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Introduction

Coherent propagation of light
pulses in dense atomic media has
been extensively studied in 70's and
80’s, and is now a well established do-
main in optics. In limit of monochro-
matic waves, and for weak light fields,
the response of the medium is de-
termined by the linear susceptibil-
ity that describes the absorptive and
dispersive properties of the medium.
For strong fields, non-linear phenom-
ena like optical bi-stability, intensity-
dependent refractive index, satura-
tion induced transparency appear
[Boyd92, Allen75]. However, it is
often true that the both the disper-
sion and the non-linear response ef-
fects are masked by the strong linear
absorption. That is why, the tech-
niques that can modify the optical
response of the system, and get rid
of strong absorption at resonance,
have received a lot attention in the
last decade and a half. Spectacu-
lar experiments have been performed
and have given birth to new re-
search fields in physics. Slow, stored
and fast light [Milonni02, Milonni05,
Fleischhauer05], and giant Kerr non-
linearity [Schmidt96, Kang03] are
some non-exhaustive examples. In
parallel the tailoring of the optical

La propagation d’impulsions lu-
mineuses dans des milieux atomiques
denses a €té étudiée intensivement
dans les années 70 et 80, et représente
actuellement un domaine bien connu
de ['optique. Dans la limite d’une
onde monochromatique peu intense,
la réponse du milieu est déterminé
par la susceptibilité linéaire qui décrit
les propriétés d’absorption et de dis-
persion du milieu. Pour des champs
intenses, des phénomenes non linéaires
tel que la bi-stabilité optique, [’effet
Kerr dynamique, [’autofocalisation,
la transparence induite par satura-
tion apparaissent [Boyd92, Allen75].
Cependant, il est souvent vrai que
les propriétés dispersives et les ef-
fets dus a la réponse non linéaire
sont masqués par la forte absorp-
tion. C’est pour cela que les tech-
niques permettant de se débarrasser
de la forte absorption a résonance
ont recu une attention particuliere
ces quinze dernieres années. Des
expériences spectaculaires ont été
menées et ont données naissance a
de nouwveaur domaines de recherche
en physique. La lumiere lente, ra-
pide, stockée [Milonni02, Milonni05,
Fleischhauer05] et effet Kerr géant
[Schmidt96, Kang03] en sont quelques
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response has given rise to negative
refractive index physics [Pendry00,
Shelby01] which is very promising for
realizing a perfect lens. Part of the
present thesis deals with the propa-
gation of light pulses in atomic me-
dia whose optical response has been
modified.

For ultrashort pulse, the propaga-
tion effects are entirely different than
for the long pulse regime. The key
element in their propagation is con-
sidered to be the McCall&Hahn the-
orem [McCall67, McCall69]. It states
that the pulse area saturates with the
propagation. In strong pulse regime,
the theorem led to theoretical stud-
ies and experimental realization of a
lot of interesting phenomena. Break-
up of large pulses into smaller ones
[Gibbs70, Lamb71, Slusher72], pulse
(self) compression by coherent ab-
sorption [Gibbs71], and self induced

exemples. En parallele, la mise en
forme de la réponse optique a donné
naissance a la physiques des milieux
a indice négatif [Pendry00, Shelby01]
tres prometteur pour la réalisation
de lentilles parfaites. Une partie de
cette these traite de la propagation
dtmpulsions lumineuse dans des mi-
lieux atomiques dont on a modifié la
réponse optique.

Pour des impulsions ultracourtes,
les effets de propagation sont entierement
différents de ceux obtenues en régime
dimpulsions longues. L’élément clé
dans cette propagation est le théoreme
de McCallésHahn [McCall67, McCall69].
Celui-ci indique que ['aire de lim-
pulsion sature durant la propaga-
tion. En régime d’impulsion intense,
le théoréme a conduit a des études
théoriques et a la réalisation expérimentale
de nombreux phénomenes intéressants.
La fragmentation d’impulsions larges
en de plus petites [Gibbs70, Lamb71,
Slusher72], l'auto-compression de l’im-

transparency [Gibbs70, Lamb71, Slushepi@sion par absorption cohérente [Gibbs71]

Patel67, Crisp69, Patel70] are some
to name. In the weak field regime
the theorem predicts vanishing pulse
area with the propagation distance
and has been studied theoretically

et la transparence auto-induite [Gibbs70,
Lamb71, Slusher72, Patel67, Crisp69,
Patel70] en sont quelques exemples.
En régime de champ faible, le théoréeme
prédit la décroissance rapide de ’aire

[Crisp70] and experimentally [Rothenberg8&impulsion au cours de la propa-

Weak ultrashort pulse develop strong
oscillatory structures during propa-
gation to satisfy the vanishing pulse
area while maintaining pulse energy,
as the significant absorption of the
ultrashort pulses can not take place
[Eberly81, Felinto04, Dudovich02,
Kallmann99, Christov98, Bouchene92,
Arlt97a, Arlt97b, Avenel83]. An-

gation, et a €té étudié théoriquement
[CrispT0] et expérimentalement [Rothenberg84).
Puisque aucune absorption significa-
tive ne peut se produire pour des im-
pulsions ultracourtes, les impulsions
ultracourtes et de faible intensité
présentent des structures fortement
oscillantes durant la propagation afin
de satisfaire a la double condition



other part of the thesis deals with
the propagation of ultrashort pulses.
The propagation effects can be used
to probe the atomic dynamics as the
two are coupled (through Maxwell
Bloch equations), and in the oppo-
site sense, the atomic dynamics can
be adjusted (by a strong field) to pro-
duce the desired shaping effects. This
phenomena in both respects will be
presented with the study of propaga-
tion effects in strongly driven atomic
media.

The study is also the continuation
of the research being carried out in
the lab by M. A. Bouchene and co-
workers. Propagation effects experi-
enced by the femtosecond pulses and
the control of these effects have been
studied. It has been shown that the
propagation effects can be compen-
sated for by using a pulse-shaper that
introduces the phase on the spectral
components, opposite to the one in-
troduced by dispersion [Delagnes07f].
The propagation effects have been
used to probe strongly driven transi-
tions [Delagnes04], and to study the
gain-dispersion coupling induced by
the transient light-shifts in a driven
two-level system [Delagnes07c]. Fi-
nally, the double two-level system —
for which the modification of the lin-
ear response in long pulse regime will
be presented in the present thesis —
has also been studied in ultrashort
pulse regime. The coherent control of
the medium gain and the pulse shape
[Delagnes07b], the influence of time

d’aire nulle et d’énergie lumineuse

constante [Eberly81, Felinto04, Dudovich02,

Kallmann99, Christov98, Bouchéne92,
Arlt97a, Arlt97b, Avenel83]. Une
autre partie de cette these traite de
la propagation d’impulsions ultra-
courtes. Les effets de propagation
peuvent étre utilisés pour sonder la
dynamique atomique puisque les deux
phénomenes sont couplés (a travers
les équations de Mazwell), et en sens
opposé, la dynamique atomique peut
étre agustée (par un champ fort) pour
produire [’effet de mise en forme
désiré.

L’étude que nous avons mené est
aussi la continuation de travauz de
recherche antérieurs menés au sein
du laboratoire par M. A. Bouchene
et ses collaborateurs. Les effets de
propagation subis par des impulsions
femtosecondes et le contrile de ces
effets ont été étudiés. Il a été montré
que les effets de propagation pou-
vatent étre compensé en utilisant un
dispositif type “pulse-shaper” qui in-
troduisait une phase spectrales opposé
a celle de la dispersion [Delagnes07f].
Les effets de propagation ont été
aussi utilisé pour sonder des tran-
sitions fortement couplés optique-
ment [Delagnes04], et pour étudier
le couplage gain-dispersion induit par
les déplacements lumineux dans un
systeme a deuxr niveauxr couplé au
rayonnement [Delagnes07c/|. Fina-
lement, le systeme a deux niveauz
double — pour lequel la modifica-
tion de la réponse linéaire en régime
d’impulsions longues sera présenté
dans cette these — a €té aussi étudié
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delay [Delagnes07al, and the spin or-
bit effects [Delagnes07d] have been
studied.

The organization and the con-
tents of the next Chapters are as fol-
lows.

In Chapter 1, I present the light
interaction with a two-level atomic
system in both long and ultrashort
pulse regime. I will discuss the ba-
sics of propagation effects for the two
pulse-duration regimes and derive
the expression for the light group-
velocity. The Chapter will also be
used to establish the formalism and
the notation that will be used in the
latter Chapters to discuss various re-
sults.

Chapter 2, deals with the strongly
driven two-level system in ultrashort
pulse regime and the probing of the
system through resonant propaga-
tion effects. Strongly driven two-level
systems have been extensively stud-
ied and the basic characteristics like
Rabi oscillations [Rabi37, GibbsT73],
adiabatic following [Grischkowsky73,
Grischkowsky72], and Mollow triplet
[Mollow72, Wu77] have been estab-
lished in 70’s. The features that
interest us are light-shifts and non-
adiabatic transitions introduced by
strong non-resonant pulses and de-

en régime dimpulsion ultracourtes.
Le controle cohérent du gain du mi-
lieu ainsi que la forme de l'impulsion
[Delagnes07b], linfluence du retard
entre impulsions [Delagnes07a/ et les
effets de spin orbite [Delagnes07d]
ont été étudiés.

L’organisation et le contenu des
chapitres suivants sont comme suit.

Dans le chapitre 1, je présenterai
[interaction de la lumiere avec un
systeme atomique a deur mniveaux
dans le régime d’impulsions longues
et courtes. Je discuterai les éléments
de base des effets de propagation pour
les deux régimes d’impulsions et je
dériverai l’expression de la vitesse de
groupe de la lumiere. Ce chapitre ser-
vira aussi a établir le formalisme et
les notations qui seront utilisés dans
les autres chapitres pour discuter de
résultats variés.

Le chapitre 2, traite du systeme
a deux niweaux piloté par des im-
pulsions femtosecondes en régime
de champ fort et sondé a travers
les effets de propagation résonante.
Les systemes a deux niveaux excités
en champs fort ont été étudiés de
maniére intensive et les effets ca-
ractéristiques de base tels que les 0s-
cillations de Rabi [Rabi37, Gibbs73],
I’évolution adiabatique [Grischkowsky73,
Grischkowsky72], et le triplet de Mol-
low [Mollow72, Wu77] ont été établis
dans les années 70. Les aspects qui
nous intéressent sont les déplacements

scribed in adiabatic basis [Cohen-Tannoldjid}uz et les transitions non adia-
The technique developed in [DelagnesO4patiques induits par des impulsions

to probe the light shifts in a three

intenses non résonantes, et décrits



level system will be used in a two
level system [Delagnes06] which is
paradoxically more complex to an-
alyze. This is also a pulse shaping
technique which can work in ultra-
violet and picosecond pulse regimes
where the traditional pulse-shaping
methods [Zeek99, Tull97, Wefers9s]
can not function efficiently.  We
also focus on non-adiabatic transi-
tions [Shore90] in the system, and
make use of the shape-dependence
of these transitions [Berman98| to
cause complete population inversion
[Vitanov07, Torosov07, Vasilev06] in
the adiabatic basis. The novelty in
the scheme that will be proposed in
the present work is the extreme sen-
sitivity of the asymptotic bare state
populations on the relative phase be-
tween the exciting pulses. The phe-
nomena is explained in terms of the
control of non-adiabatic jump, and
rapid adiabatic passage [Melinger92,
Liedenbaumg89, Allen75] that appears
in a specifically well adapted adi-
abatic basis. With the virtue of
this increased sensitivity, this effect
can lead to the improvement of the
techniques based on interferometry
such as lock-in techniques, meteorol-
ogy, Ramsey spectroscopy, coherent
control, pump-probe techniques, and
gyro-laser techniques to name some
[Demtroder96, Bass01, Diels96]. Fi-
nally in the last part of the Chapter
we will apply the technique devel-
oped in [Delagnes04, Delagnes06] to
probe the non-adiabatic jump in real
time, which is otherwise not visible
in real populations [Vasilev06].

dans la base adiabatique [Cohen-Tannoudji98).
La technique développée en [Delagnes04]

pour sonder les déplacements lumi-
neux dans un systeme a trois niveauz
sera étendue dans un systeme a deux
niweaux [Delagnes06] qui est para-
dozalement plus complexe a analy-
ser. Cette méthode représente aussi
une technique de mise en forme d’im-
pulsions qui peut s’appliquer dans le
domaine UV et pour des impulsions
picosecondes ou les méthodes tradi-
tionnelles [Zeek99, Tull97, Wefers95]
ne sont pas efficaces. Nous nous fo-
caliserons ausst sur les transitions
non-adiabatiques [Shore90] dans le
systeme et nous verrons comment ti-
rer profit de la dépendance en fonc-
tion de la forme temporelle [Berman98]
pour réaliser une tnversion totale de
la population [Vitanov07, Torosov07,
Vasilev06] dans la base adiabatique.
La nouveauté dans le schéma que
nous proposons dans le chapitre présent
est 'extréme sensibilité a la phase
relative entre impulsions excitatrices
de la population asymptotique (dans
la base diabatique). Le phénoméne
est expliqué en termes de controle
de sauts non adiabatiques et de pas-
sage adiabatique rapide [Melinger9?2,
Liedenbaum89, Allen75] qui apparait
dans une base adaptée. En raison
de cette sensibilité accrue, cet ef-
fet peut amener a une amélioration
des techniques interférometriques tels
que l’asservissement, la métrologie,
la spectroscopie Ramsey, le controle
cohérent, les techniques pompe-sonde
et les techniques liés au gyrolaser
[Demtrdder96, Bass01, Diels96]. En-
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Chapter 3, deals with a new tech-
nique [HashmiO8b] that suppress the
linear absorption of a driven double
two-level system for a linearly polar-
ized probe field in the presence of
a much stronger orthogonally polar-
ized control field. The spectral trans-
parency window obtained can be very
narrow and can be used to produce
slow light. Slow light, besides be-
ing a fascinating phenomena, is im-
portant from technological point of
view as it has tremendous potential
for all optical communication. Op-
tical buffering, real-time-delay lines,
optical memories, and data synchro-
nization [Gauthier05, Gauthier(6]
are some to name that can bene-
fit from slow light technology. Ul-
traslow light has also paved the
way for light storage [Liu01] and for
quantum memories [Fleischhauer02],
for the computing machines of the
future.  The early realizations of
slow light [Kasapi95] were carried
out using quantum interference ef-
fects in three-level systems associ-
ated with electromagnetic induced
transparency(EIT)  [Fleischhauer05,
Marangos98, Boller91]. Later, co-
herent population oscillations (CPO)
[Boyd88, Boyd81, Schwarz67] in a
two level system were used to pro-
duce slow light in artificial structures

fin, dans la derniere partie de ce
chapitre nous appliquerons la tech-
nique développée en [Delagnes04,
Delagnes06] pour sonder le saut non
adiabatique en temps réel, qui n’est
autrement pas visible dans les popula-
tions des états diabatiques [Vasilev06].

Le chapitre 3 traite d’une nouvelle
technique [HashmiO8b] qui permet de
supprimer pour un champ sonde pola-
risé linéairement [’absorption par un
systeme a deuxr niweauxr dupliqué et
ce en présence d’un champ controle
plus intense et polarisé perpendi-
culairement. La fenétre de transpa-
rence spectrale obtenue peut étre tres
étroite et peut étre utilisé pour ra-
lentir la lumiere. La lumiere lente
en plus d’étre un phénomene fasci-
nant, est tmportant d’un point de
vue technologique par les potentia-
lités nombreuses qu’elle ouvre pour
les communications “tout optique”.
Les mémoires tampons optiques, les
lignes a retard en temps réel, les
mémoires optiques, et la synchro-
nisation de données [Gauthier0s,
Gauthier06] peuvent tous bénéficier
des retombées technologiques liées a
la lumaere lente. La possibilité de ra-
lentir la lumiere a ouvert la voie au
stockage de lumiére [Liu01] et a la
réalisation de mémoires quantiques
[Fleischhauer02] pour les ordinateurs
de demain. Les premieres réalisations
de lumiere lente [Kasapi95] ont été
menés en utilisant les interférences
quantiques associées a la transpa-
rence électromagnétique induite par
laser (TEI) dans les systemes a trois
niveauz [Fleischhauer05, Marangos98,



[Bigelow03b, Bigelow03a].  Other
techniques that modify the disper-
sive response of the medium have
also been used to produce slow lights.
These include stimulated Raman
scattering [Kijoon01], stimulated Bril-
lion scattering [Okawachi05], and dis-
persion in photonic crystals [Gersen05].
The method presented here can be
thought of as a hybrid between EIT
and CPO as it presents features that
are more like EIT and acts in a way
which is more like CPO.

The last Chapter deals with the
coherent control of the medium re-
sponse of the system. The idea of
the control of the dynamics of a
physical system interacting with co-
herent laser fields arose in 80's and
matured by the beginning of the
present decade [Shapiro03]. The in-
teraction of mutually coherent light
fields with quantum mechanical sys-
tems gives rise to different quantum
paths. The key idea of the control
is to make use of interference be-
tween these different quantum paths
to suppress or favor specific chan-
nels. Several mechanisms in this re-
gard have been explored. The com-
bination of a fundamental frequency
and its harmonics [Brumer86], and
excitation by time delayed coherent

Boller91]. Plus tard, les oscillations

cohérentes de population (OCP) [Boyd88,

Boyd81, Schwarz67] dans un systéme
a deuxr niveaux ont été utilisés pour
produire de la lumiere lente dans des
structures artificielles  [Bigelow03b,
Bigelow03a]. D’autres techniques qui
modifient les propriétés dispersives
ont été aussi utilisées pour produire
de la lumiere lente. Ceci inclus la dif-
fusion Raman stimulée [Kijoon01], la

diffusion Brillouin stimulée [Okawachi05]

et la dispersion dans les cristaux
photoniques [Gersen05]. La méthode
présentée ici peut étre considérée
comme hybride entre celle basée sur
la TEI et celle basée su les OCP car
elle présente des caractéristiques as-
sez similaires a la premiere mais est
plus proche dans son principe de la
deuxieme.

Le dernier chapitre traite du controle
cohérent de la réponse optique d’un
malieu. L’idée du controle de la dy-
namique d’un systeme physique in-
teragissant avec des champs lasers
cohérents est apparue dans les années
80 et a miri dans le début de cette
derniére décade [Shapiro03]. L’in-
teraction de champs mutuellement
cohérents avec le systeme quantique
donne naissance a plusieurs che-
mins quantiques. L’idée centrale du
controle est d’utiliser ces interférences
entre différents chemins quantiques
POUT SUPPTIMET 0U favoriser une voie
spécifique. A cet égard, plusieurs
mécanismes ont été explorés. La com-
binaison d’une fréquence fondamen-
tale et ses harmoniques [Brumer86],

lexcitation par des impulsions cohérentes
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pulses [Scherer90] are some examples.
The control comes from the relative
optical phase difference between dif-
ferent excitation fields. The advan-
tage in such schemes is the ease and
versatility in the control of the rel-
ative phase. This can, for instance,
be achieved by simply modifying the
delay between the sequence of excita-
tion pulses [Blanchet97]. In this last
Chapter, I present the control of the
medium susceptibility for low optical
densities [HashmiO8a]. This can be
realized in the same double two-level
system discussed in Chapter 3, in
connection with the slow light. The
techniques that suppress the linear
absorption of a medium, make the
nonlinear interaction more accessi-
ble to study and to control. For ex-
ample the use of a nonlinear scheme
to suppress absorption through EIT
and achieve giant Kerr response has
been proposed [Schmidt96] and re-
alized [Kang03]. Phase control of
EIT [Kapale05] and Kerr nonlinear-
ity [Sun08] have also been demon-
strated.  Other techniques for the
control of the optical response has
also been proposed [McCullough00].
In the situation presented in Chap-
ter 4, the result is striking because
of the simplicity of the obtained ex-
pression of the effective susceptibil-
ity. It is just the linear susceptibility
times a phase factor that renders gain
dispersion coupling. A versatile con-
trol of the absorptive and dispersive
profiles is thus possible by adjusting
the relative phase between the excit-
ing fields. For higher optical depths

décalées en temps [Scherer90] en sont
quelques exemples. Le contréle pro-
vient de la différence de phase op-
tique entre différents champs excita-
teurs. L’avantage dans ces schémas
est la facilité et la flexibilité dans le
controle de la phase relative. Ceci
peut étre effectué en modifiant sim-
plement le retard entre impulsions
excitatrices [Blanchet97]. Dans ce
dernier chapitre, je présenterai le
controle de la susceptibilité pour des
densités optiques faibles [Hashmi08a/.
Ceci est réalisé dans le méme systéme
a deur miweauxr double discuté dans
le chapitre 3 en connexion avec la
lumiere lente. Les techniques qui per-
mettent la suppression de [’absorp-
tion linéaire d’un milieu, rendent
la réponse non linéaire accessible a
l’étude et au controle. Par exemple, 1l

a été proposé [Schmidt96] et expérimentalement

réalisé [Kang03] un schéma d’excita-
tion non linéaire basé sur la suppres-
ston de l’absorption par la TEI, ce qui
a permis l'obtention d’une réponse
Kerr géante. Un controle de phase
de la TEI [Kapale05] et de la non
linéarité Kerr [Sun08] a été aussi
démontré. D’autres techniques pour
le controle de la réponse optique ont
été proposés [McCullough00]. Dans
la situation de ce chapitre, le résultat
est particulierement frappant a cause
de la simplicité de lexpression de la
susceptibilité effective obtenue. Elle
s’écrit simplement comme le produit
de la susceptibilité linéaire par un
terme de phase ce qui va donner un
couplage gain-dispersion. Un controle
aisé des profils d’absorption et de dis-



phase saturation takes place with the
system changing into an efficient am-
plifier for the probe and can build
the probe from infinitesimally small
values [Lukin98§].

persion est alors possible en ajustant
la phase relative entre champs exci-
tateurs. Pour des densités optiques
plus élevées, la saturation de la phase
se produit dans le systeme transfor-
mant ce dernier en un amplificateur
efficace pour le champ sonde et peut
donc reconstruire la sonde a partir de
valeurs infimes [Lukin98).
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Chapter 1

Light interaction with a
Two-level system

In this chapter I will present the
interaction and propagation of light
in a two-level atomic system. The
two-level system is a very convenient,
first tool to study light-matter inter-
action. A lot of real problems in op-
tics can be modeled by simple two-
level systems, and such systems, de-
spite being overly simple, provide a
deep insight into the nature of the
problem. In this regard, the two-
level system— interacting with light
pulses— has been extensively stud-
ied, and is now a text book exam-
ple. I will recall some basic fea-
tures of light interaction with the
two-level system in different pulse du-
ration regimes. This will also intro-
duce us to the notation and formal-
ism required to discuss the results in
next chapters.

11

Dans ce chapitre, je présenterai
[interaction et la propagation de la
lumiere dans un systeme atomique
a deuzr niveaux. Le systeme a deux
niveauxr est pratiqgue pour Etudier
dans une premiere étape linteraction
lumiere-matiere. Un grand nombre
de problemes en optique peuvent étre
modélisés par des systemes a deux
niveaux qui méme simple permettent
d’avoir une vue approfondie de la
nature du probleme. C’est pour cela
que le systeme a deux niveauxr -
interagissant avec des impulsions
lumineuses- a été étudié de maniere
intensive et représente actuellement
un cas d’école. Je vais rappeler quelques
éléments de base de l’interaction de
la lumiére avec le systeme a deux ni-
veaur dans différents régimes d’im-
pulsions. Cela permettra de nous ini-
tier aux notations et formalismes re-
quis pour discuter les chapitres sui-
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The interaction is studied in the
limit of semiclassical approrimation.
In this approximation, the atomic
system is treated quantum mechani-
cally with well defined discrete energy
levels, whereas the interacting light
is given by classical expressions. The
approximation is justified as even the
weakest light source has such a large
number of photons, that, it can be
treated classically.  Moreover, the
interaction terms are written using
dipole approximation. This suggests
that, since the size of an atom is much
smaller than the typical wavelength
of exciting radiation, the atom does
not see any spatial variation of the
electric field, and responds only to
the instantaneous electric field. An-
other conventional approximation is
rotating wave approximation(RWA).
This assumes that the laser frequency
is the largest possible frequency in
the system, and any dynamics going
on at still higher frequencies can be
averaged out. Finally, slowly vary-
g envelope approrimation suggests
that the variation of the electric field
envelope across the time and length
scales of one optical period and unit
wavelength is negligible.

I will present the interaction of
coherent light with a closed two-
level atomic system in two pulse
duration regimes— short and long
pulse regimes. In short pulse regime,

vants.

L’interaction est étudiée dans
la limite de [approximation semi-
classique. Dans cette approrimation,
le systeme atomique est traité quan-
tiquement avec des miveaux d’énergie
discrets bien définis, tandis que la
lumiere qui interagit est traitée clas-
siquement. L’approximation est jus-
tifiée car méme des sources de lumiere
faibles contiennent en général un
grand nombre de photons justifiant
par la le traitement classique. De
plus, les termes d’interaction sont
écrits en utilisant [’approzimation
dipolaire. Cela traduit le fait que
comme la dimension de chaque atome
est bien plus petite que la longueur
d’onde caractéristique de la radia-
tion, l’'atome ne peut voir aucune va-
riation spatiale du champ électrique
et réponds uniquement a la valeur
instantannée du champ. Une autre
approximation utilisée est 'approxi-
mation de l'onde tournante (RWA).
Elle suppose que la fréquence laser est
la plus large possible dans le systeme
et toute dynamique a des fréquences
plus élevées peut étre moyennée. En-
fin, Uapproximation de [’enveloppe
lentement wvartable suggere que la
variation de [’enveloppe du champ
électrique sur des échelles de temps
et d’espace de l'ordre de la période
optique et de la longueur d’onde sont
négligeables.

Je vais présenter linteraction de
lumiere cohérente avec un systeme
a deur niveauxr fermé dans deux
régimes de durée dtmpulsions, courtes
et longues. En régime d’impulsions
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the relaxation processes can be ne-
glected, and the dynamics are dom-
inated by the transient phenom-
ena. The formalism more adapted
to study this regime is that of time
dependent Schrodinger equation, and
in the limit of strong non-resonant
exciting fields, adiabatically dressed
basis [Cohen-Tannoudjio8] can pro-
vide a better insight into the inter-
action. On the other hand, for long
pulses we have to take into account
the relaxation processes. Density ma-
trix formalism in this case is more
suitable. T will discuss the two for-
malisms, and then present the propa-
gation of light pulses in the two pulse-
duration regimes. Finally, I will dis-
cuss the velocity of light propagation
in an atomic medium.

courtes, les processus de relaxations
peuvent étre négligés, et la dynamique
est dominée par des phénomenes
transitoires. Le formalisme adaptée
pour étudier ce régime est celui de
[’équation de Schrodinger dépendante
du temps et dans la limite de champs
forts mon-résonants, la base adia-
batique [Cohen-Tannoudji98] permet
d’avoir une meilleure vision de ['in-
teraction. D’un autre coté, pour des
impulsions longues on doit tenir compte
des processus de relaxation. Le for-
malisme de la matrice densité est
alors plus adapté. Je discuterai ces
deux formalismes, et présenterai alors
la propagation dimpulsions lumi-
neuses dans les deur régimes de
durée dimpulsions. Finalement, je
discuterai la vitesse de propagation
dans un systeme atomique.

