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Abstract
This thesis describes novel experimental approaches to nonlinear optics at low light
levels. These approaches focus on significantly increasing the probability of interac-
tion between two weak pulses of light by using novel photonic systems and quantum
control techniques.

Specifically, the creation of a stationary pulse of light with non-vanishing photonic
component was experimentally demonstrated. Our technique allows a pulse of light
to enter into, be stopped inside, and finally be released from a room temperature
coherently controlled atomic ensemble, which is dynamically and reversibly turned
into a cavity-like system in the process. A detailed theoretical description of the
phenomena is presented in addition to the experimental results that show pulses of
light kept stationary for up to several microseconds.

We also describe a technique for loading laser-cooled atoms into a single-mode
hollow-core photonic-crystal fiber.In our approach, atoms collected in a magneto-
optical trap are transferred into a dipole optical trap guided by such fiber. This trap
confines the atoms inside the 7 µm diameter hollow core of this fiber for time scales
on the order of tens of milliseconds. We observe atomic ensembles consisting of as few
as 200 atoms creating an optically thick medium when confined inside the hollow-core
fiber. We report the loading of up to 30000 rubidium atoms into this fiber, which
results in a system with optical depth 150.

Finally, we demonstrate a fiber-optical switch that is activated at tiny energies
corresponding to a few hundred optical photons per pulse. This is achieved by si-
multaneously confining both photons and a small ensemble of cold atoms inside the
microscopic hollow core of a single-mode photonic-crystal fiber and using techniques
from quantum optics resulting in slow light propagation and large nonlinear interac-
tion between light beams.
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Chapter 1

Introduction

1.1 Motivation

Realization of a physical system in which a weak light pulse controls the propaga-
tion of another light pulse has been a long standing focus of both optical science and
engineering [15]. Such a system is an optical equivalent of the electronic transistor
and is often referred to as an all-optical switch. In addition to its scientific appeal,
such a system promises important applications for optical communication and com-
putation in telecommunication networks, particularly if integrated with modern fiber
optical technologies.

Implementation of an all-optical switch controlled with a single photon per switch-
ing event would represent the fundamental limit of nonlinear optics (NLO). Further
motivation for development of such a device has been provided by potential applica-
tions in quantum information science, such as the realization of key protocols from
quantum telecommunication [14]. These applications could eventually enable prov-
ably secure telecommunication over long distances as well as scalable quantum com-
puters. In addition to applications in quantum information processing, achieving a
controllable interaction between weak light pulses is motivated by the need to de-
crease the energy required for a single switching event in classical telecommunication
and information processing systems. This decrease would reduce the total energy
consumption of the system, as well as remove restrictions on component density and
operating speed dictated by the limits of local power dissipation.

Nonlinear interactions between light pulses containing one or even a few photons
are very difficult to achieve. The direct interaction cross-section of photons is vanish-
ingly small, i.e. two photons in vacuum can literally pass through each other without
interacting. Nevertheless, photon-photon interaction can be achieved if the optical
properties of the medium, in which the photons propagate, change in the presence
of those photons. This way the medium acts as a mediator for the photon-photon
interaction. Such interaction, however, requires a medium with low photon loss and
an optical nonlinearity that is significant at light intensities corresponding to the

1



Chapter 1: Introduction 2

presence of a single photon.

1.2 Improving the odds

The internal state of a single atom and, thus, its optical properties can change by
absorption of a single photon. This makes atoms, as well as “artificial” atoms such
as quantum dots [36] or certain point defects in the diamond lattice like nitrogen-
vacancy centers [30], good candidates for a physical implementation of a single photon
switch.

The probability of interaction between a single atom and a single photon resonant
with a particular transition of that atom can be described as p = σo

A
, where an

atom with resonant scattering cross-section σo is sitting in the middle of a spot with
area A within which a photon with wavelength λ is localized. Nevertheless, since
σo ∼ λ2 and since diffraction makes it difficult to localize photons to spots with
A ∼ λ2, the probability of interaction between a single photon and a single atom
is in practice small. Additionally, for a switching event to take place, both the the
photon that controls the switch operation and the signal photon have to interact
with the same atom, which means the probability of a switching event in a system
based on a single atom is p2. Engineering these atom-photon interactions, such that
the interaction probability becomes comparable to unity, is therefore necessary for
achieving nonlinear optics at low light levels. Our work approaches this problem
by developing techniques that increase the effective atom-photon scattering cross-
section through the use of optically dense, coherently controlled atomic ensembles
and overcome diffraction effects by confining these ensembles within a hollow photonic
waveguide.

The task of achieving interaction between a single atom and a single photon can
be somewhat simplified by sending the single photon through an atomic ensemble.
If the ensemble is optically dense (i.e. opaque), the photon will interact with one of
the atoms in the ensemble, but we will not know which one. To realize a switching
event between two photons in this ensemble, the second photon that we send in has to
interact with the same atom as the first photon did. The use of an atomic ensemble
thus increases the probability of the switching event from p2 to p.

As we will derive in Chapter 2, the probability of interaction between a single
atom and a single photon can also be expressed as

p ∼ µ2

h̄2

E2

Γe
τ, (1.1)

where E is the peak amplitude of the electric field of the photon, τ is the time the
atom is exposed to this field, and Γe and µ are the linewidth and strength of the
atomic transition. Increasing τ while holding E constant effectively increases the
atom-photon interaction probability. As an alternative to the conventional method,
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which achieves this by injecting the photon into a cavity, we developed a technique
that increases τ by creating a stationary pulse of light inside an atomic ensemble
[8]. Our technique builds on the previously known slow light [46] and stored or
“stopped” light [60, 76] techniques, but, unlike the latter, allows for decoupling of
the light pulse’s group velocity from its electric field magnitude. This is achieved
by dynamically turning the atomic ensemble into a system that could be viewed as
an effective cavity and by leveraging the ensemble’s optical depth into an effective
finesse of this cavity. The experimental demonstration of the stationary light pulse,
which forms the core of the first part of this work, was done in a room-temperature
rubidium vapor. In this system, the lifetime of the stationary light pulses, and hence
the potentially achievable atom-photon interaction time τ , was limited to ∼ 10 µs by
atomic-motion-induced decoherence.

To overcome the experimental limits associated with a system based on tradi-
tional spectroscopy cells filled with room temperature vapors, we developed a new
experimental system that would combine the recently developed single-mode hollow-
core photonic crystal fiber [25] with a laser-cooled atomic ensemble. This approach
allows us to use NLO techniques based on ensembles of isolated cold atoms, while the
waveguiding properties of the fiber enable us to work with light pulses transversely
focused to an area with diameter ∼ λ propagating in this focused form over distances
not limited by diffraction. As a result, the optical depth of the system is deter-
mined only by the number of atoms inside the fiber and large optical depths, such as
those assumed in recent proposals for single photon interaction studies [19], can be
achieved even with low density ensembles. Additionally, filling the hollow-core fiber
with laser-cooled atoms instead of a room-temperature vapor yields two important
benefits. First, atoms with temperatures low enough that the Doppler broadening of
the atomic transition from the thermal motion becomes negligible have atom-photon
scattering cross-section about 100-times bigger than when they are at room temper-
ature. Second, the cold atoms can now be trapped in the center of the hollow core
of the fiber. This makes our system potentially suitable for NLO techniques relying
on long atomic coherence times, since trapping prevents the atoms from collisions
with the fiber wall that lead to loss of atoms or atomic coherence. The outcome of
this effort, which forms the second part of this work, is a setup that allows us to
load up to ∼ 30, 000 laser-cooled rubidium atoms into a hollow optical fiber with
∼ 7 µm diameter core. This results in a medium with an optical depth of ∼ 150
whose transparency is controllable through optical nonlinearities currently sensitive
to a few hundred photons [7].

1.3 Nonlinear Optics at Low Light Levels

The implementation of few-photon nonlinear optics has until now only been fea-
sible in the context of cavity quantum electrodynamics (QED) when single quantum
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emitters, such as neutral atoms or quantum dots, are placed inside narrow-band, high-
finesse cavities. In these systems, the original nonlinearities of the optical medium
created by the single emitter are amplified by the cavity finesse to the point where
they can be controlled by the field of a single photon. Over the last decade, several
experiments have demonstrated nonlinear optical phenomena with single intracavity
photons [12, 91, 35, 27]. However, these experiments remain technologically chal-
lenging and must compromise between cavity bandwidth, mirror transmission and
atom-photon interaction strength. Consequently, large nonlinearities are accompa-
nied in these systems by substantial losses at the input and output of the cavity.

An alternative approach is based on coupling single emitters or ensembles of emit-
ters to a propagating light field confined to an area comparable to the diffraction limit.
This results in the electric field from a single photon being sufficiently large to cause
nonlinear behavior on a single pass and without the environment of an optical cav-
ity. Such tight confinement can be achieved either in free space by focusing the light
beam with a large numerical aperture lens [11] or under conditions provided by a pho-
tonic waveguide. In particular, systems based on hollow core photonic crystal fibers
[25], hollow antiresonant reflecting waveguides (ARROWs) [97], optical nanofibers
[88], and nanostructure plasmonic waveguides allowing subdiffraction propagation
[29] have all been actively explored in the last few years.

Hollow core photonic crystal fibers (PCFs, also known as photonic bandgap fibers),
that guide light through interference [51] instead of total internal reflection [80], are
now available off the shelf and can be integrated with conventional optical fibers [9].
When filled with molecular gas, these fibers have shown significant enhancements in
the efficiency of processes such as stimulated Raman scattering [10] and four-wave
mixing [56]. Recently, both room-temperature and ultra-cold atoms have successfully
been loaded into PCFs [38, 87, 21] and observations of electromagnetically induced
transparency with less than a micro-Watt control field have been reported [38].

Optical nanofibers [88] are created when a glass optical fiber is heated close to
its melting point and carefully pulled. The resulting tapered section, which can be
significantly less than an optical wavelength in diameter, can still guide light in single
mode via total internal reflection. However most of the light now propagates outside
of the fiber in the form of tightly focused evanescent field to which room temperature
[85] or laser cooled [69, 79] atoms can be coupled with single-atom single-photon
interaction probability ∼ 10% in the case of cold atoms.

Finally, efficient conversion of a single photon emitted by a single quantum dot
into a single surface plasmon polariton propagating on a silver nanowire has also been
recently demonstrated [1].
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(A) (B)

75mm 100µm

Figure 1.1: (A) Rubidium vapor cell. (B) Hollow core photonic crystal fiber.

1.4 Overview

The results presented in this thesis are organized as follows. Chapter 2 provides a
brief introduction of the main tools from quantum optics and atomic physics used in
this work: electromagnetically induced transparency (EIT), atom cooling and trap-
ping techniques, and a toy model of single atom single photon interaction. Chapter 3
explains the theory of stationary light pulse creation and describes the experimen-
tal demonstration of a stationary light pulse in a room-temperature rubidium vapor.
Chapter 4 introduces our apparatus for loading of laser-cooled atoms into a hollow-
core photonic-crystal fiber and explores the mechanisms of the loading procedure.
Chapter 5 describes our first nonlinear optics experiment demonstrated in this sys-
tem involving an all-optical switch controlled by optical pulses containing less than
a thousand photons. Finally, Chapter 6 summarizes the results of this work, and
discusses future experiments in nonlinear optics at low light levels, as well as general
outlooks beyond the single photon switch.



Chapter 2

Tools and techniques

In this chapter, we will first derive the probability of interaction between a single
atom and a single photon. Understanding the mechanisms of this probability provides
an important conceptual framework for nonlinear optics at low light levels. From
this we will proceed to an overview of the phenomena based on electrically induced
transparency (EIT), in particular slow light pulses and coherent light storage. We
will build on these techniques in Chapter 3 and Chapter 5. In the last section of
this chapter, we will briefly introduce some of the cooling and trapping techniques
developed in the last three decades for neutral atoms. We will again stick mostly to
conceptual descriptions with more details available for example in [65] and references
therein. These techniques allow us to cool rubidium vapor from room temperature
to ∼ 40µK and then guide and trap them inside a hollow optical fiber as described
in Chapter 4.

2.1 Interaction between a single photon

and a single atom: A toy model

Consider a single two level atom at rest (Fig. 2.1) interacting with electric field
E oscillating at frequency ν that resonantly (i.e. ν = ωab) couples the ground state
|b〉 to the excited state |a〉 with Rabi frequency Ωp = µab

h̄
E, where µab is the electric

dipole moment of the transition between the two levels. At time t0 = 0, the atom
is in its ground state |b〉. By absorbing a single photon from the electric field, the
atom gets excited into state |a〉. Once in state |a〉, two things can happen. The atom
either emits a clone of the originally absorbed photon and returns into state |b〉, or
the atom can spontaneously emit a photon into a different mode of the electric field,
which happens at a rate Γ

2
, where Γ is the linewidth of the atomic transition. We can

describe the system with a wavefunction |ψ〉 = a|a〉+b|b〉 that obeys the Schroedinger
equation ih̄ ∂

∂t
|ψ〉 = Ĥeff |ψ〉, with |a|2 and |b|2 representing the probabilities of the

atom being in state |a〉 and |b〉. Using the stochastic wave-function approach [37]

6
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E

Figure 2.1: Two level atom interacting with electric field. The difference between
energies of the two levels is h̄ωab.

with a non-Hermitian Hamiltonian for the system

Ĥ = h̄ωab|a〉〈a| − h̄
Ωp

2
e−iνpt|a〉〈b| − ih̄Γ

2
|a〉〈a|+ c.c., (2.1)

we obtain the following equations of motion:

d

dt
ã = −Γ

2
ã+ i

Ωp

2
b

d

dt
b = i

Ω∗p
2
ã (2.2)

where we made the substitution a = ã e−iνt.
The probability P (tint) that during the interaction time interval tint = t− t0, with

Ωptint � 1, an interaction between the atom and the field took place, is then equal to
the probability that the atom left state |b〉, i.e. P (tint) = 1−|b(t)|2. Solving equations
(2.7)and assuming Γ2 � 4|Ωp|2, we get that within a first-order approximation

b(t) ≈ e−
Ω2
p

2Γ
t and

P (tint) ≈ 1− e−
|Ωp|2

Γ
tint ≈ µ2

ab

h̄2

E2

Γ
tint. (2.3)

Assume the field E consists of a single photon pulse of temporal length τp prop-
agating in vacuum with velocity c. The longitudinal spatial localization (or simply
length) of the pulse and the peak amplitude of the field then can be written as

Lpulse ≈ cτp and E0 =
√

2h̄ν
εoAcτp

, respectively, with A being given by the transverse

localization of the photon. For example, a photon in a Gaussian beam with waist wo
is localized to an area A = πw2

o

2
. If a single atom from Fig. 2.1 is suspended on the

axis of the pulse’s propagation, the quantity g = µab
h̄
E0 would be referred to as the
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single photon Rabi frequency and the atom will ordinarily interact with the field of
the single photon for time tint ≈ τp. Combining this with (2.3), we obtain that the
probability of interaction between a single photon and a single atom is

p ≈ µ2

h̄2

E2
0

Γ
tint =

2µ2
abντp

h̄εoALpulseΓ
=
σ

A
, (2.4)

where the quantity

σ =
µ2
abν

h̄εcΓ
2

(2.5)

is referred to as the resonant atom-photon scattering cross-section.
Under ordinary free-space conditions, τp is the time the photon will interact with

(or spend in the vicinity of) the atom, but because of the way τp and Lpulse are related
to E0, p will remain constant even when we change the spatial or temporal length
of the single photon pulse. However, if we increase the time the photon spends near
the atom without decreasing E0 – in other words, decouple the interaction time from
the single photon pulse field amplitude and duration – the result will be an effective
increase in the atom-photon scattering cross-section:

σeff =
tint
τp
σo (2.6)

If the atom is moving at a velocity vz parallel to the propagation direction of the
field E, then due to Doppler shift the atom will perceive the field as oscillating at
frequency ν ′ = ν(1 ∓ vz

c
), where the minus sign corresponds to the atom moving in

the same direction as the field propagation. Equations (2.2) will change to

d

dt
ã = −

(
Γ

2
− iδ

)
ã+ i

Ωp

2
b

d

dt
b = i

Ω∗p
2
ã (2.7)

where δ = −νvz
c

. For an ensemble of atoms with mass m at temperature T , the
probability density for vz follows the Maxwell-Boltzmann distribution

fvz =
(

m
2πkBT

)1/2
exp

[
− mv2

z

2kBT

]
. Averaging the solutions of (2.7) over all possible vz we

find that for a large enough temperature (in the case of 87Rb for T � 30mK), the
atom-field interaction can be well approximated by assuming an atom at rest with
excited state linewidth

ΓD ≈ Γ +
(
ν

c

)√
2πkBT

m
(2.8)

and scattering cross-section

σDopp ≈
π

2

Γ

ΓDopp
σo. (2.9)
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Figure 2.2: (A) Three level atom interacting with probe and control fields. (B) Real
and imaginary parts of the susceptibility seen by the probe field for γ = Γ

100
and

Ωc = Γ.

For comparison, the natural linewidth of the excited state of a 87Rb atom is
Γ
2π
≈ 6MHz, while ΓD

2π
≈ 600MHz at T ≈ 86◦C, which is the temperature of the

rubidium vapor during the experiments described in Chapter 3.

2.2 Electromagnetically Induced Transparency

Consider a three-level atom such as the one in Fig. 2.2A interacting with two light
fields – field Ec = 1

2
Ece−iνct + c.c. that couples state |c〉 to the excited state |a〉 with

Rabi frequency Ωc = µac
h̄
Ec and field Ep = 1

2
Epe−iνpt+c.c. that couples the ground state

|b〉 to the excited state |a〉 with Rabi frequency Ωp = µab
h̄
Ep. If the difference between

the frequency of the probe field and the frequency of the control field, νp−νc, is equal
to the frequency splitting between states|c〉 and |b〉 ωcb,the interaction Hamiltonian
for the system reduces to Ĥint = −h̄Ωp

2
|a〉〈b| − h̄Ωc

2
|a〉〈c| + c.c. and the atom will be

driven into a state |D〉 that is superposition of states |c〉 and |b〉, such that

|D〉 =
Ωc|b〉 − Ωp|c〉√

Ω2
p + Ω2

c

. (2.10)

Once in this state, also called the dark state [5], the atom’s absorption paths from
|b〉 and |c〉 will interfere destructively and the atom will stop interacting with both
fields. For our purposes, we are interested in the propagation of the slowly varying
envelope Ep of the field Ep through an ensemble of these atoms in the limit where
Ωc � Ωp. Note that in this limit Ec and Ep are referred to as the control and probe
fields, respectively.
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To examine the behavior of this system in a more quantitative fashion, we employ a
simplified version of the Maxwell-Bloch equations called the stochastic wave-function
method [37]. We set the wave-function of the atom to be |ψ〉 = a|a〉+ b|b〉+ c|c〉 and
add two decay channels to the original Hamiltonian

Ĥ = h̄ωab|a〉〈a|+ h̄ωcb|c〉〈c| − µab|a〉〈b|
1

2
Epe−iνpt − h̄

Ωc

2
e−iνct|a〉〈c|+ c.c. (2.11)

to effectively take into account incoherent loses in the system:

Ĥeff = Ĥ − ih̄Γ

2
|a〉〈a| − ih̄γ|c〉〈c|. (2.12)

Here Γ is mainly due to the finite lifetime of the excited state |a〉, while γ, al-
though treated as a result of finite lifetime of state |c〉, is usually dominated by other
phenomena that we will discuss later. The non-Hermitian Schroedinger equation
ih̄ ∂

∂t
|ψ〉 = Ĥeff |ψ〉 yields the following equations of motion for the wave-function’s

coefficients:

˙̃a = −(
Γ

2
− iδp)ã+

i

2
Ωcc̃+ i

µab
2h̄
Epb

ḃ = i
µab
2h̄
E∗p ã (2.13)

˙̃c = −(γ − i[δp − δc])c̃+
i

2
Ω∗c ã.

Here δp = νp−ωab and δc = νc−ωac denote the mismatch between the carrier frequency
of the probe and control fields from the their respective transitions, and substitutions
a = ã e−iνpt and c = c̃ e−iνct were made in order to to simplify the equations by
eliminating the fast oscillating terms. At the same time, the propagation of the
probe field Ep = 1

2
Epe−iνpteikpz + c.c., with kp = νp

c
, through a medium consisting of

such three level atoms can be described in the slowly varying envelope approximation
(SVEA) [82] as

∂

∂z
Ep +

1

c

∂

∂t
Ep =

1

2
µocνpP . (2.14)

Here, P is the slowly varying envelope of the medium’s polarization density defined as
P = n(µbaab

∗ + µaba
∗b) = 1

2
Pe−iνpteikpz + c.c., with n being the number of atoms per

unit volume, and where we for simplicity assumed that Ep and Ec are planar waves.
Incidentally, since most calculations in this work assume Ωc � Ωp, unless otherwise
stated we will take the approximation b ≈ 1 and take ab∗ ≈ a, together with cb∗ ≈ c.

For continuous wave (CW) control and probe fields in the the Ωc � Ωp limit, one
can find a steady state solution to (2.13) by setting ˙̃a = ḃ = ˙̃c = 0 and taking the
approximation b ≈ 1:

ã = i
µab
2h̄

γ − i[δp − δc]
(Γ

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

Ep (2.15)

c̃ = −µab
4h̄

Ω∗cEp
(Γ

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

.
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Combining (2.15) with (2.14), where we set ∂
∂t
Ep = 0, will give us

∂

∂z
Ep = −σon

4

Γγ̃

Γ̃γ̃ + |Ωc|2
4

, (2.16)

where γ̃ = γ− i[δp−δc] and Γ̃ = Γ
2
− iδp, while σo =

µ2
abνp

h̄εoc
Γ
2

is the resonant atom-photon

scattering cross-section derived in the previous section. Integrating (2.16) along the
propagation distance z results in

Ep(z) = Ep(0) exp[−nσoΓz
4

γ − i[δp − δc]
(Γ

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

]. (2.17)

For Ωc = 0, (2.17) reduces to transmission through a two level medium

Ep(L,Ωc = 0) = Ep(0) exp[−OD
2

Γ
2

Γ
2
− iδp

], (2.18)

where
OD =

∫
L
n(z)σodz → nσoL, (2.19)

is defined as the optical depth of the medium, with L being the length of the ensemble.
Not surprisingly, the two-level medium is opaque when the probe field is on resonance,
i.e. δp = 0.

Consider now the case δc = 0 and |Ωc|2 � γΓ. This condition is most often
relatively easy to fulfill even with relatively small power in the control field, since for
an atomic system in Fig. 2.2A Γ� γ usually. When the probe field is on resonance,
the medium’s opacity will now be significantly reduced since Ep(L) ≈ Ep(0 exp[−OD Γγ

|Ωc|2 ]

as demonstrated for the first time in [13]. In the limiting case of γ → 0 the medium
becomes completely transparent as predicted initially.

Fig. 2.2B shows the real part (solid line) and imaginary part (dashed line) of this
medium’s susceptibility

χ(δp, δc) =
nσoΓ

4

γ − i[δp − δc]
(Γ

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

(2.20)

in units of σon
2

for the case δc = 0. The minimum in Im(χ) around δp = 0 can be
experimentally observed as a transmissive resonance with a full-width half-maximum
frequency band for power transmission of

∆FWHM =

√
ln 2

OD

|Ωc|2

Γ

(
1 +

2γΓ

|Ωc|2

)
. (2.21)

In addition to this transparency window, the steep linear slope in Re(χ) which
overlaps with the transparency window, is also worth noticing as it leads to signifi-
cantly reduced group velocity, coinciding with good transmission, for resonant light
pulses propagating through this atomic ensemble.
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2
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δc = −10Γ. OD = 5, γ = Γ
100

, Ωc = Γ, and the dotted line plots represent δc = 0 for
comparison.

