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Zusammenfassung

Die Physik der Zwei-Niveau-Systeme ist seit der Entwicklung der Quantenmechanik gut verstan-
den. Bei der Interpretation der atomaren Spektren zeigte die neue Theorie groie Erfolge. Mit
dem Einsatz von Lasern in der Spektroskopie begann dann eine verstérkte systematische und aus-
fiihrliche Untersuchung der Viel-Niveau-Systeme. Durch die Laserspektroskopie wurde es moglich,
tiefer in die Kenntnisse der kohérente Dunkelzustdnde vorzustoflen. Die darauf folgende erfolg-
reiche Entdeckung der elektromagnetisch induzierten Transparenz und der kohdrenten Dunkelzu-
stdnde begriindete den Beginn der Untersuchungen an stark dispersiven und kohérenten Medien,
die besondere Absorptionseigenschaften aufweisen. Das Interesse an diesen Medien wuchs in den
vergangenen Jahren, denn sie eréffnen die Moglichkeit, Licht mit vernachléssigbarem Verlust zu
speichern, was fiir die Entwicklung zukiinftiger Rechenanlagen niitzlich sein kann.

In dieser Arbeit habe ich einige Uberginge im gasférmigen Cisium als nicht lineare kohirente
Medien unter dem Einfluss von extern einwirkenden elektromagnetischen Feldern untersucht.

Die Untersuchungen begannen an A-Systemen, in denen elektromagnetisch induzierte Transparenz
gemessen wurde. In diesen Experimenten wurde die induzierte Transparenz des Probe- oder des
Koppellasers verbessert bis zu Werten, die vergleichbar sind mit denen bei nicht resonanten elek-
tromagnetischen Feldern. Die Studie wechselte dann zum entarteten Zwei-Niveau-System, in dem
in den letzten Jahren elektromagnetisch induzierte Absorption entdeckt wurde. Die Phanomenolo-
gie der entarteten Zwei-Niveau-Systeme ist immer noch teilweise unbekannt und es wird erwartet,
dass die kohédrente Wechselwirkung ungewdhnliche Spektren erzeugt. Durch die Ausnutzung der
F#higkeit des experimentellen Aufbaus zur simultanen Messung der Absorption und der Dispersi-
on des Koppel- oder des Probelasers wurden theoretische Vorhersagen, die sich teilweise noch im
Entwicklungsstadium befinden, iiber das Verhalten der entarteten Zwei-Niveau-Systeme bestétigt.
Diese Vorhersagen beschreiben klar die Erzeugung der elektromagnetisch induzierten Absorption
und Transparenz im entarteten Zwei-Niveau-System; sie basieren auf numerischen Simulationen,
die sich auf dem theoretischen Konzept des spontanen Transfers der Kohdrenz zwischen Gruppen
von unterschiedlichen entarteten Unterniveaus eines gegebenen Systems griinden. Die erhaltenen
experimentellen Resultate bestéitigen die Wichtigkeit, den spontanen Transfer der Kohérenz als
grundlegenden Prozess der Physik der kohérenten Systeme zu betrachten. Dieser Prozess ist in
seiner Bedeutung vergleichbar mit der spontanen Emission bei Zwei-Niveau-Systemen.

Zum Schluss dieser Arbeit wurde ich motiviert durch die derzeitigen Vorschldge aus der Gra-
vitationswellenforschung zur Entwicklung von Kerr-Interferometern, um das Signal-zu-Rausch-
Verhiltnis zukiinftiger Gravitationswellendetektoren zu verbessern. Da die in dieser Arbeit unter-
suchten nichtlinearen Systeme extrem steile Profile (bei erhéhter Absorption oder Transparenz)
zeigten, waren sie perfekte Kandidaten fiir die Erzeugung grofler Kerr-Nichtlinearitéiten des Bre-
chungsindexes. In diesem Zusammenhang wurde experimentell gezeigt, dass die als koh&rente
Dunkelzusténde beschreibbaren transparenten Medien Kerr-Koeffizienten besitzen, die um Gro-
Benordnungen grofler sind als die Koeflizienten typischer Kerr-Medien aber bei fast vollsténdiger
Transparenz erzeugt werden koénnen. Diese Eigenschaft macht sie sehr attraktiv fiir zukiinftige
Anwendungen.

Stichworte: Kohérente Dunkelzustédnde, elektromagnetisch induzierte Transparenz, elektroma-
gnetisch induzierte Absorption, Kerr-Effekt, licht-induzierte Doppelbrechung.
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Summary

The physics of atomic two-level systems has been well understood since the foundations of quantum
mechanics, when the interpretation of the atomic spectra was a major success of the new theory.
However, it was only after the invention of the laser that multilevel systems could be easily and
systematically explored. With this powerful new instrument of analysis it was possible to deepen
the knowledge of coherence-dominated phenomena. The later discovery of electromagnetically
induced transparency and coherent population trapping constituted the beginning of research
into highly dispersive coherent media which show peculiar absorption properties. Such media
have gained more and more interest in recent years because they open the possibility to store
light with negligible loss, a characteristic which may be useful for the future development of
computation.

In this work I studied several atomic-level schemes in which gaseous atomic caesium behaves as a
nonlinear coherent medium under the action of externally applied electromagnetic fields.

The research began with A-systems, where electromagnetically induced transparency was ana-
lysed. In this context it was possible to improve the induced transparency for either the probe or
the coupling laser to values comparable with those experienced by off-resonant electromagnetic
fields. This study then moved to degenerate two-level systems, where in recent years electromag-
netically induced absorption has been discovered. The phenomenology of degenerate two-level
systems is still partially unknown and the coherent interactions taking place are expected to
generate unusual spectra. Exploiting the capability of the adopted experimental setup to simul-
taneously measure the absorption and dispersion of either the coupling or the probe laser I verified
theoretical predictions (partly still in development) concerning the behaviour of degenerate two-
level systems. These predictions clearly describe the appearance of electromagnetically induced
absorption or electromagnetically induced transparency in degenerate two-level systems; they are
based on numerical simulations which are grounded on the theoretical concept of spontaneous
transfer of coherence between groups of different degenerate sublevels of a given system. The
obtained experimental results stressed the importance of considering spontaneous transfer of co-
herence as a fundamental process of the physics of coherent systems: a process with an importance
comparable to that of spontaneous emission in the physics of two-level systems.

In the final stages of this work I was motivated by current proposals in the gravitational wave
community to develop Kerr interferometers and thus enhance the signal-to-noise ratio of future
gravitational wave detectors. Since the nonlinear systems analysed here were all characterised by
unusually steep dispersion patterns (either in the presence of enhanced absorption or transparency)
they presented themselves as perfect candidates in generating giant Kerr nonlinearities of the
refractive index. In this context I experimentally showed that the transparent media obtainable
through coherent population trapping are characterised by Kerr coefficients which are orders of
magnitudes greater than those typical of other Kerr-media and are obtainable under transparency
conditions, a property which makes them very attractive for future applications.

Keywords: Coherent population trapping, electromagnetically induced transparency, electro-
magnetically induced absorption, Kerr effect, light-induced birefringence.
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Introduction

Since the discovery of the laser physicists have had the possibility to manipulate the
properties of optical media in a way which can no longer be understood in terms of
classical concepts. With laser-generated coherent optical fields it is easy to arrange atoms
so that they are in a superposition of different atomic levels, i.e. it is possible to induce
coherence in an atomic medium. These coherent atomic media are characterised by special
optical properties which are unusual for the classical world. The induction of coherence
into an atomic system can produce interference between the different paths which the
atoms can follow to perform an atomic transition. In the case of destructive interference
this coherence can be responsible for transparency even when the impinging radiation is
resonant: electromagnetically induced transparency (EIT) [6, 10]. Similarly, in the case
of a constructive interference the absorption of the radiation can be strongly enhanced:
electromagnetically induced absorption (EIA) [1, 2].

Coherent atomic media possess not only unusual absorptive properties. They also display
extremely strong dispersive characteristics, which are even more impressive when they
appear in combination with transparency, because in the classical world a high dispersion
is always in combination with high absorption.

Strongly dispersive media have been studied for various experimental applications. Elec-
tromagnetically induced transparency has been exploited to decelerate light to walking
speed [20]. Recent experiments have demonstrated that it is even possible to stop and
restart the electromagnetic radiation mapping the information carried by the light onto
a nonlinear EIT-medium while reducing the group velocity of the radiation to zero and
then re-extracting the information while reaccelerating the radiation [33]. Since photons
are very robust and are rapid carriers of information the possibility to trap them even for
short times (at present, storage times up to 0.5 ms have been obtained [25]) sounds very
promising for all quantum information applications. The hope is to be able to exploit the
laws of quantum mechanics to improve the capabilities of future computational devices,
either enhancing their speed or improving the security of the communication channels
between different parties. All these experiments have been characterised by a strong
positive dispersion associated with transparency of the medium.

Even media with negative dispersion (sometimes called anomalous dispersion) are of par-
ticular interest. They have been used to realise negative group velocities of light, an effect
which is often referred to as superluminal propagation [40], and they have been suggested
for the realisation of broadband high-finesse optical resonators (also called white-light
cavities) [41, 43, 35]. Within these cavities the anomalous dispersion is supposed to can-
cel the variation of the optical length as a function of the radiation frequency. While
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white-light cavities require a transparent medium, superluminal propagation has been
realised in the presence of either enhanced transparency [40] or enhanced absorption [3].
All experiments on superluminal propagation used media characterised by a very steep
dispersive profile. On the contrary the intracavity applications—which have been studied
but not yet experimentally realised—should not require such extreme dispersion values
but a fine tuning of the transparency properties of the medium, so that the transmission
losses can be suppressed to a level which no longer degrades the finesse of the cavity.

Because the realisation of white-light cavities is of particular interest for the future gen-
erations of gravitational wave detectors and its feasibility is related to the degree of
extinction of the absorption induced by the medium, we have propaedeutically tried in
this experiment to improve the transparency of positive dispersive media to the level
typical for a non-resonant interaction between the light and the medium. The experience
gained in this sense and the results obtained make us quite optimistic of the possibility to
extend them to negative dispersive media with transparency. The absorption extinction
achieved at the EIT resonance either in A-systems or in degenerate two-level systems was
about 98% of the value obtainable with an off-resonant field.

Such a performance could only be obtained with a careful extinction of the residual envir-
onmental magnetic field at the interaction zone. The extreme sensitivity of the enhanced
transparency on the magnetic fields has also inspired researches on the possibility to use
EIT-media for magnetometry applications; these studies have obtained promising results.

Absorptive media with anomalous dispersion were discovered only in the last decade
[1]. They were found in an N-like atomic system within the D line of alkali atoms.
Even if such media are very absorptive with respect to EIT-media they retain a relatively
small absorption coefficient when compared with crystals (the absorption coefficient which
we were able to measure is of the order of 0.1 cm™!). For this reason it was possible
to demonstrate superluminal propagation even in the presence of enhanced absorption.
Moreover, the dispersion is characterised by a very steep profile. This makes the group
velocities of light reported in the presence of EIA about one orders of magnitude greater
than those reported for transparent systems (values of —cy/310 [40] have been measured
for transparent media and values of —c(/4100 have been reported by EIA [3]).

In this research we have concentrated much of our attention on such EIA-media. Through
the use of a three-beam heterodyne interferometer we were able to investigate the optical
properties of either the coupling or the probe laser. The research experimentally demon-
strated for the first time that while the probe laser is subject to enhanced absorption,
the coupling laser experiences a bright enhanced transmission with an extra absorption
peak in correspondence with the two-photon resonance. At the same time it was also
possible to take the first measurement of parametric dispersion of the coupling laser in an
EIA system. The measured dispersion was, in contradistinction to what was measured
for A-systems, positive. These results are presented in the third chapter of this work.

The obtained results confirmed the interpretation of EIA as an effect generated through
spontaneous transfer of coherence. This effect has often been neglected in the analysis
of atomic systems. However, its introduction gave the research on EIA media a solid



theoretical background which, at present, seems to be confirmed by all experimental
results. In particular, we were able to verify the results of several simulations made for
the coupling and the probe laser in an N-system showing EIA. These simulations were
partly stimulated by the results obtained in this research. Therefore we present them in
some detail in the first chapter, together with a more general background on the concept of
spontaneous transfer of coherence and the semiclassical approach used for the description
of the physics of coherent systems.

All measurements were performed in an atomic caesium beam. The peculiarity of using
an atomic beam opened us to the possibility to circumvent undesired Doppler shift of the
lines thus obtaining spectra which were characterised by subnatural linewidths starting
from about 10 kHz. This and other aspects of the experimental apparatus are described
in the second chapter of the thesis.

The choice of caesium among the various alkali atoms was determined by its very rich
hyperfine sublevel structure. Within the D5 line it was possible to choose between two
different A-systems, two closed two-level systems (one satisfying EIA-conditions and the
other not), and many other level configurations which were also, at least partially, ex-
plored. In one of these other configurations it was possible to detect light-induced birefrin-
gence, an effect concerning a rotation of the polarisation of the probe beam caused by the
alignment induced in the medium through the coupling beam. This effect is described
in the third chapter together with results concerning the Kerr coefficients which can be
measured for EIT-media and EIA-media. These last results show how the giant Kerr
coefficients obtainable in the presence of EIA or EIT are orders of magnitudes greater
than those in usual Kerr-media, thus making these nonlinear coherent media extremely
attractive for all applications involving giant Kerr effects.

The rich caesium hyperfine structure is the natural environment in which the measure-
ments performed in this experiment can be extended to multi-level systems. Some of these
multilevel systems (for example the bichromatic off-resonant driven two-level system or
the N-like four-level system [44]) will have to be experimentally studied to foresee applic-
ations for future generations of gravitational wave detectors. A brief outlook concerning
the possibility to extend this research into such new direction closes the thesis.






Chapter 1

Theoretical Background

Introduction

In this section I will introduce much of the formalism which is needed for the descrip-
tion and the analysis of the experiments performed in the continuation of this work. For
reasons of space and opportunity I have chosen to limit the mathematical details every-
where I had the impression that they were overwhelming and too general for the purposes
described here. For the same reason I have also kept the discussion to the level of the
first quantisation. However, some effects due to the interaction between the vacuum and
the system were not avoidable, since they played a crucial role in some of the experi-
ment performed. The interaction with the vacuum was then introduced with the help
of a semiclassical model and an analogy with Brownian motion. For much of this pic-
ture I relied on the works of Claude Cohen-Tannoudji, Jaques Dupont-Roc, and Gilbert
Grynberg [11, 12], which were an invaluable source of information and inspiration. The
interested reader should refer to these books for all the mathematical details. Of course,
the purpose to stress the physics rather than the mathematics may have brought to some
oversimplifications: they, hopefully, do not compromise too much the understandability
of the following paragraphs.

The chapter begins with a short review of the atomic system which constituted the en-
vironment in which all measurements were performed. After the presentation of the phe-
nomenology of electromagnetically induced transparency with the aid of classical model
we introduce the density matrix formalism. Some considerations on the opportunity to
introduce supplementary terms in the evolution equation for the density matrix bring
the reader to the concept of spontaneous trapping of coherence, which reveals to be cru-
cial for the explanation of electromagnetically induced absorption, a kind of counterpart
of electromagnetically induced transparency which is the object of many measurement
in this work. Finally, I show the results of some numerical calculations simulating the
appearance of electromagnetically induced absorption in N-systems. These results were
obtained by another research but were partly stimulated from the discussion on the spec-
tra measured within this project and presented in chapter 3 which they contribute to
explain.



Chapter 1 Theoretical Background

1.1 Atomic system

An atomic system which is particularly suitable for the study of electromagnetically
induced transparency and absorption (in the following called EIT and EIA) is the D,
line of the alkali atoms. In this line several different level configurations can be excited
to give rise to either electromagnetically induced transparency or absorption. The line is
easily accessible through diode lasers which can be tuned to the desired frequency and is,
therefore, very suitable for experimental investigation.

The objects of analysis in this work were various transitions within the 33Cs Dy line
(852 nm), which were coupled and probed with two linearly polarised lasers orthogonally
polarised to each other. The use of two lasers was crucial to induce coherence in the
system. The choice of orthogonal polarisations was caused by reasons of distinguishability.
The possibility to discriminate between the two lasers by means of their polarisation was
particularly important in case of degenerate systems, where the probe and the coupling
lasers acted on the same atomic transition, thus becoming indistinguishable in any other
way in case of collinear propagation. Furthermore, the laser distinguishability was used,
in the special kind of heterodyne interferometer adopted here [28, 30, 31, 37|, to perform
dispersion measurements, a characteristic of this experimental setup which opened the
possibility to fill several gaps in the experimental knowledge of the analysed systems.

In the caesium D line the hyperfine splitting between the two F' hyperfine sublevels
amounts to roughly 9.2 GHz while the hyperfine splitting of the F’ sublevels is of the
order of 150 MHz to 250 MHz depending on the sublevels considered (here and in the
following of this work we call F' the quantum numbers of the total angular momentum
associated with the ground state of the line and F’ those associated with the excited state).
A schematic of the system, which does not represent the frequency differences between
the atomic transitions as a scale drawing would do, but is intended only as a pictorial
reference, is given in Fig. 1.1. In Fig. 1.1 the representation of the Zeeman sublevels is
omitted. Those levels could be considered degenerate all through the work thanks to an
accurate tuning of the magnetic field to a negligible level around the interaction zone.
Nevertheless, we will see that even degenerate sublevels may introduce important effects in
the spectroscopy of the lines. This is expecially true for degenerate two-level transitions,
where the degeneracy is a necessary condition for the appearance of electromagnetically
induced absorption.

1.2 Lambda systems

In this section we will concentrate our attention on electromagnetically induced trans-
parency. In this particular case we will analyse the emergence of EIT in A-systems.

A A-system consists of a group of three atomic levels, the scheme of which resembles,
once graphically representing also the electromagnetic fields involved in the process (i.e.
a field coupling one transition from one of the two ground levels to an excited level and a
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Figure 1.1:  Level schematic of the Dy line of atomic Caesium. The F' levels are the
hyperfine levels of the ground level 6s2S; s2- The F' are the hyperfine levels of the excited
level 6p 2Py /2

second field probing the transition from the other ground level to the excited level), the
form of a Greek letter A. A pictorial representation of a A-system is given in Fig. 1.2.
Depending on whether the two ground levels share the same energy or not we will speak
in the following of a degenerate or a non-degenerate A-system.

It is well known that, if an atomic transition is probed with a probe laser only, the amount
of laser light absorbed by the atom can be described through a lorentzian absorption
profile centred at the frequency of the transition itself. This behaviour can be radically
changed in the presence of a second laser coupling one of the levels (or both) involved in
the probed transition.

Let us consider the case of a A-system (Fig. 1.2). In this case a second laser, called
the coupling laser, couples the upper level of the probed transition with a second level,
whose energy is lower than that of the upper one and comparable with that of the lower
level of the probed transition (i.e. the condition wp. < wWqp, wac is satisfied). If the probe
frequency is varied and the probe frequency matches the condition for a two-photon
transition between |b) and |c), the probe laser light is not absorbed any more by the
atom. Due to the combined coherent effect of the two lasers the system has entered in
a so-called dark state which is non-absorbing for the probe radiation. The system has
developed a destructive interference between different evolution paths which the probe
laser light can follow in its interaction with the atom. This transparency effect induced
by the radiation is called electromagnetically induced transparency or shortly FEIT.

The emergence of EIT is not limited to A-systems. One can encounter it in V-systems
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)

Figure 1.2: Energy diagram of a A-system.

and in degenerate two-level systems. In the last ones one can also detect the experimental
counterpart of electromagnetically induced transparency, namely electromagnetically in-
duced absorption (abbreviated in EIA), which corresponds to an enhancement of absorp-
tion by the system induced by coherence effects between the levels involved. Similarly
to the case of EIT, one can say that the system has entered into a bright state which is
related to a constructive interference between different quantum paths for the probe laser
light interacting with the atom.

