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ABSTRACT

We describe an experimental and theoretical study of the four-wave mixing spectrum
in 8’Rb atoms trapped in a magneto-optical trap. Our experimental setup uses a single cw
laser to produce two copropagating beams inducing two identical four-wave mixing processes.
The initial goal of the work was to analyze and compare these two signals, looking for what
information they could give about the atomic system. However, since a single spectrum presents
an unexpected valley around the resonance, we will focus the analyses and theoretical modelling
in explaining this feature. In order to explain the nature of this valley, we performed several series
of measurements, changing parameters such as laser intensity or optical depth of the sample. To
interpret the experimental results our theoretical model consists of a simple four-level N-shaped
system. We write the Bloch equations and solve them considering the lowest order solution. Four
excitation routes arise from this solution, but only the direct excitation route to the four-wave
mixing process seems to agree partially with the experimental data. To improve the agreement,
we add the absorption of the input beams and of the generated light. Therefore, our model gives
evidence that the valley is due to a dispersion in a high intensity regime and to absorption effects
for a low intensity regime. We discuss in further details the successes and failures of this model

as well as a few options to achieve better descriptions.

Key-words: Four-wave mixing. Cold atoms. Nonlinear optics. Spectroscopy.



RESUMO

Neste trabalho apresentamos um estudo experimental e tedrico da resposta espectral do
sinal gerado no processo de mistura de quatro ondas em 4tomos de 8’Rb presos numa armadilha
magneto-6tica. Utiliza-se um unico laser cw para produzir dois feixes co-propagantes, induzindo
dois processos de mistura de quatro ondas idénticos. O objetivo inicial do trabalho era analisar e
comparar esses dois sinais, buscando quais informagdes poderiam ser extraidas sobre o sistema
atomico. No entanto, como um espectro isolado apresenta um vale inesperado, realizamos
uma série de medidas experimentais, variando parametros como a intensidade dos lasers ou a
densidade 6tica da amostra visando explicar este espectro de excitagdo. Para interpretar estes
resultados experimentais, nosso modelo tedrico consiste em um sistema tipo N de quatro niveis.
As equacoes de Bloch sao montadas e resolvidas considerando a solu¢do de mais baixa ordem.
Desta solu¢do emergem quatro rotas de excitac@o, sendo apenas a rota de excitagdo direta para a
mistura de quatro ondas capaz de explicar parcialmente os dados experimentais. Para melhorar a
concordancia com o experimento, adicionamos efeitos de absorcao dos feixes de entrada e da luz
gerada. Desta forma, nosso modelo fornece evidéncias de que o vale no espectro € resultado de
uma dispersdo para o regime de alta intensidade e da absorcao dos feixes de entrada no regime
de baixa intensidade. Procuramos discutir em detalhes os sucessos e fracassos do modelo bem

como algumas opg¢des para obter uma melhor descrigao.

Palavras-chaves: Mistura de quatro ondas. Atomos frios. Otica ndo-linear. Espectroscopia.
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1 INTRODUCTION

Since the early days of laser cooling techniques [1] there has been a great interest in
investigating nonlinear effects in cold atomic samples. This intersection of research topics has
proved to be very fruitful, with works published on several topics such as the experimental
realization of four-wave mixing with matter waves [2], the generation of correlated photon pairs
[3], the study of cold Rydberg atoms [4] or nonlinear optical memories [5], to give some recent
examples. These works correlate in some level with topics of interest to our research, in a more
direct way or even being a future perspective, as it is in the case of Rydberg atoms or the use of

atomic nonlinearities in quantum information experiments.

In the context of this intersection, we present experimental and theoretical results of a
four-wave mixing (FWM) process in a cold 3’Rb sample. This nonlinear optical phenomenon is
a powerful tool to understand more about the fundamental physics of atomic systems. Given that,
the original goal of our research was to induce two simultaneous FWM processes and look for
possible correlations between them, focusing on the informations that could be extracted about
the atoms. However, as it will be discussed, the study of a single FWM spectrum has presented
unexpected features, changing the focus of the work. Therefore, explaining these features is our

main objective.

To provide some theoretical background, we describe briefly the FWM process and also
the elements of the magneto-optical trap (MOT) in the following sections of this first chapter. It
is important to describe the MOT, since it is the main apparatus of the experimental setup, being

responsible for cooling and trapping the atoms.

In chapter 2, we present our experimental setups in details. More specifically, we show
the components of our MOT, e.g. vacuum system, lasers and some characterization procedures.
Furthermore, we describe the setup built to induce the FWM process as well as the specific
measurement techniques and their temporal control. The reasoning behind the parameters of the

experiment is also discussed.

It is in chapter 3 that we present all the experimental results. The chapter is divided in six
sections, each one focusing on the behavior of the FWM signal in face of different parameters or
experimental situations. In all of these results there are unexpected experimental features that are,
to best of our knowledge, not described in the literature. It is possible through the analyses of the

results to support or discard some hypotheses to explain the underlying physical mechanisms.

However, to properly interpret these features, a theoretical model is necessary. In chapter
4, we present our model alongside with some theoretical results and comparisons with the
experiment. It is possible then to achieve a description of the phenomena that lead to the spectral

characteristcs seen in the FWM process. We discuss some improvements or extra considerations
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to the model, in order to increase the agreement with the experimental results. Finally, we present

the conclusions and perspectives of this work.

1.1 Four-wave mixing

Optical wave mixing is a field of nonlinear optics with elevated and continuous research
activity since the invention of the laser almost sixty years ago by Maiman [6]. In fact, only a year
after Maiman’s work, Franken et al [7] achieved second-harmonic generation with a Ruby laser,
a work regarded by many as the beginning of nonlinear optics. To be fair, there were several
nonlinear optics works in the early twentieth century using DC fields, but it was with the advent

of the laser that the field truly expanded.

In the next few years a series of observations and techniques were published, such
as the two-photon absorption by Kaiser and Garret [8], the stimulated Raman scattering by
Woodbury and Ng [9] or the third-harmonic generation by Maker and Terhune [10]. These works
and the subsequent ones allowed, for instance, measurements of energy structure, nonlinear

susceptibilities and level lifetimes, in many different materials.

The area grown so quickly that in 1981 Nicholas Bloembergen and Arthur Schawlow
received half of the Nobel prize in physics [11] for their contributions to laser spectroscopy,
especially with the use of nonlinear optics techniques. Nowadays, the field remains very active,
with researches ranging from quantum phenomena such as interference [12] or entanglement

[13] to biology applications [14].

To understand these physical processes, we must first describe what is an optical nonline-
arity. This description begins with the response of a medium to the action of light [15], i.e. the
polarization

P=¢gyyE, (1)

where & is the vacuum permittivity, y is the electric susceptibility and E is the electric field. We
may consider that the response of the medium is entirely due to the electric field because of the

small amplitude of the magnetic field of light.

It is in the polarization that the nonlinear phenomena manifest, i.e. when the electric
field is strong enough to drive medium responses of higher orders. If that is the case, then the

polarization might be expanded in the power series

P=gy[yVE+ yPEE + y®EEE + -], 2)
where x (2) and X (3) are the second- and third-order nonlinear susceptibilities, and so on. Given
the vector nature of the electric field, these susceptibilities must be tensors. For instance, )((3) 1s
a fourth-rank tensor with 81 components, with each one of these consisting of a sum of several
terms. Naturally, symmetries of the medium are often used to reduce the complexity of these

tensors.
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Typically, even-order processes have different restrictions than odd-order processes. For
example, even-order processes cannot happen within centrosymmetric media, such as an atomic
vapor. Therefore, in this particular work, we are interested only in third-order phenomena because
it is the lowest order optical nonlinearity of a cold atomic sample. Furthermore, we focus on the
FWM process.

To understand the FWM phenomenon, let us start with a general case of a third-order
nonlinear optical process. Since there is a cubic dependency on the electric field, the most general

case 1s a field with three spectral components
E(r) = Eje 'O 4 Fre™ i@ | Frpi® ¢ 3)

Where we neglected the vector nature of the field and its spatial dependency to simplify the
description. These three fields are able to induce polarization that rely on different mixing of
frequencies. In fact there are 44 different possible frequency components of the polarization but,
usually, the experimental setups are built to allow the observation of a particular component, e.g.

exploring resonances of the material. The FWM itself is often described by the component

P(0; — o+ @3) = 60 O EL B3 Es. (4)

This polarization term generates a fourth field with frequency wy = ®; — @, + @3 due to
energy conservation. That is the origin of the name four-wave mixing. This new field is generated
because a time-varying polarization can act as a source of electric field, as shown by the wave

equation derived from the Maxwell’s equations

n?d’E 1 9?P(wy)

VE-— - =
2 Jt2 gt d2

(&)

where 7 is the index of refraction. In section 4.3 we actually solve this equation using a modeled

polarization.

An example of how three fields combined may generate a fourth one in a two-level atom
is shown in the scheme of Fig. 1. In this case, the FWM is degenerate since all four fields have
the same frequencies. This setup is useful for this work, since the FWM described later is also

degenerate.

To describe such quantum systems, it is often used the density-matrix formalism. With
this formalism it is possible to model the coherences induced in the medium by the fields and
connect them with the polarization. In the case of Fig. 1 the first input field induces a coherence
between ground and excited state that oscillates with ®;. If there was this single field, this
coherence could only induce a linear polarization P(®; ) (or a third-harmonic generation, with
fields strong enough). The addition of the other two fields allows a coherence that oscillates with
W4 = 0] —  + @3 and thus induces a polarization with the same frequency, acting as a source of

the generated FWM light. Therefore the whole process can be summarized by the absorption of a
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Figure 1 — Degenerate four-wave mixing in a two-level system.

Figure 2 — Wavevectors for a FWM configuration with an angle between input fields.

photon, a stimulated emission followed by a second absorption inducing a coherence responsible
for the generation of a fourth photon.

Finally, if one takes into account the spatial dependency of the fields, phase matching
conditions arise. These conditions are natural consequences of Eq. (5) and of momentum
conservation, i.e. 754 = %1 — 752 + %3. Due to changes in the index of refraction near resonances of
the medium, this condition might only be satisfied if there is an angle between wavevectors, as
shown in Fig. 2, where Ak = %1 — 752 +%3 — %4.

In the expression of the intensity of the FWM light, the phase matching typically appears
as a modulation with the functional form sinc?(AkL). Therefore, the phase mismatch must
be small, otherwise the sinc function will considerably weaken the signal. For experimental
conditions, this implies that the angle between input fields, as shown in Fig. 2, must be small.

This angle might also exist in order to allow spatial separation of the input and generated fields,
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as it is the case of this work.

1.2 Magneto-optical trap

One of the main complications of studying atoms using light is dealing with effects caused
by their movement. To manage this, several techniques, such as saturated absorption spectroscopy
[16] or two-photon absorption [8], were developed in the past years. But these techniques are only
clever workarounds to eliminate the Doppler effect. Perhaps, a more straightforward approach of
the problem would be to eliminate, or at least weaken, the atomic movement. In view of this, we
describe how lasers can be used to slow down atoms and how this is applied in magneto-optical
traps, a technique used in many atom trapping experiments nowadays. The development of these
laser cooling and trapping experiments led to 1997 Nobel prize, awarded to Steven Chu, Claude
Cohen-Tannoudji and William Philips [17].