1.1 The Two-level system

Consider a two-level atomic system consisting of states |a) and |c¢) with the
energy difference hwy between the states as shown in Fig. 1.1. The system
interacts with a classical electrical field given by the expression

EC (y’ t) = é)2140]00 (ta y) eii(WCtikcy) + cc.

(1.1)

€, is the polarization unit vector, A, is the field amplitude, and f, (¢, ) is
the field envelope. The field is real at the entrance of the medium (at y = 0),
and the envelope is normalized to unity [ fo (¢,0)d (t/7.) = 1. 7. is the field
duration, cc in the above expression denotes the complex conjugate, and the
field propagates along y axis. The field is detuned by A, = wy — w, from
resonance and has the temporal duration 7.. In the dipole approximation the

interaction of the field with the atomic system is given by ~-D- EC, where
D is the instantaneous dipole moment. We define the dipole matrix element

as D = <a|5 : €Z|c>. The Rabi frequency associated with the interaction is
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I |

Figure 1.1: A two level system interacting with a laser field.

Q. = DA.f./h. The Hamiltonian of the system is given by

— —

H= (_ y —b '0 ) (1.2)

D- EC hw
The Hamiltonian contains the components oscillating with e~™<! and e®!.
We place ourselves in the frame of reference oscillating with e=*<!, and av-

erage out the components oscillating with double the frequency using RWA.
We next take the case of different pulse duration regimes independently.

1.1.1 Ultrashort pulse regime

For ultrashort pulses, the relaxation processes are not important. These
processes take place at the time scale of nanoseconds, and hence for the
pulses having the time duration of the order of picoseconds or femtoseconds,
these processes can safely be neglected. We write the wavefunction of the
system as (simplifying the notation by removing y dependence):

[T (1)) = a(t)]a) +c(t)e™ c). (1.3)
The evolution of the system is given by time dependent Schrodinger equation

iho, |U) = H |T). (1.4)
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Using Eq. (1.2,1.3) in Eq. (1.4) and after carrying out RWA, we can write
the time evolution of the system as

iho, (‘;) (t)=H (‘2) t), (1.5)

with
~ 0o -
i ) "

The general solution of Eq. (1.5) is not known and one has to resort to numer-
ical solutions. However, for certain special cases, analytical or approximate
solutions can be worked out. We next take up certain such cases.

For resonant excitation A, = 0, and for real field f = €, the Eq. (1.5)
can be solved analytically. Assuming all the population to be initially in the
ground state, the state of the system at a time ¢ is given by

o (1) = cos (/; Q. (f) dt’) , (1.72)
c(t) = isin (/t Q. (%) dt’) : (1.7b)

The populations exhibit well known Rabi oscillations [Rabi37, Gibbs73], and
the asymptotic population transfer to the excited state is determined by the
pulse area ffooo Q. (t) dt, which is proportional to the Fourier transform of the
field at central laser frequency.

For arbitrary detuning and complex fields, one can work out perturbative
solutions in the limit of weak field regime. If the field is weak enough such
that Q. < 7.1, then at zeroth order with respect to field amplitude, we have
a®(t) =1 and ¢ (t) = 0. At first order one gets

a® (1) ~ 1, (1.8a)
t o
oD (1) o et / Q. (f) >, (1.8D)

— 00

The asymptotic population in excited state is determined by f fooo Q. (t) eilelqf
which is again proportional to the Fourier transform of the field at atomic
frequency.

In both the above cases, the Fourier components at resonance determine
the asymptotic population transfer to the excited state. For more general
and stronger pulses, the entire pulse spectrum has to be taken into account,
and alternative methods are required to study the interaction.
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1.1.2 Adiabatic basis

Adiabatic bases [Cohen-Tannoud;ji98] provide an alternative insight into the
light interaction with atomic system, and are particularly well suited in the
case of strong pulses. Assuming real field for simplicity, we define a rotation
matrix as

R(t) = ( cos Sin@) (t). (1.9)

—sinf@ cosf

Here 0 is the mixing angle. It is defined for real field as

_29.(1)
=X

tan (20) (t) (1.10)

and lies between 0 and /2. We define the generalized Rabi frequency as
Q = /A2 + 4Q,% and write some useful relations involving the mixing angle

sin 20 = 2Q0./Q, cos20 = A./Q,
sin?f = (Q — A,) /29, cos’ = (U + A,) /2Q.
(1.11)

The adiabatic basis are now defined as

(‘ﬁ;) () =R® (e’w&Z |c>) ‘ (1.12)

The time evolution for the adiabatic wave function

¥ (1)) = () ]e) (&) + (&) [7) @), (1.13)

is given by
ihd, (2‘) (t) = (RHRT - thatRT) (3) (t). (1.14)

RHR' is the adiabatic Hamiltonian. It is diagonal and given by

~ h (A, —Q 0
T w c
RHR' = 2 ( 0 \ Q) (1.15)

The two diagonal terms represent light-shifted energy levels. The separation
between the levels is given by A€ (¢) which depends on the shape and the
intensity of the field, as well as on detuning. The coupling between the



1.1 The Two-level system 17

adiabatic levels is provided by the second term in Eq. (1.14). This second
term constitutes non-adiabatic coupling (NAC) and is given by

—mmwﬂ:m(i @@a (1.16)

The non-adiabatic coupling depends strongly on the shape of the pulse. It is
given explicitly as

Ac
(ate) (t) - W (ath) (t) . (1'17)
7)
) c)

|
|
i
A, NAC |
i
|
|

o

Time

Figure 1.2: Two level system in adiabatic bases. The bare states are sep-
arated by A. (after RWA). The strong field stretches the levels apart for
transient time. The separation between the levels is proportional to €2 (t),
and the transitions between the levels are provided by non-adiabatic coupling

(NAC)

The system in adiabatic bases is shown in Fig. 1.2. The adiabatic energy
levels are stretched in time due to the action of the field. This is a transient
phenomena and as t — 400, the energy levels relax back to the bare state
picture. This stretching is known as “transient light shifts” and this intro-
duces new frequency components in the system. The field also introduces
non-adiabatic coupling” (NAC) between the new energy levels.
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I S
D

we +

/VA

Figure 1.3: Coherence in adiabatic basis showing transient light shifts. In
addition to w,, the system radiates at w. + €2 and w. — ) frequencies during
the transient time.

Coherence behavior

These new frequency components can be understood by looking at the co-
herence in the adiabatic basis. The coherence that is responsible for the
radiated field is a*c (as will be discussed in the next Section), and can be
visualized in adiabatic basis as in Fig. 1.3. In addition to w., the system
radiates at frequencies w, + (2 and w, — ) during the action of light shifts,
provided that there is some population in excited adiabatic level. These new
frequency components can be seen in the amplitude spectrum of the coher-
ence are shown in Fig. 1.4 for a resonant strong field. The new components
are similar to Mollow triplet [Mollow72] obtained when a strong non-resonant
monochromatic field interacts with a two-level system. In the present case
the Mollow triplet moves in time as the system is interacting with a pulse.
Each new frequency component is generated twice during the interaction
which causes these to interfere and result in the fringes shown in the Figure.
The cutoff frequencies are given by w. — Q4. and we 4+ Q2,,00, Where €4, 18
the maximum separation between the light-shifted energy levels. These new
frequency components can enrich the spectrum of another pulse that propa-
gates in the medium, and can be used for wave-shaping of a weak ultrashort
pulse. This will be discussed in Chapter. 2.
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1000t 11000

Coherence spectrum (in arb. units)

100/ 1100
10! 110
195 Iso -25 0 25 50 75 1

w — wp (in units of 7,71)

Figure 1.4: New frequency components generated during the action of light
shifts with w. = wy. Each new component is generated twice, once when
the levels are being stretched, and the second time when levels are relaxing
back. The components at these two times interfere to give the modulated
structure. The field is €. (t) = Qcoe*(t/“)2 with Q. = 607!, A, = 0.
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Adiabatic vs non-adiabatic evolution

In this dressed picture one can distinguish between adiabatic and non-adiabatic
evolution. For resonant excitation, or when the pulse is smooth enough such
that € > |0,0|, the Hamiltonian in (1.14) is diagonal. The two amplitudes
evolve freely and accumulate different phases. The solution of (1.14) is given
by

t —Q) s .,

a(t) =a (—oo)/ e~ )tdt, (1.18a)
t o

v (t) =~ (—oo)/ e~ Mt (1.18b)

This is adiabatic evolution of the system, and in this case there is no pop-
ulation transfer to the excited adiabatic state. However, if adiabatic levels
correspond to different bare states before and after the interaction, then a
complete population transfer in bare states is possible. This happens for
example in the case of chirped pulse adiabatic passage [Broers92]. For pulses
such that ©Q > [0:0] is not satisfied, the non-adiabatic coupling becomes
important. The population transfer to the excited state depends strongly
on the shape of the pulse [Berman98|, and is no longer determined by the
spectral components at resonance. Significant population can be transfered
to the excited state even when there are no resonant frequency components
in the spectrum of the field. This is in complete contrast with the simplified
view of the light-matter interaction, in which a photon can only be absorbed
if it is resonant with the system. This simplified version turns out to be true
only in the limit of weak field regime. For strong pulses non-adiabatic ef-
fects make the interaction possible even with the non-resonant photons. For
suitably shaped pulses the non-adiabatic coupling can even be made into a
sudden jump which abruptly and suddenly transfers all the population to the
adiabatic excited state [Vasilev06]. A scheme to observe and control these
non-adiabatic jumps will also be presented in Chapter. 2.

1.1.3 Long pulse regime

For pulses having time duration of the order of nanoseconds or larger, the
relaxation processes have generally to be taken into account in atomic sys-
tems. The formalism more adapted to study the interaction in this long pulse
regime is that of density matrix. We define a density matrix p for the system
as

twet
Paa Pac€ ¢
t) = a t). 1.19
o0 = (, 2 ") @ (1.19)
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The diagonal elements of p correspond to the populations in two states and
off-diagonal elements stand for the coherence. The trace of p is unity —
Tr(p) = 1, and the elements of the matrix satisfy p;; = pj;. The time
evolution of the system is given by

ihOyp = [H, p| + relaxations, (1.20)

where relaxation terms are added phenomenologically. Using the definition
of p and of Hamiltonian (from 1.2) in the above equation, and after carrying
out RWA, we get following time evolution equations

10tpec = (Vipea — Qepac) — 1 pec, (1.21a)
iatpca = Qc (pcc - paa) + A*pcaa (121b)

where A, = A, + i[';. We have used the following relaxation terms: T'
is the excited state population damping rate, and 'y is the rate at which
the coherence is destroyed. In the absence of non-radiative homogeneous
dephasing processes I'y reduces to I'/2.

For the long pulse regime the adiabatic description of interaction does not
remain very useful. Relaxation processes introduce new channels through
which adiabatic levels can exchange populations and thus, the distinction
between “adiabatic” and “non-adiabatic” evolution becomes obscure. The
perturbative solutions in the limit of weak field can still be worked out. At

zeroth order with respect to field amplitude, the solution of (1.21) is given
by

P () = pi (—o0)e ™ (1.22a)
P (1) = pl) (—oo)e ™o (1.22b)

For a short transient time, the solution depends on the initial conditions.
But since the system is damped, as t — oo, the system attains a stationary
state that is independent of the initial condition (for the present example).
At first order the solution becomes

t
il (1) = Ce™ M e / Q. [p9(f) — ec] edi (1.23a)
0
A - A K t ,. X ki .,
ng(ll)(t) — De A 4 ezAct/ Q, [ngg)(t) . 1] oD gf (1.23b)
0

here C = ipt (—oo)—QC [pgg)(—oo) — cc} , D= ipgé)(—oo)—Qc [ngg)(—oo) - 1],
cc stands for complex conjugate, and for simplicity we have considered real
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field. Again, for a short transient time perturbative solution depends on ini-
tial conditions, but as t — o0, a steady state solution is reached. The steady
state solution at all orders can be worked out by putting the left hand side of
Egs. (1.21) equal to zero, and solving the resulting algebraic equations. This
gives

QA (1.24a)
ca — N 5 .z24a
Pea = 4 Q.PT,0-1 + | A2
210 12T, T~
2T (1.24b)

pCc == 4|QC‘2Fd1“—1 + ‘AC‘Q

Two extreme cases can be discussed here. For strong fields such that |Q.| >
VT4L, the field saturates the system. The population is equally distributed
between the ground and the excited states and the coherence vanishes. The
system becomes transparent to the field, and is said to be bleached by the
strong field.

In the weak field regime for |Q.| < +/T4I', we get the linear response. In
the linear response most of the population rests in the ground state and the
coherence simplifies to peq = Q/AZ. The real and imaginary parts of this
coherence determine the absorptive and dispersive response of the medium
as we shall later see.

1.2 Propagation effects

The electric field interacting with an atomic system is modified by the absorp-
tive and dispersive response of the medium. These effects can be accounted
for by solving the Maxwell’s equations. The atomic response is determined
by the polarization that enters into the Maxwell’s equation as a source term.
The solution of Maxwell’s equation determines how the field is modified as
it propagates inside the medium. We will first derive the equation of propa-
gation for the electric field, and then discuss the propagation effects in short
and long pulse regimes separately.

1.2.1 Equation of propagation

We start from Maxwell’s equation of propagation with source term (in 1
dimension).

1 . -
(aj — gaf) E, = ug0?P, (1.25)
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here py = (0260)_1 is the permeability of free space, and we have neglected
the transverse gradient (9% + 92) E,. This approximation is in line for the
laser beams that are not tightly focused, and hence are not strongly diverging.
The variations along the transverse direction for such beams are negligible as
compared to the variations along the propagation direction, and this justifies
the one dimensional treatment. The polarization can be written as

P (t,y) = .0 (t,y) e Wet=hv) 4 ce, (1.26)

0 is the polarization amplitude. The expressions of the field (1.1), and the
polarization (1.26) can be used in Eq. (1.25), and the terms containing second
derivatives with respect to time and space can be simplified using following
approximations:

07 A.] < kel 0, A,l, (1.27a)
07 Ac| < we|Op A, (1.27b)
|07 0| < we|dho] < w?|ol. (1.27c)

The first two inequalities result from slowly varying envelope approximation
which says that the pulse envelope varies slowly on the time scale of one pe-
riod (w; ') and the length scale of unit wavelength (k;'). The final inequality
(1.27c) means that the atomic quantities also vary little over one optical pe-
riod. This is in line with RWA approximation. These simplifications along
with the dispersion relation k. ~ wg/c lead us to the following equation of
propagation for field amplitude

1
(ay + Eat) Ae = ipgcew.0/2. (1.28)

o can be calculated quantum mechanically. It is the mean expectation value
of dipole moment operator and is given by

0= Ntr (5 : @p) = NDp,. (1.29)

Here N is the atomic density and p. is the coherence that is responsible for
the radiated field. For the present example of two-level system p, is given by
pea and that simplifies to a*c in the absence of relaxations. The Eq. (1.28)
can be further simplified if we place ourselves in a frame of reference that
is moving along the pulse with the velocity of light. This can be done by
making t — t — y/c. In this new frame of reference, and using the definition
of Rabi frequency (Q2. = DA./h), the propagation equation for the field can
be written as

N D2,
0,00 =i ;f: fe. (1.30)

2ceq
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The above equation determines how the field is modified as it propagates
in the medium and this equation along with equation set (1.7) or (1.24)
completely determines the evolution of the system. The propagation effects
are very different for short and long pulse regimes and will be taken separately
in the following discussion.

1.2.2 Propagation effects for ultrashort pulses

For ultrashort pulses having time duration 7, < A;O;, where Ay, is the

Doppler broadened linewidth, the propagation Eq. (1.30) can be written in
a more useful form. We define a dimension-less parameter for the field as
0. = DA.7./h. This is usual pulse area and it characterizes the strength of
the field. It is related to the Rabi frequency through the relation €. (t) =
0.f.(t) /T.. The propagation equation for an ultrashort pulse can now be
written as [From Eq. (1.30)]

.
Oy/ryfe =i ‘;Spa*a (1.31)
C
L is the length of the medium and eg;sp = N D?*w,.L7./ (2c€oh) is an important
parameter that characterizes the severity of dispersion effects. We first note
some important considerations for the propagation of ultrashort pulses.

Negligible absorption with vanishing pulse area

The key element for the propagation of ultrashort pulse in resonant or near-
resonant atomic media is the famous McCall&Hahn theorem [McCall67,
McCall69]. For a weak pulse with 6. < 7, it states that the pulse area
X ffooo fe (t,y)dt decreases exponentially with the propagation distance y.
However, the pulse energy o ffooo f2(t,y) dt can exhibit different behavior.
Indeed, for ultrashort pulses — having time duration of the order of fem-
toseconds or picoseconds — the pulse spectrum 7.! is much wider than the
Doppler broadened linewidth Ay, that lies in GHz at room temperature.
Therefore, no significant absorption can take place and the pulse energy re-
mains unaltered as the pulse propagates. The pulse envelope thus either
develops an oscillatory structure [Crisp70, Rothenberg84] or a long negative
tail [Delagnes08] to satisfy both the vanishing pulse area and negligible pulse
absorption.

Population dynamics

A consequence of the pulse area theorem is the vanishing excited state
population with propagation. As the pulse area ffooo fe(t,y)dt goes to
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zero, the excited state population, that is given in the resonant case as
sin? [ ffooo fe(t,y) dt] also vanishes. This is in spite of the fact that no re-
laxation processes enter into the dynamics at these short time scales. Any
energy transferred to the medium is temporary and it coherently comes back
to the field as the field propagates in the medium. This is shown in Fig. 1.5.
A near 7 area resonant pulse transfers all the population to the excited state
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Figure 1.5: Population dynamics during propagation of ultrashort pulses.
Excited state population comes back to the ground state with the propaga-
tion over a very long time scale. The field is given by f. (¢,0) = e~ /™) / /7.
The parameters are . = (7 — 0.01), A. = 0, and eg5, = 0.1.

at t = 0. At the input of the medium at y = 0, the population remains in
the excited state as the relaxation processes are not significant. But as the
pulse propagates along y, the population comes back to the ground state in
accordance with the vanishing pulse area. It eventually oscillates because of
the dispersion effects. The Figure also suggests that the pulse area vanishes
over a very large time scale.
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Severity of dispersion effects

The severity of dispersion effects are quantified by the dispersion parameter
eqisp used in Eq. (1.31). It is related to the better known parameter optical
depth agopL by the relation egisp = QaopLAdopTe (We = wo in RWA). ayep s
the field absorption coefficient at Doppler broadened linewidth and is given
by qgop = ND?w/ (2¢60hAop). Cdop LA 4op 18 the spectral domain over which
the dispersion is important [Delagnes08]. gopLA4opT. becomes the ratio of
this spectral domain and the spectrum of the field (7! is the spectral width
of the field) and thus the dispersion parameter ey, quantifies the dispersion
effects. eqisp < 1 means that the pulse spectrum is much wider than the
spectral domain over which dispersion is important. The dispersion can
thus be neglected; the absorption is already negligible for ultrashort pulses.
Hence, egisp << 1 suggests counter-intuitive distortion-less propagation of
the ultrashort pulses even in the presence of large optical depth age,L >>
1. In this case the pulse envelope develops a long negative tail to satisfy
McCall&Hahn pulse area theorem as shown in Fig. 1.6.

For egisp > 1, agopLl Ay is as wide or wider than the pulse spectrum
and the dispersion effects all the frequency components of the pulse. The
dispersion effects in this case can not be neglected, and the pulse is severely
distorted as it propagates in the medium. The absorption is still negligi-
ble and the pulse develops an oscillatory structure as shown in Fig. 1.7,
and demonstrated in many studies. A complete discussion of the dispersion
parameter and its effects on the spectral and temporal behavior of a weak
resonant ultrashort pulse — propagating in a dense atomic media — can be
found in [Delagnes08].
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Figure 1.6: (a) Normalized field envelope at y = 0 (dashed) and at y =
L (solid). For ey, < 1, the ultrashort pulse experiences distortion-less
propagation, and develops a long negative tail to satisfy the vanishing pulse
area theorem. (b) is a zoom to show the long negative tail. The field is
given by f,(t,0) = e~ /™) /\/z. The parameters are §, = 0.1, A, = 0,
and egsp = 0.01. For Ay, = 0.6GHz and 7, = 100fs, this corresponds to
C(dOpL ~ 160.
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Figure 1.7: Normalized field envelope at y = 0 (dashed) and at y = L (solid).
For eg;s, = 1, the ultrashort pulse experiences severe distortion, and develops
an oscillatory structure to satisfy the vanishing pulse area theorem. The field
is given by f.(t,0) = e~ /%) /\/x. The parameters are 6, = 0.1, A, = 0,
and egsp = 1. For Ay, = 0.6GHz and 7. = 100fs, this corresponds to
Qaop L > 16500.
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1.2.3 Propagation effects for long pulses

We now consider the situation of long pulses and homogeneous broadening.
The optical response is determined by optical susceptibility x. It is defined
by the relation

—

P = xeoE,. (1.32)
For the present case of two-level system, the susceptibility is given as

. 2CVOFd Pca
o " __ Fea
X =X t1ux EoQ

(1.33)

where k = wy/c. The susceptibility is related to the refractive index n (w),
and the absorption coefficient « (w) through the relation

[n@%w&$ﬂ2:1+xw% (1.34)

and thus it determines the absorptive and dispersive response of the medium.
The propagation Eq. (1.30) can be written as

ach (tu y) = iaordpca (tu y) . (135)

Here g = (ND%wy) / (2ceohTy) is the field absorption coefficient at line
center — 2I'; is the linewidth in the absence of Doppler broadening. Using
Eq. (1.33), the propagation equation can be formally solved to give

Qo (t,y) = Q. (£,0) e XX (1.36)
The first exponent involving the imaginary part of the susceptibility accounts
for the attenuation or absorption of the field, whereas the second exponent
represents dispersive effects. The absorption is negligible if (ky/2)x” <
1. An expression for the susceptibility can be written using the stationary
state solution (1.24). Using the first order expression for p.,, the linear
susceptibility can be written as

. QCKOFd AC
Xiin = L |AC|2 .

(1.37)

The plots of real and imaginary parts of the linear susceptibility are shown
in Fig. 1.8. The imaginary or absorption part is a Lorentzian centered at
resonance with FWHM given by 2I';. This is the linewidth in the absence
of non-homogeneous dephasing processes. The real part follows anomalous
dispersion (A. is defined as wy — w.). The real part also determines the
velocity of pulse propagation as we will see in the next section.



30 Light interaction with a Two-level system

Xtin (in units of 2aq/k)
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Figure 1.8: Linear susceptibility for a two-level system. Imaginary part
(solid) suggests strong absorption at resonance. The real part (dashed) fol-
lows anomalous dispersion (for w. —wy = —A.). Parameters are I'y = 0.5I".

1.3 Velocity of propagation

The velocity at which a light pulse propagates inside the medium has been
at the center of some controversy. The confusion arises because pulse propa-
gation inside the medium can be characterized by many different velocities,
and some of these can acquire “abnormal” values. This is the case with the
notion of group velocity. Group velocity characterizes the movement of pulse
peak inside the medium with no pulse distortion. It can be greater or less
than the velocity of light in vacuum — ¢, infinite, and can even have a neg-
ative value. At first sight, it seems in contradiction with the special theory
of relativity, however, the contradiction is removed by noting that the group
velocity is in general not the signal velocity. And although the group velocity
does correspond with the energy transport, one has to take into account the
energy stored in the medium for a short time, and look at the total energy
flow, which is always less than or equal to ¢. A detailed text on this topic
can be found in [Milonni05].

1.3.1 Group velocity

The light pulse results from the constructive interference of a large number of
spectral components. The peak of the constructive interference moves with
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the velocity ¢ in vacuum. Inside a medium, the interference is affected by
the interaction with the matter. This can either result in the distortion of
pulse/splitting of the pulse into multiple fragments or the pulse can retain
its shape. In the second case we can assign a velocity with the propagation
of the pulse inside the medium. This is the group velocity, defined at the
central laser frequency w, as

vy = (dk/dw) (1.38)

we *

I will next show that in the case of linear dispersive medium with constant ab-
sorption/gain, the pulse is not distorted as it propagates inside the medium,
and the peak of the pulse moves with the group velocity given in the above
expression.

The field given by the expression (1.1), written as E. = E.&,, can be
decomposed into its spectral components at the entrance of the medium (at
y=0) as

[e.o]

EL0,1) = A0, £)e ! — / A (@) e dw, (1.39)

o0
where A, (w) are different spectral components. During propagation, each
spectral component is multiplied by e’ where k = wn(w)/c + ia(w). n(w)
and a(w) are refractive index and absorption coefficients respectively. The
field at a point y inside the medium is given by

Ec(y,t):/ A, (w) e~ @telent@y/eo=al@ly gy, (1.40)

n(w) can be expanded in a Taylor series as

n(w) = n(we) + Z—Z

d*n

(W—we) + —

| (w- we)? J20+ .. (1.41)

We

We

In a region where refractive index changes linearly with frequency with van-
ishing d?n/dw? and higher order derivatives, and where the absorption (or
gain) is constant for all frequencies a(w) = a(w.), the expression in (1.40)
can be simplified as
EL(y, 1) = e~oewgiwct—hey) / A, (1) =i =u/v) gy (1.42)
with
c

v, = . (1.43)

n(we) + w 3—2

We
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The integrand in (2.32) is the Fourier transform of A.(0,t — y/v,). Hence
the field inside the medium can be written as

E.(y,t) = e @A (0, — y/vg)e”'(%t’kcy). (1.44)

The field propagates inside the medium without any distortion of the en-
velope except for overall absorption or gain. Moreover, the velocity of the
propagation is given by Eq. (1.43), which is the same as Eq. (3.4b).

1.3.2 Slow, fast, and backward propagating light

The group velocity inside a medium, given by the expression (1.43), is strongly
affected by the dispersion profile of the medium. The first term in the de-
nominator — the refractive index n (w) — is almost unity in dilute atomic
gases. And the second term which depends on the dispersion profile deter-
mines the velocity of propagation. For wdn/dw > 0, we get a light pulse that
moves slower in the medium than its velocity in vacuum. Ultraslow light
can be achieved by making wdn/dw > 1. For wdn/dw < 0, the velocity of
light in the medium is greater than its velocity in vacuum. This is fast light
— light covers a given distance inside the medium in less time than it takes
to cover the same distance in vacuum. Fast light has been experimentally
observed in cesium gas by Wang et al. [Wang00]. For wdn/dw < —1, we get
backward propagating light. In this case the pulse peak leaves the system
before even entering it, and inside the medium the pulse starts at the far
end of the system and moves toward the near end. Backward propagating
light has also been experimentally observed in erbium doped optical fiber
by Gehring et al. [Gehring06]. This rich behavior of group velocity can be
represented in a graph as shown in Fig. 1.9.

1.3.3 Slow and fast light with linear response

The linear response in the two-level system can give rise to slow and fast
light. Using /1 + x &~ 1 + x/2, using the expression of linear susceptibility
from (1.37), and using the relation (1.34), the refractive index can be written
as

Qg 1-‘dAc
A)rl4 0 _—dBe 1.45
MBSt TR (145)
Using this expression in (1.43), the group velocity can be written as
vy (A) ~ ¢ . (1.46)

_ can Ti—AZ T2
Fa (r24a2)” @
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v, (in units of ¢)

-1} \ slow light

Wi
Figure 1.9: Slow, fast and backward propagating light. The origin is at (0, ¢).
The slow light regime is shown in solid, the fast light in dotted and dashed.
The backward propagating is in dashed. For ultraslow light we need to have

wdn/dw > 0.

