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ABSTRACT

In this thesis we present a scheme that achieves negatiaetieh with low absorption in far-
off resonant atomic systems. Negative refraction was ptediover 4 decades ago and recently
experimentally demonstrated. Over the last decade therkden much active research in negative
refractive index in the field of metamaterials. We seek a ngwv@ach for negative refraction using
laser driven transition resonances in atomic systems. Hyiof atomic system resonances we
hope to achieve negative refraction in short wavelengtimreginaccessible to metamaterials, such
as visible and ultra-violet, and eliminate absorption bgmfum interference techniques.

This scheme is based on the recently predicted and expdehyedemonstrated “refractive
index enhancement with vanishing absorption” techniqueyhich closely spaced absorptive and
amplifying transitions are interfered. Our scheme utgiBaman transitions and is able to strongly
drive an atomic electric resonance while far-detuned fraralactric dipole transition. This far-off
resonance feature allows our scheme to be adaptable tasaiomic energy level structures, in
that it does not require the simultaneous presence of afrieldgole transition and a magnetic
dipole transition near the same wavelength. To our knowdetlgyjs constraint for simultaneous
transitions is featured in all previous suggestions foratigg refraction and the lack of a suitable
existing level structure prevents experimental impleragon. We show that two interfering Ra-
man transitions coupled to a magnetic dipole transitionazdneve a negative index of refraction
with low absorption through magnetoelectric cross couplinalytical predictions have been
made for a model atomic system and the validity of the aradytesults have been confirmed with
exact numerical simulations of the density matrix. We alscuss possible experimental imple-
mentations of the scheme in rare-earth metal atomic systmh as ultracold vapors and doped

crystals.



In this thesis we also discuss how negative and enhanceattigé index can be utilized in
imaging systems and other applications. A fundamentallemgé of modern imaging systems
is the diffraction limit. The diffraction limit causes spatfeatures of an object that are smaller
than the light wavelength to be lost in the image. Achieviegative refraction with vanishing
absorption is potentially important for near-perfect inmggsystems based on Pendry’s suggestion
for a negative index material perfect lens. This perfecs idea is able to focus the light related to
small spatial features through the unique ability of negaithdex materials to “amplify” evanes-
cent waves. Alternatively, techniques for enhanced réfiadex improve imaging resolution by
effectively decreasing the light wavelength by a factoensely proportional the refractive index.
Additionally we consider in this thesis proposals for ghtioal devices based on refractive index

enhancement such as a low-photon conditional phase saiftea distributed Bragg reflector.



Chapter 1
An overview of light matter interactions

1.1 Introduction and background

The index of refractionp, of a material is a parameter that well describes the uniqiggac-
tion between the material and an electromagnetic wave. it g&neral, a complex quantity that
describes how a light wave propagating through matterrdifiem that of a vacuum. The simplest
interpretation is that the real part describes the slowinggbt in more “optically dense” matter
and the imaginary part relates to absorption of the wavessggnby the material system.

Knowledge of the interaction of light with matter allows wspredict the propagation of light
and engineer material systems to harness the propertigghofdr applications such as imaging,
information processing, and photonics. More so, knowlesfdbe refractive indices of two differ-
ent materials provides a way of predicting the scatterinkigbt at the interface of the materials.
Since in general, the materials will have different optidahsities, light has a different speed in
each material and Fermat’s principle of least time impleg there will be a refraction of the light.
Refraction is the perceived bending of light, where the tratied light ray’s trajectory changes to
a different angle with respect to the normal of the matentdrface than the incident ray’s angle.
This is quantitatively described by Snell's Law in the faanlformulan; sin 6; = nysinfy. The
refractive index is also a key parameter in Fresnel's eqnatwhich quantitatively describe the
splitting of incident light on the interface into reflectedetransmitted parts.

The ability of refraction to manipulate the propagatioredtron of light rays by placing trans-
parent materials in the light’s path gives rise to the fieltradlitional optics and imaging. Lenses

are a special class of such materials, which are opticatdsthat are typically used to focus light.



The shape of a lens, its refractive index, and the refraatitex of the medium surrounding the
lens determines how well the lens focuses scattered light &n object into a resolved image. One
of the most important problems of modern imaging system®veg to effectively image features
that are smaller than the wavelength of the light being fedu#t is well known in modern optical
imaging systems that the spatial resolution is limited ®lavelength of the light scattered from
the object. The smallest spatial features that can be msdlave dimensions on the order of
[53]. This obstacle is the diffraction limit and overcomitigs barrier to sub-wavelength imaging
has been the subject of much theoretical and experimemsiéreh [54, 64, 10, 55, 12, 25, 59, 7].
Inside a refractive medium the effective wavelength is- \y/n, where), is the free-space
wavelength. Therefore the diffraction limit may be expegsas),/n, wheren is the refractive
index of the medium. Thus one possible approach to the imgggioblem would be to prepare a
medium with an increased refractive index. For example, igivhy oil immersion microscopes
have superior resolution becausg > n,;.. In part of this thesis we will consider an approach for
possibly greatly increasing the refractive index of an atorapor while maintaining vanishing ab-
sorption. Alternatively, it has recently been suggested dmew imaging approach using negative
refractive index materials may be used to beat the diffoackimit [104]. Negative refraction of
light has recently been demonstrated in the emerging fieldedmaterials [131], but absorptive
losses limit their potential uses for imaging. In part oftthiesis we will suggest a new approach
for using laser driven atomic systems to achieve negativaaton with vanishing absorption that
may be suitable for negative index lenses. We will also exggdome applications of this enhanced

refractive index beyond improvement to imaging resolusanh as optical switching.

1.2 Origin of refractive index

The refractive index as discussed so far is a macroscoppepnsoof a material that describes its
interaction with light. However, the origin of the refraaiindex comes from taking into account
the cumulative interaction of the light’s electric and megofields with the material’'s microscopic
building blocks (e.g. atoms, molecules, or as we will disdater, meta-atoms). When a light wave

propagates through a material system, as opposed to feee;gpere is an interaction that occurs



at the atomic or molecular level which uniquely modifies theve/propagation. The electric and
magnetic fields of the light cause a deformation of the mimwpg electric charge distribution of
the system’s atoms or molecules. This deformation of thegehdistribution causes the constituent
particles of the system to behave as microscopic dipoleghatbnd to align themselves with the
propagating electric and magnetic fields. These dipolesiaven to oscillate at the frequency
of the incident light, which then radiate their own light vedrnonts at this frequency. Thus the
resulting macroscopic light wave observed in the matesial inear superposition of the primary
incident light and the secondary dipole radiated lightt tsxillates at the incident frequency.
Quantitatively, the interaction of the light's electronnagjc fields with the material that induces
and aligns dipoles is described by the polarizing effecherhedium. The dipole moments of the

materials constituent particles are given by

p = a&
m = agB , [1.1]

whereags and ag are the electric and magnetic polarizability coefficiemespectively, and the
£ and B are the electric and magnetic fields of the incident lighte €bllective behavior of the
particles is macroscopically described by the (electrimppzation, P, and magnetization)/,
which are the electric and magnetic dipole moments per whitnwe of the bulk material. If we
consider a uniform number density of particl8s then the total polarization and magnetization

are given by

P = Np:NOégg

Y

More commonly, the polarization and magnetization are esged in terms of the electric and

magnetic susceptibilitieg,e andyz, respectively, as

P = EOXES )

Ho



The susceptibilities are dimensionless proportionalistdrs that relate the induced polarizations

in the medium to the applied field strengths. In terms of tHanmabilities, the susceptibilities are

given by
N
Xe = —O¢ 3
€0
xs = Npoas - [1.4]

We now consider the time dependent nature of the polariZiegteoccurring in the system.
The polarized dipole moments vary in time since the elecagmetic fields that induce the polar-
ization are not static but oscillate at the frequency of tieédent light wave. The behavior of the
dipoles may be viewed as damped harmonic oscillators tleati@ren by the sinusoidal electro-
magnetic fields of the light. From a linear treatment of thigedr harmonic motion, the dipole
moments will oscillate at the driving frequency, howeves #mplitude of the oscillation will de-
pend on the structure of the particles. The particles’ stinecdetermines the natural resonant
frequencies and damping coefficients of the dipoles’ harmomotion. Therefore the magnitude
of the oscillating polarization in the material will be fieency dependent as determined by the
detuning of the incident light’s frequency from the pag&lresonance frequencies.

The macroscopic polarization and magnetization respansgsnaterial are characterized by
the constitutive parameters of the relative electric p#ivity, ¢, and relative magnetic permeabil-
ity, u, respectively (Note: be aware of confusion distinguisttimg relative and absolute param-
eters, because many other notation styles feature a spbstfor these dimensionless relative
coefficients). These parameters are in general complexérecy dependent quantities that de-
scribe the dispersion and absorption of light propagatingugh matter. The relative permittivity
and permeability are conveniently expressed in terms oékbetric and magnetic susceptibilities

as
e=14+xe ,
#:1+XB . [15]

The susceptibilities are dimensionless numbers that thes@lative change of the permittivity and

permeability from their free-space valueg,and,. In a sense the susceptibility is a parameter



that relates to the tendency of the system’s matter to bequitaized in response to applied
electromagnetic fields.

The physical significance of the permittivity and permeabis most readily seen in the ob-
served slowing of light when propagating through matter.e ©hthe features derived from the
inclusion ofe and . in Maxwell's wave equations is that the square of the wavespheelocity
is given byv? = 5 This product of the permittivity and permeability, apgegrin many elec-
tromagnetic expressions, is a consequence of the couplittgeaelectric and magnetic fields in
Maxwell's equations. Thus the refractive index is tradiily defined as the parameterwhich

guantifies the reduced speed of light in matter and is given by
n?=eu . [1.6]

This observed change of speed results from phase diffesdreteveen the primary incident light
and secondary dipole radiated light by the material’s poak particles. These phase differences
cause the superposition of light observed in the materiabie a different wavelength than the
incident light, although it oscillates at the incident liglequency. This change of the wavelength
in matter can by derived from the wave phase velocity refatidhe speed of light in a free-space
isc = fXoand in matter itisy = < = f%. This reduction of\ — \q/n in a refractive medium
(with n > 1) may be used to reduce diffractive effects, which cause akbtdewn for rectilinear
propagation of the light when the spatial dimensions carexdare on the order of the wavelength.
The ability to find or create materials with large valuesdand is of much interest because
a larger refractive index improves resolution in imaginglagations. This is very fundamental in
the integrated circuit industry, where the resolution tfdgraphic techniques creates a limitation
on how small and dense computer processing elements cansignel@. A greatly enhanced
refractive index would also be of interest in biological giay applications, where nondestructive

optical microscopy could potentially be used to image liamples at high resolution.



1.3 Origin of diffraction limit

We now consider a brief derivation of the diffraction linWile will denote the free space wave
2 : : . o
vector askd = kI + k% = (%) , Wherek, is the component in the propagation direction &nd
is the component in the transverse x-y plane. The field ermanftom an object in the transverse
plane can be expressed as a superposition of plane wave m®des
E(p,z)=> Ak )expi(kip+k.2) [1.7]

ki

where A (k) is the amplitude of the transverse moge—= /22 + 2 is the transverse spatial
coordinate and we have omitted the time dependent termaglitse definition of the wave vector,
we can substituté, = +,/kZ — k2. Here we can see that for modes that satisgfy> k2, the

component:, will be real valued and the wave mode will propagate in thereation as

Alky)expi(kip+ R —k2) [L.8]

and can be focused by a conventional lens. On the other handddes that havé? < 32,
the component, will be imaginary and the wave mode will be evanescent withosentially

decaying amplitude as the wave front advances in the z treas

exp —(\/k§ — k1 2)A(ky)expi(kip) . [1.9]

These decaying amplitudes will be negligibly small at thegm plane and thus these larige
Fourier components can not be focused by a conventional lens

The inability of a lens to focus these evanescent compondmtsek | > k is the reason that
image resolution is limited. Similar to the Fourier relaship of time and frequency, the Fourier
transform that relates space and reciprocal k-space sdasudin inverse relationship between the
resolution of the wave vector components and the spatiaénsnons. Small transverse spatial
details of an object are associated with a spread of wave snpolesessing large, values that
exceedk, and can not be properly focused. The Fourier uncertaintycgle k7**Ap ~ 2m,

relates the maximum transverse wave number to the smathestverse spatial detallp. In the



limiting case for the mode to be propagatings. — 0, we havek** = ky = i—g Thus we can

derive the diffraction limit,
Ap~DA | [1.10]

on the spatial resolution allowed for a given wavelengthisTimplies that light corresponding
to subwavelength features will have attenuated propagatia will be eliminated from the final
image. A corollary of this is that the tightest focus that cenachieved for a laser beam is a
spot size with a diameter on the order of the laser’'s wavétefi33]. Hence the diffraction limit
presents an obstacle to the limit of how much data can bededarsn optical media, how small
computer processors can be designed with lithography,witthaddress individual trapped atoms

in quantum computing applications.

1.4 Outline of thesis chapters

Chapter 2 introduces the idea of refractive index enhancemiin vanishing absorption in
an atomic vapor. We describe how the refractive index egpedd by an incident laser beam
is related to the role of the light in quantum transitions nfatomic system. These quantum
transitions result in a modified refractive index for theelaBght, but are also accompanied by
absorption or amplification of the light. Based on ideas psepoby Scully [124], we consider
a system with closely spaced absorption and amplificationdRatmansitions, that are interfered
to produce an enhanced refractive index with canceled pbeorof the light. This suggested
interference technique is the basis for all of the propoggtieations of enhanced refractive index
considered in this thesis. We also review the details ofrreeeperimental demonstrations of this
technique.

Chapter 3 introduces the concept of negative refractivexinilat was proposed by Veselago
and has recently been experimentally demonstrated. Toadily negative refractive occurs when
both the permittivity and permeability are simultaneoustgative valued. Materials that possess

this property are not known to exist in nature, however therging field of metamaterials have



artificially constructed media that do exhibit negativeaetive index. We briefly review the his-
tory and operating principles of metamaterials. We alsoudis how negative index materials may
also provide an alternative approach to the problem of tifieadtion limit by considering Pendry’s
proposed perfect lens. Pendry’s lens suggests that a leshs intan a negative index material can
successfully focus evanescent wave components that aliéidnally cut-off by the diffraction
limit, by reversing the decay of evanescent modes.

Chapter 4 suggests a new approach to achieve negative nedranctex in atomic vapors by
interfering Raman transitions and using magnetoelectoscoupling. We suggest using laser
driven atomic systems in hopes to achieve negative refeatdex at smaller wavelength regimes
than metamaterials and eliminate absorption by quantuenference. In principle negative refrac-
tion can be achieved by driving electric and magnetic ttarsresonances sufficiently strongly
and simultaneously at the same light frequency, howeverddun not be implemented practically.
Our suggestion includes a magnetoelectric cross couplirtgeoresonances, which revises the
conditions for negative refraction and reduces the requatemic densities by two orders of mag-
nitude. The key advantage of our approach is that it doesagpiire the simultaneous presence of
an electric dipole and a magnetic dipole transition at tmeesiklequency. This gives considerable
flexibility in the energy level structure and allows our teitfue to be implemented with a number
of different atomic species. In this chapter we presentyical results for negative refraction in
an atomic medium and verify their validity with exact nuneatisimulations of density-matrix of
the system.

Chapter 5 considers possible experimental systems to ingoletne negative refractive index
scheme discussed in Chap. 4. We consider both schemes thedrasesarth atom vapors and
rare-earth doped crystals. Ideally we wish to find a systeth am existing level structure that
has strong electric and magnetic transitions with a sm#émince in their resonant wavelengths,
because the required laser intensities greatly increaeagavelength difference increases. We
consider the rich level structure of the rare-earth atonfistba suitable level structure by using the

ab initio atomic structure code by Cowan [22] to estimate thedition wavelengths and strengths.



We have identified promising experimental systems in utichneutral atom vapors of Erbium and
Dysprosium and cryogenically cooled crystals doped wittsiof Terbium and Praseodymium.
Chapter 6 presents a suggestion for a low photon conditidmadeo shifter as an application
of refractive index enhancement discussed in Chap.2. Irstthieme a weak “switching” beam is
introduced to the system to modify the nature of the refvaadiidex enhancement. The condition
of whether the switching beam is turned on or off results irhidt ®f the phase accumulated
by a probe beam propagating through the medium, while maintpvanishing absorption. We
include a fidelity analysis of the feasibility of using a paahifted probe beam pulse for optical
information applications. This analysis considers the benof spontaneously generated “noise
photons” in the mode of the probe beam, which possess rantlasemnd lower the fidelity.
Chapter 7 presents a suggestion to achieve giant Kerr naniliies between two weak laser
beams by utilizing refractive index enhancement with Viainig absorption. These Kerr nonlinear-
ities differ from other approaches for significant nonlinederactions at the single photon level
in that a strong driving laser is not required by the scheme aldb propose an application for our

scheme in which an atomic vapor can function as a distribBtadg reflector that works at very

low light levels.
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Chapter 2
An overview of refractive index enhancement

2.1 Introduction

It is well known that according to the linear response of @metio an electromagnetic field, the
refractive index is greatly enhanced near resonance [3ualiso accompanied by strong absorption.
This presents a conflict to the advantages of imaging witlaeoéd refractive index since the light
will be absorbed by the medium within a distance of a fractidrthe wavelength. Far from
resonance the medium becomes transparent but the redractiex is almost the same as in a
vacuum. It was first suggested by Scully [124] that by estlblg quantum coherence in a three-
level atom, interference effects can be exploited to olaadamnge index of refraction with vanishing
absorption simultaneously. Scully’s suggestion is essiynthat when an excited state is coupled
with two lower lying states that are prepared in a coherepémuosition, the competing excitation
paths may be configured such that there is complete destudtierference of the imaginary
(absorptive) part and constructive interference of thé pag of the susceptibility. This scheme
results in a particular frequency band where the real patietusceptibility is greatly enhanced
and the absorption is negligible. This idea was furtherstigated theoretically [125, 38, 115, 95]
and has been demonstrated experimentally [171, 113].

In the simplest sense Scully’s suggestion may be underdipamnsidering an ensemble of
multiple two-level atoms with slightly different trangiti frequencies as shown in Fig. 2.1. In
this system the two atoms are configured for gain and absorptinsitions for a weak probe and
have resonance frequenciesandw,, respectively. The first atom is prepared with a population

inversion by an external pumping mechanism, such that e emission by a resonant probe
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beam results in gain for the probe field. The second atom iligi populated in the ground
state and will absorb light from a resonant probe beam. Ttlesely spaced gain and absorption
resonances result in interfering interactions for a pragiag probe beam and modify its effective
susceptibility in the system. The interference from theesppsition of these resonances can be ex-
ploited such that for some frequengy w; < v < w,, a probe field can experience zero absorption
and enhanced refractive index. However this scheme is @mudtic to implement experimentally
because there is not a practical method to pump one of theaspmcies to a population inversion

while not pumping the other species that is to remain popdlat the ground state.

2)

® ® ®-|1)

Ep + Ep

= 19) *—0—0g)

Figure 2.1 A system of 2, two-level atoms with closely spattadsition frequencies. The first
pair of levels is prepared with population in the excitedests) and the probe bead),
experiences gain from the transitio — |g). The second pair of levels is populated in the
ground statég) and the probe beam experiences absorption from the tramgjli — |2). The
competing transition processes cause interference etieat significantly alter the electric
susceptibility of the probe beam.
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The refractive index enhancement schemes consideredsithéisis are based on a newly sug-
gested approach in which the coherence of two lower stapgsjmred by a far-off resonant Raman
transition [165]. Earlier relevant work has studied and destrated other novel effects of coher-
ently driven atomic system such as coherent populatiompingp(CPT), lasing without inversion
(LW1) [126, 68], and electromagnetically induced transpaye(EIT) [49, 37]. EIT is a popular
coherence effect that also results in a medium that hasgilglgliabsorption, though it is primarily
concerned with achieving a steep dispersion (slope) ofdfraative index rather than enhancing
the value of the index itself.

The method that we will focus on is essentially the idea adrifigring two closely spaced gain
and absorption resonances that are derived from lasendRaenan transitions in an atomic vapor.
By utilizing additional laser fields we are able create fdire$onant Raman resonances for a weak
probe beam, which may be either absorptive or amplifyingishive are able to create the desired
effect of Scully’s interfering two-level systems withotnet unwanted complications of selective
pumping. Additionally the ability to control the frequensgparation of the Raman resonances
offers an advantage over a scheme that has a fixed separ@hierrefractive index enhancement
resulting from interference has a strong dependence oregreration of the resonances and this
separation can be optimally selected in a Raman system. €herge also offers a technical
advantage in that the we have a larger bandwidth of potemtitdde frequencies since the probe

beam does not have to be near resonance with an excited state.

2.2 Refractive index in two-level system

We now consider a more quantitative treatment of the rataohdex of a weak probe beam
propagating through a dilute atom vapor. Recalling resutimfthe last chapter, we have the

refractive index given by

n = e = /(1 +xe) (1 + xs). [2.1]

In the majority of atomic interactions the magnetic susbdpy 5 is negligible and we can well

characterize the refractive index by the electric susbé§i s alone.n andy¢ are both complex
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frequency dependent quantities. We denote= n’ 4 in” wheren’ is the refractive index of
the medium anad.” is the absorption coefficient ang: = x: + ixs wherey andy’ represent
the dispersion and loss, respectively. For a weak probe heanwo-level system the electric

susceptibility is

, _Nld® o
Xe = th (52 + 2 ’
s Nld® T

= 2.2
Xe GOFL )2 + ['2 ’ [ ]

where we have assumed all atoms are populated in the groated 8f is the number density
of atoms or moleculesj is the electric dipole matrix element,is the detuning from resonance,
andTI is the decay rate of the excited state. In Fig. 2.2 we see tithat the susceptibility and
refractive index in frequency space have a dispersion coeveered at the resonant frequency.
Here we note that the refractive index curve qualitativadyrelates with the resonant behavior
of the susceptibility and there is a correspondence of tingesuextrema with the detuning from
the resonant frequency plotted along the horizontal axikis means we can well predict the
resonance structure of the index of refraction and the ghlisorof the probe beam from the real
and imaginary parts of the electric susceptibility, respety. For the two level system the largest

changes in the index of refraction occuwat +I" and we have

Nl|d? 1
o = —. 2.3
|X€’ €0h 2F [ ]

However, at these detunings we also have undesirable comditat x> = Y., meaning there
will be significant absorption when the index of refractionststrongly differs from unity. This
concurrent absorption with the resonant enhancement ohttex of refraction is true of all sys-
tems where the polarization is linear with respect to théerdoeam electric field. Thus quantum
coherence and interference techniques are required tev&cbnhanced refractive index while

maintaining low absorption.



14

0
6 (in units of IN) o (in units of I)

Figure 2.2 A comparison of the line shapes of the electriceisbility, y ¢, and the relative
refractive indexn — 1, for a simple two-level absorption transition. Both the ralid blue
lines) and imaginary (red dotted lines) components of theduantities exhibit dispersion curves
with nearly the same width and corresponding locations ofima and minima. Therefore the
resonance behavior of the refractive index is well desdrlipethe susceptibility resonance.

2.3 Refractive index enhancement by interference

Now we will illustrate how Scully’s suggestion achieves sltaneous enhanced refractive in-
dex without absorption by the interference of multiple tiegel systems. We consider a medium
that is a uniform mixture of the two atomic species that eitlii® two level transitions shown in
Fig. 2.1. For simplicity we assume that the gain transitioth @absorption transitions have matching
parameter values such that they will be of equal strengthielier they will have distinct resonance
frequenciesw; andw,, respectively. Both resonances can be related to the sarogdiua form
of the two-level electric susceptibility given in Eq. (2.Bpwever both the real and imaginary parts
for the gain resonance will have the sign flipped becauseeottimplete population inversion of
its levels. Quantitatively, interference arises in thecgle susceptibility for the probe frequency,
wy, from the superposition of the individual resonances, mive

NPT -1 L]
Xe = 607—1 51 — I (52 — I ’

[2.4]

where the detunings from the resonancesiare w; — w, — w, andd, = wy — w, — W,
Ideally we wish these two resonances to be closely spacatiasin the frequency band be-
tween the resonances there will be significant interfererickeir resonant features. In Fig. 2.3

we show the effect of interfering the gain and absorptiommasces for different values of the
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Figure 2.3 The real part;: (blue solid line) and the imaginary payt of the susceptibility of the
probe beam for closely spaced gain and absorption transiseparated bsx = 10I" in (a),
A = 2T"in (b), andA = 0.25T" in (c). At the midpoint between the resonances , there is
destructive interference in the imaginary part of the spsb#ity resulting in vanishing
absorption. At the same point the real part of the suscdipfits significantly increased due to
constructive interference, which simultaneously yieldeahanced refractive index.

frequency SpaCing of the resonances,
A= Wy —wWr [25]

in terms of the resonance line width, The plotted curves are the real and imaginary parts of the

probe beam electric susceptibility which results from sumpposing the resonances. The gain and
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absorption resonant frequencies coincide with the negand positive peaks of the imaginary
part of the susceptibility, respectively. As is seen in tegion between the resonances there is
constructive interference of. and destructive interference gf. For the case of equal strength
resonances, there will be zero absorption for a probe beagn wined midway between the reso-
nances ab, = <231,

The effect of the interference depends strongly on the sgazi the resonancegy. When
A > T there is little interference and the system behaves as wlatésl resonances, as seen in
Fig. 2.3(a). WhemA < T the resonances overlap and there is almost complete catnmelbf
any resulting resonant structure. The maximized consweittterference fox . that coincidences
with x& = 0, occurs for the optimal condition that the separation ofrds®nances i& = 2I', as
seen in Fig. 2.3(b). Thus we can achieve an enhanced indéwe aktraction for the probe beam

while maintaining perfect destructive interference otibsorption coefficient.