It is a well known fact that light carries linear momentum. Given that, when a photon
interacts with a moving atom there might be a momentum transference if the atom absorbs the

photon. The force exerted in this phenomenon is the radiation force [18]

F— Gabsl
C

; (6)

where o, 1s the peak absorption cross-section of the atom, / is the laser intensity and c is the
light velocity in vacuum. Usually, for the resonance frequency, this peak absorption cross-section

is much larger than the actual size of the atom making the radiation force quite significant.

Even though this description of the force does not need to consider a quantized light, it
is insightful to look at the problem in such way. Each photon absorbed by the atoms must be
re-emitted by spontaneous emission in a random direction. Hence, the whole process can be seen
as a scattering of photons. The force in this case is given by the multiplication of the photon
momentum 7k and the scattering rate. If we consider a two-level atom as model, then this force

1s [18]
r I/ Ly

2141/Igy +482/T%

where I is the decay rate of the excited state, Iy, is the saturation intensity and 0 is the detuning

(7)

Fscall =

from resonance. For a moving atom, we might already take into account the Doppler effect,
i.e. 8 = w — wy + kv, where  is the laser frequency, @y is the resonance frequency, k is the

wavevector and v is the atomic velocity.

With Eq. (7) in hand, we can understand the optical molasses technique developed by
Chu et al in 1985 [19]. Still with the simple model of a two-level atom, consider the interaction

with a pair of counter-propagating lasers, as presented in Fig. 3.

Since the atoms are moving in the direction of propagation of light, there will be a shift

in the frequency of the lasers as seen by the atoms, caused by the Doppler effect. It is possible
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Figure 3 — Optical molasses technique: counter-propagating lasers acting on a moving two-level
atom.

then, to choose the correct detuning to make one of the lasers resonant with a certain velocity

group, leading to an absorption. Only these atoms will be slowed.

Let us try to see the behavior of the combined forces in this situation. The net force on

the atom is
Frolasse = scalt(w —p — kv) - Escall(w — o+ kv)7 (8)

and if we make an expansion of the force to consider only low velocities, i.e. kv < I we get

oF oF
Fmolasses ~ F:vcatt(w - COO) - kV% — Fgca[t(a) — (D()) —|—kV% ,
oF
~ kv, )
X0}
~ —av,

where @ = 2k§—g. This is a force similar to the one a particle experiences when it moves through
a viscous fluid, therefore the name of the technique: optical molasses. In the actual experiment, it
is important to use pairs of counter-propagating beams in all three directions to effectively slow
down the atoms.

This is a very successful technique of cooling neutral atoms. If we take alkaline metals as
example, the lower temperature achievable is of hundreds of uK [20], an outstanding result. This
lower limit is imposed by spontaneous emission of the atoms. Once a photon of the cooling beam
is absorbed, the atom must re-emit this photon in a random direction. To preserve momentum
conservation, it must move in the opposite direction with a certain recoil velocity. By associating
a temperature to this velocity, we find the Doppler cooling limit, which is the lower temperature

we can achieve through the optical molasses technique.

An observant reader will notice that although the atoms may accumulate in the region
of intersection of the beams, because of their tiny velocities, they are not actually trapped.

Eventually, they will leave the interaction region and regain speed. To trap them, we must use
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a specific type of polarization in the beams combined with a magnetic field gradient, as first
suggested by Jean Dalibard [21].

In this scheme, called magneto-optical trap, we add to the experimental setup of the
optical molasses a pair of coils in the anti-Helmholtz configuration, i.e. their currents have
different directions. This pair of coils generates an uniform field gradient near the point in the
middle of them. This means that the atoms will experience a Zeeman shift in their energy levels.

This shift can be explored, along with the selection rules, to add a new term in the force of Eq.
9).

Let us look in detail how this field gradient and the lasers act together. For that, consider a
simple transition |Fg = 0> — |F, = 1) as shown in Fig. 4. The pair of counter-propagating beams
have orthogonal and circular polarization, so they will only interact with the group of atoms
that have the correct position regarding the center of the trap. This is caused by the selection
rule of angular momentum. A ¢ beam may only cause transitions that increases the angular
momentum by one unity, while a 0~ polarization causes only transitions that decreases the

angular momentum.

Figure 4 — Magneto-optical trap: counter-propagating lasers with circular polarization acting on
a moving atom through a magnetic field gradient.

We might rewrite Eq. (8) if we consider the Zeeman effect in the detuning of the lasers,
i.e. 6 = w+kv— (@ — Bz). The Zeeman shift is given by Bz, where 8 depends on ‘é—f. By doing
the same previous expansion, we arrive at:

o
Fyor = —ov— TBZ- (10)

There is a new term, a restoring force, meaning that the dynamics of the atoms in the trap follows
a harmonic motion, typically over-damped [18]. A simplified scheme of the apparatus to trap the

atoms is presented in Fig. 5.



Chapter 1. Introduction 18

Figure 5 — Magneto-optical trap scheme.

Magneto-optical traps provide good sources of cold atoms for a wide range of experi-
ments. It is an easy to load trap, with typical capture velocities of tens of m/s [22], and up to 10'°
trapped atoms. Surely, these numbers may change a lot from a specific setup to another. We must
also emphasize that this is not a magnetic trap. The field gradient in a MOT is much smaller than

in pure magnetic traps (not even enough to hold the atoms against gravity), so that the forces in

play are due to the lasers.
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2 EXPERIMENT

In this chapter we describe the details of our experimental setup for the magneto-optical

trap and the specific procedures to induce the FWM processes and measure the generated signals.

2.1 Experimental Setup

The cooled atoms must stay in a very low pressure environment to avoid collisions and
consequently the loss of the trap. This implies that the experiment requires a good vacuum
system. For the MOT, the often used type of pump is an ionic pump, in our case, a Starcell from
Varian. This pump operates typically in an ultra-high vacuum regime, i.e. ~10~° Torr. It ionizes
the gas inside the chamber and accelerates these ions with a high electric potential, ranging from
3 kV to 7 kV. One of the main reasons for using ionic pumps in cold atoms experiments is that it
does not have moving parts and no need of oil. Thus, they require little maintenance and produce

almost no noise.

The vacuum pump is connected to a glass chamber, henceforth labeled science chamber,
where the lasers can interact with the atoms. It is also in the science chamber that lies the
rubidium dispenser. This dispenser contains a mixture of a rubidium compound and a reducing
agent [23]. The alkali metal is released in a controllable way via ohmic heating, with currents

typically from 5 A to 7 A and reaching temperatures up to ~800 °C.

The following aspect of the experiment is the magnetic field. We use a pair of circular
coils with a radius of 27 mm and made of 1.1 mm diameter copper wire, rolled 50 times. As
mentioned before, the coils are in an anti-Helmholtz configuration with a 1.5 A current, i.e. the
currents go in different directions. The final arrangement is similar to the one presented in Fig. 5,

with a typical gradient of magnetic field inside the science chamber of 10 G/cm.

In addition to this magnetic field there are also compensation coils that shield the atoms
from external fields, specially the earth magnetic field. The cage is made of three pairs of square
coils, arranged to form a cube, so that each pair can generate a field in a specific direction. The
sum of these vectors can act against earth’s magnetic field and eliminate it. For our system we
coarsely tuned the currents in the cage, but a precise procedure can be used as shown in Ref.
[24].

The main segment on the experiment is the optical setup. We use two diode lasers
from Sanyo, model DL7140-201S with homemade electronics. These are reasonably narrow
lasers, with linewidths below 1 MHz and the possibility to sweep the frequency over 10 GHz by
changing the injection current. This range of frequency is more than enough to interact with all

hyperfine levels of the D5 line of 8’ Rb (at 780 nm), shown in the level diagram of Fig. 6.
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Figure 6 — Level diagram of the D, line of 3’Rb with the cooling and repump transitions in red
and blue, respectively.

The two diode lasers are labeled cooling and repump. The cooling laser is the main
responsible for the MOT mechanism, transferring momentum to the atoms via absorption. It
is tuned near the transition ’Fg = 2> — |F) = 3). Although this transition is closed, i.e. it only
relaxes to its original ground state, some atoms may go to |F, = 2) due to the high intensity of
the lasers and the Doppler broadening. Therefore, these atoms might fall in the }Fg = 1>, where
they can no longer interact with the cooling laser, i.e. a dark state. To deal with these atoms there

is the repump laser tuned in the open transition |F, = 1> — |F) =2).

Each diode laser has their own reference cell, associated with a saturated absorption
spectroscopy (SAS), shown in the simplified scheme of Fig. 7. Right after the laser, there is a 60
dB optical isolator from Isowave, to prevent reflected light of reaching the diode and causing any
damage. Since only a small fraction of the laser power is necessary to perform the SAS, we use
a microscope slide to divide the beam in two parts. The more intense beam goes to the MOT,
while the weaker is used in the SAS.

Figure 7 — Simplified scheme of the saturated absorption spectroscopy. OI, BS and ND are
optical isolator, beam-splitter and neutral density filter, respectively.
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The SAS technique, a well known type of Doppler-free spectroscopy, uses a pair of
counter-propagating beams to distinguish the hyperfine levels of an atomic vapor. These beams
are called pump and probe, the later being less intense, and they interact, in our system, with
a sample of rubidium. Our vapor cells contain both stable isotopes of rubidium in natural
abundance, i.e. 72.2% of 3°Rb and 27.8% of ®’Rb.

The pump and probe beams are broadly absorbed by the medium due to the Doppler
effect. However, when both lasers have the correct frequency of one the hyperfine levels and
interact with the same velocity group of atoms, the probe beam is less absorbed resulting in a
peak in the transmission measurement, as shown in Fig. 8. Notice that there are four absorption
dips in this result because each isotope has two hyperfine ground states (see Fig. 6). Inside each
one of these dips there are six peaks, meaning that in six occasions the pump and probe beams

were interacting with the same atoms.

87Rb SSRb BSRb 87Rb
1.0 Fg=2 Fg=3 F = F =
0
5) 0.8 8/2r (GHz)
-600 -400 -200 0 200 400
o T T T T T T
8 o6
©
E 04}
2
0.2
87Rb
0.0 | F,=2
| | | | |
0 2 4 6 8

8/2n (GHz)

Figure 8 — Saturated absorption spectroscopy of the Rb. The zero of the horizontal axis corres-
ponds to the closed transition |F, =2) — |F, = 3) of ® Rb. The inset graph is a zoom
of this last transition with the crossover between |F, = 1) and |F, = 3) circled.

Due to angular momentum selection rules, only three transitions are allowed from the
hyperfine ground states. Thus, only in three out of these six peaks both beams are interacting
with the same hyperfine level. The other three peaks are crossover transitions, i.e. the pump beam
is resonant with one hyperfine while the probe interacts with a different one, for the same group

of atoms.