Two-photon absorption

It is worth briefly discussing the system’s behavior when δc 6= 0. As |δc| increases,
the medium’s transparency window becomes increasingly asymetric in frequency (see
Fig. 2.3A). In the limit where δ2

c � Γ2 the medium will develop two separate absorp-
tion peaks as in Fig. 2.3B. The first one is roughly identical to the absorption of an
ensemble of two-level atoms. The second one corresponds to a two-photon process,
in which the absorption of a probe photon coincides with a control field photon being
emitted while atom transfers from state |b〉 into state |c〉. This two-photon transition
will be centered at

δp2 ≈ δc +
|Ω|2

4δc
, (2.22)

have a linewidth of

Γ2phot ≈ 2γ + Γ
|Ω|2

4δ2
c

, (2.23)

and its effective scattering cross-section will be

σ2phot ≈ σo

Γ
2
|Ω|2

|Ω|2+4δ2
c

γ + Γ
2
|Ω|2
4δ2
c

. (2.24)

EIT in a Doppler-broadened medium

To observe EIT in an ensemble of warm atoms, one has to make sure that the
frequency difference between probe and control field, as seen by a moving atom,
remains close the frequency split between levels |b〉 and |c〉 for atoms with different
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velocities. This can be achieved reasonably well if the probe and control fields are
copropagating or if there is only a very small angle between them. This is in contrast
with EIT experiments in cold atoms that can be performed with any probe-control
geometry of convenience. For a Doppler-broadened medium of three-level atoms, the
susceptibility then has to be averaged over the velocity distribution of the atoms and
(2.20) becomes

χDopp(δp, δc) =
nσoΓ

4

(
m

2πkBT

)1/2

(2.25)

∫ +∞

−∞
e
− mv2

2kBT
γ − i

[
δp − δc − νp−νc

c
v
]

(Γ
2
− iδp − iνpc v)(γ − i[δp − δc − νp−νc

c
v]) + |Ωc|2

4

dv.

For |δp|, |δc| � ΓD from (2.8), the susceptibility (2.25) can be approximated rea-
sonably well by

χDopp(δp, δc) ≈
nσDoppΓD

4

γ − i[δp − δc]
(ΓD

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

. (2.26)

2.2.1 Slow light

To analyze the propagation of a light pulse with carrier frequency νp and duration
τp inside a medium consisting of three level atoms from Fig.2.2A, we take the time-
domain Fourier transform of equations (2.13), which will yield

ã(z, ω) = i
µab
2h̄

γ̃ − iω
(Γ̃− iω)(γ̃ − iω) + |Ωc|2

4

Ep(z, ω) (2.27)

c̃(ω, z) = −µab
4h̄

Ω∗c

(Γ̃− iω)(γ̃ − iω) + |Ωc|2
4

Ep(z, ω)

where Ep(z, ω) is the Fourier transform of Ep(z, t) and we assume Ωc to be time
independent. Note that in the limit of very weak probe, ḃ ∼ O(aEp) ∼ O(E2

p ), which
approaches 0. Combining 2.27 with the Fourier transform of (2.14), we get

∂

∂z
Ep(z, ω)− iω

c
Ep(z, ω) = −χ(ω)Ep(z, ω) (2.28)

where

χ(ω) =
nσoΓ

4

γ̃ − iω
(Γ̃− iω)(γ̃ − iω) + |Ωc|2

4

. (2.29)

Here the complex decay rates γ̃ = γ − i[δp − δc] and Γ̃ = Γ
2
− iδp are determined by

the detunings of the frequency of the control field and the carrier frequency of the
probe pulse from their respective atomic transitions.
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If the pulse’s bandwidth, ∼ 1
τp

, fits within the transparency window in Fig.2.2B

(which is equivalent to Ωcτp � 1) and |Ωc|2
4
� Γ̃γ̃, the solution to (2.28) can be

approximated by

Ep(z, ω) ≈ Ep(z = 0, ω) exp

[
−nσoΓγ̃z
|Ωc|2

]
exp

[
iωz

c
(1 +

nσocΓ

|Ωc|2
)

]
. (2.30)

In the time domain this solution corresponds to a pulse that propagates with a group
velocity

vg ≈
c

1 + nσocΓ
|Ωc|2

≈ |Ωc|2

nσoΓ
(2.31)

determined by the magnitude of the control field. The pulse will get attenuated by a
factor ∼ exp[−nσoΓγLensemble

|Ωc|2 ] after it passes through the atomic ensemble and pick up

an overall phase ∼ nσoΓ(δp−δc)
|Ωc|2 per unit length of propagation.

When a pulse propagating in vacuum starts entering the atomic ensemble, its front
edge will be slowed down to vg while the back of the pulse will be still propagating
at c. As a result, the pulse will shrink in length by a factor of vg

c
while its peak field

amplitude will remain unchanged. As the pulse propagates inside the medium, the
energy in the electric field will also shrink by a factor of vg

c
compared to the original

pulse. The rest of the energy is stored in an atomic spin wave [63] consisting of atoms
transferred into the ”dark state” superposition between levels |b〉 and |c〉 from (2.10).
This wave of atomic coherence will propagate together with the light pulse as can be
seen in the second equation of (2.27). As the pulse exits the medium, the spin wave
will be converted back into electric field energy and the pulse will stretch back to its
original length.

It is worth noting that due to this pulse contraction, a single photon pulse will
spend the same amount of time in the vicinity of a particular atom as it would in free
space, despite the significant reduction in group velocity. Thus, ordinarily, σeff = σo
even in this system. However, the reduced group velocity can be used to our advantage
and we will discuss how to do this at the end of Chapter 5.

Finally note that for γ → 0 the group velocity achievable in this system has
virtually no lower bound. For γ > 0, the lower limit on vg is given by the losses
in transmission one is willing to accept . Experimentally, values as low as a few
meters per second have been observed in an ultra-cold atomic vapor [46], while values
∼ km/s can be easily achieved even in room temperature spectroscopy cells.

2.2.2 Light storage and dark state polaritons

The contraction of the pulse’s spatial length due to the change of the group velocity
between free space and the atomic medium will allow a light pulse with a free space
length of several hundred meters to be completely localized inside an atomic ensemble
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for low enough group velocity and sufficiently high optical depth of the ensemble. The
length of such an ensemble can be as small as a few tens of micrometers [46, 60] and
it usually does not exceed a few centimeters [52, 76]. If the amplitude of the control
field is decreased while the pulse propagates in the medium, the group velocity of
the pulse will decrease as well. However, in this case, the spatial length of the pulse
will remain the same as the group velocity decreases, and instead the electric field
amplitude of the probe pulse will decrease proportionally with the control field, while
additional energy from the electric field of the probe pulse is transferred into the
atomic spin wave. Conversely, if the control field is increased, the probe pulse will
speed up and energy will be transferred from the atomic spin wave into the electric
field of the probe pulse.

In the limiting case when the control field is decreased to zero, the group velocity
and the electric field of the probe pulse will both become zero as the pulse is completely
stored in the form of atomic coherence. When the control field is turned on again,
the process is reversed and the atomic coherence is converted back into a probe pulse

propagating at group velocity vg ≈ |Ωc|2
nσoΓ

.
This process can also be quantitatively described in the framework of dark-state

polaritons [33]. These wave-like excitations are superpositions of the electric field of
the probe pulse and of the atomic spin coherence propagating together with the pulse
and can in our case be defined as:

Ψ(z, t) = cos θ(t)Ep(z, t)− sin θ(t)
√
κc̃(z, t) (2.32)

where cos θ(t) = Ωc(t)√
Ω2
c(t)+κ

and sin θ(t) =
√
κ√

Ω2
c(t)+κ

and κ = nσocΓ
2

. In the ideal limit

when Ωc changes adiabatically and γ → 0, Ψ obeys the following equation of motion
[33]: [

∂

∂t
+ c cos2 θ(t)

∂

∂z

]
Ψ[z, t] = 0 (2.33)

which describes a shape-preserving propagation with velocity v = vg(t) = c cos2 θ(t):

Ψ(z, t) = Ψ
(
z − c

∫ t

t0
dτ cos θ(τ), t0

)
(2.34)

Experimentally, stored light retrieval is limited by losses from the atomic coherence
decay. However, the process is however fairly robust and works even when pulses are
not fully confined in the ensemble (in which case only a fraction of the pulse gets
stored) and under non-adiabatic conditions. Since the first two independent reports in
2001 in ultra-cold [60] and room temperature [76] gases, storage and retrieval of light
pulses has been demonstrated in various ensembles, including solid state materials
[89].
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Figure 2.4: Stopping and reaccelerating a polariton. (a) shows the ramping of the
control field during the process. (b), (c), and (d) show the amplitudes and propagation
of the polariton Ψ, the electric field Ep, and of the atomic spin coherence. Figure taken
from [33].
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Figure 2.5: (A) Moving atom interacting with two counterpropagating fields. (B)
Atom in magnetic field gradient interacting with two counterpropagating beams with
opposite circular polarizations.

2.3 Atom Cooling and Trapping

2.3.1 Magneto Optical Trap

Consider a two level atom in the field of two counter-propagating light beams
with frequencies νleft and νright Fig.2.5A. For simplicity, we assume perpendicular
polarization of the two beams to avoid the formation of a standing wave. If the
atom is moving with velocity v to the right, then due to Doppler shift it will see the
frequencies of the beams as ν ′left = νleft(1 + v

c
) and ν ′right = νright(1− v

c
). For the case

of beams detuned to the red of the atomic transition, i.e. when νleft = νright = ωab−δ
with δ < 0, the atom will see the beam propagating leftwards as more resonant and
will scatter photons from this beam at a higher rate then from the beam propagating
rightwards. A similar situation will occur if the atom moves to the left, only this
time the rightwards-propagating beam will be more resonant and thus scatter more
photons. The difference between the scattering rate from the two beams gives rise to
a velocity dependent damping force [65]:

F (v) = Fright − Fleft = h̄k
Γ

2

I

Isat

 1

1 +
[

2(δ−kv)
Γ

]2 − 1

1 +
[

2(δ+kv)
Γ

]2
 (2.35)

that will effectively cool the atoms in one dimension. Here k = ν
c
, I = 1

2
εoc|E|2

denotes the intensity of each beam, and Isat = h̄νΓ
2σo

is the saturation intensity of the
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atomic transition. For small velocities, v � Γ
k
, F (v) ≈ −αv, with

α = 2h̄k2

(
2 I
Isat

) (
2δ
Γ

)
(

1 +
[

2δ
Γ

]2)2 . (2.36)

If we combine three perpendicular pairs of these beams the result will be cooling in
all three dimensions. This cooling mechanism, referred to in the literature as Doppler
cooling or “optical” molasses, is limited by by the random fluctuations of the atom’s
velocity that arise from spontaneous emission of the cooling beam photons by the
atom, with the limit being TDoppler = h̄Γ

2kB
[65].

While the mechanism described above will cool the atoms, it will not provide
a spatial confinement mechanism since slowly moving atoms will be able to drift
around in the beams. Spatial confinement is achieved for atoms with multiple Zeeman
sublevels by adding a relatively weak inhomogeneous magnetic field with a zero at
the beam intersection, Bx = b x, and by using opposite circular polarizations for each
pair of the counterpropagating beams [78]. The simplest example of such atom would
be an atom with a spin S = 0 (ms = 0) ground state and a spin S ′ = 1(m′s =
−1, 0,+1) excited state (Fig.2.5B) consisting of three degenerate (i.e. of the same
energy) levels. Note that in this atom σ+ light only couples state |S = 0,ms = 0〉 to
|S ′ = 1,m′s = +1〉, while σ− light couples state |S = 0,ms = 0〉 to |S ′ = 1,m′s = −1〉.
This magnetic field can be provided, for example, by two coils with identical currents
running in opposite directions – so called anti-Helmholtz configuration, which near
the center actually provides approximately constant field gradients in all three spatial
directions. In this setup, when an atom is displaced from the center x = 0 by ∆x > 0,
the degeneracy of the excited state will be lifted due to Zeeman effect. Each of the
three levels, that originally had the same energy, will be shifted according to its ms

number by ∆EZ = µmsB = gsµBbmsx, where µB = eh̄
2me

is the Bohr magneton
and gs ≈ 2 is the electron spin g-factor. Consequently, the atom will become more
resonant with the leftward beam than with the rightward beam and the difference
in the scattering rate from the two beams will result in a restorative force that will
push it back towards the origin. A similar thing happens when ∆x < 0, except now
the magnetic field will shift the levels in the opposite direction and the atom will be
more resonant with the rightward beam. The overall force on he atom will then be:

F (∆x, v) = Fright − Fleft (2.37)

= h̄k
Γ

2

I

Io

 1

1 +
[

2(δ−kv−β∆x)
Γ

]2 − 1

1 +
[

2(δ+kv+β∆x)
Γ

]2

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Figure 3-2: Cooling and trapping using position-dependent scattering.
The J=1 excited state of an atom is Zeeman shifted using an inhomogeneous mag-
netic field. The lower energy m-states have transition frequencies closer to the laser
frequency and are coupled to the J=0 ground state through σ+ or σ− polarized beams
depending on their position. Cooling and trapping in three dimensions is achieved
using a pair of anti-Helmholtz coils and three pairs of counter-propagating beams.
Part of this drawing was taken from [7].

0, mJ = 0〉 → |J = 1, mJ = −1〉 transitions slows atoms to the right of the origin.

Therefore, no matter where the atoms are, they will feel a force that pushes them

back toward the origin. In fact, the motion of the atoms in the low laser intensity

limit is that of a damped harmonic oscillator, with the force given by

"F = −β"v − κ"r, (3.2)

where β is the damping coefficient defined in Eq. 3.1. The spring constant is given

by

κ =
µ′β

h̄k

dB

dz
. (3.3)

Here, µ′ ≡ µB(geme − ggmg) is the effective magnetic moment of the transition from

the ground (g) to the excited (e) state. g and m are the corresponding g-factors and

magnetic quantum numbers of the two states, and µB is the Bohr magneton. The

force leads to a damping rate of Γ = β/M and an oscillation frequency of ω =
√

κ/M .

Then a characteristic time taken to restore atoms to the center of the trap is 2Γ/ω2,

which typically several ms.

Things are more complicated in three dimensions and with real atoms, which

aren’t simple two-state systems. Fig. 3-2 shows how an almost linear magnetic

21

Figure 2.6: The complete MOT schematics. Figure taken from [22].

where β = µb
h̄

. For small enough ∆x and v, 2.37 can be aproximated as

F (∆x, v) ≈ 2h̄k

(
2 I
Io

) (
2δ
Γ

)
(

1 +
[

2δ
Γ

]2)2 (−β∆x− kv). (2.38)

Since a pair of anti-Helmholtz coils provides a field gradient in all three directions,
this trap can be realized by simply adding the coils to the 3-D Doppler cooling setup
discussed earlier as seen in Fig. 2.6. This trap can be loaded from room temperature
vapor from which it collects the atoms from the low velocity tail of the Maxwell-
Boltzmann distribution. Naturally, atoms will be lost from this trap when they collide
with the fast atoms in the surrounding vapor and the MOT thus has an equilibrium
size in terms number of trapped atoms when the loss rate and the capture rate become
equal. In our case this technique allowed us to collect a cloud of ∼ 107 atoms cooled
to ∼ 140µK for δ ≈ −Γ

2
. An additional decrease of the trapped atom temperature

by a factor of ∼ 3 can be achieved by shutting off the magnetic field, usually after
the MOT is close to or has reached equlibrium, increasing δ to ∼ −5Γ, and letting
the cloud expand for a short time in the field of the trapping beams. This technique
is called polarization gradient cooling [26] and its cooling mechanism is described as
Sisyphus cooling [65]. The name comes from the nature in which energy is removed,
when the slowly moving atoms climb a a series of potential hills – in this case created
by the superposition of the counterpropagating σ+ and σ− fields – that are switched
into potential valleys when the atoms get to the top.

Temperature measurement

The temperature of the laser-cooled atomic cloud can be measured by monitoring
the cloud’s expansion in free space after the cooling beams are shut off. The approach
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that we used involved taking absorptive pictures of the expanding cloud and measur-
ing its radius. For a cloud with an initial Gaussian spatial density distribution and a
Maxwell-Boltzmann velocity distribution, the time-dependent radius along direction
i ∈ {x, y, z} can be described by

r2
i (t) = r2

oi + v2
oit

2, (2.39)

where roi is the initial radius of the cloud in the i direction and the spread velocity

voi =
√

2kTi
m

is given by the atoms’ temperature in that particular direction.

2.3.2 Magnetic Traps

These traps are based on gyroscopically stabilized precession of a magnetic mo-
ment in a magnetic field. An atom with a magnetic moment ~µ = γµ ~J placed in a

magnetic field ~B will experience a potential V = −~µ · ~B. Here ~J is the angular mo-
mentum and γµ is the moment’s gyromagnetic ratio. As a result, the magnetic field

will exert a torque ~T = ~µ× ~B on the magnetic moment, causing it to precess with an-
gular frequency ωL = −γµB. Consider an inhomogeneous magnetic field such as the

one in Fig. 2.7, in which Bx(x, y) = b x, By(x, y) = b y and thus ~B(0, 0) = 0. In such

a field, an atom with magnetic moments aligned with ~B will be attracted towards
regions of high | ~B| and will move away from the origin. Such an atom is called a
“high-field seeker”. On the other hand, an atom with magnetic moment anti-aligned
to ~B, so called “low-field seeker”, will be subjected to a force in the direction in which
the magnetic field decreases due to their effort to minimize the potential energy. This
will of course attract them to the origin, in the vicinity of which two things can
happen depending on the atom’s trajectory. If the atom passes directly through the
origin (red trajectory in Fig. 2.7), its magnetic moment will become aligned with the
magnetic field and the atom will be lost, as it just turned into a “high-field seeker”.
This is called a“Majorana flop”. On the other hand, if the change of the magnetic
field along the atom’s trajectory remains smaller than its magnetic moment’s pre-
cession frequency, the magnetic moment will follow the change in the magnetic field
and stay anti-aligned (gray trajectory in Fig. 2.7). An atom on such trajectory will

thus become trapped due to the attractive force towards the minimum in | ~B|. In the
weak field limit, the depth of the trap can be described by the Zeeman effect, which
shifts the energies of the atom’s states. An atom in an state whose energy is shifted
upwards will thus be a “low-field seeker,” while an atom in a state whose energy is
shifted downwards will become a “high-field seeker.” For an atom in a state described
by quantum numbers |J, F,mF 〉, the trap depth is given by

U = µBgFmFB (2.40)

where µB = eh̄
2me

is the Bohr magneton and gF is the Landé g-factor.
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B

Figure 2.7: Magnetic trap. Magnetic moments on trajectories avoiding the B = 0
region at the origin will follow the direction of the magnetic field. This allows them to
stay in the low field seeking state attracted to the origin. When a magnetic moment
passes through the origin though, it will come out as a high field seeker and will be
lost.

Due to the limited practically achievable depths, magnetic traps are usually loaded
with atoms pre- cooled, for example, by a MOT, and optically pumped into the ap-
propriate Zeeman state. For µBgFmF

∂Bz
∂z
� g, the trap will keep the atoms confined

against gravity and allow the atomic cloud to “hover” in free space.
In addition to collisions with room temperature background gas in the vacuum

system, losses from this trap come mainly from Majorana flops and other mecha-
nisms causing undesired changes magnetic moment direction, such as certain types
of collisions between the trapped atoms. Under sufficiently good vacuum conditions
and with implementation of techniques that prevent Majorana flops, lifetimes of tens
of seconds can be achieved in this trap. Additionally, magnetically trapped atomic
clouds can be transported around the experimental system by moving the magnetic
field minimum.

2.3.3 Optical Dipole Trap

Consider a two level atom placed placed into the field E of a far detuned, |∆| =
|νlaser − ωab| � Γ, laser beam. Interaction with the field will lead to an energy shift
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Figure 2.8: Level shifts and dipole trap potentials for a two level atom. (A) For red
detuned light (∆ < 0), a beam with a Gaussian profile creates an attractive potential
for atoms in the ground state. (B) For a blue detuned light (∆ > 0), an attractive
potential for the atoms in the ground state can be created from a hollow beam.

of the atomic states, also known as AC-Stark shift [39]

∆E = ±|〈e|µ|g〉|
2

∆
|E|2 = ±3πc2

2ω3
ab

Γ

∆
I. (2.41)

Here the plus (minus) sign corresponds to the ground (excited) state and I = I(r)
is the spatially dependent laser beam intensity. Consequently, for re-detuned fields,
∆ < 0, the atom in its ground state |b〉 will be attracted into a high intensity region
of the beam, while for blue-detuned fields, ∆ > 0, the atom in its ground state will
be attracted towards low intensity areas of the beam (Fig. 2.8).

Thus, a single beam with a Gaussian spatial profile tuned below resonance can
create a three dimensional nearly harmonic potential for atoms in its focal spot. This
process is similar to trapping dielectric particles with optical tweezers due to their
induced dipole moment [6]. The maximum depth of this trap will be

Udip =
3πc2

2ω3
ab

Γ

∆
Io, (2.42)

with Io being the maximum beam intensity at the focus, and the trap will be approx-
imately harmonic near the center.

Similar to the case of magnetic traps, optical dipole traps are usually loaded with
atoms that were initially cooled in a MOT, but optical pumping into a particular level
of the ground state is often not necessary. In addition to collisions with background
gas, the lifetime of atoms in this trap are limited by the atoms’ scattering of photons
from the trapping beam at a rate

Γsc =
3πc2

2ω3

(
Γ

∆

)2

I(r). (2.43)
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However, given that the trap depth is ∼ Γ
∆

and the scattering rate scales as ∼
(

Γ
∆

)2
,

the heating can be suppressed to almost negligible levels with sufficiently large de-
tuning. Experimentally observed trapping times at the order of seconds are routinely
reported in the literature.

Compared to red-detuned dipole traps, blue-detuned traps are somewhat more
difficult to set up as they either require a set of several Gaussian beams formed into
sheets with cylindrical lenses or the use of non-Gaussian optics such as axicons, phase
plates, or holograms. Their main advantage is that the atoms spend most of the time
in the dark and thus the scattering-induced heating is greatly reduced. Consequently,
fields with smaller detuning can be used which allows one to achieve deep traps even
with relatively low laser power.

Finally, optical dipole traps at a “magic” wavelength are an interesting special
case. At such a wavelength of the trapping light, the energy shift of both the ground
state and the excited state will be identical due to the trap light’s interaction with the
higher excited states of the atom. This has important implications for spectroscopy
measurements done on atoms confined in this way, since it removes the dependence
of the results on the intensity and beam-shape of the trapping light, and on the
distribution of the atoms in the trap.
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Stationary pulses of light

Several techniques to generate stationary light pulses in an atomic medium have
recently been proposed [54, 4]. The present work is related conceptually to the ideas
of Ref. [4], but here we use a different approach in which the spatial modulation of the
optical properties of the EIT medium is achieved by using two counter-propagating
control fields. This approach, in the ideal limit, involves spatial modulation only
of the absorptive properties of the medium. The use of such a dissipative effect
for coherent control of light is a novel phenomenon, closely related to earlier work
on matched pulse propagation in EIT [42, 16]. Although there exists a substantial
body of work on localization of light in random dielectrics [18], Bragg gratings, and
photonic bandgap materials [55, 93, 83], the unique feature of the present method
is that it allows us to accurately control the creation of a stationary light pulse and
its release. Conceptually, we are able to radically change the properties of an optical
medium – from being completely transparent to behaving like a mirror constructed
from multiple thin layers of two alternating dielectrics – on time scales significantly
shorter than the time the propagating light pulse spends inside the medium.

The present method can be understood qualitatively by considering a three-state
“lambda” configuration of atomic states (Figure 3.1). A large ensemble of N station-
ary atoms is initially prepared in the ground state |g〉. We use forward and backward
control beams, with time varying Rabi-frequencies Ω+(t) and Ω−(t), respectively, to
manipulate a weak pulse of signal light. In our experimental realization the two con-
trol fields have identical frequencies but opposite propagation directions. Usually,
EIT [13] corresponds to simultaneous propagation of the forward control and sig-
nal beams. When their frequency difference matches the level splitting between the
ground state and a metastable (“spin-flipped”) state |s〉 the medium becomes trans-
parent for the signal light, while the sharp atomic dispersion allows one to slow and
localize an input signal pulse in the medium [46, 52]. By turning the control beam off
while the pulse is in the medium [33], the signal amplitude vanishes while its state is
stored in a stationary spin coherence. This atomic excitation can be converted back
into a light pulse, propagating in the forward or backward direction, by application of

24



Chapter 3: Stationary pulses of light 25

the corresponding control beam [60, 76, 98]. The atomic coherence can be converted
into a stationary photonic excitation if the medium is illuminated simultaneously by
forward and backward control beams. Specifically, if the two create a standing wave
pattern, the EIT effect suppresses the signal absorption everywhere but in the nodes
of the standing wave, resulting in a sharply peaked, periodic modulation of the atomic
absorption for the signal light (Figure 3.1B). Illumination by these beams also results
in partial conversion of the stored atomic spin excitation into sinusoidally modulated
signal light, but the latter cannot propagate in the medium due to Bragg reflections
off the sharp absorption peaks, resulting in vanishing group velocity of the signal
pulse. Only after one of the control beams is turned off does the pulse acquire a fi-
nite velocity and thus can leave the medium in the direction of the remaining control
beam.