1.3 Classical analog of electromagnetically induced
transparency

Before starting with a quantum mechanical model of the system, I would like to present
a classical analog of electromagnetically induced transparency. This analog helps to
understand some elementary aspects of the underlying physics. Furthermore, such a
model can be used as an introductory one when introducing coherent systems to beginners
and laymen.

Let us consider again the system depicted in Fig. 1.2. If one considers the system from a
purely quantum mechanical point of view one would have to quantise not only the atom
but also the electromagnetic fields. In building a classical analog, the atomic levels and
the fields could be then represented as a system of four coupled oscillator: two for the
two atomic two-level systems and the two for the fields coupling them. However, when
one performs an experiment on a A-system, one usually probes one atomic transition
with a probe laser after having prepared the atoms by coupling the other transition (this
condition is in reality not essential, since the system shows an ability to prepare itself in
the right way in any case, as pointed out in ref. [19], but we will assume that this is true
here because this is the more usual configuration and the configuration experimentally
tested in the rest of this work). In this case the oscillator associated with the coupling
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Figure 1.3: Electromagnetic classical analog of electromagnetically induced transparency

laser plays a double role: firstly, it enables the participation of the second two level system
(here between |a) and |c)), which would remain otherwise isolated from the action of the
probe laser, coupling it to the first one (between |a) and |b)); secondly, it determines
the intensity of the coupling between the various oscillators, thus strongly determining
the response of the system. Keeping these roles in mind and assuming that the system
has reached stationarity and that the losses are negligible, it is a useful simplification to
schematise not only the two two-level systems but also the coupling laser as a classical
passive oscillator which is coupled with two other passive oscillators (schematising the
atomic transitions). This system can be probed by an active external probe oscillator
which needs to be tuneable in frequency (as is usually the case for the probe laser) and
plays the role of the probe laser. With this setup it is possible to easily study the system
response as a function of the probe detuning.

Such a model has been proposed in recent years [5]. It is possible to construct either
a mechanic model or an electromagnetic one. The practical realisation of the latter is,
however, much easier since it offers the possibility to quickly interchange components to
test various experimental configurations. Let us explain such a model briefly.

Consider the circuit represented in Fig. 1.3. It shows a system of two RLC meshes coupled
through a capacitor of capacity C and driven by an external oscillator. Depending on
the position of the switch, the second mesh can be switched on and off. The following
parallels may be built:

e The first mesh represents the probed atomic transition between |a) and |b). It
includes a resistor Ry, an inductor L; and two capacitors: C and C;. The capacitors
are in series and compose to an effective capacity C.;.

e The second mesh represents the atomic transition coupled by the coupling laser.
It contains an RLC circuit analogous to that used for the probed transition but
a switch is present. The switch gives the opportunity to simulate the presence or
absence of the coupling laser and, as a consequence, the involvement of the coupled
two-level system in the experiment.

e The capacitor C represents the coupling between the two meshes operated by the
coupling laser. The value of the capacitance C is directly related with the intensity
of the coupling laser and through it one can study how the system behaves for
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various coupling laser intensities.

The analog has one major imperfection: a change in the capacitance C causes a change
in the absolute resonance frequencies of the two RLC meshes (corresponding to those of
the two atomic transitions). However, since the width of the lorentzian resonance curve is
only determined by the resistive components of the corresponding RLC mesh, the change
in C will not affect the shape of the resonance curve. A simple substitution of the variable
used in plotting the taken data from the absolute frequency of the probe oscillator to its
detuning from the resonance frequency will then circumvent the problem.

It is obvious that, when the switch is opened, the system behaves like a driven two-
level system, showing a lorentzian pattern for the absorbed power during one cycle of
oscillation. When, however, the switch is closed, the response of the system changes
and shows a series of various phenomena, going from the analog of EIT to that of the
Autler-Townes effect.

The various spectra can be obtained changing the capacity

Component  Value of the coupling capacitor C. This stands for the intensity of
Ry 1Q the coupling laser in the physical system. For low coupling
Ro 51 Q a dip in the middle of the resonance curve emerges, simil-
Ly 1uH arly to what happens for EIT. At higher coupling the dip
Lo 1 uH evolves in a structure with two peaks which move apart from
Cy 100 nF each other once the coupling increases. When the coupling is
Co 100 nF large enough the separation between the peaks is well-defined

47 nF and the system behaves like an atom in the presence of the

100 nF Autler-Townes effect. In addition to such absorption measure-

150 nF ments, it is possible to measure the phase shift between the

220 nF input power and the absorbed power. The derivative of such

300 nF a phase shift constitutes the dispersion curve for our probe

C 400 nF and properly simulates the dispersive behaviour of a probe
500 nF laser probing the atomic system.

; tg One can easily simulate the features described above with a

5 uF simulation program for electrical nets. The parameter chosen

10 uF for the simulations can be read in table 1.1.

The current flowing through the inductor L; has the same
frequency dependence of the power dissipated in the circuit.
Since the aim of the simulation is to qualitatively reproduce
the behaviour of the real system, it suffices to measure the
frequency dependence of such a current. This is easily per-
formed by one of the simulation program routines. In the real
system a current measurement would alter the performance of the circuit. For this reason
it is convenient to decouple the voltage drop at the poles of the inductor output with a
buffer and subsequently to integrate it in order to obtain a signal proportional to the
current flowing through it. Such a signal will then simulate the absorptive characterist-
ics of the atoms. Also for the measurement of the dispersive spectra the experimental

Table 1.1:  Simulation
parameters tested for the
classical analog of elec-
tromagnetically induced
transparency.
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1.3 Classical analog of electromagnetically induced transparency

procedure is different than that used in the simulation. The relative phase between the
current flowing through the inductor and the applied voltage represents the phase shift
of our system. However, the performance of a measurement with a lock-in amplifier re-
quires the comparison between the frequencies of two alternate voltages. Therefore, one
should follow the same procedure suggested for the absorption measurement, integrating
the current through L; to get a voltage proportional to the current and then comparing
the two values. In reality, it is easier to directly measure the phase of the voltage at the
input of L. In fact the derivative of the phase shift with respect to the detuning is again
the dispersion. One can then avoid the integration and still find a signal which is directly
proportional to the dispersion.

In Fig. 1.4 we plot the results of several simulation for various values of the coupling
capacity. The left column shows the current flowing through the inductor Li; in the
central column one can read the voltage drop at the poles of L1; the right column presents
the phase shift between the voltage at the input of L; and the output of the signal
generator.

According to what we have explained, the left column simulates the absorptive behaviour
of the probe laser within the A-system and the right column its dispersive characteristics.
From this classical analog one understands that EIT arises because of the destructive
interference between two oscillators.
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Figure 1.4: Simulation results for the circuit depicted in Fig. 1.3



1.4 Semiclassical models

1.4 Semiclassical models

To further describe the spectroscopic results of the measurements performed in this work
we need to introduce an appropriate formalism. Among the various possibilities it is
often convenient to introduce a semiclassical treatment in which the atoms are quantised
but the electromagnetic fields are still treated as classical ones. Within this formalism it
is simple to introduce a description which can be easily related to what happens in the
experiment. Since a large quantity of atoms is involved, the best suited formalism is the
one involving the so-called density matrix.

1.4.1 Density matrix formalism

For a system consisting of large amount of replica identical particles, it is practically
impossible to have a complete information on the prepared system, thus being able to
describe it in terms of a pure state. Therefore, one cannot follow the pure Schrodinger
formalism. The statistical knowledge one has on the various replicas of the system may
be used if one works with the so-called density matrix formalism, in which to each state
|4) is associated the classical probability Py. In this context the density matrix operator
is defined as

p=>_ Pylv)vl.
P

Similarly to the Schrédinger equation for pure states, the evolution of the system is
described by the Liouville-von Neumann equation

pP= _%[H7 P]

In treating with atomic transitions it is convenient to separate the Hamilton operator
into a time independent part Hg, which gives rise to what we describe as the unper-
turbed atomic states, and a perturbative time-dependent part Hiy(t) which represents
the interaction of the atom with the electromagnetic field. Such an approximation is
valid as long as the wavelength of the electromagnetic field is small in comparison with
the spatial dimensions of the atom. This approximation is known as long-wavelength
dipole approximation. In this scheme one can decompose the Hamiltonian as

H=Hy+ Hint(t)-

It is easy to understand several details of the formalism used if one concentrates for a
moment on an ideal two-level system. In this case one could rewrite the unperturbed
Hamiltonian in the form

Ho = hwala)(al + hwy|b) (b,
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Chapter 1 Theoretical Background

where w, and wy are the eigenfrequencies of the atom with respect to an arbitrary chosen
fixed energy offset. The interaction with the external electromagnetic field is described
through the Hamiltonian (in the dipole approximation)

Hint = —(pab|a) (b] + pva|b) (al) E(?),

where g, = e(alz|b) is the matrix element of the dipole operator ex (we assume in this
simple case to have an electrical field polarised in the x direction).

In the context of the dipole approximation it is useful to introduce the reduced Rabi
frequencies®. As we will see, the Rabi frequencies (their reciprocals) describe the timescale
of the evolution of the atomic system under the influence of the external field and relate
it to the intensity of the field itself. If one writes the electrical field in the form

E(t) = Ep cos(wt)
the reduced Rabi frequencies would be defined as®

pEo

When one describes the system with the density operator in the way we have introduced
here one makes very relevant assumptions. The most important of these assumptions
is that the effect of the spontaneous emission in the processes described is completely
neglected, as if it were not existing. To describe it, it is usually sufficient the further
introduction of a phenomenological term in the Liouville-von Neumann equation. This
can be done in an easy way (we follow here a suggestion of Arimondo [7]) introducing a
relaxation operator R which describes several different relaxation processes taking place
in the system. After this introduction, the Liouville-von Neumann equation becomes

i

p=—-IH pl+ Bp. (1.2)

Clearly, the form of the relaxation operator is a priori completely undetermined. The
derivation of such an operator from more general concepts involves several assumptions
about the way relaxation affects the system and on the physical mechanisms involved in
it. Some assumptions regarding the spontaneous processes are sketched in the following
section. In general the relaxation operator will account also for relaxation due to collisions
or other effects. We will describe later (paragraph 1.4.4) how these additional terms can
affect our system.

!'Unfortunately there is some inconsistency in the literature on what has to be called Rabi frequency.
Sometimes the here defined reduced Rabi frequencies are called Rabi frequencies, some other times
the value assumed for the Rabi frequencies is twice as big. Following some other authors I chose to
call the smaller value of the two reduced Rabi frequency

2The reduced Rabi frequency introduced here are assumed to be real quantities.
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1.4 Semiclassical models

1.4.2 Spontaneous processes within the density matrix formalism

It must be stressed that, when one introduces spontaneous emission terms into the
Liouville-von Neumann equation, this is done for pure phenomenological reasons. This is
in general true if the Schrodinger formalism is used, because in this description the elec-
tronic excited states are not subject to spontaneous processes. It is therefore impossible,
within the formalism of the first quantisation and following strictly the approximations
made here, to deduce spontaneous emission from general principles. We will soon see
that, for level configurations more complicated than the two-level system, spontaneous
emission is not the only effect which plays a relevant role in the evolution of the system.

In principle, if one wants to account for several other effects (including spontaneous
emission), which emerge from time to time, a more appropriate Hamiltonian describing
the interaction of the atom with an external field would be (see, for instance, [11])

H = Hy + Hin(t) + Hpg,

where the electric field included in Hjy () must be intended as the sum of the electric field
due to the external field and the electric field associated with the quantum fluctuations of
the vacuum (to which we will associate a Hamiltonian V'), and Hp is the Hamiltonian of
the quantum field accounting for all possible states of the vacuum. If in the Hamiltonian
one neglects the coupling with the vacuum one obtains the usual Liouville-von Neumann
equation for the evolution of the system. If, on the other side, one neglects the effect of
the impinging radiation the vacuum can be interpreted as a reservoir of possible states
coupled to the atom through electromagnetic interactions with it.

In this last case the density operator for the atomic system has to be intended as the
partial trace of a more general density operator (accounting for the atom and the vacuum)
over all possible states of the reservoir. In more mathematical terms if p is the density
operator for the system composed by the atom and the vacuum, one introduces a "reduced”
density operator of the form

o="Trgp.

For a two level system this density matrix can be written as

<Jaa Uab)

Oba  Obb)

In this formalism the diagonal elements of the density matrix are called populations and
the off-diagonal terms coherences. For an ensemble of two-level atoms the diagonal terms
represent indeed quantities proportional to the fraction of atoms being in one or another
level, while the coherences are quantities oscillating at frequency |w, — wp| which may be
put in connection with physical variables such as the atomic dipole moment.

We want to show that, under the thermal interaction with the vacuum, the atom behaves
in a way which is analogous to that of a particle in Brownian motion. Simultaneously, the
vacuum will not be much affected by its interaction with the atom, therefore playing the

17
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role of a reservoir. As it is the case for the Brownian motion, observing the evolution of
the atom it is possible to identify two time-scales. There is a shorter time-scale (say of the
order of 7) in which the system experiences one possible perturbation of the vacuum (i.e.
is subject to one virtual transition). A longer time-scale (say of the order of T') describes
the usual evolution of the atom or, in other terms, its variation of state induced by the
interaction with the vacuum (e.g. a spontaneous emission process). It can be shown
(see, for example, chapter IV in [11]) that the various fluctuations of the vacuum have
a correlation which becomes neglectable very rapidly (timescale 7), much more rapidly
than the time associated with spontaneous emission (which is given by 'yﬁ and represents
the timescale T') and still more rapidly than the period At associated to a typical atomic
transition wff Starting from these premises it can be also shown (ibid.) that for a
two-level system interacting with other possible atomic levels (designed by general indeces
¢ and d) the density operator satisfies the following equation

(sec)
%Uab(t) = _iwabo-ab(t) + ; 7?'abcclo-ccl(t)'

Only those transitions which satisfy the relation |wgp — weq| < Ait (including of course the
transition itself) are significant for the evolutions of coherences or populations involving
levels |a) and |b). These transitions are called secular transitions and therefore the sum
is restricted to the secular terms only. In principle the sum does not need to be limited to
the secular terms. However, all other terms for which |wgp — weq| > ALt become negligible
(it can be demonstrated [11] that each term which appears in Rgp.q contains a function
W) while the terms for which |wap — weq| ~ ﬁ can be proved to
have only a weak effect if the condition At < T is satisfied. The Rgpeq coefficients
describe the interaction mediated by the reservoir and, within the approximation made,
are independent of ¢ and At and are of the order of %

of the form

It is now clear that it can make a relevant difference if the system is degenerate or not.
The equations for the non-degenerate two-level system can be rewritten in the form? [11]

d

b = T aTbb (1.3a)
d

&Uaa = +YbaObb; (13b)
d .

EO’{,G = —1(wba + Aba)gba — %O’ba. (1.3(})

The 3, coefficients, representing the usual spontaneous emission processes, originate
from coefficients of the form Rypqe While the coefficients Rpqpq Originate contributions of
the form —~p, — iAp,. The shift Ay, is a radiative shift of the actual frequency of the
transition induced by the interaction with the vacuum.

In the previous expressions all other Rqp.q coefficients have been neglected. For the
population equations this approximation is justified by the fact that the atomic coherences

$We remark once more that the system is not subject to any other electromagnetic field than that of
the vacuum; the processes emerging here are therefore sometimes called spontaneous processes.
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1.4 Semiclassical models

typically evolve on a timescale of At which is the typical time for atomic transitions. For
frequencies w < At~!, i.e. interaction times much longer than At, these coherences do
not play any further role in the evolution of the populations. In the equations for the
coherences the only term of the form Rg,.q which still plays a relevant role is the one for
which @ = ¢ and b = d (because we are in a non-degenerate situation but we have to take
into account all transitions for which |wgp — weq| K ALt’ including the transition itself).
As described above, this term causes the frequency radiative shift Ay, and is responsible
for the damping I'y, of the coherences.

The previous considerations for the coherences are not true if one is in the presence
of a degenerate two-level system. For a degenerate system R,p.q contains also matrix
elements of the electromagnetic interaction with the vacuum V which have the form
(alV']c)(d|V'|b) (where the states |a) and |c) are degenerate, as well as |b) and |d), and we
assume a # c and b # d). Those matrix elements cannot be neglected: they couple diverse
degenerate levels and give rise to non-oscillating terms which do not disappear through
the calculations. The effect of such terms is to enable a transfer of coherence between the
coherence of the upper degenerate levels and that of the lower degenerate levels. Since
this transfer can happen even in the absence of applied external fields it is sometimes
called spontaneous transfer of coherence. This spontaneous transfer of coherence can
often be neglected, especially because it does not usually change the phenomenology of
the observed experimental results. In some cases, however, the effect induced by the
spontaneous transfer of coherence may be very relevant. One of these cases is, as we will
see in the following, electromagnetically induced absorption.

If we now go back to our two-level system, it is not completely uninteresting to see how
the equations for its evolution change in the presence of a weak coupling field. In this
case the equations can be rewritten as

d
0% = a0 + Yoo (Taa — b)), (1.4a)
d
q;0aa = TVea0th + Voa (Ot — Taa), (1.4b)
d ) ba + 27,

Opg = —1(wba + Aba + Aga)aba — %Uba- (1.4(})

dt
Qualitatively speaking the external field changes the structure of the population equa-
tions only, which contain further terms accounting for induced absorption and emission.
The populations equations assume then the known form of the Einstein equations. To
recognise it it suffices to point out that the terms in ~; are proportional to the intensity of
the impinging field at the frequency wy, of the transition. The structure of the coherence
equations does not change dramatically. A further radiative shift and a further damping
are introduced by the radiation.

As for the case without radiation, further terms accounting for the spontaneous transfer
of coherence have to appear in the equations for the coherences any time one has to do
with degenerate systems.

Similar arguments can be extended to the case of an atom interacting with a strong
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resonant electromagnetic field. We will see in the following sections that in this case it is
possible to rewrite the equations in the form

d .

;0% = a0 + 1 (000 — Tab), (1.5a)
d .

&Uaa = +Yba0bb — IQba(Uba - Uab)7 (15b)
d . .

—0Opg = —100p, — haba + IQba(o'bb - Uaa)a (150)
dt 2

where

6 =w—wy

and wy = wpe + Apg s the transition frequency corrected with its radiative shifts. It is
clear that even in this case the equations for the coherences are valid only for the non-
degenerate case. For the degenerate case one has once again to introduce the spontaneous
transfer of coherence.

The conclusion of this discussion is that the introduction in the Liouville-von Neumann
equations of terms describing spontaneous transfer of coherence can be justified in the
same way as the introduction into the Liouville-von Neumann equation of the supplement-
ary term accounting for the spontaneous emission. For this reason we will at some point
introduce spontaneous transfer of coherence in a form that, even if it seems quite arbit-
rary, is in no way more arbitrary than the introduction in the system of terms describing
spontaneous emission.

1.4.3 Electromagnetically induced transparency

Let us return to the Liouville-von Neumann equation (1.2). In this section we want
to discuss how equation (1.2) can be written when one operates with a A-system. To
quantitatively treat the system it is important to characterise the Hamiltonian and the
relaxation operator in their components. Calling |a) the upper level of the A-system (see
Fig. 1.2) and calculating the energy differences with the upper level as a reference level
for the energy the unperturbed Hamiltonian can be rewritten as

0 0 0
Hy=—-h|0 weg O
0 0 wge

The interaction matrix describes the electric dipole transitions between the upper level
|a) and the two lower levels |b) and |c). No electric dipole transitions are allowed between
the levels |b) and |c). In terms of the Rabi frequencies one can write

0 2Q4p c08(wprobet)  2Qqe cOS(Weoupit)
Hint = —h | 2Qqp cos(wprobet) 0 0 . (1.6)
2Q4¢ €os(wWeouplt) 0 0
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Qup and .. are the reduced Rabi frequencies of the probe and the coupling beam, re-
spectively, while wprobe and weoupl are their frequencies.

