

4.5 Chapter conclusion

In conclusion, we have studiedfitactionless steering, splitting and cloning of an optical
beam in a Doppler broadened four leveltype Raman gain medium using a spatially inho-
mogeneous pump beam. The spatial pump beam profile givewrisgnsverse modulation
in the refractive index and gain for the probe beam. The naiddlrefractive index along
with gain can optically form anti-waveguide structure @esthe medium. The properties of
antiwaveguide structure such as refractive index and gairbe controlled by the application
of control field which lead to steering of the probe beam veéfigiently. We further demon-
strated that a single probe beam can be split into two Gaussaales when it is injected at
the centre between two Gaussian modes of pump beam. We foatithé probe beam profile
has acquired the shape of the pump beam and propagates witwal difraction. We next
show that the transfer of doughnut-shaped pump image ordw pdwer Gaussian-shaped
probe beam can be possible with high resolution. Finallyntoyerical simulations we have
established that an arbitrary image with three letters “AR@jrinted on pump beam can be
cloned on to the transmission profile of the probe. The finess®ned image has increased
twice as compared to the initial resolution of pump imagédsuslthis scheme might be useful
in optical switching, optical lithography, and optical igiag processing.
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Chapter 5
Conclusion and future scope

Thesis work would be summarized to highlight the major figdion difraction management
using coherent fields in optical media. We theoreticallyposed the possibility of creat-
ing structures having widths smaller than those determiyettie ditraction-limited images.
We achieved controlled opticalfliaction with high resolution via spatial modulation of the
optical properties of coherent media using spatially ddpahcoherent fields.

We first reviewed the background of semiclassical theorygbitimatter interaction rele-
vant to the central topics of the research work. The studydes fundamentals of two-level
and three-level systems along with their linear and noaligtical responses. Moving ahead,
we derived the paraxial wave equation for a slowly varyireggic field by using Maxwell’s
equations in a dielectric medium. With this we solved theagml wave equations in free
space to get dierent standard transverse modes of the electric field.

We investigated optical cloning of arbitrary images encbidethe spatial profile of a con-
trol beam onto a probe beam via CPT and EIT resonances. Prabegrepagation has been
discussed in both weak probg,(« Gp) and strong probegf ~ Go) field limits. Numerical
simulation showed that the strong probe field céiiea the propagation dynamics of con-
trol field. At red detuning of the probe field, a waveguidesl#tructure is formed inside the
medium by applying spatial dependent control beam. Thiséad waveguide is accompanied
with transparency window which allows one to transfer ariteaty image of the control field
onto the transmitted probe field. Interestingly, the featirze of cloned probe field structure
is found to be reduced by a factor of two when compared to thiteooriginal control field
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structure. However, EIT and CPT based schemégistiom strong absorption due to break-
ing of two-photon resonance condition and thus limits itacpical implementation. Also,
single dark state based method is unable to resolve RaylamghSparrow-limited images of
control field.

To overcome these limitations, we take advantages of doddulke resonances (DDR)
based schemes to generate high contrast cloned imagesi$-putpose, we have exploited
sharp spectral features of four-level atomic system icterg with three coherent fields and
an incoherent pump field. Quantum interferenffeas induced by DDR result in high con-
trast feature of refractive index of medium. The sharp festof refractive index are tai-
lored to induce high contrast atomic waveguides by spgtratbdulated control field. This
high contrast features of an induced atomic waveguide esals to imprint the Rayleigh-
or Sparrow-limited control images to probe field with higeakition. The transverse feature
of control image is fficiently mapped onto the probe even though the control imafjers
severe distortion. In particular, we found that the imageti@st of cloned probe enhances
significantly in presence of incoherent pump due to increas@ansmission.

While EIT-based schemes used in beam guiding and steerttgy $tom low transmis-
sion, Raman gain media overcome this limitation becauseestfltigh transmission and large
tunability. Thus we studied firaction-less steering, splitting and cloning of an optloahm
in a Doppler broadened four levBl-type Raman gain medium. This study was focused on
all-optical antiwaveguidingféects inside the gain medium utilizing antiwaveguidirftgets
in the presence of spatially inhomogeneous pump beam. &imbpump beam profile gives
rise to transverse modulation in the refractive index ad ain gain profiles of the probe
beam. This modulated refractive index along with gain caticafly form antiwaveguide
structure which gives rise to probe beam steering insidertéeium. Further, optical beam
steering, splitting and cloning are controlled by applmabf an extra control field. In cloning
mechanism particularly, a doughnut- and an arbitrary-stigump image was successfully
transferred onto a low power Gaussian-shaped probe beat@stingly, the resolution of
cloned images was found to be increased twice as comparkd toitial resolution of pump
images.