3.1 Dark-state polariton picture

To quantify these effects theoretically, consider the interaction of atoms with res-
onant optical fields represented by plane waves. We decompose the signal field into
components propagating in the forward and backward directions along the z axis with
wave-vectors ±k and slowly varying amplitudes E±.

Following [33, 4] we introduce two components Ψ± of a coupled excitation of
light and an atomic spin wave (“dark-state polariton”) corresponding to forward and
backward signal fields, respectively. In the experimentally relevant case of small group
velocities, the polariton components are represented by Ψ± = g

√
NE±/Ω±, where g

is the atom-field coupling constant [82]. Further assuming slowly varying pulses and
negligible spin decoherence, we find that the components evolve according to

∂

∂z
Ψ+ = −α−ξ(Ψ+ −Ψ−)− 1

c

∂

∂τ
(α+Ψ+ + α−Ψ−), (3.1)

∂

∂z
Ψ− = −α+ξ(Ψ+ −Ψ−) +

1

c

∂

∂τ
(α+Ψ+ + α−Ψ−)

and the spin coherence S = N−1/2(α+Ψ+ + α−Ψ−) with α± = |Ω±|2/(|Ω+|2 + |Ω−|2).
A detailed derivation of these equations, which describe two slow waves coupled due
to periodic modulation of atomic absorption and group velocity, can be found in Ref.
[2]. The first term in the right hand side of (3.1) is proportional to an absorption
coefficient ξ near resonant line center. When ξ is large this term gives rise to the
pulse-matching phenomenon [42, 41]: whenever one of the fields is created the other
will adjust itself within a short propagation distance to match its amplitude such that
Ψ+ − Ψ− → 0. The scaled time, τ(t) =

∫ t
0 dt(|Ω+|2 + |Ω−|2)/g2N , reflects the group

velocity reduction associated with atomic dispersion.
Finally, the center frequency of the signal light was chosen to match its wave-

vector to that of the periodic absorption grating created by the standing wave formed
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Figure 3.1: Physics of stationary pulses of light. (A) Schematic of the atomic system.
The signal beam (red arrow) is resonant with the transition from the ground to
the excited state (|e〉) and the control fields (blue arrows) are tuned to resonance
between the |s〉 state and the excited state. (B) Schematic illustration of the spatial
variation of the medium absorption (black line), and the electric field (red line) in
the stationary pulse in the medium along the direction of the control beam. Blue
line represents initial atomic spin coherence. (C) Storage of the weak signal pulse
in Raman coherence. Calculated evolution is shown for the forward signal pulse and
atomic spin wave amplitudes as a function of distance (in the units of compressed
pulse length l) and time (in units of l/v0

g). While the forward pulse propagates the
forward control beam is turned off ( at the time t = 4l/v0

g) and the pulse is stored
in a stationary spin coherence. At the time t = 8l/v0

g the forward control field is
turned back on re-creating the propagating pulse. Calculations are based on Eqs.(3.1)
with Gaussian pulses and α+ = 1, α− = 0. Figure (D) shows calculated evolution
of the forward and backward signal components and atomic spin wave amplitude
for the case when the stored coherence is illuminated (at the time t = 8l/v0

g) by
forward and backward control beams with equal Rabi-frequencies. Here stationary
signal pulses are created. The main contributions to the dynamics include a slow
spreading of the amplitudes as well as small shifts (on the order of 1/ξ) of forward
and backward components in the corresponding directions relative to the atomic
coherence. Calculations are based on Eqs.(3.1) with α+ = α− = 1/2, ξl = 10. All
simulations assume that vg � c, in which case the polaritons are mostly atomic and
amplitude of the spin coherence does not change significantly while the pulse is in the
medium. Amplitudes of fields and coherence are normalized to their initial value at
t = 0.
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by the forward and backward control fields. Due to the steep atomic dispersion, this
condition can in the ideal limit be satisfied by a small detuning of the signal light, in
direct analogy with other EIT-based processes [42].

In the case of the forward signal field propagating in the presence of only one
(forward) control field, (3.1) has a simple solution Ψ+(z, t) = Ψ+(z − cτ(t), 0), which
describes a coherent deceleration as shown in Figure 3.2C. Specifically, when the
forward control beam is turned off, the polariton is stopped, the signal light vanishes,
and a stationary spin excitation is created. Note that the spatial length of the spin
excitation l is determined by the length of the compressed pulse corresponding to a
product of the input pulse duration and the initial group velocity v0

g . Finally, when
the forward control beam is turned back on, the propagating signal pulse is re-created.

When both control beams are turned on simultaneously, forward and backward
signal components are both generated. The electric field amplitudes for both forward
and backward signal light are proportional to the amplitudes of the corresponding
control fields, as required by the pulse matching condition [42, 41]. Interesting insight
into the propagation dynamics can be gained by considering the dispersion relation
associated with Eqs. (3.1): ω = −ck(ξ[α+−α−]−ik)/(ξ−ik[α+−α−]), where ω is the
Fourier frequency corresponding to the scaled time τ and k is the spatial wave-vector
of the signal pulse envelopes. For small wave vectors and a large absorption coefficient,
this corresponds to a linear dispersive medium with a group velocity vg = c×(|Ω+|2−
|Ω−|2)/g2N . Thus, the time-domain solution describes the coupled motion of the Ψ±
envelopes at a group velocity proportional to the intensity difference between the two
control fields. When the control Rabi frequencies are identical, the group velocity
vg vanishes and a stationary pulse of light is created as illustrated in Figure 3.1D.
The electric field amplitudes of the two signal components are then equal E+ = E−,
corresponding to sinusoidally modulated signal amplitude, and the dispersion relation
becomes ω = ick2/ξ. In the time-domain this corresponds to a slow spreading of the
stationary pulse at a rate δl/l ∼ cτ/(ξl2), which determines the maximal holding
time. Hence, in an optically dense medium (ξl� 1) a stationary photonic excitation
can be controllably created.

3.2 Making a mirror out of an atomic ensemble

To gain deeper understanding of the properties of an EIT system with two counter
propagating control fields, we will now analyze in more detail the behavior of the
medium with time-independent control fields in order to see the effects probe and
control field frequency variations have on the system’s mirror-like features.

Additionally, it is interesting to compare the system’s behavior for various experi-
mentally relevant temperature limits – an ensemble of “frozen” atoms with all atomic
motion suppressed, an ensemble of cold or ultra-cold atoms where during the time the
pulse is stationary the atoms move on average by distance less or comparable to the
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wavelength of the light, and an ensemble of hot or room-temperature atoms where
the atoms on average move by many wavelengths during this time. We will see that
while applying two counter-propagating control fields will turn the EIT system into a
mirror-like structure for both the cold and hot atomic ensembles, there will be some
notable differences.

We will use two approaches for this. The first approach follows the qualitative
Bragg grating picture from the beginning of the chapter and requires a medium
consisting of motionless atoms. The second approach uses a simplified version of
Maxwell-Bloch equations and treats the system as a wave mixing problem. While the
second approach is still valid in the limit of “frozen” atoms, it can take into account
the thermal atomic motion washing out the Bragg grating imprinted by the standing
wave formed by the control fields. We will see that both approaches yield equivalent
sets of equations coupling the forward and backward propagating probe fields.

3.2.1 Coupled modes in a Bragg grating

For an idealized system, in which the atoms are completely at rest, for equal Rabi
frequencies of the forward and backward control fields, Ω+ = Ω− = Ωc, the medium’s
spatially dependent susceptibility can be directly inferred from (2.29) as

χ(ω, z) =
nσoΓ

4

γ̃ − iω
(Γ̃− iω)(γ̃ − iω) + |Ωc|2 cos2(kcz)

(3.2)

where kc = νc
c

. For on-resonant control and probe fields, this results in medium with
narrow Lorentzian absorption spikes with amplitude σon

2
spaced by distance λc

2
as in

Figure 3.1B.
Following the treatment in [2], we can write the Maxwell’s equation for a spatially

modulated medium in 1D

c2 ∂
2

∂2z
E(z, ν) + ν2[1 + χ(z, ν)]E(z, ν) = 0 (3.3)

where E(z, ν) = E+(z, ω)eikpz +E−(z, ω)e−ikpz with ω = ν−νp. Here kp = νp
c

and νp is
the carrier frequency of the probe field. Taking the Fourier series expansion of (3.2)
χ(z, ω) =

∑
n χn(ω)einkcz and comparing the terms with the same spatial frequency

in (3.3), we obtain a set of equations describing the coupling between the forward
and backward propagating probe fields:(

−iω + c
∂

∂z

)
Ẽ+ = i

(
c∆k +

νp
2
χ0

)
Ẽ+ + i

νp
2
χ2Ẽ− (3.4)(

−iω − c ∂
∂z

)
Ẽ− = i

νp
2
χ−2Ẽ+ + i

(
c∆k +

νp
2
χ0

)
Ẽ−
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Figure 3.2: Three level system interacting with two counter-propagating probe fields
and two counter-propagating control fields.

where we made the substitution E± = Ẽ±e∓i∆kz with ∆k = kp − kc and we used

χn(ω) = kc
π

∫ π/kc
0 χ(ω, z)e−inkczdz. We find

χ0 = i
2c

νp

σon

4

Γ

Γ̃− iω

√√√√ (γ̃ − iω)(Γ̃− iω)

(γ̃ − iω)(Γ̃− iω) + |Ωc|2
(3.5)

while

χ±2 = i
2c

νp

σonΓ

4

kc
π

∫ π
kc

0

(γ̃ − iω)e∓2ikcz

(Γ̃− iω)(γ̃ − iω) + |Ωc|2 cos2(kcz)
dz (3.6)

will in general require numerical integration.

3.2.2 Wave mixing and Maxwell-Bloch equations

Consider a three-level system interacting with two counter-propagating probe
fields, Ep+ with carrier frequency νp+ propagating forward with wave number kp+ =
νp+
c

and Ep− with carrier frequency νp− propagating backward with wave number
kp− = νp−

c
, and two counter-propagating control fields, Ec+ with carrier frequency

νc+ propagating forward with wave number kc+ = νc+
c

and Ec− with carrier frequency
νc− propagating backward with wave number kc− = νc−

c
(Fig.3.2). The two probe

fields couple state |b〉 to state |a〉 with Rabi frequencies Ωp± = µab
h̄
Ep± where Ep± are

the slowly varying envelopes of the probe fields, while the two control fields couple
state |c〉 to state |a〉 with Rabi frequencies Ωc± = µac

h̄
Ec±. For simplicity, we will as-

sume Ωc± � Ωp±. Note that the detunings of the fields from the atomic transitions,
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δp± = νp± − ωab and δc± = νc± − ωac can also account for Doppler shifts in case of
moving atoms.

In this system the forward and backward probe will be coupled by a range of
wave mixing processes whose common feature is that they start with absorption of a
single photon from one of the probe fields and conclude with emission into the other
probe field. The simplest example of such a process would be a four-wave mixing
process in which the atom sequentially absorbs a photon from Ep+, emits a photon
into field Ec+, absorbs a photon from field Ec+ and finally emits a photon into field
Ep−. During this process the atom transfers temporarily into state |c〉, but returns
back into state |b〉 at the end of the cycle. This process will lead to generation of
Ep− even if the field was not originally present. The process can also be reversed, in
which case it will start with absorption of a photon from Ep− and finish with emission
of a photon into Ep+. In addition to four-wave mixing processes, in which the cycle
consists of four events, the photons from Ep+ can be converted into Ep− photons (and
vice versa) in processes consisting of 6, 8, or more absorption/emission events. During
these processes, in addition to the two photons from the probe fields, photons in the
control fields will be absorbed/emitted. It is worth noting that for these process to
be energy conserving, we require νp+ − νc+ = νp− − νc−.

To determine the effects of these mixing processes on the propagation of the probe
fields, we will first calculate the medium’s polarization density defined in section 2.2 of
the previous chapter, P = n(µbaab

∗+µaba
∗b). We will do this using a simplified version

of the Maxwell-Bloch equations known as the stochastic wave-function apporach [37]
and then combine the result with equation (2.14). In particular, we are interested
in the components of the polarization density with spatial variations ∼ eikp+z and
∼ e−ikp−z as these will dictate the evolution of the slowly varying envelopes Ep± of
the probe fields in (2.14).

The hermitian part of the Hamiltonian for the system in Fig.3.2 will be

Ĥ = h̄ωab|a〉〈a|+ h̄ωcb|c〉〈c|

− 1

2
µab|a〉〈b|

(
Ep+e−iνp+teikp+z + Ep−e−iνp−te−ikp−z

)
(3.7)

− 1

2
h̄|a〉〈c|

(
Ωc+e

−iνc+teikp+z + Ωc−e
−iνc−te−ikp−z

)
+ c.c.

If we assume the atom’s wave-function to be |ψ〉 = a|a〉 + b|b〉 + c|c〉 and use the
stochastic wave-function approach, the Schroedinger equation will yield the following
equations of motion for the wave-function’s coefficients:

ȧ = −iωaba+ i
µab
2h̄

b
(
Ep+e−iνp+teikp+z + Ep−e−iνp−te−ikp−z

)
+
i

2
c
(
Ωc+e

−iνc+teikp+z + Ωc−e
−iνc−te−ikp−z

)
ḃ = i

µab
2h̄

a
(
E∗p+eiνp+te−ikp+z + E∗p−eiνp−teikp−z

)
(3.8)
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ċ = −iωcbc+
i

2
a
(
Ω∗c+e

iνc+te−ikp+z + Ω∗c−e
iνc−teikp−z

)
where for now we have not included the decay channels. To remove the fast spatial
oscillations from this set of equations, we employ the following substitutions:

a =
∞∑
m=0

(
a+[2m+1]e

i[kp++mkc++mkc−]z + a−[2m+1]e
−i[kp−+mkc++mkc−]z

)
(3.9)

c = c0 +
∞∑
m=1

(
c+2me

i[kp++(m−1)kc++mkc−]z + c−2me
−i[kp−+mkc++(m−1)kc−]z

)
which amounts to spatial frequency decomposition of the coefficients a and c.

In the special case of δc+ = δc−, the wave-mixing processes will result in νp+ =
νp− = νp. For cold atoms with negligible Doppler broadening, this means that both
control fields have the same frequency. For hot atoms, this assumption can be safely
made when both control fields have the same frequency and we work with the ap-
proximation from section 2.1 of the previous chapter that replaces Γ with ΓD from
(2.8) and σo with σDopp from (2.9). In this special case, (3.8) can be further simplified
by making the substitutions

a±[2m+1] = ã±[2m+1]e
−iνpt

c±2m = c̃±2me
−i[νp−νc]t (3.10)

to remove the fast time dependences. Making these substitutions, followed by com-
paring the terms oscillating at the same spatial and temporal frequencies, results in
the following set of differential equations, into which we now added the decay channels
from (2.12) :

˙̃a+1 = −Γ̃+1ã+1 + i
µab
2h̄
Ep+ +

i

2
Ωc+c̃0e

−i∆kz +
i

2
Ωc−c̃+2

˙̃a−1 = −Γ̃−1ã−1 + i
µab
2h̄
Ep− +

i

2
Ωc−c̃0e

+i∆kz +
i

2
Ωc+c̃−2 (3.11)

˙̃c0 = −γ̃0c̃0 +
i

2
ã+1Ω∗c+e

+i∆kz +
i

2
ã−1Ω∗c−e

−i∆kz

while for m > 0

˙̃a±[2m+1] = −Γ̃±[2m+1]ã±[2m+1] +
i

2
Ωc±c̃±2m +

i

2
Ωc∓c̃±[2m+2]

˙̃c±2m = −γ̃±2mc̃±2m +
i

2
Ω∗c∓ã±[2m−1] +

i

2
Ω∗c±ã±[2m+1] (3.12)

for m > 0. Here ∆k = kp−kc and Γ̃±[2m+1] =
Γ±[2m+1]

2
−iδp and γ̃±2m = γ±2m−i[δp−δc]

are the complex decay rates of the components of the wave-function coefficients a and
c with spatial frequencies ∼ (2m+ 1)k and ∼ 2mk. In addition to the finite lifetimes
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of the states |c〉 and |a〉, the decay rates γ±2m and Γ±[2m+1] will be determined by the
thermal motion of the atoms since this motion will wash out the the periodicity of
those higher-order components.) The coupling between Ep+, Ep−, and the medium’s
polarization density determined by a can be found by comparing the components of
(2.14) with the same temporal and spatial frequencies, which yields:(

−iω
c

+
∂

∂z

)
Ẽ+ = i∆kẼ+ + i

nσoΓ

2

h̄

µab
ã+1(ω)ei∆kz (3.13)(

−iω
c
− ∂

∂z

)
Ẽ− = i∆kẼ− + i

nσoΓ

2

h̄

µab
ã−1(ω)e−i∆kz

where again we made the substitution E± = Ẽ±e∓i∆kz. We expect that after solving
for ã±1, (3.13) can be rearranged into the form(

−iω
c

+
∂

∂z

)
Ẽ+ = (i∆k + a11)Ẽ+ + a12Ẽ− (3.14)(

−iω
c
− ∂

∂z

)
Ẽ− = a21Ẽ+ + (i∆k + a22)Ẽ−

which is equivalent to (3.4) and describes the same spatial-temporal dynamics as
(3.1).

Hot atoms

Atoms at T ≈ 80 ◦C will travel ∼ 260 µm in 1 µs. For our experimental system,
the spatial periodicity of c0 is ∼ 4 cm, while the spatial periodicity of the 2mth order
component of c will be ∼ 1

m
λ
2
, where λ ≈ 795 nm is the wavelength of the probe and

control fields. Thus, at the time scales of the experiment, which in our case are µs,
the hot atoms will move by many λ and any spatial dependency with periodicity ∼ λ
or less imprinted on the atomic ensemble will be lost before it can have an effect on
the probe propagation. We therefore set γ±2m → ∞ for m > 0, which allows us to
simplify (3.11) and (3.12) to

˙̃a+1 = −Γ̃+1ã+1 + i
µab
2h̄
Ep+ +

i

2
Ωc+c̃0e

−i∆kz

˙̃a−1 = −Γ̃−1ã−1 + i
µab
2h̄
Ep− +

i

2
Ωc−c̃0e

+i∆kz (3.15)

˙̃c0 = −γ̃0c̃0 +
i

2
ã+1Ω∗c+e

+i∆kz +
i

2
ã−1Ω∗c−e

−i∆kz

by neglecting the higher-order components of a and c. Here, Γ̃±1 = Γ̃ = ΓD
2
− iδp.

Notice that spatial periodicity of c0 given by ∆k can survive for tens of µs before
being washed out by the atomic motion. From the wave mixing point of view, the
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Figure 3.3: Hot atoms cross and self coupling terms. (A) The cross coupling term
α = a12 = a21 from (3.14) as a function of ω in units of

nσDop
2

: imaginary part (dashed,
red), real part (solid, blue), and absolute value (black, dotted). (B) The self coupling
term β = a11 = a22 from (3.14) as a function of ω: imaginary (dashed, red) and real
part (solid, blue). Here δc = δp = 0, ΓD

2π
≈ 600 MHz, Γ

2π
= 6 MHz, and Ωc

2π
= 15 MHz.

thermal atomic motion suppresses all wave mixing processes, except for the two four-
wave mixing processes described at the beginning of this subsection. Solving (3.15)
will indeed allow us to rearrange (3.13) into the form of (3.14). In particular, for the
special case of Ωc+ = Ωc− = Ωc, we will find

a12 = a21 = α =
nσDop

8

ΓD

Γ̃− iω

|Ωc|2
2(γ̃0−iω)

(Γ̃− iω) + |Ωc|2
2(γ̃0−iω)

(3.16)

a11 = a22 = β = −nσDop
4

ΓD

Γ̃− iω
Γ̃− iω + |Ωc|2

4(γ̃0−iω)

(Γ̃− iω) + |Ωc|2
2(γ̃0−iω)

= −nσDop
4

ΓD

Γ̃− iω
+ α

The plots of the frequency dependency of these cross coupling and self coupling
terms from (3.14) for the case of hot atoms can be seen in Figure 3.3.

Cold atoms

At temperatures such as those in experiments described in Chapters 4 and 5, the
atoms will move during the time scales of the experiment by distances ∼ λ or even
less. For instance, at T = 1 mK the atom will move by ∼ λ

2
in 1 µs, while at

T = 40 µK – corresponding to rubidium atoms just released from a MOT followed
by polarization gradient cooling – the atoms will move by ∼ λ

10
in 1 µs. Thus for

cold atomic ensembles, the higher spatial frequency components of a and c resulting
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Figure 3.4: Cross and self coupling terms for cold atoms in units of nσo
2

:imaginary
part (dashed, red), real part (solid, blue), and absolute value (black, dotted).
(A) The cross coupling term α(1) = a12 = a21 and (B) the self coupling term β(1) =
a11 = a22 resulting from the truncated solution (3.18) for cold but not stationary
atoms. (C) The cross coupling term αBragg = a12 = a21 (3.6) and (D) the self coupling
term βBragg = a11 = a22 (3.5) obtained from the Bragg grating treatment valid for
stationary atoms. Here δc = δp = 0, Γ

2π
= 6 MHz, γ0

2π
= 0.1 Γ, and Ωc

2π
= 15 MHz.
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from the higher-order wave mixing processes will not decay fast enough and cannot be
neglected. Consequently, to calculate ã±1 from (3.11), the contributions from terms
described by (3.12) must also be taken into account. For very cold atoms, whose
thermal movement is negligibly small as in the case of near BEC temperatures, the
decay rates of the higher spatial frequency components of a and c will be independent
of their order, which will present a dilemma about how many terms from (3.12) need
to be included. For atoms at such low temperature, the coupled-mode approach from
the previous subsection is therefore more practical.

On the other hand, the thermal motion of the atoms from the examples at the
beginning of the previous paragraph will be sufficient to wash out some of the higher-
order spatial terms but not all of them. For those cases, the proposed approach [31]
for practical purposes is to define

Γ±[2m+1] = κmΓ

γ±2m = κmγ0 (3.17)

where κ > 1 is a temperature dependent fitting parameter that accounts for the
increased sensitivity of the higher frequency spatial components to the thermal motion
of the atoms.

Finally, one can take a somewhat heavy-handed approach of arbitrarily keeping
only the terms a±1, c0 and c±2 in expansion (3.9), and setting Γ±1 = Γ and γ±2 =
γ0. This approach was proposed and used in [59] to describe their experimental
demonstration of stationary light pulses in cold atomic ensembles. It provides a
surprisingly good qualitative description of the significantly different behavior of cold
atoms from hot atoms when it comes to stationary light pulse creation. Taking this
approach and solving the truncated version of equations (3.11) and (3.12), one obtains

a11 = a22 = β(1) = −nσoΓ
4

Γ̃− iω + |Ωc|2
2(γ̃0−iω)(

Γ̃− iω + |Ωc|2
2(γ̃0−iω)

)2
− |Ωc|4

16(γ̃0−iω)2

a12 = a21 = α(1) =
nσoΓ

16(γ̃0 − iω)

|Ωc|2(
Γ̃− iω + |Ωc|2

2(γ̃0−iω)

)2
− |Ωc|4

16(γ̃0−iω)2

(3.18)

for the terms in (3.14) in the case when Ωc+ = Ωc− = Ωc.
The plots of the frequency dependency of these cross-coupling and self-coupling

terms from (3.14) for the case of cold atoms can be seen in Figure 3.4. Here we
plotted both the results from (3.18) and the coupling terms obtained from the Bragg-
grating-picture treatment in the previous subsection.