When using an atomic beam, as it is the case in the experiments described in this work,
there is a continuous refill of atoms into the interaction zone which compensate for atoms
leaving the interaction zone. However, the refilled atoms are in the ground state(s) and
substitute leaving atoms being either in the ground or the excited states, depending on
the population distribution. If we call v the cumulative transient loss due to this process,
i.e. the sum of the transient losses taking place at levels |a), |b), and |c), and we assume
that the energy difference between the two ground system is negligible in terms of the
population difference it generates, we can assign an injection rate of vy/2 to each ground
level (one assumes that the population does not change during the experiment). This ap-
proximation is exact in case of a degenerate system where the ground level is repopulated
with an injection rate 7y, the sum of the two values 7 /2 previously considered.

One can easily show that the previous approximation is valid in the case of caesium
atoms probed and coupled within the D line, even when non-degenerate ground levels are
considered (proper A configuration). Indeed, the energy differences corresponding to the
atomic transitions are of the order of hipe ~ 6.1 x 10724 J and hvg. =~ 2.3 x 1071 J, while
the energy corresponding to the thermal excitation is of the order of kT ~ 6.3 x 10721 J
to 7.08 x 1072 J depending on the temperature considered (here 453 K to 513 K). The
calculated energies show that the temperature of the system is sufficient to consistently
populate the |b) and |c) levels but not the level |a). Moreover, there can be a further
thermalisation between the levels |b) and |c) caused by collisions between the atoms in the
atomic beam that adjusts population differences between the levels |b) and |c). For this
reason it is legitimate to assume that all atoms entering the interaction zone are equally
distributed between one of the two ground levels.

It is also almost always a good approximation to work in the so-called rotating wave
approrimation, i.e. to neglect rapidly oscillating terms in the Hamiltonian. An easy way
to do it is to rewrite equation (1.6) in the form

0 Qabelwprobet Qacelwcouplt
Hipe = —h | Qupe—@pronet 0 0
Qe weouptt 0 0

Furthermore, since in our system the propagation direction of the electromagnetic fields
is perpendicular to that of the atomic beam, it is a legitimate approximation to neglect
the Doppler shift of the involved frequencies.

For the following calculations it is useful to quantify the spontaneous emission from
level |a) with two spontaneous emission coefficients 74, and 7,. and define the following
detunings:

Aab = Wprobe — Wab;
Aac = Weoupl — Wac

0= Agp — Age
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Finally, to simplify the calculations one can change the coordinate system to a system
corotating with the electromagnetic waves acting on the transitions. In this coordinate
system the unperturbed Hamiltonian can be rewritten as

0 O 0
Hy=ha|0 Agp 0
0 0 Ag

In this coordinate system the interaction Hamiltonian is

0 Q0Lb Qac
Hint=h| Qe O 0
Qw0 O 0

The rotation of the coordinate system can be seen as a calculation in the interaction
picture, where the atomic states of the unperturbed Hamiltonian remain unchanged but
the operators evolve under the action of the interaction Hamiltonian.

To complete the description in this new coordinate system one needs to perform also the
following substitutions

iw t
Pab — Pab€ probe

iw lt
Pac = PacC "

pbc — pbcel(wprobe 7Wcoupl)t X

If one defines the quantities

.1 .
Pab - _(270 + Yab + Vac) - lAab7

2
.1 .
Pac - 5(270 + Yab + Vac) - lAaw
The = 7o + 16,

the Liouville-von Neumann equation (1.2) can be rewritten in term of its matrix elements
as

paa = _(’YO + Yab + 'Yac)paa - i(Qabea - Qbapab) - i(Qacpca - Qcapac)a

. i
Peb = = = Y0P + YabPaa + 1(QabPba — Loapas),

Y0

p.cc - E — Y0Pce + YacPaa + i(Qacpca - Qcapac)a

Pab = —Lappab — iQab(pbb - paa) — 1Q4cpPcbs
pac = _Pacpac - iQac(pcc - paa) - iQabpbca
pbc = _Pbcpbc + iQacpba - inapac-
The former equations are known in the literature as optical Bloch equations (sometimes

abbreviated in OBE). One can, of course, write OBE for different level systems, starting
from the simple case of the two-level system (see, for example, egs. (1.5)). The name of
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the OBE traces back to some equations written by F. Bloch for the evolution of a spin
preceding in an oscillating magnetic field [9]. The optical Bloch equations completely
characterise the evolution of an atomic system under the action of a strong electromag-
netic field.

Typically, one is not interested in the transient response of the system but in its stationary
state. To calculate the stationary response of the system it is sufficient to set the time
derivatives of the density matrix components to zero in the OBE, thus obtaining the
desired results. In this way it is easy to calculate quantities of experimental interest, such
as the dispersion or the absorption of the atomic medium. In the present case one obtains
the following stationary optical Bloch equations:

1
Yo + Yab + Yac

Paa = ( ) [_i(Qabea - Qbapab) - i(Qacpca - Qcaﬂac)]y

1 0 .
Pob = % [% + YabPaa + 1(Qabpra — Qba/’ab)} 7

L 170 -
Pcc = % {5 + YacPaa + I(Qacpca - Qcapac)} ’

1 . ;
pab = 7 [=1Qab(Pbb = Paa) = Qacper),
ab

1 . :
pac e [_IQaC(pCC - paa) - IQabpr]7

FQC

1 . .
Pbe = F_ [IQacha - IQbapac]-
be

Assuming identical spontaneous emission coefficients for the two transitions (i.e. v, =
Yac) it is convenient to define

Y = Yab + Vac;
OF Yab = Yac = 5. With this definition the Liouville-von Neumann equation can be

rewritten in the compact form

: i Y Y0
p=—7 Ho+ Hin, p] = 5 {Pesp} +7 Y Q4pQq =00 + = Pe;
q=1,2

where Q1 = |a)(c| and Q2 = |a)(b| and the braces stay for the anticommutator. Fur-
thermore, P, = |a){a| is the projector on the excited state and P, = |b)(b| + |c)(c| the
projector on the ground states.

1.4.4 Electromagnetically induced absorption

Electromagnetically induced absorption can be considered as the experimental counter-
part of electromagnetically induced transparency. However, while dark lines were dis-
covered in the late seventies [6], bright states were firstly observed in the late nineties [1].
The reason for the delay is to be explained by the fact that stricter conditions had to
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be satisfied to obtain electromagnetically induced absorption. Furthermore, since spon-
taneous transfer of light-induced anisotropy (coherence or, in other cases, population) is
essential for the explanation of EIA, one has to abandon the simple three-level scheme in
favour of a more complicated model which involves at least four atomic energy levels and
three laser fields.

Electromagnetically induced absorption was firstly observed in a closed transition within
the Dy line of rubidium [1]. During these first observations it was stated that the occur-
rence of electromagnetically induced absorption is related to the following conditions:

1. The transition between the ground level and the excited level must be closed (i.e.
no other electric dipole transitions are allowed so that spontaneous emission cannot
play a relevant role).

2. The ground level must be degenerate (i.e. the condition F' > 0 must be fulfilled).

3. The total angular momentum of the excited level F/ must be greater than the
angular momentum of the ground level (i.e. F' > F).

Similarly for rubidium, the Dy line of caesium contains a closed transition which satisfies
all three above mentioned conditions: the transition FF = 4 — F’ = 5. Furthermore, the
line contains a second closed system which violates the third condition: the transition
F=3—F =2.

It was later understood that the first condition must not be interpreted strictly. However,
its fulfillment results in a good contrast of the signals, which is otherwise affected by
spontaneous emission processes to other atomic levels.

Shortly after its discovery, an interpretation of electromagnetically induced absorption
was developed for a four level scheme [39]. This interpretation explained electromagnetic-
ally induced absorption as an effect generated through spontaneous transfer of coherence.
Such an interpretation was later supported through several numerical calculations. Un-
fortunately, the role of spontaneous transfer of coherence as a new effect has often been
misinterpreted. Some authors have spoken of transfer of coherence induced by spontan-
eous emission, thus contributing to further confusion. It must be stressed once more that,
even if spontaneous emission and spontaneous transfer of coherence both emerge because
of interactions with the vacuum, their roles are not necessarily interlinked and each one
is not caused by the other one.

It is opportune now to introduce the theory of electromagnetically induced absorption for
a four level system in the N configuration. Subsequently we will see how this model can be
extended to multilevel systems. This approach is justified by the fact that the measure-
ments performed during this work were mostly conducted in degenerate two-level systems
and that the simplest subsystem of a degenerate two-level system in which spontaneous
transfer of coherence can appear is a so-called N-system. A pictorial representation of
such a system is given in Fig. 1.5.

Following the approach given in reference [39] we write the Hamiltonian for the atom in
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1.4 Semiclassical models

|a) |d)

)

Figure 1.5: Energy diagram of an N-system.

1)

the rotating frame as

0 0 0 0
o]0 Ap 0 0
Ho=hlq Ay 0
0 0 0 §

We assume that electric dipole transition are not allowed between level |d) and levels |a)
and |c). Using once more the rotating wave approximation the interaction matrix takes
the form

0 Qup Qe O
Qe 0 0 0
0 Qn O 0

Hint =h

Since the transitions |a) — |c) and |b) — |d) are both coupled through the coupling
laser, the ratio between 0,. and €24 is determined by the atomic transition amplitudes.

In principle, for an atomic system interacting with several monochromatic electromag-
netic fields, the description through the optical Bloch equations is sufficient to correctly
predict its evolution. However, when writing the Bloch equations, the interaction between
the system and the vacuum is usually neglected (spontaneous emission and spontaneous
transfer of coherence). We have seen that the neglection of the spontaneous transfer of
coherence is justified only when the system does not involve degenerate sublevels which,
through the interaction with the vacuum, may introduce supplementary terms in the op-
tical Bloch equations. If one assumes that the spontaneous emission coefficient and the
spontaneous transfer of coherence coefficient have the same value v one can write the
Liouville-von Neumann equation for a four level system in the presence of spontaneous
transfer of coherence in a compact way. In doing this I will follow, with small variations,
the approach proposed in [39].
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Chapter 1 Theoretical Background

The Liouville-von Neumann equation for the N-system described here becomes, similarly
to the A-system case,

X Ho+ o) = 2{Po ok 47 Y Q1@ — 200 + 2Py
h ’ 259 g ¢ 278

p:

Clearly, in this case it is P, = |a)(a| + |d)(d| and P, = |b)(b| + |c){c|. Less intuitively
the @, operators must be assumed of the form Q1 = |a)(c| + |d)(b| and Q2 = |a)(b|. In
this way the term Zq:m Qg,qu gives the correct expression for spontaneous emission
arriving on the ground levels and introduces at the same time a spontaneous transfer of
coherence from the upper levels to the lower ones, which has been qualitatively justified
in paragraph 1.4.2.

It is possible to write explicitely the expression of the density matrix components. Since
here we want to concentrate our attention on the probe laser absorption, to show that
spontaneous transfer of coherence may induce electromagnetically induced absorption, we
will focus on the equation for the coherence between |a) and |b). The probe absorption
is actually proportional to the imaginary part of pup.

The evolution equation for pg is

. . v .
Pab = —1[Qab(pvb — Paa) + QacPeb — LdbPad) — o5 Pab + 1A b pab — Y0Pab-

In the stationary case the equation reduces to

1

= Yo 4 % B iAab [_iQab(pbb - paa) - iQacpcb + idepad] .

Pab
The equation for the coherence between |a) and |b) contains one supplementary term
with respect to the A-system case: iQgppqq- This term, however, does not necessarily
conduct to an enhanced absorption. It is the term which generates electromagnetically
induced transparency in a V-system (where level |c) is not present). However, when the
Pad coherence “decays” into pgp, electromagnetically induced absorption may appear. To
see it let us write also the evolution equations for pe and peq:

peb = —1[Qcapab — QabpPea — QLibpPed) + VPad + 10peb — Yopeb

and

Pad = —1[Qapppd + QacPed — Wdpab] — YPad + 10pad — YoPad-

It can be seen that, beside the terms which appear also in the evolution equations for the
A-system or the V-system, the equations contain the term ~yp,q. This term describes the
spontaneous transfer of coherence from the excited to the ground states. The stationary
equations for pq and pgq can be written in the form

Pcb = {=1[Q2capab — Qabpea — QavPed) + VPad}

Yo — i6
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1.4 Semiclassical models

and

Pad [indpab - iQabed - iQacPcd] .

Y+ +ib
To proceed in the expansion of the equation for p,; we also need three further equations:

. . Y .
Ped = 1 [Qcapad - depcb] - §pcd - I(Aac - 5)pcd — Y0Pcd;

p.aa - _i[Qabpba - Qbapab + Qacpca - Qcapac] — YPaa — Y0Paas
Pro = —1[Qpapab — LavPra + Qapds — QavPod] + V(Paa + Pdd) — YoPbb-

In the stationary case the three previous equation become:

1
= Qe — 1 Qe Padl,
Ped Yo + % + i(QAac - Aab)[ bdPeh capad]
Paa = [inapab - iQabea + chapac - iQacpca]a
Y+
1. . . .
Pbb [1QabPba — 1Qapab + 1 Qabpsa — 1 Q%apay + V(Paa + pda)]-

D

Even if the equations are entangled with one another they can be disentangled in the
low saturation approximation. Omne assumes that {);; < 7. In this case it is possible
to neglect p,, and p,q any time they appear in the equations for the other coherences,

because they are of the order of Q;j . On the other side, we have to keep terms like py, and

puy because they contain contributions of the order of % Within this approximation the

stationary equations for puq, Pcb, Pab and peq can be reduced to

1

= [-iQ) — 10 1.7

Pab ~o + % — iAab [ BigpPppy — 1 acpcb] s ( a)
1 ) ) )

Pecb = m [IQabpca - IQcapab + Idepcd + 7pad] 5 (17b)

=—[I00 — 10 — 10 1.7
Pad POR—— [1Q%dpab — 1abpba — 1Qacped) , (1.7¢)

1

= i) . 1.7d

Ped Yo+ 7 1200 — Agy) [1%apcb) ( )

We can rewrite equation (1.7b) as

_idepcd + (’70 - i(s)pcb — YPad = _chapab + iQabpca-
Substituting the values for p.q and pgp expressed in (1.7d) and (1.7a) the previous equation

becomes

QapQpa
% +7% + i(2Aac -

B QcaQabeb + QcaQacpcb
% +% — iAab

Pcb + (70 - ié)pcb —YPad = + iQatbpca
Aab)
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which can be rewritten as

|Qac|2 |de|2
% + Yo — iAab % + v + i(2A0Lc - Aab

) +% — 0| pecb = VPad =
Qacha .
= —————ppp + 102 . (L8
% 0 — Dy Pob abPca ( )
Similarly, one can rewrite equation (1.7¢) in the form
(v + 0 +10)padg = iQapab — Qabprd — IQacPeds
substitute the value of p,p and p.q given by (1.7a) and (1.7d) and write

Qpaflap

% + Y — iAab
deQac Qachal

% + 7 —iAap % + v + i(2A0Lc -

(v + 70 +10)paqg = Pob +

—iQ) .
Aab) Pcb — LlabPbd

The term between square brackets in the previous equation corresponds to induced trans-
fer of coherence (driven by the coupling laser) between the upper and the lower levels.
It can be proven [39] that its contribution is negligible as long as one operates below the
saturation regime (as we are doing at present). In this case the equation reduces to

QpaQap

e Pbb — 1abPbd-
% +% — IAab ¢

(Y + Y0 + 16) pag ~

Calling D the term in square brackets in equation (1.8) and using the previous expression
for puq it is finally possible to rewrite equation (1.7a) in the form

Pab = e Pob — Bae L Daflen ey + %l(m bPea + VPad)
“ % + Yo — iAab Qab D % + Yo — iAab Qab D ariea ¢
= e Pbb — [ocl” ! puy + i%p
% + Yo — lAab D % + Yo — iAab D o
Qac i deQab Y Dby — iQac i Y 9 bPbd
Qap D L +~v0 —iAap v + 70 +16 Qu Dy+y+id *
cin [ [ R (O ) i )
= 5 A - N 1—— - - .<
7+ — il (% + v — 1Aab) D pob D \Pe ¥4+ v + i P

(1.9)

In the previous equation the terms having as a coefficient 5 are the ones generated

al
. Y0 o ;
by spontaneous transfer of coherence (as one can easily see tracking the original terms in

the Liouville-von Neumann equation).

The probe laser absorption is proportional to the real part of 12, p45. From the previous
equation one obtains the following expression for the probe laser absorption coefficient

Qac (Qca - mgbd)
(% +% — iAab) D

Qprobe X 1- Pbb-
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1.4 Semiclassical models

If the spontaneous transfer were absent the absorption would reduce to

Q]
(347 —iAw) D

Oprobe X 1- Pbb-

It is evident that the spontaneous transfer of coherence enhances the value of the ab-
sorption of the probe laser with respect to its absorption in the absence of transfer of
coherence. One can easily see it considering the fact that D contains only positive contri-
butions (apart from id), that v+ 9+ 10 ~ v and that Q4. and Q4 have the same order of
magnitude, since both Rabi frequencies are generated by the coupling laser (their exact
ratio depends on the transition probabilities between the atomic levels). Therefore, in the
case of transfer of coherence, the contribution of the second term within the brackets be-
comes negligible with respect to the first one thus generating a supplementary absorption.
The resulting enhanced absorption effect is what is generally called electromagnetically
induced absorption.

1.4.5 Stationary solutions of the optical Bloch equations for a A-system

As we have seen in paragraph 1.4.3, stationary solutions of the optical Bloch equations
can be obtained if one sets the time derivatives of the density matrix components to zero,
thus reducing the system to a system of coupled linear equations.

Furthermore, it is known that the dispersion of the coupling and the probe fields are
proportional to the real parts of the coherences of the coupled or the probed transition.

Under the assumption of a perfectly resonating coupling field (A,. = 0 and, therefore,
Ay = §) the coupling refractive index results proportional to the following quantity

0 §R(pac) o Ccoupl

where
Ceoupl = 492, {70 (¥ +70) (Y + 2%0) (v + 370)+
+ 4706 (v + 470) + 698122, + [4(Vae +70) (7 + 270) — 295192}
and
n = —(270+7) (2% +770 +222)* [0 (Y +70) (7 +270) + (47ac +870) 22 + (47ap +870) 22,

Similarly the probe refractive index is proportional to

g §R(pab) o Cprobe

where

Cprobe = 270 (7 + 70)[70 (7 + 270) + 29(21b]2 - 8(7 + 270)(’70 + 27ab)Qic
— 4{0 (7 + 27%0) (7 + 15 + 490Vac) + 2075 — 270(Vab — 3Vac) + 2VVac) 22}
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Chapter 1 Theoretical Background

The previous results can be used as starting points for several approximations which
reflect various experimental situations.

If we assume that vo < 7, Qgp, Qqe we can develop equation (1.10) grouping powers of
and neglecting terms of order 73 or higher.

g §R(patc) ~ Qab 2 1— m
96\ Que 02 02
870Vab22, — 47072, — 870722,

Y073 + V(472 + 470c2,) + 870 (Va2 + YapQ2,) + 8770922
(1.12)

X |1+

In case of a degenerate A-system the transitions |a) — |b) and |a) — |¢) coincide. One
can therefore assume that v,5 = Y4c = 3. This remains a very good approximation even
if the A-system is non-degenerate (see paragraph 1.4.3). With the previous assumption
equation (1.12) becomes

0 (W%)) - (%)2 (1 B m) {1 B Ao (923, + QZc)
96\ Qac 02 02 Yov® + 2’)’2(921, + %) + 12’)’07(921, +Q3.)