2.4 Refractive index in far-detuned Raman system

A more practical method to experimentally implement thisicksl interference of resonances
is to recreate the behavior of the ideal multiple two-leysttem by using Raman transitions. New
probe beam resonances may be engineered using nonlingaaepes in a three-level system by
coupling the probe beam with additional laser fields in twotph Raman transitions. By appro-
priately tuning the parameters of the additional lasers rédsonant frequency of the probe beam
may be chosen and the nature of the resonance can be choseeitiods absorptive or amplifying
for the probe field. Raman transitions are advantageous tieimgmting this interference scheme
because we are able to select the probe resonance frequésrcibe two transitions we wish to
interfere. This way we are able to control the important deleace on the frequency separation of
the resonances and we can optimally configure the inteidereonditions for enhanced refractive
index with vanishing absorption.

In this scheme a weak probe beam, which has a large one phetonimy from an excited
electronic state, and a strong control beam interact in a Rdraasition between two low lying

levels as seen in Fig. 2.4. In general a Raman transition i® ghaton process, where the atoms
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of a populated state absorb a photon of frequencgnd is, in a sense, “excited” to a virtual level,
and then emits a photon of frequenacy, effectively transitioning the atom to the other low lying
level. A two-photon resonance occurs when the energy spadithe two lower levels matches

the difference of the laser frequencies, which is given by
OFE = h(wy —wg) - [2.6]

The lower levels are dipole forbidden from a direct one phdtansition between the two, but they
each have a dipole allowed transition with a higher energyted electronic level. The role of the
beams in the Raman transition can be configured for gain ofrtitieedoeam by selecting the probe
and control beam frequencieg andwc, respectively, such thét(w; — w,) = dE. Similarly there
will be absorption of the probe beam for frequency selecsimtisfyingh(w, — we) = dE.

However it should be noted that it is tempting to concepheane Raman transition as a single
atom absorbing and emitting photons, such that it is trarexidoetween the two states, thisis an in-
accurate interpretation. Since quantum mechanics isstatiin nature and describes an ensemble
of many atoms, the Raman transition should be viewed as &staig a quantum superposition
of the atom being in either state rather than individual atdransferring between states. With
the ensemble of atoms in a coherent superposition, the dgaarhthe collective atoms are well
described by the coherence. The coherence is a quantum meadhaave function of the time
varying mixture of the quantum states of the system averagedthe ensemble and eliminates
the need for individual atom statistics in modeling systgmanics.

In the scheme of interest, we consider a four level atomicaenular system seen in Fig. 2.4.
A weak probe beang,,, is paired with two strong control beant; and&c., to form two Raman
transitions. The frequencies of the control beams will beseim so that the Raman transitions will
differ in which one will be amplifying and the other absowgtiwith respect to the probe beam.
Ec1 will two-photon couple the ground state) to the excited Raman stafé) via a stimulated
emission of, and similarly&q» will couple the excited statR) via a stimulated absorption &f.

In the absence of the control beams the probe beams expetiemcisual largely detuned linear
susceptibility of the one photon transition from the grostate to the excited electronic state.

The presence of the control beams strongly modifies the ptisiigy of the probe beam due to
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Figure 2.4 A scheme equivalent to Scully’s suggested iatirg system of two-level gain and
absorption resonances. This more practical scheme usesReansitions of a far-off resonant
probe beam induced by two control lasefs, and&q,. By changing the excitation path from the
ground level, a Raman resonance can effectively be a gainsoratiion transition for the probe
beamg&,

nonlinear interactions that correspond to new Raman resesat frequencies determined by the

control beam frequencies and the level separation of thengkrstate from the excited Raman

states.
We proceed with an analysis of the scheme in Fig. 2.4. Weuollee formalism of Harris et

al. [48, 51, 167] and the full details are given in AppendixThe two-photon detunings of the
Raman resonances are defined as

dwi = (w1 —wy) — (wer —wp)

[2.7]

dwy = (wy — wy) — (wp —we2)
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wherejw; anddiw, correspond to the gain and absorption resonances, resggchll of the lasers
are far-detuned from the excited electronic state suchwbahay approximate that the population
remains in the statgy) and we can adiabatically eliminate the dynamics of the escitatee).
From a semiclassical treatment of the quantum dynamicseo$yistem, we evaluate a generated

dipole moment at the probe frequency given by

b1]? [Ec1|”
2 on T (5, 5 T
o] |Ecal? )5
2 {(5002 - Re(FgQ_A)’ —1 (72 + ‘Imé&))} n

wherey,; and~, are the Raman decay rates, &1, £ are the electric field amplitudes of the

P, =2hN (ap +

[2.8]

lasers;A, Fy, andF; are higher order intensity dependent shidts;b,, andb, are Raman coupling
coefficients that contain electric dipole matrix elements ane photon detunings. Using the
relation P, = eyx<&, with Eq. (2.8), we can find the susceptibility of the mediumthoe probe
wave
2 2

Xe = 2ZV (ap - W Ee1|” + 2[;}22‘_2%} \5@]2) . [2.9]
In the above expression we have used the notatigndw,, ¥:, and+, as defined in Appendix A
to suppress the stark shifts and power broadenings of thmidgs and decay rates, respectively,
for convenience. The first term in the susceptibility repras the background susceptibility of
the far-detuned one photon transition of the probe beam tléghexcited electronic state and is
typically negligible compared to the second and third tewhgh represent the Raman gain and
absorption resonances, respectively.

These two Raman transitions allow us to create the interéerdescribed in Scully’s sugges-
tion by the ability to move the resonant frequency positiopsippropriately choosing the control
laser frequenciesyc; andwes. Ignoring the effect of stark shifts for now, the two resoces
occur when the probe laser wavelength is chosen suchushat w, + wer — wy (dwy; = 0) or

wp = Wy + we2 — wy (dwy = 0). The separation of the resonances in frequency space is lgyve

A = bwy + 0wy . [2.10]
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For the case of equal transition matrix elements and lagsanpgters such that the resonances are of
equal strength, there is perfect destructive interferefidbe imaginary part of the susceptibility
when the probe frequency is tuned midway between the resesaequally detuned from each
one. This point of vanishing absorption is satisfied by thedition thatéw, = dw, = A/2.
With this condition for vanishing absorption we may expréss real part of the susceptibility

(neglecting the background contribution) as

. 2hN b1] (A/2) )
— Eor . 2.11
Xe =g ([(A/Q)2 +71?] e ) 241

Recalling from the last section that the individual resoraritave extrema for their real part when

detuning matches the linewidth, it can be shown that thetoacts/e interference iny; is opti-

mized for equal strength resonances, when the spacing éetilie resonances 4s = 2v;. With
this condition the optimized susceptibility is given by
AN [ |by| 2>

= — |& . 2.12

In the limit of very large intensity values of the control bgathe power broadened linewidths

of the resonances, will saturate the susceptibility and the maximum suscdpgilthat can be
attained by increasing the control intensity is

N |dye|”

2.13
hEO QFe [ ]

Xe =

Thus for sufficiently intense control beams, this far-offaeant Raman scheme can attaj-ahat
matches that for a near-resonant one-photon excited statsitton given in Eq. (2.3), however,
while maintaining vanishing absorption. It should be ndteat the susceptibility can not be made
arbitrarily large by sufficiently increasing the particlergsity, NV, because at high densities the
susceptibility will saturate because of increased predsiradening and other higher order effects.
This implementation of refractive index enhancement bgrieting Raman transitions sug-
gested by Yavuz [165] has been initially demonstrated inamfpof principle experiment [113]
and is the topic of continuing experimental research [13bese experiments are performed in a

magnetically shielded, temperature controlled vapor @atitaining a natural isotopic abundance
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of rubidium atoms with diatomic nitrogen as a buffer gas, ta®ag in the schematic of Fig. 2.5.
A weak probe beam with two strong control beams are far deitfirmen the exciteds s/, (D
line) near a wavelength of = 780.2nm. The Raman coupling of the hyperfine levels of iS¢/,
ground state by the lasers induces the interfering amptififand absorptive resonances. Opti-
cal pumping lasers are included to selectively populategtioeind state hyperfine levels for the

appropriate excitation configurations.

Rb vapor cell

s — . "Rb
562 gp probe  %Rb

detection pump

Figure 2.5 Simplified experimental schematic. The expeamningeperformed in a magnetically
shielded, natural abundance rubidium vapor cell with atlen§ . = 1mm. The three
experimental beams,,, &1, and&.,, are obtained by appropriate frequency shifting and
amplifying the output of a single master external cavitydgidaser. After the cell, the probe laser
beam is separated with a high extinction polarizer and mreasents are performed. Some
experiments utilize optical pumping lasers, which propagathe direction opposite the
experimental laser beams

In the configuration of the most recent experiment, shownign E.6, atoms are optically
pumped to thel” = 3 level of the®*Rb and Raman transitions couple this state to&he- 2
level. For a 1 mm long Rb cell with a density 8f = 1.8 x 104 cm™3, Raman linewidthy ~
1MHz and a one-photon resonance detuning 7TGHz, the experimentally observed interference
of the resonances is plotted in Fig. 2.7 as the probe frequsnscanned. The imaginary part
of the refractive index is calculated by measuring the priobensity at the end of the cell, the
relative change of the intensity/,../I;,), and the cell lengthL. The data forn” is then fit

to a model that assumes each resonance has a Lorentziamdipe and:’ is inferred from the
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Figure 2.6 Refractive index enhancement’iRb level structure. The system is optically pumped
to the ' = 3 level and two Raman transitions are induced. The spacingdegtithel” = 2 and
F =3 levelsis 3.035 GHz.

real part of the Lorentzian curves. A relative change in tfeactive index ofAn = 0.4 x
10~* with low absorption was observed in the data shown in Fig. Biiture efforts are working
toward improving the change in the refractive index by reisgl unexplained power broadening

and preparing ultracol®ff Rb atoms in a magneto-optical trap and dipole trap.
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Figure 2.7 The real (solid blue lines) and imaginary (datatsaand dashed red line) parts of the
refractive index when the two Raman resonances are combiimeddashed lines are fits to the
data that assumes each Raman resonance to have a Loremizighdpe. The solid lines are the
calculated real part of the refractive index based on théseAichange in the refractive index of
An =~ 0.4 x 10~* with low absorption is observed.

2.5 Summary

This novel nonlinear optic technique provides an effectray to modify the susceptibility and
hence the refractive index of a weak probe beam and greaticesabsorption. This scheme offers
straightforward ways to manipulate the susceptibility lyihg laser frequencies and varying the
control beam intensities. The far-detuned charactenidtibe scheme presents an advantage over
other schemes in that it can be applied to a potential rangeadfe beam frequencies since the
probe frequency is not required to be near resonance witlevieéstructure that is available. The
configurable nature of the Raman resonances also allows usdte@ system of closely spaced

gain and absorption transitions without requiring selecpumping complications. This scheme
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also provides a practical alternative from EIT based tegls to eliminate resonant absorption.
Its ability to modify the refractive index may potentiallg luseful in schemes to achieve negative

refraction in non-metamaterial systems.
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Chapter 3
An overview of negative refractive index

3.1 \Veselago’s thought experiment

The concept of negative refractive index is a topic that leeegated much interest over the last
decade. The idea was published over four decades ago byages®ihere in a thought experiment
he considered a physical system that corresponds to takengegative branch cut of the square
root of the expressiom? = ¢y, that results from Maxwell's equations. It was found thabider
for a system to have < 0, it required the condition that simultaneously the systeostniave
e < 0andu < 0. When these conditions are met and used as parameters in Maxegeations,
there result some novel changes from traditional behavi@lectromagnetic radiation. Among
these changes is a “left-handed” triad of the vectbrsB, andk, inverted Snell's law, reversed
Doppler effect, and reversed Cherenkov effect [152]. ThieHahded triad represents a system
where the wave vectat is antiparallel to the Poynting vecta, = iﬁ x B, which implies
the propagation directions of the phase velocity and gralpcity are oppositely oriented. This
backward wave motion has been colloquially compared to tplarized dance called “Moon
Walking” because of the paradoxical backward motion thabaganies forward stepping. These
unusual properties and the requirement for negative pevityitand permeability have manifested
in the many names that have been used for negative indexiatat@iIM) such as left-handed,
backward wave, and double negative materials. Currenthgtisemuch intense research effort in
developing NIMs [137, 39, 131, 56, 101, 23, 24, 168, 36, 173,160, 170, 28, 29, 118, 75] and
developing applications for the unique electromagnetupprties of such materials [139, 91, 36,

90, 57], in particular, a NIM lens with perfect resolutiorDf].
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The refractive index is related to the product@ndp and since the product of two negatives
is positive valued, it is unclear why should be negative when this is the case. To examine
the logic behind the appropriate choice of branch cuts inrdfictive index for the cases =

+\/(+€)(+p) = +y/epandn = £,/(—€)(—pn) = —,/€i, we consider the role of and in

Maxwell’s equations. From the constitutive relations agdagions

[j = EEOE 5 é = MMOF[ s [31]

. OB - 9D

E = -=— H=== 2
V x 5% V x 5% [3.2]

if we consider a monochromatic plane wave that propagatepace-time as'*"~“*, we can

derive the expressions
kx E = W/L,Uoﬁ . kx H=—weE |, [3.3]

that show how the orientation of the vectd¥s B, andk depend on the signs efandy. Fore > 0
andy > 0 there is a right-handed triabl x B = % and fore < 0 andp < 0 the triad is left-handed
E x B = —k. This sign dependent orientation relationship can alsafsgred by considering the
boundary conditions of a light ray being refracted while#lang through two media with opposite
signede andy values as seen in Fig. 3.1. The medium on the incident side hasl andu; = 1
and the transmitted side has= —1 andu, = —1. The continuity of the transverse and normal

field components required by the interface boundary cauiti

Eyw = Ep , Hy=Hy | [3.4]

e b = by s Mle:mHnQ ) [3-5]

results in a sign flip of the normal component of the field vexto the negative medium. This sign
flip of vector components combined with the fact that the gnéux moves in the direction of the
Poynting vector, determined b§7 x B, results in the ray being refracted at a negative angle with
respect to the interface normal. Thus 0 andu < 0 lead to a geometry with negative refraction
and the appropriate branch cutis= —, /eu, which is consistent with Snell’s law.

Since Veselago’s initial contemplation of the implicasasf negative refractive index, the idea

remained an academic curiosity due to the fact that theren@ardenown systems in nature that
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Figure 3.1 The simplest interpretation of a material passgsa negative refractive index is the
demonstration of refraction of an incident beam with a negatngle for the transmitted beam, as
determined by utilizing Snell’s law with < 0. Materials possessing negative refractive index
were considered by Veselago in 1968 and negative refrast@snexperimentally demonstrated in
2001 using metamaterials.

simultaneously have < 0 andu < 0. Itis well known that in both nature and the laboratory there
exist plasmas of electric charges that exhibit negativenigvity for certain ranges of frequencies.
In a cold plasma of electrons with no magnetic field, the pgirty is given by

cw)y=1--"2 | [3.6]

w?

wherewgp = N isthe square of the electron plasma frequency, with numéesity, NV, electron

me€o

charge,e, and electron massnp,. [44]. Clearly, the permittivity will be negative for frequeies
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below the plasma frequency and the refractive index willrhaginary. Veselago proposed a hy-
pothetical material that consisted of a plasma of magneti@rges” with an effective magnetic
plasma frequency that could analogously provide a routegative permeability. However, since
magnetic monopole “charges” are not known to exist, thelehgé of realizing a negative refrac-
tive index persisted for many years. In the late 1990’s JadmdB/ discovered a new approach to

achieving negative permeability in the developing field a@tamaterials.

3.2 Metamaterials

Metamaterials, named after the Greek word “meta” meanimydhd”, are artificial materials
that have properties that result from macroscopic strastulermed “meta-atoms”, that interact
with propagating electromagnetic fields in analogy to tlerest or molecules of natural materials
as described in Chap. 1. The meta-atoms are conductingwsaavith practical dimensions that
are designed for particular resonant frequencies. Thesmaat structures behave like electric or
magnetic dipoles and may become polarized through thegrantion with light and establish a
net dipole moment in the material. A metamaterial is a stmgctvith an ordered lattice of meta-
atoms such that the lattice spacing is much smaller than #velength of the propagating light.
This subwavelength periodicity allows the material to bestdered by an effective medium model
and a homogeneous permittivity and permeability well dbscits macroscopic electromagnetic
properties. The resulting homogeneous interaction wghtldistinguishes metamaterials from
other periodic structured materials, such as photonidais;svhere the periodicity is on the order
of the wavelength and diffractive effects cause inhomogaesolarization.

The advantage offered by metamaterials is the ability teallly engineer the electromagnetic
properties of the material for qualities that are superionat found in nature. In order to ma-
nipulate the electromagnetic interactions of a systemqtires access to the resonant scatterer
(i.e. the atom or molecule) and the ability to modify its negot behavior. One approach to this
was considered in the last chapter, where nonlinear oga®siques were used to manipulate the
guantum interactions of the atom that determine the peawityjttMetamaterials use an alternative

approach to the problem in which the light scattering métena are custom fabricated for the
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desired resonant behaviors. The meta-atom structureslredted macroscopically with con-
ducting elements arranged in various geometries that t@seamtenna configurations (such as
straight wires and loops). The materials and geometriedesigned to have resonant frequencies
that can differ greatly from the natural resonances of balkgles of the constituent materials.
Ideally these resonant frequencies correspond to a waytblémat is much larger than the physical
dimensions of the meta-atom itself. In this long wavelengtiime, the metamaterial exhibits an
artificial homogeneous polarizability that is derived fréine structured dipole characteristics of
the meta-atoms rather than the constituent atoms or meecwhen the resonant wavelength ap-
proaches the unit cell dimensions of the lattice there isealbdown of the collective polarization
due to Bragg effects occurring similar to x-ray diffractiongolids. This presents a difficulty for
metamaterials to operate at higher frequencies becaus$e sétluced practicality in fabricating
smaller resonant structures.

The forerunner of metamaterials was in the creation of adifdielectrics by Kock in 1948,
who by analogy with the oscillating molecular dipoles ofldatric materials in response to light,
reasoned that the dipoles that result from the flow of elestio metal under an alternating elec-
tric field could change the phase velocity of an incidentoadave. He used the effective medium
model to design a radio wave lens from a three dimensionay ar metallic elements with sub-
wavelength spacing [69]. Later in 1962, Rotman constructedrtficial dielectric material from
an array of conducting metal rods with a dielectric resp@n®dar to that of electric plasmas, with
a characteristic plasma frequency, to simulate the eléggt@mics of plasmas [119]. This rodded
structure was modified by Pendry et. al. in the mid 1990s bggughin metal wires as array
elements and experimentally verified that the permittiwlys negative at frequencies below the
plasma frequency [106]. Expanding upon this idea in 1998dRBewas also able to create a meta-
material with a diamagnetic response from nonmagnetic nadgdoy using meta-atom structures
called split ring resonators [109]. The diamagnetic propserof this array of split ring resonators
possessed an effective magnetic plasma frequency andssiidtesimulated an artificial magnetic
plasma, which could achieve the previously unattainabimtiee permeability. Soon after this in

2000, Smith and Schultz et. al, in collaboration with Pendeyeloped a composite metamaterial
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of straight wires and split ring resonators that possese#driegative permittivity and permeabil-
ity in the same microwave frequency band at 10.5 GHz [138]wack able to experimentally
verify Veselago’s prediction of negative refraction [1387].

Since this demonstration of negative refraction, the fiélthetamaterials has grown rapidly,
investigating new physics owing to the ability to synthesizsonance characteristics not found
in natural materials. The first metamaterials were desigméide RF and microwave regime and
there is much active research in developing for the optegilne. Metamaterials have been con-
sidered for new nonlinear optical components, where thafatm lattices are designed to mimic
the characteristics of photonic crystals. One particylenieresting topic emerging from metama-
terials is that of transform optics [155, 107, 74, 123] asgibtential for electromagnetic cloaking
[122, 73, 148].

3.3 Pendry’slens

The concept of negative refractive index and its experialesi@monstration were important
new advances in science that opened up new areas of elegmetiatheory, but the rapid interest
in this subject over the last decade is attributed to Pesdgrmoposed perfect lens as a practical
application of this new physics. This perfect lens made feonegative index material would not
only improve the resolution beyond the diffraction limitjitbwvould, in principle, allow infinite
resolution and perfect imaging. Perfect imaging meansdhaty single detail of the object is
reproduced in the image, including both propagating andes@ent wave components.

In Veselago’s original paper he explored one of the uniquatrans from traditional electro-
magnetic theory when he postulated a flat lens created fromvialith » = —1. Vleselago noted
that the geometry associated with the negative angle adiggdn from Snell’s law would allow
light from a point source to be focused by a planar lens asisdeig. 3.2. In a geometrical optics
treatment, rays from a point object are negatively refihatehe lens, brought to a focus inside the
(sufficiently thick) lens, and then negatively refractedisoie the lens into a focused point image.
Initially this flat planar lens was of interest because tims léid not possess an optical axis and was

free from spherical aberrations that affect non-para@géiin a conventional lens.
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z=0 z=— z=—  z=2d

Figure 3.2 A flat slab lens made of a negative index mater@ .afplanar lens with thickness
andn = —1, the object should be a distané¢g in front of the lens and image will be formed a
distancel/2 behind the lens. The negative refractive index bends lightriegative angle such
that light initially diverging from a point source is focubs® a point inside the lens, then diverges
and is focused to a point again upon refraction when exitiegens.

In Pendry’s formative 2000 paper [104], he performed a Fewptic analysis of a planar NIM
lens beyond the geometric optics consideration by Veselagodry considered a similar setup of
a planar lens of material possessiig= ¢/ = —1 ande” = p” = 0 with thicknessd placed a
distanced/2 from a point source object. The wavefront is traveling in thedirection and the
lens in the transverse plane. For this setup the disperslatian,

w 2
2= k2 4k = n? (> , 3.7]

c
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is the same both inside and outside the lens sifige, ... = ni.,. = 1. For the case of propagat-

ing wave components, whekg > k%, we have the components

kz,freespace =+ \/ k[% - ki ) [38]
kz,lens Y, k% - kﬁ_ s [39]

where the choice of sign for the square-root is determinethéy-z directed transport of energy
and the relationship of the wave vector with the Poyntingmedn free space the wave vector and
Poynting vector are parallel and we have the expected rimsilthe wave accumulates phase as it
propagates in the z direction. However, inside the NIM lens, the wave vectoms-garallel and
there is an unusual phase reversal of the wave as it travelsgh the lens. For wave components
that are propagating, the negative phase reversal endlglesedium to focus light by canceling
the phase acquired by the light as it travels through freeespa the geometry shown in Fig. 3.2,

the phase accumulation follows as

(2 = 2d) :gb(z:O)Jm/k%—ki;l—\/kg—kid+\/k§—ki;l:¢(z:0) . [3.10]

In imaging with a conventional lens the task is to correcighase of propagating wave compo-
nents emitted from an object but there is no way to preverdéeay in amplitude of the evanescent
components. However, in a NIM lens the evanescent wavesierpe an “amplifying” enhance-
ment of the amplitudes that distinguish negative index imggystems from conventional positive
index lenses. For the case of evanescent wave componeiAgh< k%, we have the compo-

nents

kz,freespace = kz,lens = "’Z\/m ) [311]

where in both cases the value is positive and imaginary. fEmsmission coefficients solved from

a wave scattering analysis of the system [104, 140] shows tha

Tfreespace = €xXp (ikz,freespacez> ) [312]
Eens = exp (_ikz,lensz) y [313]



33

and then plugging in the values of the wave vector componeatsave

Tﬁ%wmezemp<—wki—kﬁﬁ 7 3.14]
Tiens = €XP (—l—\/ki = kgz) . [3.15]

These transmission coefficients correspond to the expegmahential decay of Fourier amplitude
for waves progressing in free space but there is a uniquenexpial growth of the amplitude in

the negative index material. For perfect imaging with a tiegandex lens the amplitude growth
inside the NIM should cancel out the decay in free space,ttiteiamplitude values resolved at the
image perfectly match the initial values emitted from thgeob Looking at the geometry shown

in Fig. 3.3, the total Fourier transfer function for evaresgaccomponents of the system follows as

A(z=2d) = A(z=0)exp (—Mg) exp <+Md> exp <—\/ k3 — k’%g)

= A(z=0) [3.16]

which reproduces the original value.