It is interesting to compare the behavior of the cross coupling term for
δp = δc = ω = 0, i.e. on resonance, for hot and for cold atoms. For hot atoms
the absolute value of cross coupling term has a maximum on resonance, and thus
the coupling between the forward and backward propagating probes is the strongest
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there. On the other hand, for cold atoms the absolute value of the cross-coupling
has a minimum on resonance. In the limit |Ωc|2 � γ̃0Γ̃, the value of this minimum
is α(ω = 0) → σonγ0Γ

3|Ωc|2 . At the same time, the condition for low loss propagation in

an EIT medium in which γ0 6= 0 is |Ωc|2 � OD γ0Γ. As a result, we can expect
that for realistic experimental conditions α(ω = 0) � 1, i.e. the coupling between
the forward and backward propagating probe fields will be weak. This means that
cold atoms will not make a very good mirror on resonance and that our scheme most
likely will not lead to creation of stationary light pulses in cold atomic ensembles.
The wave-mixing picture view of this would be that the higher-order wave-mixing
processes, present in the case of cold atoms, will bypass the grating created by the
standing wave control fields. This grating failure was observed experimentally by [59]
and is theoretically explored in more detail in [71]. However, two variations on our
method that resolve this problem and allow stationary pulse creation in cold atoms
have been already proposed [59, 74]. The latter proposal is based on the forward
and backward fields having opposite polarizations, while the former uses forward
and backward control fields of slightly different frequencies and includes a successful
experimental demonstration.

3.2.3 Phase matching

Processes based on either reflection from a Bragg grating or wave mixing work best
when the phase-matching condition is satisfied [15]. Conceptually, this occurs when
the wave number of the probe field is equal to the to the wavenumber of the pump field
(grating) in the case of wavemixing (Bragg reflection). In our case, phase-matching
can be attempted by minimizing the imaginary part of the complete self-coupling term
in (3.14), β̃ = β + i∆k. This can be accomplished in two ways – either by changing
the probe carrier frequency such that δp < 0 while keeping δc constant (Fig. 3.5A)
or by changing the control field frequency such that δc > 0 (Fig. 3.5B). However,
the first option can not be used for creation of stationary light pulses in hot atomic
ensembles. When a light pulse with δp 6= 0, whose bandwidth is not significantly
smaller than the EIT transparency window, is stored in an atomic ensemble and then
retrieved with resonant control field, the retrieved pulse will have a carrier frequency
with δ′p = 0. For experimentally realistic pulse storage in warm vapors, the relation
between the bandwidth of the probe pulse τp and the EIT transparency window
∆FWHM is τp ≈ ∆FWHM , and thus the initial phase matching arrangement will be
lost during the storage and retrieval stages of the stationary pulse creation.

On the other hand, the second option in which δp − δc is kept at zero but δc is
adjusted such that Im(β̃) is minimized, preserves the initial phase matching arrange-
ment during the whole stationary pulse creation process.
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Figure 3.5: Phase matching in hot atoms. (A) Minimizing phase mismatch by ad-
justing δp while keeping δc = 0 . (B) Minimizing phase mismatch by adjusting δc
while maintaining δp − δc = 0. Note the different frequency scale from (A). Here
ΓD
2π
≈ 600 MHz, Ωc

2π
= 15 MHz, and n ≈ 1012 cm−3.

3.3 Experimental results

Our experimental apparatus used to demonstrate these effects in a room-temperature
atomic ensemble is shown in Figure 3.6 . A magnetically shielded 4 cm long 87Rb
vapor cell is maintained at T ∼ 90 oC (atom number density is 1012 − 1013 cm−3).
The signal field is generated by an extended cavity diode laser. The control beam,
generated by a locked Ti:Sapphire laser, is split on a polarizing beam splitter (PBS)
to provide both forward and backward control fields. The signal laser is phase-locked
to the control laser with a frequency offset corresponding to the hyperfine splitting
of 87Rb (6.84 GHz). All three fields have circular polarizations in the cell but their
intensities are controlled independently by acousto-optic modulators (AOMs). Pro-
grammable pulse generators which govern the AOM allow us to manipulate the tim-
ing, amplitude, duration and shape of the pulses independently. The beams overlap
inside the cell at an angle of ∼ 10−4 rad. PD1 and PD3 are fast photodiodes used
for heterodyne detection of the the signal amplitude using a reference beam (black
line). These are followed by a spectrum analyzer running in zero span mode with a
detection bandwidth of 3 MHz. The CW power of the signal beam is 250 µW, while
the powers of the forward and backward control beams are independently adjusted
between 8.0 mW and 40 mW. The beam size inside the cell is about 2 mm.

Long-lived hyperfine sublevels of the electronic ground state S1/2 with F = 1, 2 are
used as the storage states |g〉, |s〉, respectively, coupled via the excited state P1/2. The
hyperfine coherence time is limited by atomic diffusion out of the beam volume, and
is enhanced with a Ne buffer gas of 6 torr (resulting in spin-coherence lifetimes in the
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Figure 3.6: The experimental setup.

µs to ms range [52, 76]). Note that the Doppler shifts due to atomic motion do not
directly affect the spin coherence when the control and the signal beams propagate
colinearly in forward and backward pairs.

3.3.1 Continuous wave study

We first consider continuous wave (CW) excitation of the atomic Rb. Without
the control beams the atomic medium is completely opaque to the forward signal
beam. When the forward control field is present, a sharp, few-100-kHz-wide res-
onance appears in the transmission spectrum of the signal beam, corresponding to
EIT (curve (i) in Fig.3.7A). Turning on the backward control beam in the CW regime
greatly reduces the EIT transmission (curve (iii)), while at the same time generating
a reflected signal beam that is detected in the backward direction (curve (ii)). The
peak reflection is a substantial fraction (up to ∼ 80%) of the input signal beam. As
discussed in the previous section, phase matching can be achieved by operating at
a non-zero control field detuning as can be seen in Figure 3.8. This minimizes the
difference between the frequency corresponding to peak EIT transmission and the
frequency corresponding to peak reflection as predicted in Fig.3.5B.

These results demonstrate the possibility of coherent control of light via simulta-
neous driving of the medium with forward and backward control beams. Specifically,
the signal light cannot propagate in the modulated EIT medium, but instead of ab-
sorbing the signal the medium reflects it as a high quality Bragg mirror. This effect is
analogous to that predicted theoretically in [4]. However, the broad lineshape of the
curve (ii) indicates that periodic modulation of the absorptive rather than dispersive
properties are at the origin of the observed Bragg reflection [55]. We note, in particu-
lar, good agreement between the present experimental results and a theoretical model
based on the resonant EIT medium with forward and backward control fields (Figure
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Figure 3.7: The results of CW experiments (A) Curve (i) represents the EIT signal
transmission when the forward control beam is on and the backward control beam is
off. Transmission is approximately 50% at EIT resonance. Curve (ii) is the reflected
signal and curve (iii) is the signal transmission when both forward and backward
control fields are on. (B) Corresponding theoretical simulations of the transmission
and reflection of signal field from the medium composed of atoms in Figure 1A.
Parameters correspond to atomic Rb, Ω+ = Ω− = 2π×15 MHz, the spin decoherence
rate of 3 kHz, and medium length corresponding to resonant attenuation of e−15. The
small frequency shift in the reflection resonance accounts for wave-vector matching
to satisfy Bragg condition.

500 kHz 

  

  

C 

B 

A 

Be
at

no
te

 p
ow

er
 

Frequency 

Figure 3.8: Phase matching with δp − δc = 0. The curve labels A-C correspond
to labels i-iii in Figure 3.7, but instead of i δc ≈ 0 here δc ∼ 200 MHz, roughly as
predicted in Fig.3.5. The EIT and reflection peaks now occur at the same frequency.
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3.7). At the same time, a qualitatively different lineshape is expected for dispersive
Bragg gratings [4, 83].

3.3.2 Trapping a pulse of light

Turning to experiments with pulsed light, we first map the input signal pulse
onto an atomic coherence of the Rb atoms [60, 76]. This procedure corresponds to
Fig. 3.1C and its experimental observation is shown by curve (i) in Figure 3.9A. The
atoms are first optically pumped into the lowest state using a 400 µs-long pulse of the
forward control field. A Gaussian-shaped signal pulse of roughly 5 µs duration then
enters the medium where it is slowed to v0

g ∼ 6 km/s. The forward control beam is
subsequently turned off. As a rule, a fraction of the signal pulse leaves the cell before
that time, leading to the first peak of the curve (i). When the forward control field
is turned back on, the stored atomic excitation is converted back into light which is
detected in the forward direction (second peak of the curve (i)). The amplitude of the
retrieved light decays with increasing storage interval with a characteristic time scale
of about 20 µs, corresponding to decay of the hyperfine coherence caused by atomic
diffusion. Similar experimental results are obtained by detecting the signal light in
the backward direction when the stored coherence is retrieved with the backward
control beam [98].

We next consider the retrieval of the atomic excitations by simultaneous applica-
tion of the forward and backward control beams. When the intensities of the beams
are carefully adjusted, the output signal pulses in both the forward and backward
directions are greatly suppressed (curves (ii) and (iii) in Figure 3.9A). Both channels
exhibit small leakage. We attribute the first peak to photons retrieved near the cell
boundaries, which do not experience sufficient Bragg reflections to be trapped effi-
ciently. The long tail is likely due to a slow spreading of the stored pulse. When the
backward control beam is turned off, the released pulse is detected in the forward
channel (curve (ii)). During the pulsed experiments depicted here, the control and
probe fields have detuning δc = δp ∼ 200MHz in order to keep close to the phase-
matching condition in Fig.3.8. We observed similar results for δc = δp ∼ 0, but the
observed magnitude of the released stationary pulse was notably smaller. Addition-
ally, the presence of signal light inside the cell during the simultaneous application
of the two control beams was verified directly by monitoring fluorescence from the
side of the cell (Figure 3.9B). For times when the signal output in the forward and
backward directions is greatly suppressed, we observed significant enhancement of the
signal light fluorescence (curve (iii) in Figure 3.9B) due to residual atomic absorption.

These observations provide evidence for controlled conversion of the stored atomic
coherence into a stationary photonic excitation in the cell. Note, in particular, that
the magnitude of the fluorescence drops sharply after the backward control pulse
is turned off. This drop is followed by a gradual decay associated with the exit of
the slow pulse from the medium. This behavior is in qualitative agreement with
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Figure 3.9: Results of pulsed experiments. (A) Detected output signals from the Rb
cell. Curve (i) is the signal detected in the forward direction resulting from pulse
storage in a spin coherence. The left peak represents the fraction of the signal pulse
that leaves the cell before the trapping has begun. (We were able to suppress this
fraction to ∼ 10 %.) It is delayed by ∼ 10 µs compared to the original pulse (see
timing diagram below). The right peak in curve (i) appears only after the forward
control is turned on, and thus represents the stored and retrieved signal. Curve (ii)
is the same except the forward and backward control beams are both turned on as
shown on the timing diagram and marked by the blue arrow. Curve (iii) is the signal
in the backward direction under the same conditions. (This curve is plotted on a
different scale with the peak signal about a factor of five weaker than that on curve
(ii)). The pulse is released in the forward direction when the backward control is
turned off (green arrow). On the timing diagram, the rise time edges of the control
pulses are about 0.1 µs. Note that the frequencies of the two control fields do not need
to be exactly equal. This is in agreement with theory and was verified by obtaining
results similar to those in curve (ii) with backward control beam shifted by 80 MHz
from the forward control beam. (B) Rb fluorescence measured at the side of the cell.
Curve (iii) is fluorescence associated with signal light during the release with both
forward and backward control beams on. Background fluorescence associated with
control beams is subtracted. Curves (i) and (ii) (shown for reference) correspond to
the same signals as curves (i) and (ii) in Fig.3A. Note that fluorescence measurements
are carried out under conditions differing from those for other data (including Fig.3A)
since the photodetector inserted inside the magnetic shields introduces stray magnetic
fields resulting in shortened spin coherence and storage times; this measurement is also
detection-bandwidth limited. (C) Dependence of the released signal pulse magnitude
on the backward control pulse duration th.
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our simple model, which predicts the light intensity in the stationary pulses to be
double that of the slowly propagating pulse. As shown in Figure 3.9C, the magnitude
of the released pulse decreases exponentially with increasing trapping time with a
characteristic time constant of about 7 µs. Note that only a part of this decay is
due to the hyperfine coherence decay. Other decay mechanisms include spreading of
the stationary pulse as well as imperfect EIT. We anticipate that improvements in
efficiency can likely be achieved, e.g., by initial optical pumping into a single atomic
sublevel, using an atomic system with larger level spacing or sharper absorption lines
of cold atom clouds.

3.4 Outlook

Finally, we outline possible avenues opened by this work. First, we note that our
procedure is based on a passive medium and in the ideal limit is not accompanied by
optical loss or gain hence avoiding the associated noise. We therefore anticipate that
our method preserves the quantum states of light pulses. This is in contrast, e.g. to
Bragg gratings based on gain modulation [55].

Second, although the present work demonstrates stationary light localization and
storage in one dimension, it should be possible to controllably localize and guide
stationary photonic pulses in three spatial dimensions by using control beams with
properly designed wavefronts. An experimental study we conducted in this direction
can be found in Appendix C.

Third, controlled conversion of propagating light into stationary light pulses opens
interesting possibilities for enhanced non-linear optical processes by combining the
present technique with the resonant enhancement of non-linear optics via EIT [43,
81, 48]. This combination may enable controlled interactions involving quantum few-
photon fields [44, 62, 75, 73] analogous to those feasible in cavity QED [64]. Finally,
extension of the present ideas to other systems might be possible using, for example,
dynamic modulation of photonic bandgap materials.
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Cold atoms inside a hollow optical
fiber

Laser-cooled atoms trapped inside a single-mode photonic waveguide result in a
system with unique properties and many potential applications. The use of an optical
dipole trap inside a hollow optical waveguide with the goal of guiding trapped cold
atoms over macroscopic distances was first theoretically proposed in [72]. Due to the
difficulty of guiding light inside low-refractive-index regions, the initial experimental
demonstrations done with simple glass capillaries struggled with rapid attenuation of
the trap beam coupled into the capillary. Additionally, speckle patterns forming as a
result of multimode propagation of light in the capillary would create attractive spots
on the capillary walls and cause significant atom losses. In these experiments, the
best atom guiding was achieved with evanescent-light fields from blue-detuned laser
light injected into the annular glass region of the capillary [68]. However, the nature
of light propagation in the capillaries made it fundamentally impossible to attempt
efficient nonlinear optical processes in these confined atomic ensembles.

In the last few years, two new experimental approaches to interaction between
photons in a waveguide and cold atoms have been introduced. In the first approach,
cold atoms are trapped close to a tapered optical nanofiber [79, 69], such that the
evanescent field of the guided probe light interacts strongly with them. The second
approach, described in this work, uses single-mode hollow-core photonic crystal fibers
introduced in [25] and relies on the principles described in [72]. Cold atoms here are
trapped by the field of a nearly Gaussian guided mode propagating in a single-mode
optical waveguide, which can additionally guide the probe light in the same mode.

The procedures, which allow us to obtain an ensemble of cold atoms trapped inside
a hollow single-mode waveguide, are described in this chapter.

43
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Figure 4.1: Hollow core photonic crystal fiber, model HC-800-02, from Blaze Pho-
tonics (A) Scanning electron microscope (SEM) image of a cleaved fiber. (B) Detail
of the photonic crystal region with the hollow core in the center. Manufacturer’s
specifications for: (C) losses of guided mode propagating in the fiber as a function of
wavelength and (D) near field intensity distribution of the guided mode.
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Figure 4.2: (A) Hollow core fiber, model HC-800-01 from Blaze Photonics: Near field
intensity distribution of the guided mode and SEM image of the photonic crystal
region (images taken from the manufacturer’s spec sheets). (B) Dipole trap potential
inside the fiber for 25mW of 802nm trap light (blue curve) assuming a Gaussian beam
with w0 = 2.0 µm guided inside the HC-800-02 model of the hollow-core fiber. The
red dashed curve includes the wall attraction potential as a C4/r

4
wall term with the

nominal value of C4 = 8.2× 10−56Jm4 taken from [95, 58]
.

4.1 Preliminary considerations

4.1.1 Fiber selection

At the time this experiment was being started, we were able to obtain two different
models of hollow-core photonic crystal fiber (PCF) whose range of guided wavelengths
included those corresponding to D1 and D2 transitions in rubidium at 795 nm and
780 nm (Fig. 4.1 and 4.2A). We decided to use model HC-800-02 (Fig. 4.1) for
the experiment since the field distribution of the guided mode here was closer to a
Gaussian profile. The concern in the case of HC-800-01 (Fig. 4.2A) was that, because
of the flatness of the guided mode distribution, there might not be enough intensity
gradient within the hollow core to keep the atoms from interacting with the wall.
While the results of [87] suggest that this probably would not have been a problem,
the additional advantage of HC-800-02 is that it has a smaller mode field diameter
than HC-800-01, which results in higher probability of interaction between a single
photon and a single atom.

Lastly, our measurements of the expansion of the guided mode of the HC-800-02
in the far field showed that this mode is well approximated by a Gaussian beam with
minimal waist inside the fiber of w0 = 1.9± 0.2µm.
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4.1.2 Wall attraction and vacuum inside the fiber

During the preliminary ”why this may not work” discussions, two issues arose
that could have made atom trapping inside the fiber impossible.

Due to the small size of the hollow core, the possibility that attractive forces from
the core wall would cancel the dipole trap potential had to be considered. A brief
literature search [95, 58] and a quick approximate calculation revealed that atom-
wall attractive forces become dominant only for distances less than a fraction of a
micrometer (Fig. 4.2A). Thus for our fiber with a 7 µm diameter core, this should
not significantly affect the shape or depth of the dipole trap potential.

The second issue concerned the amount of room-temperature background gas in-
side the fiber. While achieving pressures of 10−9 torr or less within the general volume
of the vacuum chamber is a relatively straight-forward process, the small diameter of
the fiber core and the associated pumping speeds could lead to an unacceptable lower
bound on the pressure achievable inside the fiber that would severely limit the lifetime
of the trapped atoms. A simple back-of-the-envelope calculation based on the expan-
sion of a one dimensional gas cloud at room temperature predicts that the pressure
inside the fiber would reach 10−6 torr in about a day, while getting down to 10−8 torr
would take a little more than a month. Unfortunately, this model neglects possible
outgasing from the fiber walls, which could make the final pressure predictions less
optimistic. Cooling the fiber to liquid-nitrogen or even liquid-helium temperatures
[47] would resolve the problem by turning the inner surface of the hollow core into
a sorption pump, but it would also add another layer of technical complexity to the
system. We finally decided not to worry about the problem using the following rea-
soning. First, given that the fiber is manufactured by pulling a bunch of semi-melted
glass capillaries, the inner wall of the fiber core is most likely very clean and thus the
amount of outgasing should be very small. Second, even if the vacuum in the middle
of the fiber is not very good, it will be much better near the fiber tip and – to access
the benefits of the system – trapping the atoms in that region would be sufficient.
Ultimately, our experimental observations, such as the one in Fig. 4.7B, show that
the atoms’ lifetime inside the fiber can reach tens of milliseconds, which suffices for
most of our needs.

4.1.3 Optical depth inside the fiber

The optical depth (OD) of a medium describes how much an on-resonant light
beam passing through this medium is attenuated:

Pout = Pine
−OD (4.1)

Here Pin and Pout denote the power in the beam before and after passing through
the medium. In most experiments, the transverse dimension of the optical medium
is much larger than the diameter of the light beam, which means that the atomic
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density over the illuminated area is assumed to be uniform. In this case, the OD of
the atomic ensemble can be easily connected to the number of atoms Nhom interacting
with the light beam resonant with atomic transition of scattering cross-section σo:

ODhom ≈ nσoL =
Nhomσo
Ao

. (4.2)

Here, n is the atomic density, L is the length of the medium, Ao = πw2
o is the

nominal area of the incident light beam, and the “≈” sign can be replaced by “=”
for an idealized beam with uniform intensity distribution and radius wo.

In our experiment, the atoms are confined within the optical trap created by the
guided light inside the fiber. Consequently, the radial extent of the atomic cloud
is comparable or smaller than the beam area of the single-mode probe light beam
propagating through the fiber. To get a more accurate expression for optical depth
as a function of atom number in the ensemble, we have to make a correction of the
scattering cross-section σo based on the atoms’ radial distribution in the beam. This
correction can be derived from equation (2.4) in section 2.1 – an atom sitting at the
edge of a beam sees a smaller electric field and therefore appears to have a smaller
scattering cross-section than an atom on the beam’s axis. Assuming a Gaussian
beam with waist wo and an axially symmetric atomic density n(r, z), the expression
for optical depth on resonance will be

ODfiber =
2

πw2
o

∫
Lcloud

2π
∫ rcore

0
n(z, r)σoe

− 2r

w2
o rdrdz (4.3)

where the normalization factor 2
πw2

o
results from the Gaussian beam intensity distri-

bution and we took σ(r) = σo e
− 2r

w2
o as the position-dependent scattering cros-section

in a Gaussian beam. In general, (4.3) can be simplified into a form similar to (4.2)

ODfiber = η Nat
σo
Ao

(4.4)

with η given by the radial distribution of atoms in the fiber-confined cloud. The
highest value of η corresponds to all atoms being localized on the axis of the fiber,
in which case η = 2. For illustration, two additional noteworthy cases of cloud dis-

tribution are n(r) ∼ e
− 2r

w2
o , in which case η = 1, and n(r) ∼ 1

Ao
(uniform distribution

of the Nat atoms over the nominal area of the beam) in which case η ≈ 0.86. With
the measured beam waist of guided light inside the fiber being w0 = 1.9± 0.2µm, we
can predict that ∼ 100 atoms inside the fiber can create an optically dense medium
(OD = 1).

Note that the optical depth for a given number of atoms inside the fiber does
not depend upon the length of the atomic cloud. Additionally, our treatment leading
to (4.3) assumes a sufficiently dilute cloud of atoms, so that that effects altering
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Figure 4.3: (A) The schematics of the experiment. (B) Contour plot of the dipole
trap potential above the fiber tip resulting from the diverging beam coming from
the fiber tip. The contour labels correspond to a 10 mK deep trap inside the fiber
resulting from ∼25 mW of 802 nm trap light inside the fiber.

the guiding properties of the fiber, such as lensing, can be neglected. Finally, the
off-resonant OD for the system, in the limit of a weak probe, can be written as

OD(δ) =
ODfiber

1 + 4 δ
2

Γ2

. (4.5)

4.2 From a room-temperature vapor in free space

to cold atoms inside the fiber

Our apparatus (Fig. 4.3A) makes use of a 3 cm-long piece of single-mode hollow-
core PCF vertically mounted inside an ultra-high vacuum chamber. Inside the fiber,
the atoms are radially confined by a red-detuned dipole trap formed by a single
beam guided by the fiber itself. The small diameter of the guided mode allows for
strong transverse confinement (trapping frequencies ωt/2π ∼ 50− 100 kHz) and deep
trapping potential (∼ 10 mK) at guiding light intensities of a few milliwatts. Since
the atoms are pulled toward high light intensity, the diverging beam coming from the
fiber tip creates a potential gradient outside the fiber that attracts cold atoms from
the vicinity of the fiber end into the fiber core (Fig. 4.3B). During the experiment, a
laser-cooled cloud of 87Rb atoms is collected into a magneto-optical trap, transferred
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Figure 4.4: (A) Fiber assembly. (B) The anchoring of the fiber inside the mount.

into the vicinity of the upper tip of the PCF, and loaded into a red-detuned dipole
trap guided inside the hollow-core fiber.

To probe the atoms in the fiber, we monitor the transmission of two very low
power (∼ 1 pW) probe beams with single-photon counters. One of the beams is
coupled into the single mode PCF from the bottom, as shown in Fig. 4.3A). After
this probe emerges from the upper fiber tip, it is collimated by the top coupling lens
and then passed through a series of optical filters that separate the probe photons
from other light beams coupled into the fiber during the experiments. Finally, the
probe is coupled into a single-mode fiber connected into a photon counter. This
last step provides spatial filtering that ensures that only photons propagating in the
guided mode of the PCF reach the photon counter. A second probe beam (not shown
in the schematics) is coupled into the fiber from the top, is collimated by the bottom
coupling lens after it exits the lower fiber tip, and passes through a set of frequency
and spatial filtering stages identical to those the bottom-coupled probe passes through
before reaching a single-photon counter.
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4.2.1 Fiber mounting structure

The hollow-core fiber (Fig. 4.1) used in the experiment, HC-800-02, has a 7µm
diameter hollow core, and guides light with wavelengths between 780 nm and 900 nm.
The fiber is the centerpiece of a custom-made, ultra-high vacuum compatible assembly
mount that includes coupling and imaging optics, as well as magnetic field generating
structures (Fig. 4.4A).