(1.13)

It is interesting to evaluate the previous result in two extreme cases. One has

Qab 2 Yoy . 2 ~92

9 (R - _<Q2>2<1_§ S
Q0Lb 2’70) -

— = 1—22) if Q2> A2

(%) (-3 ,

If one considers the equation 5.3 reported in [31] one can easily see that such an expression
is valid only in the limit 42 > Q2. Equation 5.3 in [31] is

20, 2
nlcoupl ~ Cc <7b~>
Yoy + 202
and indeed one has
(o) = () (%)
Yoy + 202 02 Q2 )’

which has the same asymptotical behaviour as the first of our limits (apart from a missing
minus sign therein).
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1.4 Semiclassical models

Similar conclusions can be derived starting from equation (1.11). The aim of the calcu-
lations is again to eliminate all the terms of O(42) or higher. One has therefore

2 <§R(pab)> ~ — 1
95\ Qap (Y0 + 2022)2
1

X
7073 + 7[(4’}@@ + 870)9(211) + (4’7ab =+ 870)920] + 2% (470092b + 47abQ?Lc)
X {2'7'70(2Qab)2 - 4[7073 + (_4'707ab + 1270Yac + 4’)/’)/(10)925)]926
— 877024c — 1677065 — 8(470Yab) ac } -

As we did for the coupling laser the previous expression can be simplified by putting
Yab = Yac = 5. So finally one has

D (Rw) _ (22
a0 Qab - QQ

Similarly to what was done for the coupling laser it is interesting to analyse various limit

cases:
( 2
Qac oYY . 2 ~9

0 R a Qac 2 ®
Y < (p b)> ~ < - > <1 _ ﬁ) if Q2 > 42 and Qg < Qq. (Weak probing),

L 2008 +20%08 + (07)?
02 7%

(1.14)

65 Qab QQ ~
Q 2 "YO ~
< Qazc> <1 - 7) if 02> ~% and Qqp > Qqc (strong probing).

One easily sees that the first of the previous expressions coincides with the approximation
made in equation 5.4 in [31]. Equation 5.4 in [31] is

20 2
n ~C <7ac~>
probe P 7074_292

and indeed one has

() = (%) (%)
'yofy—|—2§~22 02 02 )

which asymptotically shares the same behaviour with our approximation for the case
2 02
ve > 0.

1.4.6 Stationary solutions of the optical Bloch equations for an
N-system

In paragraph 1.4.4 we have introduced the formalism necessary to explain the emergence
of EIA in an N-system. However, it is evident that in a real atomic system such as those
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Probe absorption (a.u.)
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Figure 1.6: Probe absorption in an N-System with (left) and without (right) transfer
of coherence for various coupling laser intensities. The dotted lines correspond to the
one-photon lorentzian probe absorption in the absence of coupling laser. The coupling
intensity increases from top to bottom (as reported in [18]).

studied by Akulshin, Lezama and collaborators [1, 2, 3] the number of levels involved is
much greater. If, in addition, supplementary effects are introduced (such as collisions or
the effect of strong probing), the possibility to calculate exact solutions of the OBE (or
even approximate ones) is reduced. One has to rely on numerical methods.

More detailed calculations than ours, involving such numerical calculations, were per-
formed in recent years [17, 18]. They were mostly oriented to simulate the response
of rubidium. These results can be extended to caesium if one is not interested in the
exact behaviour of the atomic medium but in a qualitative explanation of the results
experimentally obtained. We will report some of the results here.

First of all let us show how transfer of coherence modifies the absorption spectra of the
probe laser. The experimental configuration analysed in [18] (and here presented) corres-
ponds to a o circularly polarised coupling laser and a parallel  polarised probe laser, the
intensity of which is negligible with respect to that of the coupling laser. Figure 1.6 gives
the evolution of the absorption spectra of the probe laser in an N-system configuration.
The right column represents the absorption in the absence of transfer of coherence. One
can see that in the absence of transfer of coherence, at least for low coupling intensities
(when the coupling Rabi frequency is much lower than the spontaneous decay coefficient
7v), the probe laser would experience a reduced absorption at the two-photon resonance
(a kind of EIT-like signal). When the transfer of coherence is introduced, the spectrum
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1.4 Semiclassical models

of the probe laser at the two-photon resonance condition shows an enhanced absorption:
this is the electromagnetically induced absorption we have calculated in the former para-
graph. For increasing coupling laser intensity the electromagnetically induced absorption
spectra change and, quite interestingly, the probe laser switches from enhanced absorption
to enhanced transparency (at the two-photon resonance).

Before discussing how the absorption and the dispersion spectra in an N-system look like,
it is opportune to give a retrospective concerning the probe and coupling spectra in a A-
and a V-system. It has been proved both experimentally and theoretically [29, 30, 31]
that in the case of electromagnetically induced transparency in A-systems the coupling
laser parametric absorption has a profile which very much resembles the probe laser
absorption (EIT). At the same time, while the probe laser experiences positive dispersion
the parametric dispersion is negative.

Even if to my knowledge this has not been experimentally tested yet, according to the cal-
culations performed in [18] the similarity between the absorption spectra of the coupling
and the probe laser obtained in a A-system cannot be expected in a V-system, where,
for a probe laser showing electromagnetically induced transparency the coupling laser
gives rise to a broad transparency signal with a supplementary absorption peak at the
two-photon resonance. We will call this feature absorption within transparency. Quite
interestingly, absorption within transparency resembles closely the spectrum of the probe
laser absorption changed of sign (and of course shifted to positive absorption values). In
V-systems neither electromagnetically induced transparency nor absorption within trans-
parency have the high contrast proper of A-systems even if the signals are supposed to
have roughly the same width. The simulation shows also [ibid.] that the signal width is
much broader than that of the signals originated in an N-system.

The description of the probe and coupling spectra changes drastically when one considers
an N-system. In this case the coupling signals are not related to one transition alone,
because the coupling laser drives simultaneously the two degenerate outer transitions of
the N configuration. Since, however, it is impossible to distinguish between the contribu-
tions due to one or the other transition, the absorption and dispersion spectra generated
by the two components contribute to cumulative absorption and dispersion spectra which
summarise within themself the characteristics of both transitions. This property may
lead to quite unexpected spectra as those shown in Figs. 1.7, 1.8, and 1.9.

The calculations [18] also show that, like in a A system, the inner coupling laser component
of the N-system (the one corresponding to a Zeeman transition between the levels with the
lowest magnetic quantum numbers), which constitutes a A configuration together with
the probe laser, has again an absorption spectrum which resembles that of the probe
laser. Similarly, the outer component of the coupling laser, which constitutes a V-system
with the probe laser, has an absorption spectrum which resembles that of the probe laser
changed of sign.

Depending on the intensity of the coupling laser (in other words on the saturation level),
the outer component of the N-system will play a more or less relevant role since one
may expect that a high intensity coupling laser pumps most of the atoms in the outer
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Figure 1.7: Probe (left) and coupling (right) absorption and dispersion in an N-system
for low coupling intensity, below the saturation level (as reported in [18]).
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Figure 1.8: Probe (left) and coupling (right) absorption and dispersion in an N-system
for moderate coupling intensity, around the saturation level (as reported in [18]).

transition in accordance with its highest transition probability. In this case most of the
atoms interacting with the coupling laser are the atoms locked in the outer transition.
This changes the ratio between the two coupling components in favour of the outer one (it
is easy to show that under the saturation limit the ratio between the two components is
almost unitary and it tends to 1 for increasing quantum numbers so that the situation for
caesium is even more equilibrated than for rubidium). The effect of this rising unbalance
between the two components is the reason of the quite dramatical change in the coupling
spectra between Fig. 1.7 and Fig. 1.9 (which correspond to a coupling laser below and
above the saturation limit).

Since most of the measurement performed in this experiment were obtained under the
saturation limit one can concentrate on the spectra of Fig. 1.7. Here one can see that
the probe laser experiences electromagnetically induced absorption and its dispersion is
the combination of a broad negative dispersive signal with a narrower likewise negative
dispersive signal. At the same time the coupling absorption shows absorption within
transparency and a positive parametric dispersion signal. For rising coupling intensities
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Figure 1.9: Probe (left) and coupling (right) absorption and dispersion in an N-system
for high coupling intensity, above the saturation level (as reported in [18]).

(see Fig. 1.8) the probe signals still present an enhanced absorption of broader width
while the probe dispersion evolves into a single negative dispersion curve. On the other
side, the parametric dispersion of the coupling laser evolves into a broader curve while
the absorption peak in the middle of the transparency tends to disappear.

It is interesting to note that at very high coupling laser powers the probe absorption
evolves into a transparency signal while its dispersion changes sign (see Fig. 1.9). The
change in sign in the dispersion deserves particular attention because media which can
change their dispersion sign under the effect of an external parameter are good candidates
for the development of opto-optical switches.

The simulations shown so far relate to a pure N-system. It is possible to extend the
previous considerations to a realistic system (like the one adopted in this experiment)
with a low-intensity o polarised probe and a 7 polarised coupling laser [18]. In this case
the probe laser absorption signal does not seem to evolve to a transparency signal even
for high coupling laser powers (in the case of rubidium). However since the contribution
of the coupling laser was not calculated these results are not of primary relevance for the
results obtained in this research.

Other simulations [16] were stimulated by the experiment conducted in this research and
closely related to it. In particular it was possible to calculate the effect of a weak o
polarised probe and a 7 polarised coupling laser in a closed two-level system of the kind
F =1 — F' = 2. Apart from the different ratio between the two Rabi frequencies
relative to the coupling laser components and the fact that the system contains a smaller
number of N-like subsystems, the physics of this degenerate two-level system should also
not differ too much from that of the F' = 4 — F’ = 5 transition in caesium.

The results for the FF = 1 — F’ = 2 transition with orthogonally linearly polarised
laser are shown in Figs. 1.10, 1.11 and 1.12. The phenomenology of the spectra changes
radically with respect to the N-system only for coupling intensities above the saturation
limit, a regime which was not generally accessible by the measurement performed in this
work. In this regime (see Fig. 1.12) the probe laser does not switch from absorption to
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Figure 1.10: Probe and coupling absorption and dispersion for a closed degenerate F' =
1 — F’" = 2 system with coupling laser under saturation intensity and negligible probe
laser intensity. Courtesy of C. Goren [16].

transparency (unless probably at unreasonably high coupling laser intensities).

The extension of the previous results to caesium and to probe intensities comparable
(if not higher) of those of the coupling laser involves the calculation of an even greater
number of transitions due to the richer hyperfine structure of caesium with respect to
rubidium and to the impossibility to neglect second-order contributions due to the probe
laser. At present these calculations are still under development. We will discuss the
results obtained together with the experimental results (chap. 3) since the calculations
performed were directly related to intensity conditions corresponding to the performed
experiments.

In any case, even if most of the previous results were obtained for an N system with trans-
fer of coherence and negligible probing, they describe quite exactly the phenomenology
of a degenerate two-level system satisfying the EIA-conditions. In the more general case
one can qualitatively argument that it is the physics of the transitions with the higher
magnetic quantum numbers which determines the physics of the whole system (these
transition correspond indeed to those having the higher transition probabilities). In this
spirit it can be argued that for a two-level system in which the degeneracy of the lower
level is greater than that of the higher level (such as the F = 3 — F’ = 2 transition in
the caesium Ds line) the phenomenology will resemble that of a A-system, a hypothesis
which will be experimentally verified in the following of this work.

1.5 Calculation of experimentally relevant quantities

Even if the theorists often express their calculations in terms of dimensionless quantities
or ratios, when one wants to confront theory and experiment it is more convenient to
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Figure 1.11: Probe and coupling absorption and dispersion for a closed degenerate F' =
1 — F’ = 2 system with coupling laser around saturation intensity and negligible probe
laser intensity. Courtesy of C. Goren [16].
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Figure 1.12: Probe and coupling absorption and dispersion for a closed degenerate F' =
1 — F’ = 2 system with coupling laser above saturation intensity and negligible probe
laser intensity. Courtesy of C. Goren [16].
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calculate general expressions as a function of directly accessible experimental quantities.
With this target in mind I will close this chapter with the calculation of some quantities
which will prove useful when discussing the experimental results: Rabi frequencies and
dispersion.

1.5.1 Calculation of the Rabi frequencies

The Rabi frequency for an arbitrary component of the fine structure of an atom can be
written, according to equation (1.1), as

_ ko

Q = . 1.1
Fs = (1.15)

Since the intensity I, . of an electromagnetic wave impinging on a surface A is given by

Lom. = 5 = o - By, (1.16)

Opg = T

It is often useful to compare the Rabi frequency with the spontaneous emission coeffi-
cient. This comparison clearly defines whether the atoms are subject to strong oscillating
electromagnetic fields or not and thus identifies the regime in which it is possible to in-
duce Rabi oscillations in the system. In a similar manner to the equation (1.15) for the
Rabi frequency, it is possible to express the spontaneous emission coefficient relative to
an arbitrary fine structure line in the form

_ A omag\? i
TS = oh3 \ A (eap)?

The previous expression can be derived [24, chap. 5] from the expression of the Einstein
coefficient A (expressed for simplicity in the Gaussian system of unity) which, as known,
describes spontaneous emission in a semiclassical context.

After some algebra it is possible to express the Rabi frequency given by equation (1.15)
as a function of the spontaneous emission coefficient in the form

Qpg = =
FS 2

L[ p
N 4 Coh7T2 AWFS

A 3
~ AnR\ cohm

1\/@053 A\ e2a2 8n P

Pryps
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where we have factorised the dimensionless quantity ﬁ and expressed the interaction
area as A = mR? (with R as the radius of the laser beam impinging on the medium).

However, a more natural way to compare the Rabi frequency and the spontaneous emis-
sion coefficient is to calculate the ratio

Qrs A [3x P
vrs  AnR\ cohmyps’

which simplifies slightly to

Qrs _ A Qi (1.17)
vrs  ATR\ cohvrs

Since yrg and A are known for the transition in analysis the only remaining variables are
R and P. Usually the radius R is given for a specific experiment (we changed it only
once during the duration of this work). The remaining variable is then P, the power of
the electromagnetic field exciting the transition.

1.5.2 Calculation of the Rabi frequency for the transition 4 — 5

In this section we calculate the Rabi frequency relative to the single FF =4 — F' =5
hyperfine transition of the caesium Dy line, which constituted the object of most of the
measurements described in this work.

To calculate the Rabi frequency for the 4 — 5 transition one has to start from the general
expression of the Rabi frequency for the fine structure Qpg given in equation (1.15) and
derive the correct expression for the desired transition through some Clebsch-Gordan
coefficients algebra. It results [36, chap. 6] in

2 2
J F I F 1 F
— 2 i
Quos = |%s D (2F+1)(2F+1){F’ J 1} <—MF q MF/>
Mp,Mfq

J F I Foo1 Py
:QFS\/(2F+1)(2F/+1) {F/ J’ 1} Z <_MF q MF/> ’
MF,M},,(]

(1.18)

where Qpg = Q;_, ;s is connected to the reduced matrix element between the ground and
excited state of the line.

Since ' =5 and F = 4 one has

V2F +1)(2F + 1) = 3V/11.

It is known from the addition rules for angular momenta that F = I 4+ J. Since in our
system the ground level is a 25, 2 state and the excited level a 2P3/2 state, one has
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J =1/2 and J' = 3/2, which gives
JOF I\ (12 4 72
Fogo1f T 15 32 1

_ 1
TV 22 x 32

1

5
Let us now calculate the sum which appears as an argument of the square root in equation
(1.18)

3 ( F 1 F )2
-M M
Mp, M ,q Fod F

assuming that F = 4 and F' = 5 (¢ can only be -1, 0, or +1). We first calculate the
Clebsch-Gordan coefficients for the case ¢ = 0.
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Summing the coefficients for ¢ = 0 one has
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For the case ¢ = 1 one has
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Therefore it results
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Similarly one has
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Summarising the results obtained one obtains

_ 1 /1
Qj;%:ﬂpsx?n/llxé s
1 /11
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and

_ 1 /2
QI = Qpg x 3v/11 x —\/g

6
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The apparent discrepancy in the results obtained above for the two different linear po-
larisations (corresponding to the cases ¢ = 0 and ¢ = +1) has to be related to the
definition of the Rabi frequencies used in this context. Indeed the use of circular po-
larised components of the light in the calculation of the matrix elements requires the
use of complex instead of real vectors. For normalisation reasons these vectors involve a

further normalisation factor of % in front of the expression for the Rabi frequency. This
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factor reestablishes the symmetry between the two different polarisations and gives—for
the two linearly polarised components of a laser driving the I = 4 — F’ = 5 line of
caesium—the following expressions for the Rabi frequencies:

1 /11
Qﬂ—n”) = 5 ?Qlllfs

1 /11
Qi%:a gﬁfs-

Because Qg is a function of the laser power (see equation (1.15)), in general it must be
distinguished as to whether one is operating with the probe or with the coupling laser,

thus discriminating between Q?;pl and QpFrgbe.

1.5.3 Calculation of the dispersion profile

In chap. 3 we will focus our attention on the dispersive signals obtained when simultan-
eously driving and probing the ' = 4 — F’ = 5 in caesium. In order to be able to make
a comparison between the measured dispersion value and some theoretical predictions we
will calculate an explicit expression for the dispersion of either the coupling or the probe
laser acting on the ' = 4 — F’ = 5 line. To do this, since no explicit expression of
the dispersion has been calculated for a system subject to electromagnetically induced
absorption, we will refer to the calculations of the dispersion figures performed for a A-
system. In this case one can assume a degenerate A-system (one in which the two ground
states coincide).

The values for the dispersion ¢’ calculated for a A-system in [31] are given by (e.g. caption
to Fig. 8 in ref. [31])

l

/ 7
Spcoupl - nCOupleOupl_
&)
and
l

/ o
(pprobe - nprobewprobeay

where n’ is the refractive index for the involved laser and [ the interaction length. As
explained in section 1.4.5 an approximation which fits n’coup1 and n;orobe better than that
given in [31] is given by

%)2 1_— E72+202
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I ~
7ﬂ"coupl ~ CfCOUP1 <

and

Qac>2 [1 . E'YQQ(QIC + 202926 + (02)2]

/
n b =~ robe —_ =
probe p < QQ ol QQ QZC
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1.5 Calculation of experimentally relevant quantities

Variable Symbol Value
Coherence decay Y0 0.1 MHz
Spontaneous decay ¥ 27 x 5.22 MHz
Atomic density N 10" m=3
Interaction length 1 5 mm
Laser beam radius R 2.2 mm

(or 1.1 mm)

Table 1.2: Typical values of experimental quantities used throughout the experiment

where

2N 2N
CCOUP1 - _T/’[’ZC and Cprobe = TMZ{,-

Remembering the definition of the Rabi frequency given in equation (1.15) one can write

probe Ecoupl
Qap = ,U*ab02—h and Q4 = Nac%—h-

Extracting the dipole moments from the previous equation one obtains

. | ARPQ2 s ARPQ2,
Hab = probey 9 and fge = couplyo
(Eo ) (Eo )

Therefore, one has
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Remembering that the intensity of the laser is described by equation (1.16) one easily
obtains

Iweou Qapac 2 2 202
Qplcoupl ~ _N(ZA) i < : ) [1 - EL

Pcoupl QQ v 02

and

@;robe ~ N(ZA)

Hprobe (Qabaac>2 | 0708+ 20P08 +(0F)
Pprobe 02 v QQQ%C .

The previous expressions can be evaluated with a simple substitution of the experimental

quantities measured during the experiment. A typical set of experimental values for the
measurements performed within this work is given in table 1.2.