Controlled optical diraction and enhanced resolution by using elaborate EIT, DPR
and ARG processes might find a vast variety of applicationspiical switching, optical
lithography, quantum metrology and quantum optical imggin
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Future Scope

There is a great interest in the field of image processing ifiragtion-free propagation
of multi-colored images. Problem faced with multi-coloiiethges are that they usually get
blurred and their contrast degrades rapidly while propagahrough optical system or any
medium. Dffraction-free propagation of multi-colored images will ape new perspective
in the field of quantum information and image processingnetidygies. This work explores
the possibility of difraction cancellation of colored images propagating thnoatgmic vapor
or any solid state media. The simultaneous cancellatioriftfadtion for laser beams with
different wavelengths is still a challenging task. It remainbdcseen, if this proposal will
be realized and used to investigate th@dction cancellation for optical fields composed of
different wavelengths.

More striking inclination in image creation and processs@o achieve subwavelength
scale image resolution. Various broadening mechanismstaord life times of excited states
of gaseous media limits the spatial localization of atom® @pb-wavelength regime. Even
more challenging aspect is devising a way to observe sulelemagth structures specially in
microscopy and lithography. Therefore, solid-state systseem to be more promising than
gas phase media because of their wide range of relaxati@stim

However, the extremely high nonlinear properties of Rydlamns can fulfill the re-
quirements for subwavelength measurement scheme. Rydtmeng are the excited atoms
having one or more electrons in high principal quantum nunstetes. They exhibit very
large electric dipole moments which leads to a high nontitbaCoupling constants as high
as hundreds of kHz are possible in these atoms because otlagtiic dipole moments.
Moreover, Rydberg atoms have very long spontaneous emissien so that long atom-field
interactions take place. Rydberg states could persist foy [geriods of time without be-
ing destroyed by collisions. Rydberg atoms exhibit very dagfectric dipole moments and
hence dipole-dipole interactions between the atoms ceald o a high nonlinearity inside the
medium. This high nonlinearity can be used in terms of sedg® modulation or cross-phase
modulation to control spreading of the laser beam upto saelength regime.
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Appendix A

Split-step Fourier method

This appendix describes the split-step Fourier method toarically study the beam propa-
gation in an optical medium. It is useful to write Maxwell'save equation in the following
paraxial form

% _ 2'—k1vig + 2inkyy g, (A1)
whereVv2 = (02/8x2 + 82/0y2) is the usual transverse Laplacian operatar This equation
can not be solved analytically except for some specific casbsis a numerical method is
needed to solve the above equation in order to seeffaete of medium nonlinearity on the
beam propagation dynamics. A common method that has bedrntaiselve the Eq.A.1) in
nonlinear dispersive media is the split-step Fourier methihe basic principles behind the
split-step Fourier method can be understood by rewritirgaibove equation in the operator
form

09 & &
5, = 0+93. (A.2)

whereD = (i/2ky)V?2 is a diferential operator that is attributed toffdaction in free-space

or medium. The operatd® = 2irky, is a nonlinear operator that describes dispersion and
loss (or gain) mechanisms due to the medium. The opegamusually space dependent and
referred as an inhomogeneous operator. Assuming that &mtopS is zindependent, an
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exact solution of the EqA(2) for a small propagation distanee is given by
g(x,y; z+ AZ) = exp[© + S)AZg(x,Y; 2) . (A.3)

Generally, the operatof3 andS act all together ol along the length of the optically written
waveguide. However, for a small st&yz, we can separate out théects of difraction and
nonlinearity and treat them independently. We thus pertiicalculation for beam propaga-
tion fromzto z+Azin two steps. The nonlinearity acts alone in the first stegesteeping the
diffraction operator zerd)=0. In the second step, fifiaction acts alone, and inhomogeneous
operator is zerdS=0. This method is known as split-step operator method whiokiiges an
approximate solution of beam propagation equation over alsiistanceAz. The approxi-
mate solution can be obtained by applying the Baker-Camptailsdoft (BCH) formula for
two non-commuting operatoé andY which is given by

expR)exp() = explR + Y+ IR+ TR X N+ X 4 (A4)
Applying this BCH formula in the EqA.3) along withX = DAzandY = SAz, we get
expDA2)expBAz) = expDAz + SAZ + %[Iﬁ, S)(A2)? + ..], (A.5)

where D, §] = (DS - SD) represents the commutationBfandS. Thus for accuracy up to
second-order ihz, we obtain

exp[(D + S)Az]~expDAz)expGAZ). (A.6)

Eq. (A.6) simply indicates that the firaction and the inhomogeneous operators can be treated
independently. Therefore, we can write approximate smtubf Eq. @.3) as

g(x,y; z+ AZ) = expGAZ)expDA)Y(X,Y; 2) . (A7)

The exponential containing opera®iin Eq. (A.7) is evaluated in the real space domain. In
contrast, the exponential involving operaforin Eq. (A.7) can be evaluated in the Fourier
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domain using free-space transfer function. Mathematicitlis expressed as

~ i k2 2
@m@Aag:¢*{amle%%@éﬂ?wm}, (A.8)

where# and # ! denote the Fourier transform and inverse Fourier transfoperations,
respectively. Therefore, the algorithm for a single stepaican be written as

g(x y; z+ A2) = expGA2)expOA2)g(x, Y; 2) (A.9)

_1{ —i(kZ + k) Az
= exp(AdnkyA2)F exp|T}5’ {g}¢ - (A.10)