The fiber piece is held between four Kapton coated copper wires, which run parallel
to the fiber and fan out upwards in an upside-down pyramid configuration above the
fiber (shown in Fig. 4.4 and 4.5). The diameter of these wires was chosen such that
when the wires are packed in a tightly fitting rectangular slit (Fig. 4.4B), the fiber
snugly fits into the space between them. Besides anchoring the fiber, the wires gently
compress it, which makes the fiber birefringent in a well defined manner. This is a
fairly important feature, since the polarization properties of an uncompressed PCF
tend to drift. Finally, when current of the appropriate direction is applied to them,
the wires can act as a magnetic guide that allows us to focus the atomic cloud as it
is being transferred towards the fiber tip.

In addition to these wires, a parallel pair of coils (main axis horizontal, perpendic-
ular to the fiber) is integrated into the fiber mount. Their symmetry center is located
slightly above the fiber tip to create a magnetic quadrupole field for the initial stages
of the experiment.

Besides the current-carrying structures, several optical elements are integrated into
the fiber mount as well. Two short focal-length lenses allow coupling of light into the
guided mode of the fiber (f ≈ 20 mm for the lens above the fiber, f = 4.5 mm for the
lens below). These lenses allow us to couple light into the single mode of the PCF
with efficiency up to ∼ 40% for light with wavelength 795 nm or longer and up to
∼ 25% for light in the 780-785 nm range. We believe this less than ideal coupling
is caused by imperfections in the cleaving of this particular fiber piece, as we have
been since able to produce fiber pieces into which we can couple up to 70% of the
incoming light. Additionally, a single lens with f ≈ 25 mm (visible in Fig. D.6 B and
C) is used for magnified absorption imaging of the atoms near the fiber entrance in
the area of the magnetic guide.

4.2.2 Loading procedure

The starting point of our fiber loading procedure is a standard six-beam magneto-
optical trap (MOT) located approximately 6 mm above the upper tip of the fiber piece
(Fig. 4.5A). The required light fields are provided by three crossed retro-reflected
beams with one-inch diameter, while the magnetic field is realized by two circular
coils inside the vacuum chamber operated in an anti-Helmholtz configuration. During
a ∼ 1 s loading phase we collect about 107 87Rb atoms at a temperature of ∼ 100µK
in the MOT from the room-temperature rubidium vapor produced inside the vacuum
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Figure 4.5: The loading procedure: (A) Atoms collected in a MOT above the fiber.
(B) Absorbtion image of the atoms in the magnetic funnel area above the fiber. (C)
The atoms are transferred into a red detuned dipole trap inside the fiber.

chamber by a heated dispenser. Following this step, the magnetic fields are ramped
up over a period of 40 ms to compress the cloud, the frequency of the trapping beams
is moved from the initial 15 MHz off-resonance to 50-60 MHz, and their power is
reduced by a factor of ∼ 4 . Finally, the magnetic fields are shut off, and the atomic
cloud is allowed to slowly expand for 1 ms1 in the optical molasses of the intersecting
beams as it undergoes polarization gradient cooling. Following this last cooling step,
which lowers the cloud temperature to ∼ 40 µK, we transfer the atoms downwards
into the vicinity of the fiber tip using one of the three methods described at the end
of this chapter (Fig. 4.5B).

During the transfer stage, which takes ∼ 40 ms, the fiber-guided dipole trap
is turned on, so that when the atoms start approaching the fiber face, they are
captured by the expanding beam of the dipole trap and pulled into the hollow core
of the PCF(Fig. 4.5C). Initially, we operated the dipole trap slightly red-detuned of
the rubidium D2 line, i.e. at 782 − 785 nm and used powers of 5 − 8 mW, which is
sufficient to provide a trap depth up to ∼ 10 mK inside the fiber. In the last year,
we switched to a 25 mW dipole trap operating at 802 nm. This allowed us to retain
a trap depth of ∼ 10 mK inside the fiber, but the larger detuning from the rubidium
lines made optical filtering easier and reduced scattering-induced heating. In most
of the experiments, unless stated otherwise, the dipole trap is coupled into the lower
end of the fiber and propagates upwards.

After the end of the transfer stage, we usually wait ∼ 5 ms before we perform the
experiments, which allows the captured atoms to move into the fiber. Additionally,

1The data presented in Chapter 5 were obtained with the atomic cloud expanding for 10 ms in
this step. However, 1 ms is sufficient for the polarization gradient cooling and the shorter expansion
time results in more atoms loading into the fiber.
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if magnetic guiding was used in the transfer process, this step gives the transient
magnetic fields time to vanish. Typically, the duration of the actual experiments
ranges from 100 to 400µs, during which we modulate the optical trap, as discussed
below. The whole cooling, trapping, and data collection cycle is repeated every 1.5 s.
For the probe transmission scans such as those shown in Fig. 4.6A, each data point
corresponds to a single run of the experiment (or multiple runs in the case of data
averaging). Between these runs, the frequency of the probe laser is changed, and a
new atomic sample is prepared in the fiber. Compared to doing a full frequency scan
during one experimental cycle, this approach allows the probe at each frequency to
interact with a nearly identical atomic cloud.

Incidentally, we can easily reduce the number of atoms loaded into the fiber by
either by collecting fewer atoms into the MOT (e.g. by decreasing the loading time)
or by lowering the power in the fiber guided dipole trap.

4.3 Atoms inside the fiber

4.3.1 Modulated dipole trap

Absorption profiles associated with atomic resonance lines are signature of interac-
tion between atoms and light guided through the PCF. If the atoms are probed inside
the dipole trap, we observe a unique profile shown in Fig. 4.6A. The dipole trap intro-
duces a power-dependent, radially varying AC-Stark shift [39], which results in broad-
ening and a frequency shift of the absorption profile (blue data points in Fig. 4.6A).
Comparison with the calculated profile based on the dipole trap parameters suggests
that the atoms are loaded inside the fiber. For the experiments described below, we
avoid broadening of the atomic transition by synchronous square-wave modulation
of the dipole trap and the probe beam with opposite phase (Fig. 4.6B) at a rate
much higher than the trapping frequency (Fig. 4.6C). When using this technique and
scanning the probe laser over a particular hyperfine transition, we typically observe
a narrowed absorption profile as shown in figure 4.6A (black data points). The shape
of this resonance is completely determined by the natural line profile of the transition

Tnat = exp

− OD

1 + 4
δ2
p

Γ2
e

 , (4.6)

where Γe is the lifetime of the excited atomic state, δp = ωp − ω0 is the detuning of
the probe laser from resonance, and OD is the optical depth as defined in (4.4).

4.3.2 Are the atoms really inside?

Unfortunately, the construction of the fiber mount does not allow us to obtain an
image of the atoms inside the fiber, which would provide direct proof of successful



Chapter 4: Cold atoms inside a hollow optical fiber 53

A C

CW dipole
 trap

free space

modulated
dipole trap

B

Figure 4.6: Atoms inside the fiber: (A) Transmission of the fiber as a function of probe
frequency with constant dipole trap (broad blue data curve centered at ∼ 60 MHz)
and with modulated dipole trap (narrower black data curve centered at 0 MHz). For
comparison, the red curve shows the absorption profile as seen through the fiber
when the atomic cloud is still in the MOT area. (B) Modulation scheme for probe
and dipole trap: The probe is broken into ∼ 100 short pulses that interact with the
atoms when the dipole trap is off. (C) Detected optical depth of the atomic cloud
inside the fiber as a function of the dipole trap modulation frequency.
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Figure 4.7: Atoms inside the fiber: (A) Doppler shift of the falling atom cloud ob-
served by using two probes propagating through the fiber in opposite directions. (B)
Lifetime of the atoms inside the fiber (C) A sketch of the potential experienced by
the atoms as the load into the fiber-guided dipole trap.

loading. Detection of atoms exiting at the lower end of the fiber would be direct
proof as well. This would also be a non-trivial task which basically comes down to
single atom detection in free space. While we did build some infrastructure into the
fiber assembly for this purpose, we have not yet attempted this. Instead, we rely on
indirect signatures of the atoms loading into the fiber core.

One of these signatures is the shape of the atomic resonance absorption profile –
described in 4.3.1 – altered by the AC-Stark shift induced by the fiber guided dipole
trap. One could argue that, based on this profile only, it cannot be fully resolved
whether the atoms are trapped right above the fiber face (within the Rayleigh length of
the diverging beam) or actually inside the fiber core. An additional indirect signature
can be obtained by deploying two probes propagating in opposite directions through
the fiber. The observed absorption profiles show a distinct difference between the
frequency centers of the two profiles (Fig. 4.7A) after the atoms are loaded into the
dipole trap. This frequency difference is the result of a Doppler shift caused by motion
of the atomic cloud with respect to the two beams. In this case, the observed shift
corresponds to the cloud moving downwards with velocity 0.82 mm/ms. This shift
can be observed for times exceeding 10 ms, which is evidence of the atoms moving
inside the fiber core.
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4.3.3 Lifetime of atoms inside the fiber

Once inside the fiber, the atoms are confined by the red detuned dipole trap only
in the radial direction, while in the vertical direction they experience a free fall up to
when they reach the lower end of the fiber. An example of the measured optical depth
of the falling atomic cloud as a function of time is plotted in figure 4.7B. Here, the zero
on the time axis corresponds to the instant when the optical depth in the fiber is the
largest. In this measurement, each point on the graph corresponds to a newly loaded
atomic cloud for which the dipole trap was kept on continuously until the point in
time when the OD was measured using the modulation described in 4.3.1. The ‘kink’
in the data near 40 ms corresponds to the free-falling atoms reaching the lower end
of the fiber. Up to this point the atoms decay out of the dipole trap exponentially
with a time constant of ∼ 40 ms. We explain the data after the ‘kink’ as part of the
atomic cloud leaving the fiber and part of the cloud reflecting back from the potential
change associated with the dipole-trap beam being coupled into the lower end of the
fiber. To verify this, we are currently working on detecting the atoms exiting at the
lower fiber end.

As the atoms move inside the fiber, they are lost from the dipole trap mostly
through two mechanisms. The first and more obvious one is caused by collisions
with the background gas present due to imperfect vacuum within the PCF core. The
second mechanism originates from the presence of higher-order modes propagating
through the PCF. These modes interfere with the fundamental mode and create a
longitudinal variation of the dipole trap potential, which is otherwise smooth in the
axial direction. This corrugation allows the longitudinal velocity of the atoms to
couple into the radial motion of the atoms. The longitudinal velocity of the atoms
can be quite large, since they gain kinetic energy from falling into the dipole trap
potential (Fig. 4.7C). This coupling heats the atoms in the transverse direction and
ejects them from the dipole trap. As a result, we have observed a decay constant of
the atoms inside the fiber ranging from 10 ms up to 100 ms depending on the velocity
with which the atomic cloud moves inside the fiber.

These higher-order modes can be present in all single-mode fibers as their excita-
tion during beam coupling from free space into fiber is virtually inevitable. However,
these modes propagate with losses significantly larger than those of the fundamen-
tal mode and generally die away when propagating through fiber pieces longer than
∼ 1 m. For a short piece of fiber, like the one used in the experiment, the losses of the
higher order modes will not be sufficient to suppress their presence. Unfortunately,
even small amount of power propagating in a higher mode will lead to a significant
modulation of the original potential, since this modulation is the result of interference
between the dominant (Gaussian-like) and the higher-order mode.
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Figure 4.8: Temperature estimate from a TOF measurement: (A) The time sequence
diagram: After the atoms are released from the trap and then recaptured, the trap
is modulated for the OD measurement. (B) Optical depth of the recaptured cloud
as a function of the release time. The dashed red line represents a fit based on the
Gaussian cloud expansion model.

4.3.4 Length of the atomic cloud inside the fiber

In general, during the loading procedures the atoms arrive at the upper tip of
the fiber with velocities of ∼ 0.35 m/s over time intervals ∼ 10 ms. Once they fall
into the dipole trap potential, their velocity will reach up to ∼ 1.4 m/s, depending
on the depth of the dipole trap inside the fiber. Consequently, during the ∼ 10 ms
when the atoms are entering the fiber, the front edge of the atomic cloud is moving
at ∼ 1.4 m/s, while its rear edge is moving at ∼ 0.35 m/s. Based on this, we estimate
the length of the atomic cloud inside the fiber to be ∼ 1 cm.

4.3.5 Temperature of the fiber confined atomic cloud

The tight confinement of the fiber-guided dipole trap will increase the temperature
of the atoms compared to free space. To estimate the temperature of the atoms inside
the fiber, we perform a time of flight (TOF) measurement, which will also allow us to
estimate the radial distribution of atoms in the fiber. We first shut off the dipole trap
and let the cloud expand, then turn the trap on again to recapture atoms that have
not collided with the wall (Fig. 4.8A). After this, we modulate the dipole trap and
measure the optical depth of the recaptured atoms. In a simple model that assumes a
Gaussian distribution of the atoms in the radial direction n(r) ∼ e−(r/ro)2

, the optical
depth of the recaptured cloud as a function of the release time τr can be written as

OD(τr) ≈ OD0

1− exp

 −
(
Rcore
ro

)2

1 +
(
vo
ro

)2
τ 2
r


 (4.7)
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Figure 4.9: Nonlinear saturation based on incoherent few-photon controlled popula-
tion transfer: (A) The atomic level scheme and the corresponding hyperfine states
(for this level choice γ2 = γ1) (B) Transmission of the resonant probe through the
fiber as a function of the number of pump photons

where vo =
√

2kTr
mRb

and Rcore is the radius of the PCF core. We can extract the

temperature of the cloud by fitting (4.7) to a set of release and recapture data with

A =
(
Rcore
ro

)2
and B =

(
vo
ro

)2
as the fit parameters.

An example of such a measurement can be seen in figure Fig. 4.7B. Fitting (4.7)
to this data set yields Tr ≈ 1.6 mK and ro ≈ 2.2 µm.

4.3.6 Nonlinear saturation based on incoherent few-photon
controlled population transfer:
Counting atoms inside the fiber

In the following experiment we would like to demonstrate nonlinear saturation
based on incoherent population transfer in our mesoscopic atomic ensemble. Besides
serving as an illustration of the strong interaction between photons and atoms in our
system, this experiment allows us to calibrate the average optical depth of a single
atom in the PCF confined ensemble.

Here, the transmission of the probe beam, which is coupled to a cycling atomic
transition |2〉 → |4〉, is controlled via an additional pump beam transferring atoms
from an auxiliary state |1〉 into state |2〉 (Fig. 4.9A). Initially, the state |2〉 is not
populated, and the system is transparent for the probe beam. The incident pump
beam, resonant with the |1〉 → |3〉 transition, is fully absorbed by the optically dense
atom cloud, exciting the atoms to the |3〉 state. From there, the atoms can decay
into the |2〉 state, where they then affect the propagation of the probe beam.
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Figure 4.10: Schematics of the cloud transfer procedures: (A) Trapping and guiding
in a magnetic funnel. (B) Free drop. (C) Free drop in a a hollow beam optical dipole
trap.

In Fig. 4.9B, we present the observed transmission of the probe beam as a func-
tion of the total number of pump photons sent into the medium. We observe an
exponential reduction of the transmission with increasing number of pump photons.
In particular, we achieve a e−1 reduction of the initial probe transmission for a total
number of only 400 pump photons. The efficiency of the incoherent population trans-
fer is limited mainly by the branching ratio of the decay from the excited state |3〉 to
the two ground states |1〉 and |2〉. In our case, the probability to decay to the |2〉 is
p = 1/2. Hence ∼ 200 atoms are transferred into the |2〉 state, which is sufficient to
cause the observed significant absorption of the probe beam. This also means that
for this particular atomic transition, 200 atoms inside the fiber core create a medium
with OD = 1.

4.4 MOT to dipole trap transfer procedures

We have used three different procedures for transferring the laser-cooled atomic
cloud from the MOT site to within the capture range of the fiber-coupled dipole trap
(Fig. 4.10). The first procedure consists of letting the atomic cloud fall freely towards
the fiber tip and it allowed us to load ∼ 5000 atoms into the fiber core. The second
transfer procedure was based on atom guiding in a magnetic funnel and resulted
in loading of up to ∼ 10000 atoms. Finally, the third procedure combines free fall
with guiding in a hollow-beam optical dipole trap and using it we observed up to
∼ 30000 atoms inside the hollow core of the PCF. While we are still working on a
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Figure 4.11: Dynamics of fiber loading from a free falling atomic cloud. (A) Ex-
perimental results with the MOT beams shut off at t0 = 100 ms. (B) Numerical
simulation the simple loading model based on (4.8) and (4.10) with Rcapt = 100 µm
and while the rest of the parameters corresponding roughly to the experimental con-
ditions in our system: τd = 15 ms, ro = 0.34 mm, vo = 8.3 cm/s, No = 7× 106, and
yo = 6.3 mm.

more quantitative explanation of the relationship between the transfer procedures and
the fiber loading efficiency, here we will discuss the implementation and qualitative
descriptions of these three procedures.

4.4.1 Free fall

While this procedure loads the smallest number of atoms, it works surprisingly
well given how easy it is to implement. Ironically, this was not the first method that
we tried, and in fact it took us quite some time to realize that it could be used.
Besides the simplicity of its implementation, an additional advantage includes the
option to probe the progress of the atom loading during the transfer procedure.

The procedure consists of shutting off the MOT beams after the optical molasses
stage and letting gravity run its course. The atoms will load into the dipole trap
∼ 36 ms from the time the beams were turned of, which is the time it takes them
to travel the 6.3 mm distance from the MOT site to the fiber face by free fall. An
example of fiber loading from a free falling cloud can be seen in Fig. 4.11 A. After
the MOT beams are turned off at t0 = 100 ms and the atoms start falling, we can
see OD ∼ 3 resulting from the interaction between the atomic cloud and the probe
beam propagating in free space after it exits the upper fiber tip. This initial OD then
decays away as the atomic cloud expands and becomes less dense. The observed OD
remains zero until about t1 ≈ 130 ms when the first atoms start arriving into the
fiber tip vicinity where they get pulled into the dipole trap. As more atoms arrive
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and get loaded into the fiber, the OD rapidly increases until it reaches its maximum
at t2 ≈ 142 ms. After this point the OD decreases due to decay mechanisms.

It should be noted that although this procedure generally loads atoms fairly ro-
bustly, it is somewhat sensitive to the power balance in the beams of the optical
molasses. When there is an imbalance, the beams will impart a transverse drift ve-
locity on the atomic cloud causing it to miss the capture area of the fiber-coupled
dipole trap, which results in poor loading.

Modeling the loading dynamics

The dynamics of a dipole trap loading process can be generally described by a
differential equation discussed in [57], where for the number of atoms inside the trap
N(t) we can write:

dN

dt
=

(
dN

dt

)
inc

+

(
dN

dt

)
loss

= Rinc(t)−
N

τd
. (4.8)

In our case, Rinc(t) =
(
dN
dt

)
inc

is the rate at which atoms load into the fiber,(
dN
dt

)
loss

= −N
τd

is the loss rate in which we assumed simple exponential decay and

neglected density-dependent losses, and we can use the conversion of 200 atoms per
unity OD from 4.3.6 to translate between optical depth and atom number.

In a simple way, we can model the dynamics of the dipole trap loading as atoms
hitting a horizontal circular target with radius Rcapt attached concentrically to the
upper fiber tip. In this picture, the overall number of atoms that make it into the
fiber core Nfiber is roughly equal to the number atoms present in the overlap between
an infinite cylinder with radius Rcapt and the atomic cloud at time tdrop ≈ 36 ms,
the average time it takes the atoms to reach the fiber face by free fall. Taking into
account the expansion of the cloud (see Appendix E), we get

Nfiber ≈ No

(
1− Exp

[
−R2

capt

r2
o + v2

ot
2
drop

])
(4.9)

where No is the number of atoms in the original cloud, ro is the radius of the cloud

at time to = 0, and vo =
√

2kTo
mRb

is the expansion velocity given by the cloud’s initial

temperature To. For our experimental conditions No ∼ 6 × 106, To ∼ 40 µK, ro ∼
0.35 mm, the loading of ∼ 5000 atoms into the fiber fiber core as observed in Fig.
4.11 A implies the capture radius of the dipole trap to be Rcapt ≈ 100 µm. This
is a highly counterintuitive result, especially when we compare the temperature of
the cloud, which is ∼ 40 µK with the contours of the diverging dipole trap beam in
Fig. 4.3B. We will return to this point later.

Going back to (4.8), we can describe the loading rate Rinc(t) as a rate at which
atoms in the free-falling cloud land at the previously described target with radius
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Rcapt. This allows us to express Rinc(t) as
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The numerical solution of (4.8) then yields the curve in figure 4.11B, which has a
rough qualitative agreement with the experimental results. Our loading model can
be further improved by taking into account the dependence of Rcapt on the vertical
velocity of the approaching atoms.

Atom cooling by expansion

The counterintuitively large capture radius of the fiber-coupled dipole trap can
be easily explained when one considers the position-dependent temperature2 in the
expanding atomic cloud. At time to, right after the optical molasses beams are turned
on, both the cloud density and the velocity of the atoms have mutually independent
Gaussian distributions. In other words, the velocity of a particular atom at this
time is independent of its position in the cloud. However, after the cloud expands
in free space, as it is doing during the free fall, this will no longer be true. In
particular, one notices that the velocity distribution for atoms in the center of the
cloud becomes narrower (Fig. 4.12B), which is equivalent to the atoms being colder.
This has a rather simple explanation in the form that the fast atoms from the initial
Maxwell-Boltzmann distribution fly away leaving the slow atoms behind. This can
be seen in Fig. 4.12C that plots the transverse kinetic energy of atoms in the center.
Combining this with Fig. 4.12B one sees that after tdrop there will be an area with
radius comparable to Rcapt with atoms which are about an order of magnitude colder
than the initial cloud. The trade-off for this “cooling” is, of course, the decreasing
density of the atomic cloud with time (Fig. 4.12D).

4.4.2 Magnetic funnel guiding

In this procedure, after the initial cooling stages in the MOT and optical molasses
are completed, the atoms are optically pumped into the |F = 2,mF = 2〉 state and
then transferred into a magnetic quadrupole trap formed by the same coils which
provide the MOT field. This trap is then adiabatically shifted towards the fiber tip
by adding a vertically-oriented homogeneous offset field, which displaces the zero-field
center of the quadrupole trap. In addition, the magnetic funnel is turned on, creating
a transverse quadrupole field, in which the gradient increases with decreasing distance
from the upper fiber tip. In particular, this transverse gradient reaches ∼ 6 kG/cm
at the fiber tip, resulting in strong radial compression of the magnetic trap. The

2A more precise term to use here would be “position-dependent velocity distribution”
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Figure 4.12: (A) Probability density function for position and velocity distribution
in the x direction for an atom in the laser-cooled cloud at time to = 0, right after
the molasses beam are turned off. (B) The same probability density function at time
tdrop = 36 ms. (C) The transverse kinetic energy of atoms in the center of the cloud
as a function of time. (D) Atomic density in the center of the cloud as a function of
time. The atomic cloud parameters are ro = 1 mm, vo = 9 cm/s, No = 6× 106, and
yo = 6.3 mm. These plots are based on calculations described in Appendix E.
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complete transfer of the magnetic trap towards the fiber takes place over the course
of 45 ms. This brings the atoms within a few hundred micrometers of the fiber tip
and they load into the fiber as they arrive. An image of the atomic cloud guided by
the magnetic funnel can be seen in Fig. 4.5B. At the end of the transfer period, all
magnetic fields are shut off and the atoms are probed.

This procedure is the one that we originally planned to use for the loading se-
quence. However, it never worked quite as well as originally intended. Due to a
design miscalculation, the MOT coils could not handle enough current to provide
large enough magnetic field gradient to fully trap atoms against gravity. This made
optimization of the system nearly impossible as the atoms kept leaking away and we
were never able to magnetically trap more than a small fraction of the initial atomic
cloud. Additionally, when current is pulsed through the funnel wires, the resulting
heat pulse causes the fiber tip to shake slightly. Worse than that, the cumulative heat
of the repeated experimental cycles would change the overall fiber coupling efficiency.
This could be corrected by beam walking, but it would also require the system to
run for about two hours before the fiber position stabilized and after that the fun-
nel needed to be cycled constantly to maintain the steady state temperature of the
fiber mount. While most of the data in Chapter 5 were obtained using this transfer
procedure, we were relieved when we came up with the alternatives.