43



Chapter 1 Theoretical Background

Let us evaluate the various factors which are involved in the calculation of the dispersion.
One has

QuQae 3V Lokl /4 0%ks
02 )2 2
1z <QFS) + 13 (Uss)
Q. O

<Q£S>2'%(Q#s)2'

To calculate the other factors let us make some assumptions regarding the transition on
which we operate; in the following it will be assumed that:

® YFS = Yab = Yac =7
® Wecoupl = Wprobe-

Under these assumptions one can write

e\ > [/ Prowpi Porote |
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and, remembering equation (1.17),
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QQ Qtzzb + Qgc
1 1
pr— ’y ]
(27)” 2 15 (Peoupt + Porobe)

One has, therefore,
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1.5 Calculation of experimentally relevant quantities

and

[1 _ 070 + 20708, + (92)2]

v 0202,
249202 Q2
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So, finally, one can write an expression for the coupling and probe laser dispersion as
a function of experimentally accessible parameters and known physical constants in the
form

/ . _NlAhwcouplerobe 1— Yo 9 1 1 119
‘Pcoupl’” 2 + X \2 6) 11P P ( )
(Pcoupl + Pprobe) Y (m) “oh ﬁ( coupl + probe)
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be ™ -

prove (Pcoupl + Pprobe)2 Y (ﬁ)2 2)—)}‘1 %(Pcoupl + Pprobe) Pcoupl

(1.20)

which constitute the desired expressions for the dispersion of the probe laser or the para-
metric dispersion of the coupling laser as a function of the probe and coupling laser powers
and of the laser beam radius.
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Chapter 2

Experimental Setup

Introduction

In this chapter I will introduce the experimental setup used to investigate the physics of
coherent phenomena in two-level, three-level, and four-level systems. The experimental
apparatus chosen to perform the measurements included a modified version of a het-
erodyne interferometer proposed several years ago by Guido Miiller et al. [27, 28] and
subsequently developed by Mario Miiller et al. [30, 31]. Considering the fact that some
improvements of the experimental setup have been introduced in recent years [37], I will
give here a full description of the experimental setup. For further details on some aspects
of the experiment the reader should also refer to [27, 29].

2.1 Laser

Experiments involving phase locks between different lasers greatly profit from a short-
term narrow linewidth of the laser output (the noise at high Fourier frequencies can only
be poorly handled by phase-locked loops). At the same time the purpose of investigating
a specific set of atomic transitions fixes the working frequency and therefore puts several
restraints on the selectable sources. A typical light source at 852 nm linewidth, which
has the economical advantage of being easily affordable, is constituted by diode lasers.
Diode lasers, however, do not provide the desired linewidth. To reduce it several feed-
back schemes have been developed, involving coupled resonators or gratings, such as the
Littman or the Littrow setup.

In this experiment we followed a design proposed in Dahmani, Hollberg, and Drullinger [13],
which suggests the use of an external optical feedback from a separate cavity to reduce
the linewidth to few kilohertz. Some researchers refer to this scheme by calling it ezternal
cavity diode laser or, with an acronym, ECDL.

Even if external cavity diode lasers have a low frequency noise at high Fourier frequency,
they present several other disadvantages; they have a smaller tuning range than other
lasers with feedback configurations and, moreover, their frequency output is not easily
repeatable, since it involves the competing and somewhat concurring effect of at least
four actuators: the current driver, the temperature driver, an etalon inserted in the
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laser system, and the external cavity itself, the coupling of which is determined by the
position of a coupling mirror. Because the demand for repeatability constituted one
of the major problems of our experimental setup, if not the most relevant one, it was
decided to tackle this aspect on a separate project, which led to the development of a
new laser setup scheme, somehow summarising within itself the advantages of extended
cavity diode lasers (also known as grating lasers or Littman lasers) and external cavity
diode laser [45, 42, 21]. Regrettably, the new setup does not yet support the powers needed
to perform a complete analysis of our system. Therefore it has not been implemented in
the apparatus; nevertheless, its study and development are going to play a crucial role
in improving the performance of the system. Furthermore, it is interesting to note that
such a laser could be implemented in a so-called master-slave configuration.

2.1.1 Laser diodes

The lasers used in the experiment were constructed with JDS Uniphase’s SDL-5400 series
single-mode laser diodes (Fig. 2.1).

Their single-mode performance is achieved through an index-
guided single-mode waveguide. The best laser diodes compat-
ible with the needs of the experiment had a wavelength pre-
cision of 852 +4 nm. The output power of the diodes did not
exceed 150 mW. During the experiment diodes with 100 mW
(model SDL-5410-C) and 150 mW (model SDL-5420-C) output
power were tested. Diode lasers with 200 mW output power
were available in former times but were retired from the market
since they did not offer enough reliability, especially concerning Figure 2.1: Laser diode
their single-mode performance, at the desired frequency. They in open heatsink pack-
remain unavailable at present time. age

We decided to choose laser diodes with an open heatsink package mainly for geometrical
reasons. The rectangular shaped form helped the positioning of the laser diode in the laser
construction and, therefore, facilitated the directioning of the laser beam. The emitting
dimensions of the laser diode are 3 pm x 1 um. The small dimensions of the laser emitting
surface caused a relevant divergence of the beam. To improve the directionality of the
beam a collimator with a focal length of 5 mm was put along the direction of propagation.
The collimator was built in the laser emitting block and did not need to be further adjusted
once the block had been fixed to its position.

The different dimensions of the emitting surface caused also ellipticity of the emitted
laser beam profile. Since mode-matching to a Gaussian mode is required only where the
measurement is performed we decided to avoid mode-cleaning at the laser output. As we
will see in the following paragraphs, mode-cleaning can be obtained through single-mode
fibres which were used in the experiment for purposes of geometrical alignment.

To further improve the control capabilities on the laser output three actuators were added
to the laser construction: a tuneable current supply for the diode, a temperature controller
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based on a Peltier device to heat or cool it, and a glass plate working as an etalon after
the laser diode output and before the collimator.

2.1.2 External cavity diode laser

The wavelength precision offered by the diode lasers was widely insufficient for the pur-
poses of the experiment: 852+ 4 nm. Through the coupling of a fraction of the laser
output with an external resonator and its feedback to the laser diode it was possible to
radically narrow the width of the outcoming light. This configuration is known in the
literature as external cavity diode laser or ECDL[13]. In such a scheme a small fraction
(about 4%) of the output light is extracted through a beam splitter. The extracted light
reflects on a mirror surface and enters a confocal collimator to build up a V-like resonance
mode. Part of the light which enters the resonator exits through the input port. It can
then go back to the laser diode through the same path followed for entering the cavity,
thus feeding back to the laser.

A picture of the ECDL configuration
adopted in this experiment is shown in
Fig. 2.2

In this figure the confocal resonator is
sketched in blue on the right side of
the picture (since it is not to be seen
in the figure). The laser infrared light
is represented with a red beam. Part of
the laser light (about 4%) coming from
the lower part of the structure (where
the laser diode is accommodated) is ex-
tracted from the main beam through a
beam splitter and is then reflected to
the cavity via the small mirror on the
left side. This mirror is curved and Figure 2.2: ECDL

its surface has a curvature radius of

200 mm. The curvature facilitates the mode-matching with the Fabry-Perot cavity. For
further control, the position of this mirror can be additionally adjusted through a piezo-
electrical controller. The main output of the laser is shown with an arrow in the upper
part of the picture.

The glass plate used as an etalon and placed directly over the laser diode block also
constitutes an important part of our construction of an ECDL. Together with the back-
facet of the diode, the glass plate builds up a resonator of low finesse and wide free-
spectral-range. Through its control it is possible to tune the laser frequency to various
frequency intervals separated in frequency of about 50 GHz. Once the desired frequency
interval is reached the other three actuators (current, temperature, and coupling mirror
to the resonator) can be used for the fine tuning to the frequency of interest.
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The external optical resonator possesses a finesse of about 50 and a narrow free-spectral-
range (1.5 GHz). It is 50 mm long. With its help it is possible for the ECDL to reach
narrow linewidths, below 1 kHz. The complete accessible frequency range amounts to
about 1 GHz. To enhance the tunability through the selection of the desired resonance
frequency for the cavity, a further piezoelectrical controller operates directly on the back-
mirror of the resonator.

Even if the ECDL emits very narrow linewidths, the concurring interaction of the several
built-in resonators calls for an efficient electronic stabilisation. In any case, the ECDL
can become instable on timescales longer than some minutes, because various drifts in the
actuators can lead to the selection of another frequency in the resonator. This problem,
which constituted the most severe constraint to the repeatability of the measurement
conducted in this research, was tackled on a separate project [45, 42, 21| which is still
under development. The underlying idea is that of performing a preselection of the light
entering the resonator through a grating. For this reason the new scheme developed was
called GEECDL, an acronym which stands for grating enhanced extended cavity diode
laser([45].

2.2 Heterodyne interferometer

With the purpose of measuring the phase of either the probe or the coupling laser, the
experimentalists headed towards two set-ups slightly different from each other to perform
their measurements. In both schemes, the underlying structure of the apparatus was
constituted by a heterodyne interferometer. In such a configuration the sensitivity to
acoustical noise and vibrations could be kept orders of magnitudes below the ones typical
for homodyne interferometers while retaining a comparable signal strength. The two
experimental set-ups are shown in Fig. 2.3a and Fig. 2.3b.

Instead of the more usual configuration involving two lasers, this particular kind of het-
erodyne interferometer was constructed with three lasers; we called them coupling, probe,
and reference laser. The names given to the lasers mirrored their function throughout the
experiment. The coupling laser coupled two levels of the caesium hyperfine structure. It
operated at a fixed frequency which could be tuned to match the frequency of the desired
transition. Its frequency was locked to that of the desired transition by means of the fre-
quency modulation spectroscopy. The probe laser probed a second hyperfine transition
which could be either the same transition coupled by the coupling laser or another one;
its polarisation was orthogonal to that of the coupling laser; its detuning constituted the
independent variable during the data acquisition. The reference laser was an auxiliary
laser which enabled the dispersion measurement of one of the other two lasers (namely
the one with which it shared the polarisation). Its frequency was detuned from that of
the other two lasers of about 1 GHz, so that no interaction could be assumed between
the light generated by the reference laser and levels under analysis in caesium.

At its output, each laser beam went through a Faraday isolator which protected the laser
system from back-reflections coming from other optical components. A polariser and a
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Figure 2.3: Different interferometer configurations for the phase measurement — Cpl.,
Ref., Prb.: coupling, reference, and probe laser; LO: local oscillator; PD: photodiode;
DBM: double balanced mixer; BS: beam splitter; WP: Wollaston prism; P(45°): polar-
iser oriented at 45° with respect to the impinging laser beam; FMS: frequency modulation
spectroscopy; PLL: phase-locked loop.

half-wave plate followed each Faraday isolator; with their help the polarisation of each
laser could be adjusted to the desired value at the interaction zone with a negligible loss
of output power (less than 1%).

The experiment required a strong phase correlation between all the lasers involved; for
this reason, the three lasers were connected in a chain of two consecutive phase-locked
loops. Since there were slight differences depending on the phase of the laser one wished
to measure, and on the system one wanted to measure, we will describe the optical paths
and the design of the phase-locked loops in separate sections. In either case, even if
other configuration were occasionally tried, the configuration commonly used involved a
first phase-locked loop between coupling and reference laser, and a second one between
reference and probe laser.

To minimise the relative phase noise between the lasers caused by mechanical and acous-
tical perturbations of the optical setup, the laser fields coming from the three laser sources
were superimposed well before the interaction zone. Once superimposed, and before
passing through the atomic beam (in the probe arm) or reaching the photodiodes (in the
reference arm or in the other control arms), all lasers were guided through single mode
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fibres, allowing us to achieve extremely good alignment and mode matching (about 96%
with a gaussian profile) between the beams, which was accompanied by a loss in power
of about 50%. The fibres adopted in the experiment were single mode fibres (model 1234
of the company New Focus) with a gradient-index (GRIN) lens at the input. Since the
output of the fibres was characterised by a divergence of 5° the outcoming beam was
collimated through achromatic lenses to the desired beam radius (mostly 2.2 mm but
in certain measurements, to test the effect of stronger intensities, 1.1 mm). To avoid
thermal or acoustical disturbances of the fibres—which affected particularly the disper-
sion measurements—the fibres placed in the probe and reference arm had to be thermally
and mechanically isolated from the environment through a protective external shield built
around them.

After the interaction zone a Wollaston prism separated the two orthogonally polarised
components propagating in the probe arm. Starting from this point, the reference laser
shared its path only with the laser the phase of which one wanted to measure, and
continued its way to a 1 GHz photodiode with a DC and an AC output. With these DC
and AC signals it was possible to reconstruct the absorption and dispersion signals of
either the probe or the coupling laser (depending on which one shared its polarisation
with the reference laser). Meanwhile, the second beam coming from the Wollaston prism
reached a 40 MHz photodiode where the absorption measurement of the perpendicularly
polarised laser could be carried out.

To increase the signal-to-noise ratio of the transmitted intensities we separated a small
component of the input laser light by means of a glass plate (GP) situated just before the
vacuum chamber (see Fig. 2.4). The uncoated glass plate generated two reflexes which
could be used as secondary auxiliary beams. With two polarisers we set the polarisation
of the two beams to either horizontal or vertical (respectively) and were therefore able to
separately measure a signal proportional to the sum of the reference laser intensity and
of that of the laser sharing the same polarisation of the reference laser (at the photodiode
PDs), and another one proportional to the signal of the laser having the orthogonal
polarisation (at photodiode PDg) immediately before the interaction area. Due to this
proportionality, the signals carried information regarding the noise accumulated in the
interferometer by the two polarisation channels before reaching the vacuum tank. Keeping
the optical paths for the transmitted intensities as short as possible after the interaction
area, and dividing the signals generated by the transmitted intensities with the signals
generated by the derived beams having the corresponding polarisation (i.e. filtering out
the common noise), the procedure resulted in a drastic improvement of the signal-to-noise
ratio, expecially at low transmitted intensities. An example of such an improvement is
commented in section 3.2.

2.3 Frequency lock

The proximity of several different atomic levels in the caesium D5 line and the necessity
to distinguish between them were the reasons to look for a stable frequency reference
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Figure 2.4: Working scheme of the experimental setup — Cpl., Ref., Prb.: coupling,
reference, and probe laser; LO: local oscillator; PD: photodiode; DBM: double balanced
mixer; BS: beam splitter; Pol.: polariser; WP: Wollaston prism; GP: glass plate; FM
Spec.: frequency modulation spectroscopy; LMA: limiting amplifier; Spec. Amnal.:
spectrum analyser; PLL: phase-locked loop; ADC/DAQ: AC and DC data acquisition;
PC: computer.

signal. Moreover, such a reference signal was crucial in stabilising the phase measure-
ments which had to be performed. The stabilisation of the laser frequency to a known
one was realised combining different techniques: Doppler-free saturation spectroscopy to
pick out the desired frequency from the Doppler-broadened caesium absorption spectrum;
frequency modulation spectroscopy to obtain instead of an absorptive a dispersive signal
which could then be used as an error signal for the frequency stabilisation; lock-in detec-
tion to clean the obtained spectra from the residual Doppler shift which was still present
even after the frequency modulation spectroscopy.

2.3.1 Doppler-free saturation spectroscopy

To obtain a stable frequency reference signal within the caesium Dy line we locked the
output of the laser to one of the atomic frequencies available in the Do line itself. The
procedure involved the use of a glass cell containing caesium in gaseous form. To access
the target atomic transition frequency it was necessary to filter out the Doppler broad-
ening which affected the whole spectrum. The Doppler shift was caused by the thermal
movement of the caesium atoms inside the cell. At room temperature the Doppler shift
amounted to about 380 MHz (as we will see in section 2.6). The various accessible atomic
lines are separated only of an amount included between 150 MHz and 250 MHz. The Dop-
pler broadening led, therefore, to overlapping of the lines and to their indistinguishability.

It was possible to separately pick out the various atomic transitions with the aid of the
so-called saturation spectroscopy. This technique involves the utilisation of two laser
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Figure 2.5: Heterodyne interferometer for saturation spectroscopy — NDF': neutral dens-
ity filter; PD: photodiode; PBS: polarising beam splitter; GP: uncoated glass plate; A/2:
half-wave plate.

beams counterpropagating through an atomic medium (here caesium). The two beams
constituted a second heterodyne interferometer, auxiliary to the main one (the one with
which the measurement were performed). A sketch of this second interferometer is shown
in Fig. 2.5.

Saturation spectroscopy measures the absorption signal of a probe laser beam probing
the caesium optical ensamble while the medium is pumped by a second laser beam (called
the pump beam). Two auxiliary beams (pump and probe) were therefore extracted from
the main beam coming from the coupling laser by passing it through an uncoated glass
plate. The two reflected beams originating at the glass-air separation surface constituted
the probe and the pump beams of the auxiliary interferometer. The intensity of the
probe and the pump beam could be adjusted to maximise the absorption signal from the
desired line with the help of two variable neutral density filters. To facilitate the signal
extraction, the polarisation of the pump beam was rotated by 90° through a half-wave
plate. The probe signal was extracted through a polarising beam splitter and could be
detected through a photodiode.

With saturation spectroscopy it was possible to obtain a Doppler-free spectrum of the
hyperfine transitions constituting the caesium Dy line. Depending on the ground level
considered (which can have a total angular momentum of F' = 3 or F' = 4) it was possible
to measure two different absorption spectra in which the permitted hyperfine transitions
emerged as dips (so called Lamb-dips) or peaks in the profile. These peaks or dips
were generated by atoms which had a negligible velocity component in the propagation
direction of the laser beams and therefore were not affected by the Doppler shift. Only
such atoms could interact simultaneously and coherently with the pump and the probe
laser on the same atomic transition. The coherent interaction produced the enhanced
or reduced absorption of the probe beam. Together with the expected lines, the spectra
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Figure 2.6: Saturation absorption transitions from the F' = 3 level. One can recognise
the absorption signal corresponding to the transitions to the F' = 3 and F’ = 4 levels
and the three cross-over resonances. The transition to the F’ = 2 level lies out of the
range of the frequency axis.

showed also some other transitions. These supplementary signals could be explained as
Cross-over resonances, i.e. resonances in which one laser excited one velocity class of atoms
corresponding to one hyperfine transition while the other one excited a velocity class
corresponding to a different hyperfine transition. Depending on the external magnetic
fields, cross-over resonances might have an intensity which becomes comparable with
that of the actual hyperfine transitions. Nevertheless, since it was always possible to
distinguish between the different cross-over and hyperfine transition lines it was decided
not to apply a compensation magnetic field around the caesium cell.

An example of a saturation spectroscopy signal obtained for transitions from the ground
level with F' = 3 is shown in Fig. 2.6. From Fig. 2.6 it is easy to recognise that saturation
spectroscopy signals are absorptive signals. As such, they do not present a zero point
and are, therefore, not suited to be used as an error signal for locking purposes. The
corresponding dispersive signals would offer the desired profile. To obtain them, we im-
plemented into the interferometer a technique called frequency modulation spectroscopy.

2.3.2 Frequency modulation spectroscopy

Frequency modulation spectroscopy (shortly FMS) was firstly proposed in [8]. It is a
method of heterodyne spectroscopy which is sensitive to the absorption and the dispersion
of narrow spectral features. The basic principle of FMS is the use of sidebands which
are impressed on the carrier frequency (here the laser frequency of the probe beam in
the auxiliary interferometer) through a frequency modulation. This idea traces back to
the Pound microwave frequency stabiliser [34] and has also be implemented for optical
resonators in the so-called Pound-Drever-Hall technique [14].

It can be demonstrated that, if the frequency gap between the carrier and the sidebands is
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Figure 2.7: Experimental scheme for frequency modulation spectroscopy — NDF: neut-
ral density filter; PD: photodiode; PBS: polarising beam splitter; GP: uncoated glass
plate; POL: polariser; A\/2: half-wave plate; EOM: electro-optical modulator; LO: local
oscillator at 26 MHz; A: amplifier (chain); ®: phase shifter.

bigger than the width of the signal to be measured, the intensity of the modulated signal
contains two components oscillating at the frequency of the modulation and proportional
to either the absorption or the dispersion of the spectral feature to be measured.