The apparent “amplification” of the evanescent Fourier comgmt amplitudes does not violate
conservation of energy because evanescent waves do ngpdaraenergy in a lossless material.
The physical mechanism for this amplification is relatedxctations of surface waves by the in-
cident light at the rear boundary of the NIM. These excitadiare similar to surface plasmons that
occur at dielectric interfaces of metals such as gold amersilvhere incident light induces col-
lective surface charge or current oscillations that prapaglong the interface [108, 140]. These
surface wave excitations at the NIM interface result fomegzent wave components that expe-
rience a sign change in the permittivity (permeability) wree TM (TE) wave crosses over the
boundary. The fact that surface plasmons only require despayameter to be negative @r 1)
and not both, has inspired near-perfect lens designed fnonfitlms of gold and silver [104, 36],
which naturally have negative permittivity at optical ftesmcies. Studies of these thin metal layer
lens have shown experimental verification of evanescentifiwagion [77]. These kinds of surface

wave excitations are the topic of much active research iri¢the of plasmonics which is closely
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Figure 3.3 The amplitude decay and amplification for nonagaping wave components passing

through a negative index material. Evanescent wave fraritls k2 < k2, experience exponential

decay in positive index materials and are unable to be fathgéraditional lenses. A planar lens

constructed of negative index material, with a thicknesas thatches the optical path length in the

positive index material, experiences an exponential grahat counteracts the loss and is able to
restore the evanescent amplitude to its original value.

related to the developing field of metamaterials. It is int@or to note that metal lenses with ex-
clusively negative: or ;» would only be able to focus evanescent Fourier componeirftsreas a
NIM with both € andy negative would focus both propagating and evanescent waves

The ability of the lens to counter both the phase accumulaimd amplitude decay of propa-
gating and evanescent waves, respectively, allows alisdpeatures of the object to be resolved in
the image. This design is termed a perfect lens becauseishavevavelength dependent obstacle
to perfect imaging of the object beyond practical limitasoof apertures, perfection of the lens

surface, and homogeneity of the lens material. Howevesgtpeactical limitations are not trivial.
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The physical possibility of a perfect lens using negativieactive index still remains as a
widely considered question. One of the idealized necessangitions for a perfect lens is that
it has no losses, wher¢ and y” are both zero. As a consequence of this there would be an
unbounded growth of the evanescent amplitudes for a suftlgithick negative index lens, which
is physically unreasonable. The presence of losses in therimavould also imply frequency
dispersion by Kramers-Kronig relations and other effehts tvould complicate imaging, such
as plasmon resonance frequency cut-offs. In a sense, tleegoof a negative index perfect
lenses is similar to other conceptual idealizations of glalsystems, such as a Carnot engine.
A Carnot engine is a hypothetical construct of a perfecthersible mechanical thermodynamic
system that operates at the maximum theoretical limit ofiefficy and requires an ideal condition
that there is zero change in the entropy of the system. It redigdtt it is indeed impossible to truly
create a perfect lens, but like the Carnot engine, resea@tiseafoncerning perfect lenses provide
important insights that can be applied to advances in malatiear-perfect imaging [139, 91, 36,
90, 57].
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Chapter 4
Raman approach for negative refractive index in atomic system

4.1 Introduction and background

Since the publication of Pendry’s suggestion for a perfenslusing negative refractive in-
dex materials and the experimental verification of negatfmction there has been continually
growing interest in the topic over the last decade. In paldicthere have been a large number
of novel theoretical developments and experimental acde@demonstrated in negative refraction
using metamaterials [137, 39, 131, 56, 101, 23, 24, 168, 38, 17, 160, 170, 28, 29, 118, 75].
As we mentioned in the last chapter metamaterials are @tificonstructed with periodic metal-
dielectric structures with appropriate electric and maigmesonances to engineer the polarization
and magnetization responses beyond those of the constisarials. These structures typically
have a characteristic periodicity scale smaller than theeleagth, so that according to effective
medium theory, a nearly uniform electromagnetic respossiiained. Initial experiments have
demonstrated negative refraction in the microwave regioth® spectrum using metamaterials
constructed from metal wires and split-ring resonatordl [B5, 101, 23, 24]. The requirement
that the resonant structure unit cell dimensions remainhnsutaller than the wavelength presents
a practical challenge to designing metamaterials that chieee negative refraction in the optical
region of the spectrum. Recently, utilizing advances in titmagraphy techniques, several groups
have reported a negative index of refraction at opticaldezgies in metal-dielectric nanostruc-
tures and photonic crystals [168, 36, 128, 17, 160, 170, 28128, 75]. A key difficulty of these
experiments that is particularly pronounced in the optihain is the large absorption that ac-

companies negative refraction. For all experiments the¢ l@en performed in the optical region
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of the spectrum, the imaginary part of the refractive indealmost as large as the real part. This
is a key limitation for many potential applications sincghli is largely absorbed within a few
wavelengths of propagation inside the material.

In this chapter, we focus on atomic systems that are drivéim lasers in their internal states
so that negative refraction for a weak probe wave is achieVkd key advantages of using driven
atomic systems as opposed to metamaterials are: (i) udiearence principles, one can obtain
a negative index of refraction with negligible absorpti@r),atomic systems are uniquely suited
for achieving negative refraction at shorter and shorteraleangths, particularly in the visible and
ultraviolet regions of the spectrum, (iii) since negatig&action is achieved through manipulation
of internal states, the properties of the material can beuaycally modified, (iv) unlike metama-
terials, which have anisotropic negative refraction duerientation of the resonator structures,
negative refraction by an atomic vapor is naturally isoirop

Despite these advantages, achieving negative refractimomic systems is a very challenging
problem that has not yet been experimentally demonstratedalseveral difficulties. According
to Veselago, achieving negative refraction for light of atigalar frequency requires that both
e and i, have negative values at that frequency. Revisiting the sgganteraction of light with
atoms discussed in Chap. 2, we consider an idealized atostiersyo achieve negative refraction
in Fig. 4.1. In this atom a probe beam interacts with a thexellsystem where there is a ground
state,|g), and two excited state§;) and|m). There exists an electric dipole matrix elemépt
corresponding to a resonant electric dipole transitiowbeh stateg;) and|e) by the electric field
of the probe beam and similarly a magnetic dipole matrix elemn,,, for the transition between
states|g) and|m) for the magnetic field of the probe. In this system the statesnd|m) are
degenerate such that the same probe beam may be concuresathant with both states and the
electric and magnetic transitions overlap at the same sggdrequency. Thus for a probe beam
tuned near this resonance frequency, the electric and meadie&ls of the probe beam simultane-
ously interact with the atom to significantly alter the vaw# the permittivity and permeability.
The degeneracy of the levels is ideal because in order tshs&eselago’s condition for negative

refraction, there must be an overlap of the frequency bariésevy and . are both negative. All
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recent proposals include this constraint that requiresoagtelectric dipole and a strong magnetic

dipole transition at almost exactly the same wavelengthghvis difficult to satisfy in real atomic

systems.

7y le) —|m)

Ep B,

o—o—9o 90— 000

Figure 4.1 An idealized scheme to achieve negative refaatdex in an atomic system. In this
three level system there are strong electric dipole and etagdipole transitions at exactly the
same wavelength, between the ground sigtand the excited statés) and|m), respectively.
The light of a probe beam simultaneously interacts with gfséesn in the electric and magnetic

resonances, via the fields andBp. Thus for sufficiently strong interactions, batland. of the

system will be negative at the probe frequency, resultingeigative refractive index.

Another challenging difficulty is the magnetic interactionthe atom is much weaker than
the electric interaction. Fundamentally the electric oese is stronger because how the differ-
ent fields interact with matter. The interactions differ lvat the electric field is able to directly
influence the motion of electric charges in matter, wherkagetare no known magnetic charges
that the magnetic field interacts with. The electric dipdi@ atom comes from the separation
of the oppositely charged electrons and nuclei. The maguagioles of an atom originate from
the motion of electric charges that are present in the angutementum of orbital electrons and

intrinsic spin of electrons and nuclei. Hence, typical gieadipole moments are characterized
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by the electron charge and the Bohr radidisy eay, and the magnetic dipole moments are char-

acterized by the Bohr magneton,~ up = 52— = laeaq [22], wherea ~ 1/137 is the fine

2mec 2

structure constant. The fact that magnetic dipole momemwtsyaically two orders of magnitude

smaller than electric dipole moments is related to the wealmatic response observed in most
materials. Furthermore, achieving negative permittiaityl permeability simultaneously requires

atomic densities greater than'® cm=3, which is impractical.

4.2 Previous atomic system approaches

As mentioned above, Veselago’s original proposal for achgea negative index of refraction
requires < 0 andu < 0 simultaneously. Using this idea, Oktel andiMecapliglu [98] were the
first to study the possibility of negative refraction in dnivatomic systems. They proposed a model
three-level system that induces a magnetic resonance &etwe levels with a non-zero magnetic
dipole matrix element by using laser driven quantum cohdemmniques to establish a coherence
between the levels. Simultaneously the probe beam actsan eesonant electric dipole transition
as part of the process forming the magnetic resonance cateerA similar technique for negative
refraction in atomic vapors was independently proposedhanShortly after [132]. The ideas of
Oktel and Mistecapliglu were built upon by Thommen and Mandel [145] in a proposed-fevel
system that does not require a common ground state for th&ieland magnetic transitions.

As mentioned above, in the optical region of the spectruncthef difficulty of this approach
is the weakness of the magnetic response. Since typicaletiagiipole moments are weaker than
electric dipole moments, achieving negative permeahkiityuires impractically large atomic den-
sities. To alleviate this problem, a chiral route to negat®fraction has recently been suggested
[105, 92]. Here, the key idea is to use a magnetoelectricsaogpling where the medium’s elec-
tric polarization is coupled to the magnetic field of the weaaed the medium’s magnetization is
coupled to the electric field. As we will discuss below, undech conditions, negative refrac-
tion can be achieved without requiring a negative permegbBuilding on this idea, Walsworth

and colleagues have recently suggested a promising sciatrechieves negative refraction with



40

low absorption using quantum interference [62, 63]. Thelresne utilizes the dark state of Elec-
tromagnetically Induced Transparency (EIT) to reduce aidigmm while enhancing the chiral re-
sponse. This scheme appears to be the most promising ofeéhiepsly suggested approaches and
achieves negative refraction with low absorptive loss arasity of aboud x 105 cm™3.

All of the recent suggestions mentioned above require agtneagnetic dipole and a strong
electric dipole transition at almost exactly the same wavglh. This requirement puts a stringent
constraint on the energy level structure of systems in whetative refraction can be achieved.
The approach [134] we consider overcomes this constrathfathermore achieves negative re-
fraction with more conservative atomic system parameiectding atomic density and linewidth)
compared to previous suggestions. We achieve these beatetits expense of requiring two in-
tense control lasers. Together with the probe laser, theiseat lasers induce two Raman tran-
sitions: one absorptive and one amplifying in nature. Therfarence of these two transitions
results in a strong enhancement of the permittivity whil@imizing absorption. We then coher-
ently couple to a magnetic dipole transition to obtain aalesponse and to achieve a negative
index of refraction through magnetoelectric cross couplin

Before proceeding with a detailed description of our suggestve summarize the chiral ap-
proach to negative refraction. Consider a probe beam wittireddield and magnetic field com-
ponentsE, and 3, respectively. In a material with magnetoelectric crosspting, the medium

polarization,P,, and the magnetizatiod/, are given by [62, 63]:

&eB
P, = E + =B
D €oXe p+CMO D
EBe XB
M, ==& + 2B, |, 4.1
P Clio b Ho b 4.1]

whereye, x5 are the electric and magnetic susceptibilities, &nd £z are the complex magne-
toelectric coupling (chirality) coefficients, respectivelhe index of refraction of the medium for
a plane wave of a particular circular polarization can bentbhy using Egs. (4.1) and Maxwell’'s

equations (see Appendix B for details):

S
n:\/EM_W+;(§SB_§B£) : [4.2]
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Here,e = 1 + y¢ andpu = 1 + yp are the relative permittivity and permeability of the mediu
As shown in Eq. (4.2), the chirality coefficients result irddabnal contributions to the index of
refraction. The key idea behind the chiral approach is thahe optical region, one typically has
the scalingys ~ a?xe and (&es,&5¢) ~ axe. Since the value of the chirality coefficients are
smaller only by a factor ofr instead ofa?, negative refraction can be achieved without the need
for negative permeability and at much smaller atomic dessitompared to non-chiral schemes.
Negative refraction with chirality requires appropriateape control of the chirality coefficients
which can be achieved through coherent magnetoelectripliogu One typically chooses the
phase such that the chirality coefficients are imagingsy, = —¢zs = £, and Eq. (4.2) reads
n = \/eu—§. Achievingn < 0then requires a sufficiently large chiral response suchgthat /e
Furthermore, to reduce absorption, it is critical to keepithaginary part of the refractive index
to be as low as possible. The performance of negative indéariaks is typically characterized by
the figure of merit, FOM=-R@)/|Im(n)]|.

4.3 Negative refraction using Raman transitions with crosgoupling

We proceed with a detailed description of our suggestiortingd-ig. 4.2, we consider a Ssix-
level system interacting with four laser beams. We wish tue@ a negative index of refraction
for the probe laser beam with field componefsind3,, respectively. We take the atomic system
to have a strong magnetic transition with dipole momept near the frequency of the probe
laser beam. As mentioned above, the system does not havang stectric dipole transition near
the probe laser frequency. The electric dipole responsbétared by using two-photon Raman
transitions through the excited state$ and|b). At the heart of the scheme is the “refractive
index enhancement with vanishing absorption” techniqé&[%, 113, 166], described in Chap. 2.
Starting with the ground state), we induce two Raman transitions using the probe laser and two
intense control lasers with electric field amplitudis and&eq,. Since the order at which the probe
laser beam is involved in each Raman transition is diffetéirg,scheme achieves two resonances:
one amplifying and one absorptive in nature. The strengthpmsition of these two resonances

can be controlled by varying the intensities and frequenoiethe control laser beams. It is the
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interference of these two resonances that results in theat@f the index of refraction while
maintaining small absorption. The magnetoelectric craggpling is achieved through coherent
coupling of state$2) and|m) with a separate laser beam of Rabi frequefigy,. Stategg), |1),

|2) and|m) have the same parity, which is opposite to the parity of sfaleand|b). Since states
|2) and|m) have the same parity, the coherent couplihg, cannot be electric dipole, but instead
can be achieved through the magnetic field of a strong lasémrough a separate two-photon
transition (not shown). The two-photon detunings from the Raman transitions are defined as:
dwi = (w1 —wy) — (wer —wp) aNAdws = (wy —wy) — (W, —we2). The quantityws = (W, —w,) —w,

is the detuning of the probe laser beam from|[f)e— |m) magnetic transition.

Without loss of generality, we have chosen the probe fi€jdsnd 5, to haves . polarization
while the coupling field$,,,, &1, and&q» haveos_ polarization. These circular polarized fields
interact within the Zeeman sublevel structure of the atoan.aFsystem where the particular fields
are oppositely circular polarized, we would expect the termEq. (4.2) to interfere differently,
which could lead to an enhanced positive index of refracti@r a linear polarization of the fields
we would expect the medium to exhibit unusually high optrcgtion of the probe beam.

We start by expanding the total wave function for the atorgi&tem,|¢)), in the interaction

picture:

) = cgyexp(—iwgt)|g) + c1 exp(—iwit)|1) + ca exp(—iwat)|2)

+  cmexp(—iwnyt)|m) + cq exp(—iwgt)|a) + cp exp(—iwpt)[b) [4.3]

where the quantities; are the complex probability amplitudes of the respectivelie The total
Hamiltonian of the system can be written B, = Ho + Hi.; where Hy is the unperturbed
Hamiltonian andH,,, is the interaction Hamiltonian that includes the interasi of the atom with

the electric field and magnetic field components of the intideves:

A~

Hy = hwylg)(g| + hw1|1) (1] + hw2|2) (2] 4+ hwm,|m) (m| + hw,|a)(a] + hwy|b)(b]

Hiy = —dga€lg)(al = dgp€lg) (0] — dra€1)(al — das&]2) (0]

tgmB|g)(m| — p2mBI2)(m| + h.c. . [4.4]
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Figure 4.2 Schematic of the proposed schefeandB, are the electric field and magnetic field
components of a weak far-off resonant probe beam (blgg)-— |m) is a magnetic dipole
transition induced by the probe magnetic figlgd Two strong control lasers (greed), and&es,
induce two electric dipole Raman transitions for the prolbentbeThe Raman transitions can be
far-detuned from the excited state$ and|b). Therefore, the system does not require the
magnetic [g) — |m)) and electric|g) — |a) and|g) — |b)) transitions to be near the same
frequency(2,,, (red dashed) induces magnetoelectric cross couplinga{akir

Here, the quantitied;; and,;; are the electric dipole and magnetic dipole transition imate-
ments between respective levefsandB are the total electric and magnetic fields, @nd refers

to Hermitian conjugate. The electric and magnetic fielduhe contributions from all relevant
laser beams and they are:
= Re{&, exp(—iwyt) + Ec1 exp(—iweit) + Eca exp(—iweat)}
B = Re{B,exp(—iwpyt) + Bam exp(—iwamt)} . [4.5]

In the above, for concreteness, we have taken the magnetoeoss coupling to be induced by

a third intense laser beam with magnetic fi#g,. Using Egs. (4.3) and (4.4) and ignoring the
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dissipative processes for the moment, we write the &@tihger’'s equation for the time evolution

of the probability amplitudes:

&y = 7; [dga€ co exp(iwy — wa)t) + dgpEcy exp(i(wy — wWp)t) + pigmBem exp(i(wy — wm)t)]
b=y [uEeoplilr —wa]

Gy = ; [dapEcy exp(i(wa — wp)t) + pamBey expli(ws — wm)t)]

Cm = ;L :uszcg exp (i (wm — wg)t) + p13,,,Bez exp(i(wpm — w2)t)} ;

G = 721 :d”{aé'cl exp(i(we — w1)t) + dg,Ecy exp(i(wa — Wg)t)} ,

& = 721 i Ecaexpli(wy — wa)t) + dyyeq expliwy — wy)t)| 14.6]

We will focus on the case where the single-photon detunirgs the excited electronic states are
much larger than the coupling rates. This allows adiabétidmation of the probability amplitudes
of the excited electronic levels) and|b). This is an important simplification for the analytical
results since it reduces the problem to an effective fousgllsystem. We note, however, that we
do not make this simplification in the numerical results & ttext section and solve the density-
matrix for the full six levels. As we will discuss, the numei results for the full system are in
reasonable agreement with the analytical solutions. We adikhe relevant detunings to be small
compared to the absolute laser frequencies and make thimgotave approximation. Integrating

out the differential equations fey, andc, we obtain:

cé% " Z E,exp(i(wg — wr — wy)t) N d;a Z Eexp(i(wg —wy — wy)t)

Ca = -7 Cg
q=p,C1,C2 Wa — W1 — Wy 2h q=p,C1,C2 Wo — Wy — Wy 7
¢ = Zbc2 Z Eq exp(i(wy — w2 — wy)t) I @c Z Eq exp(i(wy — wy — wy)t) [4.7]
— : _
2h q=p,C1,C2 Wp — W2 — Wy 2h a=p,C1,C2 Wh — Wy — Wy

By using the algebraic expressions for the probability atugés of Eq. (4.7) and after transform-
ing to a rotating frame (details in Appendix A), the Satlinger’'s equation for the simplified four
level system is:

Im(A)
2

D1 .B2 .ng
Cg =1—F7C +1——C+1—/Cpn ,

2 2 2

Cq +
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[ Re(F} — A Im(F B?
C.l + 2.5(,{}1—M c + ’71+ m( 1) Clziilcg s
| 2 2 2
Re(Fy — A Im(F: B3 m
Co + 1 5602—6(22)1 CQ‘I’[%"F mé 2)] Cy =1 2209+i%0m ;
[ Re(A Q Q3
cn + 10w+ 62( >] Cm + YmCm = 1 gmcg+i ;mcz ) [4.8]

Here, we have added the decay rates of the levglsy,, and~,,, phenomenologically. At this
stage of the formalism, since we are not using the densityixndie decay processes are assumed
to be to states outside the systefdy,,, = y,,,5;/h is the Rabi frequency due to magnetic field
of the probe laser beam that couples st&ggesind|m). Qq,, = p2, 85,/ is the magnetoelectric
cross coupling rate. The quantities that appear in Eq.,(4i8)in the rotating wave approximation,

are given by

A = a5 vac|Cal” . Bi=b&EL , Bo=bEie |

Fl = fl,p‘gp‘Q 5 F2 :fQ,CQ ’8C2|2 )

_ 1| |dgb|2
W= 902 |wy — wy — wy — il
|Wp — Wg —wWp — 1ty
1 |dgal”
acr = —
¢t 21% |wq — wy — wer — i1, ’
1 dgads,
b]_ = Lz2 . 9
217 Wy — wg — wer — il
1 dgvdsy,
by = a2 :
207 |wp — wy — wp — il
fi, = 1 - ‘dla|2
bP T 9p? |We —wy —wp — il ’
1 |day |
= — 4.9
f2762 2h2 _wb — Wy — Weo — zFb [ ]

Here, the quantitiek, andl', are the decay rates of the excited leVelsand|b), respectively.

4.4 Analytical steady-state solutions

We proceed with a perturbative, steady-state analytidatisa for the system. For this purpose,

we take the laser intensities to be sufficiently weak suchrtiest of the population stays in the
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ground atomic state;,, ~ 1. For time-scales long when compared with the inverse of duay

rates, the steady-state solutions for the probability &og#s of the relevant levels are:

By
cl = . —
2 [Buy — BLEZA) (5, 4 Il ]
o 2B; [&u + M — wm} + Qo2
2 Re(Fr—A)— ("{2+ (Fz)) Re(A) - ) )
4 0wy — 3 [5(.03 + = - wm} — | Q2]
Q*
S
{(5@1 N Re(A) _ i’ym}
. B33,
4 [fu + B — iy G — B s e mmm Bl A GRS gt )|
Qo
+ Re(A) 2 R |(F2 A|) . Qo2 I (F) [4.10]
e . e\f'2— 2m mif2
8 |:5WB + ) :| |:(SWQ - 2 - 4((5wB+R52(A) —i’ym) — Z (")/ + )

As we will discuss in the next section, we verify the validitiythis steady-state solution by using
full numerical simulations of the density matrix. With theadytical solutions for the probability
amplitudes, we form coherences and calculate the medi@sy®nse at the probe laser frequency.