The group velocity is equal to velocity in vacuum for A, = £I';. Be-
tween these two limits we have fast light with v, > c¢. The fastest light is
(1— cao/Fd)_l times faster than ¢ at A, = 0, and for cap /T’y > 1 we can get
backward propagating light. However, at A, = 0 the field is resonant and is
strongly absorbed which makes the observation of fast or backward propa-
gating light very difficult. Finally for |A.| > I'y, we can get slightly slower
light propagation. This slow and fast light ranges can be seen in Fig 1.10. In
order to obtain ultraslow light we need to have abrupt normal dispersion with
wdn/dw > 1. This is not possible in the present case of the linear response
in a two-level system. However techniques exist that modify the response of
the atomic systems dramatically and produce huge normal dispersion. Some
of these techniques will be discussed in Chapter. 3.

1.4 Summary of the chapter

In this chapter I have presented a summary of light interaction and propaga-
tion in a two-level system. Both short and long pulse regimes were discussed.
For short pulse regime, adiabatic levels were presented which are more suited
to study non-resonant, strong field interaction with the system. The strong
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Figure 1.10: Slow and fast light with linear response. Close to absorption
peak we get fast light with strong absorption, away from the resonance slow
light can be achieved.

field introduces light shifts and non-adiabatic coupling. These light shifts
and the coupling can be used to shape another weak pulse that propagates
in the medium. This will be shown in the next chapter. Also, a scheme where
non-adiabatic coupling appears in the form of a sudden jump, and the phase
control of this jump will be discussed.

In long pulse regime the linear response of the medium, and the group
velocity were discussed. The group velocity can be significantly modified by
changing the dispersion profile of the medium. In Chapter. 3, some methods
to introduce abrupt normal dispersion, and to produce ultraslow light will
be presented.



Chapter 2

A Driven Two-level system in
Ultrashort pulse regime

In the previous Chapter I have
presented coherent light interaction
with a two-level system. It was
shown that a strong, non-resonant
field can introduce important light
shifts in the system, and if the enve-
lope of the field is rapidly changing,
the light shifts are accompanied by
significant non-adiabatic coupling—
which is proportional to the deriva-
tive of the field amplitude. In the
present Chapter I will discuss how
these changes — light shifts and non-
adiabatic coupling— can be probed
by introducing a weak pulse in the
system, and how can these be used
for important applications.

The first part of the Chapter
deals with bi-chromatic excitation of
a two-level system in ultrashort pulse
regime. A strong, non-resonant pulse
introduces light shifts in the system
which are probed by a weak resonant

Dans le chapitre précédent, j’ai
présenté 'interaction cohérente de
la lumiere avec un systeme a deux
nweauzr. On a montré qu’un champ
fort, non résonant pouvait introduire
des déplacements lumineux impor-
tants dans le systeme, et que si [’en-
veloppe du champ variait rapidement,
ces déplacements lumineuxr étaient
accompagnés par des transitions non-
adiabatiques importantes  (propor-
tionnelles a la dérivée de ['ampli-
tude du champ). Dans ce chapitre,
je montrerai comment ces change-
ments (déplacements lumineux et
couplages non-adiabatiques) peuvent
étre sondés en introduisant une im-
pulsion faibles dans le sytéeme et com-
ment ils peuvent étre utilisés pour des
applications importantes.

La premiere partie de ce chapitre
traite de [’excitation bi-chromatique
d’'un systeme a deuxr niveaur en
régime d’impulsion ultracourte. Une
impulston intense, non résonante
induits des déplacements lumineux

35
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A Driven Two-level system in Ultrashort pulse regime

pulse. The weak pulse, as it prop-
agates in the medium develops an
oscillatory structure that maps out
the light-shifts in real time. This can
also be seen as “shaping” of the weak
ultrashort pulse. The study is the
extension of an idea first discussed in
a three-level system where the light
shifts on a transition were probed by
a weak propagating pulse resonant on
an adjacent transition [Delagnes04].
The present case of two-level sys-
tem is paradoxically more complex
as both the driving and the probe
fields act on the same transition.

In the second part of the Chapter
we focus on non-adiabatic coupling.
A strong, non-resonant, asymmetric
field causes significant non-adiabatic
transitions. Under suitable condi-
tions the non-adiabatic coupling can
take the form of a resonant, 7 area,
0 like function that abruptly trans-
fers all the population to the excited
adiabatic state [Vasilev06]. We con-
sider the case where the exciting field
consists of two time delayed, phase
locked, and identical pulses. This
scheme renders phase control of non-
adiabatic jumps.

The last part of the Chapter deals
with the observation of non-adiabatic
jump. The jump takes place in adia-
batic basis and can get unnoticed in

dans le systéme qui est sondée par
une impulsion résonante faible. L im-
pulsion faible, développe en se pro-
pageant dans le mailieu une struc-
ture oscillante qui fait ressortir les
déplacements lumineux en temps réel.
Ceci peut étre vu comme une mise
en forme de l'impulsion faible. Cette
¢tude représente une extension d’une
idée discutée en premier dans un

systeme a trois niveaux ou les déplacements

lumineux sur wune transition sont

sondés par une impulsion faible résonante

se propageant sur une transition ad-
jacente [Delagnes04]. Le cas présent
du systeme a deux niveauxr est para-
dozalement plus compliqué a analy-
ser car les champs pompe et sonde
agissent sur la meme transition.
Dans la seconde partie de ce
chapitre, nous mnous focalisons sur
les couplages non-adiabatiques. Un
champ asymétrique, non résonant
et intense produit des transitions
non adiabatiques. Sous des conditions
adaptées, le couplage non-adiabatique

prend la forme d’une fonction résonante

en forme de pic de Dirac, d’aire qui
transfére de maniére abrupte toute la
population dans [’état adiabatique ex-
cité [Vasilev06]. On considérera le cas
ot le champ excitateur consiste en
deuzr 1mpulsions identiques décalées
dans le temps, verrouillées en phase.
Ce schéma va permettre le controle
par la phase des sauts mnon adiaba-
tiques.

La derniere partie de ce cha-
pitre traite de l'observation des sauts
non-adiabatiques. Le saut se produit
dans la base adiabatique et ne se voit
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real populations. We propose the ob-
servation of the jump in real time, on
the temporal profile of a weak probe,
that propagates in the medium and
couples resonantly the excited adia-
batic state to a third level in the sys-
tem. The probe develops an oscil-
latory structure with the oscillations
starting at the time of non-adiabatic
jump. This can again be seen as
pulse shaping of the probe with non-
adiabatic jump acting as a “turn on”
switch for the shaping process.

pas dans les populations réelles. On
va proposer une méthode permettant
l'observation du saut en temps réel
sur le profil temporel d’une impul-
ston sonde peu intense qui se propage
dans le milieu en couplant de maniére
résonante [’état adiabatique excité a
un troisieme niveau dans le systeme.
La sonde développe une structure os-
cillante avec des oscillations qui com-
mencent au moment précis ou se pro-
duit le saut non-adiabatique. Cet effet
peut élre vu a nouveau comme une
mise en forme temporelle de [’im-
pulsion avec le saut mon-adibatique
jouant le role d’un commutateur pour
le processus.

2.1 Bi-chromatic excitation of a two-level sys-
tem

Consider the two-level system discussed in Chapter. 1 Section. 1.1, interacting
with a strong, non-resonant, ultrashort field €, A.f. (¢,5) e~ (“<=*<¥) 4+ cc: and
probed by a weak, resonant pulse €,A4,f, (t,7) ¢i(wot=Fpro) + cc, as shown
in Fig. 2.1. The detuning of the strong “control” field is A, = wy — w,; the
Rabi frequencies associated with the two fields are €. (t) = DA.f. (t) /h and
Q,(t) = DA,f, (t) /h with |Q.| > |Q,|. The two pulse envelopes are given

by

_ L
fc (t) - \/7—1_6 I (21)
iy () = —=e 0/, (2.2)

NZS
7. and 7, are respectively the time durations of the control and the probe
and their ratio is given by 7,. = 7,/7.. The pulse envelopes are normalized
to unity with [ f, d(t/7,) = [ f. d(t/7.) = 1. The dephasing between the
two fields is

O (t,7) = At — 6k -7+ o, (2.3)

where 5k = lgp — k€, is the spatial dephasing and ¢ is the phase shift between
the two fields. A small angle between the two fields is necessary. Firstly,



38 A Driven Two-level system in Ultrashort pulse regime

control
probe

Ol | Y

Figure 2.1: Bi-chromatic excitation of a two level system. The two fields
propagate with a small angle between them.

it separates the two fields at the exit of the medium. Secondly, in this
configuration the probe is immune to non-adiabatic effects, and probes only
the light-shifts, as will be shown in the discussion.

The time evolution of the system in adiabatic basis [see Section. 1.1.2]
after carrying out RWA is given by

iho, (:) —h[A+V] (3) . (2.4)

A is the part of the Hamiltonian due to the control field and is given by

1A —Q@) 2 08) (1)
Al =5 (—21' (0.0)(t) Ao+ 0 (t)) ' (2:5)

The diagonal terms with Q = /402 + A? are light-shifted energy levels, and
the off-diagonal terms are non-adiabatic coupling. The perturbation due to
the weak probe is contained in V. It is given by

_ Ol ji(7e)
V(W)ZR<0 TPOB )RT, (2.6)

cc

0, = DA,71,/h is the pulse area of the probe and the rotation matrix R is
the same as given by Eq. 1.9. The matrix V' can be written as

V= V(f)e—i@(ﬁt) + V(+)ei¢>(ﬁt)’ (2-7)



2.1 Bi-chromatic excitation of a two-level system 39

with V) = VO and

oy O,f, [ —sin20 2sin*6
Ve = 27, (—2 cos?f  sin 26’) ' (2:8)
V' contains both the diagonal and off-diagonal terms that depend on both
the control and the probe field. The diagonal terms induce modulation in the
light-shifted energy levels, but these effects are small as long as the probe is
weak. For 0, < 1, only the off-diagonal terms in matrix V' are important and
these describe the interaction of the probe with light-shifted energy levels.

2.1.1 Floquet like expansion

The spatial periodicity allows the use of Floquet methods. The atomic quan-
tities can be expanded in Floquet series and that latter can be truncated at
the first order with respect to the probe amplitude in the limit of weak probe.
We write the amplitudes as

a(t,7) = (t,y) +a (t,y) e 0D 4 o) (2, y) 0D, (2.9a)
v (t,7) =4O (t,y) + 77 (t,y) eI 4 A (1) 1D, (2.9b)

The time evolution of the system at the first order is given as
. &(0) C((O)
iho; ~(© (t,y) =hA ~©) (t.y). (2.10)

In the adiabatic limit with vanishing off-diagonal elements of matrix A in
Eq. (2.5), and with initially all the population in the ground state |«), the
solution of the above equations is given as
Al (1,0) = e~ s S (2.11a)
7O (t,0) = 0. (2.11b)

The ground state amplitude accumulates phase in accordance with light-
shifted level but the excited state amplitude remains zero as there is no
population in the excited state. At first order with respect to the probe
amplitude, the evolution of the system is given by

 a® o® 4©
iho, (V(i)) (t,y) =hA (v(i)) (t,y) + vV (7(0)) (t,y). (2.12)

Only the amplitude v(~) will be relevant for the discussion that follows, and
it 1s given at y = 0 as

(=) ~9p —if! A0t gy ! 2 ' —i [LQ@")dt" 34
Y (0)=i— e e T 2 cos“0f, (t',0)e " dt'.
Tp oo

(2.13)
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2.1.2 Coherence behavior

The coherence responsible for the radiated field is a*c. We can write it as

ate ~ e + ppefz@b(ﬁt) + p;ez’@(ﬁt)’ (2'14)
different terms in the above expression radiate in different directions. p. radi-
ates along the control field direction k.€,, and it contains all the contribution
from the non-adiabatic effects. p, radiates in the direction of the probe, and
p), radiates in the symmetric direction k.€,—d k. Having a small angle between
the probe and the control ensures that any small non-adiabatic effects due
to the control field do not influence the radiated probe, and the probe only
experiences the light-shifts. In another geometry where the control and the
probe are propagating co-linearly and have sufficient delay between the two,
the probe is immune to light-shifts and experiences only the non-adiabatic
effects [Delagnes05]. The coherence p, in the adiabatic basis, and using the
Floquet expansion (2.9), is given by

%:C%ML¢N¢4+&wﬂwq_ggehm2¢»+¢ﬂw@}
N sin 20
2

[0©"a) 4 at"a® 40" _4"5O] . (2.15)

Eight terms in the above expression correspond to eight quantum paths
available to the probe field in the dressed representation as shown in Fig. 2.2.
Four correspond to the absorption of the probe from level 1 and 2 to level
3 and 4, and the other four correspond to stimulated emission on the same
transition. The associated oscillation frequencies are shown in the Figure.
The system can be considerably simplified as the probe interacts resonantly
only on the transition 1 < 4, and that also for the time durations when the
light shifts are not important. We next consider the coherence corresponding
to 1 < 4 transition.

The coherence K4

The probe is resonant only on the transition 1 < 4 in Fig. 2.2, and for
the times outside the interval [—T,,7,]. This interval is the solution of
Q(t) — Ac > 7,' and marks the region where the light shifts make the
probe non-resonant with the system. Outside this interval, the probe in-
teracts resonantly with the system. With initially all the population in the
ground level 1, the level 4 is not populated during adiabatic evolution. Hence
only the path corresponding to the absorption along 1 — 4 is important in
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Figure 2.2: Coherence in adiabatic basis. Eight quantum paths — four for
absorption and other four for emission — are available to the probe. However,
during adiabatic evolution, with all the population initially in the state 1,
only absorption on 1 — 4 is significant. acosf, asinf, ycosf, and ~sin €
are the relative contributions of adiabatic levels to the bare state amplitudes.
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the expression (2.15). This contribution is given by
Ky = cos? 0 a9~ (), (2.16)

and using Eq. (2.11) and Eq. (2.13), it can be written at y = 0 as

0 ¢ .t 1 4!
Ky (t,0) =i-2 00529/ cos? 0 f, (t',0) e o A" gy (2.17)

Tp —00
We further distinguish between the resonant and the non-resonant contri-
bution to Ky4. Resonant contribution is for the time —oo to —71, and for
the time 7T, to oo with cos?f ~ 1 during this time. Neglecting the non-
resonant contribution, the coherence during the action of light-shifts (for
—T, <t <T,) can be written as

0 . . / o
Ky (t,0) = i-2 cos? e "Rt o7 JZ oo (U= D)t fp (t,0)dt'.

Tp oo

(2.18)

This relation will be used later to work out the expression for the radiated
probe intensity.

Effects of light-shifts on the radiating coherence

The effects of the light shifts on the coherence p, ~ K4 can be seen in
Fig. 2.3(b). It shows |p, (t,0)| for different pulse duration widths. The plots
should be compared with Fig. 2.3(a) which shows the evolution of the co-
herence in the absence of light-shifts. In (b) the coherence increases initially
due to the resonant interaction. At ¢t = —T, the light-shifts come into action
and stop any further increase in the coherence. The non-resonant contribu-
tion to the coherence can be seen in this region in the form of oscillations.
The oscillation arise because of the interference of the resonant contribution
to the coherence for times ¢ < —T, and the non-resonant contribution for
time ¢ between [—T,.,T,]. The oscillations thus mark the region where the
light-shifts are important. At the end of the light shifts at T" = T, the co-
herence again continues to rise and reaches a maximum at the end of the
probe. The maximum reached however, is considerably reduced as compared
to that in Fig. 2.3(a), where the probe is propagating alone in the system
and is never affected by the light-shifts. Moreover, by changing the ratio of
the time duration of the control and the probe 7,., the action of light-shifts
on the probe, and thus on the coherence can be controlled. For example in
Fig. 2.3(b), for 7,. = 2, the probe is twice as long as the control and gets
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Figure 2.3: The coherence |p, ~ K14| at y = 0. (a) The probe is propagating
alone in the medium with €. = 0 and 7, = 1. (b) Propagation in the
presence of the control with Q. = 607! for 7, = 1 (dashed), 7,. = 2
(solid), and 7,. = 0.5 (dotted). Light-shifts suppress the coherence and
induce modulations. Other parameters are 6, = 0.01 and A, = 107"
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ample time to interact resonantly with the system. The coherence resulted
in this case is significantly more than that of 7, = 0.5, for which the light
shifts are always present during the action of the probe and the latter gets
very little time to act resonantly.

2.1.3 Behavior of the probe during propagation
Expression for transmitted probe intensity
The probe obeys the following equation of propagation

.€dis
yitp = i=4= Tochp- (2.19)
p

edisp 1s the dispersion parameter discussed in Section. 1.2.2. For eg;spTpe > 6,
the dispersion affects the entire probe spectrum and the probe is significantly
modified as it propagates. The control field obeys a similar equation of
propagation, but is only slightly modified for 8, = DA.7./h > eyisp.

An approximate analytical solution for the transmitted probe intensity
can be worked out for the case when the radiated field is small in comparison
with the incident field. This condition is satisfied if the dispersion param-
eter is small and/or the population transfered to the excited state by the
probe is substantially reduced by the action of the control. In this case the
atoms experience only the incident field and the space dependence of atomic
quantities can be neglected. Approximating the coherence p, by the resonant
part of Ky, and using the Eq. (2.18) in Eq. (2.19), the transmitted inten-
sity I, (t, L) o |Apf, (t, L)|?, can be approximated for —T,. < t < T, by the
expression:

t

(0.2 = 4 |1, (0 = 9 (,0) cos

— 00

(@~ A)de d))] ,
(2.20)

with g (¢,0) = —egisp cos? 0 (¢,0) ’f:;r fp (t,0)dt'|. The above expression
shows that the transmitted pulse intensity is time modulated with an in-
terference pattern which depends on the light shifts. These oscillations may
be shifted by changing the relative phase ¢. The contrast of the oscillations
can be controlled through the dispersion parameter eg;s,. Another indepen-
dent parameter to control the oscillations amplitude is the pulse durations
ratio 7,. as we see in the next Section.
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Figure 2.4: Normalized temporal profiles of the probe at y = 0 (dashed), at
y = L with Q. = 0 (dotted), and at y = L with Q. = 607! (solid). The light
shifts suppress the long dispersion tail and induce modulations in the central
peak. The modulation depth varies for (a) 7,. = 2, (b) 7. = 1, and (c)
Tpe = 0.5. In the last case the probe propagates unaltered. Other parameters
are 0, = 0.01, A, = 107!, and egisp = 1/7pe-
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Effects of light-shifts on the temporal profile

The transmitted probe intensity in the presence and the absence of the control
field is shown in Fig. 2.4. In the absence of the control the probe develops a
long dispersive tail due to the phenomena discussed in the previous Chapter.
In the presence of the control field (and due to the light shifts) this long
dispersion tail is significantly suppressed. This is in line with the coherence
at y = 0 shown in Fig. 2.3(b). Light-shifts greatly reduce the coherence
at the end of the probe and this causes the dispersion tail to vanish. As a
result, the energy is concentrated in the central peak and the peak exhibits
tiny oscillations. The origin of these oscillations is different from the ones
seen in the coherence in Fig. 2.3. Here these arise due to the interference
between the incident field whose frequency is fixed in time (at wp), and
the radiated field whose frequency is time dependent (w. + ) through the
light-shifts. These can be compared with the interference observed in the
temporal profile of a chirped pulse as it propagates in a two-level system
[Rothenberg85], or ringing effects in a Fabry-perot cavity [Poirson97]. In
chirped case the interference between the incident field and the radiated field
reveals the sweeping of the instantaneous frequency, whereas in the present
case the interference reveals the light-shift induced sweeping of the atomic
resonance frequency. The interference on the probe field intensity thus maps
the light-shifted region, and can be used to probe the effects due to light-
shifts.

The amplitude of the oscillations is modified by changing the relative
pulse duration 7,. as is shown in Fig. 2.4. This provides another control in
addition to eg;sp to control the modulation depth. The control arises because
Tpe determines £7, that mark the boundary of resonant interaction. For
T, = 2 in Fig. 2.4(b), the probe gets ample time to interact resonantly
with the system. The coherence created resonantly before the onset of the
light-shifts is more than the other cases (7, = 1 and 7, = 0.5 ), hence
the radiation during the action of light-shifts is stronger, and causes more
prominent oscillations. In the extreme opposite case of 7, = 0.5, the light-
shifts are important throughout the action of the probe, and the latter gets
very little time to interact resonantly with the system. The coherence is
severely suppressed as is clear in Fig. 2.3, and the probe passes through the
system unaltered. This is similar to electromagnetic induced transparency
[Fleischhauer05], however, in the present case the transparency is due to the
action of light-shifts, and not due to the destructive interference of quantum
paths (or the dark states).
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Effects of light-shifts on the probe spectrum
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Figure 2.5: The spectrum of the probe gets enriched as it propagates in the
driven atomic media. The new frequency components correspond to 1 < 4
transitions in the Fig. 2.2. The components are more pronounced for 7,, = 2
(solid) than 7,. = 1 (dashed). The cutoff in both cases is the same. Other
parameters are Q. = 607,71, 6, = 0.01, A, = 107}, and egisp = 1/7pe.

The spectrum of the probe gets enriched during propagation in the strongly
driven media. The light-shifts introduce new frequency components to the
probe. This enriched spectrum of the transmitted probe is shown in Fig. 2.5
for 7, = 1 and 7, = 2 (7, = 0.5 exhibits similar features at a very reduced
scale). In addition to the absorption features at resonance, a modulated
structure can be seen in higher frequency range. This corresponds to the
transition between the light-shifted levels 1 and 4 in Fig. 2.2 with frequen-
cies w, + €2 (t). Each new frequency is generated twice in time — once when
the levels are being stretched and a second time when the levels are relaxing
back — and this leads to the interference pattern shown in the figure. The
oscillations in the case of 7, = 2 are more pronounced as in this case the
excited level 4 is more populated than for 7, = 1. The cut-off frequency in
both cases is the same and is given by w. + Qn4z-
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2.1.4 The two-level system as a pulse shaper

We have seen that propagation of a weak probe in a strongly driven atomic
media can probe the light-shifts. The temporal profile of the probe maps out
in real time the light-shifted region, and develops an oscillatory structure due
to the interference between the incident field, and the radiated field during
the action of light-shifts. A smooth pulse at the entrance of the medium
thus gets modulated, and the spectrum of the probe gets enriched with new
frequency components. This can have a possible application in pulse-shaping
that is important for the study and control of many physical processes and
chemical pathways [Assion98]. Moreover, the present method provides ad-
vantage over the traditional pulse-shaping techniques like liquid crystal dis-
plays [Wefers95], accousto-optic modulators [Tull97], and deformable mirrors
[Zeek99]; that it can act both for long pulses (picosecond pulses) and in ultra-
violet domain.

2.1.5 Experimental considerations

The effects presented here can be observed for picosecond pulses in a two-
level system with a large dipole moment,ensuring the induction of light-
shifts without ionizing the atomic system. For instance in Rb atoms on the
transition 5s 251, — 5p 2Py with A = 794.76nm and D ~ 1.7a.u. and
assuming Gaussian incident pulses with 7. = 10ps, a beam waist wy = 2mm
and an energy of 7.2uJ, we get 6. = 60. A wavelength detuning of 0.33nm
gives A, = 10. The peak intensity is then I ~ 3 x 10°T¥//cm?, sufficiently
low to avoid direct ionization or multiphoton processes in this system. The
optical depths used in the simulations can easily be reached. For instance for
a cell with length L = 1em (smaller than the Rayleigh length zy = w3 /A ~
15.8m), we have egisp ~ 1 at N = 1.1 x 103 atoms/em?. The atomic density
is obtained for the cell temperature 7' = 100°C'. The Doppler width Ay, =
V/2kpT/ (mpyA?) has a value of 0.37GH z. The dipole dephasing time is then
A;O; ~ (.867ns much larger than the typical characteristic time considered
here (7. = 10ps) ensuring that the energy deposition in the medium is small
as has been assumed. The approximations used in this section also rely on
the use of the one-dimensional model for the propagation. The two beams
cross with a small angle that is just higher than the natural divergence angle
of the beams so that the spatial separation is possible. The treatment is valid
if this angle is very small (so 04, = A/ (7wy) < 1) and the spatial overlap
between the two beams is perfect along the sample with 04, L < wy. This
latter condition is equivalent to having a Rayleigh length zy = mw?/\ higher
than the sample length (2o > L). In conclusion, one has to use the beams
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Figure 2.6: Spatial configuration taking into account for the spatial extent
of the beams

with large transversal dimensions and to introduce a separation angle of the
same order as the natural divergence. With the parameters given above, we
get O4;, = 0.13mrad and the ratio z/L is 1.58 x 1073.

2.2 Phase control of Non-Adiabatic Jumps

Non-adiabatic transitions are another aspect of strong field interaction with
the system which has no counterpart in weak field regime. These can lead to
significant population transfer to the excited state even when the field does
not contain any resonant photons. A complete population inversion in a two-
level system interacting with asymmetric, non-resonant, zero-area pulses has
been proposed [Vasilev06]. The phenomena is attributed to non-adiabatic
jump (NAJ) that takes place in adiabatic basis and transfers suddenly and
abruptly all the population to the excited state. We consider a scheme in
which the two-level system is excited by two strong, non-resonant, phase
locked, identical pulses. The coupling and the energy levels become phase
dependent in the adiabatic basis, and for certain phase value NAJ can be
invoked in the system. By slightly changing the phase, NAJ is destroyed.
This renders phase control of NAJ. For still different values of the phase a
double adiabatic rapid passage(ARP) [Allen75, Liedenbaum89, Melinger92]
comes into action. This leads to transient population in the excited state but
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the asymptotic population transfer is vanishing. Thus a very sensitive phase
control of the asymptotic population transfer is achieved.

In the following, I will first present the system, introduce the adiabatic
basis that are better suited to study the system, and then discuss NAJ and
the control of NAJ.