An easy method to impress the modulation on the carrier is to use an electro-optical
modulator (shortly EOM). In our experiment an EOM model 4001 of the company New
Focus was used: a resonant modulator which generated sidebands detuned from the
carrier of 26 MHz. Resonant modulators offer a higher modulation depth than broadband
modulators. For this reason it was possible to obtain a high modulation even if the
modulator was operated at low voltage. In our experiment the half-wave voltage Vp, i.e.
the voltage needed to produce a 7 phase shift, amounted to 16 V. This corresponded
to a modulation depth of 0.2 rad/V. The EOM was driven at 26 MHz by an ultrastable
local oscillator (a voltage controlled crystal oscillator VCXO 3627 S19 of the company
Biirger).

Since the detected signal of the auxiliary heterodyne interferometer originates from the
probe arm the EOM was inserted in the probe arm, before the caesium cell. To match the
aperture of the EOM (which amounts to 2 mm) a telescope was built before the EOM.
This reduced the beam radius to about 300 um. Furthermore, to obtain a proper phase
modulation, the polarisation of the beam entering the EOM had to be set perpendicular
to the experiment surface. This was made possible through a polariser and a half-wave
plate. Through a fine adjustment of the polarisation it was possible to reduce the residual
amplitude modulation to less than —60 dB. After the implementation of the FMS the
experimental setup of the auxiliary interferometer changed as shown in Fig. 2.7.

The signal coming from the probe arm was detected at a 26 MHz-resonant photodiode.
The amplitude of the modulation was small enough to neglect higher order sidebands.
Since the modulation frequency was much bigger than the width of the spectral feature
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to analyse, the spectral feature could be probed by one sideband alone. In fact, calling
we the carrier frequency and wy, the modulation frequency one can express the intensity
reaching the photodiode as

L
Irp = IoefaoL(l — EMA(X coswmt + M A¢ sin wy,t)

where o is the absorption coefficient of the (off-resonant) carrier, M the modulation
amplitude, L the length of the caesium cell and Aa and A¢ are the deviations from
the background absorption coefficient and phase shift induced by the caesium spectral
feature(s).

After amplification the signal was mixed with the signal coming from the local oscillator
(the phase of which could be shifted on the way to the mixer to extract A¢ from the
mixed signal) and could be read, as a dispersive signal, on an oscilloscope.

Despite the use of saturation spectroscopy, the demodulated dispersion signal was still
affected by the Doppler broadening. This was due to the fact that the gap between the
carrier and the modulated wave was indeed bigger than the width of signal to measure
but smaller than the width of the Doppler broadening. In this case the FMS was not
capable to completely circumvent the Doppler broadening and the demodulated signal
showed an undesired offset.

This offset could be cancelled through a lock-in procedure using the property of the
Doppler-free absorption signals generated in the saturation spectroscopy profile to appear
only when the pump beam is active on the medium (i.e. in case of a coherent interaction).
Switching periodically on and off the pump beam (with the insertion of an acousto-optical
modulator), the generated signals appeared and disappeared with the same frequency,
while the Doppler background remained constant. Demodulating the signal at this new
periodical frequency (in the present case 70 kHz), with the aid of a lock-in amplifier, it
was possible to extract a clean dispersive signal which was free of the supplementary
Doppler background noise. This further modification of the experimental setup is shown
in Fig. 2.8. For further control it was decided to monitor also the original Doppler-
affected saturation signal, decoupling (after the mixer) a part of the signal through a
divider, letting it through a low-pass filter, and finally detecting it on an oscilloscope.

An example of dispersive signal which could be obtained at the output of the lock-in
amplifier and subsequently used as a proper error signal to lock the frequency of the
coupling laser to the desired transition is shown in Fig. 2.9

2.4 Phase lock

As already mentioned, the heterodyne interferometer adopted in this experiment was
developed to perform dispersion measurements of either the coupling or the probe laser.
Depending on whether one aimed at measuring the dispersion within a degenerate or a
non-degenerate atomic system, the measurement had to be approached with two different
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Figure 2.8: Experimental scheme for frequency modulation spectroscopy with lock-in
amplification — NDF': neutral density filter; PD: photodiode; PBS: polarising beam
splitter; GP: uncoated glass plate; POL: polariser; A\/2: half-wave plate; AOM: acousto-
optical modulator; EOM: electro-optical modulator; LO: local oscillator; A: amplifier

(chain); ®: phase shifter; LPF: low-pass filter.
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Figure 2.9: Example of error signal obtained after frequency modulation spectroscopy
and lock-in amplification. The dispersive signals correspond to the absorptive signals of

Fig. 2.6.
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Figure 2.10: Working principle of a phase-locked loop — LO: local oscillator.

methods, each of which was tailored to the specific case. In both situations a stable phase
difference between all lasers involved was necessary to perform the measurements. Such
a phase relationship was needed not only to obtain dispersion measurement but also to
be able to conduct coherent measurements at all, since any coherent measurements can
be performed only when the involved fields are coherent to one another (i.e. the phase
difference between the respective fields does not change in time).

2.4.1 Phase coherence adjustment

To realise the desired phase coherence between the fields it is possible to follow two
approaches. The simplest one involves the use of modulators to generate detuned side-
bands of the main field; these sidebands are intrinsically coherent with the generating
field. This approach was the one used (at least partially) in the auxiliary interferometer
(FMS). Another approach involves the use of phase-locked loops to lock the phase of fields
originating from different sources.

A schematic of an optical phase-locked loop is presented in Fig. 2.10. The figure shows
how through electronic subtraction of a signal generated at an ultrastable local oscillator
from the beat signal originated by beating two optical fields at a photodiode, it is possible
to obtain a phase-error signal which can be fed back to the slave laser to lock it in phase to
the master one. In fact, the slave laser is forced to follow the master laser at a frequency
offset determined by the local oscillator. Properly setting the frequency of the local
oscillator one can obtain an error signal which is, for small dephasings, proportional to
the dephasing itself, i.e. the desired error signal for the actuator feedbacking the slave
laser.

In this experiment we used three different lasers. To perform the desired measurements
of absorption and dispersion all three had to be phase-locked with one another. This was
achieved by building a chain of subsequent phase-locked loops. However, the phase-locked
loops had to be designed following two different schemes, depending on the transition
under analysis. In the following sections we will present the underlying schemes and their
main differences.
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Figure 2.11: Phase-locked loop setup used for the measurements in a three-level system.

2.4.2 Phase lock for a three-level configuration

In a non-degenerate atomic configuration all lasers could be distinguished by means of
their frequency. This characteristic constituted an advantage for the practical realisation
of the interferometer and the design of the phase-locked loops. Lasers of different fre-
quencies generated different beat signals even when they reached the same photodiode.
The use of resonant amplifiers at the frequency needed for the phase-locked loop gave the
possibility to filter out the undesired beat signals and keep only the one relevant for the
feedback.

For the realisation of the heterodyne interferometer it was necessary to superimpose the
light coming from three different lasers. This was in general obtained through the insertion
of beam splitters. Since each beam splitter has two outputs it was always possible to use
the second port of the beam splitter for phase-locked loops purposes. In this way no
auxiliary beams had to be extracted from the laser paths before their superimposition in
order to realise the loops. This reduced the amount of optics and alignment required and
resulted in a less complicate measurement preparation.

A schematic of the phase-locked loop configuration used for three-level systems is shown
in Fig. 2.11. In this case the coupling laser was driving the F =4 — F’ = 4 transition.
The reference laser was locked to the coupling laser with the help of the local oscillator
LO;. We chose 1 GHz as output frequency of LO;. In this way the detuning of the
reference laser from the resonance frequencies of atomic transition within the Dy line was
such that no residual interaction with the atomic system could be assumed. The reference
laser frequency gap was indeed too large to stimulate a hyperfine transition from the level
F =4 to any F’ excited level and too small to stimulate a hyperfine transition from the
level F' = 3.

Subsequently the probe laser was locked to the reference laser with the help of the local
oscillator LOs. The output frequency of LOy amounted to about 10.193 GHz, i.e. the
sum of the detuning of the reference laser and the hyperfine splitting between the two
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ground states of the caesium Ds line. In this way the probe laser resulted automatically
driving the ' = 3 — F’ = 4 transition.

Depending on whether we aimed at measuring the phase of the probe or of the coupling
laser we were able to sweep both phase-locked loops through their central frequency via
a computer controlled system acting on the desired local oscillator (LOs for the coupling
phase measurement and LO; for the probe phase measurement). Furthermore, in case
of a coupling laser phase measurement (when coupling laser and reference laser shared
the same polarisation, orthogonal to that of the probe laser), it was useful to insert a
polariser on the optical path leading to PD; to completely filter out the probe laser light.

The photodiodes PD; and PDgy were 25 GHz photodetectors (InGaAs photodiodes with
single-mode fibre-optic coupler; New Focus model 1431). The signal outputs of the pho-
todiodes were amplified through low-noise microwave amplifiers before reaching the mixer
(the amplification not shown in the figure). The local oscillators were Rohde and Schwarz
signal generators model SMTO06 (LO;) and SMP02 (LOg).

2.4.3 Phase lock for a degenerate two-level configuration

In case of a measurement in a degenerate system the frequency shift between the coupling
and the reference laser must be the same (in absolute value) as the frequency shift between
the reference and the probe laser. Only in this case it is possible to force the coupling
and the probe laser to drive the same transition. In this situation, if one has all three
lasers in an optical channel used for a phase-locked loop, it is impossible to distinguish
between the beat signal originating from the coupling and the reference laser and that
originating form the reference and the probe laser. For this reason one had to extract part
of the light coming from the coupling and the reference laser with two beam splitters and
superimpose them to a photodiode to get a clean beat signal there. Since not very much
intensity of the laser was needed for a phase-locked loop (usually 0.5 mW for each laser
was sufficient) it sufficed to extract only a small part of the laser intensity with 4% beam
splitter cubes (or simply a glass pick-up plate). The design adopted in our experiment is
shown in Fig. 2.12.

It is worthy of note that the design adopted for the phase-locked loops in the three level
system could be in principle adopted even in the two-level system case at least in the case
of a dispersion measurement of the coupling laser. The insertion of a polariser blocking
the probe laser light would transform a three-laser channel into a two-laser channel, thus
opening the possibility of a phase-locked loop between coupling and reference laser despite
their superimposition with the probe laser. This possibility was exploited in first stages
of the experiment. However the extinction of the probe laser achievable with the available
polarisers amounted to about 0.5%. This value was sufficient to avoid cross-talk between
the two beats when the intensity of the probe laser was lower than that of the coupling
laser. However, since in this experiment we conducted also measurements in which the
intensity of the probe laser was comparable or higher than that of the coupling laser, it
resulted convenient to look for a new setup, which had to be found anyway to perform
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Figure 2.12: Phase-locked loops setup used for measurements in two-level systems

dispersion measurements of the coupling laser.

The photodiodes adopted in the experiment were the same used for the three-level system.
Before reaching the mixer their output was amplified through microwave amplifiers (not
shown in the figure) to a level comparable to the output of the local oscillators. The local
oscillators LO; and LOy were in this case Rohde and Schwarz signal generators model
SMT06 and SMTO03.

2.5 Dispersion measurements with the heterodyne
interferometer

In this paragraph I will briefly sketch how it is possible to perform a dispersion meas-
urement with the heterodyne interferometer described in section 2.2. Since the working
principle of a dispersion measurement remains the same if one measures the coupling
or the probe dispersion and if one operates in a two-level or a three-level system I will
describe the dispersion measurement of the coupling laser in a two-level system. The
corresponding setup is shown in Fig. 2.3a.

The coupling laser was locked to the desired two-level atomic transition using frequency
modulation spectroscopy. The reference laser was phase-locked to the coupling laser (via
the local oscillator LO;) with a fixed offset Av,g ~ 1 GHz; the probe laser was phase-
locked to the reference laser with a tuneable offset Av ~ §+1 GHz (via the local oscillator
LO3). The offsets Avyg and Av had opposite sign, so that the residual offset between the
coupling and probe laser amounted to exactly 6. Since coupling and probe laser drove
the same transition, ¢ corresponded to the probe detuning from the resonance frequency.

Let Eg be the amplitude of the electrical field of the j-th laser (with j being ¢, p, and r for
coupling, probe, and reference laser) and let weoupl, Wprobe a0d wrer be the laser angular
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frequencies. The signals produced at the photodiodes PDy and PD3 had the following
dependence:

L
SpDy X (E8)2 + (EE;)2 + 2EGEq cos {(wcoupl — Wref) — ref]

€o

Sep, o (E§)%e! + (Ey)” + 25 Eje™ 7 cos [<wwup1 ) = ZE2 1 A (9)]
0
where Lpiohe and Lyef were the arm lengths of the probe and the reference arms of the
interferometer, Ap.(d) the phase shift induced on the coupling laser by the variation of
the refractive index in the proximity of the resonance as a function of the detuning § of
the probe laser, a. the absorption coefficient for the coupling laser, [ the length of the
interaction area (i.e. the width of the atomic beam).

Neglecting the higher frequency terms, the output signal at the double balanced mixer
DBM; could be written as:

ac(d)

Simix(6) o (ESEE)?e™ "2 L cos[Ape(8) — ¢).

In the previous expression ¢ = 27tAVyf(Lprobe — Lyef)/co could be set to (k + 3)m (with
k € N) by an appropriate tuning either of the reference laser frequency (which was the
solution adopted in this experiment) or of the arm lengths Lyrobe and Lyes. One obtains,
therefore,

Smix(8) o (ESEE)2e™ % sin[Ape(8)].

The proportionality constant depends on several parameters, including the efficiency of
the photodiodes and the amount of intensity reaching them. It could be determined
through calibration. To avoid the repetition of the calibration procedure any time the
intensities of the lasers were changed, the signal output of the photodiodes PDs and PDg
were amplified with two chains of microwave amplifiers ending with two limiting amplifiers
(Miteq model AMF-5F-009011-30-10P-LM), which ensured a stable input to the mixer
DBM; over a wide laser intensity range and simultaneously a constant calibration factor.

The coupling and probe beams absorption signals could be extracted from the intensity
of the light impinging on the photodiodes PD; and PDy. As the reference laser was not
interacting with the medium its power contributed only with a constant offset. Since this
power remained unchanged during a whole measurement set, it could be easily measured
and subtracted at the end of a measurement session. Calling IZDC the non-oscillating
component of the intensity reaching the i-th photodiode, one could write

IP5, (6) o (E)*e O, (2.1)
IE5, (6) o< (Ef)%e™ Ol 4 (Ep)?, (2.2)

where a, and ap, were the absorption coefficients for the coupling and the probe laser.
From the previous relationships, known [ and the efficiency of the photodiodes (or more
easily through a further calibration), one could extract a. and ay.
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2.6 Atomic source

2.6.1 Doppler broadening

The precision of spectroscopical measurements is often limited by Doppler effect. Since
through the spectroscopical measurements aiming at measuring electromagnetically in-
duced transparency and absorption the experimentalists wanted to detect signals having
a half-width well below the natural width of the lines (about 20 kHz to 100 kHz against
a natural line of about 5.3 MHz), it was meaningful to construct an experimental setup
which prevented, or at least strongly reduced, the contributions to the line width caused
by Doppler effects.

In this experiment it was chosen to utilise an atomic beam generated by an oven instead of
an atomic cell, which is included in the standard setup of the greatest part of competing
experiments. The atoms forming the beam moved in a direction which was orthogonal to
that of the laser beams; therefore their contribution to the shifts of the line was limited to
that coming from the beam misalignment with respect to the orthogonal direction and to
that relative to the natural divergence of the beam. Collisions between the atoms had to
be minimised in order to reduce the motion orthogonal to the main propagation axis. Such
collisions limited the possibility to increase the oven temperature above 250 °C because
their effect was greater than the advantage obtained through the temperature-dependent
increase of the atomic density.

To quantify the atom movement at different temperatures we schematise the gas as a
perfect gas. Starting from the Maxwellian velocity distribution for perfect gases

3
B m o\2 o _mo
dn = 4T[N<—27tk:T> V7 exp < —> dv (2.3)

one can extract the most probable velocity of the gas molecules:

S (2.4

For the caesium isotope in use one has m = 133 u and, consequently, at a room temper-
ature of 25 °C,

vp =193 m/s. (2.5)

With this value one can calculate the most probable Doppler line broadening (full width
at half maximum) as [see 36, chap. 1.6]

Avp = 224,2vIn2 ~ 377 MHz
€o

Such a large Doppler broadening with respect to the frequencies of the transitions to be
measured made it impossible to use a pure caesium cell. One alternative could have been
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Figure 2.13: Reflux oven and baffling system.

to use a cell containing a buffer gas but through the use of atomic beams the experiment-
alists could operate on one more degree of freedom: the atomic density. Furthermore,
since the interaction volume between lasers and medium in case of an atomic beam is
more compact than a cell, the adoption of an atomic beam resulted in a simplification
of the procedures needed to compensate the environmental magnetic field around the
interaction zone.

2.6.2 Reflux oven

As known, caesium is the most electropositive of all stable elements and has the lowest
first ionisation potential. It is, therefore, an extremely reactive material and explodes if
put in contact with water, even in the form of water vapour in air; its hydroxide CsOH
can easily attack glass and even more easily human tissues. The desire to prevent physical
damage to the experimentalists, combined with the practical need of a caesium source
stable in its performance over a long time scale (months or, possibly, years), suggested
the search for an oven design in which some kind of caesium recycling was possible. A
good solution was found in the so-called reflux oven, which could be continuously used
over a period of several months without substituting the caesium source. For this reason,
throughout the whole experiment, we adopted the reflux oven.

The first design of such an oven, suited for ultrahigh-vacuum performances, is given in
[38]. A schematic representation of the oven is given in Fig. 2.13. The oven combines
baffling to obtain the desired collimation and capillarity to ensure the caesium circulation.

The oven structure was separated into two sections: a hot part and a cold part. The
hot section contained the caesium reservoir; it was the area where the caesium reached
the needed temperature and, subsequently, the desired effusive velocity. The heat was
generated through a heating wire surrounding the walls of the reservoir, thus keeping the
system at the desired temperature. For control purposes a second independent thermo-
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meter (a thermocouple) could be inserted in an aperture leading to the middle of the
reservoir.

The reservoir was filled with a rolled stainless steel mesh, on which the caesium distributed
because of capillarity. This helped to improve the energy transfer between the hot walls
of the reservoir and caesium, and prevented the accumulation of caesium in a liquid pool
at the lower end of the reservoir, which could eventually affect the effusion process.

The cold section of the oven combined within itself the recycling and the collimation. The
beam had to pass through five different baffles that performed the collimation process,
each with an aperture of 4 mm. The baffles were milled in a conical structure, the lateral
surface of which was connected to the collimating canal through several apertures of 1 mm
to 2 mm calibre. Through these apertures the caesium blocked by the baffles flew onto a
second stainless steel mesh, which was rolled two times around the lateral surface of the
conical structure, and finally came back, because of capillarity, to the reservoir section.

The conical structure and the surrounding mesh were inserted in a copper block of cyl-
indrical form, which was cooled through a water cooling mechanism to roughly 310 K,
a temperature above the solidification temperature of caesium (301.59 K) to ensure re-
circulation but still low enough to avoid that caesium deposed on the baffles acted as a
secondary source of effusive beams.

The oven was loaded with 10 g of caesium with a purity of 99.98%. It has to be noted that
at least 5 g of caesium were necessary to activate the recirculation process. The filling
process was carried out within a glove box under argon atmosphere. It was made possible
by a CF-flange, which was located at the backside of the oven and could be opened when
necessary.

The oven effusive aperture could be shut with a UHV valve which sealed the oven during
transportation and when no measurements were performed.

Behind the effusive aperture two more baffles, with an aperture of 10 mm and 5 mm and
at a distance from the effusive aperture of 100 mm and 160 mm respectively, filtered out
further caesium atoms propagating in unwanted directions. In this last case no more
recycling was used. To minimise the evaporation of the caesium deposed on these baffles
during the measurements, we cooled the first baffle down connecting it through a metallic
bar to a liquid nitrogen reservoir, which, however, needed continuous filling (at a rate of
about 21/h) throughout the whole measurement. The second baffle remained at room
temperature.