The polarization and the magnetization of the medium are:

P, = 2N (ap|cg|* & + bicgciler + bacjeaber) = N (age, + agsBy)

M, = 2Nccppigm =N (ags€y + apsB,) . [4.11]

where N is the number of atoms per unit volume. In the expressionselibe quantitiesieg,
ass, g, andage are the electric, magnetic, and cross coupling polarizesiland they are given

by:

by Eer|” B b [Ecal?
— 2ha
Qgg p+ {5w1+2<71+ ( ))} + [5@2—M—i<72+mé@)]
ap = |Iu9m|2 ’
h (5&5 _ mm) (M z%il’m@))]
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o b2Mgm£C2QZm
eB = - . . ' ~
2 (B + —im) [ = el = (222
ags = D3 1tgmEEr 23, 412]
2 (85 — i) {5&2_%2_2-(7 +Im<F>ﬂ ’
" 4 (85 —ivm ) 2 2

where we have introduced a simplified notation for the detgsithat includes the AC Stark shifts,

Sog = 5wB+R62(A) ,

5;,1 — 5W1_R€(Flz_’4) ’

- F—A

Swy = 5w2—R6(22) [4.13]

Itis well-known that when the refractive index is stronglgdified, the microscopic local fields can
be substantially different than the averaged macroscoglidsti To calculate the susceptibilities,
chirality coefficients, and the refractive index, we inauboth electric and magnetic Clausius-
Mossotti-type local field effects [21, 61]. For electric amégnetic fields, the relationships be-

tween microscopic local fields and macroscopic quantities a

maicro 1
& =&, + 30 P,
micro Ko
By =B, + 5 M, [4.14]

Solving Eq. (4.11) together with the local field correctiafsEq. (4.14), we get the following

expressions for the electric and magnetic susceptilsldred the chirality coefficients:

1 7
xe = N— [agg +NE2 (aegpase — CVS&CYBB)} )

R€q 3
_ Ho 1
x8 = N— |agg+ N-— (agpope — aggang)|
K 360
C
e = N %QEB ,
§pe = N%a&s ; [4.15]

where the quantity: largely determines the density-dependent local field ecdraent and is:

1
Hzl—Niagg—N@OéBB—NQ&

— . 4.16
3¢ 3 9€q lagpane — ageaps] [ 1
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Egs. (4.11-4.16) represent the final results of this sec@ven a certain set of parameters for our
system such as matrix elements, laser intensities, anddh@@density, we use these equations
to calculate the susceptibilities and the chirality coedfits. It is important to note that these
equations are valid in the perturbative limit which will ekedown for sufficiently intense control

laser beams. With the susceptibilities and chirality cogffits known, we then use Eq. (4.2) to

calculate the real and imaginary parts of the refractivexnd

4.5 Results for a model atomic system

In this section we present results for a model atomic systear.this purpose, we consider
a probe beam at a wavelength ®f = 500 nm. We assume the ideal case of pure radiative
broadening for the excited electronic levais andb) and take the radiative decay rates of these
states to bd’, = I', = 27 x 14.3 MHz. The dipole matrix elementd;, andd; are calculated
using the Wigner-Weisskopf result and assuming equal biagaatios,d;, = \/m
dip = \/m . We apply a similar procedure and assume a radiative detayfa’l’,
for the magnetic levelm) and calculate the corresponding magnetic dipole matrixef, 1.,
To simulate a realistic system, we assume an additionalderoag mechanism (collisions for
example) with a rate. = 27 x 1 MHz and add this broadening to the linewidths of states
|2), and|m). We take the wavelengths of electric dipole)(— |a), |b)) and magnetic dipole
(lg) — |m)) transitions to be different b\ A = 0.1 nm. As we will discuss below, this difference
can be larger at the expense of an increase in the requirdtbttaser intensities. We take the
magnetoelectric coupling laser beam to be resonant with2the> |m) transition and therefore
takedws = dw,.

Figure 4.3 shows the susceptibilities and the chiralityffa@ents, x¢, x5, £e5, andézs, without
the local-field corrections as the frequency of the proberlasam is varied for an atomic density of
N =5 x 10'% cm3. Here, we assume that the control laser frequencies aremtely adjusted
such that the two Raman resonance frequencies coincide psaibe laser frequency is scanned,
dw; = —dwy. We take the intensities of the two control laser beams td-be= 0.27 MW/cm?

and Ip, = 1.00 MW/cm? and assumeé),,,, = 27 x 1.36 MHz. The intensities of the control
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Figure 4.3 The real (solid blue line) and imaginary (dotted line) parts of the susceptibilities
and the chirality coefficients without the local-field cariens. See text for parameters. Since the
electric dipole response is due to Raman transitions, gagth is controlled by the intensity of
the control laser beams. As a result, compared to earligyesigd schemes, the magnitude ef
is more comparable to the chirality coefficients in our apgto

lasers are adjusted to these values to have near canaelditadsorption. As shown in Fig. 4.3,
the magnetoelectric coupling causes an EIT-like levelttspdj for xc. The imaginary part of

xe becomes small neatws = 0 due to the interference of the two Raman resonances. One
of the key differences of our approach compared to the scladrféeischhauer [62, 63] is that
since the electric dipole response is due to Raman transjtits strength is controlled by the
intensity of the control laser beams. As a result, we do neehhe usual scalings ~ o?ye

and (¢ep,Eps) ~ axe, and the magnitude ofs can be made more comparable to the chirality

coefficients.
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Figure 4.4 The real (solid blue) and imaginary (dotted readjgof the index of refraction for an
atomic density ofV = 5 x 10'6 cm~3. The top plot shows a wide frequency scan of the resonant
behavior and shows that far-off resonance the medium retorn = 1. The bottom plot shows
the detailed features that occur at the Raman and magneatitareses. The index of refraction
becomes negative and reaches a value ef —1 with a figure of merit FoM- 20.

Noting Egs. (4.15) and (4.16) there is a strong density dégetrenhancement of both the elec-
tric and magnetic susceptibilities and the chirality caggits. For sufficiently high densities, the
local field effects cause an enhancement of a susceptil@tynance and a shift of its frequency
position [61]. Figure 4.4 shows the real and imaginary paftihe refractive index as the probe
frequency is scanned for the parameters of Fig. 4.3. In thigdi we observe a very large off
resonant peak which has a density dependent position gfisim the local field effects. This
large off resonant peak is a characteristic of the enhanleettie susceptibility, which overshad-
ows the contributions of the other susceptibilities wheensia this broad frequency scan of the
refractive index. At the densities of interest, the magnstisceptibility and chirality coefficients

are amplified but have negligible frequency shifts sinceginentity~ is dominated by the electric
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polarizability. The insetin Fig. 3 shows a zoomed in viewrsdf tefractive index at the original Ra-
man and magnetic resonance frequency. The enhancemeataifithlity terms in Eq.(4.2) within
this region causes the refractive index of the medium topghaecrease, becoming negative and
this is accompanied by a flattening of the absorption apiagczero. For these parameters the
refractive index reaches = —1 with FoM> 20. It should be noted that in our technique it is
necessary to have very low absorption in the electric sudxkty such that the local field effects
can optimally enhance the negative refraction of the medium

To show the critical dependence on atomic density, Fig. Adws the refractive index for
N =2x10% cm? and N = 1 x 10'7 cm~3 with parameters otherwise identical to those of
Fig. 4.4. ForN = 1 x 10" cm~3, we obtain an index of refraction of = —2.77 with low

absorption. Forn = —1 the figure of merit is Folé 40.

3 \ 3
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.QZ, 0 .g G aeee——— & r's
£ E=]
&1 & -1
o« o
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Figure 4.5 The real (solid blue) and imaginary (dotted readjgof the index of refraction for an

atomic density ofV = 2 x 1016 cm=3 (left) and N = 1 x 10" cm™3 (right). The other parameters

are identical to those used in Fig. 4.4. Por= 1 x 10'" cm~3, we obtain an index of refraction of
n = —1 with a FoM~ 40.

Figure 4.6 shows the FoM achieved at the pointRe= —1 and the maximum FoM of the
medium as the atomic density is varied with parameters wikeridentical to Figs. 4.3-4.5. For
these parameters, the threshold density for a negativactafe index isV = 6 x 10'° cm3.

As mentioned above, for Figs. 4.3-4.6, the wavelengthshiferelectric dipole|g) — |a), |b))

and magnetic dipoleld) — |m)) transitions are assumed to be differentfy = 0.1 nm. This
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Figure 4.6 The figure of merit, FOM=-Re)/|Im(n)| characterizes the performance of a negative
index material. The solid blue line plots the FoM at the freey position where Re) = —1 as
the density of atoms is varied. The dashed red line plots ¢t & the frequency position where
FoM is maximized. The maximum FoM increases with increasitognic density, however at
higher densities the maximum FoM occurs at frequenciesevRem) < —1.

wavelength separation can be larger at the expense of @aseimn the required control laser inten-
sities. Figure 4.7 demonstrates this result. Here we péottimtrol laser intensity that is required to
obtain results comparable to those of Figs. 4.3-4.6 as thelergth separation between the tran-
sitions,A )\, is varied. The transition wavelengths may be differentoynach asA\ = 10 nm and
the scheme will still work with intensities that can be agke with continuous-wave (CW) lasers
(10 watt laser beam focused down to about one micron). Thisases the flexibility on the energy
level structure and, as we discuss in the next chapter, n@ay ekperimental implementation in a
real atomic system.

We next discuss the sensitivity of our technique to varigistesn parameters. As mentioned
before, in our technique, it is critical to have vanishing@iption by appropriately interfering the
two Raman transitions. We have varied parameters of the tirgta laser, which takes part in
the gain Raman transition, to simulate fluctuations that ditedd to imperfect interference of the
Raman resonances. The solid lines in Fig. 4.8 show the reahsaginary parts of the refractive
index for parameters identical to those of Fig. 4V € 5 x 10 cm~3). For the dashed lines, the
intensity of the first control laser is decreased by 1 % , wdefer the dotted lines it is decreased

by 2 % of the optimized value/f; = 0.27 MW/cm?). We still observe: ~ —1 with a reasonably
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Figure 4.7 The control laser intensitl,, required to obtain results comparable to Figs. 4.3-4.6
as a function of the wavelength separation between theitiams A)X. The control laser
intensity, /¢, follows a similar behavior (not shown).

good FoM. Similarly, to address frequency jitter sendifivthe solid lines in Fig. 4.9 show the
real and imaginary parts of the refractive index for parargeidentical to those of Fig. 4.4. For
the the dashed lines, the frequency of the first control lessghifted off resonance by.25 MHz,

whereas for the dotted lines it is shifted by).25 MHz. We observe qualitatively similar behavior

of negative refraction with reduced absorption.
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Figure 4.8 The real (left) and imaginary (right) parts of th@ex of refraction where the intensity
of laser field&e; is at100% (solid blue), 99 % (red dotted) and 98 % (green dash-dotteiieo

optimized value ofl;; = 0.27MW/cm? used in Figs. 4.3-4.5). The laser figlg, interacts in the
gain Raman resonance, which leads to reduced absorption.
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Figure 4.9 The real (left) and imaginary (right) parts of iheéex of refraction where the
frequency of laser field¢; is tuned on resonance (solid blue) and off resonande2iyMHz (red
dotted) and by-0.25 MHz (green dash-dotted). As expected when the laser fielthisd off
resonance the performance of the system as a negative iretexiahdecreases, but the features
of negative refraction and reduced absorption remain tgi@iely unchanged.

4.6 Numerical simulations

In this section, we present exact numerical simulationsetifyvthe predictions of the analytical
results. For this purpose, we use the density matrix fosmaiind numerically solve the evolution
of the density matrix elementg;; = c;c}, for the full six-level system. The equations that describe
the evolution of the x 6 density matrix are shown in Appendix C. For a given set of syste
parameters, we numerically integrate these equationstigtinitial condition that the atoms start
in the ground statep,, = 1, and the laser fields are off and gradually turned on to fulgroin

~ 400 ns. We use fourth-order Runge-Kutta as our numerical integralgorithm with a typical
time grid spacing of: 1 ps.

For the intensity values used in Figs. 4.3-4.6, using EqG.3¢ the AC stark shifts calculated in
our analytical formalism are on the order of 1 GHz, which ghgicantly higher than the linewidth
of the resonances. Since the magnetic and two Raman ressreateexperience a different AC
Stark shift, we include adjustments to the tunings of thetrobasers to ensure that all three
resonances are aligned at the same frequency positioralliniwe applied these analytical shift

offsets in our numerical simulations, but we observed tregqudency positions of the resonances
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could be misaligned by as much as 30 MHz. This is because dirdak down of the perturbative
approximation and therefore the analytical estimates efStark shifts are underestimated. To
compensate for this effect, we empirically applied adddilshifts to the control laser frequencies

such that all the resonances were aligned at the same freguen

|sz |

lpgm |
N

0 0.5 1.5

1
Time(us)

Figure 4.10 The numerically solved values (solid blue jreéthe coherences,, p,2, andp,,,
(in arbitrary units) as they evolve in time with the integgf the laser beams gradually applied.
The coherences approach a steady state value in a little Ande The analytical formalism
steady state solutions (red dotted lines) of the cohereareeshown for comparison. The
frequency of the probe beam is taken to be on the Raman and ticaggs®nances.

Figure 4.10 shows the numerically calculated coherenggsp ., andp,,, for the parame-
ters of Figs 4.3-4.6. For comparison, the coherences eaémlithrough the analytical steady-state

solutions of Eg. (4.10) are also plotted. As expected, tlstesy quickly reaches steady state on
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time scales on the order @f~y; ~ 100 ns. Once the system reaches steady-state, there is reason-
able agreement between the numerical calculations anchtdgtigal solutions. The discrepancy
between the numerical and analytical solutions is due tectffthat are related to the high inten-
sity of the lasers, such as depopulation of the ground statete break down of the perturbative
approximation. We have checked that in the case of low iitieteser fields there is very close
agreement between the numerically and analytically catedlcoherences. However these lower
intensity values are not sufficient to attain negative ioa.

Using the equations of the density matrix we numericallggnated the coherences as a func-
tion of time for a given frequency position until they readlzesteady state value. We then repeated
this integration procedure for each frequency value in aayaof equally spaced points to see the
frequency dependence of the coherences as the probe beeamied across the resonance. The
agreement between the numerical and analytical solutiansatso be seen in Fig. 4.11, which
plots the numerically solved values of the coherences amdattalytical solutions as the probe
frequency is scanned across the resonance.

There remained a discrepancy between the resulting catesserf our numerical simulation
and our analytical results with the same parameters seeigm #.3-4.6 The strengths of the
two Raman resonances were not properly balanced so as taleadishing absorption. As was
mentioned earlier in Section 4, the local field effects tlkatit in negative refraction with minimal
absorption are correlated to the vanishing absorptioneoRi&iman resonances. To resolve this, we
adjusted the strength of the gain Raman resonance fgpm 0.27 MW/cm? to 0.485 MW/cm? in
our numerical simulations. Using this adjusted intensity,were able to numerically calculate a
refractive index that closely resembled our analyticalitssas seen in Fig. 4.12.

To gain insight to the discrepancies between numerical aatlyical results we considered
the break down of the perturbative approximation in our G| approach. Figure 4.13 shows
the evolution of the population of the ground statg, Although the system initially starts in the
ground state/,, = 1), the population of this state drops pg, = 0.814 as the laser fields are
applied. The system, therefore, remains reasonably witi@mperturbative approximation since

only about 18.6 % of the population is moved from the grouatkest
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Figure 4.11 The real (solid blue) and imaginary (solid reaty@of the numerically solved steady
state values of the coherenggs, p 2, andp,,, (in arbitrary units) as they are scanned across

resonance. These are compared to the real (dotted greemhaghary (dotted magenta) parts of
the coherences calculated using the analytical steadystaitions with the same parameters.

4.7 Conclusions

To summarize, we have outlined a Raman based approach favaahnegative index of re-
fraction with low absorption in the optical region of the sppam. Differing from the meta-material
approach, our technique utilizes atomic systems that arerdwith lasers in their internal states.
The key advantage of our approach is that our technique dtegquire the simultaneous pres-

ence of an electric dipole and a magnetic dipole transitesr the same wavelength. This gives
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Figure 4.12 The real (solid blue) and imaginary (dotted petdjs of the index of refraction as
calculated using our analytical formalism (left) and oumauically solved model (right) for a
density of N = 5 x 10'¢ cm~3. All of the parameters are the same, except the intensitgseaf|
field &, was adjusted td.; = 0.485 MW/cm? in the numerical model from the value used in
previous figures of.; = 0.27 MW/cm?, which was used in the analytical result.
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Figure 4.13 The ground state population of the system in oararical simulation initially starts
at 100 % and decreases in time as the laser fields are gratwaigd on, eventually reaching a
steady state value of 81.4 %.

large flexibility in the requirements for the energy levelsture, which allows for the possibility
of experimental implementations using the rich structdnmeace-earth atoms.

There are many open questions that yet need to be addressedutOre direction would be
to perform detailed theoretical modeling to identify theghsuitable atomic species and experi-

mental system for observing negative refraction. As disedsabove a careful evaluation of the
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achievable atomic densities and the linewidths is needefitstastep in this direction will be dis-
cussed in the next chapter. If achieved, negative refracti@tomic systems may have significant
implications for a number of research areas. As mentionedetone key practical application is
in optical imaging science. As the frontiers of science amgireeering approach the nanoscale, it
becomes ever more important to devise optical imaging igdes with nanometer resolution. In
recent years, overcoming the diffraction barrier has beerstibject of intense theoretical and ex-
perimental research [54, 64, 10, 55, 12, 25, 59, 7]. Peréasds constructed from negative index
materials may provide a unique approach for resolving nealesobjects and may therefore have
far reaching practical implications. These devices may bésused to reduce the smallest feature
size of a lithographic mask. This is particularly importairtce lithographic resolution currently

determines the size and the processing power of every sadiuctor integrated circuit.
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Chapter 5
Implementations of negative index approach using rare-eartlatoms

5.1 Introduction and background

Rare earths of the lanthanide series have some of the mosteoat@ctronic spectra of known
elements due to the rich structure of the ogeshell. Although the first spectra of rare-earths were
obtained as early as the 1930s, detailed investigation ateratanding of their electronic structure
had to wait until the 1960s when tunable laser sources werelafged and computers became
powerful enough to enable reasonably accurate calcua{i® 159, 143, 157]. The interest in
rare-earths has been continually growing over the last eades due to applications in diverse
research areas including quantum information storage eewigion measurement of the electron
electric dipole moment.

In this chapter we investigate the possibility of experitaéimplementations of our technique
for negative refraction by considering systems of rar¢heatoms. The technique for negative
refraction that we have discussed is flexible in that it ddesqguire a strong magnetic and a strong
electric dipole transition at almost exactly the same wawgth, however the trade-off is that the
greater the difference between the transition wavelengjtiesgreater the required intensity of the
Raman coupling lasers. We consider the rich level structiteeorare-earth atoms, where ideally
we can find systems that have strong optical electric and aetegaipole transitions with closely
spaced wavelengths and suitable hyperfine structure thdieased to induce Raman transitions
with the probe and coupling lasers. In our investigation afrearth atom transitions we use

Cowan’s atomic structure code [22] to calculate theoretistimates for transition wavelengths
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and dipole matrix elements by using ab initio relativistiartiee-Fock methods. We will consider

both systems of neutral atom vapors and crystal solids detadare-earth ions.

5.2 Neutral rare-earth atom vapors

In this section, we discuss possible experimental impleatiems of our technique in two rare-
earth atomic species: Erbium (Er) and Dysprosium (Dy). BpgiSiowan’s atomic structure code
[22], we have found suitable transitions from the grouncelem both of these atomic species.
Further research may identify different atomic speciesteamusitions that are better suited to our
technique. However, we feel the two schemes in Er and Dy seaegood starting point and also
demonstrate the flexibility of our scheme. Figure 5.1 dethi transitions in Er where we consider
the 4f12(3Hg)6s* *Hg(J = 6) — 4f'2('I5)6s% 'Is(J' = 6) magnetic dipole transition and the
4f12(3Hg)6s? 3Hg(J = 6) — 4f'2(1G4)6s6p(* PP) 'HS(J' = 5) electric dipole transition. The
wavelengths of these two transitions are in the ultravjaletl they differ by only 2.2 nm (335.3 nm
for the magnetic dipole and 337.5 nm for the electric dipolée '*“Er isotope has a nuclear spin
of I = 7/2 and occurs with a natural abundance of 23%. The resultingrfipe levels [19, 58]
can be used to induce Raman transitions with the probe andttietlasers. By using Cowan’s
code we have calculated the magnetic dipole reduced mdéiwent to be(J||i||J) = 0.1up
(1.5: Bohr magneton) and the electric dipole reduced matrix etenoebe(.J||d||.]") = 0.2eaq (e:
electron chargey,: Bohr radius), both of which are reasonably strong.

For Dysprosium, we consider th& Dy isotope (natural abundance of 19%, nuclear spih-ef
5/2) with a level structure similar to that of Fig. 5.1. We haventfied thet f'°(°I3)6s* °I3(J =
8) — 4103 K;)6s? 3K7(J = T7)and thet f1°(°I3)6s* °Ig(J = 8) — 4f9(2Mf7/2)5d3/2632 PKS(J =
7) magnetic and electric dipole transitions as suitable aatds for our technique. The wave-
lengths of these two transitions are 484 nm for the magngtimlel and 484.8 nm for the electric
dipole. The calculated reduced matrix elements for the tamsitions ar€.J||i||J’) = 0.06up
and (J||d||.J) = 0.19eao, respectively. Although these matrix elements are shgieaker than
those of Erbium!%' Dy has the key advantage that the electric and magnetidticansavelengths

are closer. The hyperfine splitting of the ground level'fdDy is about 1 GHz [18].
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Figure 5.1 The proposed experimental scheme in atdffiim. The hyperfine structure of the
ground level is used to induce Raman transitions with thegobm@am and the control lasers. For
simplicity, the hyperfine structure of the excited levelaas shown. A similar level scheme can

also be found for atomit®' Dy (see text for details). The central wavelength'foDy is
484.8 nm and the difference of the two transition wavelesggi\\ = 0.8 nm.

Obtaining negative refraction with the parameters of Chajulessities exceeding)!'® cm3
with optical transition linewidths at the MHz level) will dioubtedly be a very challenging ex-
periment, and there are many open questions. For expeahiemlementation of our approach
with rare-earth atom vapors, we consider laser-cooled @mbéd high-density ultracold atomic
clouds [88, 9, 8, 81] and magnetically trapped atom cloudéecbthrough buffer gas cooling [47].
A detailed theoretical modeling to investigate negatifeation with these three different atomic
systems will be among our future investigations. The modeWwill need to go beyond what we
have discussed in the previous chapter and will includectffeuch as the collisional broadening
of the magnetic transition, dipole-dipole interactionsd avarious inelastic and elastic collision

processes. The collisional broadening and dipole-dipakractions will determine the magnetic
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transition and Raman linewidths and will have a direct effatthe magnitude of the refractive
index that can be achieved. We note that, since the laserdasefar-detuned from the electric
dipole transition, our scheme is less sensitive to the moiad of the excited electronic states. The
inelastic and elastic collision processes will determimelargest achievable densities in the trap.
The cross sections for most of these processes are not kihotvepme progress has been made
experimentally [161]. Furthermore, it may be possible tlwwate some of these cross sections
using ab-initio methods [22].

Both Er and Dy have been laser cooled and trapped recentlytrgipiped atom numbers as
high as half a billion and atomic temperatures at the michaiidevel [88, 9, 8, 81]. Although the
structure of these atoms is highly complex, laser coolimgpssible because of the large magnetic
moment of these atoms. The metastable states are trappedadeupole magnetic field and laser
cooling is achieved without any repumping lasers, the dlead&repumperless” MOT (magneto-
optical trap).

It is well-known that MOTs are not suitable for achievingywérgh atomic densities due to ef-
fects such as radiation trapping. To obtain high densitgnat@louds, one approach is to construct
an optical dipole trap. Such dipole traps can be formed bydimg an intense very-far-detuned
laser beam overlapping with the MOT cloud. Recently, ulttd@iomic densities approaching
10 cm™3 have been demonstrated in atomic Ytterbium (Yb) [142]. Bypgsivaporative cooling
in the optical trap, such clouds can be cooled to quantummEgey and of particular importance,
degenerate gases of ultracold erbium, dysprosium, andbitite have recently been demonstrated
[42, 80, 1]. These are very exciting developments, and wietieé high density clouds in optical
dipole traps show considerable promise for studies of negagfraction. In addition to studies
of negative refraction, such traps will likely have sigraint implications for other research areas
including precision spectroscopy and dipolar physics.[81]

An alternative approach to laser cooling is buffer gas cgpédnd magnetic trapping [47]. Al-
though buffer gas cooling only achieves milliKelvin levehtperatures, the trapped atom numbers
are significantly higher. Using this approach, Doyle andeagues have demonstrated trapping

of about10'? atoms in many of the rare-earth species, including Er anddBy; [Due to the large



64

initial trapped atom number, buffer gas cooling and magnegipping may serve as an excellent
starting point for producing high-density clouds. By usingorative cooling in the magnetic
trap, or by transferring atoms to a dipole trap and then periftg evaporative cooling, it may be

possible to achieve densities exceediffy cm~3 using this approach.

5.3 Rare-earth doped crystals

Rare-earth doped crystals at cryogenic temperatures shosidewable promise for the exper-
imental demonstration of our technique. We noted in the als®ction that a number of neutral
rare-earth species have been laser cooled and trappedyglewever, these ultracold clouds cur-
rently do not have the necessary densities for achievingtivegrefraction. The highest demon-
strated density in these systems-ig0'4 /cm?, which is more than two orders of magnitude smaller
than the densities required for negative refraction. Raréigons in doped crystals at cryogenic
temperatures offer a more promising alternative route éyative refraction because of the high
densities available. The quantum description of rarehedoped crystals has a discrete level struc-
ture that resembles a free ion for the 4f levels rather thar#nd structure of a solid-state system
and many quantum coherence effects such as EIT and quantoromas have recently been ob-
served in these systems [45, 46, 147, 65, 66, 67, 72]. Belowiseass negative refraction in two
types of crystals, Tb*:CaF, and Pr3:LaF;.