2.2.1 A two-level system driven by a strong asymmet-
ric field

Consider again the two-level system {|a) , |c)} interacting with a strong, non-
resonant, ultrashort field A, f.(¢t)e~™<' + cc. The Rabi frequency for the field
is Q. (t) = DA.f. (t) /h and we write it as Q. (t) = O.f. (t). The detuning of
the field is A, = wg — w,, and the field envelope is given by

1, (¢’ t) _ % e*(ttfc/gf N eid’e*(t_:c/g)Q

The envelope consists of two time delayed Gaussians each having the time
duration 7.. The delay between the two Gaussians is 7, and the two are
dephased by the relative phase difference ¢. This can arise for example in an
interferometer where a field is split by a beam splitter and the two parts of the
field propagate along different paths before recombining. The wavefunction
of the system can be written as

(2.21)

T (¢,1)) = a(¢,t)]a) +c(p,t) e |c). (2.22)

Schrodinger equation with rotating wave approximation (RWA) leads to the
following equations for the evolution of the system

iho, (Z) (6,1) = R (—1;)0 . _QZCZCC*) (Z) (1) . (2.23)

2.2.2 Adiabatic basis

The interaction can be better studied by transforming the system into adi-
abatic basis. The choice of the basis is, however, arbitrary. One can try to
define the basis for general ¢, but this makes the problem more complicated
by making the phase of total effective field time-dependent. A better strategy
is to define the basis for one particular ¢, and then study how the light shifts
and the coupling are modified by changing ¢. We define the adiabatic basis
for ¢ = w. This choice of transformation will prove to be much more adapted
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to the present situation, as the physics of the obtained results will be very
elegantly highlighted with this basis change. We write the field envelope as

f0(¢7t) :fc(ﬂ—7t)+f1) (¢7t)7 (224)

where

£ (m,1) = {e(%f _ e(%)z} , (2.250)

folot) == (1 +e) e (=7) (2.25b)

The rotation matrix is
cosf sind

R(t)= (— sinf cos 6’) () (2.26)

and the mixing angle 0 (¢) is defined as
1

0(t) = 3 arctan [2r f, (m,1)] . (2.27)

Here r = 9¥./A. is an important parameter that characterizes the non-

adiabatic coupling. The amplitudes of the wavefunction (2.22) are trans-
formed into adiabatic basis as

(3‘) (9,8) = R (1) (‘”) (9,1). (2.28)

The time evolution of the amplitudes is given by

oy (2 (6.0 =nlaw + @.0] () (6.0 (2.29)

A (t) represents the Hamiltonian for ¢ = 7. It is given by

A, —Q 2000 )

1
Alt) =3 (—mTe Ao+ 0 (2.30)

The diagonal terms are the light shifted adiabatic energy levels with Q (¢) =
AC\/ 1+ 4r2f2 (7, t) being the instantaneous separation between the levels,
and the off-diagonal term 076 represents the non-adiabatic coupling. V (¢, t)
in (2.29) represents the correction to the energy levels and the coupling when
¢ # 7. It is given by:

—QTACe(tTc/Q) ¢ sin 260 cos 20 — itan (¢/2)
Vigt) = NG cos’ (5) (cos 20 + i tan (¢/2) — 5in 26 ) ‘
(2.31)

We next consider the population dynamics for different values of ¢.
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2.2.3 Non-adiabatic jump (NAJ) for ¢ =7

For ¢ = 7, the matrix V' (¢, t) is zero, and the dynamics is determined by the
matrix A (¢) as given in (2.30). The two Gaussians are asymmetric with re-
spect to each other and for |7| > 7., the two dress the system independently.
Each Gaussian induces local non-adiabatic transitions but these do not cause
significant population transfer to the excited state. When the two Gaussians
are brought near to each other — with |7| & 7. — such that the falling edge
of one Gaussian coincides with the rising edge of the other, the light shifts
and the non-adiabatic coupling add up non-linearly. The energy levels in this
case present a modulated structure with a node at t = 0, and the coupling
acquires the shape of a delta function at the node. The field profile, the
adiabatic energy levels, and the non-adiabatic coupling for 7 = 7. are shown
in Fig. 2.7. The non-adiabatic coupling causes significant population trans-
fer at t = 0 which is shown in Fig. 2.8. This abrupt jump in the adiabatic
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Figure 2.7: Field profile (dotted), adiabatic energy levels (dashed), and (4
times) magnified non-adiabatic coupling (solid). The coupling presents a
minimum at ¢ = 0, is 0 at ¢ = +Tj, and presents two local maxima at
t=+T,,.

populations can be understood by analyzing the behavior of non-adiabatic
coupling. The coupling follows the derivative of the field profile and is given
by

Tan c (7T7 t)

00 () = T e gy (2.32)
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It presents a minimum at ¢ = 0 where the light shifts vanish, and goes to
zero at £1y. 4T are the points where the light shifts are at maximum,
and are the solutions of 2¢ tanh (¢7/72) = 7. The coupling presents two local
maxima at t = +7,,. A small population disturbance at +7,, can be seen
in Fig. 2.7(b). We will next show that the non-adiabatic coupling behaves
as a delta function near ¢t = 0 for r — oo. At t = 0, the field vanishes
fe(m,0) = 0, and from (2.32) we can see that the non-adiabatic coupling
diverges for r — oo . However, the area beneath the coupling remains finite
between +7j. It is given by

Aye =2 / " (000) (B .

—Ty

= 2arctan [2r f, (m, Tp)] . (2.33)

The factor 2 has been introduced to conform with the convention of “m
area pulse causing complete population inversion”. The area beneath the
coupling behaves as An¢|, . = —m. The characteristic width of the cou-
pling can be approximated as 0T = Anc/0rf(0). It behaves as T =
2arctan [2r f. (7, Ty)] /rOr f (7,0) and vanishes for r — oo. These results
show that the central part of the non adiabatic coupling around ¢ = 0 indeed
behaves as a delta function with an area —m (or 7 if the sequence of the two
Gaussians is reversed). Moreover, near t = 0, the light shifts are at minimum
with Q ~ A, and in the limit of strong pulse (r > 1), the excitation can be
considered as resonant. The transition probability to the excited adiabatic
level is thus sin? A% ~ 1. Complete population inversion in adiabatic basis
with a sudden jump can be realized as shown in Fig. 2.8. A limitation to ob-
tain a perfect 0 to 1 population jump in the adiabatic states is the population
already transferred in the wing at T'= —T,,, . At T' = T,,, the non-adiabatic
coupling can again modify asymptotic population. This can be avoided if
the evolution is adiabatic in the wings, requiring Q (£7,,) > |07 (£T,,)|.
This condition can be easily fulfilled by making detuning large A, > 1, and
maintaining r > 1 for obtaining the desired NAJ at ¢ = 0.

2.2.4 Phase control of NAJ for ¢ # =

When ¢ # 7, the additional contributions from the matrix V' (¢,t) have to
be taken into account. For arbitrary times and phase shift values, V' con-
tains both non-vanishing diagonal and off-diagonal terms. Light shifts and
optical coupling between the adiabatic states are thus modified. As the total
coupling is no longer a 7 area delta function, the transition probability to
excited adiabatic state is dramatically affected. In Fig. 2.9, the excited state
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Figure 2.8: Excited state population in adiabatic basis exhibits a jump at
t = 0. Parameters are A, = 87,1, ¥, = 4007 (r =50), 7 = 7, and ¢ = 7.

adiabatic population as a function of ¢ is shown just before and after the
time when a non-adiabatic jump occurs for ¢ = 7 . It can be seen that close
to ¢ = m, the jump retains some of it character in a very narrow window with
rapidly losing its efficiency. Outside the narrow window around ¢ = m, the
population exhibits different behavior both before and after the jump. Be-
fore the jump in Fig. 2.9(a), the small population is due to the non-resonant
coupling introduced by V (¢,t) that acts outside the interaction region §7.
After the jump in Fig. 2.9(b), the rise in population away from ¢ = 7 is due
to the level crossings introduced by V (¢, t). Both of these are the transient
effects, and no permanent population transfer takes place in the wings, as
can be verified in the plot of asymptotic excited state population in Fig. 2.10.
This demonstrates the sensitive dependence of asymptotic transition proba-
bility on phase shift. The transient population dynamics will be discussed
shortly.

Modification of NAJ for ¢ close to 7

The behavior around ¢ = 7 in Fig. 2.10 can be explained by analyzing the
matrix elements of V' (¢, t). For small variations of ¢ around 7 with ¢ = 7+-¢,
€ < 1, we can neglect the additional light shifts as these are proportional

to €2. The matrix V at ¢t = 0 thus simplifies as V ~ %6’72/(473)(? o).
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Iy (t = —0.57,)
(@)
~

0 -4 -3 -2 -1 0 1 2 3 4
Phase shift ¢ — 7 (in units of 7/4)
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Figure 2.9: Adiabatic excited state population profile (a) before NAJ at
t = —0.57,; (b) after NAJ at time ¢ = 0.57.. NAJ exists only for ¢ very close
to m. Away from ¢ = 7, population in (a) is due to non-resonant coupling
provided by V (¢,t); and in (b) because of level crossings. The oscillations
are discussed in the text. Parameters are A, = 87,1, 9, = 4007, ( r = 50),
and 7 = 7.
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Figure 2.10: Asymptotic excited state population. In inset a zoom is made to
show the narrow width of the peak. Parameters are A, = 87!, 9. = 4007, !

(r=>50),7=r.,and ¢ = .
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During the action of NAJ —in the time interval 67— the modification of
the effective pulse area due to the presence of the additional coupling V' is

negligible provided 2 )%6’72/ (47 )5T) <& 7. This condition can be simplified

to € < 7/(A.7?), and it implies that for € = 7/(A.7?), the contribution
from V (7, t) over the resonant-interaction region d7 is as important as NAJ,
and it completely washes out the effect of NAJ. For ¢ much closer to ,
the perturbation due to the matrix V is small and NAJ retains some of its
efficiency. This is shown in Fig. 2.11, where excited adiabatic state population
is shown near ¢t = 0 for different phase values. The vertical lines in the Figure
mark the region 07. The asymmetry of the perturbation V modifies NAJ
differently for different sign of €. For ¢ = 7w + € the perturbation adds up to
NAJ in the interaction region §7', and for ¢ = m—e it makes NAJ less efficient.
An important feature is the modification of the population just outside the
region 07. This is due to the fact that the perturbation V', unlike NAJ acts
over a very wide region and can modify the populations when the energy
levels are still close to each other.

Another interesting feature in Fig. 2.11 is the presence of oscillations
both before and after NAJ, with the oscillations after NAJ much stronger
and prominent. These arise because of the interference between the pop-
ulation transfered to the excited state at different times. Before NAJ, the
small population transfered by 0,60 at t = —T,, interferes with the popula-
tion transfered non resonantly by V (¢, t). After the jump, the non-resonant
contribution interferes with the population transfered resonantly by NAJ.
These non-resonant contributions to the population are small, but these lead
to observable effects because of the interference. Theses oscillations are dif-
ferent from Rabi oscillations and have been observed and reported in atomic
systems driven by chirped pulses [Rothenberg85, ZamithO1], or submitted
to strong fields that induce light-shifts as discussed in the previous Section
[Delagnes04, Delagnes06, Delagnes07e].

Adiabatic rapid passage

For ¢ # m, the level crossings can appear in the system. Indeed, the diago-
nal elements of V' (¢,t) in (2.31), are the corrections to the adiabatic energy
levels for ¢ # m. These corrections o< cos? (¢/2)sin 20 change sign at t = 0
because of the asymmetry of the field f. (7, t) (we have sin20 = 2rf. (7, t)).
If ¢ is such that these corrections become more important than the diagonal
elements of A (t) , then the adiabatic energy levels exhibit a crossing near
t = 0. Any small coupling at the crossing can cause significant population
transfer through adiabatic rapid passage (ARP). This explains important
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Figure 2.11: Adiabatic excited state population for various phase values.
Vertical lines mark the region d7. NAJ survives for little variations around

¢ = . Parameters are A, = 87,71, 9. = 4007 (r =50), 7 = 7., and ¢ = 7.
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population transfer to the excited adiabatic state in Fig. 2.9(b) for ¢ away
from 7. However, this crossing is always accompanied by a second crossing
when the contribution because of diagonal elements of V' (¢, t) becomes neg-
ligible as compared to € (t). For ¢ = 0, this second crossing appears near
the end of the pulse when the adiabatic energy levels relax back to the bare
state picture. The second crossings brings all the population back to the
ground adiabatic level and explains vanishing asymptotic population for ¢
away from 7 in Fig. 2.10. These crossings and the population in the excited
adiabatic state because of ARP for ¢ = 0 are shown in Fig. 2.12. The tran-
sient oscillations are strongly attenuated in this case and appear only near
the end of the pulse when the levels are close enough to cause non-resonant
transitions.

Transient population dynamics

We can now understand the transient population dynamics in excited adi-
abatic level as shown in Fig. 2.9. For ¢ very close to m, the dynamics is
determined by NAJ as has been already discussed. For ¢ away from 7, and
for times before the jump (at ¢ = —0.57,. in the Figure), the small population
in (a) is due to the non-resonant coupling provided by V' (¢, t). The coupling
has a component o sin ¢ which acts over a very wide region, and a compo-
nent o< cos?® (¢p/2) which is localized near ¢t = 0 (due to the profile of cos 20).
Thus for times away from NAJ, and for phase close to 2nm, the coupling
vanishes and this explains the already small population in Fig. 2.9(a) going
to zero in the wings.

The dynamics after the jump in Fig. 2.9(b) are governed by ARP and
the level crossings. The crossings take place for t ~ 0. In this region the
additional coupling by V (¢, ) is resonant and non vanishing for all ¢ # 7.
The interplay between the level stretching and the coupling leads to increased
population transfer as we move away from ¢ = 7.

The oscillations in the Figure has the same origin as the one seen in
the temporal profile in Fig. 2.11. The small population transfered by 0,0 at
t = —T,, interferes with the population transfered at later time by V (¢,t)
and induces oscillations in the temporal profile. At a given time (£0.57. in the
Figure), the change in the phase sweeps through these temporal oscillations
by modifying the coupling. Hence oscillations appear in the phase profile as
well as shown in the Figure. Moreover, the non-resonant population transfer
in Fig. 2.9(a) is less sensitive to the phase variation than the one that takes
place resonantly (at the crossing) with abruptly changing energy levels. This
latter leads to more fast oscillations as seen in Fig. 2.9(b).
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Figure 2.12: (a) Energy levels showing two crossings and (b) excited state
adiabatic population. ARP results in complete but transient population
transfer near ¢ = 0, the population comes back when the adiabatic levels
relax to bare state picture.
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Sensitive phase dependence

The asymptotic population transfer to the excited state exhibits a very sensi-
tive dependence with phase as shown in Fig. 2.10. In subsection 2.2.4, it was
shown that NAJ is completely washed out by V (¢, t) for |¢p — 7| > 7/(A.72).
For ¢ inside this narrow window, the width of the central peak decreases
further by increasing r. This is because of the population dynamics induced
by by V (¢,t) outside the interaction region. This narrowing of the central
peak for different field strengths is shown in Fig. 2.13.
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1 1
0.8 {0.8

.

0.6 0.6
8

I

0.4 0.4
0.2 0.2

¢ — 7 (in units of 7/ (A.72) )

Figure 2.13: Sensitive phase dependence of NRJ. FWHM of the central peak
decreases with increasing r. Parameters are r = 50 (solid) with width 0.0317
, 7 =75 (dotted) with width 0.0257, and r = 100 (100) with FWHM given
by 0.0197

The realization of very sharp structures with ¢ is in line with a very good
spatial and temporal sensitivity of interferometers. For instance when the
sequence of two ultrashort pulses is obtained by sending a single pulse into
an interferometer, we can write ¢ = w.0t, where 0t is the delay between the
two pulses. For pulses with 800 nm wavelength, we obtain from Fig. 2.10,
0t ~ 40 as for field strength .7, = 400. This correspond to spatial resolution
0x = cot of 12 nm. Finally the large values of . can be obtained by using
long pulses. For instance, we have 9.7, = 1104 (a.u.)T.(ns)\/I(MW/cm?).
For a transition with p., = 4 a.u., a laser pulse with a time duration 75 = 10
ns, and an energy of 1 uJ focused on 1 mm? spot, we can obtain a value for
J.7. as large as 440.
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2.2.5 Observation of non-adiabatic jump

The observation of non-adiabatic transitions in bare state populations is not
straightforward [Vasilev06]. Fig. 2.14 shows the bare state population corre-
sponding to adiabatic populations shown in Fig. 2.8 and Fig. 2.12(b). In (a)
with ¢ = 7, the population grows from zero to a maximum value exhibiting
strong oscillations corresponding to off-resonance Rabi beating. The change
associated with NAJ corresponds only to the modification of the oscillation
amplitude at ¢ = 0. These oscillations arise before the jump, near —T,,, where
the residual non-adiabatic contribution populates the excited adiabatic state,
and are modified at T' = 0 due to abrupt re-distribution of population among
adiabatic states. But the re-distribution of population among adiabatic lev-
els does not always correspond to significant modifications in bare state.
Indeed, in the case of an ideal jump with adiabatic population going from
0 to 1, these oscillations in the bare state disappear and the signature of
the transition jump vanishes. This can be appreciated in the Fig. 2.14(b)
for the case ¢ = 0 where the adiabatic population show perfect population
inversion [Fig. 2.12(b)], but the bare state picture does not reflect the change
in adiabatic populations. It is thus hard to deduce the exact nature of the
dynamics by measuring only the excited state population. We propose in the
next section a method to observe these non-adiabatic jumps.

2.3 Probing NAJ by propagation effects

The non-adiabatic jump (NAJ) discussed in the previous Section takes place
in adiabatic basis and can not always be detected in the bare state popula-
tions. However, the jump takes place for strong driving fields that also induce
important light-shifts. These light-shifts can be probed using the technique
discussed in Section. 2.1. The excited adiabatic level that is populated by
NAJ, can be coupled resonantly by a weak probe to a third level in the
system. The probe while propagating in the system maps out light-shifted
region on its temporal profile (in the form of oscillations) only if the adiabatic
level is populated. Before the jump, the excited adiabatic level is empty and
the probe propagates unaltered in the system. At the onset of the jump, the
level is populated and the probe develops an oscillatory structure starting
at the time where the jump takes place. The position of the jump is thus
marked in real time on the temporal profile of the probe.

Consider the three level system shown in Fig. 2.15. The state |a) and |c)
are coupled by a strong, non-resonant, asymmetric pulse that induces NAJ at
time ¢ = 0 as discussed in the previous Section. We couple the excited level |c)
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Figure 2.14: Excited bare state population corresponding to (a) NAJ in
Fig. 2.8 with ¢ = 7, and (b) ARP in Fig. 2.12(b) with ¢ = 0. In (a) the
oscillation amplitude is changed with NAJ. In (b) the complete population
inversion in adiabatic basis gets unnoticed in bare state representation. Pa-
rameters are A, = 87,1, ¥, = 4007, (r =50), 7 = 7, and ¢ = 7.
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driving

|a)

Figure 2.15: A sequence of two time delayed, non-resonant strong pulses
excite a two level system. A weak probe resonant on an adjacent transition
probes the non-adiabatic transitions.

to another level in the system |¢) by a weak probe. The probe is resonant with
the transition |¢) < |¢), and is given by A, f, (¢,y) e""«@=t=k) 4 cc. We define
the dimension-less strength parameter for the probe as 0, = D.,A,7,/h. D,
is the dipole matrix element for the concerned transition and 7, 1'is the
spectral bandwidth of the probe. The probe is propagating along y axis and
the pulse envelope at y = 0 is given by

£, (,0) = %e(?y. (2.34)

The system is transformed into adiabatic basis by the transformation

|a) cosf@ sinf 0 |a)
7)) | = [ —sin® cosf 0 le) | . (2.35)
a) 0 0 1/ \|g)

The mixing angle is the same as given by Eq. 2.27. The evolution of the the
wave function

V) =ala) +77) +qla), (2.36)
is given by
a 2eotll) idrf —0,m frsind\ [a
0|7 | = —i0rf Bt grtfrcosd | | v
q —GpTl;lfp sin 6 —GpTz;lfp cosf A, q
(2.37)

Here 070 is the non-adiabatic coupling given by Eq. 2.32 and causes NAJ at
t = 0. Here we have neglected the contribution due to V (¢,t) from (2.31)
as it is not relevant for the present discussion.
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In adiabatic basis the probe couples the state |¢) with both the states
la) and |). However for A, > 77!, the coupling is resonant only with the
excited adiabatic level |y). Moreover, the coupling is resonant only for the
time between —T, and T,, which are the solutions of Q2 — A, < T, L

2.3.1 Coherence behavior

The coherence that radiates on on |c) <> |q) is given by
pp =¢q" (asind + ycosh), (2.38)

and can be simplified to ¢*vy cos § because of the resonant-interaction consid-
eration just discussed. We next work out the expression for the coherence
and the transmitted probe intensity.

We assume that initially all the population is in the ground state |«).
With adiabatic evolution the population rests in the ground state until ¢ = 0.
At t = 0, there is a sudden jump and all the population is transfered to the
excited state by NAJ. Subsequent evolution of the system at zeroth order
with respect to the probe amplitude is given by

a0t >0)=eho =5 (2.39)
YO (¢t > 0) = 0. (2.40)

For time 0 < ¢t < T,., the probe is resonant on |vy) < |¢) and can create the
coherence p,. The amplitude ¢ at first order between the time 0 and 7T, is
given by:

0, in, [
gV (0 <t <T,) = iLe At / fodt’. (2.41)
Tp 0

For t > T, we neglect the non-resonant contribution to the amplitude ¢ and
write it as

0, _. I
gV (t > T) =iLe ™t [ fdt'. (2.42)

Tp 0

The coherence at y = 0 and for ¢ > 0 can thus be approximated as

O, _t—terae g, [T
pe o= _iT—peﬂfé et /0 frdt. (2.43)
p
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2.3.2 Transmitted probe intensity

The probe follows the propagation equation

el
Oty =102, (2.44)
P
€lyisp 15 the dispersion parameter for the probe defined as e}y, = NDZ2 w, L7,/ (2ceoh),
and L is the length of the medium. The strong field that induces NAJ on
la) < |c) transition also obeys a similar equation of propagation, but is only
slightly distorted because it is very strong. The above equation can be solved
in the perturbative limit. Using the expression (2.43) we can write

!
i fot *Ac;rﬂ(t ) qt!

fo(ty) = f,(£,0) + g (t,0)e : (2.45)

with g (t,0) = ej,,7, " cosf(t,0) [, f, (t,0)dt’. The transmitted intensity
I (t,L) = |Ayf, (t,L)]> can thus be approximated for t > T,, at the lowest

order in ey, by the following expression:

Q) - A
I, (t, L) =~ I, (t,0) + 2A2f, (t,0) g (t,0) cos/ %dt’. (2.46)
0

This formula shows that the transmitted pulse intensity is modulated
with an interference pattern that depends on the light-shifts induced on the
transition |a) — |c). These oscillations can be seen in the temporal profile
of the transmitted probe intensity in Fig. 2.16. We represent the probe
intensity as a function of time in three situations. In (a) and (b), NAJ
occurs on the transition |a) < |c) at t = 0. The jump is revealed on the
temporal profile of the probe. Before the jump for ¢ < 0 the probe propagates
into the medium without any distortion. At the jump, the excited adiabatic
level is populated and a coherence develops between the states |y) and |g).
Subsequent radiation of the coherence during light shifted |y) appears in
the form of oscillations in the temporal profile. The jump is marked in real
time by the onset of these oscillations. Moreover, it can be seen that by
centering the probe at a different times, we can modulate different regions
of the probe. The modulations always start at ¢ = 0 with the onset of the
jump. In Fig. 2.16(c) NAJ does not occur. In this case the matrix V (¢, 1)
from Eq. (2.31) has been taken into account in the time evolution. For
¢ = 0, there is no NAJ and the adiabatic passage populates the excited level
transiently as shown in Fig. 2.12. However, in this case the probe is made
non-resonant by level crossings, and thus the transiently populated |y) can
not be probed. The probe propagates through the system unaltered as shown
in the Figure.
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Figure 2.16: Normalized initial (dashed) and transmitted (solid) intensity
profiles for the probe. In (a) and (b) ¢ = 7. The position of the non-adiabatic
jump (shown by the vertical line) is marked by the beginning of oscillations.
For (c¢) non-adiabatic jump does not occur and transiently populated |v) state
is always detuned from the probe because of level crossings. Parameters are
(a) t, = 0.57,, (b) t, = —0.57,, and (c) ¢, = 0. The other parameters are
A, =871 9. = 40071, 0,=027=1,7,=1and egs =2
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2.4 Conclusion

We have explored how strong field effects in an atomic medium in ultrashort
regime can be probed by propagating a weak probe through the system.
The light shifts induced by the strong field become visible on the temporal
profile of the probe in the form of an oscillatory structure. The oscillations
mark the region where light-shifts are important, and the oscillation period
is determined by the strength of the light-shifts. This can have useful ap-
plication in pulse shaping. We have also seen population dynamics due to
non-adiabatic coupling. Asymmetric pulses can cause complete population
inversion in adiabatic and the asymptotic bare state populations. The phase
control of such transfer was presented. The very sensitive phase dependence
of the population transfered by non-adiabatic jump can have important ap-
plications in interferometry. Finally a method to observe these jumps on the
temporal profile of a weak propagating pulse was presented. The jump in
this last case provides an additional control for the shaping of the weak field.



Chapter 3

Slow light

3.1 Introduction

Light travels at a tremendous ve-
locity in vacuum and in thin media
like air. In relatively dense media the
velocity of light is reduced by a fac-
tor of 2 ~ 3. This reduction in the
velocity is determined by the refrac-
tive index of the material which is of
the order of few units in dense ma-
terials. The term “slow light”, how-
ever, does not refer to this marginal
change in the velocity of light. Slow
light means a reduction of many or-
ders of magnitude in the propagation
velocity of light. This is possible be-
cause the group velocity of light does
not depend only on value of the re-
fractive index of the material at the
optical frequency. It also depends
on dispersive property of the medium
—on the manner how refractive in-
dex changes with the frequency. For
very abrupt normal dispersion ultra-
slow group velocities can be realized
as discussed in the first chapter. The
key idea to produce ultraslow light is
to induce a narrow transparency win-

69

La lumiere se propage a une vi-
tesse énorme dans le vide et dans des
milieux dilués comme ’air. Dans un
milieu relativement dense la vitesse
de lumiere est réduite d’un facteur 2
ou 3. Cette réduction est déterminée
par lindice de réfraction du milieu
qui est de ['ordre de quelques unités
dans des milieux denses. Le mot
“lumiere lente ” toutefois ne désigne
pas ce changement marginal dans la
vitesse de la lumiere. La lumiere lente
signifie une réduction de plusieurs
ordres de grandeurs de la vitesse de
propagation de la lumiére. Ceci est
possible car la vitesse de groupe de la
lumiere ne dépend pas seulement de
la valeur de l"indice de réfraction a la
fréquence optique. Il dépend aussi des
propriétés dispersives du milieu c’est-
a-dire sur la maniere dont ["indice
de réfraction varie avec la fréquence.
Pour une wvariation abrupte de la
dispersion normale, des wvitesses de
groupes trés faibles peuvent étre ob-
tenus comme cela a été discuté dans
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dow in the absorption spectrum of
the medium. This narrow window is
accompanied according to Kramers-
Kronig relations by an abrupt normal
dispersion with wdn/dw > 1. This
leads to orders of magnitude reduc-
tion of the propagation velocity of
light inside the medium as given be
Eq. 1.43.

In this chapter I will first briefly
present the two well known meth-
ods of slowing light— namely electro-
magnetic induced transparency (EIT)
[Imamoglu89, Fleischhauer05] and
coherent population oscillations (CPO)
[Schwarz67, Boyd81, Bigelow03b].
These two arise in different systems,
present very different features, and
are generally considered to be quite
distinct from each other. Next I will
present a new method that we have
termed coherent Zeeman oscillations
(CZO). It arises in a double two-level
system interacting with two linearly
polarized fields —having mutually
orthogonal polarization— that prop-
agate along slightly different direc-
tions, with one field much stronger
than the other. This new technique,
CZO, presents features that are in-
termediate between EIT and CPO.
It may suggest that EIT and CPO
are more close to each other than
they are considered; and that EIT,
CPO, and CZO can be considered as
different manifestations of wave mix-
ing phenomena. I will also present

le premier chapitre. L’idée clé pour
la production de lumiére ultra lente
est d’induire une fenétre de transpa-
rence étroite dans le spectre d’absorp-
tion du milieu. Cette fenétre étroite
est accompagnée selon les relations
de Kramers-Kronig par une varia-
tion abrupte de la dispersion normale
avec wdn/dw > 1. Ceci conduit & une
réduction de plusieurs ordres de gran-
deurs de la vitesse de propagation de
la lumiere dans le milieu comme cela
est décrit par l'eq. 1.43.