At all times during the operation of the MOT we use the SAS signal to keep track of the
frequency of both lasers, cooling and repump. To properly trap the atoms, the cooling laser is
actually in the crossover between |F, = 1) and |F] = 3). To bring its frequency near the closed
transition we use an acoustic-optical modulator (AOM), leaving a small detuning from the
|F] = 3) level. This is important to interact with a greater number of atoms, because if the laser
frequency is set completely in resonance only the stationary group of atoms will be able to
interact with it.
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The beams not used in the SAS, are applied in the actual assembly of the MOT. A
simplified scheme of the MOT lasers and the combination for the three arms X, Y and Z is
presented in Fig. 9. The repump laser goes directly to a fused fiber optic coupler, i.e. a cable in
X-shape that has two inputs and two outputs. As shown in the scheme, the inputs are the repump

and cooling beams. The outputs are the X and Y arms of the trap.

Figure 9 — Simplified setup of the MOT lasers. SAS and AOM are saturated absorption spectros-
copy and acoustic-optical modulator, respectively.

Before arriving at the fused fiber optic coupler, the cooling laser has several steps. After
the SAS, it needs to go through an AOM. This happens for two reasons. The first is that we use
this AOM to modulate the cooling laser in order to switch the MOT in a controlled temporal
scheme. This temporal control is explained in the next section. Secondly, the cooling laser must
have a small detuning to optimally cool the atoms. In this case the chosen crossover transition
to fix the laser frequency is 212 MHz below the |F, = 3) level. The AOM blue shifts the laser
frequency by 200 MHz for the first order, leaving it only 12 MHz from the cyclic transition. We
also use the zero order of the AOM, indicated by the dotted arrow in Fig. 9, in other parts of the

experiment, e.g. as a guide beam for alignments or to measure the optical density of the MOT.

Since there are many optical elements in the path of the cooling beam before arriving at
the atoms, a lot of power is lost. Our diode lasers have typical powers of tens of mW, making
necessary the use of an amplifier to compensate the losses. We use a Boosta amplifier from
Toptica Photonics. In an optimal alignment situation, an input power of 20 mW becomes an
output power of 700 mW. With such gain, there is enough power to generate all arms of the
MOT.

The output light of the amplifier is coupled to a fiber and sent to its final step before
the fused fiber optic coupler. In this part, we use a polarizing beam-splitter (PBS) to separate
two beams. One of them is sent directly to the Z arm of the trap, while the other is sent to the
fused fiber optic coupler to be mixed with the repump. With all three beams ready, they are
sent through fibers to the science chamber. Once out of a fiber, a telescope is used to expand

these beams to a 5 cm diameter and a quarter-wave plate changes their linear polarization to
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the proper circular polarization. Once the laser passes through the chamber, a mirror reflects it
back, forming the pair of counter-propagating lasers as indicated in the picture of the system in
Fig. 10. These reflected beams double-pass through a quarter-wave plate to acquire the correct

orthogonal polarization.

Figure 10 — Picture of the science chamber with the MOT arms indicated by the red dashed lines.

The MOT itself is observed with an IR camera, since the light used in the trap process
is emitted via spontaneous emission in all directions. It is also possible to capture an image of
the trapped atoms using a CCD camera. These images are useful to measure the diameter of
the cloud, as shown in Fig. 11, by transforming the picture into a matrix with the individual
information of each pixel. Then we plot the data of the sum of rows or the sum of columns and
fit them with a Gaussian. We use the waist of this Gaussian as the diameter of the MOT. In fact,
the cloud is slightly elliptical and therefore we measure the horizontal and vertical profiles. The

result in Fig. 11 is within the usual parameters of our system, with a 4 mm diameter.

The same fluorescence that allows the CCD to capture images of the cloud might be used
to measure the number of atoms. In this case we use a photodetector (DET36 from Thorlabs) that
captures this fluorescence with the aid of a lens. Using the peak response of the photodetector
we may calculate the total power detected in that solid angle. By generalizing to a sphere, we
know the total power emitted by the atoms. Finally, we divide this total power by the energy of a
single photon and the scattering rate, finding the number of atoms. For our experimental setup,

this number typically has the order of 10° atoms.

The MOT diameter and number of atoms are a fraction of the several parameters that
can be obtained from characterization measurements [25]. One last parameter that we measure
is the optical depth (OD), a number that represents how much light the MOT can absorb. For
this, we use a attenuated beam on resonance with the closed transition ‘Fg = 2> — |F =3) and

acquire its transmitted intensity with the MOT on (/) and off (Iy). Then, the optical depth is
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Figure 11 — CCD image of the atomic cloud. The red line indicates the diameter taken from the
Gaussian fit.

simply OD = —Ln(1/Iy), with the typical values of our system ranging from OD = 3 to OD = 4.

2.2 Four-Wave Mixing Setup

As mentioned previously, the initial goal of this work was to analyze two signals of
FWM generated with the same atomic sample and only one laser. To do so we have mounted the
setup presented in Fig. 12, where a single cw laser generates two linear and orthogonal polarized
beams, labeled input beams a and b. This cw laser is similar to the cooling and repump lasers
of the MOT and therefore can be tuned by directly changing the injection current. It is worth
mentioning that for the FWM part of the experimental setup there is also a SAS experiment right

after the cw laser, just as it is in the MOT.

In a typical configuration of FWM, we would have a strong beam with a fixed frequency
and a weaker beam that probes the system while scanning its frequency. In our case, both beams
have almost the same intensity and we are interested in the two FWM signals generated in
directions 2k, — kj, and 2kj, — k4, as shown in Fig. 13. This means that we are investigating
processes where two photons of one of the beams are absorbed and one photon of the other
beam is emitted, generating new coherent signals. In addition, we can only scan the frequency of
the laser itself, meaning that both beams have their frequencies changing simultaneously. The
input beams also have a small angle of 10 mrad to allow to spatially separate all four signals.
This configuration leads to FWM spectra with unexpected features. These features are the main

objective of this work.

The two FWM signals and the transmissions of the input beams a and b are detected by
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Figure 12 — Simplified scheme of the four-wave mixing setup. PBS and APD are polarizing
beam-splitter and avalanche photodiode, respectively.

Figure 13 — Spatial distribution of the input beams and FWM signals.

avalanche photodiodes (APD) of the models APD120A/M (max responsivity at 800 nm) and
APDI120A2/M (max responsivity at 600 nm) from Thorlabs, respectively. We use these detectors
because they are highly sensitive and for our experimental situation the FWM light can be fairly
small. To achieve this great sensitivity, APDs provide gain in the input signal via the process of

avalanche multiplication.

The beams that induce the FWM processes are tuned near the closed transition ‘Fg = 2>
— |F] = 3), where it is reasonable to expect the greatest signal. Since this is the same transition
of the cooling laser of the MOT, both lasers might compete for the atoms, making the FWM
process inefficient. To avoid this, we use a temporal scheme to generate and acquire the signal of
interest with the MOT lasers off. In our case, we built a time control apparatus using an Arduino
board that temporally manages the entire experiment. Fig. 14 shows a scheme of this temporal

control.

All trapping fields, i.e. cooling laser and anti-Helmholtz (AH) coil, are shut down in a 2
ms window. This time is small enough so that the atoms cannot gain much speed and therefore
move away of the center of the science chamber. It is in this window that we obtain the whole

FWM signal. The trigger (red curve in Fig. 14) has a small delay of 20 us, allowing the repump
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Figure 14 — Temporal control of the FWM experiment.

laser to properly prepare the atoms in the ground state |Fg = 2>, where they can interact with the
FWM laser. In fact the repump laser is always active throughout the measurement. This trigger
controls a ramp that modulates the injection current of the FWM laser, scanning the frequency of

beams a and b (green curve in Fig. 14).

This time control scheme is often used in experiments with cold atoms. It is typically
coupled with a data acquisition system that shifts the laser detuning by small amounts from
one time window to the next. This way, the system acquires one point of data per window. We
actually have designed and tested in the past an acquisition system based on LabView. However,
for the experiment described here, such a system is not reliable because our MOT lasers do
not have their frequencies locked. As a consequence, our sample is unstable due to the drift in
frequency of the cooling and repump lasers. Without the frequency locking system, the atomic

cloud stays in place for only a few minutes, while with the locking it could stay for hours.

Given that, we perform the whole FWM measurement in a single time window. In terms
of numerical parameters, this means a 250 Hz ramp whereas the amplitude depends on the
intensity of the input beams. This intensity dependency comes from the spatial configuration
where both beams are copropagating and therefore are pushing the atoms with the same force
that holds them in the center of the cell. This radiation pressure is higher on resonance, so we
cannot scan the FWM laser slowly, otherwise the atoms will gain too much velocity and leave
the trap. One alternative to actually leave one of the beams fixed on resonance would be to use
an AOM to produce small pulses (~ us). This way there would not be enough energy to push
the atoms away. However, we do not have an AOM available to do this, so the only option is to

use fast scans.

Therefore, to choose the amplitude of the ramp it must be big enough so that the lasers are
not resonant for too much time and push the atoms away. For a configuration where the intensities
are I, = I, = 10 mW/cm? we have used typically 3 V ramps. This gives a frequency range great
enough to see all three hyperfine transitions, which can be used to extract a time-frequency
conversion factor. In Fig. 15 we present a typical measurement of the transmission of beams a

and b that we use to extract this conversion factor.
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Figure 15 — Transmission of a weak beam through the cold atoms as a function of the detuning.

With the conversion factor in hand we can estimate how long the laser stays on resonance.
For a 3 V amplitude it takes 2.5 s to shift 1 MHz and since the natural linewidth is about 6 MHz
[26], we may say that the lasers stay 15 ts on resonance. With this information, we may also
check for another phenomenon: even if the lasers are not strong enough to push the atoms away,

they may give enough velocity to an atom so that the Doppler effect takes it out of resonance.

To check this hypothesis, we begin by saying that the necessary Doppler shift should be

equal to the natural linewidth (I') of the transition, i.e.
kv=T, (11)

where k is the wavevector and v is the velocity of the atoms. This velocity comes from the

momentum given by the photons, so, using momentum conservation
nhk = mv, (12)

where 7 is the number of photons and m the mass of the 3’Rb. Putting these two equations

together we get
ml”

n=.3 (13)
Using the known values we arrive at n =~ 10° photons for a single atom. Therefore, with the
typical 10° atoms in the MOT, measured with the fluorescence, we would need 10'? photons to
shift them away of resonance. In the 15 us of our estimation, the 10 mW/cm? with a 1.5 mm
diameter, laser gives only ~ 10'% photons, at least two orders below the necessary amount. So, in

our measurements we are safely far from pushing the atoms out of resonance and out of the trap.
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3 EXPERIMENTAL RESULTS

In this chapter we describe a series of experimental results as well as the related discus-
sions. For each parameter changed in the experiment there is a specific section presenting the

results.