We first would like to summarize a number of defining featurfethese systems [83]:

(i) Rare-earths typically form trivalent ions in crystalstivonly 4 f electrons remaining in the
outer shell in the ground configuration, for example [Xg]4or Tb*3, and [Xe]4f? for Pr3. The
4f shell is tightly bound to the nucleus and thg electronic configuration interacts weakly with
the crystal environment. As a result, the intra-configorai4f — 4f transitions are sharp, and
they are very much like free-ion transitions that are onhaklg perturbed by the crystal field.
At cryogenic temperatures, homogeneous linewidths waltve 1 MHz are routinely observed for
thedf — 4f transitions [83, 84, 35]. Optically excited fluorescenaeldifetimes exceeding 1 ms

have also been demonstrated in these systems. Furtheioerty the absence of atomic motion,
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there is no Doppler broadening nor atomic diffusion. Becadiseese properties, rare-earth doped
crystals more closely resemble ultracold clouds than waposs.

(i) These systems routinely use doping fractions excep@it%, which corresponds to rare-
earth ion densities of abow6*® /cm?. These densities are much higher than what can be achieved
in neutral ultracold clouds or atomic vapors. The rarekeiart-ion interactions do not significantly
affect the4 f configuration at these densities.

(iif) Because of the interaction with the crystal field, thes@an inhomogeneous broadening of
the intra-configurational f — 4f lines [83, 84]. This broadening depends on the crystal hust a
the specific levels, but is typically a few GHz in crystalsisas Cak and Lak. This broadening
is unusually small for a solid state system, which is agaiasalt of the4 f configuration being
relatively well shielded from the crystalline environmelthough a quantitative understanding
of this broadening has not yet been developed, it is know & t@sult of crystal strains and local
variations in the crystal field.

(iv) The inhomogeneous broadening can be overcome at tremegmf a reduction in effective
atomic density using spectral hole burning techniquesg7:170]. These techniques lie at the heart
of the recent EIT and quantum memory demonstrations in theestems. The idea is to selectively
optically pump a subset of the atoms whose resonance fretpseare within about 1 MHz of
each other, using an appropriate optical pumping laser.g€3sentially burns a 1 MHz wide hole
under the broad GHz inhomogeneous profile, and only usesattimse resonance frequencies lie
within the hole. This reduces the usable atomic densitytb/cm?® x (1 MHz/1 GHz) =10'7 /e,
which is still quite large compared to what can be achieveagusther approaches. One therefore
obtains an “ultra-cold” atomic system with a density of alotit” /cm? with 4f — 4f transition
linewidths of about 1 MHz.

(v) Other electronic configurations such4g&d extend significantly beyond thef shell, and
strongly interact with the crystal field [158, 149, 151]. &ien levels are split through the crys-
tal field and form a band of levels. Some of these levels mayifeenie broadened and the

correspondingt f* — 4f*~15d inter-configurational transitions to these levels may haagow
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linewidths [150]. However, some levels of tAg5d configuration are strongly coupled to the
crystal conduction band, and the corresponding excitatiay exhibit broad features.

(vi) The hyperfine levels of the ground level are stable amgjdtived, and they can be used to
induce Raman transitions for the probe laser beam.

In a free ion, intra-configurationalf* — 4f* transitions are electric dipole forbidden since
both lower and upper states have the same parity. In a ¢rirstak transitions become weakly elec-
tric dipole allowed due to mixing with the crystal field. Howveg, this mixing is typically small,
and intra-configurational transitions remain strongly metg dipole in nature. For implementa-
tion of our approach in rare-earth doped crystals, we plarséomagnetic dipoléf* — 4 f7 intra-
configurational transitions and detuned electric dipoleitakon using the inter-configurational
4f* — 4f*15d transitions. We next present an evaluation of this appraacho different rare-

earth doped systems.

5.3.1 Negative refraction in Th3:CaF,

Our current understanding indicates that TicaF, is one of the most promising systems for
studies of negative refraction [102, 97, 96, 27].*Tls the rare-earth ion with the smallest energy
spacing between théf and4f5d configurations. As a result, the electric dipole response ca
be obtained using detuned excitation from the ground levéhé4 f5d configuration. Caf-host
crystal has excellent mechanical and optical propertiéls good transmission through much of
the optical region all the way down to 130 nm. The detailedgnéevel diagram is shown in
Fig. 5.2. The ground level of Ti3 is 4/® "Fs and has been established both experimentally and
also through Hartree-Fock calculations [97, 16, 144]. Bpg§€iowan’s atomic structure code [22],
we have identified a strong intra-configuratioa#f " F; — 48 55 magnetic dipole transition at
a wavelength of 282 nm, with a transition strengti{.6fjz|| /') = 0.2u5. Although this transition
has not been observed experimentally, we have found twaqatiioins that calculate this transition
wavelength to within a few nm of the predictions of the Cowargge [97, 16]. The lowest level
of the4 f75d configuration is the so-called high-spin (HS) band whichrieasntly been observed
experimentally in Th®:CaF, using synchrotron light from DESY [149]. In CaErystal, this band
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starts at a wavelength of 265 nm with the levels split throtlgh crystal field to a total width
of about 5 nm. As shown in Fig. 5.2, the predicted wavelengtierénce between the magnetic

dipole transition and the HS band4s\ = 17 nm.

electric dipole
4f7 5d
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A=1Tom 48 5F
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Figure 5.2 The proposed scheme for achieving negativectegrain *Th*3. We plan to use
intra-configurational f8 " Fy, — 4% 55 magnetic dipole transition at a wavelength of 284 nm.
The electric dipole response is obtained by Raman excit#timugh thet f75d configuration.
The laser beams are detuneddy = 17 nm from the bottom of the f75d configuration (the HS
band). The hyperfine structure of the ground level in thegmes of an external magnetic field is
also shown.

Hyperfine structure: The hyperfine structure of T8 has been studied in detail in a number of
publications [76, 103]. The crystal electric field lifts tdegeneracy of thé/; levels and the
ground level is a\/; = +6 doublet. The stable isotope of terbium!#¥Tb with a nuclear spin
of I = 3/2. In atomic physics literature, hyperfine coupling is tyflicgharacterized by total

angular momentunt’ = I + J where the states are represented using quantum NnuMbE/ ..
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In the presence of external fields for which the interactiathm the fields is large compared to the
interaction betweem andJ, it is physically more meaningful to work in the decoupledibawvith
quantum numbers$ M ;I M;. Without any applied external magnetic field, the hyperfimieriaction
results in a pair of degenerate doublet$; = +1/2 and M; = +3/2, that are split by about
10 MHz due to the crystal electric field. The degeneracy cdiitbd through the Zeeman effect by
applying an external DC magnetic field, producing the hyper§tructure shown in Fig. 5.2. The
Zeeman shift of the levels is about 0.1 MHz/Gauss, and asudt ies easy to achieve frequency
splittings between the hyperfine levels of about 100 MHz. Bwuthe relatively small spread in
frequency, the probe, control, and magnetoelectric croapling lasers can be obtained from the
same laser system using, for example, acousto-optic miodsla

Spectral hole burning: The experiment will start with optically pumping the atornsat selected
hyperfine level such a8/; = 3/2 as shown in Fig. 5.3. As experimentally demonstrated in a
number of papers [76, 103], this can be achieved using frexyuselective excitation through the
hyperfine structure of theéf® 5D, level near an excitation wavelength of 488 nm. Although the
418 TF; — 4f%°D, transition is electric dipole and magnetic dipole forbidde a free-ion, it
becomes slightly dipole allowed due to mixing with the caysteld. Optical pumping is accom-
plished using three laser beant%,, F2, andEy3, that excite the atoms from leveld;=1/2, -1/2,
and -3/2, respectively. By choosing the intensity of thesersappropriately, one can burn a spec-
tral hole of about 1 MHz wide in the absorption spectrum frowese three levels. This essentially
means that only atoms whose resonant frequencies lie witMilz of each other are continually
excited to4 f® 5D, and are optically pumped to the;=3/2 ground hyperfine level, which is not
addressed by the laser beams (producing an “anti-hole&ialisorption spectrum from this level).
At cryogenic temperatures, spectral hole and anti-hoégitifes (i.e., the duration that the atoms
stay pumped after optical pumping lasers are turned-off)bzavery long. For example, spectral
hole lifetimes exceeding 10 minutes have been reported iR T F, [76].

Numerical calculations in Th™: We next present preliminary numerical calculations forleaa

ing our approach in Th*:CaF,. The principle approximations that we make in these cafimuia

are: (i) We ignore the mixing of théf configuration withd f5d due to the presence of the crystal
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Figure 5.3 Spectral hole burning i?Tb*3. Three optical pumping lasergy,;, E;», andE),s,
address atoms that are in ground hyperfine levéls1/2, -1/2, and -3/2, burning a spectral hole
with a width of about 1 MHz in the absorption spectrum fromstéevels. The atoms whose

resonance frequencies lie within the spectral hole are pdnpthe)/;=3/2 ground level.

field. As a result of this mixing, théf® "Fy — 4% [y magnetic dipole transition acquires a slight
electric dipole character. Such mixing would not necelshg detrimental; in fact it may result
in additional useful contributions to the refractive ind€x) For the magnetic dipole and Raman
transitions we assume a homogeneous linewidth of 1 MHz,lmisicommon for rare-earth doped
crystals at cryogenic temperatures. Typically lifetimedening and coupling to crystal phonon
modes are the dominant contributions to the homogeneoawsitith [156]. (iii) We assume an in-
homogeneous broadening of 1 GHz for the intra-configurati¢fi — 4 f transitions (i.e. for the
spectral hole burning and magnetic dipole transitions)clvis again common for these systems.
(iv) The intense control laser beams can, in principle, totipe4 £ ° I level to the high-lying
levels of thed f5d configuration. We ignore this coupling, since the data of Ref9] show that

there aren’t any levels at the correct energy in4kéd configuration (i.e. at the 282/2=141 nm
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excitation wavelength from the ground level). (v) Meijérisnd colleagues have recently observed
lifetime broadened sharp inter-configuratioddl — 4 f5d transitions from the ground level in
Tb*3:Cak, including transitions to the HS band [149, 150]. Howevemirr scheme, one would
expect a shorter lifetime of these levels due to interaciuith the intense control laser beams
that would couple the HS band to higher levels in #f&d configuration. To take into account
this coupling, we perform a back-of-the-envelope cal¢oabf the Fermi’s golden rule transition
rate. This gives a lifetime ok 1 ns for the levels in the HS band, which is much shorter than the
radiative lifetime. Although in our scheme the lasers amy f& detuned from the HS band levels,
the linewidth of these levels is important since it detemsithe power broadening of the Raman

lines due to the control laser beams.
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Figure 5.4 The real and the imaginary parts of the refradtidex in 0.2% doped Tt*:CaF,
with (solid lines) and without (dashed lines) magnetoeiecross coupling. This simulation is
performed using relatively conservative parameters.

Figure 5.4 shows the real (solid blue line) and the imagirfaofid red line) parts of the re-
fractive index in Th3:CaF, for relatively conservative parameters. We assume a dapéngity
of 0.2%, and assume spectral hole burning with a width of 1 Mhkizer the broad inhomogeneous
profile. This produces an effective Thdensity 0f4.9 x 10'¢ /cm?. We take the intensities of the
two control lasers to be about 100 MW/émvhich is significantly lower than the optical damage

threshold of the crystal host. These type of intensitiesaapessible even in the continuous-wave
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domain; a 1 W beam focused to an area @fd x 1 ym using a microscope objective lens yields
this required intensity. We take the magnetoelectric ccospling rate to b&,,, = i27x3.3 MHz.
Although negative refraction is not achieved for these ipetars, there are large variations in the
refractive index, and the interference profile is such tlhabgption cancels at the line center. For
comparison, the real and imaginary parts of the refractidex without cross-couplingX = 0) are
also shown (dashed lines). As the figure illustrates, treshapes for the refractive index depend
critically on the cross coupling. Experimentally, a firsajavould be to observe these lineshapes
and also the dependence of the refractive index on the magjeetric cross coupling rate. If
demonstrated, to our knowledge, this would be the first alagi®in of magnetoelectric response in

a rare-earth doped crystal system.
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Figure 5.5 The real (solid blue lines) and the imaginaryligdsed lines) parts of the refractive
index in (a) 0.5% doped and (b) 3% doped'TiCak,. For part (b) we achieve a refractive index
of n = —0.35 with a figure of merit ofF' = 14.

Figure 5.5 shows speculative results for more stringerdarpaters. We assume a doping den-
sity of 0.5% for part (a) and 3% for part (b). We again assume borning with a width of 1 MHz,
producing effective densities @f2 x 10'7 /cm? and7.3 x 10'7 /cm?® for parts (a) and (b), respec-
tively. We take the intensities of the control beams to benpdgo the optical damage threshold
of the crystal host, to about 10 GW/émFor the numerical simulation of part (b), we achieve a
refractive index ofn = —0.35 with a figure of merit of " = 14. The long term goal of experi-

mental efforts will be to demonstrate results similar tostaghown in Fig. 5.5. To our knowledge,
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these simulations are the first time that the possibility lsdesving negative refraction in a real
atomic system is discussed. Although observing the restifgy. 5.5 will undoubtedly be a chal-
lenging experiment, the assumed experimental paramegipesato be within reach. Furthermore,
further research into rare-earth doped crystals may ifiyeatsystem in which negative refraction
is achieved with more easily accessible parameters comparéb™:CaF,. In particular, more
closely spaced electric dipole and magnetic dipole treomstwith stronger matrix elements would

significantly lower the intensity requirement on the cohkaser beams.

5.3.2 Negative refraction in Pr3:LaF

We have also identified Pt:LaF; as another promising candidate for studies of negativacefr
tion. Pr3 doped systems have been studied extensively in quantumerateeexperiments such as
EIT [147, 65]. We have chosen lanthanum fluoride as the hgstalrbecause the level positions of
Prt3:LaF; have been experimentally measured in Ref. [34]. Much of tleweldiscussion applies
to this system [11, 79, 78, 89]. Figure 5.6 shows the detaleztgy level structure. The ground
state of Pt3 is 4f2 3H,. We propose to use the excited levwgl 3 P, as our starting level for this
experiment. The atoms are transferred from the ground tevéf? 3P, using the spectral hole
burning laserE), near a wavelength of 455 nm. At cryogenic temperatures,ifistenie of level
4f%3P, can be as long as 1Q@s [83]. As a result, once the atoms are optically pumped ® thi
level, they will have sufficient time to interact with the peand control laser beams.

We plan to use thef2 3P, — 4f21S, intra-configurational magnetic dipole transition near
a wavelength of 392 nm. Cowan’s code gives the strength oftthisition to be(.J||a||J") =
0.35up. The transitions from the f? 3P, level to the4f5d configuration are strongly electric
dipole and start at a wavelength of 360 nm. The stable isotbpeaseodymium is*'Pr with
a nuclear spin of = 5/2. The resulting hyperfine structure in the absence of a magfieid
is shown in Fig. 5.6. The ground levéf? 3 H, has a similar hyperfine structure (not shown in
Fig. 5.6), and by choosing), appropriately, the atoms can initially be pumped\fp = +5/2.

With the atoms pumped, the probe and the control lasers mdlice Raman transitions between
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Figure 5.6 The proposed scheme for achieving negativectafrain *'Pr3. The atoms are first
optically pumped tat f2 3P;. We plan to use theéf2 3P, — 4f2 1S, intra-configurational
magnetic dipole transition near a wavelength of 392 nm. Téetréc dipole response is obtained
using detuned Raman excitation through 4if6d configuration. The hyperfine structure of
4% 3P, in the absence of an external magnetic field is shown. Faitgltre hyperfine structure
of the other levels are not shown.

the hyperfine levels. The scheme in"Phas the key drawback that the probe, control, and cross-

coupling laser beams address the excitétl® P, level, and not the ground level of the system.

5.4 Conclusions and future work

To summarize, we have proposed several atomic systemsdteattially may be implemented
to experimentally obtain a negative index of refractionhwdw absorption in the optical region

of the spectrum. In contrast to other approaches that relpetamaterials, we will use lasers to



74

drive internal states of atomic systems. Our technique doeesequire the simultaneous presence
of an electric dipole and a magnetic dipole transition nearsame wavelength, so we are able to
consider implementations in existing appropriate leveicttires. We have evaluated our technique
in rare-earth doped crystals and neutral atom vapors amtifieel Th™*:CaF, and Pr?:LaF; and
ultracold Er and Dy as possible systems for experimentaiya@hstrating our approach. To our
knowledge, this is the first time where a real atomic systesbiegen identified and discussed for
observing negative refraction.

In future proposed work, we plan to extend our preliminargwaiations and perform detailed
simulations for these systems of rare-earth atoms. Inquaati, for the rare-earth doped crystals
improved models will need to take into account the mixingh# tevels due to the presence of
the crystal field and coupling of the magnetic dipole excies@| to the4 f5d configuration due to
the intense control laser beams. One of the challenges isdhawacurately model the high energy
levels of thel f5d configuration, which are significantly perturbed by the tayeld, and may also
be strongly coupled to the crystal conduction band. Recehidye have been a number of papers
that calculate the discrete levels of the free-dgidd configuration using relativistic Hartree-Fock
methods [32, 31]. One approach would be to take these remultsstarting point and assume a
large broadening with a width of about 10 nm for each level stueoupling to the conduction
band. Such calculations typically reveal more than 100i$e\athough the strongest of the levels
may be utilized as a first approximation.

We also plan to perform preliminary experiments in theséesys in hot atom vapors or room
temperature doped crystals, to study the spectroscopedéttric and magnetic dipole lines. To
our knowledge, the specific transition lines that we planttog have never before been investi-
gated in detail. Spectroscopy of the transitions is necgdsaverify the transition wavelengths
and magnetic and electric dipole transition strengthg broadenings, hyperfine structure, and
demonstrate spectral hole burning and optical pumping.gbiaé of these early experiments is to
set the stage for future, more challenging negative rafma@xperiments at cryogenic or ultracold
temperatures. Additionally, we expect these results velbbconsiderable interest to the broader

EIT, quantum computing, and rare-earth physics communitie
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The next goal would be to demonstrate magnetoelectricad3mgsponse. Chiral response may
be achieved at low densities and a basic form of chirality dlesady been demonstrated in Rb
vapor [120]. As discussed in previous sections, the magtettyic coupling results in significant
contributions to the refractive index. One approach wodddistudy the real and imaginary parts
of the refractive index (absorption and phase shift) forgtabe wave, as the strength or the phase
of the cross coupling rat€),,,, is varied. With(2,,, = 0 (no cross coupling), the system reduces to
three resonances (two electric dipole Raman resonancesraadreetic resonance). As a starting
point, these three resonances can be studied independ&sfly,,, increases, the interference and

the cross-coupling of these resonances will be observable.
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Chapter 6
Conditional phase shifter via refractive index enhancement

6.1 Introduction and background

Traditionally photons have been considered to be nonicti@gparticles, but advances in non-
linear and quantum optics have shown that significant liigit interactions can occur in highly
polarizable media [127, 13]. An important such interaci®oross phase modulation because of
its potential applications to optical information prodegs Cross phase modulation is a nonlinear
interaction where the phase of a light field is modified by ananm determined by the intensity of
another light field. The key challenge is to develop a tealmmig achieve a cross phase modulation
phase shift ofr radians between two weak light fields with minimal dissipatof the fields. Re-
alization of this phase shift with single photon pulses ddehd to development of quantum logic
via a quantum phase gate [146]. In this chapter we suggeshalementation of a phase shifter
where a conditional switch beam induces a cross phase nimaiuén a probe beam propagating
in a refractive index enhanced medium.

Before proceeding further, we would like to discuss some ntigod results in the nonlinear
interaction of weak light beams in atomic media exhibitingc&eomagnetically induced trans-
parency (EIT) [49]. EIT schemes with cold atoms are a popchaice to implement cross phase
modulation of weak light pulses because of the resonantigeced giant Kerr nonlinearity and the
suppression of the absorption of the beam [121, 50]. Theldeldld suggestion for cross phase
modulation by Lukin and Imanfgu [82], where two light pulses with matched slow group eelo
ities interact strongly, has generated much interest tvelaist decade [110, 100, 86, 2, 154]. The
fidelity of the double-EIT scheme as a phase shifter has begstigated as well [99, 116]. Also
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of interest in weak light interaction is the photonic switihachieved by the absorptive analog of
the giant Kerr nonlinearity [52], which has shown much expental progress [163, 14, 60, 5, 26].
Further related work is listed in Refs. [85, 111, 117, 41, 401, 115].

We propose a cross phase modulation scheme in a refractieg anhanced atomic medium.
The phase shifter described here is built around the réfeactdex enhancement scheme in a
far-off resonant atomic system [165, 4], that was discussechapter 2. We use a four level
system as shown in Fig. 6.1. The system consists of a groat®l| g, two excited Raman states
|1) and|2), and an excited upper stafi@. For simplicity, we take the two Raman states to be
degenerate. The system is initially prepared with all atpunsiped into the ground state. We
choose the states and the polarization of the laser beamspaiapely such that there is no cross
coupling, due to angular momentum selection rules. We gehedractive index enhancement with
vanishing absorption by interfering the two Raman resorsrntlee frequency separation between
the two Raman resonance line-centers can be precisely tyneldolosing the frequencies of the
two control lasers. The two photon detunifig, (dw-) corresponds to the amplifying (absorptive)
resonance on the probe beam. The degree of interferencedretive resonances is characterized
by how much the resonance curves overlap, which is quanaBéd= dw; + dw,, the size of the

separation between the two resonances when scanning the foeguency.

6.2 Conditional phase shifter via interference

In this chapter, we propose using this refractive index anament scheme as a conditional
phase shifter simply by adding a switch beafn, to the system. The switch beam is weak and
couples the statdd) and|2) to |e) with a one photon detuning @fu; as shown in Fig. 6.1. The
switch beam interacts with the probe beam by ac stark spiftie energy level of stateés) and
|2). This shift of the energy levels effectively changes the plkoton detuningsjw; anddws,, of
the Raman transitions and affects how strongly the Ramanaases of the probe beam interfere.
For the ideal case of equal dipole matrix elemeti{s,= ds., the change in the detunings equally
shifts the frequency positions of the resonances relabitbeg probe beam frequency. Therefore,

for a probe beam tuned midway between the resonancesg@.potht of vanishing absorption) the
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Figure 6.1 The schematic of the proposed scheme. A weakffegsmnant probe bead),, and
two strong control laserg,; and&c», two photon couple the ground state to the excited
Raman stated ) and|2). A weak switch beand; one photon couples the degenerate excited

Raman stated ) and|2) to the excited upper state). Activation of the switch beam induces a

conditional ac stark shift ofi) and|2) which alters the two-photon detunings; anddéw, and

modifies the propagation of the probe beam.

degree of the interference is modified by the switch beam tmigpbeam remains tuned midway
between the resonances. The key idea behind this suggéstibat when the switch beam is
applied, the modified interference of the resonances seBulin altered phase accumulation for
the probe beam while maintaining vanishing absorption.

We proceed with a detailed discussion of the scheme. Whenrthle photon detunings from
the excited state are large, the probability amplitude efekcited state can be adiabatically elim-
inated. In the perturbative limit where most of the popuwalatstays in the the ground state and
neglecting power broadening, the steady state nonlinesegtibility of the probe beam is given
by [165]

hN (k] [
= — — + : : 6.1
xe €0 (6(,01 + "1 (50.)2 — 172 [ ]

The strength of the Raman coupling of the stdt¢sand |2) by the probe and control beams is
related to the coupling coefficients
dgedlegCI

K = :
! 2h% (we — wy — wp)
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Ky = dge d2egC2 ’ [6 . 2]

20 (We — Wy — wy)

where the quantitieg;; are the relevant dipole matrix elements apdand~, are the respective
(amplitude) decay rates of the excited Raman stateand|2). For simplicity, we assume balanced
parameters for both the amplifying and absorptive resagmisach thak, = x, andy;, = s,
which we hereby refer to asand~. Fig. 6.2 plots the susceptibility,e, of the probe beam as its
frequencyw,, is scanned across the Raman resonances. The realparrelated to the index
of refraction byn = m and the imaginary parnts corresponds to the gain/absorption. The

nonlinear phase accumulation of the probe and power alisorgefficient are given by

Wy X
o - 2
o« = Syl [6.3]

wherel is the medium length. With the condition that
5W1 = 5&)2 = A/2 s [64]

the probe beam is tuned at the midpoint between the resasmiandeonstructive interferencej
gives enhanced index of refraction while destructive fetence ofy’ gives vanishing absorption
[165]. Also we note that the group velocity of the probe beanemtuned to vanishing absorption
is v, ~ c because a local extremum gf, i.e. zero slope, coincides witliz = 0 as seen in
Fig. 6.2. As a result, there will not be a group velocity mischabetween the probe beam and an
off-resonant switch beam.