The accuracy of the split-step Fourier method can be fuitheroved by repeated application
of BCH formula of Eqg. A.4). For this purpose, we consider the following expansion

expX)exp(Y)exp(X) = exp(2X + Y + }[\? Y, X] - }[f( X, Y]

IR KK - .V, 9. 9, X —k\?\?\?k

A A A A A A A A A A A A A A A

+—WXXXﬂ— MXYYM WYXXﬂ+)
(A.11)

SubstitutingX = DAzandY = SAzin above equation, we find that
~AZ " ~ AZ 7
exp(D?)exp(SAz)exp(D?) = expAzoy + AZaz + AZas + AZar + ..), (A.12)

A A A A A

wherea; = D + S, a3 = 3[S,S,D] - 4[D, D, S], as = [D, D, D, D, S]+... .

In this procedure, the EgA(7) is modified as
9(x.y; 2+ AZ) = S3()g(x.Y; 2) , (A.13)
whereS;(1) is third-order symmetrized split-step operator and igesped as
S;(1) = exp(ﬁ%z)exp(éAz)exp(f)%z). (A.14)

This method is known as symmetrized split-step Fourier oethecause of the symmetric
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form of the exponential operators in Ed\.14). The benefit of using symmetrized form is
that the leading error term results in third-order in th@ sieeAz due to double commutator.
The main diference between second-order and third-order accuracyhetlthat the fect
of nonlinearity is included in the middle of the segment thiam segment boundary. We now
calculate higher-order accuracies from this third-orgenmetrized split-step operator.

The fifth-order split-step operator is obtained by symnegtrioduct of third-order split-step
operator

S5(A2) = S3(wA2)S3(weAZ)S3(wAZ) , (A.15)
where the middle terr®3(woAz) is given by
S3(woA2) = expwoAza; + WIAZaz + WIAZas + wiAZ a7 + ...) . (A.16)
While two sides term$S3;(wAz) are calculated as
S3(wA2) = expwAza, + WPAZaz + WAZas + W' AZ a7 + ...). (A.17)
Substituting these expansions in EA.15), We get

Ss5(A2) = expl(wo + 2w)AZay + (W5 + 2w3)AZas + (Wg + 2wW?)AZas + (W + 2w )AZ a7 + ..] .
(A.18)

In order to achieve fifth-order accuracy, following two carmhs must be satisfied
wo+2w=1 and wg +2w=0. (A.19)

These two conditions imply thate® + (1 — 2w)® = 0 which obviously has a unique real
solutionw = 1/(2 — 2%/3). Hence, the fifth-order split-step operator can be regmitis

S5(A2) = Sa(wA2)S3[(1 — 2w)AZ Ss(wA?). (A.20)
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Further, the higher order accuracies can be also obtainedtending same approach of the
BCH [191-193. The seventh-order accuracy is given by

87(/7.) = Sg((x)g/l)Sg(wz/l)Sg(wl/l)Sg(wo/l)Sg((x)yl)Sg(wz/l)Sg(wg/l) , (A21)
where
ws = 0.784513610477560 (A.22)
w, = 0.235573213359357 (A.23)
wy =-1.177679984178870 (A.24)
wo=1- 2((1)1 + wy + a)3) : (A25)

Similarly, the ninth-order accuracy is given by

So(1) =S3(w74)Ss(we)Ss(ws ) S3(wad)S3(w3A)Ss(w24) Ss(w1) Ss(wo)

X S3(w14)Ss(w24) Ss(ws) S3(wal) Sz(wsA) S(we) Ss(w74) , (A.26)
where

w7 = 0.629030650210433 (A.27)
we = 1.369349464166871 (A.28)
ws = —1.064587147891830 (A.29)
w4 = 1.663358099633150 (A.30)
w3z = -1.678969282596400 (A.31)
wy = —1.559468038214470 (A.32)
w1 = 0.311790812418427 (A.33)
wo=1-2(w1 + wr + W3+ ws + ws + W+ W7). (A.34)

We now consider a special case where inhomogeneous op&asar-dependent within a
propagation distancaz. In this case, exponential form of solution for the oper&as in
Eq. (A.3) is no longer valid. Thus, we split the Edp.Q) into its linear and nonlinear part and
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solve them separately. The linear part is given by

b A
—2 = Dg. (A.35)

Solution of this equation can be written in the Fourier damas follows

go(X.Y; Z+ A2) = expDA2Y(X. Y; 2) (A.36)
—i (k2 + KA)A
:7—‘—1{exp[—'( Zloky) Z}?‘—‘{g}}. (A.37)

The nonlinear part is given by

% - 82 = 1(S(). ). (A38)

This equation can be solved by using 4th order Runge-KuttadodetThus the solution can
be written as

axy;z+ Az) = go(X, Y; 2+ AZ) + %(Kl + 2K;5 + 2K3 + Ky)Az, (A.39)
where

Ki = f(z9p)

Ky = f(z+ Az/2,gp + K1AZ/2)
Kz = f(z+ Az/2,gp + KoAZ/2)
Ky = f(z+ Az/2,0p + K3AZ).
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