3.1 Two lasers measurements

Most of the performed measurements were done with a single laser setup, as previously
described. However, there were a few initial attempts with two independent lasers. These
measurements are necessarily more difficult since both lasers have to be simultaneously on
resonance with the atoms in order to induce the FWM process. This is not an easy task without
an AOM and a frequency locking system, therefore, we only made a few series of measurements
using this configuration. The setup is similar to that described before, only that now the beams a

and b are coming from two different lasers. A typical spectrum is presented in Fig. 16.

Figure 16 — Two hundred FWM spectra using two different lasers both with I ~ 1 mW/cm?. One
of the signals was vertically shifted to improve visualization. The inset represents a
zoom of the circled area.

Since there was little control of the lasers frequency, we took large scans containing
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several time windows with FWM signals. For this particular result in Fig. 16 there are 100 of
each FWM process, kg — 75;, and 275;, — kg, taken with 107 Samples/s and a ramp frequency and
amplitude of 250 Hz and 500 mV, respectively. The idea behind this type of measurement is to
let all the lasers drift (the two needed for the FWM processes and the other two of the MOT) so
everything that could happen would be recorded.

It is important to emphasize that, although the APDs used to detect this signal are very
sensitive, the signal is never greater than 100 mV in this setup. This weak response is probably
due to the input beams not being perfectly resonant with the atoms at the same time. It is hard
then to analyze in detail the zoom curve in the inset graph of Fig. 16. It is only possible to say

that the signal is quite narrow and appears to have some doublet structure.

To analyze all signals acquired, a huge amount of data ranging from 100 to 5000 windows,
we wrote a Python code. The code would essentially locate all the peaks and store information
about their position and amplitude. With these information we were able to perform a series of
analyses of which only a few rendered understandable results. Three of those are shown in Fig.
17. The conclusions taken from these analyses are not encouraging. From the amplitude analysis
(Fig. 17 (a)) we see that the FWM signals behave similarly with respect to this parameter, i.e. if
one them increases so does the other. The factor of 2 between the signals comes simply from
the fact that the 2%;, — ke signal is detected a meter after 2k, — kp, so it has a larger distance to

defocus.

Figure 17 — (a) Amplitude of one FWM signal as a function of the other amplitude. (b) Detuning
between FWM signals (6 FW M) as a function of the detection time. (¢) Histograms
of the FWM amplitude, with respect to the average amplitude (AFWM).

Since the two lasers are not perfectly on resonance, the FWM signals should have some
detuning between them. To measure this detuning is to look at the delay between the peaks of

the FWM signals. This delays translates into a frequency difference, represented in the vertical
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axis of Fig. 17 (b). For this particular measurement, this difference is in the range of 0.5 MHz,
while for other measurements with more detection windows this range may go up to 2 MHz.
This means that the FWM process can only be induced if the detuning between the input beams
is in this narrow range of few MHz. This is a reasonable result because it is not expected that the

cold atoms can interact with a laser too far from resonance.

Finally, the two histograms presented in Fig. 17 (c) represent the counting of the ampli-
tude of the signals, with the center being the average amplitude. A Gaussian fits the data with
a coefficient of determination R? ~ 96%, meaning that the FWM signal is following a normal
distribution. Hence, the fluctuations of the FWM signal amplitude must be only due to the lasers

frequency drift, a process that is not controlled.

Nonetheless, there is an apparent correlation between the signals 2y — Ky and 2K, — kg,
i.e. they present similar behaviors. To quantify such correlation we have measured the Pearson
coefficient [27] between the two signals and found a 91% positive correlation. This coefficient
measures if there is statistical evidence of a linear relation between two given variables. Therefore,
it confirms that the FWM signals do present a strong correlation. We must emphasize that this
correlation should have a classical nature, since each signal must be generated by different atoms

for a given time.

These measurements are time consuming, since we must keep track of four unlocked
lasers manually. One reasonable way of making this simpler is using a single cw laser to generate
the two FWM input beams. Thus, in the following sections we will only discuss measurements

performed with this simpler setup.

3.2 Intensity

With the single laser setup the FWM spectra is a lot more easier to obtain and robust. It
opens the possibility then, to change specific parameters of the system and carefully analyze the
spectra. However, before getting into this detailed analysis it is important to look at a typical

result, such as the one presented in Fig. 18.

This experimental result is one of many taken throughout this work and it represents well
the typical outcome for the single laser setup. The curves in Fig. 18 (a) are the transmissions of
the input beams. They are slightly asymmetric, possibly due to the scanning direction as will
be discussed in the last section of this chapter. For this and all following results the scanning
direction went from high energies to low energies and are inverted in the presented graphs to
match the frequency direction, i.e. high frequency means high energy. As for the parameters for
the frequency scan of the cw laser, they are also the same for all experimental results, except

when mentioned, with a 250 Hz frequency and 3 V amplitude ramp.

The main object of this study is presented in Fig. 18 (b) with the FWM signal detected.

Two features draw attention, the similarity between the two signals and the deep valley around
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Figure 18 — (a) Transmission of the input beams both with I ~ 10 mW/cm?. (b) FWM spectra
using a single laser. All curves are normalized.

the resonance. The first one was already expected given the high positive correlation between
signals as demonstrated previously with the two lasers setup. Also the two signals are generated
through the same type of FWM process, using the same beams, both with same intensities. So,

they should be identical. However, the second feature, the valley, was unexpected.

One might say that a valley such as this should only be due to absorption effects, since
we are dealing with a highly absorbing media. Another possibility would be an Autler-Townes
splitting [28, 29] caused by the lasers given that they are, for this particular result, a few times
above saturation intensity. If that was case, the lasers would split the levels of the transition in
two, leading to more than one possible excitation routes of the FWM process. To check this
first two hypothesis we performed measurements changing the intensity of the input beams, as

presented in Fig. 19.

Let us start the analyses by Fig. 19 (a). These three spectra were taken using different
intensities of both input beams, with the curves normalized to allow a superposition. Clearly
there is a power broadening effect in this result, considering that the higher intensity curves
have a larger width. Despite that, the valley remains with nearly the same width. In fact, we
changed the intensity of the input beams in a range of two orders below to two orders above
saturation intensity and the valley remained with the same shape. It becomes clear then that
the Autler-Townes hypothesis must be ruled out, because there should be no splitting below

saturation intensity and for high intensities there should be two well separated peaks.

At this point another hypothesis to explain the valley that can be ruled out is the elec-

tromagnetically induced absorption (EIA) [30]. In this phenomenon there is large increase in
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Figure 19 — (a) FWM spectra for different intensities of both input beams. (b) FWM spectra for
different intensities of a single input beam. All curves are normalized.

atomic absorption due to the interaction with resonant light. Since the sublevel structure of our
experiment matches the necessary conditions for EIA, it could explain the valley in the FWM
signal. However, the literature [31] shows that the increase in absorption due to EIA is very
narrow in frequency, i.e. below the natural linewidth, and intensity dependent. Our signal violates

these two conditions, so EIA must not play a role in this experiment.

To better understand the power broadening, we also changed the intensity of a single
input beam to keep track of its effects in each FWM signal, as shown in Fig. 19 (b). In this
case, the power broadening effect is less pronounced, specially in the upper curves that represent
the signal kg - %b. One might expect that this signal, which depends on the absorption of two
photons of the input beam k4, would be more affected by intensity changes of this same beam,

but the results show otherwise.

Using the same techniques described in the previous section, i.e. acquire large quantities
of data and extracting information with a Python code, we were able to analyze quantitatively a
few features. These results, as a function of the total laser intensity I = I, + I;, and for the Z%a -

76’[, signal, are given in Fig. 20.

On Fig. 20 (a) we show that the amplitude of FWM signal grows with the intensity,
without showing signs of saturation for the presented range. A linear fit of the data on a log-log

graph shows that the exponent of this growth is ~ 1.5. If we had changed the intensity of only
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Figure 20 — (a) Amplitude of the FWM signal measured at the higher peak. (b) Frequency
separation between FWM peaks. (c) Full width at half maximum of the valley.
(d) Normalized depth of the valley, i.e. depth/amplitude. Iy, = 2.5 mW/cm? is the
saturation intensity of the D line of 87Rb [26]. The experimental data comes from
the 2K, - 7€b signal. The arrows in the inset indicate each parameter measured by
matching their colors.

the input beam a, the one that gives two photons to the FWM process, it would be expected that
the FWM signal amplitude would have a second-order dependency on the laser intensity. On the
other hand, changing only the intensity of the input beam b should induce a linear dependency
of the FWM amplitude, since it contributes with one photon to the FWM process. Therefore,
changing the total intensity should result in a third-order dependency, whilst we obtained an

exponent of 1.5. This discrepancy is yet to understood.

As for the peak separation and the valley width, Fig. 20 (b) and (c) respectively, they
appear to be connected. It is so because the FWM spectrum broadens with the increase of the
intensity, as shown in Fig. 19 (a). However, the peak separation almost doubles for the intensity
range of the graph, while the valley width increases only by a third. Thus, the whole signal width

is more sensitive to intensity variations then the valley width.

The fourth result, in Fig. 20 (d) might give some insight on this odd discrepancy between
the valley width and the peak separation. In this graph we present the normalized valley depth,
i.e. the depth of the valley divided by the amplitude of the signal. Therefore, if this parameter
decreases it means that the valley has become shallower and, in fact, this happens around the
region where both lasers have their intensities equal to the saturation intensity. This small change

of behavior of the valley depth around the saturation intensity indicates that there are different
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physical phenomena acting on a low intensity regime and on a high intensity regime. It also
may explain why the valley width (Fig. 20 (c)) seems to be less sensitive, 1.e. only for higher

intensities it would grow faster.

With all this data in hand, it is hard to support the idea of the valley being a mere
absorption. Had this been the case, we would expect to see the valley depth decrease as the
intensity increases. Therefore, absorption might only explain the valley depth until the saturation

intensity. After this value, some other mechanism must play a role.

3.3 Optical depth

To further investigate the absorption hypothesis it is important to study the behavior of
the FWM signal under different optical depths (OD). It is reasonable to expect that, if the valley
is due to absorption, a sample with lower OD would absorb less and consequently produce a

shallower valley. The experimental results are shown in Fig. 21.
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Figure 21 — FWM spectra for two regimes of optical depth. Input beams both with I ~ 5 mW/cm?.
All curves are normalized and the data comes from the 2k, - k;, signal.

In order to change the OD of the MOT we used neutral density filters to lower the power
of the cooling beams. By doing so, we could go from OD = 3 to a lower density regime with
OD = 1. These values mean that for a weakened beam the sample went from a 95% to a 63%
absorption. Our maximum value of OD is not as big as it should be, considering the values of the
literature, but it is reasonable given the fact that the cooling and repump lasers do not have their

frequencies locked.
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The result in Fig. 21 shows that even though there are considerably less atoms to
participate in FWM process and therefore to absorb the signal, the valley does not change. This
is a strong evidence that some other effect must also play a role to explain the nature of this

spectrum.

3.4 Circular polarization

Most of the measurements of this work were performed using linear and orthogonal
polarized beams, as described in the previous chapter. However, it is interesting to ask how
different the spectrum would be for circular and orthogonal polarized beams. These results are
shown in Fig. 22. To perform such measurements, we have used a quarter-wave plate to transform

the linear polarization into a circular one.