4.4.3 Hollow-beam atomic guide

An undesired consequence of the unrestrained expansion of the atomic cloud in
4.4.1 is that a part of the atoms cold enough to be pulled into the fiber-guided dipole
trap will drift out of the trap’s capture range during the time of the free fall. To herd
these atoms back into the dipole trap’s reach without the use of the magnetic funnel,
we now use an atomic guide based on a hollow-beam blue-detuned dipole trap.

The hollow beam is generated using a combination of lenses and axicons (conical
lenses) sketched out in Fig. 4.13A and described in more detail in Appendix D. This
setup allows us to generate a vertical hollow beam that is close to collimated both
in diameter and wall thickness in the region between the MOT site and ∼ 1 mm
above the fiber tip (Fig 4.13B). The idea behind this particular lens combination is to
turn “inside out” an axicon-generated quasi-Bessel beam, which leads to an excellent
suppression of light in the hollow part of the resulting beam [84]. The implementation
itself was not without challenges as we had to work around the optics already in place
for the other stages of the experiment. Additionally, due to differences between a real
axicon and an idealized axicon, as well as extreme sensitivity to transverse alignment,
attempts at either analytical description or numerical simulation of setups containing
more than one axicon yielded results that were qualitative at best. Consequently, a
significant part of the final design is the result of a trial-and-error approach. The
winning combination of optics consist of two 175◦ axicons from Greyhawk Optics and
a 75 cm focal-length lens between them, in addition to the f ≈ 20 mm coupling
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Figure 4.13: Hollow beam atomic waveguide (A) Schematics of the hollow beam
generation. (B) CCD image of the hollow beam intensity distribution as expected
about 1 mm above the fiber face. (C) Fluorescence image of the freely expanding
atomic cloud 20 ms after its release from the optical molasses. (D) Fluorescence
image of the atomic cloud guided by the blue detuned hollow beam 20 ms after the
optical molasses beams are turned off. (E) Absorption image of the atoms collected
in the hollow beam guide ∼ 1 mm above the fiber tip. Here, the hollow beam was
intersected by a blue detuned Gaussian beam focused by a cylindrical lens into a
sheet.
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Figure 4.14: Frequency scan over the D2 line of 87Rb for ∼ 26000 atoms loaded
inside the fiber. The atoms are optically pumped into the F = 2 state and then
probed with linearly polarized light over the three transitions accessible from this
state, F = 2 → F ′ = 1 (left), F = 2 → F ′ = 2 (middle), and F = 2 → F ′ = 3
(right). The different observed optical depths agree nicely with the prediction (A.4)
based on the relative strengths of these transitions determined by their Clebsh-Gordan
coefficients.

lens above the PCF. Fine tuning of the hollow beam shape is done by adjusting the
collimation of the input Gaussian beam.

The atom-guiding performance of the blue-detuned hollow beam generated with
this setup can be seen in Fig. 4.13 C, D and E. The hollow beam with P ≈ 60 mW and
λ ≈ 780.20 nm is turned on at the end of the atom cooling stage, and the atoms are
then allowed to free-fall towards the fiber. Compared to the freely expanding cloud
in 4.4.1, the use of the hollow beam guide improves the number of atoms loaded into
the fiber by a factor of three to four.

4.5 Final remarks

Using the hollow-beam atomic guide, we achieved an optical depth of 100 inside
the hollow core of the PCF for the first time in this experiment. We were able to push
this a bit further further using a few additional tricks. First, splitting the fiber-coupled
dipole trap and coupling it into the PCF simultaneously from both top and bottom
appears to increase the capture range of the fiber-guided dipole trap above the fiber.
We observed an increase in the number of loaded atoms by 30−50% this way, when the
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ratio between the powers of the exiting upward beam and entering downward beam
above the fiber was between 1:1 and 1:2, and when we set the frequency difference
between the beams to 20 MHz or more to avoid formation of a standing wave. Second,
starting with a MOT cloud containing more atoms leads to more atoms loading into
the fiber. Right now we can increase the number of initially collected atoms either
by increasing the loading time (from 1s to 2s) or by increasing the rubidium vapor
pressure. Using the former in combination with the two-beam fiber-coupled dipole
trap and the blue-detuned hollow beam, we were able to observe OD ≈ 160, which
is our current record. The rubidium vapor pressure could be increased by running
more current through the rubidium dispensers, but we are somewhat reluctant to do
this as it drastically decreases their lifetime. Additionally, if we optically pumped
the atoms into an mF = 0 state, a stronger atomic transition would be probed by
the linearly polarized light. Overall, with the system in its current state, an optical
depth of ∼ 300 could probably be achieved.

Currently, the fundamental limit of our loading efficiency is that we rely on cap-
turing the lower tail of the Maxwell-Boltzmann velocity distribution by the fiber-
coupled dipole trap. Thus, the best we can do is to make sure that atoms in this tail
are brought into the capture radius of this trap. This is the philosophy behind the
use of both the magnetic funnel and the hollow-beam guide. To increase the loading
efficiency, and thereby the number of loaded atoms, by an order of magnitude or
more, one has to take a different approach. This involves increasing the phase space
density of the atomic cloud, which in our current experiment remains more or less
constant between the time the atoms are released from the optical molasses and the
time they are loaded into the fiber core. In the most extreme case this means loading
a Bose-Einstein condensate cloud into the fiber. This was successfully demonstrated
in [21], but in our case it would lead to a severe decrease in the repetition rate of the
experiment in addition to a somewhat increased technical complexity of the appara-
tus. A sufficient phase space density increase for our purposes can be achieved just
by compressing and cooling the atomic cloud before it is moved to the vicinity of the
fiber tip.

In conclusion, the tight confinement of light provided by the waveguide dramati-
cally increases the electric field amplitude of the photons and allows them to propagate
in this tightly focused form over distances unrestricted by diffraction. At the same
time, the nearly stationary atoms transversely localized inside the waveguide create
an optical medium with long coherence times that can almost perfectly overlap with
the mode of the propagating light field. In addition, the probability of interaction
between single photons and single atoms in the waveguide can approach unity, which
in turn leads to large optical depths resulting from a small number of atoms. With
the tools provided by atomic physics and quantum optics, atom-atom, atom-photon,
and photon-photon interactions in this system have the potential to be engineered,
controlled, and explored in ways that were previously not possible.



Chapter 5

Nonlinear optics with with tightly
confined photons and atoms

In this chapter, we describe experiments that further demonstrate the strong atom-
light coupling inside the hollow core PCF and allow us to control the optical properties
of our system with light pulses containing as few as several hundred photons.

5.1 EIT with atoms confined to hollow core fiber

We now turn to coherent interaction between few atoms and photons in our sys-
tem. To this end, we demonstrate electromagnetically induced transparency (EIT)
[42, 32], where intra-atomic coherence induced by a control beam changes the trans-
mission of a probe beam. For this we consider the 3-state ’Lambda’ configuration of
atomic states shown in Fig. 5.1A. In the presence of a strong control field, the weak
probe field, resonant with the |1〉 → |3〉 transition, is transmitted without loss. The
essence of EIT is the creation of a coupled excitation of probe photons and atomic
spins (”dark-state polariton”) [33] that propagates through the atomic medium with
greatly reduced group velocity [46] and can be efficiently manipulated.

To demonstrate EIT, we first prepare the atoms in the F = 1 ground state, and
then probe the medium with a linearly polarized probe tuned to the D1 F = 1→ F ′ =
1 transition. In the absence of the control beam, the medium is completely opaque
at resonance (Fig. 5.1C, black data points). In contrast, when a co-propagating
control field resonant with the F = 2 → F ′ = 1 transition is added, the atomic
ensemble becomes transparent near the probe resonance (Fig. 5.1C, red data points).
Figure 5.1D shows the individual pulse shape and its transmission and delay due
to reduced group velocity vg inside the atomic medium. For a probe pulse of half-
width tp ∼ 150 ns we observe a group delay td approaching 100 ns, corresponding to
reduction of group velocity to vg ≈ 3 km/s. Finally, Fig. 5.1E shows the resonant
probe transmission as a function of the average number of photons contained in each
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Figure 5.1: Electromagnetically induced transparency with atoms inside the fiber: (A)
The atomic level scheme and the corresponding hyperfine states. (B) Both probe and
control field are broken into a set of ∼ 100 synchronized pulses sent through the fiber
during the off-times of the dipole trap. (C) Transmission of the probe light through
the fiber as a function of detuning from resonance in the presence of the control field
(red data). The black data show probe transmission without the control field. (D)
Individual probe pulse shape and delay. Here, 〈nph〉 represents the average number
of photons detected in a 30 ns time bin. The reference pulse (black) is obtained
without the presence of atoms, while the EIT pulse (red) is delayed. (E) Observed
transmission of the probe pulses on resonance as a function of average number of
photons in the 1µs control field pulse and the prediction (grey line) obtained by
evaluating eq. (5.2).
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control field pulse. Remarkably, control pulses containing ∼ 104 photons are sufficient
to achieve almost complete transparency of an otherwise opaque system.

5.2 An all-optical switch inside a hollow optical

fiber

The sensitive nature of the quantum interference underlying EIT enables strong
non-linear coherent interaction between the dark-state polariton and additional light
fields, which can be viewed as an effective photon-photon interaction [43, 81, 63].
An efficient nonlinear optical switch can be realized by adding to the EIT ’Lambda’-
system a switch field coupling the state |2〉 to an excited state |4〉 (Fig. 5.2A), as pro-
posed by Harris and Yamamoto [45]. In this scheme, the switching photons interact
with flipped atomic spins within the slow dark-state polariton, causing a simultaneous
absorption of a probe and a switch photon [94, 16, 20].

In our experiment, an additional switching field on the D2 F = 2 → F ′ = 3
transition (Fig. 5.2A) controls the transmission through the EIT medium. Switching
is achieved when all three involved light fields (probe, control and switching field)
are overlapping in time (Fig. 5.2B). As shown in Figure 5.2C, in the absence of
the switching field (red data), we observe high transmission of the probe beam on
resonance due to EIT. When the switch field is turned on, this transmission is reduced.
The strength of the reduction depends on the switch field intensity, which, for a fixed
switch pulse length, is determined by the number of photons contained in the switch
pulse (Fig. 5.2D). Experimentally, we observe best switching results for switch pulses
of length ts ≈ tp + td. We find a 50% reduction of the initial transmission for a total
number of ∼ 700 switch photons per pulse. Figure 5.2E presents the truth table of
our switch. In the case of no probe pulse (0/0 and 0/1 settings of the switch) only
background noise from the control field is detected, which is orders of magnitude
smaller than the single photon per probe pulse.

5.2.1 Analysis of pulse transmission

We now turn to the detailed analysis of the nonlinear behavior of our atomic
medium. In the case when the resonant control and switching pulses are longer than
the weak probe pulse, the effect of the atomic medium on such probe pulses with
carrier frequency ωp is given by Eout(t) = 1√

2π

∫
dω Ein(ω) eı

OD
2
f(ω) e−ıωt, where Ein(ω)

is the Fourier transform of the slowly varying envelope Ein(t) of the probe pulse. The
frequency dependent atomic response to probe light f(ω) is given by [81, 45]

f(ω) =
γ13

(
|Ωs|2 − 4δ12δ24

)
δ24

(
4δ12δ13 − |Ωc|2

)
− δ13 |Ωs|2

. (5.1)
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Figure 5.2: An all-optical switch: (A) The atomic level scheme with corresponding
hyperfine states. (B) Probe, control and switch fields are broken into a set of ∼ 100
synchronized pulses sent through the fiber during the off-times of the dipole trap.
(C) Probe transmission through the fiber without (red) and with (blue) the switch
field present. Solid lines are fits of equation (5.2). (D) Observed transmission versus
average number of switch photons per pulse. The solid grey line is the prediction
based on equation (5.2). The transmission is normalized to the EIT transmission in
the absence of the switch photons. (E) Truth table of the switch, showing the detected
photons in the output port of the switch system as a function of the presence of the
probe and switch field pulses. Data are presented for probe pulses containing on
average ∼ 2 photons and with ∼ 1/e attenuation of transmission in the presence of
the switch photons.
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Here, Ωs,c = µs,cEs,c
h̄

are the Rabi frequencies of the switch and control fields, with
µs,c being the respective dipole matrix elements. The complex detunings δij are
defined as δij = δp + ıγij, with γij being the dephasing rates between levels i, j, while
δp = ωp+ω−ω13, where ω13 is the frequency of the |1〉 → |3〉 transition. The number
of input and output photons is given by Nin,out =

∫
dt |Ein,out(t)|2. In what follows,

we consider input pulses with Gaussian envelope Ein(t) ∼ e
− t2

2t2p , in which case the
transmission through our atomic medium is

T (ωp,OD) =
Nout

Nin

=
tp√
π

∫
dω e−t

2
pω

2

e−OD Imf(ω). (5.2)

We fit expression (5.2) to the observed absorption profiles such as the ones shown
in figures 5.1C and 5.2C to extract the control and switch Rabi frequencies, optical
depth and ground state decoherence rate. We next use these parameters to compare
our observed EIT and coherent switch data to the theoretical prediction. The solid
line in Fig. 5.1E shows the calculated EIT transmission as a function of control pulse
photons. Similarly, the solid line in Fig. 5.2D shows the on-resonance attenuation of
the probe pulse as a function of the number of switch photons. In both cases, we find
excellent agreement between our experimental data and the theoretical model.

In the relevant case of a resonant probe field, equation (5.1) can be approximated
by

T =
exp

(
−Ns

(
µs
µp

)2
3
π
λ2

A
td

tp+td

)
√

1 +
16t2

d

OD t2p

. (5.3)

Here, Ns is the number of switch photons. Furthermore, we have assumed Ωs �
Ωc, γ12 = 0, γ13 ≈ γ24 and used td = L/vg = ODγ13

|Ωc|2
, with L being the length of the

medium. For the investigated case of a relatively weak probe transition and resulting
OD ≈ 3, the delay time is small (td ∼ tp) and the probe pulse is never fully stored
inside the medium. If the OD is increased (either by improving the atom loading
efficiency or using a stronger probe transition), td � tp and the whole probe pulse
is contained inside the medium as a dark state polariton in a mostly atomic form.
In this case, it follows from equation (5.3) that Ns ∼ A

λ2 switch photons attenuate
the probe pulse by a factor of 1/e. This ideal limit can be easily understood. In the
case of a single slow probe photon, the polariton contains only a single atomic spin
at any time. Consequently, absorption of a single switch photon, which occurs with
probability p ∼ λ2/A, is required to destroy this coherent atomic excitation.
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5.3 Outlook

Further improvements in nonlinear optical efficiency are possible by either simul-
taneously slowing down a pair of pulses to enable long interaction time [62] or using
stationary-pulse techniques from Chapter 3. The former will decrease the number of
photons required in the switch pulse by a factor ∼

√
OD as described in section B.2.3

of Appendix B. In the latter case, a standing wave control field formed by two counter-
propagating beams is used to form an EIT Bragg grating in which the probe pulse can
be completely stopped with non-vanishing photonic component. In particular, appli-
cation of this scheme inside the PCF has been proposed for single-photon-controlled
switching through an interaction of single-photon stationary light pulses, with prob-
ability of interaction between two single photons scaling as ∼ ODλ2/A [3]. With a
relatively modest improvement in atom loading resulting in optical depth OD > 100,
achieving deterministic nonlinear switching with two guided photons appears within
reach.

These experimental demonstrations introduce a novel physical system that opens
up unique prospects in quantum and nonlinear optics. In addition to all-optical
switching, our system can be used to implement efficient photon counting [49, 50]
by combining photon storage with interrogation of spin-flipped atoms via the cycling
transition. Finally, the present demonstration opens up the possibility to create
strongly interacting many-body photon states [19], which may give new insights into
the physics of non-equilibrium strongly correlated systems.



Chapter 6

Conclusions

6.1 Summary

This work has demonstrated novel techniques and methods focused on increasing
the interaction probability between a single photon and a single atom with the goal
of making use of such interaction for nonlinear optics at low light levels. The main
results of this work can be summarized as follows:

1) Electromagnetically induced transparency can by used to quickly change the
optical properties of atomic ensembles from completely transparent to behaving like
a Bragg-grating mirror and back. This was used to create a stationary pulse of light
for the first time.

2) Laser-cooled atoms were successfully loaded into a single-mode hollow core
photonic waveguide and trapped there tens of milliseconds. This system allows one
to confine both atoms and photons into an area comparable the the photons’ wave-
length. The result is a significantly increased probability of interaction between a
single photon and a single atom on a single pass, which allows ensembles containing
as few as ∼ 100 atoms to become optically dense.

3) Using cold atoms confined to this hollow waveguide, we were able to demon-
strate a fiber-based all-optical switch activated at energies corresponding to a few
hundred optical photons per pulse. This was achieved by using quantum optical
techniques to generate slow light propagation and a large nonlinear interaction be-
tween light beams.

6.2 Future directions

At the moment, our experimental effort is focused on combining the large optical
depth of atomic ensembles trapped inside the hollow core PCF with stationary light
pulse techniques with the goal of achieving nonlinear interactions between single-
photon pulses. The first results look promising, but many challenges still remain to
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be conquered.
Looking beyond the current experimental setup, one can think of additional di-

rections in which this work could be developed.
Modulating the dipole trap has so far allowed us to probe the atoms mostly with-

out having to worry about the trap’s negative effects. However, the AC Stark shifts of
the atomic levels induced by the trapping light, as well as the not completely negligible
heating resulting from the trap modulation, present technical limits on the potential
applications of this promising system. Use of a different atomic species, for which
the trap’s negative effect can be avoided through the use of a “magic-wavelength”
dipole trap, will open a host of experimental possibilities that are currently difficult
to access with rubidium atoms.

Additionally, use of a different single-mode waveguide could further increase the
single-photon single-atom interaction probalility, if the diameter of the guided mode
is smaller than that of the photonic crystal fiber used in the setup now. In the last
couple of years, several candidates for this have become available, most notably slot
waveguides and PCFs with ∼ 1 µm-diameter hollow core [92, 77].

Going beyond direct applications of this work in low-level nonlinear optics, re-
cent theoretical works have already proposed the use of stationary light pulses and
laser-cooled atoms trapped inside a single mode photonic waveguide as platforms for
exploring novel physical phenomena in areas ranging from relativistic effects [74] to
many-body physics, such as Bose-Einstein condensation of dark state polaritons [34]
and fermionization of photons [19]. Given these and other positive responses so far,
we are confident that this work will lead to applications and experimental studies in a
number of fields, including nonlinear optics, atomic physics, physics of one-dimensinal
systems, precision measurements, quantum simulation, and quantum information.



Appendix A

Properties of Rubidium87

Here we briefly list the properties of rubidium87 relevant for our experiments as
taken from [86]. Reference [86] also lists additional properties as well as the original
references for them.

A.1 Physical and optical properties

Table A.1: Physical properties of rubidium87

Atomic Number 37
Neutrons and Protons 87

Relative natural Abundance 27.83(2)%
Atomic Mass 1.44316060(11)× 10−25kg

Density at 25◦C 1.53 g.cm−3

Melting Point 39.31◦C
Boiling Point 688◦C

Vapor Pressure at 25◦C 3.0× 10−7 Torr
Nuclear Spin 3/2

A.2 Number density of rubidium in the vapor cell

We estimate the the number density of rubidium atoms in the spectroscopy vapor
cell using the ideal gas law and a pressure-temperature equation from [70]:

log10Pv = −94.048 26− 1961.258

T
− 0.037 716 87 T + 42.575 26 log10T

log10Pv = 15.882 53− 4529.635

T
+ 0.000 586 63 T − 2.991 38 log10T (A.1)
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Table A.2: Optical properties of the D1 line of rubidium87

D1 line (52S1/2 → 52P1/2) Transition Dipole 2.992(3) ea0

Matrix Element 〈J = 1/2||er||J ′ = 1/2〉 2.537(3)× 10−29C.m
Frequency 2π·377.10746345(4) THz

Wavelength (Vacuum) 794.978 850 9(8) nm
Wavelength (Air) 794.765 69 nm

Lifetime 27.70(4) ns
Natural Line Width Γ 2π·5.746(8) MHz

Table A.3: Optical properties of the D2 line of rubidium87

D2 line (52S1/2 → 52P3/2) Transition Dipole 4.227(5) ea0

Matrix Element 〈J = 1/2||er||J ′ = 3/2〉 3.584(4)× 10−29C.m
Frequency 2π·384.230 484 468 5(62) THz

Wavelength (Vacuum) 780.241 209 686(13) nm
Wavelength (Air) 780.032 00 nm

Lifetime 26.24(4) ns
Natural Line Width Γ 2π·6.065(9) MHz
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Figure A.1: Atomic-level structure and frequency spacings for (A) the D1 line and
(B) the D2 line of 87Rb including the Zeeman sublevels.
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Figure A.2: 87Rb D1 line (52S1/2 → 52P1/2) Dipole Matrix Elements expressed as
multiples of 〈J = 1/2||er||J ′ = 1/2〉: (A) and (B) light polarized linearly along
the direction of the quantization axis (π-transitions); (C) and (D) right circularly
polarized light coupling the σ+-transitions; (E) and (F) left circularly polarized light
coupling the σ−-transitions.
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Figure A.3: 87Rb D2 line (52S1/2 → 52P3/2) Dipole Matrix Elements expressed as
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Here, the first equation describes the vapor-pressure for rubidium in the solid phase
(T < 39.31◦C), while the second one is for the liquid phase (T > 39.31◦C).

A.3 Scattering cross-section of unpolarized

rubidium atoms

For an atom in ground state |b〉 = |J, F, mF 〉 interacting with light of a particular
frequency and polarization that couples it to excited state |a〉 = |J ′, F ′, m′F ′〉, the
scattering cross-section of the interaction is given by (2.5), where

µab = µ̃ab〈J ||er||J ′〉 (A.2)

with the values of µ̃ab given in figures A.2 and A.3 for the transitions relevant to this
work. For example, for an atom in state |J = 1/2, F = 2, mF = 2〉 coupled resonantly
with right circularly polarized (σ+) light to state |J ′ = 3/2, F ′ = 3, m′F ′ = 3〉,
µab = 2.534× 10−29C ·m and the scattering cross-section is σab = 2.907× 10−9cm2.

When we probe an ensemble of N atoms that are in ground state |J, F 〉 with
light of a particular polarization, unless the atoms were somehow prepared to be in a
particular mF Zeeman state beforehand, we can assume that the atoms are distributed
over all possible mF states. Such an ensemble is then treated as a mixture of several
ensembles, each with atoms in a particular Zeeman state. For practical purposes, the
effective scattering cross-section of such an interaction is given by a sum of the mF to
mF ′ cross-sections weighted by the fraction of atoms in each mF state. For example,
for a linearly polarized probe probing on the D2 line an ensemble of atoms equally
distributed over all mF levels of the F = 2 ground state,

σeff (F = 2→ F ′) =
1

5

 2∑
mF=−2

|µ̃(F=2,mF ;F ′,m′F=mF )|2
 |〈J ||er||J ′〉|2 ω

D2

h̄εoc
Γ
2

(A.3)

Using this approach, we can predict the ratio between the optical depths of the
transitions scanned in Fig. 4.14 to be

OD2→1 ÷OD2→2 ÷OD2→3 ≈ 1÷ 5÷ 14. (A.4)
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EIT: Beyond a three level atom

In this appendix we provide a brief discussion of a few additional concepts re-
lated to EIT and its applications to nonlinear optics. These concepts are generally
known, so the goal of this appendix is mostly to provide a quick reference from an
experimentalist’s point of view.