2.7 Interaction volume

The interaction between caesium and light took place in a vacuum chamber under ultra-
high-vacuum specifications. To achieve such a low pressure one had to provide a pre-
vacuum of at least 1072 mbar to the turbomolecular pumps, to ensure their operation.
For the major part of the experimental results discussed within this work, the prevacuum
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was produced with a rotary vane pump, ensuring a prevacuum of at least 10~3 mbar.
This design was abandoned after having rebuilt the experiment in a new experimental
facility, where a central prevacuum of 4 x 1072 mbar provided in the laboratories permit-
ted the direct utilisation of turbomolecular vacuum pumps to achieve ultra-high vacuum.
Two turbomolecular pumps (Leybold Turbovac 50 and Leybold Turbovac 361) produced
a vacuum of at least 10~® mbar. During the measurements, the caesium flux did not
substantially reduce this value.

As we have seen in the previous section, the caesium atomic beam was collimated through
a series of baffles before reaching the interaction zone. The last baffle had a collimation
hole of 5 mm, so we assumed an interaction length [ = 5 mm in which the atomic ensemble
could interact with the electromagnetic radiation coming from an orthogonal direction
through antireflection-coated windows built in the vacuum chamber.

Around the interaction zone the environmental magnetic field (including the terrestrial
magnetic field) was compensated through a system of six coils. The coils were oriented
to be orthogonal to the direction of propagation of the atomic beam, to that of the laser
beam, and in the third spatial direction (perpendicular to the previous two). Since the
laser beam in the interaction zone was collimated to a radius of 2.2 mm (or smaller) the
adoption of the coils was sufficient to compesate the external DC magnetic fields to a
level below 0.5 uT so that no significant interaction of the magnetic field with the Zee-
man substructure of the lines could be assumed. No AC magnetic field compensation
was performed: the opportunity to perform such a compensation with the standard tech-
niques adopted in the field of scanning electron microscopy was discussed. Since the AC
magnetic field compensation was not the limiting factor of the measurement resolution,
its implementation in the experimental apparatus was abandoned.
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Chapter 3
Experimental Results

In this chapter I present the experimental results obtained from investigating various
A-systems and degenerate two-level systems in caesium. Beginning with the results in
A-systems, I show how it was possible to improve the detected absorption signals through
the insertion of supplementary optical channels leading to reference photodiodes. This
improvement leads to measurements of electromagnetically induced transparency in a
A-system in which the transparency obtained is greatly improved with respect to [29].
Through a discussion of the off-resonant absorption level for the coupling laser I present
some curious dispersive-like signals which were obtained in the absorption spectra of
the coupling laser. These signals are explained in terms of light-induced birefringence.
After this I move to the results obtained in two different closed degenerate two-level
systems. Depending on the two-level system considered, it is illustrated how the spectra
change from electromagnetically induced transparency to electromagnetically induced
absorption. In this context I give a deeper insight on the characteristics of the absorption
and dispersion spectra of the coupling laser in the presence of electromagnetically induced
absorption for the probe laser. Such spectra were measured for the first time in this
research and enrich the known phenomenology of electromagnetically induced absorption.
They also experimentally confirm theoretical predictions based on spontaneous transfer of
coherence. Finally, I close the chapter with some results concerning the giant Kerr effect
achievable in media affected by electromagnetically induced transparency and absorption.

3.1 Optimisation of the detected signal in a A-system

As already discussed, it was possible to dramatically improve the signal-to-noise ratio of
the heterodyne interferometer by dividing the signals recorded after the interaction zone
with signals picked-up immediately before the interaction zone. We want to show here
how effective this solution was. To do it we will refer to the experimental setup shown in
Fig. 3.1.

Let PD; be the photodiode which measured the absorption and dispersion of the coupling
laser after the coherent interaction with the caesium beam and let PDs be the photodiode
which measured the probe laser absorption (also after the coherent interaction). Let PDjs
be the photodiode which measured the intensity extracted from the main beam through a
glass plate (before the interaction area) and shared the polarisation of the coupling laser;
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similarly let PDg be the photodiode which measured the intensity extracted from the
main beam and shared the polarisation of the probe laser. It is evident that the signals
recorded at PD; and PDj5 carried information on the noise accumulated in the probe arm
by laser light of one polarisation (that of the coupling laser) and the signals recorded at
PDsy and PDg carried information on the noise accumulated by light of the orthogonal
polarisation. For this reason, dividing the two corresponding signals, i.e. calculating the
ratios Iy /15 and Iy/Is (where I; represents the intensity at the i-th photodiode), one
could eliminate the common noise accumulated along the probe arm.

An example of the improvement obtainable with such a procedure is given in Fig. 3.2,
where the original and the noise-filtered data of a single simultaneous measurement of the
coupling and the probe absorption are shown. The whole procedure of division of the sig-
nals was automated through the computer program—a Labview code—which controlled
the data acquisition card. For completeness this figure also includes the simultaneously
taken dispersive signal which corresponds to a measurement of the coupling laser para-
metric dispersion.

With the measurement shown in Fig. 3.2 we demonstrated the capability of the heterodyne
interferometer to simultaneously detect (i.e. in one single measurement) the absorption
of the probe and the coupling laser together with the dispersion of the coupling laser.
At the same time we demonstrated the improvement of the output signal obtained by
scaling with respect to the reference photodiodes (this is the name given to photodiodes
PD5 and PD(;)
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Figure 3.2: Simultaneously measured DC transmission signals at PD; (centre left) and
PDs (top left), corresponding noise-filtered signals (centre and top right) and AC signal at
PD; (corresponding to the phase shift of the coupling laser). The photodiodes correspond
to those described in Fig. 3.1.

It is interesting to note that the better signal optimisation was not obtained when the
glass plate was inserted with an angle of 7 rad with respect to the incident beam (the
angle needed to obtain an extracted beam perpendicular to the probe arm). The best
pick-up angle had to be empirically determined. In the present case it resulted in an angle
between probe arm and extracted beam of about 1.25 rad instead of T rad (~ 1.57 rad).
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Figure 3.3: Simultaneously measured coupling and probe laser absorption in a A-system
as a function of the probe laser detuning. The maximum absorption has been normalised
to 1. The measurements were taken at a coupling laser intensity of 4.1 mW /cm? and a
probe laser intensity of 1.3 mW /cm?.

3.2 Measurements in a A-system

Through a careful adjustment of the laser polarisations and an efficient control of the
magnetic field in the interaction volume it was possible to perform measurements of
absorption in a A-system in which the dark resonance could be resolved with a very high
contrast.

An example of simultaneous measurement, obtained for the coupling laser driving the
transition F' = 3 — F’ = 4 and the probe laser probing the transition F =4 — F' =4
is shown in Fig. 3.3. The probe laser signal shows that the obtained electromagnetically
induced transparency at the two-photon resonance had a level comparable to the trans-
parency which the probe laser experienced when it is was driven off resonant (this level
can be assumed to be roughly the level of the tails of the broad resonance curve). The
transparency obtained here was about 86% of the off-resonant value!.

The coupling laser signal shows an even more impressive extinction of the absorption (the
value is approximately 92% with respect to the tails). It must be noted, however, that the
off-resonant value of the tails of the coupling laser absorption spectrum corresponds to the
one-photon absorption level of a resonant coupling laser. The absorption here presented
is a parametric absorption spectrum which describes the variation of the absorption of
the coupling laser induced by the nonlinear medium once the medium is swept with a
probe laser. For this reason it is even possible to obtain a value of parametric absorption
which lies below the off-resonant value of the spectrum (we stress once again that this
corresponds to a situation in which the probe laser is off-resonant). Neglecting this may
lead (and has led) to a misinterpretation of the measured coupling laser spectra.

!The values would have to be compared with the one-photon probe absorption on the same system.
Since the absorption maximum in the two-photon case, which was assumed as the reference value for
normalising the absorption, lies below the one-photon absorption maximum value, the extinction given
above has to be taken as a lower limit
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3.3 Broad spectral measurements within the caesium D,
line

In the previous section we have stated that the parametric absorption signal of the coup-
ling laser may present an enhanced transparency with respect to the absorption level due
to one-photon resonance. In doing this we have assumed the one-photon absorption for
the coupling laser to be the level given by the tails of the two-photon resonance curve.
Since these tails extend theoretically over an infinite range of frequencies but experiment-
ally only a finite number of points can be measured, we had to put a cut-off at specific
detunings of the probe laser from the two-photon resonance. Experimentally, it was im-
possible to continuously sweep the probe laser over a range of more than 150 MHz. To
have some extra freedom in the choice of the sweep range, the frequency window adopted
to perform the measurements was fixed to 100 MHz (sometimes, to resolve particularly
narrow features it was reduced to 20 MHz).

To be able to determine if the tails of the coupling absorption curve had a further decrease
at frequencies of the probe laser detuned of more than +50 MHz from the A-system
two-photon resonance, we extended the range of the measured data moving the central
frequency of the probe laser in the direction of the other hyperfine transitions (in the
A-system the probe laser probed the ' = 4 — F’ = 4 transition; the new target
transitions were F =4 — F’ =5 and F = 4 — F’ = 3). The measurement of the
whole hyperfine splitting of level 6p 2Ps /2 Tequires a frequency tuning range of about
550 MHz. Since our laser system allowed only stable tuning ranges of about 100 MHz,
we measured the splitting by overlapping ten 100 MHz scans, each of which was detuned
from the previous one by 50 MHz to ensure a good overlap. During these measurements
we kept the reference laser off, thus not performing any dispersion measurements. Apart
from this, the experimental setup coincides with the one shown in Fig. 2.3a. In Fig. 3.4 the
intensities measured PD; and PDs are shown; these intensities correspond to transmission
signals. The excited transitions relative to each measured signal are sketched above it.
The measurements also show the reference transparency signal obtained when the atomic
beam was shut. The reference level of transparency shown in the figure was the maximum
achievable in this experiment; the small residual absorption due to the optical components
could not be avoided.

We found strong differences between the two spectra. With PDsy we observed two regular
absorption profiles and an absorption signal with a narrow feature at the line centre,
corresponding to EIT; with PD; a regular absorption profile, an EIT-like signal and a
signal resembling a dispersion profile. These signals will be explained in the immediately
following paragraphs.

Absorption signal

PDs recorded the intensity of the probe laser transmitted through the nonlinear medium.
When the probe laser frequency was resonant with the hyperfine transition 6s 2S; k=
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Figure 3.4: Transmitted powers observed at PD; and PDy as a function of the probe
laser detuning. PDs detected the probe laser intensity and PD; the light orthogonally
polarised to the probe laser polarisation. Above each resonance feature the figure shows
the corresponding hyperfine transitions which are coupled and probed with the two lasers.

Probe detuning from the F=4 to F'=4 transition (MHz)

The probe laser is shown in green and the coupling laser in red.

3 — 6p 2P3/2 F' = 3 or F/ = 5 we measured a normal absorption profile. This is the
behaviour that one could expect since, generally, laser light passing through an atomic
sample will be strongly absorbed if the laser frequency nears a transition frequency of the

74



3.3 Broad spectral measurements within the caesium D5 line

atoms.

PD; detected the transmitted intensity of the light which was orthogonally polarised
with respect to the polarisation of the probe laser as, for example, the intensity of the
coupling laser. The amount of transmitted intensity changed as a function of the probe
detuning: when the probe laser was resonant, it induced transitions which modified the
former constant absorption level of the resonant coupling laser (the absorption which
is responsible for the off-resonant gap between the measured values with and without
the atomic beam). The energy level diagram in Fig. 3.4 (top right) explains why an
absorption profile was detected at PD; on the right hand side of the spectrum. The
coupling laser depopulated the 6523, 2 F' = 3 hyperfine level and, as a result of the optical
hyperfine pumping, the population in the 6s2S; 2 ' = 4 level increased. When the probe
laser was in the vicinity of the transition to the excited hyperfine level 6p?P5 2 F "'=3are-
pumping from the 6s2S; /2 I = 4 level took place and the population in the 6523 k=3
level increased; this led to an increase in the coupling laser field absorption and to the
absorption profile detected with PD;.

Electromagnetically induced transparency signal

When the probe laser frequency was scanned around the hyperfine transition 6s2S; b=
4 — 6p 2P3/2 F’ = 4 a signal with a dip in the centre was recorded both at PD; and at
PDs. In this case the coupling and the probe laser transitions formed a three level A-
system (Fig. 3.4, top centre). The measured signals are then an example of EIT signals.
We pointed out in the previous section that in the presence of EIT, the coupling laser
might lead to a transparency level higher than that experienced with an off-resonant
probe laser. The signal measured at PD; confirmed this possibility.

Light-induced birefringence

The signals detected with the probe laser on the FF = 4 — F’ = 5 and the coupling laser
on the I = 3 — F’ = 4 were characterised by a huge absorption of light of the same
polarisation as the probe laser light and a curious dispersive-like signal which showed a
gain of transmission of light polarised orthogonally to that of the probe laser. The first
time these signals were measured we believed them to be due to some accidental rotation
of a polariser but this possibility was excluded.

Furthermore, through the experimental setup adopted in this experiment we could fully
resolve the hyperfine structure in the ground and in the excited states of the caesium Do
line. Thanks to temperatures of about 210 °C we could neglect the effects of collisions
in the ground as well in the excited states (see section 2.7) and the laser intensity was
sufficiently low so as to ignore the stimulated emission.

From the level diagram in Fig. 3.4 (top left), we could argue that no influence of the probe
laser field should have been present on the coupling laser field when the probe laser field
was resonant with the hyperfine transition F' = 4 — F’ = 5, because no electric dipole
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transition was possible from the excited level F' = 5 to the ground level 6s 2S; =3
In addition, we could not detect any dispersion signal when we tried to measure the AC
contribution of the light orthogonally polarised to that of the probe laser, i.e. the light
which, in the case of EIT, gave origin to the so-called parametric dispersion.

The explanation of the measured signals could be reduced to light-induced birefringence.
We will explain briefly how such an effect can explain the measured signals. Since the
discussion of these signals is not very relevant for the main subject of this work the
following discussion will be kept to a simplified level.

The coupling and probe fields were linearly polarised and of orthogonal polarisation. The
coupling field populated the Zeeman sublevels of the excited 6p 2Py 2 F " = 4 hyperfine
level differently, in accordance with the transition probabilities. The population of each
of these levels decayed at a rate corresponding to its branching ratio and created an
alignment in the 6s %S, /2 F = 4 level [32]; the defined polarisation of the coupling laser
is responsible for this alignment and thus for an induced anisotropy of the medium [22].
Hence, the absorption coefficients and the refractive indices for the left and right circularly
polarised probe laser light (in which the probe polarisation could be decomposed) became
different. The difference in the refractive index resulted in optical birefringence while the
anisotropy in the absorption made the polarisation of the probe beam elliptical.

Let us now consider the polarisation of the probe laser. After the interaction with the
atomic sample the linearly polarised light of the probe laser crossed a Wollaston prism
and was consequently decomposed into two linear polarisations perpendicular to each
other. On account of the optical sample birefringence the polarisation axis was rotated
and extra intensity coming from the probe laser was detected on the photodetector PDy.

The linear polarisation of the probe could be decomposed into a left and a right circular
polarisation with the same transition frequency. Since the frequency dependence of the
refractive index due to birefringence was dispersive-like for each polarisation, the differ-
ence led to a dispersive signal. Following [47] the contribution of the intensity of the
probe light on PD; could be expressed (up to the second order) as

I(®) = {sin® ® + Afsin 2® + [(A0)* + (Aal/4)?] cos? B}, exp(—al),

where @ is the small angle deviation from the axis perpendicular to the polarisation axis of
the probe light and A8 = (n4y —n_)kol/2 the phase difference between the two circularly
polarised components; [ is the interaction length of the probe laser with the atomic sample;
A« and « represent the difference and the sum of the absorption coefficients for left and
right circularly polarised components, respectively.

If the axis of the analyser had been exactly perpendicular to the direction of the polar-
isation (® = 0) then no dispersion shape could have been measured. A small deviation
from the perpendicular adjustment was needed, so that the term Af sin 2® gave the main
contribution to the signal, while sin? ® contributed to the signal with a bare offset.

As a counterproof for our explanation we also measured the dependence of the laser
light-induced birefringence on the intensity of both lasers. We observed no significant
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Figure 3.5: Transmitted power detected at PDy. Light-induced birefringence as a function
of the power of the probe laser.

dependence of the dispersion-like absorption profile measured with PD; on the coupling
laser intensity when the probe laser power was kept constant. Conversely, as shown in
Fig. 3.5, the light-induced birefringence amplitude showed a strong variation as a function
of the probe laser power (keeping the coupling laser power constant). For increasing
probe laser intensity the light induced birefringence increased because a greater amount
of probe light could be rotated in its polarisation through the effect of the medium. This
corroborated the hypothesis that the signals were originated through an anisotropy in the
propagation of the probe laser light and confirmed the explanation given above.

3.4 Degenerate two-level systems

In chap. 1 we saw how the introduction of spontaneous transfer of coherence affects
the spectra of closed degenerate two-level systems. In this section I present the results
obtained in the two closed two-level systems available within the caesium Dy line: the
F = 4 — F’' = 5 transition, where EIA was observed, and the FF = 3 — F' =
transition, where EIT was observed.

In Fig. 3.6 typical spectra obtained on the F' = 4 — F’ = 5 transition are shown. One
can see that the probe laser experienced electromagnetically induced absorption while the
coupling laser was characterised by what we called absorption within transparency, i.e. a
narrow induced absorption peak appearing in the middle of a broad enhanced transpar-
ency profile. In correspondence with these absorption patterns, the probe dispersion curve
followed a broad profile with a narrow central feature; both features were characterised
by to negative (anomalous) dispersion. Contrarily, the parametric dispersion was posit-
ive. All results were in accordance with the simulations presented in chap. 1 for coupling
intensities below saturation. The parametric absorption and dispersion measurements
were the first performed on a two-level system satisfying EIA-conditions. Because they
confirm the results obtained with the numerical simulations they support the hypothesis
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Figure 3.6: Typical EIA spectra for the F' =4 — F’ =5 transition

that spontaneous transfer of coherence is essential for the explanation of EIA?.

Figure 3.7 shows similar spectra obtained in the closed two-level system F = 3 — F' = 2.
This system does not satisfy the EIA-condition requiring a higher degeneracy of the ex-
cited state with respect to the ground state. In this case the hyperfine structure had to be
considered a superposition of A-systems rather than N-systems. This resulted in absorp-
tion spectra which resembled those of non-degenerate A-systems such as those measured
in [29, 30, 31] or presented in Fig. 3.3. As usual for EIT, the probe dispersion could be
described by a broad negative dispersion curve (corresponding to the one-photon probe
resonance) with a narrow positive dispersion signal superimposed to it in correspondence
with the two-photon resonance. The coupling laser parametric dispersion showed only a
central feature at the two-photon resonance (negative parametric dispersion). The width
of the signals appeared to be narrower than that measured in A-systems (or at least com-
parable) with a similar value of induced transparency (for the probe laser, a value of about
98% of the off-resonant transparency was obtained). These results made the degenerate
closed two-level system a good candidate for the appearance of high Kerr-coefficients in
the presence of transparency.