Figure 22 — Transmission of the input beams and FWM spectra using circular orthogonal polari-
zation.

In this case we chose to present the transmission of the two beams over the FWM spectra
to show the other two hyperfine transitions that the input beams may be resonant with, |F, = 1)
and |F] = 2). The first aspect of this figure to draw attention to, is that the signal obtained in
the closed transition ‘Fg = 2> — |F] = 3) becomes the two orders smaller than in the previous
measurements with linear polarization. In fact, it is so small that the FWM in the open transition
|Fy =2) — |F} =2) is larger.

To understand why this signal is so much smaller let us look in detail the Zeeman

sublevels of this closed transition |Fg = 2> — |F] = 3). Fig. 23 has the possible transitions using
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(a) linear and orthogonal polarization and (c) circular and orthogonal polarization. For linear
polarization we might choose the quantization axis of the system as the polarization direction
of one of the beams. Therefore, because of selection rules, this beam is only allowed to do &
transitions while the other, which has two circular components (that together add up to a linear
polarization), induces o transitions (see Fig. 23 (a)). It is important to note that even though
both lasers have linear polarization they cannot simultaneously connect the same states. As a
consequence of that, the FWM signal may be generated in the basic four-level system of Fig.
23 (b). Several of these four-level systems may happen simultaneously and add up to the final

signal.

Figure 23 — (a) Zeeman sublevels of }Fg = 2> — |F] = 3) and the allowed transitions for linear
and orthogonal polarized beams. (b) Unitary cell for the FWM in the linear configu-
ration. (c) Zeeman sublevels of ‘Fg = 2> — |F) = 3) and the allowed transitions for
circular and orthogonal polarized beams.

On the other hand, for a circular polarization setup both beams will induce o transitions,
one to greater my and the other to lower mp (see Fig. 23 (¢)). In this situation there is no possible
arrangement to generate FWM, since the beams cannot complete the three necessary excitations.
In addition, in the presented experimental result both lasers had the same intensity, so they should
spread population evenly throughout all the ground sublevels. Therefore, the small FWM signal

in Fig. 20 is due to the linear polarization residue, left in the beams by the quarter-wave plate.

3.5 Magnetic field

Considering the role of the Zeeman sublevels in the FWM process, the addition of a
external magnetic field should have some impact on the spectrum. With the intent of testing
this affirmation we have used the compensation coils of the MOT to increase the magnetic field
perpendicular to the plane where the input beams and the FWM signal were. The spectra for

different intensities of the external field are presented in Fig. 24.

Once again, all this curves are normalized to ease the comparison. It is clear that, up until

3 G, the magnetic field had no effect on the spectrum. This is actually reasonable since the closed
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Figure 24 — FWM spectra for different intensities of external magnetic field. Input beams both
with I =~ 10 mW/cm?. All curves are normalized and the data comes from the 2k, -
kp, signal.

transition ’F = 2> — |F) = 3) shifts only 0.23 MHz per Gauss [26]. Therefore the detuning
achieved with the maximum field is negligible because of the several tens of MHz width of the
signal. It is not straightforward to achieve higher fields with our Faraday cage because it was
planned to deal only with the earth’s magnetic field, which is typically 0.25 G at the laboratory

location.

3.6 Scanning speed and direction

Up until this point, all experimental results were taken with a ramp that went from high
energies to low energies, henceforth called down ramp. We have done this way so that the closed
transition would come before the other two in the time window used to detect the FWM signal.
However, it is important to discuss what is the influence of this ramp direction in our result. The

ramp going from low energies to high energies will be called up ramp.

We present in Fig. 25 results for three intensities of the input beams and in both ramp
directions. Apparently the asymmetry in the down ramp signal is much more pronounced. The
reader must keep in mind that all previous results were taken with this down ramp, so they all
have this same asymmetry. The peak relation even inverts in the result for I, = I, = 2.5 mW/cm?
in Fig. 25, where the peak in the high energy side is the taller one, a feature only seen for the up
ramp. The wings of the signal are also clearly different. Therefore, the broadening and line shape
are partially due to the ramp direction, an evidence that there is a temporal dynamics playing a

role in the FWM process.

Naturally, we should also check the influence of the ramp speed on the signal. Therefore,
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Figure 25 — FWM spectra for three intensities of the input beams and two directions of the
scanning ramp. The values next to each curve are the intensities of each input beam.
All curves are normalized and the data comes from the 2%, kb signal.
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Figure 26 — FWM spectra for several speeds of the ramp. Over each curve we present the time

taken to scan 1 MHz. Input beams both with I ~ 1.3 mW/cm?. All curves are
normalized and the data comes from the 2k, - k;, signal.
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using our typical down ramp, we have taken several spectra for different amplitudes of the ramp.
This result is given in Fig. 26. To change the amplitude of the ramp is to change its speed because
the frequency is fixed and given by the size of time window (250 Hz). In this result it is cleat that,
although all usual features are there including the valley, the asymmetry is much less pronounced
for slower ramps. This means that the asymmetry might not be due to the light pushing the atoms,
since for slower ramps there are more resonant photons. We must remember that according to
our estimation of the last chapter, this results were taken in a situation where there is not enough

photons to push the atoms out of resonance.

These features, presented in Fig. 25 and 26 support the hypothesis that there must be
some temporal dynamics in the FWM signal, given the experimental conditions we use. While
the ramp direction affects the broadening, the ramp speed may increase the asymmetry of the
peaks. Finally, it is important to notice that even though these ramp parameters, direction and
speed, can influence the signal, they do not provoke significant changes in the valley around the

resonance.
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4 THEORETICAL MODELING AND ANALYSIS

Our goal is to build a theoretical model that gives evidence of the underlying physical
mechanism playing a role in the FWM spectra. Then, we present several theoretical results and

discuss their agreement with the experimental data.

4.1 Bloch equations

We write down the Bloch equations for a four-level system in which there are two pairs
of degenerate levels following our previous analyses in section 3.4. Three fields, initially set as
different, interact with the levels in two different orders to generate the 2k — %b, as shown in Fig.
27. Each of these options (0s— = W, — Wp+ + O Or W54 = Oy — Wy + @) correspond to one
circular polarization of the FWM signal. Together, these two add up to a linear polarization.

We shall focus on system I since it should be easy to obtain the solution of system II by
analogy. Therefore, the main goal is to obtain the coherence between levels |1) and |4), which
contains information about the FWM generated signal. We must emphasize that, once we assume
@, = 0y, the labels of the fields in Fig. 27 follow the convention set up previously and hence,
we are modeling the 2k, — 75;, signal. There is no reason to believe that the other signal 27€b — kg

should be any different, as shown in section 3.1.

Figure 27 — Schematic representation of the four-level system interacting with three fields. @,
and @, represent the two photons given by input beam a; @ or ®,_ represent the
one photon stimulated by input beam b; w;, or @;_ are the two circular components
of FWM signal that add up to a linear polarization.

We begin our treatment by writing down the hamiltonian of the system

A = Ao+ Hin, (14)

where Hj is the free atom hamiltonian and H,,, is the interaction hamiltonian. At this point, it
is necessary to use a few approximations. The first one is to use a semiclassic treatment, i.e.

the atoms will have quantized levels while the fields will be classic. Given that, we may also
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say that the relevant interaction term of the atoms with the light is the electric dipole, since
the wavelength of our lasers is much larger than the atom itself. Completing this initial set of
considerations, there is only one electron available to interact with the light, since Rubidium is

an alkaline metal. Thus, the interaction hamiltonian is

A

Ay = —e7-E;, (15)

where e is the electron charge, 7 is the position vector and E ;j 1s the electric field with j =

a,d,by,s_.

We define the following convention for the fields polarization direction: E,=E,?and
E), = E,%. Hence, the direction of propagation is ¥, while the quantization axis is chosen as Z.
Given that, we must rewrite the polarization of the fields in terms of the {7,067, 6~} basis. We
know that

£=—(6T+6")
As a consequence the fields can be written as
E,= % [, (1) (@ —kay) —{—c.c.} 7, (16)
B, — % :ga/(t)e_i(wﬂ’t_k“'y) —I—c.c.} 7,
Ep, = % :£b+(t)e_i(“’b+t_kb+y) +C.C.} 6™,
E,_ = % :85_ (t)e_’.(w“’_k“” +c.c.] 6,

where ¢€; is the field amplitude, @; is the field frequency and k; is the wavevector, with j =
a,d ,by,s_.
The field amplitudes do not have any spatial dependence because we have used the

approximation that the wavelength is much larger than the atom. Finally, we define the transition

dipole moment and the Rabi frequency, respectively, as

;,an:e<n‘?~éj‘p>, (17)
_ Hap€j
Q= T (18)

where ¢é; is the polarization direction of any given field.
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With these definitions available, the first task is to calculate all the elements of the
interaction hamiltonian. First, notice that all elements in the main diagonal must be zero, because

there is no dipole interaction of a level with itself:

Hiptn=0;  n=1,2734. (19)

Let us calculate then the off-diagonal terms

117 72 . _ .
Hine 12 = _e( ”'2 7| >8; (t)el(wal*kay) _ %8; (t)ez(wat—kay), (20)
Hin 13 =0, 21

1|/7-67 |4 : — :
Him,14 — _wgs*_ (t)e’(a)‘Y—t_kS—y) — %gs*_ (t)el(ws—t—kx—y), (22)
2178713 . _ .