B.1 Probing multiple excited states

Before proceeding to the main topics, we will briefly discuss the interaction be-
tween a weak probe and an atom with multiple excited states, such as the one in
Fig. B.1A), as it will come in handy later on. The propagation of the probe inside
a medium consisting of such atoms can be described through a more general form of
equation (2.14),

∂

∂z
Ep +

1

c

∂

∂t
Ep = in

ν

εoc

∑
j

µbj ρ̃jb, (B.1)

where ρ̃jb is the slowly varying part of the density matrix element, n is the number
of atoms per unit volume, and we are summing over all the excited states. Since in
the case of a weak probe ρ̃jb can be approximated by the wavefunction coefficient j̃,
for the atom from Fig. B.1 we can write

∂

∂z
Ep +

1

c

∂

∂t
Ep = in

ν

εoc
(µbaã+ µbdd̃)

= i
nh̄

2

(
Γaσab
µab

ã+
Γdσdb
µdb

d̃

)
, (B.2)

where σjb is the resonant scattering cross-section of the transition between levels |b〉
and |j〉, and in steady state

ã = i
µab
2h̄
Ep

1
Γa
2
− iδ1

(B.3)
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Figure B.1: (A) A weak probe interacting with an atom that has two excited states
spaced closely in frequency. (B) Calculated transmission of a weak linearly polarized
continuous wave probe through an ensemble of cold rubidium87 atoms. The probe
is tuned to the D2 line and is scanned over the allowed F = 1 → F ′ transitions,
where δp = 0 corresponds to resonance with F = 1 → F ′ = 1 (solid red line). The
on-resonance optical depth for the F = 1→ F ′ = 1 transition is 50, where we assume
equal populations for all Zeeman sublevels of the ground state. The dashed line curves
correspond to the absorptions from each excited state alone.

d̃ = i
µdb
2h̄
Ep

1
Γd
2
− iδ2

= i
µdb
2h̄
Ep

1
Γd
2

+ i∆da − iδ1

with δ1 = ν − ωab and δ2 = ν − ωdb = δ1 −∆da. A calculated scan of a weak probe
over a part of the D2 line of rubidium87 obtained through this approach, can be seen
in Fig. B.1B.

B.2 Effects of a third field coupled to a fourth level

Consider a three-level lambda system with an additional atomic level |d〉 coupled
to level |c〉 through a field with Rabi frequency Ωs = µdc

h̄
Es detuned by ∆s = ωs−ωdc

from resonance (Fig. B.2A). Following the treatment from section 2.2, the slowly vary-
ing parts of the wavefunction coefficients will be described by the following equations
of motion:

˙̃a = −(
Γ

2
− iδp)ã+

i

2
Ωcc̃+ i

µab
2h̄
Epb

ḃ = i
µab
2h̄
E∗p ã (B.4)

˙̃c = −(γ − i[δp − δc])c̃+
i

2
Ω∗c ã+

i

2
Ω∗sd̃
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Figure B.2: (A) Four level system interacting with three light fields. (B) Calculated
transmission of a weak probe through such system based on equation (B.5) with
OD = 5, Γd = Γa, δc = ∆s = 0, and Ωc = Γa. The black dotted line corresponds to
Ωs = 0, red solid line to Ωs = 0.5Ωc, and gray dashed line to Ωs = Ωc.

˙̃d = −(
Γd
2
− i[δp − δc + ∆s])d̃+

i

2
Ωsc̃

In steady state, assuming b ≈ 1 (valid in the weak probe limit), (B.4) will yield:

d̃ = i
Ωs

2Γ̃s
c̃

c̃ = i
Ω∗c
2
ã

1

γ̃ + |Ωs|2
4

1
Γ̃s

(B.5)

ã = i
µab
2h̄
Ep

1

Γ̃a + |Ωc|2
4

1

γ̃+
|Ωs|2

4
1

Γ̃s

Here, γ̃ = γ− i(δp−δc), Γ̃a = Γ
2
− iδp, and Γ̃d = Γd

2
− i(δp−δc+∆s). This corresponds

to an EIT system with γ̃′ = γ̃ + |Ωs|2
4Γ̃d

. Additionally, the last equation of (B.5) can be

rewritten into the following form:

ã = i
µab
2h̄
Ep
γ − i(δp − δc) + 1

4

(
Γd
2

+ (δp − δc + ∆s)
)

|Ωs|2
Γ2
d
4

+(δp−δc+∆s)2

Γ̃a(γ̃ + |Ωs|2
4Γ̃d

) + |Ωc|2
4

(B.6)

This form allows us to more easily compare the behavior of the system with equation
(2.15) describing ã for the case when when only the probe and control field are present.
We will discuss the behavior of the system in two limits of practical importance.
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B.2.1 Resonant case

For ∆s → 0 and Γd
2
� δp − δc, equation (B.6) will essentially simplify to the form

of an EIT with

γ′ = γ +
|Ωs|2

2Γd
(B.7)

δp − δc → (δp − δc)
(

1− |Ωs|2

Γ2
d

)
This case describes the all-optical switch demonstrated in Chapter 5, in which the
transmission of the probe light through the system is controlled by the intensity of the
switching field Es. A plot of the transmission of the probe as a function of frequency
can be seen in (Fig. B.2B).

Switch contrast

The power in Es necessary to operate this scheme as an all-optical switch is given by
the the required maximum transparency of the system under EIT conditions and the
level to which this transparency needs to be suppressed during the switch operation.
This power is (up to a constant) given by |Ωs|2, and it determines the number of
photons in the switch pulse.

Let us assume that the required power transmission through our EIT system on
resonance is Tmax. From equation (2.17), we get

Tmax = exp

−OD
Γa
2

Γa
2

+ |Ωc|2
4γ

 ≈ exp

(
−OD

2γΓa
|Ωc|2

)
(B.8)

This sets the lower boundary on the control field Ωc:

|Ωc|2 = 2γΓa

(
OD

−lnTmax
− 1

)
≈ OD

2γΓa
−lnTmax

(B.9)

In the presence of Ωs, we now require the transmission of the system to change from
Tmax to qTmax, where q < 1 is the desired contrast between the two states of the
switch. Combining (B.8) and (B.7), we obtain

qTmax ≈ exp

−OD
2
(
γ + |Ωs|2

2Γd

)
Γa

|Ωc|2

 (B.10)

which gives us a lower limit on the switch field Ωs:

|Ωs|2 ≈
lnq

lnTmax
2γΓd (B.11)

This result also implies that the ratio between the powers of the switching and control
fields is

|Ωs|2

|Ωc|2
≈ −1

2

Γa
Γd

lnq

OD
(B.12)



Appendix B: EIT: Beyond a three level atom 84

|a !

|b !

Ep

|c !

"c

#c #p

(A) (B)|e !

E s

|d !
Out[324]=

$

lnT

Figure B.3: (A) The calculated phase φ a weak probe acquires by propagating through
the system of Fig. B.2B based on equation (B.5). The parameters are OD = 5,
Γd = Γa, δc = 0, ∆s = −10Γa, Ωc = Γa, and Ωs = 2Ωc (solid red line) with the solid
gray line corresponding to Ωs = 0 for comparison. The dashed lines plot the natural
logarithm of the probe’s power transmission through the system for Ωs = 2Ωc (red)
and Ωs = 0 (gray). (B) An EIT system in which Ωs couples to two off-resonant levels.

B.2.2 Far off-resonant case

For ∆s � Γd
2

and ∆s � δp − δc, equation (B.6) will again simplify back to the
original EIT but this time with

δp − δc → δp − δc −
|Ωs|2

4∆s

(B.13)

γ′ = γ +
Γd
8

|Ωs|2

∆2
s

Thus for large enough ∆s the power transmission of the probe will not be affected,
however the presence of the Ωs field will allow us to control the phase of the probe
light (Fig. B.3A) by introducing an effective two-photon detuning into the system as
first proposed by [81].

Treatment of multiple off-resonant levels

It is often the case that the field Es can couple to more than one state. If the cou-
pling to one of the levels is resonant, the effect of this level will dominantly determine
the behavior of the system and the other levels can usually be neglected. However, if
Es is resonant with none of the transitions, such as in Fig. B.3B, one might need to
take into account the effects of multiple levels to determine the system’s behavior. In
particular, for the system in Fig. B.3B, the stochastic wavefunction method will lead
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to the following set of differential equations:

˙̃a = −(
Γ

2
− iδp)ã+

i

2
Ωcc̃+ i

µab
2h̄
Epb

ḃ = i
µab
2h̄
E∗p ã (B.14)

˙̃c = −(γ − i[δp − δc])c̃+
i

2
Ω∗c ã+

i

2
Ω∗dd̃+

i

2
Ω∗eẽ

˙̃d = −(
Γd
2
− i[δp − δc + ∆d])d̃+

i

2
Ωdc̃

˙̃e = −(
Γe
2
− i[δp − δc + ∆e])ẽ+

i

2
Ωec̃

with ∆d = ωs − ωdc,∆e = ωs − ωec, Ωd = µdc
h̄
Es,Ωe = µec

h̄
Es. Setting Γ̃d = Γd

2
− i(δp −

δc + ∆d), Γ̃e = Γe
2
− i(δp − δc + ∆e), and solving equations (B.14), we find that the

system behaves with respect to a weak probe as a a three level EIT scheme with

γ̃′ = γ̃ +
|Ωd|2

4Γ̃d
+
|Ωe|2

4Γ̃e
(B.15)

B.2.3 Interaction of two slow light pulses

A theoretically well known – though experimentally not yet implemented – ap-
proach improving the efficiency of the all-optical switch based on the interaction of
the Ep and Es fields from Fig. B.2 A has been proposed in [62]. In this approach,
the fields Ep and Es have the form of two pulses propagating together, both with
group velocity vg � c, and the efficiency improvement is conceptually based on the
increased atom-photon interaction time.

When a single-photon pulse Ep propagates in an EIT medium in the form of a po-
lariton, the atomic part of this polariton can interact with a single-photon light pulse
Es and the overall process basically amounts to a photon-photon interaction. The
interaction between the atomic part of the Ep polariton and the field Es is equivalent
to an interaction between a single atom and a single photon, and if the pulse Es prop-
agates with group velocity vg(s) = c, the scattering cross-section for this interaction is
σdc. This cross-section can, however, be increased by increasing the interaction time
between the Es pulse and the atomic part of the probe pulse polariton as discussed
in Section 2.1:

σeff =
tint
τp
σdc (B.16)

In the ideal limit of the method described in [62], the group velocities of the two
pulses are matched such that vg(s) = vg(p) � c. This way, the interaction time tint is
decoupled from τp,

tint =
Lmedium
vg(p)

≈ OD
Γa
|Ωc|2

, (B.17)
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Figure B.4: (A) EIT system in which the probe field only couples to an additional
excited state |d〉. (B) The calculated transmission of such a system for OD = 5,
Γa = Γd, ∆da = −5Γa, µab = µdb, and Ωc = Γa (solid red curve). The dotted black
curve corresponds to the original EIT system without the effects of the extra atomic
level.

and is limited only by width of the EIT transparency window described by equation
(2.21), which requires

τpulse ≥
Γa
|Ωc|2

√
OD

ln2
. (B.18)

Combining (B.17) and (B.17), we find that in the ideal case the use of two slow light
pulses will result in an effective scattering cross-section

σeff =
√
OD
√

ln2σdc (B.19)

This method can be implemented, for example, by converting Es into a slow light
polariton in an another EIT system spatially overlapping with the original ensemble
of atoms. This will work due to the fact that while most of the energy from the free
space light pulse is transferred into the atomic part of the polariton, the peak electric
field amplitude of the photonic part of the polariton is equal to the peak electric field
amplitude of the single photon pulse in free space.

B.3 Coupling of probe and control fields to addi-

tional transitions

Even in the absence of an additional field, the behavior of a real EIT system can
significantly vary from that of an idealized three level system due to the coupling of
probe and control fields to additional transitions. In the following paragraphs we will
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Figure B.5: (A) EIT system in which the control field only couples to an additional
excited state |d〉. (B) The calculated transmission of such a system for OD = 5,
Γa = Γd, ∆da = 20Γa, µdc = 2µac, and Ωc = Γa (dotted black curve) and Ωc = 1.5Γa
(solid red curve).

discuss the basic experimentally relevant scenarios of these additional couplings and
their effects. These scenarios include the case of the probe coupling to additional
excited states (Fig. B.4 A), the control field coupling off-resonantly to additional
excited states (Fig. B.5 A), probe and control field coupling together to more than
one excited state (Fig. B.6 A), the control field coupling to the probe transition
(Fig. B.6 B), and the probe field coupling |c〉 to another excited state (Fig. B.6 C).

Coupling of the probe field only to additional excited states will result in additional
absorption that cannot be overcome by increasing the intensity of the control field.
In the worst case, when ∆da → 0, this undesired coupling will make the system
unsuitable for EIT applications. In less severe cases, when ∆da � Γd, the coupling

will lead to a residual absorption scaling as ∼ OD
(

Γd
∆da

)2
, which will place an upper

limit on the system’s achievable transparency through EIT. In the limit of a weak
probe, the system can be quantitatively described with the use of equations (B.1)
and (B.2), where for the case shown in Fig. B.4 A in steady state we get

d̃ = i
µdb
2h̄

1
Γd
2
− iδd

Ep = i
µdb
2h̄

1
Γd
2
− i(δp −∆da)

Ep

ã = i
µab
2h̄

γ − i[δp − δc]
(Γa

2
− iδp)(γ − i[δp − δc]) + |Ωc|2

4

Ep (B.20)

An example of a resulting calculated transmission profile, showing a residual absorp-
tion of a few percent compared to the original three-level system, can be seen in
Fig. B.4 B.

Off-resonant coupling of the control field only to additional excited states (Fig. B.5A)
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Figure B.6: (A) An EIT system in which the probe and control fields couple to two
excited states. (B) An EIT system in which the control field off-resonantly couples to
the probe transition, which results in generation of a new field Ei. (C) An EIT system
in which the probe field couples to a transition between |c〉 and another excited state.

will result in a frequency shift of the center of the transparency window with increas-
ing control field intensity (Fig. B.5B). It is essentially the same situation as described
in the previous section, except that the control field now plays the role of Es. Thus the
quantitative description of this case is provided by equation (B.5) – or (B.14) if the
control field couples to multiple off-resonant levels – with Ωs = µdc

h̄
Ec. Incidentally,

a resonant coupling of the control field to an additional excited state will lead to
absorption of the probe just as described in (B.7), which will again make the system
not very useful for EIT applications.

The system from Fig. B.6A, in which both probe and control field couple together
to more than one excited state, can be described by the following equations of motion

˙̃a = −
(

Γa
2
− iδp

)
ã+

i

2
Ωcc̃+ i

µab
2h̄
Epb

˙̃e = −
(

Γe
2
− i[δp −∆ea]

)
ẽ+

i

2

(
µec
µac

)
Ωcc̃+ i

µeb
2h̄
Epb

ḃ = i
µ∗ab
2h̄
E∗p ã+ i

µ∗eb
2h̄
E∗p ẽ (B.21)

˙̃c = −(γ − i[δp − δc])c̃+
i

2
Ω∗c ã+

i

2

(
µ∗ec
µ∗ac

)
Ω∗c ẽ

In steady state these lead to a solution

c̃ =
−1

γ̃ + |Ωc|2
4Γ̃a

+
∣∣∣µec
µac

∣∣∣2 |Ωc|2
4Γ̃e

Ep
(
µab
2h̄

Ω∗c
2Γ̃a

+
µeb
2h̄

µ∗ec
µ∗ac

Ω∗c
2Γ̃e

)
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ã = i
µab
2h̄

γ̃ + |Ωc|2
4Γ̃e

(∣∣∣µec
µac

∣∣∣2 − µeb
µab

µ∗ec
µ∗ac

)
γ̃ + |Ωc|2

4Γ̃a
+
∣∣∣µec
µac

∣∣∣2 |Ωc|2
4Γ̃e

Ep
1

Γ̃a
(B.22)

ẽ = i
µeb
2h̄

γ̃ + |Ωc|2
4Γ̃a

(
1− µab

µeb

µec
µac

)
γ̃ + |Ωc|2

4Γ̃a
+
∣∣∣µec
µac

∣∣∣2 |Ωc|2
4Γ̃e

Ep
1

Γ̃e

with the weak probe propagation governed by:

∂

∂z
Ep = i

nh̄

2

(
Γaσab
µab

ã+
Γeσeb
µeb

ẽ

)
(B.23)

The qualitative effects of this additional coupling depend strongly on the values of
the involved transitions’ dipole moments and the relative detunings with respect to
the two excited states. When the control field is close to resonance with one of the
levels, the effect of the additional level will be similar to the case of the control field
only coupling to an additional excited state. A more pronounced difference from an
idealized three level system’s behavior can be expected when the the detunings of the
control field from each of the excited states are of the same order of magnitude.

In figure B.6B we can see an EIT system in which the control field couples to
the transition between states |b〉 and |a〉. This leads to generation of a new field Ei
through a wave-mixing process in which two photons of the control field are absorbed
as one photon is emitted into the probe field and one into the field Ei. An experimental
observation of this phenomenon, together with a quantitative analysis of it, has been
reported in [61]. While this wave-mixing process seemingly improves the transmission
of the probe, it is often undesirable as the newly generated probe photons change
the statistics of the original probe field. Because of rather large frequency spacing
between the two ground states of rubidium, this wave-mixing process, which scales as
∼ OD Γa

∆cb
, is generally negligible in cold atoms unless OD ∼ 1000. On the other hand,

for room temperature rubidium vapor, the onset of the wave-mixing can be observed
already for OD < 10 due to Doppler broadening of the excited state. Suppression of
this process can be achieved, at least theoretically, by preparing the atoms in a single
Zeeman sublevel of the ground state and by choosing an appropriate combination of
control and probe field polarizations.

Finally, EIT systems in which the probe field couples also to a transition be-
tween |c〉 and an additional excited state |d〉 have been the subject of several recent
theoretical works exploring strongly correlated quantum systems and interactions be-
tween single photons [19, 40, 53]. A quick semi-classical calculation reveals that the
propagation of the probe field in such system has roughly the form of

∂

∂z
Ep ∼ −OD

γΓa
|Ωc|2

Ep −
OD

|Ωc|2
E3
p . (B.24)

The second term on the right side suggests that the transmission of the system can
be affected by the intensity of the incoming probe field. As a result, the system has
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Figure B.7: EIT schemes on D1 line of rubidium87 used in this work. (A) Both
probe and control field have the same circular polarization. (B) Probe and control
field are both polarized linearly, but perpendicular to each other – so called lin⊥lin
scheme. In the atom’s frame of reference, the control field is π-polarized, while the
probe gets decomposed into σ+ and σ− light. (C) A lin⊥lin scheme where F ′ = 2
is used as the excited state. The dashed lines show the probe coupling to excited
states that are not part of an EIT system, which leads to probe absorption. (D) The
undesired absorption can be prevented by emptying the mF = ±1 levels, for example
by optically pumping the atoms into the mF = 0 Zeeman sublevel.

the potential to controllably change the photon statistics of the probe field when the
atoms and the photons are tightly confined inside a hollow photonic waveguide. This
property can be additionally enhanced through the use of the stationary light pulse
techniques discussed in Chapter 3. Unfortunately, the experimental realization of
such system, in which the coupling between levels |c〉 and |d〉 provided by the probe
field is either resonant or at least not too far off-resonant, has so far been a bit of a
challenge.

B.4 EIT and rubidium87

When implementing EIT in an ensemble of rubidium87atoms, one needs to trans-
late the idealized three-level system of Fig. 2.2 into the harsh experimental reality
of the atomic-level structure shown in Fig. A.1. In particular, the frequency and
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polarization choice for both probe field and control field will determine which mF

sublevels of the two ground states will couple to which mF ′ sublevels of the excited
states. This will determine the optical depth of the atomic ensemble as well as its
maximum transparency achievable under EIT conditions.

The trade-offs start already when choosing between implementing EIT on the D1

versus the D2 line. The excited states of the D1 line are spaced further apart in
frequency and there are fewer of them compared to the D2 line. As a result, there is
less of the unwanted off-resonant coupling of probe and control fields to the additional
excited states for the D1 line, which is makes it a cleaner system to work with. On
the other hand, stronger optical transitions can be found on the D2 line compared to
the D1 line, which means that the optical depth available on D2 will be larger given
the same number of atoms.

Figures B.7 and B.8 A show the resonant coupling paths between the ground and
excited states for the frequency-polarization schemes used to implement EIT in this
work. Unless declared otherwise, these schemes assume an equal fraction of atoms
to be in all the sublevels of the ground state of the probe transition. Consequently,
the atomic ensemble behaves as a mixture of several EIT systems, with each system’s
behavior determined by the scattering cross-section on the probe transition σaibi ,
Rabi frequency of the control field Ωci, and coupling of probe and control fields to
additional levels.

Figure B.7A corresponds to the polarization scheme used in the experiments de-
scribed in Chapter 3. For the experiments described in Chapter 5, we had to come up
with an EIT scheme that would work with linearly polarized probe and control fields,
due to the birefringence of the fiber. These experiments are performed in the scheme
shown in Fig. B.7B. The disadvantage of this arrangement is that for the D1 line the
optical depth on the F = 1 → F ′ = 1 transition is about five times smaller than it
would be on the F = 1→ F ′ = 2 transition for the same number of atoms. Unfortu-
nately, the lin⊥lin EIT scheme with probe coupled to the F = 1→ F ′ = 2 transition
will suffer from absorption of the probe due to its coupling to the |F ′ = 2,mF ′ = 0〉
state (Fig. B.7C) and similar problem would be encountered for a lin‖lin scheme.
We attempted to suppress this absorption by optically pumping the atoms into the
|F = 1,mF = 0〉 state (Fig. B.7D). Unfortunately, due to the ∼ 85% efficiency of the
pumping we could achieve, the atoms left in the |F = 1,mF = ±1〉 states still caused
a significant probe loss, in particular at higher (> 10) overall OD.

Lastly, figure B.8A shows the coupling of atomic levels for EIT we implemented
on the D2 line. At 780nm, we were only able to couple light of one linear polarization
into the PCF piece in our setup, most likely due to the fact that this wavelength is
at the edge of the guiding range of this fiber (Fig. 4.1). The lin‖lin scheme shown
here allowed us to observe EIT in the hollow core PCF also on the D2 line and made
the larger optical depth of this line accessible for NLO experiments in our setup
(Fig. B.8B). A minor disadvantage of this arrangement is that it makes separation of
probe and control photons more difficult, since polarization filtering cannot be used.
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Figure B.8: EIT on D2 line of rubidium87. (A) Both probe and control field have the
same linear polarization – so called lin‖lin scheme. (B) Experimental observation of
EIT with this scheme inside the hollow core PCF with OD ≈ 40 for two different
control field powers. Note the shift of the EIT peak center resulting from the con-
trol field coupling off-resonantly to the F ′ = 2 and F ′ = 3 levels and the onset of
absorption from the F ′ = 0 level.

B.5 Doppler broadening

Consider a two-level atom moving with velocity ~v = (vx, vy, vz) interacting with
weak light of frequency ν and electric field amplitude Ep propagating in the z-direction,
as described at the end of section 2.1 by equations of motion (2.7). For the general
case of ν − ωab = δ, the atom will observe the field detuning from its transition to be
δ′ ≈ δ− kvz, where k = ν

c
is the magnitude of the wave vector of the light. In steady

state, we can write for the excited state coefficient ã from (2.7)

ã(δ, vz) = i
µabEp

2h̄

1
Γ
2
− i(δ − kvz)

(B.25)

For an atomic ensemble with temperature T , the probability density function of vz is

given by the Maxwell-Boltzmann distribution, fvz =
√

m
2πk

B
T
exp

(
− mv2

z

2k
B
T

)
. Therefore,

in such an ensemble

ã(δ) = i
µabEp

2h̄

√
m

2πk
B
T

∫ +∞

−∞

e
− mv2

z
2k
B
T

Γ
2
− i(δ − kvz)

dvz (B.26)

Carrying out the integration in (B.26), we obtain

ã(δ) = i
µabEp

2h̄

√
π

k

√
m

2k
B
T
exp

[
m

2k
B
k2T

(
Γ

2
− iδ

)2
](

1 + iErfi

[
i

√
m

2k
B
k2T

(
Γ

2
− iδ

)])
(B.27)



Appendix B: EIT: Beyond a three level atom 93

Out[182]=

Figure B.9: Calculated transmission of a weak probe through an ensemble of two
level Doppler broadened atoms. The solid blue curve is based on equation (B.27),
while the dashed red curve corresponds to the approximation (B.28).

where ”Erfi” denotes the imaginary error function. For
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can be approximated as
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2
− iδ

, (B.28)

which leads to equations (2.8) and (2.9). The full treatment from (B.27) is compared
to the (B.28) approximation in Fig. B.9 for an ensemble of rubidium87 atoms with
OD ≈ 3, Γ/2π = 6 MHz, and T = 360K.