It is known to the author that in case of equal polarisations of probe and coupling laser the theory
predicts EIA as a consequence of transfer of population [17]. We refer here to the experimental
configuration corresponding to the experiment performed: two linearly polarised probe and coupling
laser of orthogonal polarisation. This is the configuration in which EIA was discussed for the first
time [23].
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Figure 3.7: Typical EIT spectra for the F' = 3 — F’ = 2 transition

To deepen our understanding of degenerate closed two-level systems in the presence of
spontaneous transfer of coherence we want to see how the measured spectra change as
a function of the coupling and probe laser intensities and compare the results with the
simulations described in chap. 1. Figure 3.8 presents five probe absorption spectra ob-
tained at various coupling laser intensities. The width of the central induced absorption
peak at the two photon resonance broadens while the absorption decreases for increas-
ing coupling intensities. This is in accordance with the numerical simulations presented
in section 1.4.6. For the highest coupling laser intensity the probe spectrum develops
two further absorption enhancements at about 10 MHz detuning from the two-photon
resonance. These supplementary sidebands can be explained through a splitting of the hy-
perfine transitions induced by the coupling laser, which arises naturally in the formalism
of second quantisation. Since this splitting is a function of the coupling laser intensity the
corresponding quasi-degenerate levels can only be resolved at high coupling laser powers.

When the probe laser intensity was changed it was not possible to resolve the signals from
the background with enough contrast over such a large intensity window as when varying
the coupling laser intensity. However, at coupling intensities much greater than the
probe intensities the variation of the spectra could be followed over at least one intensity
decade. The corresponding results are shown in Fig. 3.9. Even at probe intensities of
about 30 uW/cm? the enhanced absorption is still recognisable.

Similar spectra can be obtained for the coupling laser parametric absorption, i.e. for the
variation of the coupling laser absorption as a function of the probe laser detuning. In this
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Figure 3.8: F = 4 — F’ = 5 transition: modification of the probe absorption spectra
as a function of the coupling laser power. The probe laser power is 250 pW. The laser
beam radius amounts to 2.2 mm
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Figure 3.9: F = 4 — F’ = 5 transition: modification of the probe absorption spectra
as a function of the probe laser power. The probe laser power amounts to 160 uW (left),
16 pW (centre), and 5 pW (right). The coupling laser power is 1.5 mW. The laser beam
radius amounts to 2.2 mm

case it was the change of probe laser intensity which could be followed with more ease.
The results are shown in Fig 3.10 and illustrate measurements obtained at a coupling
intensity lower than those corresponding to the probe laser spectra of Fig. 3.8. In this
regime it was possible to follow the variation of the parametric absorption spectra over
an interval of almost three probe laser intensity decades. However, since for most of
these measurements the probe laser intensity lay above the coupling intensity, one could
not properly compare the spectra obtained in this case with the simulations described in
section 1.4.6. More complex simulations would have been needed for such spectra, because
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Figure 3.10: F = 4 — F’ = 5 transition: modification of the coupling parametric
absorption spectra as a function of the probe laser power. The coupling laser power is
120 uW. The laser beam radius amounts to 1.1 mm

the probe laser effect could not be neglected by an approximation. These simulations are
currently still under development. It has not yet been possible to calculate such spectra
for linearly polarised laser of orthogonal polarisation. However preliminary results [46]
exist for the case of a 7 polarised coupling laser and a o© polarised probe laser and for
circularly polarised lasers of orthogonal polarisation. In both cases the coupling laser
only exhibits absorption within transparency, which is consistent with the measured data.
The parametric absorption spectra for the two cases are shown in Fig. 3.11.

Figure 3.6 shows that the dispersion of the probe laser was characterised by a broad
negative dispersion signal with a narrow superimposed negative dispersion feature. We
have seen that the numerical simulations expect this behaviour only for low intensities
of the coupling laser. We confirmed this prediction with our measurements as it can be
seen from Fig. 3.12, where we show the probe dispersion spectra corresponding to EIA
signals obtained at four different coupling laser intensities. The broader dispersive signal
can be clearly identified at low coupling intensities. At high coupling intensities only the
central feature at the two-photon resonance remains. At the same time the amplitude of
the central feature tends to diminish. Both results are in qualitative accordance with the
expectations of the numerical simulations.

To investigate the dependence of the probe phase shift (which is a function of the probe
dispersion) on the laser powers, we fitted the central dispersion profile obtained at various
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Figure 3.11: F' = 4 — F’ = 5 transition: simulation results for a 7 polarised coupling
laser and a o polarised probe laser (left) and for a ¢~ polarised coupling laser and a
ot polarised probe laser (right). The coupling laser has a power of 170 uW. The probe
laser powers are 41 pW (yellow), 69 uW (orange), 0.27 mW (red), 0.71 mW (green), and
2.6 mW (blue or light blue). The beam radius is 2.2 mm. Courtesy of Arlene Wilson-
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Figure 3.12: ' = 4 — F’ = 5 transition: probe laser dispersion spectra for various
coupling laser intensities. Probe power: 0.35 mW. Coupling power: 0.18 mW (blue),
0.64 mW (green), 3.0 mW (red), 4.5 mW (black). Laser beam radius: 2.2 mm.
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Figure 3.13: F = 4 — F’ = 5 transition. Probe laser dispersion (absolute value) as
a function of the probe power variation at a constant coupling power of 535 uW (left)
and probe laser dispersion as a function of the coupling laser power at a constant probe
laser power of 20 uW. The laser beam radius amounts to 2.2 mm. The solid lines are the
results of a simulation of the system under comparable experimental conditions.

powers to a phenomenological dispersion curve of equation

()"

thus obtaining information on the width and steepness of the signals. In doing this we
neglected the effect of the broader dispersion profile which characterises the spectra at
low coupling laser intensities. The a and d parameters describe an offset which might be
contained in the measurements because of systematic errors in the measurement procedure
(for an ideal measurement one would assume a = 0 and d = 0). The parameter b contains
information on the width of the curve and ¢ on the steepness of the curve at the two-
photon resonance, i.e., in the first approximation, on the phase shift induced by the
medium.

It is possible to follow the change of such a phase shift as a function of either the coup-
ling laser power (at constant probe power) or vice versa. The obtained experimental
results covered two to three laser-power decades and are shown in Fig. 3.13. Because
the measured probe dispersion was negative, the results presented in Fig. 3.13 have to
be understood as absolute values. While the probe dispersion decreases as a function of
the probe laser power it presents a maximum as a function of the coupling laser power.
This maximum corresponds to coupling intensities well below the saturation intensity and
roughly comparable to those of the probe laser.

Unfortunately, a general explicit expression for the probe dispersion (or the coupling
parametric dispersion) in terms of experimentally accessible parameters has neither been
published nor calculated so far. Nevertheless, inspired from the approach used by the dis-
coverers of EIA [2], we compared the results obtained in this research with the analytical
expression calculated in paragraph 1.5.3 for the probe dispersion in an ideal degenerate
A configuration. In this case the dispersion was calculated for experimental conditions of
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Figure 3.14: F = 4 — F’ = 5 transition: coupling laser parametric dispersion spectra
for various coupling laser intensities. Probe power: 0.26 mW. Coupling power: 4 pW
(black), 23 uW (red), 80 uW (green), 0.33 mW (blue). Laser beam radius: 2.2 mm.

laser intensity, atomic density and interaction length comparable with those experiment-
ally tested. Even if one could expect only a qualitative agreement between theory and
experiment, the calculated values of the dispersion are comparable with the measured
ones. The results of the calculations are shown as a solid curve in Fig. 3.13.

As was shown for the probe dispersion, it is also possible to perform an analysis of the
behaviour of the coupling parametric dispersion as a function of the intensity of both
lasers. These results are of particular interest because no measurement of the coupling
laser dispersion in a degenerate two-level system has been hitherto performed. First of
all let us compare the measured dispersion curves with the simulations results of chap. 1.
Four parametric dispersion spectra which were obtained at increasing coupling laser power
are illustrated in Fig. 3.14. The figure shows that it was possible to obtain very clear
dispersive signals only at relatively low coupling laser intensities because the signal-to-
noise ratio diminished for increasing coupling laser power. This seems to confirm the
expectations of theoretical predictions even if those were performed for a much lower
probe laser intensity. The simulation calculated a decrease of a factor between 50 and
100 in the amplitude of the dispersive signal for increasing coupling laser power. Since
for higher coupling intensities the detection noise at the photodiode was also increased,
this resulted in an overly unfavourable signal-to-noise ratio at high coupling powers.

Nevertheless, it was again possible to follow the variation of the parametric dispersion as a
function of the laser intensities over a range of more than two power decades. The proced-
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Figure 3.15: F = 4 — F’ = 5 transition. Coupling laser parametric dispersion as a
function of the probe power variation at a constant coupling power of 0.16 mW (left) and
probe laser dispersion as a function of the coupling laser power at a constant probe laser
power of 0.26 mW. The laser beam radius amounts to 2.2 mm. The solid lines are the
results of a simulation of the system under comparable experimental conditions.

ure used was similar to the one adopted for the probe dispersion. Each signal was fitted
to a phenomenological dispersion curve. From the fit we extracted the information on the
steepness and width of the dispersion. The results are shown in Fig. 3.15. Once again the
solid curves are the results of a simulation performed on the system under comparable
experimental conditions and based on the approximation of treating the dispersion as if it
were generated in a A-system. Again, despite the lack of a proper analytical description of
the expected dispersion signals, the measurements and the simulations show a qualitative
satisfactory agreement.

At first we varied the probe field power from 25 uW to 3.2 mW whilst keeping the coupling
power constant (0.16 mW). We repeated this last measurement on two different days
under identical experimental conditions. The coupling laser parametric dispersion showed
a maximum as a function of the probe laser power. Again, the maximum appears in a
range where the two lasers have roughly the same intensity. Conversely, when the coupling
laser power was changed, we observed a decrease in the dispersion value with increasing
power.

We measured signals with a half-width-at-half-maximum (HWHM) starting from about
10 kHz and remaining under 150 kHz for various laser powers. Figure 3.16 shows the
width of the dispersion curve when keeping the coupling laser power fixed at 16 uW.
The observed half-widths were well below the half-widths of parametric dispersion curves
observed in A-systems in Caesium. A similar result for the regular probe absorption
spectra in the EIA and EIT configurations has been discussed in [4].

Finally, since some predictions of a transition from absorption to transparency or of a
change of sign in the dispersion were made (see, for example, the simulations presented
in Fig. 1.12 relative to a regime above saturation and the general case described in [18]),
we tried to verify whether it was possible to observe any change in the absorption or
dispersion spectra once coupling the system with the strongest intensity available for the
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Figure 3.16: Linewidth of the coupling laser parametric dispersion as a function of the
probe field power at a constant coupling power of 16 uW. HWHM: half-width-at-half-
maximum

coupling laser at the interaction zone.

For the absorption spectra, assuming that the change in amplitude was not covered by
the detection noise (which could be suppressed down to about 1% of the signal), such
an effect was not observed even for coupling laser power of about 8 mW and coupling
to probe power ratios greater than about 100. Similarly, no transition from positive to
negative dispersion was found, even in the power range where no detectable absorption
signal was present but a dispersive signal was still to be detected (we concentrated our
attention on this regime because the lack of a detectable absorption signal could have
also been a hint for a change in sign of the absorption). Results of further simulations
received while writing this work and targeted on the experimental conditions in which the
measurements were performed seem, however, to confirm the experimental results [46].

3.5 Kerr coefficients

In this section, stimulated by the current research in the gravitational wave community,
we want to transfer the information gained with the study of the dispersion in closed
two-level systems to concepts which are closer to those used in the development of future
gravitational wave detectors. It is expected that the coming generations of earth-based
interferometers for the detection of gravitational waves will, at some point, be limited
by quantum noise. The insertion in the interferometer cavities of a material exhibiting
a non-negligible Kerr effect under the action of the applied electric field is one of the
methods suggested to beat the standard quantum limit and to improve the performance
of future detectors.

In recent times, it has been demonstrated that in the proximity of the two-photon reson-
ance responsible for EIA in the caesium D- line, giant Kerr nonlinearities can be meas-
ured, which are orders of magnitude greater than those commonly available for usual Kerr
media [3, 4]. Inspired by this research, we calculated—on the basis of the experimental
data extracted from the dispersion measurements described in the previous sections—
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Figure 3.17: Probe laser phase shift for various probe laser detunings from the EIA
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Figure 3.18: [Left] Probe refractive index difference from unity as a function of the
coupling laser intensity. Each curve corresponds to a specific probe frequency offset.
[Right] Kerr coefficients at various probe detunings from the EIA two-photon resonance

how the probe laser phase shift changed as a function of the probe laser detuning and of
the intensity of the applied coupling field. The results are shown in Fig. 3.17. From the
results for the phase shift it was possible to extract the refractive index of caesium as a
function of the coupling laser intensity for various detunings of the probe laser from the
EIA two-photon resonance (see Fig. 3.18).

It can be shown that the refractive index of a Kerr medium can be expressed as a function
of the intensity I.oup1 of the applied field (here the coupling field) in the form

n(Icoupl) —1= ng + nzfcoupl + 714[3011131 4+ ...
where ng is the linear part of the refractive index while ny and n4 are the first two non-

linear Kerr coefficients. Through a polynomial fit (based on the previous expansion) of
the values of the refractive index obtained at various probe detunings from the two-photon
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Figure 3.19: Probe phase shift as a function of the probe laser detuning from the EIT
two-photon resonance for various coupling laser intensities. The figure on the right zooms
the central feature of the figure on the left.

resonance, one could then obtain information on the linear and nonlinear components of
the refractive index. These results are shown in Fig. 3.18.

The results for the Kerr coefficients can be properly understood only if one compares the
values obtained for ny with the typical values for an ordinary material, such as glass. In
glass one has ny ~ 10720 cm?/mW whereas in the case of caesium the measured value
was about 107° cm?/mW. The improvement is still remarkable even if compared with
typical coefficients for Kerr media commonly used to generate Kerr nonlinearities, such
as GlaAs, which has a value of |na| ~ 2.7 x 10716 cm?/mW at a wavelength of 1064 nm
[15], or polymers like polydiacetylene, the ny Kerr coefficient is |ng| ~ 3 x 1071 cm? /mW
[ibid.]. In conditions of extreme absorption at a wavelength of 852 nm the value |ng| ~
2 x 1077 cm?/mW was reported [26] for the Kerr coefficient of GaAs. However, at this
wavelength, the absorption coefficient of GaAs has the value of a ~ 10* cm™! while the
absorption coefficient for EIA measured in our experiment at the same frequency was of
the order of 0.1 cm™!.

Even if the absorption coefficient is small, the Kerr medium in the presence of electro-
magnetically induced absorption is characterised by an enhanced absorption with respect
to a one-photon two-level transition. This might make it unattractive for implementation
in a gravitational wave interferometer.

For this reason, since the electromagnetically induced transparency signals measured on
the F' = 2 — F’ = 3 closed transition had roughly the same width of the EIA signals on
the closed F' = 4 — F’ = 5 but were taken in the presence of transparency, we decided to
calculate the Kerr coefficients also in this case. To do this we fitted once more the probe
dispersion spectra to a theoretical dispersion profile obtaining the probe laser phase shift
as a two-dimensional function of the probe laser detuning and of the applied coupling
laser intensity. These results are shown in Fig. 3.19. Since the dispersion signals are
characterised by a broader negative dispersion profile with a central positive dispersion
profile at the two-photon resonance (see for example the typical dispersion signal for the
F =2 — F’ = 3 line shown in Fig. 3.7) we present two different plots which highlight
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Figure 3.20: Nonlinear Kerr coefficients at various probe laser detunings from the EIT
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coupling laser.

the two dispersive features.

With a procedure similar to that adopted for the probe laser acting on the F = 4 —
F' = 5 we extracted from the phase shift the probe refractive index at various probe
detunings and, finally, the Kerr coefficients (Fig. 3.20).  Even if the Kerr coefficients
obtained in the presence of electromagnetically induced transparency were about two
orders of magnitude smaller than those measured in the bright state, they were obtained
for a medium which could be considered transparent for all practical purposes. Because

of its almost lossless transmittivity an EIT-medium constitutes, therefore, an excellent
candidate for the realisation of a Kerr interferometer.

Since in the EIT case the medium was transparent it was of particular interest to calculate
a figure of merit which connected the dispersion at a fixed detuning with the induced
transparency at the same detuning. In this way it was possible to locate the optimal
working point for the medium, which was determined by a compromise between the
transparency level and the induced phase shift. The optimal working point changed when
the coupling laser intensity was varied. Two figures of merit obtained at two different
coupling laser powers and the same probe laser power are shown in Fig. 3.21 together
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with the figure of merit of a probe laser in the absence of coupling laser.

For a coupling power of 3.18 mW, which corresponded to the best working point for a
probe laser power of 0.30 mW (with a beam radius of 2.2 mm), the maximum figure of
merit was obtained for a probe detuning of 160 kHz from the two-photon resonance. At
this maximum the figure of merit is 10° times greater than in the absence of the coupling
laser (i.e. in the presence of a simple one-photon transition for the probe laser).

For coupling intensities higher than 3.18 mW the figure of merit decreased in its maximum
value. The frequency corresponding to the maximum simultaneously shifted to higher
frequency detunings. This behaviour could be ascribed to the lower steepness of the probe
dispersion curve at high coupling powers which was accompanied by power broadening
of the linewidth.
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Outlook

In this work I analysed several atomic level configurations in caesium which can be con-
sidered as new optical media with a high refractive index or a giant Kerr effect. A par-
ticular focus of this research was dedicated to the degenerate two-level system, in which
a transition from positive to negative dispersion was expected. Media in which a change
of sign in the dispersion takes place are of particular interest for several applications such
as the storage of light or opto-optical switches. However, the expected change of sign
in the probe dispersion (or in its absorption) was not observed. More recent theoretical
predictions which were stimulated by the results obtained in this research seem to confirm
that no change of the dispersion should be expected, at least in the intensity range here
investigated.

The aim of finding a medium showing a transition from positive to negative dispersion
can be pursued through the experimental study of a four-level system for which such a
transition is expected as a function of the intensity of one of the two applied coupling
lasers. This system resembles the degenerate two-level system but the intensity ratio
between the two coupling lasers is not limited by the atomic transition probabilities (as
in the case of the degenerate two-level system). With a careful tuning of the ratio between
the two coupling laser intensities it should then be possible to detect the desired transition
between positive and negative dispersion. The hyperfine structure of the caesium D5 line
offers the possibility to investigate an N-system by simply adding a laser to one of the two
already explored A configurations. This possibility could be explored with some technical
improvements of the experimental apparatus.

Clearly, the study of a four-level system will require the implementation of a further
laser in the heterodyne interferometer used so far. This new experimental configuration
will also open the possibility to analyse a non-resonant bichromatic driven A-system,
which is expected to be a transparent medium with negative dispersion, if the frequency
difference between the two coupling lasers is greater than the reciprocal of the two-photon
lifetime. In contradistinction to the two-level system, the non-resonant bichromatic driven
A-system has the advantage that the frequency range in which the dispersion can be
obtained is not affected by any lifetime but from the frequency difference between the
two coupling lasers. Furthermore, negative dispersion can be reached at relatively low
coupling frequencies. The non-resonant bichromatic driven A-system can be realised in
caesium driving the outer ground level component of the Do line with two off-resonant
coupling lasers.

The realisation of such a medium could improve the sensitivity of future gravitational
wave detectors through the realisation of so-called white-light cavities, i.e. cavities—in
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which the nonlinear medium is inserted—that mantain their finesse while their bandwidth
is increased.

However, for the determination of the parameters needed for the construction of a white-
light resonator, the ground level on which the non-resonant coupling fields act should be
empty. We have seen in this work that both ground levels of the caesium Ds line are
almost equally populated (because of the thermal excitation and of collisions). For this
reason a fifth laser would be needed to depopulate the desired ground level by exciting a
transition to another hyperfine level. The use of so many coherent (apart from one) laser
sources clarifies the reason why, in parallel to this project, the development of ECDL
lasers into GEECDL lasers was stimulated and is followed with particular attention.

If the final realisation of the GEECDL laser will allow us its insertion into the experimental
apparatus, it will be easy to procede to a substantial upgrade of the setup, characterised
by an enhanced stability of the whole measurement technique. In this case it will hopefully
be possible to demonstrate the feasibility of white-light cavities, thus opening the way for
an improvement in future generations of interferometric gravitational wave detectors and
in other experiments based on advanced interferometric techniques.
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