The key idea of our phase shifter is to induce a conditionahge in the separation of the
Raman resonances,, which results in a significant shift in the nonlinear phaseuanulated by
the probe beam. Comparison of the plots in Fig. 6.2, where 10+, 5v, v, — respectively, shows
there is a strong dependence of the refractive indeX orwhen the probe beam is tuned at the
point for vanishing absorption, we apply the condition of E&j4) to Eq. (6.1) and use Egs. (6.3)
to express the phase accumulation as a function of the sepaohthe resonances, given by
_ hw, k> N1 &

2 [6.5]

925 C€p 72_‘_<%>2 ’
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Figure 6.2 The real part: (blue solid line) and the imaginary payt (red dashed line) of the
nonlinear susceptibility as a function of the probe beamuency. Between the plots the
separation of the resonances is varied to the respectivesal= 10+, 5v, v, —v. Note that the
sign of y; changes accordingly when the sign®fchanges.

and is plotted in Fig. 6.3. The largest phase accumulatiearscatA = +2+ and has the value
Pmaz = %sz The largest variation ab with respect to\ occurs atA = 0 where the slope is
steepest. However in this region, whéfd < ~, the values of are small because the resonances
are closely overlapping causing near complete cancellatithe nonlinear interaction. The most
efficient phase shift is achieved by varyidg around the pointA = 0, where the steep slope
optimally changes the phase accumulation. In the regidons ~ the system becomes two isolated
resonances angldrops asl /A and the slope approaches zero.

Before we proceed with an analysis of the role of the switchmheae first discuss how the
fidelity of the phase shifter is affected by spontaneouslittecthphotons. A Heisenberg-Langevin
analysis of the refractive index enhancement scheme hasdmeelucted in Ref. [166] and this
guantum treatment of the probe beam is consistent with tméctessical derivation of Eqgs. (6.1-
6.3). The key result of this analysis is that due to the preser the amplifying resonance there

are spontaneously emitted photons into the probe beamhwieaefer to as noise photons. The
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Noise photon number
Nonlinear Phase Accumulation (radians)

Figure 6.3 The nonlinear phase accumulatigiblue solid line) and the number of spontaneous
noise photong (red dashed line) of the probe beam as a function of the sipatzetween the
resonancea. The peak of the noise curve coincides with the point of stsepariation in the

phase accumulation, thus there is a trade-off between ticeeaty of the phase shifter and noise

emission. The plot is given for the cagsg,, = 1 radian by choosing the prefact@%m = 27.

number of noise photons added to the probe beam depends gaithaf the amplifying resonance
and is given by

_ huw, k| N1 Y

= e 72 N (%)2

and is plotted as a function of the separation between tlenaesesA in Fig. 6.3. Note that

¢

, [6.6]

the number of noise photons emitted into the probe beam megewhen the amplifying and

absorptive resonances are closest, in the regldn< ~. This result is unfortunate because it
is ideal to operate the phase shifter in this region, wheeestbpe of the phase accumulation is
greatest but the noise added to the probe beam is unaccepiglvl Therefore, there is a trade-off
in the efficiency of the phase shifter and the noise addedcetpithbe beam.

Next we examine how the presence of a weak switch beam in Hesrsz effectively shifts the
phase of the probe beam. The switch beam ac stark shifts tite@Raman statgs) and|2). For
simplicity, we assume equal dipole matrix elemetits,= ds., and therefore assume equal shift of
both states. We define the size of this stark shift in frequepeace ag\,/2. The energy level shift

of the Raman levels modifies the two photon detunings suchythaty — dwi(2) + As/2. Thus
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the switch beam is the conditional mechanism to change tha&raton of the Raman resonances
such thatA = Ay - A = Ag + A,. Using these two conditional values fdr, Egs. (6.5) and

(6.6) give the conditional phase shifty, and the effective noise photon numbgp,:

56 = hwp|/<;|2 Nl 7A°JQFA5 B % 6.7]
e 24 (2g2)" 2y (2)7) '
fiw, |k|* N1
Gy = 2l 1 — [6.8]
C€g 72_’_( rénn)

where A,.;, = min{|Ao|,|A¢ + As|} is the value when the resonances are closest together,

giving an upper bound on the noise photon number.

6.3 Performance of phase shifter

To consider the performance of our scheme we define a figureedt for the effectiveness
of the phase shifter: signal-to-noise ratldV R = d¢/(.s¢. For ideal use of the phase shifter in
information applications we desire a large phase chandeasifew noise photons as possible. For
guantum information operations, an effective phase shiéguires a lower bound #NR = ,
where there is & radian phase shift and a single noise photon. The efficiehttyegphase shifter
is also described in terms of the switch beam intensity, ke desire to minimize. In the ideal
limit that a single switch beam photon could achieve a phagewith SNR = =, the scheme
could potentially be used to implement a quantum phase gate.

The SN R depends critically on the initial choice for the separatdithe Raman resonances
and the intensity of the switch beam because Bgtland(.;, are functions of the variables,
andA,. The valueA, can be set by appropriately choosing the frequencies ofdh&ral lasers.
The shift in the separation of the resonances due to thetsimiam A, in the limit thatéw, > T',
(wherer', is the (amplitude) decay rate of the the excited upper &tgteis given by

QQ
T

[6.9]

where(), = d;.£;/h is the Rabi frequency of the switch beam. We note that if we idensd the

complex detuning of the switch beamy, — dw, — iI'., the presence of the switch beam would
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02T,
45w?

the equally modified resonances will continue to destregtiinterfere, just as the original reso-

cause nonlinear absorption due to power broadening of theaRatatesy — v+ . However,

nances did before, resulting in complete cancellation aoflinear absorption of the probe beam.
Power broadening will modify Egs. (6.7) and (6.8) throughk thodified decay ratey. In this
paper, for simplicity, we will focus our attention to the limw, > I'. such that power broadening
is negligible. Using the Wigner-Weisskopf result [162], = % the conditional change in

the separation of the resonances can be reduced to

s (HENE)

wheren, is the number of switch beam photonsis the switch pulse duration arlis the cross

sectional area of the switch beam. In the remainder of thpepave will take ideal quantities for
these parameterd, = ; (atomic cross section) and= 1/~ and assuméw, = 10I".. With these

assumptions, Eg. (6.10) reduces to
Ay =E&yng [6.11]

where we have the numerical factoe 0.15.
As was mentioned before, thf&V R depends critically on the initial choice for the separation
of the two resonances. As we will show later, for a given nundéeswitch photons, th& N R is

optimized with respect td\, under the condition
1
Ay = —i&/ns . [6.12]

Using Egs. (6.11) and (6.12), the Egs. (6.7) and (6.8) retluce
hw, |k° Nl én,

0p = , [6.13]
2ycep 14 (ézs>2
hw, |k|* N1 2
Ceff = ;’ | 5 [6.14]
Ve {4 (ézs>
SNR 535 [6.15]

The SN R depends linearly on the size of the stark shift as seen in6H4g.For an effective phase

shifter the lower bound i NR = m, where there is a radian phase shift and a single noise
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Figure 6.4 The phase shift> (green solid line), the effective noigg;; (cyan dashed line), and
the absolute value of the Signal-to-Noise ratiaVv | (blue dotted line) as functions of the
number of photons in the switch beam, with the initial separation of the resonance optimally
settop, = —%&ns. The numerical factor i§ = 0.15 for the switch beam parameters
dws = 10T, A = \?/27, andT = 1/v. The plot is given for the cas®) = = radians when

|ISNR| = 7 by choosing the prefact&%’;]\” = 0.557 .

photon. The value o§ N R can be increased beyond this lower bound by sufficientlyeimsing
the value of the stark shift. For a single switch beam photgr; 1, SNR = 0.075. ASNR =
is obtained fom, = 42 photons in the switch beam. Unfortunately, these resultsvghat our
scheme can not be used as an effective phase shifter at fie ghoton level in free space.
Finally, we show how we derived the optimization conditiontbe initial separation of the res-
onances\, given by Eq. (6.12), to maximize tit&\V R for a given set of switch beam parameters.
We analytically optimized th&' N R with respect tQ)\, treatingA, as a constant. This resulted
in the conditiond, + A, = —A, to maximize theS N R. This condition physically corresponds
to a configuration where the noise of the shifted case egnaladise of the unshifted case. This
dependence of the optimal value &f, on A, can also be seen in the plots in Fig. 6.5, which
show the phase shift, effective noise, g8dVv R| as functions of the initial separation between
the resonanced, for various values of\, = 1.5v, 6, 12v. The top axis of each of the plots is

normalized to its respective value &f,. The general result seen is that for a given valjethe
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Figure 6.5 The phase shift> (green solid line), the effective noigg;; (cyan dashed line), and
the absolute value of the Signal-to-Noise ratiaVv | (blue dotted line) as functions of the initial
separation of the resonancég. Between the plots the value of the conditional change in the
separation of the resonancés is varied tol.5v, 6+, and12v respectively. The bottom axis
expresses), in terms of system constant the Raman transition linewidth. The top axis
expresses\, in terms of system variabla . The key result seen here is thatV R| is optimized
whenA, = —A,/2.
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maximum|SN R| occurs atA, = —A;/2. Also in the limit thatA, = +oo the |SN R| asymp-
totically approaches this maximum value. In the regime that= +oo the nonlinear response of
the atomic medium is greatly reduced and would require greasources for achieving the phase
shift. Thus, the key result of Fig. 6.5 is that the initial &ya configuration of\q = —A,/2 yields

the highest signal-to-noise ratio. However, we do note Wian the conditiodw, > I', is not
satisfied, power broadening of Raman linewidtim the shifted case must be included and a more
general expression for the optimal valueZaf will depend onA, and the ratio of the excited state

linewidth and the switch beam detunifg/dw;.

6.4 Results for a model atomic system

Switch OFF

08 0.1 0.2 0.3 0.4 0.5
propagation length (mm)

Figure 6.6 The phase accumulatioiior the probe beam of the unshifted case (blue solid line)
and the shifted case (red dashed line) as a function of thgagedion length of the probe beam in
the medium.

The plot in Fig. 6.6 shows a numerical example of our phaskeshin a real system based
on the analytical steady states solutions of Ref. [165] ferghhanced refractive index at van-
ishing absorption. We simulate the four level system in aimmadcf ultra-cold®”Rb atoms with
density N = 2 x 10**/cm?® and lengthl = 0.5 mm based on techniques using either cold atom
traps (e.g. magneto-optical or dipole traps) or hollowecoptical fibers [93, 136]. The excited

electronic state B, ;, (D1 line) is used for the state) and|F' = 2, mp = —2),

F:2,mF:2>,
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and|F = 2,mp = 0) hyperfine states of the electronic ground statg 5are used for statgs),

|2), and|g) respectively [141]. The excited state decay rafé.is- 27 x 5.75 MHz and we assume

a Raman line width of = 27 x 10 kHz. The probe, switch, and control beams have polarization
ot, m, ando~ respectively and wavelengths795 nm. The probe beam is red-detuned from the
excited state by 10 GHz. The power of the control beams&i® mW and are focused to a beam
diameter~1 mm. To satisfy the condition th&t/N R = =, we setn, = 42 photons per atomic
cross section based on the results of Fig. 6.4. The plotsgn&% show the accumulated phase
of the probe beam as a function of the propagation lengthdtr bases when the switch beam is
present and absent. Note that the phase accumulation afitheases are symmetric abaut 0
which follows from Egs. (6.12) and (6.13) that = 1¢yn, andA = —1&yn, when the switch
beam is present or absent respectively. These oppositepbage accumulations achieve a net
phase difference ot 7 radians at a propagation length of 0.5 mm.

In summary we have developed a scheme for a low intensityepslaifter and estimated its
fidelity. The lower bound energy cost forraradian phase shift with acceptable fidelity is on
the order of tens of photons. There is an inherent trade-bérev fidelity can be increased at the
expense of energy cost of the switch beam. We believe ouepdtater is ideally suited for use
in high fidelity optical information processing of weak beaaf10? — 103 photons corresponding
to an energy o& 0.01 — 0.1 fJ, where the constraints on beam focusing and pulse daredio be

relaxed to more practical values.
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Chapter 7
Giant Kerr nonlinearities using refractive index enhancemaent

7.1 Introduction and background

Over the last decade, there has been a growing interesthnitpes that achieve significant
nonlinear interactions at the single photon level [20]. S¢hechemes are exciting and important
because of both practical and fundamental reasons. Keyigabapplications include all-optical
switches that can operate at an energy cost of a single pf@épmand two-qubit quantum gates
between two single photons [94]. Some of the most promisppy@aches for achieving signifi-
cant nonlinear interactions at the single photon leveizatithe technique of Electromagnetically
Induced Transparency (EIT). Various schemes for singleégghewitches and gates using EIT have
been proposed [52, 82, 153] and demonstrated in low-ph&gimes [169, 5]. Recently, single
photon nonlinearities have been considered in ultra cod@gaf Rydberg atoms [112, 30].

In this chapter, we suggest an alternative approach toaehignificant nonlinear interactions
between single photons. Our approach uses refractive mgleancement with vanishing absorp-
tion to achieve a giant Kerr nonlinearity between two wealetdbeams. Before proceeding with a
detailed description we would like to summarize the key eatinent of this chapter. For simplic-
ity in this chapter, we assume the medium is non-magnetic(l) and drop the subscrigt from
the electric susceptibility terms. Let's first consider selabeam interacting with an ensemble of
two level atoms. For this simple case, the third order n@alirsusceptibility of the medium is
proportional toy®) ~ m wherel is the (amplitude) decay rate of the excited stateand
is the detuning of the laser beam from the transition [13]sThird order susceptibility is respon-

sible for well-known effects such as intensity-dependefractive index and optical self-focusing.
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Now consider two off-resonant beams that are very largeturasl from the excited electronic
state interacting with a three level atomic system ik eonfiguration. If frequency difference of

the two beams is close to the frequency of the Raman transttienthird order susceptibility is

enhanced and is proportional {6*) ~ m Here~ is the decay rate of the Raman tran-
sition anddw is the two photon detuning. Typically, to reduce nonlindasaption, one chooses
dw >> v such that the imaginary part of the susceptibility is muctaléen than the real part

Im(x®) << Re(x®). The key achievement of our scheme is to obtain a purely héal order

I S
|6—4T|2y

nonlinear susceptibility of® ~ due to destructive interference in the imaginary part.
With the decay rate of the Raman transition to be negligible; 0, one can therefore obtain an
arbitrarily large value fory® and obtain significant nonlinear interactions between wissms.
The key advantage of our scheme over EIT is that it does natneeg strong coupling laser beam.
The key disadvantage is that single-photon linear absormf the beams is not eliminated. As
we will see, this drawback will limit the minimum energy recgd to be on the order of tens of

photons per atomic cross section.

7.2 Giant Kerr effect via interference

Figure 7.1 shows the energy level diagram of our suggesiitie. scheme relies on recently-
suggested refractive index enhancement with vanishingrpbsn that utilizes the interference of
two Raman transitions [165, 113]. Although the scheme isgdfer concreteness, we will focus
on a real system and consid€Rb D1 line transition with the level structure shown in Figl.7.
We choose the ground state of the system taghe— |F' = 2, mp = 0) and the two excited
Raman states to b¢) — |F = 2,mp = —2), and|2) — [F = 2, mp = 2). Two off-resonant
beams, termed the probe and control beams, couple the gstatadly) to excited Raman states
|1) and|2). The two beams have opposite circular polarizatians for £, ando~ for &). The
guantitiesdw;, anddw, are two photon detunings of the laser beams from each Ramasitina
respectively and they are definedas = (w; —w,) — (wp, —we), dws = (w2 —wy) — (We—wy). The
refractive index enhancement scheme as originally sugdesguires two separate control laser

beams whose frequencies can be tuned to control the posfttbe two resonances independently.
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In the scheme of Fig. 7.1, however, there is only one conas¢l. The position of the Raman
resonances can be controlled by shifting the hyperfine detrebugh a combination of a Stark
shift and Zeeman shift. The Zeeman shift can simply be pexidith a magnetic field pointing
along the propagation direction of the laser beams. Thek Staft can either be provided with
a DC electric field or a separate detuned laser beam. We dégnguantityA = dw; + dw, to
represent the separation of the two Raman resonances asbee(pr the control) laser frequency

is scanned.

9)

87Rb, D, Line

Figure 7.1 The proposed scheme. For concreteness, we fo@seal atomic system and
consider two off-resonant laser bearfisand& interacting with®”Rb atoms through the D1 line.
The two laser beams are opposite circularly polarized angledhe ground state

|F' =2, mp = 0) to two excited Raman statés = 2, mp = —2) and|F' = 2,mp = 2). The
guantities)w; anddw-, are two photon detunings of the laser beams from each Ranrasitioa
respectively. The positions of the Raman resonances asdbe faser frequency is scanned can
be independently controlled by a combination of Zeeman dackShift of the hyperfine states.

We proceed with an analysis of the scheme of Fig. 7.1. Withbe much larger than the decay
width I", we can adiabatically eliminate the probability amplitsaé the excited states. We also
take the two beams to be weak enough such that the power Imogae the Raman transitions can

be ignored. With these assumptions, the polarization ofriedium at the two laser frequencies
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can be written as [165]:
Pp = E()X(l)gp + EOX(3)|8C|2€p s
Pe = ecoxWée + eox ¥ |6, 128 [7.1]

where y() and y® are the linear and the nonlinear third-order suscepiisliof the medium

respectively. These quantities are [165]:

VORI
60h5 —jF ’
@ _ N 1 \di; |*|dse|” | |dal®|dim | 2 5
X e LE . [7.2]
eoh” [0 — T2 \ 0w — jy1 dwa + jye

Here, NV is the atomic densityd;; are the dipole matrix elements between relevant states,
the decay rate of the excited state, andand~, are dephasing rates of the Raman transitions
respectively. As expected, the third order nonlinear suislmiéty is a sum of two terms due to
two Raman transitions. It is the interference of these twmsethat result in the enhancement
of the real part while resulting in the vanishing imaginagrtp Figure 7.2 shows the real (solid
line) and the imaginary (dashed line) parts6? as the probe laser frequency is scanned for three
different values of the separation of Raman resonankes,10+, 5, andy respectively. Here, for
simplicity, we assume the two Raman transitions to have tme gs@rameters including an identical
Raman linewidth ofy; = v, = ~. At the mid-point between the two resonances, = dw,, the
imaginary part vanishes while the real part is enhancedalueristructive interference.

At the point of vanishing imaginary part, the third order hie@ar susceptibility is purely real
and is given by:
@ _ N diPldpl* A2

2¢oh” [0 — T2 (A/2)2 + 9?2

While deriving Eq. (7.3), for simplicity, we have again assdhthe two Raman resonances to have

[7.3]

X

identical parameters. From Eq. (7.3), we note that the \afltiee nonlinear susceptibility strongly
depends on the separation of the two Raman resonafic@$ie maximum nonlinear susceptibility
is obtained whem\ = 2+ and is given by,

@ N |dyPldpl* 1

= - . 7.4
Xmax 46053 |5_]F’2 ol [ ]
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Figure 7.2 The real (solid line) and imaginary (dashed |paa}s of the nonlinear susceptibility
as a function of probe laser frequency for three differehiesof the separation of two Raman
resonances) = 10+, 5, and~. At the mid-point between the two resonances, the real part i
enhanced due to constructive interference whereas thenarggart vanishes due to destructive
interference.

Eq. (7.4) is the central result of this chapter. The nonlireesceptibility is purely real and in
the limit of very long dephasing and decay time of the Ramamsitians ¢ ~ 0), it can become
arbitrarily large.

From the nonlinear susceptibility of Eq. (7.4), we can alad the expression for the intensity
dependent refractive index; = nx® wheren = \//T/eo Before proceeding further, we evaluate
the intensity dependent refractive index for experiméytathievable parameters. We consider
an ultracold®”Rb atomic cloud withV = 10'* atoms/cm. We takes = 10I' wherel is the
decay rate of 5P,, 2I' = 27 x 5.74 MHz. We assume a Raman transition linewidthof=
2w x 10 kHz. With these modest parameters, we calculate an inyetsiendent refractive index
of n, = 75.8 cm?/Watt, which is comparable to what has been achieved in té&d@rexperiments.

We proceed with the evaluation of the nonlinear phase shifteoprobe laser due to few-photon
control laser pulses. For this purpose, we consider a ddatt@r beam pulse of Gaussian temporal
shape that containg. photons. By using Eqs. (7.1-7.4) it can be derived that thdimesr phase

accumulation of the probe laser beam and the corresponitiegrpower absorption coefficient



93

are (for the specific scheme of Fig. 7.1):

3 I o1
non—linear — 55 /— NoL)o———~— )
Pnon= 32ﬁnc( ’ >62+F2Aw
s 7.5)
Alinear = A o (52—|-F2 .

Hereoc = \?/2r is the atomic cross section, A is the transverse area of thm@ndr is the
temporal Gaussian width of the pulse. While deriving Eq. )& have assumed that the excited
states are purely lifetime broadened and neglected naatrabroadening effects such as colli-
sions. As expected, Eg. (7.5) shows that the nonlinear ple=emulation is intrinsically related
to the linear loss. If we assume the ideal case 6 1/ and consider tightly focused beams,

A =~ o, EQ. (7.5) reduces to:

3
non—linear — 5 /— inear  * 7.6
¢ l Sﬁncal [ ]
From Eq. (7.6), if we limit the linear power loss to 50 %(,... = 0.7), a single control photon
(nc = 1) per atomic cross-section causes a nonlinear phase shift@fadians. A nonlinear phase

shift of = radians would therefore require about 21 control lasergaf®per atomic cross section.

refractive index
n(x)
pattern

0 %° .o.°. ° o:. ° Ee

atomic cloud

Figure 7.3 The setup for constructing an all-optical miriidre counter-propagating control
lasers form a standing wave pattern which results in a pieri@tiation of the refractive index.
As a result, a photonic band-gap is formed for the probe lasam and the probe wave is
reflected off the medium.
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7.3 All-optical mirror

We next discuss a type of optically-controlled optical devusing our scheme [33]. Due to
the intensity dependent refractive index, an intensitygoaton the control laser will produce a
refractive index pattern for the probe laser beam. By usingmoropriate intensity pattern, one
can, therefore, engineer an all-optical device. Figursid®vs a simple scheme where we consider
an ultracold atomic cloud interacting with a probe and a teudpropagating pair of control laser
beams. Due to the standing wave intensity pattern of the@ldaser, the probe wave experiences
a periodic variation of the refractive index. Under thesaditions, within a certain frequency
range, a photonic band-gap is produced and the propagdttbe probe wave is forbidden inside
the medium. Within the photonic band-gap, the incident praiser can not penetrate the medium
and is reflected. The idea of utilizing a periodic variatidnhe refractive index was motivated by
the recent work of Lukin and colleagues who proposed andrarpatally demonstrated optically
induced photonic band-gaps using EIT and slow light [3, 6].

To calculate the reflectivity of such a medium, we use the lsmbimode theory of Yarivand Yeh
[164]. Figure 7.4 shows the results of a calculation for araabld®”Rb cloud. Here, we choose
the medium parameters and the control laser intensity swattthe nonlinear index enhancement
is ny [2**=1073. Due to the standing wave pattern, the refractive indexegaretweem = 1 and
n = 1+ 1072 with a period of\¢/2 ~ 397 nm. We take the atomic cloud to be sufficiently cold
(temperature of about AK) such that two-photon Doppler broadening of the Raman itians
can be ignored. This assumption simplifies the problem denably since probe beam interacts
with both control lasers in the same way. Figure 7.4(a) shtb@power reflection coefficienk,
for the probe wave as a function of the length of the mediimHere, we take the probe wave
propagation direction to coincide with one of the contrades ¢ = 0). For L = 1.5 mm, the
reflection coefficient exceeds 99 %. Figure 7.4(b) showsefieation coefficient as a function of
the angle of incidencd, for a medium length of. = 1 mm. The angle of incidenc8, is defined as
the angle between the probe beam and one of the control Essl®wn in Fig. 7.3. The reflection

coefficient remains high for about 1.5 degrees and then dsbaply. For. = 1 mm, if we set
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the medium parameters such that there is 50 % power loss dinedo absorptiond;,c., = 0.7),
then the results of Fig. 7.4 require abagt= 13 control laser photons (in each beam) per atomic

Cross section.
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Figure 7.4 (a) The reflection coefficient for the probe waveas a function of the length of the
index-enhanced mediun, for n,1,=10"3 andd = 0. The reflection coefficient exceeds 99% for
L = 1.5 mm. (b) The reflection coefficient as a function of the anglaoifdencef. The angle of

incidence/, is defined as the angle between the probe beam and one ofritneldasers as
shown in Fig. 7.3. Fof. = 1 mm, if we set the medium parameters such that there is 50 %rpowe
loss due to linear absorption,...., = 0.7), then these results require abayt= 13 control laser
photons (in each beam) per atomic cross section.