Dans ce chapitre je vais présenter
brievement deux méthodes bien connus
de ralentissement de la lumiére (basé

nommément sur la transparence électromagnétique
induite (TEI) [Imamoglu89, Fleischhauer05]

et les oscillations cohérentes de popu-
lation (OCP) [Schwarz67, Boyd81,
Bigelow03b]. Ces deux effets se pro-
duisent dans des systéemes différents,
présentent des particularités différentes
et sont en général considérés comme
bien distinctes l'une de l'autre. FEn-
suite, je présenterai une nouvelle
méthode basée sur ce que nous avons
nominé comme des oscillations des
cohérences Zeeman (OCZ). Elle se
met en place dans un systeme a deux
niweauxr double interagissant avec
deuzr champs polarisés linéairement
(orthogonales entre euz), qui se pro-
pagent dans des directions différentes
et dont l'un des champs est plus in-
tense que l'autre. Cette nouvelle tech-
nique, basée sur les OCZ présente des
particularités intermédiaires entre
celles basées sur la TEI et les OCP.
Cela suggére que la TEI (dans des
systemes lambda dégénérés) et les
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the limitations of CZO, a short com- OCP beaucoup sont plus proches que
parison of CZO with EIT and CPO, ['on ne croit, et que la TEI, les OCP
the possibility of storing light using et les OCZ peuvent étre considérés
CZO, and the conclusion. comme des manifestations différentes
du phénomene de mélange d’onde. Je
présenterai aussi les limitations des
0CZ, une courte comparaison de la
méthode basée sur les OCZ avec ceux
basées sur la TEI et les OCP, la pos-
sibilité de stocker la lumiere en utili-
sant les OCZ et enfin je conclurai.

3.2 Slow light with EIT

Electromagnetic induced transparency or EIT is a quantum interference phe-
nomena, traditionally seen in a three level A system, in which, the absorption
of a weak resonant pulse on an atomic transition can be suppressed by apply-
ing a control field on an adjacent transition. In an exciting scheme where the
two fields are detuned by the same amount from the common energy level,
total destructive interference takes place and results in zero absorption, both
for the weak field, and for the control. The optically opaque medium thus
turns into a transparent one. The idea was first proposed by Harris et al.
[Imamoglu89], was experimentally verified by Boller et al. [Boller91], and has
been discussed in great detail in topical review [Fleischhauer05, Marangos98|.

In the following I will present a special treatment of EIT in a A system
with degenerate ground states, that brings it closer to CPO and CZO. It will
be followed by the traditional treatment of EIT in a general system in terms
of the dark states, and some landmark experiments of slowing light using
EIT. A more detailed discussion on EIT from the perspective of slowing light
can be found in [Milonni05, Fleischhauer05, Milonni02].

3.2.1 The system for EIT

Consider a three level A system {|a), |b),|c)} with degenerate ground states
interacting with a strong “control” field A.e~*<! + cc on the transition |a) <
lc), and with a weak “probe” field A,e™“** 4+ cc on |b) < |¢) transition as
shown in Fig. 3.1. The control field is detuned by A, = w,. — w. from the
respective transition, and by A = w, — w, from the probe. The two Rabi
frequencies are Q. (t) = DA./h and Q, (t) = D4A,/h respectively where D
and D, are the respective dipole matrix elements. The excited state |c) has
the linewidth I' and relaxes with the rate I'y and I's into the ground states
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Figure 3.1: Three level A system for EIT.

la) and |b) respectively. We have I' = I'y + I'; and we use it as the unit
of frequency in the following discussion. The coherences p., and py, relax
with the rate I'y which reduces to I'/2 in the absence of collisions. We place

ourselves in the situation where the coherence p,, does not relax.
The density matrix for the system is

iwet
Paa Pab pacezwC
_ twpt
p= Pba Pbb Poc"?
—iwet —iwpt
Pca b Pcb€ “r Pce

3.2.2 Time evolution of the system

The time evolution of the system is given by following equations:

10tpaa = Qepac — Qppea + L1 Pec,

1O pop = Qe M ppe — Q;‘eiAt/ch + Lo pee,

10spec = —10¢Paa — 10 Pob,

i0ipea = Qe (Pec — Paa) — e pra + Al pea,

i0ipab = — Qi pey + pe ™ poc,

iOipey = —Qepare™ + e (pec — ) + (A% — A) pa,

where A, = A, + il

(3.1)
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The periodicity of the excitation allows the use of Floquet methods and
we write

0 =) _—i i
Pij = pz(j) + pz(‘j JemiA 4 Pz(] eidt (3:3)

in the limit of |©,| < [€2.]. The coherences responsible for the radiated field

at control and probe laser frequencies are respectively pﬁ? and pg).

3.2.3 Transparency for the control

At zeroth order with resgect to probe amplitude, the stationary state solution
of the system yields pb 1. All other density matrix elements vanish at
this order. This is the consequence of coherent population trapping (CPT)
[Arimondo96]. The population is coherently trapped in the ground state |b)
by the action of the control field. The field transfers the population from the
ground state |a) to the excited state |c). Some of the population relaxes into
state |b) and is trapped there since that level is not coupled to any other level
(at zeroth order), and some population relaxes back into state |a) — only to
be subsequently transfered to the excited state. This cycle keeps on going
until all the population is transfered into the ground state |b) and system
becomes transparent to the control.

3.2.4 Transparency for the probe

At first order, the relevant time evolution equations are
ity = —Qply) + Qupl) = Aply). (3.4a)
00ty = ~Quply) +Qp (o0 = o)) + (A2 - 1) 95y . (3.4D)

The coherence p., results from the diffraction of the control from the oscil-
lating ground coherence pab [ﬁrst term in Eq. (3.4b)], and the absorption of
the probe by the populations péb) — pﬁc) [second term in Eq. (3.4b)]. These
two phenomena compete with each other and the diffraction compensates for
the absorption. Indeed the oscillating ground coherence produces a grating
in time and the control can be diffracted from this grating into the probe.
This compensation for the absorption produces a transparency window in
the absorption profile for the probe.

The stationary state solution for above equations are p(b = —Q pcb / A
(A #0) and
A
Py = Q. (3.5)

I RN N
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The coherence responsible for the radiated field at the probe frequency van-
ishes for A — 0. The compensation for the absorption is perfect when the
two fields have the same frequency.

This description in terms of grating is particularly relevant if an angle is
introduced between the control and the probe fields. Indeed, p,(:,:) is the only
component in this case which is responsible for the modification of the probe.
Note that pg) = pgg) = 0, no radiation is emitted in any other directions.

3.2.5 Susceptibility for the probe

The effective susceptibility for the probe is given by Xerr = Xepp +iXesp =

(2a0,Ta/ky) Y /Qyp, where ag, = ND%w,/ (2cheoly) is the field absorption
coefficient at probe frequency and k, = w,/c. The susceptibility is shown
in Fig. 3.2 in the presence and the absence of the control field. The con-
trol field opens up a narrow transparency window in the absorption profile.
The absorption peak splits into two and the separation between the two is
given by /402 + A2. The width of the window can be controlled by the
control field intensity. The minimum of the window is at zero, signifying
perfect transparency for A = 0. The dispersion profile In Fig. 3.2(b) changes
to normal dispersion in the presence of the control field. It can be very
abrupt for a very narrow transparency window, and can lead to ultraslow
light propagation velocities in the medium.

When the control field is made stronger || > I', the two absorption
peaks move apart, and no structure appears in between the peaks. The
transparency in this case can be explained in terms of light-shifts (as was
the case in Fig. 2.4(c) in ultrashort pulse regime), however, in this case
the dispersion profile can not lead to ultraslow velocities. For low control
field intensities, the quantum interference phenomena results in vanishing
absorption of the probe. This interference effect can either be interpreted
in terms of control field diffraction off the ground coherence (and thus the
compensation for the absorption of the probe), or in terms of dark state that
can be realized in the system and the CPT that traps all the population in
the dark state as we see next.

3.2.6 Transparency due to CPT in a general A system

For a general A system, the transparency in the EIT scheme is provided
by coherent population trapping (CPT) of all the population in a dark state.
Note that CPT and EIT are related phenomena but some authors distinguish
between the two depending on the initial and the relative field strengths
[Fleischhauer05, Marangos98]. For a non-degenerate A system where the
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Figure 3.2: (a) Absorptive and (b) dispersive response of the medium for the
probe in the presence €. = 0.4I" (solid), and absence 2. = 0 (dashed) of the
control. Other parameters are: A, =0 and I'; = 0.5I".
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two ground states |a), and |b) have energy difference hw,,, we can define the
detuning between the probe and the control as A’ = wy, + w, — w.. The
effective Hamiltonian (after RWA) in the bare states {|a),|b),|c)} can be
written as

0 0 -9
H=n| 0 AN -9,]. (3.6)
Q. -Q, A.

Here we have taken the fields to be real for simplicity, and have used the
convention pe, X e"t, pg o et and prg ox e @)t for RWA. The
system can be transformed into dressed states {|bright) ,|dark),|c)} by the
rotation matrix

cos sinf 0
R=|—sinf cosf 0. (3.7)
0 0 1

The mixing angle 6 is defined by the relation tanf = €,/€.. The dressed
Hamiltonian is given by

A’sin®0  A'sin20/2 — /2 + Q2
Hy=RHR' =h | A'sin20/2 A cos®6 0 . (3.8)
—/$2 + Q2 0 A,

The system in the dressed basis is shown in Fig. 3.3. The two ground
states |a) and |b) give rise to the |bright) and the |dark) state where the
|dark) state is not coupled to the excited level |¢). The only coupling of
the dark state is to the bright state and this coupling is proportional to the
detuning between the two fields A’. The bright state is coupled to the excited
level through modified field, and in the presence of A’, the two ground states
are slightly shifted in the dressed basis.

For A’ = 0, the dark state is not coupled to any other state in the system.
It can still receive population from the excited level |¢) through relaxations,
or if initially all the population is in the ground state |b), then this state
corresponds to the dark state for |€,| < [€2.|. However, once the population
is in the dark state, it is trapped, and ceases to interact with the laser fields.
The medium thus becomes transparent for A’ = 0 and this explains vanishing

Pcb-

3.2.7 Slowing light with EIT

The first calculation of slow light propagation in an EIT medium was pro-
vided by Harris et al. [Harris92]. The group velocity in an EIT medium
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|dark)

x &
|bright)

Figure 3.3: Dressed bases for the A system. Coherent population trapping
of the population in the dark state induces transparency for A = 0.

is determined by the control field intensity, the probe wavelength and the
density of the atomic medium [Milonni05]. Harris et al. considered the prop-
agation of 283 nm probe in 2% Pb vapor cell at an atomic density of 7 x 10'°
atoms/cm?3. The control was provided by 405.9 nm field with the inten-
sity 283 kW /cm?. With these parameters they calculated the group velocity
vy = ¢/250 and a group delay of ~ 83ns. The realization came 3 years later
when a group delay of 55 ns corresponding to v, = ¢/165 in a 10cm cell, was
observed[Kasapi95]. This was the first realization of slow light through EIT
and the result is shown in Fig. 3.4.

The most remarkable experiment of ultraslow light was reported by Hau
et al [Hau99] in 1999. They used ultracold sodium atoms at the temperature
of 450 nk having peak atomic density of 3.3x10' atoms/cm3. A weak control
field with intensity 12 mWem™2 produced an extremely narrow transparency
window and slowed down the probe to 32 m/s group velocity. Their result is
shown in Fig. 3.5. They measured a series of pulse delays and corresponding
atom cloud sizes in the temperature range between 2.5 puk and 50 nk, and
obtained a light speed of 17 m/s for pulse propagation in an atom cloud
initially prepared as an almost pure Bose — Einstein condensate.

However, ultracold atoms are not required to produce ultraslow lights,
as was experimentally demonstrated by Kash et al[Kash99] by slowing down
light to 90 m/s in ®"Rb atoms at the temperature of 360 K. Very narrow
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Figure 3.4: First realization of slow light in EIT medium (taken from
[Kasapi95]). The probe in (b) is delayed by 55 ns.

transparency windows can be induced even in Doppler broadened hot media.
The reason for this is the dependence of transparency on the difference of
frequencies of two fields (on A = w, — w,), as is evident by the expression
(3.5). In hot media an atom moving with velocity ¢ sees the probe as having
frequency w, — kp v, and the control with the frequency w, — k - . The
detuning of the two ﬁelds in Doppler broadened media thus modifies Ay, =
wp—wc—(Ep—Ec)~U. In the A system with nearly degenerate ground states, the
two fields have k, ~ k.. Agop reduces to A in this case and the transparency
survives Doppler averaging. In fact the only velocity dependence of the
transparency is through A, — A, — IZC - U which arises in the denominator of
(3.5). For || > |k - ¥ the effect of the Doppler broadening for all velocity
distributions is negligible.

3.3 Slow light with CPO

Another method to produce slow light makes use of Coherent Population
Oscillations or CPO. Here the absorption of a weak probe in a two level
system shows a narrow dip when a strong slightly detuned field is applied on
the same transition. The dip is centered at the strong field frequency and its
width is given by the population relaxation rate. This dip as “ a hole burned”
in the homogeneously broadened absorption spectrum, was first suggested
by Schwarz and Tan [Schwarz67]. Later the phenomena was treated in great
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Figure 3.5: Slow light in ultracold sodium atoms(taken from [Hau99]). Open
circles represent the reference probe when no atoms are present. Filled circles
represent the probe delayed by 7 ps in a 229 pm medium, corresponding to

v, = 32.5 m/s.
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detail by Boyd et al [Boyd81] and was experimentally observed by Hillman
et al [Hillman83].

3.3.1 The system for CPO

2 | Y

Figure 3.6: A two level system interacting with bi-chromatic field.

Consider a two-level system interacting with a weak probe A,e™™r! 4 cc
and a strong control field A.e~*! + cc as shown in Fig. 3.6. The two Rabi
frequencies are Q. = DA./h and Q, = DA, /h with |Q,| < |Q2|. The control
field is detuned by A, = wy — w, from the resonance, and by A = w, — w,
from the probe. The time evolution equations of the system are written as

iOtpec = (Qz + Q;emt) Pea — (QC + Qpe_mt) Pac — 1 pec, (3.9a)
Z.atpca = (QC + Qpe_iAt) (pcc - paa) + A:pca‘
I is the population relaxation rate and A, = A, +14'y where I, is the rate at
which the coherence p., relaxes. In the absence of homogeneous dephasing

processes I'y reduces to I'/2.
The periodicity of the excitation allows the use of Floquet like expansion

pij =y + Py €+ ply e, (3.10)

in Egs. (3.9). At zero order with respect to probe amplitude the system
simplifies to a two-level system interacting with a single field as discussed in
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Section. 1.1.3, and the stationary state solution is given by Eq. (1.24). At
first order the time evolution equations are

0y = () — Qcpéz)) Qppl) — (A +1D) pl7), (3.11a)
0y = Qe (p) - paa )+, (08 - paa) (Ar = A)pG),  (3.11b)
i) = Qe (05 = plD) + (AL + A) . (3.11c)

pgj) can be worked out using the identity (p(f)) = pg-l-_). Moreover we have

ij
the relations pgc) + p(a) =1 and pCC )+ p( ) =0. -
+

The coherence pga) radiates at the probe frequency, whereas pe,’ radiates

at 2w, —w,. If an angle is introduced between the probe and the control, then

these two radiate in different directions with pﬁg ) radiating in the direction

of the probe. For A = 0, such geometry is necessary to separate different
radiating components. The stationary state solution for the two coherences
is given by

B AN, (A4 AL) + 2410,/ _
p) = — — — I'AZQ,,
“ (TAR + 4T ) [A (A+AL) (A= A7) +4 (A +ily) [2)2] ¢
(3.12a)
p— —20 (A —2i0y) 92 | FAQ"
(D) A2 + 4T 4] ?) [-A* (A + A%) (A = AL) +4 (A —ily) [Q]?] b
(3.12b)

with A = A +4I", and A, = A, + iI[";. Here we have used the zero order
results from Eq. (1.24).

The response for the probe is determined by xepr = Xopp + iXepy =
(2aord/k:)p£;)/(2p, where ag = ND?wy/ (2cheol’y) and k = wy/c. The imag-
inary part of the susceptibility corresponding to the absorption profile is
shown in Fig. 3.7. For strong dephasing I'; > I', the presence of the control
opens up a narrow transparency window. The minimum of the width is deter-
mined by the population relaxation rate I' (shown in a zoom in Fig. 3.7(b)),
and can not be arbitrarily decreased. For strong control fields the satura-
tion becomes important as shown in Fig(a). For still higher control fields
the transparency window splits into two with new structure appearing in the
center [Boyd81]. Finally, the minimum of the transparency depth does not
reach zero signifying that the transmission can not be perfect.

The transparency is explained as follows. The interference of the probe
and the control field causes the total field to modulate at beat frequency. If
the beat frequency is lower than the population relaxation rate, the popu-
lation starts to oscillate at the beat frequency. This produces a grating in
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Figure 3.7: Absorption profile of the medium in CPO. A narrow transparency
window appears in the presence of the control field. In (a) the window is
power broadened. In (b) a zoom shows the width of the window for a weak
control field.



3.3 Slow light with CPO 83

-

)

aa

(

'~ p

”

Population p

Time

Figure 3.8: Compensation for the absorption of probe. Diffraction of the
control field from the population grating compensates for the absorption of
probe. A small angle between the control and the probe is required (for A =
0) to separate spatially the component that radiates at 2w, — w, frequency.

time and the control field is diffracted off this grating into the probe field,
compensating for the absorption of the latter. The diffraction of the control
is accounted for by the first term in Eq. (3.11b) where as the second term
represents the absorption of the probe by the static population. The inter-
play between these two processes produces a narrow transparency window in
the absorption profile.

3.3.2 Slowing light with CPO

The first experiment to slow light using this technique was reported by
Bigelow et al [Bigelow03a]. They propagated an amplitude modulated argon
ion laser operating at 514.5 nm through a 7.25 ¢m long ruby rod, which could
be modeled as an effective two level system. This modulated field caused a
dip in the absorption spectrum which in turn delayed the modulation. A
group velocity of 57.5 m/s was inferred in their experiment. In another
experiment [Bigelow03b] they reported the group velocity of 91 m/s in Alex-
endarite crystal. The CPO has also been used to slow light upto 2.7m/s by
Baldit et al. [Baldit05].
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3.4 Slow light with CZO

Now I present a new method to produce slow light that can be realized
in a double two-level system interacting with two linearly polarized fields.
The fields are mutually orthogonally polarized and propagate with a small
angle between them. One of the field “the control” is much stronger than
the other “the probe”. The control field turns the system into a slow light
medium for the weak probe by inducing a narrow transparency window. The
transparency window presents features that resemble to the one obtained by
traditional EIT in a A system. However, unlike the traditional EIT, there is
no dark state in the present system. The transparency in the present system
arises because of the diffraction of the control from the space/time grating
induced by the total polarization. In this regard it resembles more to CPO
and to the non-standard description of EIT presented in Section. 3.2.

3.4.1 The double two-level system I

Consider a double two-level system consisting of degenerate ground states |a)
and |b) and degenerate excited states |c) and |d) as shown in Fig. 3.9. The
energy difference between the ground and excited states is hwy. The system
is excited by two linearly polarized fields which are mutually orthogonally
polarized. The expressions for the two fields are

— .

E.(t,7) = eﬁzAce*’(thflgc'F) + cc, (3.13a)
E, (t,y) = &, Aye™"@rt=kw) 4 e (3.13b)

The control field is 7 polarized with €, = €, and connects the transitions
with identical mpr —state |a) with |c¢) and state |b) with |d). The weak
probe is ¢ polarized with &, = (¢ — &) /v/2. The probe connects the levels
that have different mpr. The excitation scheme and the polarization axis are
shown in Fig. 3.9.

The Rabi frequencies associated with the two fields are 2. = DA./h
and ©Q, = DA/l with |Q,] < || and D = <a\5 : é',r\c> (D is the dipole
moment). The control is detuned by A, = wy — w, from the resonance
and by A = w, — w, from the probe. The two fields propagate with a
small angle ¥ between them and give rise to space/time dephasing ® (¢, ) =
At — 6k - 7 where we have 0k = kpé, — k.. The propagation geometry is shown
in Fig. 3.9(b).

The Hamiltonian in {|a), |b), |¢), |d) } basis is given by

~
—

H=Hy—D- (EC+EP). (3.14)
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Figure 3.9: (a) A Double two-level system for slowing light. The 7 polarized
control field drives each single two-level system, and the o polarized probe
connects crossed transitions. (b) Propagation and polarization axis.
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Hy is the free Hamiltonian and the dipole matrix elements are given by
[Sobelman92]

(3.15)
We define the density matrix for the system as
Paa Pab pacei(wc'f_ljc'_‘) padez(wct_ljc r)
p — pba . pbb . pbcez(wctfkc"r pbdel(wct—kc-r)
pcaefi(wctflic.q?) pcbe—z’(wctflic.f‘) Dee o
e o~ i(wet—ke) Odb o~ i(wet—ke7) Die o

3.4.2 Time evolution of the system

The time evolution of the system is given by ih0d;p = [H, p]+relaxations where
the relaxation terms are added phenomenologically. Using the definitions
of the density matrix (3.16) and the expression for the Hamiltonian (3.14)
along with (3.15), and after carrying out rotating wave approximation we get
following equations for the time evolution of the system:

104 Paa = [( Pac + Qppage™™® (tﬂ) — cc} + il (pee + 2paa) /3, (3.17a)
0oy = [(—eppa + Lopree 7)) — cc] + 4T (paa + 2pec) /3,  (3.17b)
i0ipec = [— (Qepac + Qoppee 7)) — cc] — ilpee, (3.17c¢)
i0ypaa = [ (Qeppa — Qppade_@(tﬂ) — cc| — il paa, (3.17d)
i0tpea = Qe (e — Paa) + e (pog — poa) + ANl pea, (3.17e)
iOrpap = Qe (poy — paa) + Qe 7 (pge — pas) + Alpay, (3.17f)
i0pab = — (Qepaa + Lpes) + (e poe — Q™0 pg) — Ty pas,
(3.17g)
i0ped = — (Qepad + Lpes) + (— e 07 pyg + Q™7 poy) — il pea,
(3.17h)
i0:pda = Qe (Pva + pac) + e ) (pag — pua) + Al paa, (3.17i)
i0iper = — Qe (pab + pea) + Qe P (pee — py) + Alpey, (3.17j)

with A, = A, +i[';. We have used the following relaxation terms. The
transitions have the Doppler free linewidth I'. This will also be used in
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the following as the unit of frequency. The excited sates populations relax
into the ground states with the rates that are proportional to the square of
respective transition dipole moments [Sobelman92]. Thus the states relax
with I'/3 in the ground state with identical mp and with the rate 2I'/3
in the ground state with different mp. All the coherences except the ones
between Zeeman levels relax with the rate I';. In the absence of non-radiative
dephasing processes, 'y reduces to I'/2. The excited state Zeeman coherence
peq Telaxes with the rate I',, and the ground Zeeman coherence pg, relaxes
with I',,. In pure radiative dephasing (I'..,I';,) reduces to (I',0).

3.4.3 Simplification due to the symmetry

The system described by Eqs. (3.17) can be simplified by a change of vari-
ables. We write n, = paq + pw for the total ground state population. The
excited state population is given by n. =1 —ngy = p.. + pas- The coherences
responsible for the radiated o and 7 polarized fields are given respectively by
Pp = Peb + Pda a0 pe = peq — pap- Finally, the imaginary parts of the ground
and excited Zeeman coherences are p.g = pap — Ppa AN Pze = Ped — Pde- With
these definitions the Eqs. (3.17) reduce to

iOng = (Qepl + Qpe_@(tﬂp; —cc) +il (1 —ny), (3.18a)
i0pe = Qe (e — ng) + Qe P (p. + pae) + Alpe, (3.18b)
100y = = (pag + pac) + Qe O (g —ny) + Alp,, (3.18¢)
10129 = (—Qcp;; + Qpe_@(tﬂpz + cc) —ilgpzg, (3.18d)
10 pre = (—Qcp;; + Qpe_@(tﬂpz + cc) | (3.18e)

It is remarkable that only fewer equations are required to describe the
dynamics of the system. This is the consequence of the symmetry of the
system (of special relations between dipole moments), and of the excitation.
Indeed a complementary set of equations can be written that includes the real
parts of the Zeeman coherences; the difference of populations between the
left and right two-level sub-systems p,, — pp, and pe. — paq ;and the coherences
Pda — Peb aNd peq + pap, but this second set does not describe the dynamics
of the system and vanishes in the steady state regime.

It is also interesting that only imaginary parts of the Zeeman coherences
Pap and p.q are involved in the dynamics. This is again the consequence of
the symmetry of the system. From (3.17e) we see that the action of the probe
Qpe*iq’(tf) on the coherence py, creates the coherence p.,, but pg is created
by the action of the probe on (py,)" as we can see in (3.17f). Hence for
Pe = Pea — Pab, the contribution of real part of p,, vanishes. Similarly pg, and



88 Slow light

pey are created by the action of control field on py, and (—pp,)” respectively
as shown by (3.171) and (3.17j). Thus, again only the imaginary part of py,
contribute in the evolution of the coherence p, = pa, + p4q. Similar argument
holds for the contribution of p.4 in the evolution of p. and p,.

3.4.4 Steady state solution

The periodicity of the excitation allows for the use of Floquet methods. We
expand the density matrix elements as

o0

pij (Ft) = D plem e, (3.19)

m=—0Q

Using this expansion in Eqs. (3.18), order by order steady state solution
of the system (with respect to probe amplitude) can be worked out. The
coherences p. and p, are now given as :

1 oo

=50 (Pea — pa) du, (3.20a)
1 [~ _.
Pp = 5 e (peb + paa) du, (3.20b)

with u = 6k-7. The component of the coherence p, given by J € (pey + paa) du
radiates a field in the direction conjugate to the probe field direction (i. e. in
2k, — ky€, direction).

Zero order solution: Absorption of the control

In the limit of weak o field, p, can be approximated at first order with respect

to probe amplitude as pﬁ,_) = pg) + pé;). Similarly p. can be approximated

as péo) = pég) — pg;)). The Floquet expansion (3.19) can thus be truncated at
first order. Using this truncated Floquet expansion in (3.18), we write the
zeroth order equations in two sets. The first set consists of populations and

the p. coherence. It is given as:

0 = Q.p"" — Q2p© +il (1 - nlV), (3.21a)
i0,p” = Q. (N0 —nlV) + Azpl0). (3.21b)

e
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The stationary state solution of these two equations is:

2|Q |2FdF_1
&) = - ~ 3.92
U 4’90’2Fdr_1 + ’Ac’Q’ ( a)
2|20 + |A 2
y =1-n = — 3.22h
K e T QT+ | AP (3.22D)
o0 = B o (n©® — n®) = QA
T2 ALY T A PIT +A?
(3.22¢)

This is the same as given in Section. 1.1.3 by Eqgs. 1.24 for a two-level system
interacting with a single field. Indeed, in the absence of the probe, the system
simplifies to an effective two-level system.