Hinl,23 — _wglﬂr (t)e*l(warlfkar)’) — 523 €t (t)efl(a)bthfkary)’ (23)
Hip 24 =0, (24)

317 74 . _ .
Him734 _ _€< |r2 7'L'| >8;/ (t)el(a)u/l—ka/y) _ 534 8;/ (t)el(w“/l_k”/y)- (25)

It is important to notice that only one of the fields components is used in each term. This
is done to take in account only the effects of interest, e.g. |[1) — |2) is an absorption process
while |2) — |3) is an emission. The term connecting the ground states Hj, 13 is zero because
there is no field directly between them. The same applies to the term between excited states

Hips 24. We may write the complete hamiltonian as

E, —!2112 8: (t)ei(w,,tfkay) 0 —L2114 85*, (t)ei(wx,tka,y)
- 24 (1)e (@l k) E, —E gy (1) (Ot —kos) 0 26)
= s ] B - . o s
) 0 ' 223 €;+ (l)e’(w’”r kpyy) * ES' 214 8;‘, (t)e’(wa’t k)
71;14 & (t)efl((l)s—tfkky) 0 7234 ey (I)e*l(a)a/tfka/y) ]E4

where [E; with i = 1,2,3,4 are the eigenenergies of each level. To write the Bloch equations we

must use the density-matrix formalism. To do so we apply Liouville’s equation:

ap i A
9P _ % [ﬁ,H] + Relaxation terms, 27)
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with p being the density-matrix operator, p; being the populations of each level and p;; the
coherence between them (for i # j). For now, we will overlook the relaxation terms. By using

the completeness relations of the system Y _ [m) (m| = 1 we obtain

(panlp + pn2H2p + pn3H3p + pn4H4p - plpHnl - p2pHn2 - p3pHn3 - p4pHn4) - (28)

9Pnp i
ot h
Putting together Egs. (28) and (26) allows to write down all the populations and coheren-
g tog q pop
ces as
dpi i [ Pl i(wut—kay) , P12M12 (@t —kay)
P Y AL 2 a a P12 e % a a 2
Eyais 5 €all)e += g (e (29)
Praldy, i@y t—kyy) | P44 o iy k-
_TMES_(t)e i(@y-1—k, y)_J’_TeS_(t)el(w 1—k, y))’
85;2 _ % (_p122.‘vtl2£;(l)ei(wat—kay) n Plzzulzea(t)e—i(wat—kay) (30)
— p232‘u;3 £Z+ (t)ei(wb+t—kb+)’) + —P;32,le3 Ept (t)e—i(a’b+f—kb+y)) ,
dp33 L p§k3nu23 —i(@pst—kpyy) P23H;3 * i(@p1—kp+y)
7 = % — > £b+(t)€ + Tgb+(t)e (31)
0pas 1 [ P3M3a .\ (e i—k,y) , P3N —i(e st~k ,
=3 —%Sa/(t)e’(wa’ kqy) +T3‘18a,(t)e i(@y t—kyy) (32)
B P41éul4 e (1)el(@1ky) 4 P142HT4 & (1) ei(wszksy)> :
d i v i(@nf—
2oz _ 1 —(pn —Pzz)&% (1) Pt =ka¥) 41y (Ey — Ey) (33)
dt h 2
B P132FL§3 &, (l.)ei(wb+l—kb+y) + P422.Ul48s*_ (t)ei(ws—t—ks—y)) 7
P12M23 £b+(t)e_i(‘°b+’_kb+Y) B p142u348a/(t)e—i(a)a/t—ka/y) (34)

5 }
P13 1 (p13(E3—E1)— !

ot h
+ 9232le€(;k (t)ei(“’“’_k“y) I P432.Ul4 Ss*— (Z)ei(wvt—ksy)),
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0 ] ~
P _ L —(p11— P44)&8§1 (1)e! 5 4 piy(Es— E) (33)
ot h 2
- Pt )etonr-hen 4 P22 g gy ko))

0 ] - ;
dpay i p21li4 i(ot—key) _ P23H34 .\ i(w,i—ky)
o % <P24(E4 —Ep) - 7 & ()e T, & (t)e (37

4 P142/Jik2 Sa(t)eii(watik“y) + p34_2‘uz3 €y (t)ei(wb+lkb+Y)) ,
(38)

d i — * i -
Pss _ 1 (_W% (1)@ keY) 4 pay(Es— Es)

dth
%
_ —P31.u14 g;‘_ (t)ei(ws—t_ks—y) + p—24'u23 8;:+ (t)ei(wb+t_kb+y) i

2 2
There are six coherences missing since they are the complex conjugate of the already calculated
At this point we must introduce the slow variables of the system. To do so, it is necessary
to remember that w,_ is the generated frequency and due to energy conservation it can be

expressed as @s— = @, — Wp+ + Oy . Let us define the slow coherences as

P12 = o€/l K, (39)
P13 = O3l (Qal kay=Optthpry) (40)
pia = Opge’ (! hy) (41)
P23 = Opze (@it —hpy), (42)
(43)

Doy = 62461(—cob+z+kb+y+wa/t—ku/y) ’
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pas = Gayel (Ot k), (44)

These definitions allow us to perform the rotating wave approximation, i.e. neglect all
terms that oscillate with high frequencies. By doing so and using the Rabi frequency definition
of Eq. (18), we are able to eliminate explicit time dependency of our equations. The last step
in mounting the Bloch equations is to add the relaxation terms. These terms come from the
system coupling with the vacuum, but in our treatment, they will be added phenomenologically.

Consider the following rates:
Yup — coherence,
Iy, — population,
Y — (time of flight)™".
We also define the following detunings:
6y = 0y — w1,
Opy = Wpy — @23,
Oy = Wy — W43.

With these definitions, the final set of equations is:

% = —i012Qq +i01,Q, — i014Qs— + 073 +T21p0n+Taipas—Y (P11 —pfy);  (45)
% — iGH O 4 i012Q0 — 105 Qy 405, — (To +Tos+ V)P0 (46)

% = —i05 Q) +i023Qp s — i034Qy +i034 Q5 +To3pon +Tuzpas — ¥ (P33 — p) s (47)
‘%‘4 = iCHQY +i0uQy — 0,9 +i01uQs — (T +Ty3+7)pss  (48)
% =—012 (I8 + 7112 +7) —i(p11 — p22) Q2 — (0132 +i05, Q7 (49)

% = —013 (8, — I8+ + N3+ V) — 16121 — i014Qy ™ +i023Q, + o3, Q5 _e™*;

(50)
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8614 . . . . *
5, = Ou (i6—i8ps + 10y +V14a+7Y) —i(P11 — Pas) Q5 (1)
— iGBQZ/e_iAky + i(724QZe_iAky;
d03 . . . .
5, = o3 (=ipr + 13 +7Y) —i(P22 — P33)Qpy — i624Qy +1013Q0; (52)
a624 o 6 5 ,}/ . % Q* iAky . Q* 53
5 = 0 (—ibps +i0y +1a+7) — 01 ™ —ionQy (53)
+ 014940 +i034Qp 4 ;
8634 o 5 . Q* . % Q* iAky . Q* 54
o —034 (l ! +?’34+7/) — (033 — P44)Qy — 0132 '™ +i024 . (54)
In these last equations we used the definition @,, = E”;E” and Ak =k, + ky — kpy — ks,

assuming that the input beams are collinear.

4.2 Steady-state solution

With the Bloch equations set up, the next task is to solve them. We look for a steady-state
solution, since we assume that the intrinsic dynamics of the atoms interacting with light is much

faster than our lasers scan speed. With that in mind, we zero out all time derivatives:

—i012Q4 +i07,Q} — i014Q— +i07y Qi + 2122 + La1pas + 7Py,

P11 = v (55)
—i0},Q +1012Q, —1023Qp 4 + 105,07
P2 = 12=%a a 23 b+; (56)
I +Tn+7y
—i033Q) . +i023Q) 1 — i034Qy +i03,Q% +Ta3p2 + Tyzpas + 7 ply
P33 = " ; (57)
—i0; .Q.Z, 4+i034Qy — 107, QL +i014Q
Pas = 34 14=%s S : (58)

Iy +Ty3+7y
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—i(p11 — pzz)QZ — iG]3.QZ+ + l'C72*4.Q;k,

12 0+ Y2 +7Y >
Oz = —i012Qp; — i014Qy ™Y +i0y3Q + 105, QF ™V (60)
13= i8,— 8 + N3+ ’
o, — Zilo1 —pu)Q — io13 e "N + i Qe M (61)
i 16y — iy +i6y +Yia +Y ’
e —i(p22 — p33).Q.b_|_ —1024Q + 10138, . (62)
2 —i0pr + V3 +Y ’
P —iGTZQ:_eiAky — iG23QZ/ + iGI4QaeiAky + i634Qb+ A (63)
24 = — 8y + 10y + Poat Y ’
i . Qf —ic Q*ieiAky + 1074 Q)
o — (P33 — Paa) €2y — 10739 48, (64)

i3a’ + Y34+ ’}/

Given that the main goal is to obtain the FWM signal, we will solve the system for o4
perturbatively. Let us look for solutions in first order of €2, and up to second order of Q, or
Q.. It is this particular choice of field orders that contains the right direction in which the signal
is generated. We also leave the term related to Q;_ in first order, since it will be used in a later

section to investigate absorption effects.

To perform the perturbation we take 014, as it is in Eq. (61), and substitute the popula-
tions and coherences respecting the order restrictions just mentioned. After the first round of

substitutions we arrive at

80— iy i | ® 2,2
%~ i0p + it 65
O14 ((l 10p4 +1 +y14+}/)+(i5a—i5b++}’13+7’)+(—i5b++i6d+yz4+y) (65)
) _ip?l o _ G]QQbJrQZ/e—iAky N 623QZQZ/€_iAky
T (00— 0y +Y13+Y)  (i8a— i +Y3+Y)
O3 Qe 034Qp Qe 10

(=i0ps +i0y +14+Y) (=ibpy +i0y +Pa+7)

To keep obeying the order restrictions we imposed, we must approximate 077, 034 and 0»3.
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—iQx
= 4 — 66
O12 (16a+y12+'}/) (pll p22)7 ( )
Q)
073 = — , 67
T Y (P33 — p22) (67)

0y + 134 +7Y

034 = ( ) (P33 — pas). (68)

The input lasers are strong enough to move population around the system and not only
create coherence. Therefore we will model these population differences in Egs. (66-68) as if we
had two-level systems interacting with a single field. We start with the left half of the system
(levels |1) and |2)). The other two terms can be solved by analogy. Therefore, using this two-level

approximation, the excited state population is

2(n2+7)
(T +T23—7) (53 + (Y2 + 7/)2>

In order to calculate the population difference we make the assumption py; = p?l =11in Eq.

P2 = (P11 — P22) |Qul* (69)

(69). With this consideration the population difference for this left half of the system is

(T2 4+ +7) <53 + M2+ ?/)2> pY

. (70)
(Co1 + Do +7) (8 4+ (12 + 7)) +2(12 +7) 1Qul’

P11 — P22 =

If we had used the population conservation condition for a two-level system in Eq. (69),
there would be an extra factor of 2 in one of the terms of the denominator of Eq. (70) and the
zeroth order population would not appear. Finally, we may rewrite Eq. (66) using the result of

Eq. (70). It is also possible to rewrite Egs. (67, 68) by analogy.

At this point it is worth to introduce a small simplification, that is adding the time of
flight rate into the coherence loss rate, e.g. Y12 + 7 — 712. We may do so because these rates are
always together in the equations. Furthermore, the time of flight rate must be much smaller than
any other rate in the system, because we are modelling atoms with very low speeds. With this in

mind, the coherence G4 is:
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QL Q]
(100 — i8py +13)  (—i8py +i0y + Pa)
(Ca1 +T3) (87 +73) PY)
(184 + 112) (84 — iy +7113) | (o1 +T3) (82 +7) + 219> 12
(To1+ D) (87 4+ %5) Py _
(104 — i8p1 +113) (—i0py + 723) :(1‘21 +T3) (82 +13) + 2|/ ?’23:
(C21 +T3) (8 +135) P35

_l’_ — =
(—iGps +i8y + 14) (—i8py +P3) |(T21 +T23) (82 + 133) +2 191 123

(Ca1 +Tu3) (87 +7131) P3s > ]
(—i0py + 10y +724) (i0y + V34) [(Du +T43) (87 + 134) +2|Qu ? ?’34}

-1
O14 = (i5a — i6b+ + i(sa’ + '}’14) + [_ZP?I'Q*— (71

HiQEQH Qe AR (

_l’_

_l’_

This result can be seen as the main core of our theoretical model. There is no need to go
back to the actual coherence p14 since the FWM signal is equal to the modulus squared of the
coherence, apart from constants. It must be emphasized that to take in account propagation effects
such as absorption and phase-matching, we still need to connect this coherence with Maxwell’s
equations. In addition, there is no need to account for Doppler broadening, i.e. integrating in the

Maxwell-Boltzmann distribution, since the experiment uses a cold atomic sample.