Before concluding, we would like to draw attention to the réc&ork of Shapiro and col-
leagues [129, 130] and Gea-Banacloche [43]. By using a mutdeuantum mechanical treat-
ment, these authors argue the impossibility of achievingelaonlinear phase shifts using single
photon wavepackets. The key reason is the loss of fidelitytdgpontaneous emission. Their
results suggest that achieving large nonlinear phasesshiih reliable fidelity will require beam

energies at least at the tens of photons level, independlém specific scheme that is used.

7.4 Conclusions

In conclusion, we have suggested a new approach for achieviarge nonlinear Kerr effect

between two weak laser beams while maintaining vanishimgimear absorption. Differing from
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EIT, the linear absorption of the beams is not eliminatedasa result, high nonlinear phase shifts
require beam energies at the level of tens of photons peri@ss section. The key advantage
over EIT is that there is no strong coupling laser and as dtrmutotal energy requirement is at
the tens of photons level. We have also suggested a new tyge aif optical distributed Bragg

reflector that utilizes periodic variation of the refraetimdex due to a standing wave pattern.
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Chapter 8

Conclusions

In this thesis we have described how the index of refractedates to the interaction of light
and matter and how it may be altered in an atomic system by lssers to manipulate those inter-
actions. Schemes that combine energy level structuresappnopriately tuned lasers have been
suggested that achieve both negative refractive index ahdreed refraction with vanishing ab-
sorption for an incident probe beam. A new approach for a umedvith negative refractive index
and vanishing absorption is highly desired because it carntilieed in efforts toward near perfect
imaging systems, which have the ability to focus evaneseané components. On the other hand,
methods to enhance the refractive index while cancelingrgkisn are also of interest in improv-
ing the resolution of conventional imaging systems and tierdontrol of phase accumulation in
all-optical information applications.

We have suggested a new scheme for negative refractionethislts from laser driven atomic
transition resonances rather than the antenna like resesasf metamaterials. We believe an
atomic based approach for negative index offers the pdisgibf achieving negative refraction at
optical wavelengths and a way to eliminate absorption bywtyua interference techniques. In our
suggestion a magnetoelectric cross coupling laser isprgsthe system and resolves the difficulty
of achieving a negative valued permeability by introduahgal interactions that contribute to the
refractive index. An analytical calculation of our schenmedicts negative refraction for a probe
beam at a wavelength of, = 500nm in a model atomic system with a density on the order of
106 cm~2 and decay rates on the order of 10 MHz while maintaining logoaftion. The results
of the analytical predictions are verified by similar reswbtained by numerically solving the

density-matrix equations of the system.
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To our knowledge the negative refraction scheme we haveestigdis the most promising in its
experimental feasibility. Unlike other suggestions tlegfuire an energy level structure possessing
electric and magnetic transitions at the same wavelengttRaman-based approach is flexible, in
that we may be far-off resonant from the electric transitiéfter investigating the structure of the
rare-earth atoms we have identified possible candidatexfmrimental implementation in vapors
of Erbium and Dysprosium and crystals doped with ions of ilenband Praseodymium. Initial
experimental goals toward negative refraction will inaud
(i) A study of the specific rare-earth spectral lines of iagtrto the scheme. To our knowledge
these have not be investigated in detail before.

(i) Demonstration of significant magnetoelectric crossgong interactions that alter the refrac-
tive index. A basic form of chirality has already been dentiated in Rb vapor [120] and chiral

interactions should be signification at feasible densitied are lower than the experimentally
challenging high densities necessary for negative refnacBy varying the intensity, phase, and
detuning of the coupling beam the effects of chiral intecas can be investigated.

(i) Further studies and improvements of experimentahtegues related to the creation of ultra-
cold vapors of rare-earth atomic vapors at high densitidspectral hole burning in cryogenically
cooled rare-earth doped crystals. These results will bengiderable interest to the broader EIT,
guantum computing, and rare-earth physics communities.

We have also suggested two applications for our refraatiex enhancement scheme. These
applications make use of the Kerr nonlinearities of theawive index enhancement to modify
the nonlinear phase accumulation of weak probe beam in tlthume A phase shifter can be
implemented by the cross phase modulation of two weak liglstgs. In this scheme a conditional,
weak switching beam alters the interference of the Ramamaeses and causes the phase of
the probe beam to shift. We predict that a minimum of 42 switehm photons are required to
induce ar radian phase shift on a probe pulse with a fidelity sufficientall-optical information
processing. We have also suggested another phase shifisciseng refractive index enhancement
that examines the dependence of the nonlinear phase aationuwn the number of control beam

photons and the linear absorption present in the systemhelmdeal case of a temporally short
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control beam pulse and tight beam focusingy @adian nonlinear phase shift with 50% linear
power loss can be obtained with about 21 control laser pisotddditionally we have suggested
how the intensity dependent refractive index can be utlioe an atomic vapor all-optical mirror
based on distributed Bragg reflection. For a medium 1 mm ttagbkower reflection coefficient
exceeding 92% with 50% linear power loss can be achievedtbyf@mning two control beams with
13 photons each, into a standing wave pattern.

These schemes suggested in this thesis provide new ingigiypproaches to improve imaging
systems and optically controling the phase of light. Onehef¢common characteristics of these
schemes is that they are based on far-off resonant RamairtitlassThe ability of these schemes
to operate in a far-off resonant regime suggests that thegybmanore broadly implemented in a
variety of experimental systems that may not suitable f@rmesonant techniques such as EIT.
These off resonant techniques allow the schemes to funotiena tunable band of probe light
frequencies. In particular the off resonant feature allaw$o consider actual atomic species for

proposing negative refraction experiments.
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Appendix A: Analytical dynamics of far-detuned Raman system

A.1 Four level system for refractive index enhancement

We begin by expanding the total wave function for the atorg&tesm,|¢), in the interaction

picture

[0) = c,e ™t g) 4+ crem M) + coe” 2 2) + et

e [A.1]

where for the respective levdl), ¢; is the complex probability amplitude ang = % is the
frequency corresponding to the level's energy. The quamtymamics of the system are solved for
by using the Sclirdinger equation,

o)

i
o

= (Ho+ Hint) |¥) - [A.2]

The operatorﬁo is the unperturbed Hamiltonian ard,,, is the interaction Hamiltonian that in-
cludes the interactions of the atom with the electric fielthponents of the incident light waves.

These operators are given by,

Hy = hwglg)(gl + T 1) (1] + hws|2) (2| + huoele)(e]
Hint = _gdA = _6 (dge’g> <€‘ + dle‘1><e‘ + d2e‘2> <6’ + hC) ) [A3]
The quantities/;; are the electric dipole transition matrix elements betwikenrespective levels
andh.c. refers to the hermitian conjugaté. refers to the total electric field which includes fre-

guency contributions from all of the relevant lasers. Thaltelectric field can be found by taking

the real part of the Fourier expansion of relevant freques)ci

n

E(t) = Re lz Eneiwnt] = Z; (gnefiwnt 1 gzeiwnt)
- ; (gpeiiwpt + EereT ! 4 EpgeTiHe! h.c.) , [A.4]

whereé&, is the electric field amplitude of the Fourier component iketoig at frequencyw,,.
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We proceed by using Sabdinger’s equation, Eq. (A.2), with Hamiltonian of Eq. (At8 solve

for the time evolution of the probability amplitudes:

b = g [dacece ]

. i (w1 —w

¢ = - [dlec‘:cee( ! E)t} - mc o,

. i 1(we—w

Cy = 7 [dgeé’cee( 2 E)t} — YeC2

to = 7 [duEe,@ T i Lo dy ol —Tie, . [AS]

We assume a weak probe beam such that the coupling rates mfoibe beam are sufficiently
smaller than the single-photon detunings from the excitedt®nic state. With this assumption,
the lasers are far-off resonance with the excited eleatrstaite and this allows us to adiabatically
eliminate its probability amplitude, which simplifies ounadysis by reducing the scheme to an
effective three level system. Adiabatic elimination of #wecited electronic state dynamics is
implemented by integrating the rate equationdoin time but we assume that the time dependent
probability amplitudes of the other staigsc,, andc, can be treated as constants in the integration.
This treatment of the other probability amplitudes as gsgaic constants is valid because the
large single-photon detunings from the excited state cauevary much more rapidly compared
to the other probability amplitudes. Before performing thtegration of:., we factor in the Fourier
expansion of the electric field:

Ce = ;h{d;ecg Epei(%_wg_%)t + EppetWemwg—we)t | g, pilwe—wg—wea)t

+ g*ei(wefwngwp)t + gc*lei(wefwngwCl)t + gngi(wgfwg%»wcg)t
p

_}_dﬂlsecl gpez(we—w1 —wp)t + ((/*Clez(we—wl —we1)t + gc2ez(we—w1 —wea)t

i(we — t j(we— t j(we — ]
+ g;ez(w wi+wp) +gé<1€z(w witwer) _|_€ék2€z(w wi+wea)

_'_d;eCQ [ 5pei(w57<.u27wp)t + 5C16i(wefo.z27w01)t + gCQQi(wefwgfwcz)t

+ g;ei(we—w2+wp)t + gglei(we—wz-&-wcﬂt + gngi(we—wg-i-wcg)t} } o FeCe~ [A6]



102

Then integrating this expression with respect to time weestdr the probability amplitude of the

excited electronic state:

gpei(we —wg—wp)t

g*ei(wﬁ —wg+wp)t
p

1 *
Ce = Qh{dgecg l(we

+d’{601 [

+d§eC2 [

- + -
—wy —w,) — il (We — wy +wp) — il
8C1€i(we—wg—wCl)t gglei(we—wg—i—wa)t
- + -
(We —wy —wer) — il (We — wg +wer) — il
gc2ei(wefwgfwcg)t gg2ei(w57wg+wcg)t
- + -
(we — wg — wea) — il (We — wy + wez) — il
Epei(we—wl —wp)t 5; et(we—witwp)t
- + -
(We — w1 —wp) — il (We — w1 +wp) — i,
Eclei(we—wl —wer)t gglei(we—wl"rwm)t
- + -
(We —wy —wey) — il (We — w1 + wep) — il
5626i(we—w1 —wea)t 5g2ei(we—w1+wc2)t
- + -
(We — w1 — weg) — il (We — w1 + wea) — il
gpei(we —wa—wp)t (C/’; ei(we —wa+twp)t
5 + -
(We — wg —wy) — il (We — wa + wp) — i,
5616i(w67w27w01)t gglei(we*w2+wc1)t
5 + :
(We — wg — wey) — il (We — wo + wep) — il
E 6i(w5—UJ2—wC2)t
c2 n

(We — wy — weg) — il

* i(we—watwea)t
Eere ] } [A.7]

(we — Wy + wCQ) - ire

This adiabatic elimination is an important simplificatioadause it reduces the number of un-

knowns in the coupled system of rate equations given in qS) @nd allows us to algebraically

solve for a closed form of the rate equations.

We then plug in this slowly varying probability amplitude, into the rate equations faeg, ¢,

andc, and also expand the electric figddt) into its Fourier components. The resulting expressions

are very long with many terms. We use the rotating wave apmraton to eliminate the off-

resonant oscillating terms to derive truncated expressionthe rate equations containing only

the slowly oscillating terms:

1

) i 2 2
= —1 |dge E
Cg 4h2{|g| Cgl|p| ((we—wg—wp)—ire +

1
(We — wy +wp) — iFe>

1
+ &l <

(We —wyg —wer) — L

1
+ ;
(We — wy +wer) — 2F8>
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+|Eeal? ! + !
c2 (We — wy — wea) — il (We — wy + wea) — il

. 1 1
d ed* g S* —tdwt
FgedieC1EpCer € ((we—wl —wp) — il * (we—w1+w01)—ire>
, 1 1
o ds o€y EF e 0w , + . )
9e2eF2CC2%p (We — wo — wea) — e (We — w2 +wp) — il
i . 1 1
. _ d ed* 8 5* w1t
f ot e 47#{ teCeetyte1%pC <<we g —we) i (we—wy ey — T >

1 1
deQ g 2
+|dic] Clb l <(%_w1_wp)_m - (%_Wr%)_m)
1 1
+ || —  + :
|Cl| ((we—wl—wm)—lre (We_wl +w61)—zf‘e>

- |esf? ! + !
c2 (We — w1 — wea) — il (We — w1 + wea) — il ’

éQ —+ Y2C2 = {dged* ngpgéeriéwﬁ

4?2

1
( — il + (We — Wy + we2) — iFe>

1
dae|? c2 | |€
+da| CQ[’p’ —wg—wp — I, + (we—w2+wp)_ire>

1
&
+leef ((we_WQ_wCI)_iFe * (we—w2+wc1)—ire>

+ s ! + !
“ (We — wa — wea) — il (We — wo + wea) — il ’
[A8]

where we have denoted the slowly oscillating terms with e photon detunings given by,

dwy = (w1 — wy) — (wWer — Wp) )

(5(,()2 = (WQ — wg) — (wp — C()CQ) . [Ag]

Following the formalism of Harris et al. [48, 51, 167], we aefithe Raman coupling coeffi-

cients:

_ ‘dgeyz 1 n 1
T op? We — Wy —wg —tl'e  we —wy +wy — il
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dged? 1 1
bl — ge“le +
21 |we —wy —wer — il We — wy + w, — il ’
by ducdse 1 . 1
207 |We —wy —wp —ile W —wy + wea — il ’
hoo— |dy|? 1 N 1
b 207 |we —wy —wy —ile  we —wi +w, — il ’
|dae | 1 1
= A.10
J24 2h? | we — wy — w, — il + We — wa + wy — il¢ ’ [ ]

where we differ in the notation of Harris et al. in that we use fettersf and F' instead ofd and

D to avoid confusion with our choice dfto denote the electric dipole moments. For convenience,
we have used approximate forms for some of the denominatmisten Eqs. (A.8), such that a
common definition ob; or b, may be substituted. Specifically, by examining the energglle
diagram, the denominators of the cross terms in rate equatiq, can be expressed in a from that

resembles the cross terms in the rate equations @fidc, as follows:

We =Wl +Wel = We — Wy +Wp — 01 = We — Wi +Wel X We — Wy +Wp
We =W — Wp = We — Wy —Wel — W] = We — W) —Wp B We — Wy —We1
We —Wo — Wea = We — Wy — Wp — 0Wa = We — Wy —Wea X We —Wg —Wp
We =Wy +Wp =We —Wy +Wea — Wy = We— W+ Wy X we —wy +wez . [A1l]

This approximation is valid because when the lasers arddamed from the electronic state the
two-photon detunings are negligible compared to the sippl®on detunings. With the Raman

coupling coefficients we define the quantities:

A = a,|E +ac €l + ace €l

By = b&EL

By = & &

Fo= fipl&lP++hc el + fie €l

Fy = fo |5p|2 ++foc |<9C1|2 + faco |<5'c2|2 . [A.12]
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Now we may express the rate equations of the system in a cargpac

7 7 , 1 ,
¢ — AC B efz&ultc B efzéwgtc
g 2 g + 2 1 ' 1+ 9 2 2
- t * 10w l
G = iBle 6 1th + §F1C1 - M7c
. Z * _idwot Z
Co = 5326 cq + §F202 — Yol . [A.13]

To suppress the oscillating terms of these equations, why appnitary transform to a rotating
frame by the substitution:

Re(A)

— i )t
g = Cge't2 ,
s i(bwy By
G = cle( 1+757) ,
- . Re(A)
Cg = Gttt [A.14]

which transforms the equations to:

- Im(A) _ T T
Cq + 2( )Cg = §B1C1 + 53202 ;
. F—A Im(F )
61 + 1 (5w1 — M 61 + |7+ m( 1) 61 = lBikég ,
2 2 2
. Fh—A Im(F: )
Co+1 [6&]2 — Rd;)] Co + [72 + méﬁ] Cy = %Bgég . [A.15]

We solve for steady state solutions for the probability amg@ésc, andc, in terms ofc, by

setting the derivatived andé, equal to zero:

) Bré,
1 = — - ™ 3
2[6w; — L(FQ A iy + i) gFl))]
) Bié,
Cy = . A.16
T 2w, — PR iy, 4 Il ) A1

The steady state solutions for the probability amplitudemglete our analysis of the time
dynamics of the system and we can now begin to solve for tlitrelesusceptibility of the system

at the frequency of the probe beam. To begin, we considerdlaipation of the system:

P(t)

N (wldle)

= N (dgecec;e_i(WE_%)t + dlecec’{e_i(%_”l)t + dgececze_i(‘”e_w)t + h.c.) . [A.17]
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A complete expression for the polarization of the systemtmafound in terms o, c;, andc;
by plugging in Eq. (A.7) forc., however it is tediously long. Our analysis can be simplitigd
considering a Fourier expansion of the polarization,

_ Z; (Paemnt 4 Pretnt) [A.18]

n

P(t) = Re [Z P,e ot

since we are only interested in the polarization at the phazan frequency?’,. By noting that
2P(t) =Y Pye ™t 4+ Pretnt [A.19]

we can solve forP, by extracting all the terms dfP(t) that include the oscillatioa—*r*. Thus

we plug Eq. (A.7) into Eg. (A.17) and truncate the nonrel¢vamms:

P#) = 2\7; el leal” &y ((we — Wy —1wp) — il " (we — wy Jiwp) - iFe>
T diedgecyiEore ) ((we — Wy —1wc1) i, " (We — w1 +1wc1) - Z'Fe>
+ dgedze02czgczei(wg—wz—wcz)t ((we — _1w62) T, + Ry +1w62) — iFe>
, 1 1
o |die? er]? et ((we B + (o — it ) = z'l"6>
A 1 1
+ e [ea]” Epei! <(w6 —wy —wy) —il, + (We — wa + wp) — z’Fe>
oo h.c.] . [A.20]

Using the Raman coupling coefficients and noting,

Wy —wy +wer =wp — 0wy,

Wy — Wy + Wez = Wy + 0wy, [A.21]
we can rewrite the polarization as:

P(t)=Nh | |dgel® cg|* ap€pe™ """ + diedf cocibiEore™ P20 4 dyod cac)byEese™ 002!

+ vl 1) Epe ™%t + |dae)” |ca)* Epe ™™ + ... + hoc.| . [A.22]
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After extracting out the terms oscillating at the probe trexacy we find the Fourier component of

the polarization,

P,=2Nh |cg|2 a,Ep + ¢ C 01t ¢ CQC;bZE(;le_i‘S“?t
+ el fiplp + el fapEp| [A.23]

Applying the rotating frame introduced in Eq. (A.14), wengilnate the slowly oscillating terms in

the probe polarization
P, = 2NN | [6,” a,E, + 648 biEc1 + E28ibalion + 1617 fiplp + |Gl fopln| - [A24]

One of the key assumptions we make is that the majority of thmulation remains in the
ground state and there is negligible population in the Ranetesbecause the system is far-off
resonant and the probe beam is weak. The last two terms ilAEfft)(may be neglected under the

assumption,

* o
CgCy ~ 1,
e < 1

oy K 1 . [A.25]

After plugging in the steady state probability amplitudeandé, from Eq. (A.16) into Eq. (A.24)

we have

161]% [Ec1]?
2 [duy — A=A (4 L))
12| [Eca|? )5

To compact the notation and rewrite the polarization exgoesin a format resembling a com-

P, =2hN (ap +

[A.26]

plex Lorentzian, we define the quantities

~ - A
Swi = Ow — Re(;) 7
5(1}2 = 5&)2 — 7R€(FQ — A)



108

- Im(F
M1 o= M+t é 1) )
- Im(F

The terms™2=4) and #2=4) physically correspond to ac stark shifts of the system'sliethat

are proportional the intensity of the laser fields. Simylahle terms™{") and /™{"2) correspond

to power broadening of the level line widths.
Using the relationP, = ¢,x¢&, with Eq. (A.26), we can find the susceptibility of the medium

for the probe wave,

2hN by|? byl?
= ap+—~‘ 1 — |5c1\2+—~| 2 — N [A.28]
€0 2 [5w1 + 171} 2 [5602 - 272}

XE

A.2 Six level system for negative refractive index

The derivation of the refractive index in the Raman crosptailischeme follows very simi-
larly to the derivation of the far-off resonant Raman systéiova, however there are additional
magnetic resonance terms. We begin by expanding the wae&duarof the 6 level system in the

interaction picture:
V) = cyexp(—iwgt)|g) + c1 exp(—iwit)|1) + co exp(—iwst)|2)
+  pexp(—iwpt)|m) + cq exp(—iw,t)|a) + cp exp(—iwyt)|b) . [A.29]

The total Hamiltonian of the system is the addition of theenyrbed Hamiltonian and the inter-

action Hamiltonian, given by:

Hy = hwgylg)(g] + hwi|1) (1| + hwa|2) (2] + hwy,|m) (m| 4+ hw,|a) (a] + hwy|b) (b]
Hye = —d€ — iB = —dgu€lg){al — dyp€lg) (b] — dia€[1){a] — d€2) (0]
—pgmBlg)(m| — pamB|2){m| + h.c. [A.30]

whered andy are the electric and magnetic dipole transition matrix eets, respectively. The

electric and magnetic field§,and3 are expanded in Fourier components,

g = Re {gpe—iUth + gcle—iWC1t + gc2e—iw(j2t} 7
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B = Re{Bye “rt 4 By, e wmt . [A.31]
p

With these definitions for the Hamiltonian and the electnd enagnetic fields, we use the Sgtimger

equation and adiabatic elimination of the excited stateldinaes to derive the simplified rate equa-

tions:
) 1 i . i . 1 »
¢g = =Acy+ -De bt 4 - Boe 0wty 4 Qe st ,
2 2 2 2
. { * 10wt i
¢ = =DBje Cy + sFiep —me
2 2
. i * _i0wat i i —idwqt
¢, = =Dje cg + =Foco + =Qgpe Cm — Y2C2
2 2 2
G = 5Q;,nca“5°“3tcg + §Q§me“§““tcm — YmCm [A.32]

where we have introduced the detunings,

dwy = (w1 —wy) = (wer —wp)

dwy = (wy —wy) — (Wp —we2)

dwp = (Wm —wg) —wp

dwo = (Wm—w2) —wom [A.33]

and the magnetic transition Rabi frequencieg,, = g, 8;/h andQay, = popB33,,/h.
To suppress the oscillating terms of these equations, wlg apmitary transform to a rotating

frame by the substitution:

Re(A)

cqg = 5gei( 7 )t ,

o = GellatiF

S 52@(%%%)15 7

O = et i [A.34]

which re-expresses the rate equations as:

. Im(A)_ T T . 1 _
Cqg + 2()09 = 53161 + §B262 + iﬁgmcm s
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[ Re(Fy — A)| . Im(Fy)| . T,
c1+1 [5001—(12)] 1+ l%—f— é 1)1 &1 = -Bi¢
: Re(Fy, — A Im(F: ) ) ,
Co+ 1 |dwg — M Co+ |72 + miF) Cy = 13569 + EQ2m€l(6wlgﬂswﬂ_ém)tém )
2 2 2 2
= . Re(A)| . ~ i*~ Z* —i(dwp—dwn—dw2)t ~
Cm t+ 1 l&ug + 2< )] Cm + YmCm = §ngcg + §nge (Owp—dwa—dw2)ts,
[A.35]
For simplicity we impose the condition,
dwp = dws + dwq [A.36]

to eliminate rotation of the magnetic resonance of the aogfgdeam{2s,,,.
We find the steady-state values for the probability ampdituih terms of, by setting deriva-

tives equal to zero and algebraically solving for:

y { B; }~
a = e(Fy— . m ¢ )
L O T e
- 2B; [0ws + 244 — iy| + Q0 )
CQ RE(FQ_A)_i (72+M) Cg 9
4 [5&.]2 — 5 : ] [(5608 + @ - Z’Ym} - ’Q2m’2
5m = { Q;m
2 [pus + P8 i, ]
.\ B3,
Re(A) g _ RG(FQ*A) _ |92m|2 4 Im(FQ)
4 [&ug + = wm} {5&)2 5 P —— [ (72 + = )}
2 )=
+ ‘QQm‘ ng }5
Re(4) . 12 _ Re(Fo—A) Q|2 o Im(F) g
8 [&ug + = Z”ym} [(5w2 - (ot BT l (72 + == )

[A.37]
The polarization and magnetization of the system are giyahdquantum expectation values,

Wpldly
M(t) = N@|ply) . [A.38]

P(t) = N

PSS
~_—
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Following the method used in the above, the adiabaticaliyie&ted probability amplitudes of
the excited electronic states are used to simplify the malion and magnetization expressions
resulting from Eqs.(A.38). The probe beam Fourier comptmehthe polarization and magne-
tization, P, and M,, respectively, are found by truncating these expressiomsciude only the
terms oscillating near the probe frequency. These reduvqa@ssions for the Fourier components

in the rotating frame are given by,
P, = 2Nh[ 165 a,Ep + CyibiEct + acibalon + |1 f1pEp + |G fopls|
M, = 2N {czncéugm + cincéuzme”'””t . [A.39]

Again, we assume the majority of the population remainsergttound state and there is negligible

population in the other states, such that

o
Q*
Q
—_

ac < 1
ey <1
CmCr, L1 . [A.40]

We then neglect the small terms in thp and M, and equate them to the definitions of the polar-

ization and magnetization in terms of the polarizabilitgffiwients giving,

1

2O (ay |8g[* €, + b1EgE1Ec1 + bafyiabien) = N (aeely + agsBy)
Mp = 2Né;émugm =N (Oégggp + aBBBp) . [A41]
The cross-coupled polarizability coefficients can be foop@lugging in the steady-state prob-

ability amplitudes of Eqgs. (A.37) into Egs. (A.41) and theapeopriately factoring out the probe

electric and magnetic field amplitude®, and3,,. Thus the coefficients are given by:

Bl e h ool |Eca
= 2h =
cee E (6 + i (ma + 202 " [5&}2— % —z'(w“"g@)]
A |:ugm|2 :
- B Q2m |
h <5w8 Wm) 4(5L2i(“/22+1m(2F2)>)]
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o bzl'bgmgCQQZm
B = - - . ' ~
2 (B + —im) [ = el = (222
ags = D3 1tgmEEr 23, A4
2 (65 — im ) | — l22ml s (o, - T2
B TYm 2 4(5“)8*’5%11) Y2 5

where we have introduced a simplified notation for the detgsithat includes the AC Stark shifts,

5(:)8 _ 5(,(}3 + R€2(A> 7
Sw; = Swy — RdFlz_A) ’
5oy = by R 4) [A.43]

2
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Appendix B: Index of refraction in a magnetoelectric cross cod
pled system

B.1 General wave equation in cross coupled media

In most materials polarization occurs in response to aniegmlectric field and similarly
magnetization in the presence of a magnetic field. Howevessecoupled materials do exist that
become polarized in a magnetic field and magnetized in atrieléield. Materials such as these
are related to aspects in physics and chemistry such asabpttivity or rotation, where linear
polarized light experiences a rotation as it propagatesutitr the material. To account for these

cross-coupled behaviors the constitutive relations afib@ropic media given by,
— _ — ]_ —_ —
P =eyxe€ + 25587'[ ; [B.1]
— 1 — — —
M= —CEgel + xXsH [B.2]
CHo
present a more general treatment where the polarizatidndes a magnetic field term and the
magnetization includes an electric field terf.andy s are the electric and magnetic susceptibility
tensors andsz andé e are the magnetoelectric coupling (chirality) coefficieidors.