The other set of equations involve p, and the Zeeman coherences. It is
given by

Zatpg)) = Q (ng + pze ) + A*pp ) (323&)
i0ip) = —QoplV" — Qi pl) — 4T, pl0), (3.23b)
i0,p0) = —Qcp —Up (0 — il pY. (3.23c)

It can be verified that no non-trivial stationary state solution exists for these
equations, and we have pj(o) = p(;;) = (ZO) 0. This shows that the control
field alone can not create Zeeman and p, coherences.

System at first order

The first order equations of (3.18) can again be written in two independent
subsets. The first set, consisting of populations and p. coherences, is given
as:

i0mnl) = Qeplt” — Qipl) + Qppp — (0 +A)nl), (3.24a)
i0,p ) = —2Qnl7) + Q (P9 + o) + (AL = A) p), (3.24b)
0t = Qupl" — Qrplt) — Qrpl® — (T — A)nlP), (3.24c)
il = —2Qn" + (Az Ny (3.24d)
Here we have used the relation n{® = —n(gi). It can be shown that no non-

trivial steady state solution exists for these equations. The weak probe at
first order can not change populations or the p. coherence. This is in contrast
with CPO, where the first order populations are not zero.
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The Zeeman and o coherences at ﬁrst order evolve as:

0y = = (p5) + p57) + Q@ (0 = n) + (A7 = A) pf”, (3.25a)

3.25a
i) = —Quplt” — QEpl) + Qp®" — (iT., + A) pS), (3.25h)
0,0, = —Qup" — QrplT) + Qe — (.0 + A) pL), (3.25¢)
il = = Q. (05 + plt ) (A; +A) pH, (3.25d)
i) = —Qepl)" = QplH) — (iT.y — A) ng , (3.25¢)
0l = —Qupl)" — szfﬁ — (i1, — A) D). (3.25¢)

Coherent Zeeman oscillations

The most relevant equation in Egs. (3.25) is (3.25a). It determines the re-
sponse of the medium for the probe. The equation has remarkable similarity
with Eq. (3.4b) for the EIT scheme, with the difference that here the ground
and the excited Zeeman coherences are involved. It can also be compared
with (3.11b) for the CPO scheme. However, in contrast to the CPO here the
populations are stationary and the Zeeman coherences are oscillating.

All the three equations (3.4b) for EIT, (3.11b) for CPO, and (3.25) for
CZO can be interpreted in the same manner. The diffraction of the control
off some grating compensates for the absorption of the probe by the popula-
tion. In EIT, the coherence between two ground states provides the grating
through temporal dephasing of the two fields; in CPO the grating is pro-
vided by the oscillating populations; and in the present case, the space/time
dephasing of the two fields makes the Zeeman coherences to oscillate and to
provide the grating from which the control field is diffracted into the probe.

We can write Zeeman coherences as

pzg = Yy + Py e 0 4 plDe ), (3.26)

The oscillations arise because the total field and hence the polarization is a
modulated structure. The total polarization can be written as

A
ep = €, + €, —Le 1D, (3.27)

Ae
It is an oscillating structure due to the space/time dephasing of the two
fields. This modulated polarization is graphically represented in Fig. 3.10.

The diffraction of the control from the oscillating Zeeman coherence is shown
in Fig. 3.11.
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Figure 3.10: Polarization as a modulated structure in space and time.

Zeeman coherence

Figure 3.11: The absorption of the probe being compensated by the diffrac-
tion of the control off the oscillating Zeeman coherences.
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Quantum excitations paths

The quantum excitation paths involved in the generation of p](f) (3.25a), can
be shown for the two constituent components of the coherence p,(:;) and p((j;)
as in Fig. 3.12 (the paths involving the excited Zeeman coherence are not
shown). The path (a) and (b) in the figure correspond to the absorption of
the probe by the static populations as given by the second term in Eq. (3.25a).
The path (c¢) and (d) represent the diffraction of the control from the ground
Zeeman coherence. The Zeeman coherence is established by the combined
action of the control and the probe fields, and the subsequent diffraction of
the control from the Zeeman coherence compensates for the absorption of the
probe. The paths in (c¢) and (d) resemble the ones encountered in cross-Kerr

effect [Boyd92].

@) by
o P&

N

Lo
l io 9 (d)
@)y ¢ ) g

Figure 3.12: Quantum paths that contribute to generation of pj(o_). (a) Ab-

sorption path for pé;), (b) compensation path for p&;), (c) absorption path

(=)

for p,,’, and (d) compensation path for pé;).

First order solution: Transparency for the probe

The stationary state solution of equation set (3.25) can be easily worked out.

Using the Hermitian property of density matrix (p;; = p;;*), we can work

out the relations p,(zf) = —p,(;er)* and pg;) = —,0,(2;)*. Using these relations the
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steady state solution of (3.25) can be written as:

_ A
Pl = X ), (3.28a)
QCMp,(Z;) +Q, (néo) — n£0)>
)= == (3.28h)
0O M*p(-i-)
(+) — 2fe’” P29 3.28

cy (n® _ 0
0 () [ - 5

(
ng - . ’
(A +il.) + |Q2M [A;l—A - AclJrA]

(3.284)

with
20+ i (g + 1)

M=
A+l

(3.29)

The Eq. (3.28b) determines the response of the medium for the weak
probe. The expression suggests that the coherence is the result of two pro-
cesses as has already been discussed. For long-lived ground Zeeman coherence
with I,y = 0, and when the two fields are detuned to the same value with
A = 0, we have Q.M pg;) =-Q, <n£(,0) — n£0)>. The diffraction of the control
completely compensates for the absorption of the probe, and the coherence
pz(f) vanishes. This is in spite of the fact that the modulation depth of the
grating is weak as pg) x Q,/€ (for I',; = A = 0). However, the diffraction
of the control from the grating is of the same order as the absorption of the
probe.

A transparency window for the probe is thus obtained, and the trans-
parency is perfect for I';; = A = 0. The characterization of this transparency
window and of the resulting slow light will be discussed in detail in the next

pages.

3.4.5 A double A system with No dark state

The system shown in Fig. 3.9 can be seen as consisting of two A systems
{la),|c),|b)} and {|a),|d),|b)}. These two A systems are shown in 3.13.
Such double A systems have been extensively studied [Morigi02, Korsunsky99,
Lukin98, Cerboneschi96] and electromagnetic induced transparency has been
demonstrated [Park05] in such systems using dark states. Deng et. al. have
proposed a scheme in which the dark state is realized after certain propa-
gation inside the medium [Deng05]. However, the dark state exists only for
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1*--—--

|a)

Figure 3.13: The double two-level system seen as a double A system. The
control and the probe field in solid form one A system. The second system
is shown with the control and the probe field in dashed.

special matching conditions when the control and the probe have specific
intensity relationships.
We can define the dark states for two A sub-systems in Fig. 3.13 as:

|Dact) = _Qpe_@(m) a) + € |b) (3.30)
|Dadb> = Qc |(l> + ch_i(b(ﬁt) ‘b> . (331)

It can be seen that when the the matching condition
Q2 +iQe 2P0 (3.32)

is satisfied, we get |Dygp) = i |Daep). The two A sub-systems share a common
dark state. All the population can be coherently trapped in the dark state
and the medium becomes transparent.

However, this dark state can not be realized in our system in the present
configuration. The two fields are real and we have |2,| < [€.|. Therefore the
transparency in the present system can not be explained in terms of CPT or
dark states. Interestingly, in a different excitation scheme, the present system
can give rise to the dark state after certain propagation in the system. This
will be discussed in the next Chapter in Section. 4.5.
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3.4.6 Transparency window for the probe

For the discussion that follows we place ourselves in the situation where the
ground Zeeman coherences are long lived, with I',; = 0. This is the case
where non-radiative dephasing processes like collisions are absent. The case
with non-vanishing I, is a limitation to the present scheme of slowing light
and will be discussed in the limitations in Section. 3.4.8.

The response of the medium for the probe is determined by

Xeff = Xeps T iXes s (3.33)
2aplg P(i)

=T o (3.34)
P

Here ay = ND?wy/ (2cheol’y) and k = wp/c. Using the expression of pj(o_)
from Eq. (3.28b) (for I',, = 0), the susceptibility can be written as

2a0Fd

© _ 0 QP MA + (A+A)
(ng - ne ) 2 ; A * _ A
2|1Q2M (A +iTg) + A (Ax = A) (Ac+ A)
(3.35)

Xerf (ALA) = A I

It vanishes for A = 0 as has been discussed. For A # 0, the susceptibility is
shown in the Fig. 3.14, in the presence and the absence of the control field.

In the absence of the control, the system exhibits linear behavior for
the probe, with strong absorption and anomalous dispersion at resonance.
The control field opens up a transparency window in the absorption profile
and changes the dispersion profile to normal dispersion. The minimum of
the window is at zero for A = 0, signifying perfect transparency and the
complete compensation for the absorption of the probe. This is similar to
what is obtained in EIT with a dark state, and in contrast to CPO where
the transmission is not perfect.

The width of the transparency window

The width of the transparency window decreases by decreasing the control
field intensity as shown in Fig. 3.14. A simplified expression for the width can
be worked out. For resonant control field A, = 0, and in the limit |Q.], A <
[y, .., the imaginary part of the susceptibility [from (3.35)] simplifies to

l

=

=)

[\

VRS

%)

2R

=
~——

Xepp (D) m = —— - (3.36)
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Figure 3.14: Effective susceptibility for the probe as the function of the
detuning A = w, —w, in CZO scheme. (a) Absorption profile, (b) dispersion
profile. Parameters are 2. = 0 (dotted), Q. = 0.2I" (dashed), and Q. = 0.1
(solid). Other parameters are A, =0,I'; =0.5I', I',; =0, and I',, =T,
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This is an inverted Lorentzian with the full width at half minimum given by
4/Q2|/T4. The width of the absorption profile is given by 2I';. The relative
width of the transparency with respect to the absorption profile is thus given
as 2|Q./T4|?, and it can be significantly reduced by decreasing the control
field intensity. This is similar to the behavior found in EIT, and in contrast
to CPO.

Robustness against control field detuning

The transparency at A = 0 is robust against the control field detuning A,
as is clear from the expression for the susceptibility in (3.35). This is shown
in the Fig. 3.15.

Figure 3.15: The transparency is robust against the control field detuning.
Parameters are . = 0.2I', I'y = 0.5I', ',y = 0, and I',. =I".

Saturation with the control field

The maximum of the absorption peaks in the Fig. 3.14 does not reach the
same limit in the presence of the control as is the absence of the control. This
is the saturation effects because of the control field and is shared between
CPO and CZO. In EIT however, the two absorption peaks just move apart
by the action of the control and no saturation of the absorption takes place.
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Possibility of fast light

For control field strength such that |2.| > Ty, the light shifts induced by
the control field become important. The absorption peaks move apart and
unlike EIT, new structure appears in the center as shown in the Fig. 3.16.
This is similar to the the splitting of an absorption peak into three because

0.1
T
= 0.075"
3
[a]
“  0.05
Z
= 0.025/
g
~— O’
S
=T
= _0.025}

~4 -2 0 2 4
A (in units of T")

Figure 3.16: Splitting of the transparency window with a gain region in the
center. Parameters are A, =0, Q. =0.6I', I'; =0.5I',I',;, =0, and I',. =T

of the induced energy levels in a strongly driven two level atomic system
[Boyd81]. However, in the present case the central absorption peak is being
compensated for by the diffraction of the probe. This produces regions of gain
around A = 0, where the control field overcompensates for the absorption of
probe. This can be used to produce fast light in the medium.

Strong saturation

For |Q.] > Ty, the control field saturates the system. The populations in
the excited and the ground levels become equal with néo) —n® - 0, and
from Eq. (3.28d) and Eq. (3.28a), we see that the Zeeman coherences vanish.
In this case the system reduces to a strongly driven two-level system being
probed by a weak probe. It presents the well known absorption spectra
[Boyd92, Boyd88, Boyd81] for a strongly driven two level system. For non-
resonant control, we observe a one photon absorption peak at w. + 24z, &

three photon gain peak at w. — 2,4, and dispersion like resonance at w,
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Figure 3.17: Absorption spectra when the system reduces to an effective

(strongly driven) two-level system. Parameters are (a) A, = 2.5, (b) A. = 0.
Other parameters are (2. =4I", 'y = 0.5I', I,y =0, and I',. =T’
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[Boyd92, Boyd88] as shown in Fig. 3.17(a). For the resonant excitation, the
spectrum exhibits two mixed gain/absorption peaks at w.42,,,, and a broad
region of gain in between [Boyd81] and is shown in Fig. 3.17(b).

3.4.7 Light propagation

Narrow transparency windows with abrupt normal dispersion profiles as
shown in Fig. 3.14 (with |Q.] < I'y) can lead to slow light propagation in
the medium. The equation of propagation for the probe in a frame of refer-
ence that is moving with the velocity of light in vacuum, ¢, can be written
as (see Section. 1.2.1)

ayQP (tv y) = iaordpz(;_) (tv y) : (337)
The control field follows a similar equation of propagation, but for |.| >
€2,|, the control field is not affected by the presence of the probe. How-
ever, the control does experience the absorption and dispersion effects of the
medium as the transparency is not achieved for the control. This effect can
be minimized either by restricting the propagation to short distances (with
low optical thickness), or by making the control field cross the medium trans-
versely as shown in Fig. 3.18. Such crossed propagation geometry has also

been proposed to reduce the propagation effects on the control field in the
case of CPO [Piredda07].

probe field

Y

control

Figure 3.18: Field configuration. The control field crosses the medium trans-
versely in order to reduce the propagation effects.
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Group velocity

The group velocity for the probe is given by v, = ¢ [n + w.dn/ dwc]fl. Using
n ~ 1+ x.;;/2 and using the expression of susceptibility from Eq. (3.35),
the group velocity at A = 0 is given by

copl'y |AC|2 — |9
2|92 42T 01 + | A, |2

In the limit of weak control field with Q.| < T'y, this expression reduces
to v, = 2|Q.*/ (al'y). Very small group velocities can be reached by ei-
ther decreasing the control field intensity,or by increasing the atomic density.
However, if the atomic density is increased then a distributed configuration
as shown in Fig. 3.18 has to be used.

A numerical example of slow light can be worked out as follows. Using the
definition of Rabi frequency for the control field Q. = D A./h, the definition of
field absorption coefficient cg ~ N D?w,./(2chieyly), and the relation between
the field amplitude and the field intensity I, = 2ceg| A.|?, the group velocity
can be written in terms of control field intensity as

21
v, =
7 hw,N

-1

vy=c|l+ (3.38)

' (3.39)

For the control field intensity of 1 mW/cm?, the atomic density of N =
10'? at/em?®, a probe at 800 nm will experience the group velocity v, ~ 75
m/s.

Slow light

In order to observe such slow lights, the entire pulse spectrum should be
contained inside the transparency window. This requires that the pulse du-
ration 7, should be much larger than the inverse of the transparency win-
dow. At the entrance of the medium (at y = 0), it can be ensured by having
7 > T/ (402%). However, during propagation any components outside the
transparency window (in the wings of the pulse spectrum) can be significantly
absorbed.

Th absorption in the wings is given by e FXers where y is the prop-
agation distance. Hence the effective transparency window is reduced to
402/ (Pgy/apy), and we need to have 7, > Lyqy/agy/ (407).

The delay introduced by the slow propagation for a distance L is 7 =
L (v,' —¢7!) and is given as

g
Il (A - 2)
T a0 (a2r, T 1 [A)

(3.40)
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For |Q.] < Ty, the delay simplifies to LT/ (2Q?). The fractional delay
is given as 7/7, and because of the restraint on pulse duration it is always
much less than 2v/agL. Thus in order to have good fractional delays agL
has to be much greater than few units and a distributed field configuration
has to be used to avoid the absorption of the control field.

-2 -1 0 1 2 3
1 ‘ ‘ ‘ ‘ ‘ 1
>
=
Z 0.8 0.8
<
=
X 0.6f 0.6
o
—
[
T 0.4} 0.4
N
=
%o.zf 0.2
Z
0 0

Time (in units of 7,)

Figure 3.19: Slow light in dense atomic media. Probe is a Gaussian given
by Q, = Qgoe~ ™) with Q0 = 0.001T, and 7, = 2500I~!. Dotted curve
shows initial pulse intensity. Dashed and solid curves show pulse intensity
profiles after propagation for agL = 50, and agL = 100 respectively. Other
parameters are 10€), = 2I'y =I',c =", and A = A, =T",;, = 0. In a system
with L = 1 em, and I' = 37 M Hz, this corresponds to a ~ 67 us pulse
propagating at ~ 300 m/s (dashed), and 160 m/s (solid).

The slow light using CZO in dense optical medium is shown in Fig. 3.19.
The absorption is due to the fact that the probe duration 7, is just 20 ~ 28
times larger than the reduced transparency window. The optical depth is
large and a distributed control must be used. The length of the medium L
is thus limited by the transverse dimension of the control beam.

An example of slow light in low optical thickness is given in Fig. 3.20.
Here apgL = 1, The pump can propagate along with the probe in the medium
and only a small angle between the two is required to remove the conjugate
wave. This minimum angle is given by \/A/L where X is the wavelength of
the probe.



3.4 Slow light with CZO 103

3
1 : 1
>
=
Z 0.8 10.8
<
=
2 0.6 0.6
o
—
o
T 0.4} 0.4
N
=
%o.z 0.2
Z
0 3 0

Time (in units of 7,)

Figure 3.20: Slow light in low optical thickness. Probe is a Gaussian given
by Q, = Qy0e~ /™" with Q.9 = 0.001, and 7, = 10000~!. Dotted curve
shows initial pulse intensity. Solid curve shows pulse intensity profiles after
propagation for agL. = 1. Other parameters are 202, = 2I'; =1",, = I', and
A=A, =T,,=0. Inasystem with L =1 e¢m, and I' = 37 M Hz, this
corresponds to a ~ 27 us pulse propagating at ~ 3700 m/s (solid).
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Fast light

For resonant control field with A, = iy, and for Q. > T'y, the expression
Eq. (3.38) suggests a group velocity for the probe that is larger than the
c. The medium can thus turn into a fast light medium. Correspondingly
the real part of the probe susceptibility exhibits anomalous dispersion near
A = 0 and is shown in Fig. 3.21. For |Q2.| > I'y, the group velocity expression
simplifies to v, = 8|Q|*¢/ (8]Q|* — capl).

0.1
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ﬁc; 0.05
[a]
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o
2 0
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-4 -2 0 2 4
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Figure 3.21: Anomalous dispersion at A = 0 suggests fast light propagation.
Parameters are A, =0, . =0.6I', I'y = 0.5I', I',; =0, and I',. =T

3.4.8 Limitations of CZO

Now I discuss the important limitations of CZO technique. In addition to
the absorption of control which severely limits propagation in dense atomic
media in a non-distributed configuration, three effects have to be discussed.
These include the Doppler broadening in hot atomic vapors, the dephasing
of the ground Zeeman coherence in the presence of depolarizing collisions,
and the non-linear effects with respect to the probe amplitude.

The Doppler effect

In hot atomic gases the Doppler broadening of transitions has to be taken into
account. The need arises because different atoms moving with different ve-
locities experience the control and the probe lasers with different frequencies.
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—

The detunings thus change as A, — A, — EC vand A — A — <kp€y - kc> -,
and the susceptibility has to be averaged over a distribution of atomic veloc-
ities. This velocity distribution can be written as:

F@ =11 fiw) (3.41)
1=T,Y,%
where each component of f (7) follows a Maxwellian distribution
e_('Ui/u)2
Vru

2kpT

m

fi(vi) = (3.42)

Here we have u = kp is the Boltzman constant, 7" is the temperature,

and m is the mass of the atoms. The Doppler averaged susceptibility can
now be written as:

Xavg(A,Ac):///X<A—kp€y-U+EC~6,AC—EC-U>f(U)dxdydz
zJyJz

(3.43)
For a large angle ¢ between the control and the probe beams, and for
|k.| = k,, the susceptibility has to be averaged around A over a range

kyv, (1 — cos ) —k,v, sin ¥, and around A, over a range k,v, cos 94k, v, sin .

From Eq. (3.35) and Fig. 3.15, it can be seen that the transparency at A =
0 is robust against averaging across A.. However, any averaging across A over
a window broader than the transparency window can spoil the transparency.
kyvy ~ kpu,, at room temperature lies in GHz, whereas the transparency
window 492 /Ty lies in M H z or few tens of M Hz. The averaging thus spoils
the transparency even for a Doppler width as small as Agy,, = uk =T as
shown in Fig. 3.22(a )

However, in a non distributed configuration, with only a very small angle
between the two beams, the Doppler averaging can be overcome. If the angle
¥ is such that ¥ << 4Q?/ (k,v,I'y), the averaging across A still lies within
the transparency window. In this case the Eq. (3.43) simplifies to

g (880 = [ (A= ) ] (0) . (3.44)
y
From Eq. (3.35) and Fig. 3.15 we see that the transparency is ensured at
A = 0 for all the different velocity classes. The transparency thus survives the
Doppler-averaging of the susceptibility and only its width can be modified.
This robust behavior against Doppler averaging is shown in Fig. 3.22(b,c)
This robustness, however, comes with a price. A small angle between the
control and the probe means that the optical depth agL is limited—because
of the absorption of the control-—to only few units.
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Figure 3.22: Doppler broadening of CZO. In a distributed configuration
(a), the Doppler averaging washes out the transparency whereas in a near
collinear geometry (b) and (c), the transparency window is robust against
Doppler broadening. (c) is a zoom of (b). Parameters are (a) ¥ = 7/2,
daop = I'; (b) ¥ = 0.0001, 640, = 10I'. Other parameters are 2. = 0.1,
Ag=Te=T,and A, =1,,=0
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Ground state Zeeman decoherence I',;, # 0

The relaxation of the ground state Zeeman coherence is another limitation to
slowing light using CZO. When the coherence is destroyed, the strong field
can no longer be diffracted into the probe. With I',; # 0, the compensation
of the absorption of the probe is not perfect at A = 0. This can be seen
from Eq. (3.28d) where QCMp(Z;) no longer equals —(2, (néo) — ngo)). The
minimum of the transparency dip does not go to zero, and hence the ab-
sorption of the probe presents a limitation to slowing light. This limitation
can be quantified by the ratio I,/ (2Q2M/I';), where for simplicity we have
taken A, = 0. For I,y < I',., M is almost unity and we need to satisfy
I'., < 2Q%/T, in order to minimize the absorption of the probe.
The effective susceptibility for I',;, # 0 can be written as

(A8 =220 (o o ARMB (A4 (BFR)
kN 202M (A +ily) + (A +1ily) (Ax — A) (A + A)
(3.45)

It no longer vanishes at A = 0 and the absorption at the minimum of the
width is determined by I',,/ (2(2?1:1). The real and imaginary parts of
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Figure 3.23: Decoherence between the ground Zeeman states spoils the trans-
parency. Parameters for the four figures are (dotted) I',, = 2Q2/T, (dashed)
I,y = Q%/Ty, and (solid) I',, = 0.02Q2/T. Other parameters are Q. = 0.1T",
A.=0,and 20y =T, =T
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the effective susceptibility in the presence of non-vanishing I',, are shown in
Fig. 3.23.

int
o
Ul
o
Ul

Figure 3.24: Probe is distorted when a¢Ll';, < 293 /T4 is not respected.
Probe is a Gaussian given by , = ane_(t/“’)2 with Q,0 = 0.001I", and
7, = 2500T!. Dotted curve shows initial pulse intensity. Dashed and solid
curves show intensity profile for propagation for ayL = 50 and agL = 100
respectively. Other parameters are 102, =2y =1.. =1, and A = A, =
I',;=0.

For realizing slow light in the presence of ground Zeeman decoherence,
the propagation effects have to be taken into account. Although I',, <
202 /T'; ensures the transparency at the entrance of the medium, it is no
longer true during propagation in a thick optical medium. The decoherence
can be neglected only if kLx/;, < 1. This requires agLl., < 202/Ty.
The ground-state-Zeeman-coherence relaxation rate, magnified by the optical
depth, should be smaller than the width of the spectral hole created in the
susceptibility profile. The distortion of the probe, if this condition is not
respected, is shown in Fig. 3.24.

Non-linear effects

The results presented in Eq. (3.35) with vanishing susceptibility, is correct
up to the first order with respect to the probe amplitude only. Higher order
effects can modify this ideal behavior. We have said that for |2,/ < 1,
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the truncation of the Floquet expansion in Eq. (3.19) at first order can be
justified. But it might not be always the case. Secondly the probe field
strengths for which the inequality |€2,| < €2, can not be justified, necessitates
the inclusion of higher order terms in the Floquet expansion. The analytical
solution for the susceptibility in this case can not be worked out; however,
an expression for the minimum of the transparency width is possible. The
equation set (3.18) can be solved exactly for the stationary state solution for
A = 0. In this case @ (7, t) reduces to ® (7) and p, in stationary state is
given by

A, (02 4 Qe 22N Qrei®™)
T ATTL02 + Q2620002 4 |AL2 (|2 + |, 2)

Pp (3.46)

The coherence that radiates in the direction of the probe, pj(o_), can be worked
out using the Fourier transform given in the Eq. (3.20b). At the first non
vanishing order, it is given by

2
) ~ (6,/2) 3.47
T AL (T AT DA 202) (3.47)

It can be seen that the effects associated with this higher order contribution
are small as long as ), << €).. However, the condition 2, < (). alone
does not ensure distortion-less slow light propagation in an optically thick
medium. The propagation effects magnify any small absorption and we need
to have agL|Q,/Q|* < 1. This poses another limitation on the slow light
process using CZ0O. The distortion of the probe due to the higher order effects
is shown in Fig. 3.25.

3.4.9 Comparison with EIT

CZO technique of producing transparency in the system and inducing slow
light presents some features that are similar to the traditional EIT method
in a A system. These include (for CZO with agL|Q,/Q|* < 1) perfect
transparency at A = 0, control-field-intensity dependent transparency-width,
and thus, the possibility to reduce the transparency window arbitrarily. Both
CZO and EIT are affected by the decoherence of the ground states, with
perfect transparency ensured only when the Raman coherence between the
ground states do not relax [Milonni05, Marangos98, Fleischhauer05]. EIT is
robust against the Doppler broadening in a collinear geometry whereas CZO
is very sensitive.
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Figure 3.25: Distortion due to non-linear effects. Probe is distorted when
apL|€,] /2. < 1 is not respected. Probe is a Gaussian given by €, =
ane*(t/fp)g with Q50 = 0.01I", and 7, = 25000 ~!. Dotted curve shows initial
pulse intensity. Dashed and solid curves show intensity profile for propa-
gation for agL. = 50 and agL = 100 respectively. Other parameters are
10, =2y =T, =T,and A=A =1,,=0.
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However, an important difference between CZO and EIT is the absence
of any dark state in the former. In EIT, a dark state is realized that ensures
the transparency for all probe strengths [Krmpot05], and for the control as
well. In CZO on the other hand, there is no dark state. The transparency
in CZO is achieved only for the probe, and that also only at the first order
with respect to probe amplitude. The absorption of the control is thus a
limitation in CZO.