Before plotting |614|> (Eq. (71)), it is important to analyze the four terms inside the
parenthesis, the ones with dependency on the ground state populations. Each of these terms come
from a different pathway to induce the coherence pi4 and we may map these pathways as shown
in Fig. 28. To build this map we kept track of each substitution in the process of solving Egs.

(55-64) and the Rabi frequencies connected with these substitutions.

Figure 28 — The four excitation pathways that induce the coherence pj4.

The red pathway, henceforth labeled direct pathway, is the most natural one. It involves
an absorption of a photon of the input beam a by an atom in py, creating the coherence pi;.
The input beam b stimulates the emission of a photon to |3) inducing the coherence p;3. Finally,
a second photon from d’ is absorbed completing the FWM excitation and creating p14. An
observant reader will notice that this is an exact description of the process in the system I of Fig.
27.
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Our model is showing then, that apart from this straightforward excitation route there
are three other more. By carefully analyzing these three pathways, one concludes that they have
an eccentric time ordering of the excitations. Let us take the bottom-most pathway in Fig. 28
as an example. It starts with an absorption from an atom in p33 inducing the coherence ps4,
an absolutely normal process. Following that, there is a stimulated emission from |2) — |3)
inducing the coherence p»4. This process seems to follow an unnatural order because there was
no previous excitation to level |2) so it could not emit a photon. Problems like this emerge in the

other two routes that depend on ps33.

To further analyze these coherence pathways, let us look at the theoretical results presen-
ted in Fig. 29. We have plotted |64|? using the complete solution of Eq. (71) and using only
the direct pathway, i.e. the term with dependency on py;. The rates used in these plots follow
the know value of I = 6.06 MHz for the natural linewidth of the D, line of 8’Rb [26]. Thus the
coherence decay rates between excited and ground state levels are I'/2. As for the rates Y13 and
Y24, we expect them to be much smaller than all other rates because these coherences between
the two ground states or between the two excited states should last much longer. So they are set

as two orders smaller.
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Figure 29 — Theoretical results for the FWM signal without absorption for three intensities of the
input lasers using the complete solution (blue) and only the direct pathway (red).The
Rabi frequency of each input beam is Q. All curves are normalized.

The complete solution (in blue in Fig. 29) is a single peak that broadens with the
increasing intensity. On the other hand, with the solution containing only the direct pathway there
is a deep valley for high intensities. This seems to agree, at least partially, with the experimental
results. In order to understand the nature of this valley in the direct pathway solution we must

look at the real and imaginary parts, since the modulus squared is actually the sum of the square
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of these terms. This result is presented in Fig. 30 for the same three intensities of the previous

graph.

—Re(c,,)?
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Figure 30 — Real (solid) and imaginary (dashed) parts of the direct pathway solution for three
different intensities. The Rabi frequency of each input beam is €.

Although we are not calculating the electric susceptibility, which is the medium response
to the action of light, we know that it should be very similar to the square modulus of the
coherence, apart from absorption and phase-matching. We also know that the real part alone of
the electric susceptibility is a curve with a zero on the resonance. This is a known result for the
dispersion near the resonance of a medium [15]. Therefore, once we take the square of this real

part, it must have a valley with the minimum precisely on zero.

Thus, for the results presented in Fig. 30, the valley arises for high intensities because the
real part has become larger than the imaginary part. This is also the same reason why there is not
a valley in the complete solution, because the imaginary part is always several orders larger than
the real part. It seems then, that at least for high intensities we can explain the valley in the FWM
spectrum as a result of dispersion. This type of dispersive response was already observed in a
Doppler-broadened FWM in a phase-conjugation configuration [32]. Since the direct pathway
solution agrees at some level with experimental data and it has reasonable temporal ordering, we
will neglect the other three pathways from now on. However, it is still imperative to find a solid

physical reasoning to drop out these terms.

To explain the low intensity regime we must connect the solution of our model with the
Maxwell’s equations. We expect that once absorption or phase-matching effects are considered,

a complete agreement can be achieved.
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4.3 Connection with the Electromagnetism

By uncoupling Maxwell’s equations using the standard methods one arrives at a wave
equation. The solution of this wave equation connected to our model is the object of interest
of this section. We already start from a simple version of the equation, where all transverse

dependency was neglected [33]:

J’°E,.  10*E,. 1 9°P a2
dy? 2 92 gt or?’

Where E;_ is the generated FWM electric field; c is the speed of light in the vacuum; & is the

vacuum permittivity and P is the polarization induced in the medium.

We are interested in the polarization that oscillates with the FWM frequency, i.e. @;_,
therefore [33]

P(a)s_) =NTr(p[,L) = NU14P41. (73)

We may write the polarization without the complex conjugate term because of the rotating wave
approximation, i.e. to avoid fast oscillating terms. Therefore, from our previous definition, Eq.
(41):

P(@y_) = Nij404 ¢ (@1 k) (74)
At this point we must introduce several approximations. These are:

e Steady-state regime of the coherence, i.e. time derivatives of 04; are zero;

. . . . . 32&‘5, vt
e Adiabatic approximation: ‘%

tor of FWM light;

< ks_ 3635§y71)

, where ks = @, /c is the wavevec-

e The field amplitude &_ is constant.

By substituting Eq. (74) in Eq. (72) with all these approximations we arrive at the much

simpler result:

88S7<y,l‘) o iwst“M
dy &

041 - (75)

If we multiply both sides of Eq. (75) by w14/2h, the left side becomes the Rabi frequency:

0Q,  iw,_Nu,
dy  2hge

O41. (76)
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Our model gives 041, which is merely the complex conjugate of o14 (Eq. (71)). At
this point, it is interesting to ease our heavy notation. We substitute Eq. (71) in Eq. (76) by
incorporating all the constants inside A and B parameters. They are huge parts of Eq. (71) and
mostly contain detunings and the Rabi frequencies. The first one contains all terms with no
dependency on €2, and will account for the phase-matching, while the second contains the single
term ;_ dependent and will account for the absorption of the generated light. Our equation

finally becomes

=A™ L BO, . (77)

This is a fairly simple ordinary differential equation to solve if we perform the change
of variables Q/S_ = Q,_e¢ ™ With the general solution on hands, we impose the condition
Q,_(y =0) =0, a fair condition since no signal must be generated at the very beginning of the

sample, rendering

A ,
o. — ( BL _ zAkL>, 78
ST B \© ¢ (78)

where L is the sample size.

This equation allow us to probe the action of the absorption of the generated light
(parameter B) or the phase matching condition Ak separately. For the moment, we will assume
the phase matching condition to be fulfilled, i.e. Ak = 0. In a later section there is a discussion
about the effect of this condition on the result. Before plotting the results, let us add the absorption

of the input beams.

We may model this absorption using Eqgs. (66-68), i.e. assuming that the lasers interact
with two-level systems. Then, we follow the same procedure with the wave equation to arrive at

the following results:

kaNp3L pf) (Ca1+123) (8 +77,)
2h —i 2,2 2
Q. =00 0 (Hioatha) (Do) +T53) (647, ) +21alal” . (79)
B ka,;u%3L Y (T41+T43) (8% +73,) ;
€ (—is + 2 +(y)?
Oy = e (g 14) (Rar 4109 (3 12) <203 2 (80)
_kbglglu%L( PYs ) (T21+T23) (8 +733) ;
0 € (1% +13) (Ty+T93) (82473 ) +2m3)@
Qp =Q) e (T21+123) (85 +733 ) +2m3 |2 |* (81)

To add the absorption of the input beams is to change their Rabi frequencies in all previous
equations with these last three (Eqs. (78-80)). With this, it is possible to plot the FWM spectrum,

given by the direct pathway solution (see red curve in Fig. 29), in four different situations: (1)
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without any absorption; (ii) with absorption of the input beams; (iii) with absorption of the
generated light; (iv) with both absorption effects. In Fig. 31 we present these four configuration
for different regimes of intensity of the input beams. A few extra parameters were necessary to
plot these results. The dipole moments are available in Ref. [26]. As for the number of atoms
and MOT diameter, they were set as N = 5 x 10° atoms and d = 4 mm, the typical values of our

experimental setup as described in chapter 2.

Without absorption Input absorption Output absorption Input/output absorption
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Figure 31 — Theoretical FWM spectra for different absorption configurations and intensities
of the input beams. The Rabi frequency of each input beam is Q. All curves are
normalized.

The results presented in Fig. 31 show a clear picture of the successes and failures of the
theoretical model. For a low intensity regime the valley is mainly due to absorption of the input
beams, which is a quite reasonable result. It is expected that the medium absorbs more efficiently
weaker beams. For a high intensity regime, the previous analysis in section 4.2 already showed
that the growth of the real part of the induced coherence, i.e. the dispersion, could explain the
valley. It remains to understand what happens near the saturation intensity. It seems that for this

regime the absorption is no longer enough to explain the depth of the valley, while the dispersion

has not yet started.

In this context, it might give us some insight to look at the behavior of the depth of
the valley for the different intensities of the input beams. This parameter for both theory and
experiment is presented in Fig. 32. The theoretical data confirms the behavior seen in Fig. 31, i.e.
the valley depth decreases drastically around the saturation intensity. While this is a ~ 60% fall
for the theoretical data, in the experiment there is a moderate change in the depth around the
saturation intensity, approximately 10%. Thus, even if the experimental valley depth is much

more robust regarding intensity variations, it has a slightly similar behavior to the theoretical
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Figure 32 — Normalized valley depth with (a) experimental data as a function of total intensity
I =1, + 1), and (b) theoretical data as a function of £, = 4+ Qp. (c) The
normalized depth is the depth (turquoise) divided by the amplitude (orange).

result. This is not a strong evidence, but it might point out that our model is not in the wrong

direction.

To support the interpretation that in a high intensity regime the valley is due to the real
part of the Rabi frequency, and therefore is connected to dispersion effects, let us compare the
complete solution and the direct solution including absorption of the input beams and of the

generated light. This result is presented in Fig. 33 and it has similar conditions to the one of Fig.
29.

It is clear that the absorption is able to explain the valley for a low intensity regime,
given that both solutions present such a valley. However, for intensities higher than the saturation
intensity, only the direct solution keeps presenting the valley. This confirms the decision we took
in the model of considering only the direct excitation pathway. In addition, it also strengthens

the interpretation of dispersion effects for high intensities.

There are other features that the model should be able to provide. One of those is the
line shape. Fig. 34 shows a superposition of three FWM spectra produced by the theoretical and
experimental data. For the theoretical results, we use the model of Fig. 31 (d), i.e. considering
the absorption of the input beams and the generated light. As the experimental results, they were
taken with the typical scanning parameters, i.e. down ramp with a frequency of 250 Hz and a 3
V amplitude.