The index of refraction of a medium is defined by the ratio oéttromagnetic wave’s phase

velocity to the speed of light in a vacuum,
n=-— . [B.3]
To determine the phase velocity of a wave propagating in amahtve consider a plane E-M wave,

(1) = EFmet) & =g
ﬁ(t) = %oei(E'F_wt) . Ho=Hobn . [B.4]

e

and use Maxwell’s equations in matter for the curl of the geld

- o -
Vx€& = —EB ,
v = 25 [B.5]

ot
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The material fields include the polarization and magnetmaierms according to the constitutive

relations

-]l
I

— — — — ]_ — —
€€ + P = €€ + gxe€ + Eng’H ,

oM
I

.. L1 . .
Ho (H + M) = poH + 25355 + poXsH . [B.6]

After introducing the relative permittivity tensof,= 1 + ¢, and relative permeability tensor,

i = 1+ x5, the material fields may be factored as,

— — ]_ —_ —
D = 6065 + gggBH 5

]
I

L1
MoﬂHﬂLEstg : [B.7]

Then we plug these material field expressions into Maxwellis relations from Eqg. (B.5), giving

— 8 — 1 — —
VxE = —— (,uo,a?-[ + §355> :
ot c
— — 1 — —
v = 2 (6065 + ggBH) . [B.8]
ot c

The space and time derivatives of the curl relations can Henpeed for the plane E-M, we defined
in Egs. (B.4), by the transformatioRgx — ik x and% — —iw, Which give
‘ . I
ik x& = ww (MOMHO + CfBS(%) ; [B.9]
I
ik x Ho = —iw (60580 + Cﬁglg%o) . [BlO]
These expressions can be rearranged to group the commotefigisl as
7 - - Wz \ @
whopHo = (k‘ x1— Cf&s) & [B.11]
—WEQESE) = (E x 1 + ifgg) 7'_[0 . [812]
Using Eq. (B.11) we solve for the magnetic field term,

— 1 — — — —
Ho= ——i (Fx1-2e) & . [B.13]
Wto c
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and then plug this into Eqg. (B.12) to find the expression

ey = —

(Exi+i&@u*(éxi—ﬁ@gé;, [B.14]

w2€g o
solely in terms of the electric field term. Thus we now havefthal wave equation governing

propagation in a magnetoelectric cross-coupled mateyiian by
_ c» - = __1({Ccy < = =
{e+(wk><1+§gg>u (wk:xl—&gg>}80:0 | [B.15]
In order to determine the refractive index of the materialmigst find a wave vectovg, which

satisfies this propagation equation for a given field poddign vector,és. Finding a general

solution fork presents a difficult task.

B.2 Circular polarization solution in cross coupled media

Following the suggestion of Fleischhauer et al. [62], wesider the case of a circularly
polarized light wave propagating in a material with mageé&gotric cross coupling. For simplicity
we take the permittivity and permeability tensors to beriguit, e = €1, i = p1, and we consider

a wave propagating in thez direction with wave vector,
k=ke,=| 0 . [B.16]

If we assume the cross-coupling tensérs andéze are diagonal in a circular polarization basis,
{é,,é_,e.}, whereéy = (é, +1ié,) /v/2, then

(s+&s) /2 —i(&s—&m)/2 0
Ees=|i(&s—Gs) /2 (s+&s)/2 0 | [B.17]
0 0 §én

and similarly foréze.
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We consider a right circularly polarized wave given by

1
Eo =& = —= | —i , B.18
0 0€ \/5 7 [ ]

0

and plug the wave vector of Eq. (B.16) into the propagatioragqn of Eq. (B.15). This gives

0 0 1
- c . c . &o
1 — 1 — 1-— — | —5 | =0 . B.19
epl + - 0 | Xx1+&s - 0 | X §Be NG i [ ]
k. k. 0

After performing the appropriate vector operations thigression reduces to

1
{ +<'Cl~c+§>('ck—§>} =0 [B.20]
T\ PR es )\t o l= BE - | =YV :
0
from this we can extract the scalar expression,
+ <¢Ck— e ) (zck— _ & ) —0 [B.21]
eH R EB T BE| — : .

With the reduction of the wave vectok, to a scalark;, we can determine the wave's phase

velocity v~ = ;=. Thus the refractive index for a right circular polarizatis given by,

nm=kr S [B.22]
W
which we substitute into Eq. (B.21). This results in the ezpien,
ep+ (in_ + 55_6) (in_ - §§5> =0 . [B.23]

We now arrive at the formula,

— ~\2 .
= \leu _ (et tee) 2585) +5 (G —Gae) [B.24]
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for the refractive index in a magnetoelectric cross coupiatkerial for a right circular polarization.

A similar analysis for a left circular polarization will rel in the expression,

n+:$eu— (ng‘Fng)g i

. 5 (s — ) [B.25]

These refractive indices are some times referred to asl ¢chiti@es because the refractive index

depends on the “handedness” of the circular polarization.
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Appendix C: Density matrix of Raman negative index system

C.1 Density matrix equations

In order to numerically time evolution of coherences we @ersa density matrix formalism
for the system. We express the quantum state of the systerpuas atate vector:
T
W) =1c, a1 o cm ca @ : [C.1]
with 3=, |e;|> = 1. Noting that a coherence is defined@s= c;c;*, the density matriy is given

by

Pgg  Pgl  Pg2  Pgm Pga  Pgb
Pig P11 P12 Pim  Pla  Plb
P2 P21 P22 P2m P2 P2
p=l)ul=| - [C.2]
Pmg Pm1 Pm2 Pmm Pma Pmbd

Pag Pal  Pa2  Pam  Paa  Pab

Pbg  Pb1 Pv2 Pbm Pba P

The time evolution of the density matrix is given by

p:_;;b[]—Lp]_;{F’p} ) [C.3]

whereH = H, + H;,, is the Hamiltonian matrix antl is the decay matrix of the system given by

% 0 0 0 0 0
0O v 0 0 0 0

L0 0 000 .4
00 0 7 0 0
00 0 0 I, 0
00 0 0 0 Ty|




The unperturbed Hamiltonian is

0 0 0
hw; O 0
0 hAwy, 0
0 0 ~wpy,
0 0 0
0 0 0

0 0
0 0
0 0
0 0
hw, O
0 TJuwy

119

: [C.5]

and the interaction Hamiltonian 13;,,, = —d& — uBB, whered andy are the electric and magnetic

dipole transition matrices, respectively, given by

o o O

d*

ga

d*

L “gb

0
0
0
Hgm
0
0

0 0 0 dy dy
0 0 0 dygy 0
0 0 0 0 dy
0 0 0 0 0
0 0 0 0
0 dj 0 0 0
0 0 fign 00
0 0 jum 00
0 0 jiom 0O
i 1o 000
0 0 0 00
0 0 0 00

: [C.6]

[C.7]

A general expression fat;,,; is tediously long when thé and5 are expanded in Fourier compo-

nents,

= Re {Spe’iwpt + Eppe et che”'”@t} ,

B = Re {Bpe_iwpt + BQme—iwzmt}

[C.8]
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We use the rotating wave approximation to redufg;, such that only the relevant field terms

remain and introduce the Rabi frequencies,

d,oEX dg&s di.&, daw&é
0 . = ga“Cl1 O, = 90~p 0 W= p _ C2
g A ) gb A ) 1 A ) 2b A )
MHWB; N’lmB;m /’Lsz;m
Q m ’ Q m = ; Q m ) C.9
g h 1 h 2 h [ ]
and express the interaction Hamiltonian matrix:
- 0 0 0 ngeiwpt aneiwmt ngeiwpt 7]
0 0 0 leei“”mt Qlaeiwpt 0
h 0 0 0 Oy, eiw2mt 0 Qqpetvet
Hing = —5 | | o ” [C.10]
2 szefuupt Qimefuugmt Q;mefuugmt 0 O 0
Qpewert Qf emert 0 0 0 0
| Qe 0 Q5 e~ we2t 0 0 0 |

We transform the Hamiltonian to a rotating reference frameding a suitable unitary trans-

formation matrix,

[ piwgt 0 0 0 0 0 |
0 el(wer—wptwg)t 0 0 0 0
0 0 eilwp—weatwg)t 0 0 0
U= ‘ [C.11]
0 0 0 etwptwg)t 0 0
0 0 0 0 ilwertwg)t 0
0 0 0 0 0 eilwrtwo)t |

With this transformation to a rotating frame, we suppressesilations in the time evolution of
the system and improve stability of numerical integratiorthis rotating frame, the state vector is

given by,
WY =Ulpy=| ¢, & & ém & & | [C.12]

and we have the transformed Hamiltonian given by,

~ oUt
H = U(Hy+ Hip) UT—mUW
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0 0 0 Qgm Qo Qg
0 —20w; 0 Qi Na 0
- _Z QO QO _55 N —ZZ) 2 Qo2 N 43

om Im om B

O, Q1 0 0 —20w, 0

Q0 s, 0 0 —20w |
where the detunings are defined as:

bwr = (w1 — Wg) — (wer — Wp) )

dwy = (wa —wy) — (wp —we2)

dwp = (Wm —wy) —wp

dwy = (Wa—wy) —wer

Swp = (wp—wg) —wp [C.14]

We solve for the time evolution of the system by plugging tharitonian from Eq. (C.13)
into Eq. (C.3), resulting in the matrix, where each element is the rate equation of a coherence.

For our 6 level system this results in a set of 36 coupled ffgal equations, which are:

Pog = —obgg+ 1;(1,5@@ + I;bﬁbb + 71011 + V2022 + YmPmm

+ ; P + PaQa + B — hoc|
pp = a0 — Ao+ i+ a0+ Pi]
p = R 0 Ot B+ P+ 0]
5gm _ i20wp — ;7m + ’Yg>ﬁgm

+ ; [=Pg1 Um — Pg22m + (Prm — Pgg) Lgm + PpaSloa + PrpSlgp]
o = e e t PO+ (s — ) Qg+ ]
Py = 20w — érb T ’yg)ﬁgb + ; [— P92 + Pt gm + (Pob — Pgg) Qgp + Pabga)
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- ~ Fa ~ I_‘b ~ i ~x ~%
P11 = —NpPu+ 3 Paa + 3 Peb + B} (D1 S0m + Plaflia — hoc]
3 i2 (0wy —0wy) — (M +72) . i, ., - e~ o
P1a = 5 P12 — 5 [—szﬂlm - PzaQIa + leQ2m + pleQb] )
- i2(0wp — dwi) — (71 4 Ym)
Pim = 2 Pim

1 . s - s
+ 5 [(pmm - /)11) le + pmaQIa - p1292m — Pglggm} y

P 5wl2) 00 YO PR ; [(Paa = 711) Q1 + P — G Qa]
5 - i2 (6wp — 5w12) —(n + Fb)ﬁlb + ; [ﬁmelm + Papla — Pro€day — ﬁ;ngb} :
oo = —YeP22+ l;aﬁaa + I;)b,abb + ; [D3mQom + papS2p — hoc]
5= i2 (dwp — 5wz>2) — (72 + Ym) o

L o — 522) o = a4 a0 — Q]
5 = i2 (dw, — 5a;22) — (12 + Fa)ﬁ2a + ; [—ﬁ]}Qla + PmaQlom + Py Qap — ,5;299&} :
5 20— 5w22) —(etly), ; (P — 722) Qan + Bt — 5]
Prm = —VmPmm + ; [ﬁlmmm + P28 + PgmSlgm — h-c-} :
5 i2 (dw, — 5w32) — (Ym + Pa)ﬁma
1+ B = 5200 — B+ ]
5= i2 (dwp — 5w32) — (Ym + 1) B
L [P+ P — 2D~ 5 ]
poi = Tafat g [PraSha oy, — e
50— i2 (0wp — 5wa2) —(Te+ Fb>ﬁab _ ; {_plbma + P5aS22b — PS5, + ﬁ;anb} :
Pw = —Lupw+ ; 52y + 2y — hc] [C.15]

The remaining elements of titex 6 density matrix can be found using; = p7;.
To ensure a closed system with population conservation, ave hssumed equal branching

ratios for decays from the excited electric stat@sand |b) to the stategg), |1), and|2) and
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included the appropriate population transfer terms in EQ4.5). This is verified by,

0 . N . . . _ -
. (ng + P11 + P22 + Pmm + Paa + Pbb) = —Y¢Pgg > [C16]
ot

where decay of ground state is the only mechanism for papuléb leave the system, which we
will assume to be zero.

For a given set of system parameters, we numerically intet¢jna coupled system of Egs. (C.15)
with the initial condition that the atoms start in the growstate,5,, = 1, and the lasers fields are
off and gradually turned on to full power. We use fourth-oréinge-Kutta as our numerical
integration algorithm and integrate in time until steadtestalues are reached for the coherences.

We proceed to solve for the various polarizabilities of thetem by determining the polariza-

tion and magnetization, respectively, as

P(t) = N(@d¢) =N (Jldld)
M(t) = N@luly) =N (@) . [C.17]

In the rotating frame the dipole transition matrix are giasin

0 0 0 0 dge et dge it |
0 0 0 0 dige it 0
d=UdUt = 0 0 000 dyemedt . [c.18]
0 0 0 0 0 0
dgeert di et 00 0 0
| At 0 dyeet 0 0 0
0 0 0 fgme™ =t 00 ]
0 0 0 e Zep—we)t g
o Ut 0 0 0 flome— ezt 00 C.19]
[ €7 ke epmwen)t e giweat 0 0 0
0 0 0 0 0 0
0 0 0 0 00 .|
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In general the polarization and magnetization are longesgons with many terms, however
we are only interested in the probe beam frequency Fouri@pooents,F, and M,. By noting
that

2P(t) =Y Pye ™t 4 prefont
2M(t) =Y Mpe ™' + Mie™nt [C.20]

we can solve forP, and M, by extracting all the terms dfP(¢) and2M/(t), respectively, that
include the oscillatior =%,
We take the polarization and magnetization in the rotatiage by plugging Egs. (C.18-C.19)

into Eq. (C.17) to find the probe Fourier components in termb®Bystem coherences:

P, = 2N (ﬁiadla+ﬁ;bd9b> )
M, = 2N (Fputigm) - [C.21]

Using the definition of the polarization and the magnetoratn a cross-coupled medium:

Pp = N(Ozgggp + agBBp) s

Mp = N(Oé[gggp + OéBBBp) , [C22]

we wish to solve for the polarizabilitiesyes, aps, ass, andage in terms of the numerically
computed steady state coherence values. By relating Eqdl)(@ith Egs. (C.22) we have the

relations:

2 (ﬁiadla + ﬁzbdgb) = oage&p +agpb,

Qﬁ;mﬂgm = Oégggp + OéBBBp . [C.23]
C.2 Isolating electric and magnetic dependencies of coharees

To numerically determine the polarizabilities we follovetimethod used by Fleischhauer et al.

[62]. In general the coherences of the LHS of Eqgs. (C.23) anetions of both the probe electric
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and magnetic field amplitudes,

ﬁia = k(8p7BP) ’
ﬁ;b = l(€p>Bp) )
Pon = m(EpB,) [C.24]

and the polarizability coefficientsy;;, are functions of both field amplitudes as well. Examining
the relations of Eqgs. (C.23), it appears difficult to uniqusgparate the electric and magnetic
field dependencies of the numerical LHS, such that we maytegbase to the corresponding
polarizability factors of the RHS. A unique separation ofdependices of the numerical LHS can
performed as follows by first expanding the functignd, andm in a power series of the field

amplitudes:
k(€ B,)) = Y k& B
irj
L(&y),B,) = ZlijS;Bg :
7‘7.]

i,

We note that because we are only considering the polanzatid magnetization oscillating at the
probe frequency;~“r?, there must physically be only terms in the power seriesféztire an odd
number of field amplitudes, e.g.+ j is an odd integer. This is because in the dynamics of the
coherences, each appearance of a probe field term includesilation factor of eithee~“»* or
e“rt, which result in odd numbers of field terms oscillating at phebe frequencyy,, and even
numbers of field terms being static. Since an odd number af éiglplitudes can only result from
an odd power o€, with even power of3, and vice versa, we can split the power expansions of
Egs. (C.25) as:
k(6B = S RSIE B &, + X KEIE |B, B,
4,7 2y}
LEB) = SIEIE B, &+ S 151E,|B, B, .
1,j %,J

m (£, By) = Y m5 & BY &+ Y mE 6P B,[Y B, . [C.26]

,J ]
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After plugging the split behavior Egs. (C.26) into relatiafi&gs. (C.23), we can uniquely separate

the electric and magnetic dependices to solve for the allaility coefficients:

ace = 2 |di (zk &/ |Bp|2f>+dgb (Zl;-i- & |Bp|2j) ,
L v Z

1,5

aes = 2 |di (Zkg |5p|2i|8p|2j>+dgb (Zzg |5p|21|8p|2j) :
L 2,7 p

1,J

% 25
age = 2 |[flgm (meg |gp| |Bp| j) )

1,J

ass = 2 |lgm (Zm?j FA |Bp|2j) . [C.27]

irj
To solve for the split power series terms we make use of therstny properties of the odd

functions in Egs. (C.26), and note that by changing the sighefield amplitudes we have:

1

Z kzi ‘gp‘zi |Bp|2j = 28 [k (Spv Bp) +k (gpa _Bp)] )
i P
i ; 1
SRGIEIT BT = o k(& By) + k(=85 B,)] [C.28]
0,7 P

and similarly for the expansions é&andm. To compute the functionk, [, andm with negative
field amplitudes we are required to numerically solve thesdgmatrix dynamics of Eqgs. (C.15),
but change the sign of the corresponding probe electric gnete field amplitude parameters in
the computation. Thus we have to numerically solve the systolution for three case¢f,,, B,),
(=&, Bp), and (€, —B,), in order to separate the electric and magnetic dependim$ence

numerically compute the polarizability coefficients:

dgb [l (gpv Bp) + 1 (gzm _Bp)] + dia [k (5127 Bp) +k (gzn _Bp>]

Qege = g )
D
o _ dgb [l (5117 Bp) +1 (—Ep, Bp)] + dy, [k (gm Bp) +k (_gm Bp)}
EB - B bl
D
a _ :ugm [m (g;m Bp) +m (gpv _Bp)]
BE — 8 )

hS]

. Mgm[m(sp,l%p;m(—gpﬁp)} . [C.29]

bS]
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Appendix D: Distributed Bragg reflector via refractive index en-
hancement

D.1 Periodically varying refractive index

In our suggestion for an all-optical mirror, we create a @digally varying refractive index
for the probe beam in a could of atoms by exploiting the intgrdependence of non-linear sus-
ceptibility, x®|&|2. Two counter-propagating control beams on the z-axis fostanding wave

spatial interference pattern:
gtot ( ) _ gcei(kcz—wct) + 5cei(—kcz—wct)
= Eee ™' (2cos (kez)) . [D.1]
The time averaged intensity of the control beam fields is ebgerspatially varying function,

> 2\56\

cos? (kez)

Io(z) = <‘ Stot

= @—l—ﬁcos (2kez) . [D.2]
Ui n

Thus there is a periodic variation of the refractive indegaading to the

n(z) = ny+nole(2)

Imaw Ima$ 2
= ni+ e’ 5 + e 5 cos </;Tz> , [D.3]

where we have introduced the periodicity,= l)\c by plugging the wave numbeéf = 2—” into
Eq. (D.2) and[*** = 2‘5‘7' . We separate the static and varying parts of the refraaudex as

n(z) =ng+ An(z), Where

Imam
nNg = n1+n226 5
[’max 2
An(z) = n22c cos<£z) . [D.4]

The refractive index of the probe beam is related to the gawity by

— et Ae(z) = 1+ xO +y® g ()] [D.5]
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By using Egs. (D.4-D5) and assumingk 1, we have

1
1+ =@
+ o X ;

1
An(z) ~ oxXP I (2)]

S
2

2

) [D.6]
By noting in Eqn. (D.5) that\e (z) = x®) |€* (z)|* and the relations faf\n (z) in Egs. (D.4) and
(D.6), we find that

Ae(z) ~ 2An(z)

2
~ nolp cos (Iz) , [D.7]

giving us the spatial variation of the permittivity in the diem.

D.2 Coupled mode theory

The translational symmetry periodicity of the permityyit (z) = ¢(z + A), resulting from
the periodic intensity pattern, allows us to use the couptede theory of Yariv and Yeh [164].
The permittivity can be written as a Fourier expansion,

2
Ae(z) = Z €m €XP (—z’mﬂz) , [D.8]
m##0 A

wheree,, is the coefficient of the m-th mode. For the system we are denisig, the periodic

perturbation of the permittivity given in Egn. (D.7) can beeessed as

]mam 2 2
e 2c {exp <_i/§TZ) + exp <z;z>} , [D.9]
where we find the coefficients | = ¢; = m218™ and take all other coefficients to be zero.

2
The interference of the multiple reflections and refractiohlight due to the periodic varia-
tion of the permittivity cause the medium to behave as aidiged Bragg reflector. The power
reflection coefficient of a distributed Bragg reflector is gisy [164]:
K*k sinh? (sL)

R= , [D.10]

3
52 cosh? (sL) + (%) sinh® (sL)
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wherelL is the length of the medium. The parameters given by

2
AB = 2k,cosf — XT ,
WEMO/KO
K = €m
2kq cos 8
kO = nowp )

c

s = \IH*K_(A2B> , [D.11]

contain the angular dependenégthe periodicity,A, and the magnitude of the variatias,.
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