As it was discussed, large optical thickness, apL > 1, is important for
obtaining good fractional delays. In EIT the optical depth can be made as
large as required thanks to the transparency for both fields, whereas in CZO,
it is not possible.

Finally, the behavior of the transparency window in CZO and in EIT
is different. In EIT, strong fields introduce light shifts and move the two
absorption peaks apart, with no new structure in between. On the other
hand, in CZO, the strong control field saturates the absorption, and the
region of gain appears close to A = 0 with the possibility of fast light. Fast
light is not possible with EIT.

3.4.10 Comparison with CPO

In a qualitative manner CZO is more like a CPO phenomena. The absorption
of the probe is being compensated by the diffraction of the control off some
grating. However, in contrast to CPO where the grating is formed by the
oscillating populations, in CZO, it is the Zeeman coherence that is oscillating.

CPO does not offer much control on the width of the transparency window
whereas in CZO, the width can be reduced arbitrarily due to its control-field-
intensity dependence. The minimum of the width in CPO is not zero whereas
in CZO perfect transparency for the probe is achieved at A = 0.

A small angle between the exciting fields is required in both the CZO and
CPO to separate the radiated field with 2w. — w, frequency (for w, ~ w,).
Distributed configuration is required in both CZO and CPO to overcome the
absorption of the control. In gas phase, this distributed configuration washes
out transparency in the Doppler broadened media for both CPO and CZO. In
CPO the Doppler broadening can be overcome by using counter propagating
fields [Agarwal03].

3.5 Stored light with CZO

An important application of the slow light is the possibility to store the
light by switching off the control field and making the group velocity of
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the probe go to zero [Fleischhauer02, Liu01, PhillipsO1]. In this process the
probe is coherently absorbed and its properties are transferred to the atomic
coherences. The stored light survives as long as the decoherence can be
neglected. By switching the control field again, before the decoherence, the
coherence properties can again be transferred to the light, and the probe
pulse is re-generated in the medium. This storage and retrieval of the light
is possible with the CZO scheme.

The stored light using CZO is shown in the Fig. 3.26. For the ideal con-
ditions for the slow light with no ground Zeeman decoherence I'.; = 0, no
non-linear effects aoL|2,/€2.| < 1, and for the entire probe spectrum con-
tained inside the transparency window 7, > aoL/ (4|Q.]*), the slow light
is realized in the medium. For [Q.| < 'y, the group velocity is given by
vy = 2|Q2|?/ (aol'y), and the spatial extent of the probe is v,7,. The prop-
agation has to continue until v,7, < L, to ensure that the entire probe field
is contained inside the medium. At this point the control field can be adia-
batically switched off, and a transfer of energy from the probe to the ground
Zeeman coherence takes place as can be seen in the steady state solution
pg) ~ —0,/Q. Eq. (3.28d). The probe is absorbed and the information is
written on the oscillating ground Zeeman coherence. After some delay, when
the control field is turned on, a reverse process takes place and the probe
field is rebuilt from the information stored on the coherence.

This is shown in Fig. 3.26. The probe is a Gaussian given by €, (,0) =

one*(t/TP)Q with ©,0 = 0.0001T", and the probe pulse duration 7, = 22500 .
t—10°r—1\*4
The control is a hyper Gaussian given by Q. () = Qq |1 — e_(“ngF‘l) }

with Q0 = 0.1I'. The other parameters are A, = 0I',; =0, I',. = 2I'y =T
The Figure shows that the probe field is stored in the medium by switching

off of the control field and retrieved at a latter time by turning on the control
field.

3.6 Summary

I have presented a new method to slow light that introduces transparency in
the system without invoking dark states. This can be realized in a double
two-level-system interacting with a strong control and a weak probe field.
The two fields propagate with a small angle between the two, and have
mutually orthogonal and linear polarizations. The transparency is achieved
only for the probe pulse and is limited by numerous factors that include
Doppler broadening, ground-Zeeman-coherence relaxation, and higher order
effects. The technique presents features that are intermediate between the
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Figure 3.26: Storing light with CZO. The parameters are given in the text.
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already existing techniques CPO and EIT, and can be thought of as a hybrid
between the two. This also suggests that all three techniques: EIT (in a
degenerate case), CPO, and CZO are different manifestations of the same
underlying phenomena, and can be discussed using the same formalism. All
of the three can be seen as the compensation of the absorption of the probe
by the diffraction of the control off some grating. The presence of the dark
state, however, remains a peculiarity of EIT.



Chapter 4

Coherent Control of the
Optical Response

In this Chapter we consider again
the duplicated two-level system dis-
cussed in the previous Chapter in
Section. 3.4. In the previous Chapter
it was shown that the linear response
to a weak, o polarized field can be
canceled by applying a strong, m po-
larized field to the system. This can-
celed absorption is accompanied by
the emergence of phase-conjugate,
non-linear response for the probe
which I present in the present Chap-
ter.

I will discuss the behavior of the
system both in ultrashort and long
pulse regimes. In the ultrashort
regime, phase control of the gain for
the resonant weak pulse has already
been reported [Delagnes07b]. Here,
I show that such a control can be
achieved for non-resonant excitations
as well. In the long pulse regime the
system offers some very exotic phe-
nomena depending upon the relative
phase shift ¢ between the weak probe

Dans ce chapitre nous considérons
a nouveau le systeme a deur ni-
veaux dupliqué discuté précédemment
en section. 3.4. Dans le chapitre
précédent, on a montré que la réponse
linéaire a un champ faible de pola-
risation o peut étre annulée en ap-
pliqguant au systeme un champ fort
de polarisation w. Cette annulation
de l’absorption est accompagnée par
[’émergence d’une réponse linéaire
conjuguée en phase pour le champ
sonde, ce qui sera détaillé dans ce
chapitre.

Je discuterai du comportement
du systeme dans les deuxr régimes
ultracourt et long. En régime wul-
tracourt, le contrdole par la phase
du gain du miliew pour une impul-
sion résonante faible a été déja rap-
porté [Delagnes07b]. Ici, je montre-
rai comment un tel controle peut
étre réalisé pour des excitations non
résonantes aussi. En régime dimpul-
stons longues, des phénomenes origi-
naux se produisent dans le systéme
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and the strong control field. For low
optical thickness the system behaves
as a tunable medium whose absorp-
tive and dispersive response to the
probe can be coherently controlled
with the relative phase ¢. Moreover,
for sufficiently weak control field, the
response can be made independent
of the control field characteristics.
In this case the effective susceptibil-
ity for the probe behaves as yne*?
where Yy, is the linear susceptibil-
ity. For higher optical depths, phase
saturation takes place, and the sus-
ceptibility for the probe behaves as
Xiin- The absorptive properties are
dramatically changed without effect-
ing the dispersive response. For still
higher optical depths a dark state
is realized after certain propagation
into the system and electromagnetic
induced transparency makes the sys-
tem transparent to both the control
and the probe.

In the following, I will first present
the system and then discuss the co-
herent control in ultrashort and long
pulse regimes separately.

selon la valeur de la phase relative
¢ entre la sonde faible et le champ
controle intense. Pour des épaisseurs
optiques faibles, le systéeme se com-
porte comme un milieu accordable
dont la réponse wvis-a-vis de [’ab-
sorption et de la dispersion de la
sonde peut étre controlée de maniere
cohérente par la phase relative ¢. De
plus, pour des champs controles suffi-
samment faibles, la réponse peut étre
indépendante des caractéristiques du
champ controle. Dans ce cas, la sus-
ceptibilité effective pour la sonde
s’écrit comme X1in€®® ot Yun est la
susceptibilité linéaire. Pour des den-
sités plus €élevés, la saturation de la
phase se produit et la susceptibilité
du systeme s’écrit comme Xxj,,. Les
propriétés d’absorption changent de
maniere spectaculaire sans affecter
la réponse dispersive. FEn augmen-
tant encore plus la densité optique,
un €tat noir est dans le milieu apres
une certaine distance de propaga-
tion. Le phénomene de transparence
électromagnétique induite rend alors
le systeme transparent aux champs
controle et sonde.

Dans ce qui suit, je présenterai en
premier le systeme et discuterai alors
le controle cohérent en régimes d’im-
pulsions ultracourtes et longues.

4.1 The double two-level system 11

Consider a duplicated two-level system consisting of states {|a) , |b) , |c),|d)}
as shown in Fig. 4.1. The strong, 7 polarized control field connects the level
la) with |c), and the level |b) with |d); and the weak, o polarized probe con-
nects crossed transitions. The expressions for the fields are &, A e~ (wet—kev) 4
cc and €, A e wet=kev+) 4 cc Tt is important to note that the two fields
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have the same frequency and are propagating co-linearly. There is no spatio-
temporal dephasing between the fields, as was the case in the previous Chap-
ter, and the only dephasing between the two is the relative phase shift ¢. The
two fields have linear polarizations, and the polarizations of the two are or-
thogonal to each other. The polarization axis are chosen such that €, = é;
and €, = €,, and the two fields propagate along y axis. Experimentally this
configuration can be realized by splitting a single laser beam into two, and
by rotating the polarization of one component by 7/2. The phase difference
is then related to the delay 7 between the two components by ¢ = w,T.

The Rabi frequencies associated with the two fields are Q. = DA./h and
Q, = DA,/h. The detuning from the resonance is given by A. = wy — w,
and the effective Hamiltonian of the system (after carrying out RWA) can be
written in {|a),|b),|c),|d)} states as

0 0 —r Qe
0 0 —Qrel QF
= , P c
H=nh 0, —Qe A 0 ) (4.1)
—Q,e Q. 0 A,

The time evolution of the system is given by [from Egs. (3.18)]:

iOng = (Qepl + Qe Zd’p; —cc) +il (1 —ny), (4.2a)
i0ipe = Qe (ne — ng) + Qpe ™ (p2g + pze) + Dipe, (4.2b)
iOrpp = —Qe (pzg + pze) + e (n, — ng) + Alpy, (4.2c)
101p2g = ( Qep, + Qpe T0pr 4 cc) —iL2gp2g, (4.2d)
i0pse = (—Qeply + Qpe " p% + cc) — iT.epie. (4.2¢)

Here A, = A, +il'y; Ng = Paa + Pr» a0d Ne = pee + paq are respectively the
ground and the excited state populations; p. = peq —pa» and p, = pey+paa are
the coherences responsible for m and o polarized radiated fields; and p., =
Pab — Poa ANA p.e = peg — pae are the imaginary parts of ground and excited
state Zeeman coherences. Only imaginary parts of the Zeeman coherences
are relevant to the dynamics due to the symmetry of the system as already
discussed in Section. 3.4.3. The propagation equations for the two fields are
given as

9,0e" =iaglypy, (4.3a)
0y = tapLype. (4.3b)

ag = ND%wy/(2cheg)Tq is the field absorption coefficient at resonance, and
agL—for a medium of length L—is thus the optical thickness.
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control field

Y 1b)

F=1/2 mp=1/2 F=1/2 mp=—1/2

propagation axis k€, ke

Y

Figure 4.1: (a) A Double two-level system for the control of optical response
of the medium. The 7 polarized control field drives each single two-level sys-

tem, and the o polarized probe connects crossed transitions. (b) Propagation
and polarization axis.
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4.2 Control in the ultrashort pulse regime

The control in the ultrashort pulse regime comes from the action of the
probe with light shifted energy levels. Light shifts induced by the strong
control field play a very important role in a lot of physical processes. The
control of the action of light shifts is however limited to the one provided
by modifying the control field intensity and the detuning [Niikura03]. In a
duplicated two-level system the control of the action of light shifts on the
probe has been demonstrated experimentally in the ultrashort pulse regime
[Delagnes07b]. The system changes from being transparent to an amplifier for
the probe, as the relative phase shift between the the probe and the control
is modified (Fig. 4.3). The control comes from the interference between
different quantum paths accessible to the probe in light shifted system, and
can be better understood in adiabatic basis.

parallel
coupling

NS Cros?_ed
/><\\ coupling Q(t)

parallel
coupling

Figure 4.2: Double two-level system in adiabatic basis. Light shifted adia-
batic energy levels (solid), parallel coupling (dotted), and crossed coupling
(dashed) of the probe.
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Adiabatic basis

We define the rotation matrix for the effective Hamiltonian in (4.1) as

cosf 0 sin 6 0

0 cos 6 0 —sind
R=1_ sinf 0 cos# 0 ’ (4.4)

0 sin 0 0 cos 6

with tan 26 = 20)./A.. The adiabatic states are defined by

(al (B (o ) =R(al @ (¢ (@), (4.5)

and the adiabatic Hamiltonian is given as

Hy;=RHR' = A+V, (4.6)
where
A.—Q 0 0 0
B 0 A.—Q 0 0
A= 2 0 0 A, +Q 0 : (4.7)
0 0 0 A.+Q

with = /402 + A2 are the light shifted energy levels. The two ground
states are shifted downward in energy and the excited states are shifted
upward by the action of the control field. The perturbation due to the weak
probe is given by

V =k,
0 iQ—SCsind) 0 —Cos¢—i%sin¢
y —i22 sin ¢ 0 —cos¢ —i5esing 0
0 —Cos¢—|—i%sin¢ 0 i%sin¢
—cos ¢ +i%esin ¢ 0 —i 2= sin ¢ 0

Control of the interaction

In the adiabatic picture the probe field introduces two types of couplings as
given in the matrix V', and shown in Fig. 4.2. The two ground (and the ex-
cited ) levels are coupled through the parallel coupling which is proportional
to sin ¢. This coupling is always resonant but vanishes for ¢ = nm; n is an
integer. The other coupling is between the levels that are stretched in the
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opposite sense. Between the ground level of one mp state and the excited
level of different mp state. This is crossed coupling and it can be made
non-resonant by introducing strong light shifts. Thus, important light shifts
with sin ¢ = 0 make the system transparent to the probe whereas the probe
interacts resonantly with the system for cos ¢ = 0, no matter how important
the light shifts are. This renders coherent phase control of the interaction of
the probe with the system.

The control can be seen in Fig. 4.3 taken from [Delagnes07b]. Two ul-
trashort resonant pulses— a weak probe and a strong control, having linear
and mutually orthogonal polarizations excite Sy/2 — P/, transition of ru-
bidium atoms resonantly at 794.76 nm. The transmitted intensity of the
probe as a function of delay (7 = ¢/w.) between the control and the probe is
shown. The intensity profile exhibits oscillations corresponding to alternate
regions of medium being transparent at ¢ = nm, and being an amplifier at
o= (2n+1)m/2.

=15 -10 =5 0 5 10 15

o Pulse Output
Energy (arb. units)

Delay =¢/w (fs)

Figure 4.3: Coherent control of the interaction in the ultrashort regime—
taken from [Delagnes07b]. The output probe intensity oscillates as the func-
tion of delay (and thus the relative phase) with the control. The parameters
are A, =0, Q. ~ 1177, and Q, ~ 0.277, " with 7. = 90 fs.

4.3 Control in the long pulse regime

In the long pulse regime, the relaxation processes come into action and intro-
duce new channels through which adiabatic levels can exchange populations,
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and the interaction can proceed. The phase control of the interaction pre-
sented in the previous Section thus no longer remains valid. However, the
control of the optical response of the medium is still possible as we discuss
below.

4.3.1 Stationary state solution

We first work out the stationary state solution of Eqs. (4.2) for long pulse
regime. It can be made easy by first simplifying the relations between various
density matrix elements in the stationary regime. We note from (4.2d) and
(4.2e) that in the stationary regime

erpze = Fzgng- (49)

The two Zeeman coherences are created by the combined action of the control
and the probe through identical processes and only relax differently. This
leads to the above relation between the two, and for long lived ground Zeeman
coherence , the excited Zeeman coherence vanishes. We now eliminate first
pzg + pze and then n. — n, from (4.2b) and the complex conjugate of (4.2¢c)
to get:

(‘96’2 - ‘QP‘Q) (ne —ng) = = AZp. + Qpefwﬁcp;, (4.10a)

(190]? = [21%) (p2g + pze) = —QBep}y + Qe Alpe. (4.10b)
The left hand sides of the two equations are either purely real or purely

imaginary. Comparing the two with their complex conjugates and using
(4.2a) in (4.10a), and (4.2d) in (4.10b), we get :

. . TA.
QCpC + Qpe (bpp = 2—1_‘dne, (411&)
: r.,A
* * _i¢ _ zg—c
Qpp — e pe = — or, P (4.11b)

Finally, from (4.2b) and (4.2c), we have:

1 oL zg T 1z
pC g —A—Z |:QC (277/6 - 1) + Qpe ¢7grze ng:| , (412&)
1 s r,,+I.

Relations (4.11) and (4.12) can be used to work out the stationary state
solution for this general configuration. We place ourselves in the situation
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where the ground Zeeman coherences do not relax. In this case I',; = 0, and
the stationary state solution of the system is given by

ne =200 HQ2 + Qe P/ X (4.13a)
ng =1—ne, (4.13b)
pe =D (O + Qe ) /X, (4.13¢)
= Ao (02 + Q2e?) e/ X, (4.13d)
= A (e’ — Qe ™™) /X, (4.13e)
pze = 0, (4.13f)

with the denominator given by:
X = 4T, HQ2 + Qﬁe*Qid’]Q + (19 + 121%) 1A (4.13g)

The individual density matrix elements can also be worked out from Eq.
Set (3.17) (for @ (t,7) = ¢), and it can be shown that pu. = pw, Pec = Pad,
Pea = —Pdbs Peb = Pdas Ped = 0, and pyyp is purely imaginary in the stationary
regime.

4.3.2 Phase control in low optical thickness

For long lived ground Zeeman coherence with I',; = 0, and for a weak probe
with |,] < |€|, the stationary state solution of p, simplifies to [from
Eq. (4.13d)]

AV A Sve'® (4.14)
Pp = \QCP 4FdF’1IQc\2+!Ac’2' :

At first order p, has no component oc e~ (which represent the linear re-
sponse). This is due to the fact that the absorption of the probe at first
order is compensated by the control field. Moreover, by introducing an an-
gle between the control and the probe — so that the two fields have spatial
dephasing— the component given in the above expression can be spatially
separated, and the transparency can be induced for the probe. This is how
the transparency and the slow light were achieved in this system in the pre-
vious Chapter.

The effective susceptibility for the probe is x.;; = (2c0Ta/k) ppe'®/Q,
with k = wy/c, and can be written as

Xeff = X/eff + ngff

9 2 O* A »2ip
_ 2aola [ Q0 N7 (04 A (4.15)
k 2|2 Q, ) AT T Q |2 + |AL?
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It vanishes for [Q.] > /T4 because of the saturation effects. A strong
control field saturates the system with equal populations in the ground and
the excited state, and vanishing coherences.

For |Q.] < /T4l and for small optical depths apyL < 1, the phase
accumulated by the fields during propagation can be ignored. The fields
remain real and the susceptibility simplifies to

Xeff = sz€2i¢, (4.16)

where Yiin = 209Tq/(kAY) is the linear susceptibility. The medium turns into
a linear medium with phase dependent susceptibility that is independent
of the control field intensity. This phase control of the absorptive (x7;;)
and dispersive properties (x;;) of the medium is shown in Fig. 4.4 at the
entrance of the medium, and in Fig. 4.5 for an optical thickness ayL = 0.2.
The medium turns from an absorber at ¢ = 0 to an amplifier at ¢ = 7/2
with the change in the dispersion profile accordingly. Moreover, For ¢ = 7/4
and ¢ = 37 /4, the absorption becomes “dispersion like 7, and the dispersion
takes the form of a gain dip or an absorption peak.

In dense atomic media the propagation leads to the accumulation of the
phase by the two fields and the control of the optical response is lost. This
propagation effects will be discussed in the next Section and a precise con-

dition on the optical thickness to observe the phase control will be given in
[4.4.3].

Control field intensity dependence

The important condition to realize the phase control of the optical response is
€2,| < |€2| which allows the simplification from Eq. (4.13d) to Eq. (4.14) —
in addition to I',, = 0 and apL < 1. The condition Q.| < +/T4I is required
only to obtain a response independent of control field characteristics. If this
latter condition is not satisfied, Eq. (4.16) is not true and the response is
determined by Eq. (4.15). The control field modifies the response but the
phase control of the response is still present. This control-field-intensity-
dependent phase control of the optical susceptibility is shown in Fig. 4.6

Explanation in terms of quantum paths

This phase control can be understood in terms of the quantum paths that
give rise to p, = p4q + pe coherence and which are shown in Fig. 4.7. We
will focus only on pg4,; equivalent features hold for p.. The concerned time
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4.3 Control in the long pulse regime

Figure 4.4: Phase control of the medium response. The absorptive (x¢;;)
and dispersive (x;;) properties of the medium change dramatically with the

phase. Parameters are I'y

0.5I.
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Figure 4.5: Real (dashed), and imaginary (solid) parts of the effective suscep-
tibility (in units of 2aq/k), showing phase control of the medium response.
Parameters are €2, = 10092, = 0.1I', I',, = 2I'y =T", I';; = 0, and oL = 0.2.
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Figure 4.6: Imaginary parts of the effective susceptibility x” f (in units of
2a/k) showing phase control of the medium response when [Q2.| < /T'y['
is not satisfied. Parameters are Q. = 0.1T" (solid), 0.3T" (dashed), and 0.5I"

dotted). Other parameters are €2, = 0.001I", I',, =2y =T, I',, = 0, and
P g
agL = 0.2.
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evolution equations are [From (3.17)]

10tpva = — (i paa + Qepre) + (Q;ei‘z’pca — Qpe’id’pbd) — L.y ppa, (4.17a)
Z-atpda = QC (pba + pdc) + gzpeii(25 (Pdd - paa) + (Ac - ZFd) Pda - (417b)

At the lowest order with respect to probe amplitude, pg, results from
the absorption of the probe by population difference on transition |a) < |d)
Fig. 4.7(a), and the diffraction of the control from the ground Zeeman coher-
ence (case b and ¢ in the Figure). Note that p.q = 0 in the stationary regime
and does not contribute to the signal. The ground Zeeman coherence in turn
involves excitation by the probe of the transition |a) < |d) with the phase
e~ (case b), and along |b) < |c) with the phase €. The two paths resemble
to “cross-Kerr” and “phase conjugate” type effects, however, the paths do not
represent these effects. The Figure just represents different paths through
which probe interacts with the system and the coherence p, is generated;
it does not corresponds to one or three photon processes. For Q.| > |€,)]
and for I',; = 0, the cross-Kerr type path completely compensates for the
absorption. This is a quantum interference phenomena and can be explained
in terms of the diffraction of the control off the Zeeman grating, as discussed
in the previous Chapter. Thus, only the phase conjugate type path (c in the
Figure) determines the response of the medium. The phase control of the
effective susceptibility can thus be related to a wave mixing process where
the only radiated field is the conjugate wave and that when added to the
incident wave, gives rise to interference inducing a gain dispersion coupling
seen in Fig. 4.5.

4.4 Phase saturation in large optical thick-
ness

The above description is valid only in the regime of low optical thickness for
apl < 1. For large optical depths, the phase accumulated during propaga-
tion by both the probe and the control can not be neglected. We consider
next this phase evolution with the propagation of the fields in dense atomic
media.

4.4.1 Evolution of the relative phase

The relative phase ¢ evolves during propagation to A¢ = ¢ + ¢, — ¢.. ¢,
and ¢. are the phases accumulated by the two fields and are defined as
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Figure 4.7: Quantum paths that give rise to pg.. (a) absorption by the
population, (b) cross Kerr type path that compensates for the absorption ,
and (c) phase conjugate type path responsible for the phase dependence of
the medium response.
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Q. = |Q]e % and Q, = |Q,|e"*?». The propagation Egs. (4.3) can now be
written as

Ay || — 1|,]0,¢, = icgTq ppe'@ton), (4.18a)
0y |Qe| — Q| 0ybe = Ty pee™®. (4.18b)

We are always in the regime where |2,| < ||, and I',; = 0. For sim-
plicity we first take the case of |Q.| < y/I';I". In this case the response is
independent of control field intensity and can be written as [From Eq. (4.15)]

Xefs = Xiin€"?. (4.19)

Using Xerr = (2a0la/k) ppe™® /2y, and p, (e /)" pe — from[Eq. (4.13¢)
and Eq. (4.13d)], we can write

k

pp — lein|Qp|e2iA¢e_i(¢+¢p)7 (420&)
k —i
pe = mxmyﬂc\e Pe (4.20b)

We can use these expressions in Egs. (4.18) to write following equations for
phase evolution

Oyp = —g (XJin €OS 280 — XJi SN 2AP) | (4.21a)
ko
OyPe = =5 Xtin: (4.21b)

Here Xiin = Xjin + iXJim- The phase of the control field evolves under the
action of linear dispersion as the medium response to the strong control field
is given by the linear susceptibility. The phase of the probe field evolves
under the action of gain-dispersion coupling induced by the phase-dependent
medium response. The two phases continue to grow with the propagation
distance y, and the phase difference between the two evolves as

Oy AP = ksin A (X, Sin A + X7, 08 Ag) (4.22)
The analytical solution for the above equation is given by

tan ¢;
<tan¢>l + 1) €—2aoySiH2 |

tan ¢

tan Ao (y) = , (4.23)

where ¢; is the phase of linear susceptibility defined as x, = | le]ei‘bl. We
next consider the solution for different cases.
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4.4.2 Linear response for ¢ =0

For ¢ = 0, the phase does not evolve. A¢ remains 0 and the susceptibility is
given by Xerr = Xun- Indeed the total field is linearly polarized and because
both the probe and the control are weak with |,| < Q.| < /T4, T, the
response of the medium is linear. The control field can modify the effective
susceptibility for the probe only if the total field has elliptic polarization.

4.4.3 Phase control of the response

It was discussed in Section. 4.3.2 that for small optical thickness the medium
behaves as a tunable medium with phase dependent optical response. A
precise condition on the limit of optical thickness can be worked out from
Eq. (4.23). For small optical depths such that agLsin? ¢; < 1 the phase
behaves as A¢ = ¢. No additional phase is introduced during propagation
and the phase control discussed in the previous Section in realized.

4.4.4 Phase saturation and conjugate susceptibility

RN
agl =05/ agl =3 4,

| ' [

- - -

-_— —_— — —
-4 2 0 2 4 -4 2 0 2 4 -4 2 0 2 4

A, (1n units of I) A, (1n units of I') A, (111 units of I)

Figure 4.8: Phase saturation with propagation. Dashed curve shows the
phase of xj;,. Parameters are {2, = 1O4Qp = 0.1T (at entrance), I',, = 2"y =
I'yand I',, = 0.

For optical depths such as agLsin® ¢; > 1, the phase saturates to A¢ =
—¢; and the effective susceptibility turns into

Xeff = Xiin- (4.24)
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The medium turns into an amplifier for the probe but the dispersive response
of the medium is not changed. The saturation is reached after the propaga-
tion distance of the order of y ~ 1/ (040 sin? ¢l). The two phases ¢, and ¢, still
continue to grow according to Eqs. (4.21), but at saturation the two evolve at
the same rate. Indeed at A¢ = —¢y, x7;, c0s 2A¢ — X7, sin 2A¢ = x;,,- Both
phases evolve under the action of linear dispersion and the difference between
the two stays at —¢;. This saturation is ensured as long as [Q,| < || is
true.