The wings of the spectra are noticeably different in shape, whereas the width presents
good agreement. The experimental asymmetry, specially in the wings, seems to come from
the frequency scanning of the laser, as discussed in section 3.6. Apart from this disagreement,

there is a similarity between the curves that once again shows that the model does achieve some
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Figure 33 — Theoretical results for the FWM signal with input/output absorption for three intensi-
ties of the input lasers using the complete solution (blue) and only the direct pathway
(red). The Rabi frequency of each input beam is Q. All curves are normalized.
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Figure 34 — Comparison between experimental and theoretical FWM spectra for three different

intensities of the input beams. The Rabi frequency of each input beam is Q. All
curves are normalized.
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success. This similarity presents itself specially in the valley line shape and width.

4.4 Phase matching

In the last attempt to complete the theoretical model, the phase matching condition must
be considered. In all theoretical results so far, this condition was assumed to be fulfilled, i.e.
Ak = 0. In this section, we calculate Ak and show its impact on the FWM spectra. From the
geometry of the experiment, we know that there is a small angle between the input beams. This

angle must be taken in account when calculating the phase matching.

Ak = Ky + Ky + Kpy + ks (82)
=kq+ky —kpicos(0)—ks_cos(0)
n npcos (0
= ?“ (W, + @y ) — nc05 (6) (wpy + 5 ).

The input beams a and b experience the indexes of refraction n, and n,, respectively. We
assume that these indexes depend on the real part of the first order coherence associated to their
respective transitions. Finally, we use the energy conservation to rewrite @s— = @, + @y — Wp-y .

The index of refraction may be written as:

ng=np=1+2nRex V. (83)

Given these considerations the final form of the phase matching condition is

, 2N u? 2N U3
o Qat o0 (| 27N, S oste) 14T Sy ) gy
c 2ney S+ (Ma+7v) 2heo &7, + (13 +7)

In the final FWM spectra, the phase matching plays a role as the argument of a sinc?(AkL)
function. This is a consequence of taking the modulus squared of Eq. (78). Thus, for the correct
parameters, e.g. angle between input beams and atomic density, the phase matching condition
might modulate the spectrum introducing an asymmetry. The experimental angle was fixed at
10 mrad, as mentioned in chapter 2. Hence the only parameter that may fluctuate is the atomic
density because of the unlocked cooling and repumping lasers. We present the theoretical FWM
spectrum for three different number of atoms in the MOT in Fig. 36. These curves use the model
of Fig. 31 (d), with both absorption effects.

These results show that the phase matching condition might introduce an asymmetry in
the FWM spectra, but with great sensibility to the atomic density. In fact, with the parameter that

was used in the previous result, N = 5 x 10° atoms, the typical number of atoms in the system,
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Figure 35 — Theoretical FWM spectra for three numbers of atoms in the MOT with the phase
matching taken into account. The Rabi frequency of each input beam is Q. All
curves are normalized.

the spectrum is completely different. For this situation the sinc?(AkL) function oscillates near the
resonance destroying the red-shifted part of the spectrum. Furthermore, this lack of robustness in

the line shape contradicts the experimental results presented in section 3.3.

On the other hand, for slightly smaller N, there is an asymmetry that almost resembles
the experimental FWM spectrum, but in the other direction, i.e. in the experiment the higher peak
appears for smaller frequencies. At this point, the full elucidation of this asymmetry remains
open. If it is due to the phase matching condition, then the fluorescence measurements of the
number of atoms are inaccurate and the peak relation in the experimental spectrum should also
be mistaken. The other option to be explored, which has more evidences giving support, is the
temporal dynamics discussed with the experimental results of section 3.6, for which we still do

not have a model.

4.5 Comparison with the literature

Although we have found no reports in the literature of FWM experiments in the same
conditions of ours, especially in this single laser setup, it is important to compare our model with
the closest results available. The typical experiments use a strong beam with a fixed frequency
and a weak beam that probes the system by scanning the frequency. This type of condition cannot

be reproduced in our experiment, but it is easily done in the model.

In this context, the result of Fig. 36 presents the comparison between the direct and the

complete solution with the beam a fixed on resonance and scanning the beam b. This latest has
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a Rabi frequency an order smaller than I'. Absorption effects were neglected on this result, so
it uses the same model of Fig. 29. The curves have several interesting features. To begin with,
as the intensity of the beam a increases there is a splitting of the signal. This type of effect is
consistent with an Autler-Townes splitting, since the distance between the peaks scales with the
intensity and they are clearly defined. This means then, that in this type of situation, the beam a

is strong enough to cause an AC Stark effect that breaks the involved levels in two.

Q =01T
ol [T N
z
e}
O
Q
N
©
£
o
P
— Direct pathway
Q =021 --- All pathways
-50 0 50

5,/21 (MHz)

Figure 36 — Theoretical results for the FWM signal with a strong fixed beam (a) and scanning
probe beam (b) for three intensities of the input lasers using the complete solution
(blue) and only the direct pathway (red). Absorption effects were neglected. All
curves are normalized.

In addition, both solutions give identical results, with the exception of the central peak
in the complete solution. In fact, this type of triplet structure was seen by Lezama et al in a
study of the near degenerate FWM in a phase conjugation experiment with cold cesium atoms
[34]. In this work they present theory and experiment for pure two-level FWM process using
counter-propagating beams alongside a probe beam with the frequency being scanned. Although,
the experimental conditions are quite different, the result in Fig. 36 presents some similarity
with the ones of Lezama et al [34], especially the complete solution with the triplet structure.
This reinforces the idea that the core of our model is in fact in the right direction. On the other
hand, the different experimental conditions allow us to use only the direct solution, the one that

presents some agreement the experimental result.

Finally, this comparison might give insight on the reason the complete solution does not
present a consistent valley when both beams are being scanned simultaneously, even including
all absorption effects (see Fig. 33). From a purely mathematical point of view, it seems that this

central peak of the complete solution is precisely what prevents the arising of the valley. Notice
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that when we scan both beams, it is not possible to see this intensity splitting of Fig. 36, so all
peaks stay together at the center. Being this the case, the real part of the Rabi frequency Qrw

cannot overcome the imaginary part if all four excitation pathways are considered.

The most important question at this point is to elucidate the physical differences between
our setup, with both input beams being scanned, and the typical setup with only a probe beam
scanning the system. One possibility is that, since our lasers always have the same frequencies
simultaneously, the coherence between the ground states of the system (see Fig. 27) should last
much longer than it would last in a situation with a fixed frequency laser. This seems to be the
reason why there is not a intensity splitting (Autler-Townes effect) in all previous theoretical
results with both scanning beams, because the equal detuning of the input beams eliminate
resonances in Eq. (71). The question remaining is if this physical difference, or any other that
the system might have, is enough to justify dropping out three of the four excitation pathways

that arise from the model.
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5 CONCLUSIONS

We have successfully performed an experiment to study the FWM process using atoms
cooled by a MOT, in a copropagating configuration of the input beams. In fact, the experiment
was designed in such a way to generate two FWM signals in distinct directions. In a first attempt
to analyze the correlations between these two signals, the setup consisted of two separate cw
lasers allowing a preliminary description of the correlations. The Pearson coefficient of over

90% indicates a strong positive correlation between the two FWM processes.

Given the experimental difficulties of the two lasers setup, most of the experimental
data of this work were taken using a single laser. This allows easier and more trustworthy
measurements. Under this configuration the FWM spectrum presented an unexpected valley
around the resonance. To achieve the correct interpretation of this valley became one of the
central goals of this research. In section 3.2 we showed that varying the intensity of the input
beams only introduces a power broadening in the FWM signal, but does not seem to affect deeply
the shape and width of the valley. In fact, the experimental range of intensity of the input beams
went from two orders below to two orders above saturation intensity resulting in no significant
change. A more detailed analysis revealed that around the saturation intensity the valley depth

does decrease by a factor of 10%.

The main hypotheses to explain such a valley in the FWM spectrum were, before
formulating the theoretical model, weakened by the experimental evidences. The shape and
width of the valley already discarded the possibility of a enhanced absorption due to the coherent
interaction of the atoms with the beams, i.e. an electromagnetically induced absorption, since
this phenomenon presents a much narrower absorption. The robustness of the valley and the
fact that for high intensities there was no clear separation between the two peaks ruled out the

splitting of atomic levels due to AC Stark effect, i.e. an Autler-Townes splitting.

Finally, the mere absorption of the input beams and the generated signal should not be
enough to produce such a deep valley in a high intensity regime. Changing the optical density of
the atomic sample (see section 3.3) confirmed that the valley should not be completely due to

absorption effects, since a low density sample rendered the same usual FWM spectrum.

Others parameters of the system were studied as well. For example, we added an external
magnetic field to the experimental setup, which did not provoke any significant change because
the maximum field produced was not strong enough. We have as well studied the effect of the
scanning ramp direction and speed in the FWM signal. This measurement shows that there is
some temporal dynamics induced by the fast scanning beams, which changes the symmetry of
the FWM spectrum.

To further confirm the existence of this temporal dynamics, we plan to perform the
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experiment acquiring one point of data per time window, as described in chapter 2. To use such
a technique, we must first lock the frequencies of the cooling and repump beams of the MOT.
It will be necessary as well to use an AOM to control the input beams. If there is in fact some
temporal dynamics, we expect that the results from this measurement will have no asymmetry

since there will be no fast scans of the laser frequency.

To achieve an interpretation of the features of the FWM signal, we have modeled the
process as described in chapter 4. The model gives evidence that absorption effects are only
capable to explain the experimental results for a low intensity regime, as expected. For high
intensities of the input beams, the real part of the Rabi frequency of the generated FWM light
dominates the spectrum, and therefore dispersion is the phenomenon that explains the valley.
However, the model does not achieve a perfect description of the experimental data, especially
around the saturation intensity where the theoretical valley depth has a 60% fall, against the 10%

fall in the experiment.

Furthermore, the model cannot achieve a description of the asymmetry in the FWM
spectrum. The phase matching condition could introduce an asymmetry but only for less dense
samples and with an inadequate peak relation. It remains open then, if the temporal dynamics
induced by the fast scans can be the source of the asymmetry. If this is the case, then it is

necessary to somehow change the model to take into account this dynamics.

Finally, it is fundamental to find a solid physical argument that justifies using only the
direct pathway of excitation in the model. In chapter 4 we showed that this direct solution
achieves a much better agreement with the experimental results. We must emphasize that, even
though the other three routes have eccentric excitation orders, they still are natural consequences

of the perturbation solution. There must be a physical justification to drop out these terms.

Once the open questions of this work, regarding both experiment and theory, are answered,
we expect to perform these measurements using beams with orbital angular momentum. This
should introduce some imbalance between the input beams, that were for all aspects identical
in this work, and as a consequence affect the two FWM process. This experiment should have
interesting results, and all the techniques and analyses presented here will be useful for this

future research.
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