The phase saturation is shown in Fig. 4.8, and the resulting conjugate
susceptibility in Fig. 4.9. The parameters used in the simulation are difficult
to realize experimentally. Indeed the absorption of the control under the
action of xy;;, and the amplification of the probe by yj;,, makes maintaining
1€2,] < |$2] very difficult in dense optical media.

Connection with Kramers-Kronig relations

The principle of causality imposes well known Kramers-Kronig relations that
relate the absorptive and dispersive response of a medium, interacting with
electromagnetic fields. Eq. (4.24), where the the dispersive response of the
medium is not changed and the medium is converted from an absorber to an
amplifier, seems as an apparent contradiction. The contradiction is removed
by noting that the effective susceptibility given by Eq. (4.24) is valid only
for spectral components such that agLsin? [¢; (A.)] > 1. This is a local
phenomena and takes place only close to the resonance as can be seen in
Fig. 4.9. The phase saturation and the relation (4.24) can not be satisfied
for arbitrary large frequencies. Alternatively, the distance (and thus the time)
required to establish linear response for a pulse with an arbitrary spectrum
bandwidth diverges. The causality in this case no longer implies the well
known Kramers-Kronig relations. This effects has already been identified
in degenerate four-wave mixing [Bervas92] and resonance stimulated Raman
scattering [Kircheva94].

Control field intensity dependence

The phase saturation discussed above with susceptibility changing to conju-
gate of linear susceptibility requires |Q,| <[], apLsin®¢, > 1, T',, = 0,
and |Q.| < T4 The last condition is required only to have a response
independent of the control field characteristics. If this last condition is not
satisfied then Eq. (4.23) is not true, however, the phase saturation still oc-
curs. The susceptibility is now given as

Xeff = anine2iA¢a (425)
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Figure 4.9: Susceptibility (in units of 2ag/k) behaves as xj;, close to reso-
nance. Parameters are ¢ = 0.5 (solid), ¢ = 1.0 (dashed), ¢ = 1.5 (dotted),
¢ = 2.0 (dash dot dot), and ¢ = 2.5 (dash dot dash). Other Parameters are
Q. =10*Q, = 0.1T" (at entrance), I,, =2’y =T, and I',, = 0.
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where

Xnlin = X:zlzn + Z.X:;lirn
o 2O4O]~_\d Ac
kAT Q 2 + A2

(4.26)

This is the susceptibility for a saturated two-level system. The phase evolu-
tion is now given as

Oy A = ksin A} (X)in SINAG + Xinyin €08 AD) . (4.27)

nlin

It can be seen that phase saturation still takes place and the phase again sat-
urates as A¢p = —¢;.However, the response of the medium is now determined
by control-field-intensity-dependent x ...

4.5 Transparency for large optical thickness

We have seen that the double two-level system acts as a tunable medium for
the probe with X.r; = xune*® in low optical thickness, and as an amplifier
with Xxerr = XJ;,, in large optical depths. In this latter range, the probe is
amplified under the action of xj;,, whereas the control is absorbed by the
action of xy,. Eventually the two fields attain |2./Q,| = 1, and the phase
saturation comes to an end. This behavior of field amplitudes is shown in
Fig. 4.10.

When the condition €2, < |€2.] is no longer satisfied, the relative phase
A¢ continues to grow again. For |Q./€Q,| = 1, and for A¢ = £7/2, the
matching condition Q2 + Q2e~%4? = 0 is realized, and from Eq. (4.13c) and
Eq. (4.13d), we see that the two coherences vanish. The system becomes
transparent to both the control and the probe fields. The transparency can
be seen in Fig. 4.10 where after certain propagation the two field amplitudes
stop to grow or decrease any further. The behavior of the relative phase
during propagation is shown in Fig. 4.11. The initial phase selected in the
simulation is A¢ = ¢ which becomes —¢; for agsin?¢@; > 1. The phase
saturation discussed in the previous Section can be seen here in the form of
near-flat plateau. For still higher optical depths, the field amplitudes do not
satisfy the required condition. The phase conjugation comes to end and the
relative phase evolves again leading to transparency at A¢ = /2.

This transparency in this case is due to the dark state that is realized
in the system, as discussed in the previous Chapter in Section. 3.4.5. The
total polarization in this case —¢, + 1€, — is circular, and the population is
respectively trapped in the eigenstates of F), with m, = £1/2. Interestingly,
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Figure 4.10: Field amplitudes |€2,| (solid), |€2.| (dashed) evolution with prop-
agation for A, = 0.5I. At y = 0 we have ¢ = ¢ and Q. = 10*Q, = 0.1T..
Strong absorption of the control and amplification of the probe leads to
1€2./€2,| = 1 at which point the transparency is reached and the fields do not
grow any longer. Other parameters are I',, = 2I'y =T, and I',;, = 0.
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Figure 4.11: The relative phase evolution with propagation for A, = —0.5I
(Dashed) and A, = 0.5 (solid). At y =0 we have ¢ = ¢; and Q. = 10*Q, =
0.1I'. The phase attains conjugation for high optical depth and maintains
it for as long as |€2,| < [€2:|. When the condition fails, the phase continues
to grow again until A¢ = 7/2 at which point the transparency is reached.
Other parameters are I',, = 2I'; =T", and I',; = 0.
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there is no dark state in the system initially, and the dark state is realized
only after a certain propagation in the system. Such behavior, where the
dark state is realized during propagation has been discussed by Deng at el.
[Deng05] for a a double A system.

4.6 Conclusion

A duplicated two-level system interacting with two linearly polarized fields ,
having mutually orthogonal polarizations, has been presented. The two fields
have the same frequency, propagate co-linearly, and have relative phase differ-
ence ¢. One of the field €2, is much stronger than the other €2,. In ultrashort
pulse regime, the interaction of the weak probe field can be controlled by
the phase difference ¢. For vanishing ¢ the system becomes transparent to
the probe in the limit of important light shifts, whereas the probe is always
resonant for ¢ = 7/2 in the adiabatic picture leading to non-vanishing gain.
In the long pulse regime, for |€2,| < |€2|, and in the low optical thick-
ness, the system becomes a phase tunable medium for the probe. The ab-
sorption profile can exhibit normal absorption peak, or a gain dip, or normal
or anomalous dispersion. For an additional condition |Q2.| < /T4T, the re-
sponse becomes independent of the control field characteristics and is given
by Xuin€?®. For higher optical depths, the phase saturation takes place and
the system turns either into yj;, or control field intensity dependent x7 . de-
pending on the control field intensity. At still higher optical depths, a dark
state is realized and the system becomes transparent to the exciting fields.



Conclusions

I have presented the theoretical
study of the propagation effects expe-
rienced by weak light pulses as they
propagate through strongly driven
atomic media. The propagation ef-
fects can be used to probe the driven
system, and also to realize important
applications. A variety of phenomena
has been studied both in ultrashort
and long pulse regime.

In ultrashort pulse regime the
propagation effects were used to
reveal the phenomena induced by
strong pulses. The induced phenom-
ena include important light shifts
and non-adiabatic transitions. It
was shown that the light shifts can
be probed by propagating a reso-
nant weak pulse through the system.
The weak pulse in this case devel-
ops tiny oscillatory structure that re-
veals in time the light-shifted region,
and by the modulation frequency,
the strength of the light shifts. The
modulation phase and amplitude can
be controlled by a number of exper-
imental parameters. The phenom-
ena can be seen as wave shaping of

J’ai présenté dans cette these
[’étude théorique des effets de pro-
pagation subits par des itmpulsions
lumineuses de faible intensité lors-
qu’elles se propagent a travers des
systemes atomiques pilotés par des
champs forts. Les effets de propaga-
tion peuvent indifféremment étre uti-
lisés pour sonder le systeme ou pour
réaliser des applications importantes.
Divers phénomenes ont été étudiés
en régime d’impulsions ultracourtes
et en d’impulsions longues.

En régime dimpulsions ultra-
courtes, les effets de propagation

furent utilisés pour révéler les phénomenes

induits par des champs forts. Ceux-
ct inclus les déplacements lumineuz
et les transitions non-adiabatiques.
On a montré que les déplacements
lumineux pouvaient étre sondés en
propageant une impulsion de faible
intensité dans le milieu. L’ impul-
sion faible révéle une zone affectée
par le déplacement lumineuxr par
[’existence d’une structure oscillante
tandis que la fréquence de la mo-
dulation révele ['tmportance de ces
dplacements. La phase et U'amplitude
modulées peuvent étre controlées par

un nombre de paramétres expérimentau.
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the probe and can have important
applications in domains where tra-
ditional pulse shapers do not work
well. T also presented the phase con-
trol of the asymptotic excited state
population when two time delayed,
phase locked, and identical strong
pulses interact non-resonantly with
a two-level system. The phenom-
ena is interpreted in terms of non-
adiabatic jumps and rapid adiabatic
passage. The extreme sensitivity of
non-adiabatic jump and the excited
asymptotic populations was demon-
strated.

In the long pulse regime, the mod-
ification of the optical response was
discussed. A new method to pro-
duce slow light is proposed coherent
Zeeman oscillations, that can be re-
alized in a double two-level system
interacting with two linearly polar-
ized (mutually orthogonal) fields. Tt
produces an electromagnetic induced
transparency like transparency win-
dow without the need of a dark state,
but acts in a manner which is close to
coherent population oscillations tech-
nique of slowing light. An attempt
was made to describe these three dif-
ferent phenomena by the same for-
malism which is particularly relevant
if non-collinear geometries of excita-
tions are used.

Le phénomene peut étre interprété
comme une mise en forme de [’im-
pulsion sonde et peut avoir des ap-
plications tmportantes dans des do-
maines ot les “ pulse shapers 7
classiques ne fonctionnent pas. J'ai
aussi présenté dans ce manuscrit
le controle par la phase de la par-
tie asymptotique de la population
excité quand deux impulsions iden-
tiques, décalées dans le temps, wver-
rouillées en phase, et intenses inter-
agissent avec un systeme a deux ni-
veaur de manieére non résonante. Le
phénomene a été interprété en termes
de sauts non-adiabatiques et de pas-
sage adiabatique rapide. L’extréme
sensibilité en fonction de la phase re-
lative a été mise en évidence.

En régime d’impulsions longues,
la modification de la réponse op-
tique a €été discutée. Une nouvelle
méthode basée sur les oscillations
des cohérence Zeeman a €té pro-
posée pour ralentir la lumaiere, et peut
étre implémenter dans un systeme
a deux mniveauxr interagissant avec
deuzr champs polarisés linéairement
et perpendiculairement entre euz. Ils
créent une fenétre de transparence
spectrale comme dans le phénomene
de transparence électromagnétique in-
duite mais sans la présence d’un état
noir. Ce type de fonctionnement est
proche de la technique des oscilla-
tions cohérentes de population utilise
pour ralentir la lumiére. Une ten-
tative a été effectuée pour décrire
ces trois phénomenes différents dans
un méme formalisme qui s’est révélé
particulierement pertinent dans une
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The coherent control of the opti-
cal response of the medium was also
presented in the long pulse regime. In
the presence of a strong, linearly po-
larized field, a double two-level sys-
tems acts as a tunable medium for a
weak pulse that also has linear but
orthogonal polarization. In the low
optical thickness, the coherent con-
trol of the absorptive and dispersive
properties of the medium is possible.
The medium can be changed from
being an absorber to an amplifier,
and from slow light medium to fast
light medium by changing the rela-
tive phase between the two fields; the
weak field can also be subjected to
normal or anomalous dispersion.

The experimental realization of
the ideas presented in the thesis is
one perspective. On theoretical side,
the refinement of the interaction and
application of the ideas to new do-
mains is another perspective.

The wave shaping method that
is presented, is limited to the phase
introduced by light shifts. The ex-
citation schemes can be explored
that render the control of light-shifts.
It will also be interesting to re-
alize schemes where multiple non-
adiabatic jumps are possible. This
will provide the “turn on”, “turn oft”
switch for the shaping method that
is presented. The extreme sensitiv-
ity of excited state population on the
relative phase, presented in the the-
sis, can lead to the realization of new
techniques to stabilize interferome-

géométrie d’excitation non colinéaire.

Le controole cohérent de la réponse
optique a €té aussi étudié en régime
dimpulsions longues. En présence

d’un champ intense polarisé linéairement,

un systeme a deux niveauxr double
se comporte comme un milieu ac-
cordable pour [impulsion faible de
polarisation linéaire et orthogonale.
Pour de faibles épaisseurs optiques,
le controle cohérent de [’absorption
et de la dispersion est possible. En
changeant la phase relative entre les
champs, le milieu peut étre modifié
d’un absorbant en un amplificateur et
d’un milieu ralentisseur de lumiere a
celui accélérateur. En outre, le champ
faible peut subir une dispersion nor-
male ou anormale.

Une perspective qui ressort de
ce travail de thése est la réalisation
expérimentale de ces idées. Sur le
plan théorique, le raffinement de ['in-
teraction et ['application de ces idées
a de nouwveaur domaines constituent
une autre perspective.

La méthode de mise en forme qui
a €té présentée, est limitée a la ['in-
troduction d’une phase induite par
les déplacements lumineux. Différents
schémas d’excitations peuvent étre
explorés pour mettre en place le
controle. Il peut étre aussi intéressant
de réaliser des schémas ot de mul-
tiples sauts non-adiabatiques sont
possibles.  Cela  fournit différentes
possibilités de commutations “on -
off 7 a la méthode de mise en forme
présentée. L’extréme sensibilité de la
population excitée a la phase rela-
tive présentée dans cette thése peut
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ters and to obtain very high resolu-
tion displacement-measurements.

Regarding slow light methods, a
more sound formalism to unite CPO,
EIT and CZO is an interesting prob-
lem. In EIT like method, the re-
lation between the dark state in a
collinear geometry and the diffraction
picture in a non-collinear geometry
is another intriguing question. The
modification of the optical response
presented in the thesis can also be ap-
plied to different domains and opens
many possibilities. For instance, the
medium can switch from an absorber
to an amplifier by adjusting the rel-
ative phase. The coherent control
of the group velocity of light is pos-
sible by changing the medium from
slow light medium to the fast light
medium. It can also be used for op-
tical switching and for the control of
dipole force on atoms.

Finally the treatment presented is
valid in semi-classical picture. In this
picture, although the atomic system
and field modifications are coupled,
there is no entanglement of light and
matter. The extension of the con-
trol of the atomic response to quan-
tized fields is an open question. The
quantized fields interacting with the
atomic systems give rise to light mat-
ter entanglement. If the phenom-

conduire a la réalisation de nouvelles
techniques de stabilisation d’inter-
fromtres et peut conduire a des me-
sures de déplacement a trés haute
résolution.

En ce qui concerne les méthodes
de ralentissements de la lumiere, la
mise en place d’un formalisme uni-
ficateur entre les techniques basées
sur les OCP, la TEI et les OCZ
est un probléme intéressant. Dans
la méthode TEI, la relation entre
état noir dans une géométrie co-
linéaire et l'image de diffraction dans
une géométrie non colinéaire est une
question intrigante. La modification
de la réponse optique présentée dans
cette thése peut étre aussi appliquée a
différents domaines et ouvrent la voie
a diverses possibilités. Par exemple,
le milieu peut commuter d’un ab-
sorbant a un amplificateur en ajus-
tant simplement la phase relative.
Le controle cohérent de la vitesse de
groupe est aussi possible en faisant
passer le systeme d’un milieu ralen-
tisseur a un miliew accélérateur. Il
peut étre ausst utilisé pour la com-
mutation optique et le controle de la
force dipolaire qui agit sur les atomes.

Finalement, le traitement présenté
ici est valable dans une 1mage semi-
classique. Dans cette image, bien que
les modifications du systéme atom-
ique et du champ soient couplées,
il n’y a pas d’intrication entre la
lumiere et la matiere. L’extension
du controle de la réponse atomique a
des champs quantifiés est une ques-
tion ouverte.  Les champs quan-
tifiés interagissant avec le systeme



141

ena presented here is applicable to atomique donne liew a une intrica-

the quantized fields, then some very tion rayonnement-matiére.  Si les

interesting and fundamental research phénomeénes présentés ici sont appli-

problems can be investigated. cables aux champs quantifiés, quelques
problémes fondamentaux trés intéressants
peuvent étre alors explorés.
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A note on numerical technique

A number of numerical approaches and resources have been used to produce
the simulations presented in this thesis. The atomic quantities at the en-
trance of the medium (Chapter 1. & Chapter 2.) are the numerical solution
of the time evolution equations presented in the text. The filed and the
atomic quantities inside the medium are worked out by solving the time evo-
lution equations for atomic quantities, coupled with the Maxwell’s equation
for field propagation. The equation of propagation is derived in Chapter. 1
using standard approximations. The coupled equations are either solved us-
ing commercially available numerical routines (NAG routines for Chapter. 1
& Chapter 2.) or by the code I have written myself (Chapter 3. & Chapter 4).
The approach is as follows. Given a field at y = 0 (y being the propagation
distance), the atomic system can be solved for all times ¢. With this, one can
work out the polarization at y = 0 for all times that determines the field at
y = y+0y. With the field at y = y+ dy, one can work out the atomic system
for all times at this new point in space. By keeping on repeating this process
until y reaches the length of the medium L, the problem can be solved.

To account for the non-collinear geometries (with only small angle be-
tween the fields so that the one dimensional treatment is valid), two ap-
proaches have been used and found to give the identical results. In the limit
of weak probe, the atomic system can be expanded in a perturbative series
and the resulting time evolution equations are solved coupled with the field
propagation equations (Chapter 2). The second approach is to solve the
atomic system at any given y for different k vectors. By taking the Fourier
transform of atomic quantities, the coherence responsible for the radiating
field in the right direction can be worked out. This value of the coherence
can be used to solve the field propagation equation for subsequent y.

In Chapter 2, the non-adiabatic population profiles are solved first in bare
state picture and then transformed into adiabatic basis. Similarly, although
the time evolution equations in bare state picture are not given in the last
section of the Chapter 2. the system is nevertheless solved in bare state.
Finally for Chapter 4. dealing with monochromatic cases, the stationary
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state result for the coherences is used in solving numerically the propagation
equations for the fields.



Analytical solution for phase
evolution Eq. (4.22)

In this Annex I present the analytical solution for the relative phase evolution
Eq. (4.22) of Chapter. 4 Section. 4.4.1.
The relative phase evolves according to the equation

0

3—A¢ = ksin A¢ (X}, sSin Ag + x5, cos Ag) . (28)
Y

Denoting A¢ (y =0) = ¢ and A¢(y =y;) = ¢,, (Where y; is some point

inside the medium), the above expression can be written as

by, csc A Yi
d(Ad) =k d . 29
/¢ X}in SID AP + X[ cos A (A9) /0 ) (29)

We can use the identity

b/ cscx dr — 1 sin x (30)

- =1In .
asinx + bcosx bcosx + asinz’

to solve the expression (29). The solution can be written as

Sil’l¢ ) Sil’l¢
In Yi —In = kyix) | 31
X;ZTL sin ¢yi + X;;n cos ¢yi ngn sin ¢ + X;lm cos ¢ YiXiin ( )

or

sin ¢y, sin ¢ k!
- e"YiXiin, (32)

/ 3 " = / 4
Xlin S0 @y + Xy, COS Dy Xy, SILP + X5, COS ¢

We use tan ¢; = x7;,,/X};, to write the above expression as

tan ¢l tan ¢l —kuin
1 = |1 YiXiin, 33
* tan ¢y, l N tangb} ‘ (33)

Finally noting that xJ, = (2cp/k)sin? ¢; with sin® ¢, = I'2/|A.|?, the above

lin

expression simplifies to Eq. (4.23) given in the text.
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Propagation equations for the
fields in the double two-level
system

In this Annex we work out the coherences responsible for the radiated fields,
and the equations of propagation for the fields in the double two-level system
discussed in Chapter. 3, Section. 3.4, and in Chapter. 4.

The propagation equation for a single field interacting with a two-level
system was derived in Chapter. 1 in Section. 1.2.1. For the double two-level
system interacting with the field given by

Er (t,7) = (8.A, + &,A,e 0 gmilet=hen) 4o (34)

and taking into account for the vectorial dependence of the polarization, the
propagation equation (1.28) can be written as

Oy [Ase. + Ape 008, ] = ipgew, a2 (35)

Here we are in a frame of reference that is moving along y axis with the speed
of light ¢ with ¢ — t —y/c; and g is the polarization amplitude related to the
polarization as

Pr(t,7) = ge@et=ket) 4 cc, (36)

0 can be evaluated by the expression

g=NTr <5p) , (37)

ND [gz (pca - de) + gx (pda + pcb) + Zgy (pda - pcb)] e_i(WCt_kcy) + Cc,
(38)

where we have used the expression (3.16) for the density matrix p, Eq. (3.15)
for 5, and the identity € = F (€, £ i€},) / V2. Using the above expression in
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Eq. (35), and with the definitions Q, = DA, /h, Q, = DA,/h, we can write
the propagation equations for the fields as

asz = iO[()Fd (pca - de) ) (39)
9y = iy (paa + peb) - (40)

With ag = ND?wy/ (2cheoly) (wo ~ w, with RWA). We can identify the two
coherences p. = peq — pap and pp, = paq + pe» responsible for the two radiated
fields with €, and €, polarizations respectively.

In the case discussed in Chapter. 4, ® (¢,7) reduces to ¢ and Eq. (40)
simplifies to Eq. (4.3a) with Q, = Q. and Q, = Q,,.

In the case of non-collinear propagation discussed in Chapter. 3, we ex-
pand the coherence p, as p, = P 4 plemietn 4 p(Hei®t" and write the
field as Q, = Q¥ + Q=@M 4 QfPei®t")  Using these expressions in
(40), we can write the propagation equation (3.37) for the component of the

field radiating in the direction of the probe field with , = Q.
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This thesis deals with the study of propagation effects experienced by weak light pulses as they propagate in atomic
media driven by strong pulses. We explore both the ultra-short and long pulse regime and investigate the phenomena
that arise at these different time scales. In the short pulse regime, a strongly driven two level atomic system presents
transient light shifts, and non-adiabatic transitions occur between these adiabatic levels. We have studied a method to
probe these light shifts in real time by propagating a weak probe through the medium. The light shifts enrich the
spectrum of the probe and the probe gets shaped as a result. In this way a strongly driven two-level system can act as an
active pulse shaper, and can introduce oscillations in the temporal profile of an ultra-short pulse at a time scale shorter
than the pulse duration. We also show that by driving the system with two time delayed non-resonant strong fields, the
non-adiabatic effects can be rendered phase dependent. This gives very sensitive phase control of the excited state
population and can be used to formulate new techniques in interferometry. In the long pulse regime we present a new
method of slowing light that can be realized in a double two-level system interacting with two orthogonally polarized
light pulses that propagate along different axis. Spatio-temporal dependence of the total polarization induces a grating
in the ground Zeeman coherence. The stronger of the two fields (the control field) is diffracted from this grating into
the direction of the weak probe field compensating for the absorption of this latter field. A transparency window is thus
created in the absorption spectrum of the probe leading to the slowing down of light. The transparency window exhibits
characteristics similar to the one obtained by EIT (electromagnetic induced transparency) method. However, the
important difference between our method and the traditional EIT method, is that ours doesn’t rely on realizing dark
state in the system. This may open the possibility of slowing down light in more complex atomic media. Moreover,
when the linear absorptive response of the medium is cancelled in this manner, the nonlinear response becomes more
important. In the situation where fields propagate in the same direction and have same frequency, two regimes have
been investigated. For small optical depths, the effective susceptibility behaves as y;,¢”® (with ¢ the phase difference
between two fields ). This renders phase control of the medium response, and the medium can be changed from an
absorber to an amplifier, with normal or anomalous dispersion, by adjusting the relative phase ¢. In the regime of large
optical thickness, phase saturation takes place and the effective susceptibility turns into y;,*, changing an absorber into
an amplifier without effecting the dispersive response.

Keywords : propagation effects, coherent controle, wave shaping, non-adiabatic jumps, slow light

Cette these concerne [’étude des effets de propagation subis par des impulsions lumineuses de faible intensité
lorsqu’elles se propagent dans des systéemes atomiques soumis a des champs intenses. Nous explorons aussi bien le
régime d’impulsions longues que courtes et nous analysons les phénoménes qui se produisent a ces échelles de temps
différents. En régime d’impulsions ultracourtes, un systéme atomique a deux niveaux soumis a un champ intense
présente des déplacements lumineux transitoires, et des transitions non adiabatiques se produisent entre ces états.
Nous avons étudié une méthode qui permette de sonder en temps réel ces déplacements lumineux en propageant un
champ sonde de faible intensité. Les déplacements lumineux enrichissent le spectre de la sonde qui se trouve ainsi
modifiée. Un systéme a deux niveaux peut se comporter alors comme un dispositif de mise en forme et peut induire sur
le profil temporel d’une impulsion ultra courte des oscillations a une échelle de temps plus courte que la durée de
l'impulsion. Nous montrons aussi qu’en excitant le systeme avec deux impulsions intenses non résonantes et décalées
dans le temps, les effets non adiabatiques peuvent étre dépendant de la phase. Ceci conduit a un controle trés sensible
par la phase de la population excitée. Cet effet peut étre utilisée pour créer de nouvelles techniques en interférométrie.
En régime d’impulsions longues, nous présentons une nouvelle méthode de ralentissement de la lumiére qui peut étre
réalisée dans un systeme a deux niveaux double interagissant avec deux impulsions de lumiére polarisées
orthogonalement et se propageant selon des axes différents. La dépendance spatio-temporelle de la polarisation totale
induit un réseau dans la cohérence Zeeman du fondamental. Le champ le plus intense (champ de contrdle) est diffracté
par ce réseau dans la direction du champ sonde de faible intensité compensant l’absorption de ce dernier. Une fenétre
de transparence est alors créée dans le spectre d’absorption de ce champ conduisant au ralentissement de la lumiere.
La fenétre de transparence exhibe alors des caractéristiques similaires a ceux obtenus par la méthode EIT
(electromagnetic induced transparency). Toutefois la différence importante avec la méthode EIT est que dans notre cas
aucun état noir n’est créé dans le systeme. Ceci ouvre la voie a la possibilité de ralentir la lumiére dans des systemes
plus complexes. D autre part, quand [’absorption (linéaire) du systéme est éliminée, la réponse non linéaire devient
plus importante. Dans la situation ou les champs se propagent dans la méme direction et ont méme fréquence, deux
régimes d’interactions ont été étudiés. Pour de faibles épaisseurs optiques, la susceptibilité effective se comporte
comme y,e”?avec ¢ la différence de phase entre champs. Ceci rend alors possible le contréle de la réponse du milieu
par la phase. Le milieu peut se transformer d’un absorbant a un amplificateur avec une dispersion normale ou
anormale en ajustant la phase relative ¢ . En régime de large épaisseur optique, la saturation de la phase se produit et
la susceptibilité effective se trouve changée en yy;,* modifiant un absorbant en un amplificateur sans affecter la
réponse dispersive.

Mots clés : Effets de propagation, contréle cohérent, mise en forme d’impulsions, transitions non adiabatiques,
ralentissement de la lumiere,
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