On the other hand, an EIT system, which consists of an ensemble of Doppler
broadened three-level atoms, cannot analytically be described beyond the approxi-
mation (2.26). Thus to make more precise quantitative predictions, in particular for
large detuning of the control field, one needs to numerically integrate equation (2.25).
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EIT-based wave guide

We show that EIT combined with the Gaussian profile of the control beam can
be used for focusing and guiding of weak probe light. In particular, we demonstrate
waveguiding of propagating light beams in optically dense media. We also observe
evidence of transverse localization of stationary pulses of light. We demonstrate trans-
verse confinement of a stationary light pulse based on radial variation of refractive
index of warm rubidium vapor in a Λ-scheme EIT setup.

To achieve these non-linear interactions between pulses with limited numbers of
photons, one needs to achieve a combination of large optical non-linearity, high elec-
tric field intensity per photon, and long interaction times, while maintaining low
photon loss. An atomic ensemble under EIT conditions [82] has low absorption and
large nonlinearities that can be easily controlled. At the same time pulses propa-
gate through the ensemble at ultra-low group velocities allowing for long interaction
times. In Ref. [8], the authors showed a novel method of increasing the interaction
time between light and atoms by creating a stationary light pulse inside atomic media
with EIT. Using this technique, one can dynamically control the group velocity of
the pulse without affecting the field intensity of the manipulated light pulse. Since
this technique is based on a passive medium, the quantum state of the manipulated
pulse should be preserved. Consequently, if the stationary pulse were sufficiently
transversely confined, the resulting simultaneous increase of the interaction time and
of the field intensity per photon could enable coherent, controlled nonlinear processes
at optical energies corresponding to single light quantum as proposed e.g. in Ref. [3].
One possible technique for this would be placing the atoms iside a hollow core photonic
crystal fiber as demonstrated in [38]. In this work we used the transverse variation
in refractive index caused by the Gaussian profile of the control field in [8] to create
a transverse confinement for the stationary light pulse.
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Waveguiding Effect in Stationary Pulses of Light
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An experimental investigation has been carried out into confining an optical pulse in all three
spatial dimensions in an atomic medium. Specifically, we demonstrated transverse confinement of
a probe beam based on radial variation of refractive index of warm rubidium vapor in a Λ-scheme
EIT setup. Under identical experimental conditions we then observed a stationary pulse of light
with longitudinal confinement within the length of the atomic medium.

PACS numbers:

Quantum information science has needs in an effective
technique for the manipulation of photon states. The
promising way to govern photons is the mapping of the
photon states into the atom ones, treat them and af-
ter convert again into photon ones. For successful use
of this protocol the media should have low absorption
and large χ3 susceptibility of the media. At few-photon
field intensity to realize this idea is extremely difficult,
so one should increase light intensity or interaction time
with atoms (effective length of interaction). At present
time there are two approaches to reach these goals: 1) to
get large light intensity atoms are placed into the super
Q-merit cavity [1–3], and 2) to use regime of electromag-
netic induced transparency (EIT) [4]. The EIT atomic
vapor has low absorption and strong dispersion (small
group velocity) in opaque media. Remarkable progress
in this technique is achieved recently. In [5, 7] is reported
about creation of the probabilistic single photon source
with quantum memory. In [6] is produced an entangle-
ment between two EIT remote atomic ensembles. Bajcsy
et. al. showed a novel method of the increasing the in-
teraction time between light and atoms by capturing the
light inside atomic media with EIT [8]. This method is
attractive because it uses the passive media in which the
quantum states are preserved. However, it is necessary
to take care to minimize losses and tight confinement
in media. The transverse spreading of the light beam
in a media among them. In this paper we experimen-
tally demonstrate than the waveguiding in EIT media
produces 3D localization of the pulse and improves the
fidelity of stored pulse..

Focusing and defocusing effects on the probe beam,
resulting from transverse variation of the control field in-
tensity in EIT experiments were first reported in [18].
We start with a brief description of the mechanism be-
hind EIT based focusing in a Λ-scheme: Figure 1a shows
an idealized three level atom interacting with two elec-
tromagnetic fields — a control field of frequency ωc with
intensity corresponding to Rabi frequency Ωc coupled to
the transition between the metastable state |s〉 and the
excited state |e〉 and a probe field of frequency νp with
field intensity Ep coupled to the transition between the
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FIG. 1: (a) Three-level atoms in Λ configuration illuminated
by on-resonance control field with Rabi frequency Ωc and a
weak probe field Ep detuned by δ from resonance. (b) and
(c) show the real and imaginary part of the susceptibility as
a function of the probe detuning δ at two points of the beam:
the center, r = 0 (solid line), and r = wd

2 (dashed line). The
real (d) and imaginary (e) part of the medium susceptibility
are plotted against radial position with respect to the center
of the control beam for several probe detunings. Curves (1)
to (7) in both plots correspond to probe detunings of −0.15Γ,
−0.1Γ, −0.05Γ, 0, +0.05Γ, +0.1Γ, and +0.15Γ, respectively.
All plots are in units of N |µeg|2(2πΩ0ε0!)−2 where Ω0 = Γ
is the Rabi frequency of the control field in the center of the
beam.

ground state |g〉 and the excited state |e〉. We assume
that the population of the excited state decays equally
into each of the states |b〉 and |c〉 with rate Γ and the
coherence between states |g〉 and |s〉 decays at a rate
γgs. When the difference between the probe and drive
frequency is close to the splitting between g and s, the
otherwise opaque medium will become transparent for
the probe. In case when ΩP is very weak and we can
neglect its effects on population transfer and ΩP " ΩD

one finds the medium susceptibility as seen by the probe
field to be [? ]:

Figure C.1: (a) Idealized Λ atom illuminated by control field with Rabi frequency
Ωc and probe field Ep. The real (b) and imaginary (c) part of the susceptibility as
a function of probe detuning δ at the center of the beam, r = 0(solid line), and at
r = wd

2
(dotted line). The real (d) and imaginary (e) part of the medium susceptibility

are plotted against radial position with respect to the center of the control beam for
several probe detunings. Curves (1) to (7) in both plots correspond to probe detunings
of −0.15Γ, −0.1Γ, −0.05Γ, 0, +0.05Γ, +0.1Γ, and +0.15Γ, respectively. All plots are
in units of N |µeg|2(2πΩ0ε0h̄)−2 where Ω0 = Γ is the Rabi frequency of the control
field in the center of the beam.
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C.1 Qualitative picture

Fig. C.1a shows an idealized three level atom interacting with two fields — a
control field (Rabi frequency Ωc) coupled to the transition |s〉 ⇔ |e〉 and a probe field
Ep coupled to |g〉 ⇔ |e〉. We assume that the population of the excited state decays
equally into each of the states |g〉 and |s〉 with rate Γ and the coherence between states
|g〉 and |s〉 decays at a rate γgs. When the difference between the probe and drive
frequency is close to the splitting between g and s, the otherwise opaque medium

will become transparent for the probe in a frequency range δ ∼ Ω2
C/
√
N ×

√
γgs/Γ

[61] (N being the atomic density). In Ref. [8] a stationary light pulse was created by
applying two control fields propagating in opposite directions to an atomic medium in
which a light pulse was stored. The spatial modulation of the medium’s susceptibility
– resulting from the standing wave control field – works like a Brag grating which
captures the retrieved probe pulse in the atomic vapor. To release the trapped probe
pulse one may turn off one of the control fields hence erasing the periodic spatial
modulation of the medium’s susceptibility. The transverse variation of the control
field intensity can significantly affect the diameter of the probe beam in an EIT
experiment [66, 67]. Since the width of the EIT resonance depends on the intensity
of the control field, the absorptive and refractive properties of the medium will vary
with the distance from the control beam axis for a given two-photon detuning. More
specifically, for small negative two-photon detuning the index of refraction experienced
by the probe light will be higher in the center of the control beam than at its edge (Fig.
C.1b), while for small positive two-photon detuning the index of refraction will be
higher at the edge than in the center of the control beam. At the same time for both
small positive and negative detuning the absorption of the probe will increase with
distance from the center (Fig C.1c). Therefore a thin slice of the medium works as a
combination of a thin (focusing or defocusing) lens and a soft-edged aperture. This
spatial variation in susceptibility may reshape the probe beam. We are interested in
the beam confinement which is achieved through negative two-photon detuning. In
this case the transverse localization of the probe field is, in the ideal limit, achieved
purely through spatial variation of the refractive index and is almost without optical
loss. Before we proceed, it is worth noting that the mechanism transversely confining
the probe field due to variation of the refractive index takes place only in the presence
of the control field. Consequently, if a pulse was initially stored in a small diameter
volume in warm vapor, the diameter of the volume from which the pulse will be
retrieved when the control field is applied again is determined by the spread of the
atoms from their initial position due to thermal motion (if unrestricted, atoms at
∼ 70 ◦C travel∼ 0.25 mm in 1 µs). Therefore, to maximize the transverse confinement
of a stationary pulse, the storage time should be kept as short as possible.
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Figure C.2: (a) Schematics of the measurement of the probe beam diameter. (b) Ex-
perimental setup. PBS and BS denote polarizing and non-polarizing beam splitters,
respectively; AOM labels for acousto-optic modulators ; PD1, PD2, and PD3 are fast
photodiodes. The flip mirror can route probe detection between the optical head and
the PD1.

C.2 Experimental setup

Our experimental apparatus is shown in Fig. C.2. We approximated the Λ-
system from Fig.C.1a by tuning a frequency of the extended cavity diode laser to the
F = 2 → F

′
= 2 transition of the rubidium D1 line (control field) while probe laser

frequency is tuned to the F = 1→ F
′

= 2 transition (probe field). The frequency of
the control field was monitored via saturation spectroscopy on a separate cell. The
frequency of the probe laser was phase-locked to the control laser. We used 80 MHz
acousto-optic modulators (AOM) as shutters to pulse the laser beams. To achieve
clean Gaussian profiles we spatially filtered the beams by focusing them through
pinholes. A magnetically shielded 5 cm long 87Rb vapor cell with no buffer gas was
maintained at temperature T ≈ 72◦C (atom number density is 1012 cm−3). The
probe and control beams were co-propagating and orthogonally polarized. We first
studied the guiding effects associated with EIT in the continuous wave regime by
measuring the diameter of the probe beam at the exit of the cell for various two-
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photon detunings. This was done through imaging the exit plane of the cell onto
the optical head of a Thorlabs beam size meter (Fig 2a) after the control beam
was filtered out by passing the overlapped beams through a polarizing beam splitter
and a filtering cell containing warm 85Rb vapor. We focused a 60 µm probe beam
to 200 µm waist at the cell entrance. When the probe was tuned far above the
resonance and drive was not present, the probe diameter expanded to 400 µm at the
exit face of the cell. A 1.1 mW control beam was collimated to 1.1 mm to keep its
diameter approximately constant over the length of the cell (Fig. C.2a). During the
measurement the frequency of the control laser was fixed while the frequency of the
probe laser was changed in discrete increments. For each frequency point we measured
the transmission and beam diameter at the exit face of the cell. The probe power
used was the smallest value at which we were still able to measure the beam diameter
as a function of two-photon detuning over the whole width of the EIT window. At
the same time, we were trying to limit the power in the control field in order to secure
low group velocities for the pulsed experiments.

C.3 CW experiment

A typically observed dependence of transmission and exiting probe beam diameter
on the two-photon detuning is shown in Fig. C.3. Similar results, scaled by the larger
width of the transparency window, were achieved for increased powers in the control
beam. Right on two-photon resonance the probe transmission is maximum. As the
two-photon detuning increases in the negative direction, we initially observe a steep
decrease in the diameter of the exiting probe while the probe transmission does not
change significantly. At the same time, when the two-photon detuning increases from
zero in the positive direction, the slow change of beam diameter is accompanied by
a steep decrease in transmission. We would like to point out the notable asymmetry
in the shape of the transmission caused by the transverse variation in the refractive
index. For negative two-photon detuning the refractive index profile confines the
probe in the region of high control field and low absorption. For positive two-photon
detuning the defocusing refractive index profile pushes the probe out of the center into
regions with lower intensity of the control field, thus increasing the probe absorption.
The appearance of beam confinement observed for positive two-photon detuning is
then of purely absorptive origin. Note that the temperature of the cell is about 20 ◦C
lower than the temperature at which the cell was kept in the original stationary
pulse experiment [8] and also that the cell contains no buffer gas. This was done
to suppress the four-wave mixing effect which occurs when the control field couples
into the F = 1 → F

′
= 2 transition [61] in an effort to keep the focus of the

experiment on the transverse variation of the refractive index and to avoid effects
caused by a transversely varying gain for the probe. These changes however come at
a price: the lower atomic number density resulting from lower temperature leads to
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Figure C.3: Beam diameter (squares) at the cell exit and the CW probe transmission
(stars) vs the two-photon detuning

higher probe group velocity and lower reflectivity of the Bragg grating created by the
standing wave control field, while the absence of buffer gas together with the small
probe beam diameter decrease the coherence time τgs. We therefore expect overall
worsening of the conditions for stationary pulse observation. A flip mirror allowed us
to send the light coming out of the cell to a second detection setup. Here, the light
was mixed with a reference beam taken from the control laser on a fast photodiode
and we measured the ∼ 6.8 GHz beat with a spectrum analyzer set to zero span.
This also allowed us to distinguish the probe light from the new field generated via
the four-wave mixing process [61]. We observed the power in the new field to be less
than ∼ 1% of the power of the transmitted probe and concluded that its effect on the
beam confinement should be negligible.

C.4 Pulsed experiment

Using the same detection setup we proceeded to study the behavior of a station-
ary pulse under these probe-confining conditions. Since we were not able to measure
directly the probe beam diameter in the pulsed regime, we instead compared am-
plitudes of pulses with two-photon detunings of equal magnitude but opposite sign.
The underlying assumption was based on the asymmetry of the transmission curve
observed in the c.w. experiments, i. e. when the probe confinement results from
refractive index variation (negative detuning), the pulse should experience less ab-
sorption and its amplitude should be bigger than when the detuning is positive and
any probe confinement is of purely absorptive origin. The red dotted curve in Fig.
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Figure C.4: (a), (c) Stationary light pulse with different storage time (zone (ii):
τ = 0 µs and τ = 1 µs). and the amplitude of the released stationary pulse as a
function of probe frequency detuning, correspondingly (b) and (d).
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C.4a shows the observation of an ordinary storage and retrieval experiment: the left
peak represents the fraction of the pulse that escaped the cell before the trapping
has begun, while the right peak is the stored and retrieved part of the pulse – it
appears only after the forward control is turned on again. The solid black line in
Fig. C.4a shows a typical observed signal obtained by following the stationary pulse
creation procedure outlined in [8] with the pulse stored in the atomic coherence for
1 µs. The control beam diameter and power are the same as in the CW part. The
roman numerals mark time zones with different control field configurations: (i) only
forward control beam that co-propagates with the probe is present (writing stage);
(ii) all control beams are off (storage stage); (iii) the forward control beam is turned
on together with a counter-propagating backward control beam of the same diame-
ter and power (retrieval and trapping); (iv) the backward control field is turned off
(release). As in [8], the probe escape from the cell is suppressed for the duration
of (iii) (∼ 0.5 µs) which is followed by a pulse released after the backward control
is turned off (iv). Fig. C.4b plots the magnitude of the released pulse against the
detuning of the probe. The plot is fairly symmetric with respect to the zero detuning,
which suggests the absence of refractive index based confinement of the stationary
pulse. This was to be expected since (as mentioned earlier) the initial confinement
is lost during the storage stage due to thermal motion of the atoms in the absence
of the control beam. To counteract this we modified the original stationary pulse
creation procedure by skipping the storage stage (zone ii) and instead just turning on
the backward control beam while the pulse is still propagating through the medium
(the forward control beam is kept CW). The experimental observation resulting from
this altered procedure can be seen as a solid red line in Fig. C.4c (the black dotted
line corresponds to pulse propagation in the presence of the forward control beam
only). The roman numerals mark (i) the presence of the forward control beam only;
(iii) the backward beam is turned on after the rear edge of the pulse has entered the
cell (trapping); (iv) the backward control beam is turned off again (release). The
first peak again represents the fraction of the pulse that escapes the cell before the
backward beam is turned on and the standing wave starts trapping the pulse. During
the time of (ii) (∼ 0.5 µs) the escape of the probe light from the cell is suppressed.
This is then followed by a released pulse when the backward beam is turned off again
(iv). The magnitude of this released pulse is plotted against the probe detuning in
Fig. C.4d. Here the amplitude of the released pulse decreases faster with increasing
positive detuning than for increasing negative two photon detuning. This behavior
qualitatively follows the transmission asymmetry observed in the CW experiment
(Fig. C.3) which suggests that for negative probe detuning the stationary pulse is
indeed transversely confined through radial variation of the refractive index.
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C.5 Summary

In conclusion, we observed refractive index based probe beam confinement in an
atomic medium under Λ-scheme EIT conditions with negative probe detuning. This
originated from transverse variation in the intensity of the control field as predicted
and was complemented by a notable asymmetry of the transmission resonance result-
ing from the overall radial dependence of the susceptibility. Furthermore, we created
stationary light pulses under probe confining experimental conditions and observed
an indirect signature of a transversely confined stationary light pulse. Despite obvious
limitation of this technique in warm atomic vapor this experiment provides a demon-
stration of tight three-dimensional confinement of light pulses with non-vanishing
photonic component. The mechanisms behind both the transverse and the longitu-
dinal confinement of the light pulse are based on a passive medium and in the ideal
limit are not accompanied by optical loss or gain. We therefore anticipate that this
technique can be used to tightly confine single photons in all three dimensions while
preserving their quantum state. Finally it is worth noting that the demonstrated ef-
fects were achieved with a control beam with diameter significantly larger than that of
the probe. This implies that the confocal parameter of the control beam is not a lim-
iting factor for the distance over which the probe can be confined. Consequently, the
techniques described here might also prove useful for probing cold atomic ensembles
with extremely large aspect ratios, such those demonstrated in Ref. [90].
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Technical appendices to Chapter 4

D.1 Vacuum system

The vacuum system is centered around a custom designed welded vacuum cham-
ber manufactured by Nor-Cal. The chamber has ten viewports (windows) and an
electropolished inner surface. The rest of the vacuum tubing parts as well as the
viewports are off-the-shelf, mostly manufactured by Nor-Cal and MDC. Additionally,
the viewports have antireflection coatings (by Spectrum Thin Films) for the rubidium
wavelengths. The chamber, together with the rest of the vacuum system, is bolted
to a 30′′ × 60′′, ∼ 2′′ thick Newport honeycomb structure breadboard. The bolting
structure was custom designed with the goal of minimizing the possibility of uneven
stresses on the copper gaskets sealing the joints between parts. The breadboard with
the vacuum system sits on an optics table and is cushioned by four 4′′-diameter,
1′′-thick sorbothane pads for vibration isolation.

All vacuum parts were cleaned in an ultrasonic bath before we assembled them.
The large parts were cleaned by the manufacturer1, while the cleaning of the smaller
parts (e.g. PCF holding assembly) was done in-house. We used a four step ultrasonic
cleaning procedure consisting of baths in soap water, distilled water, acetone and
ethanol, taking 15 minutes each.

The vacuum is maintained by a 20 litres/sec ion pump (VacIon 20 Plus by Varian)
controlled by a MidiVac controller and titanium sublimation pump based on a section
of the vacuum system coated with titanium using a Varian TSP filament operated
by Varian 929022 filament controller (fresh titanium coating is applied about once a
year). A naked ion gauge (Varian 24p) operated by Terranova 934 controller from
Duniway can be used to check the vacuum inside the chamber. The system is pumped
down with a turbo pump backed by a roughing oil pump, which achieves pressure
of ∼ 10−5 Torr, and then baked out for seven days with the running turbo pump

1Though some of the non-electropolished tubing required additional acetone and ethanol scrub-
bing with clean room wipes.
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attached to the system. After the system is cooled down the ion pump is engaged.
The bakeout was performed by heating tapes (by Omega) covered with aluminum
foil.2 We used several sections of the heating tape, with each section controlled by
a separate variac to maintain an even temperature over the vacuum system. The
first bakeout was done with the vacuum system assembled completely but without
the fiber holding assembly. The maximum temperature during this bakeout was
∼ 200 ◦C limited by the glass-metal seals on the viewports. The second bakeout was
performed with the fiber assembly inside the chamber and the maximum temperature
was limited to ∼ 150 ◦C. This lower limit was given by the temperature tolerance of
the Kapton isolation of the wiring and of the epoxy (EPO-TEK 353ND purchased
from Thorlabs) used in the fiber assembly. After the chamber cooled off, the pressure
stabilized at ∼ 10−9 Torr. Note that after the bakeout procedure, the all metal valve
is closed and the turbo pump is disconnected from the system.

D.2 Current carrying structures

Our experimental system contains multiple current carrying structures, both in-
side and outside of the vacuum. These include the main MOT coils (in vacuum),
three pairs of bias coils (outside vacuum), a small shift coil (in vacuum), and a mag-
netic funnel. Additional details of the design and construction for these structures as
well as for the current controllers can be found in [22]. Note that all wire used inside
the vacuum chamber was purchased from Allectra and has UHV compatible Kapton
isolation. The current into the vacuum chamber is supplied by two feedthroughs –
a small one with 8 Kovar pins (up to 7A/pin, from MDC) and a bigger one with
12 copper pins (up to 30A/pin, from Kurt Lesker). In-vacuum connections between
wires are provided either by UHV in-line Be/Cu barrel connectors (by Kurt Lesker)
or by ultrasonically cleaned stainless steel eurostrips from which the plastic has been
stripped. The feedthroughs are connected to a fan-out ring inside the chamber. This
ring is then connected to the current carrying structures of the fiber assembly, with
the wires marked by colored ceramic beads. The map of the in-vacuum electrical
connections can be seen in Fig. D.2.

D.3 Laser systems

The laser systems used in our experiments are all based on laser diodes with stabi-
lized current and temperature. Most of them are purchased from Toptica, Sacher, and
VVV, while a few were constructed in-house. Groups of lasers and their infrastructure
are located on separate breadboards and light is brought over to the main experimen-
tal breadboard via single mode polarization maintaining fiber patches (mostly from

2We were careful to avoid crossing of the heating tape.
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Figure D.2: The map of the in-vacuum electrical connections for the 8-pin and 12-pin
current feedthroughs, and the fan-out ring.
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OZ Optics). This way, a component realignment on the laser boards does not affect
the experiment and vice versa. Additionally, this layout makes it possible to move
the experiment (should the need arise) without having to disassemble it completely.

D.3.1 D2 line lasers

These lasers are used for trapping and cooling of the rubidium atoms, and can
also be used for probing atoms inside the fiber. An extended cavity diode laser (by
VVV) serving as a reference laser is stabilized to a particular frequency within the
D2 line [17] using a DAVLL scheme [24]. Additional lasers tuned to the D2 line
are stabilized via a frequency offset lock through a feedback system whose details
are described in [17, 22]. These lasers include the MOT repumper tuned to the
F = 1 → F ′ = 2 transition (Sacher Cheetah system based on a DFB laser diode),
the main MOT trapping and cooling laser tuned near the F = 2→ F ′ = 3 transition
(an extended cavity VVV laser seeding a Toptica BoosTA laser amplification system
based on a tapered amplifier laser diode), and an additional VVV extended cavity
diode laser that can be used for MOT imaging or probing of atoms inside the fiber.
The infrastructure on the board includes optical isolators, accusto-optic modulators,
fiber couplers, and optics for generating beatnotes for the frequency offset locks.

D.3.2 D1 line lasers

These lasers are used for probing of atoms inside the hollow core fibers. The
reference laser is a VVV extended cavity diode laser stabilized by DAVLL to a partic-
ular frequency on the D1 line. The second laser is a Toptica DL100 extended cavity
diode laser that is phase-locked to the reference with a phase stabilized version of a
frequency offset lock.

D.3.3 Dipole trap lasers

The laser systems we use for far off-resonant dipole traps are not frequency sta-
bilized with feedback loops as is the case for the D2 and D1 line lasers. However,
stabilization of temperature and current makes them sufficiently stable for our pur-
poses (to less than ∼ 10−2 nm).

The fiber guided dipole trap was initially implemented with a free running laser
diode (Sharp GH0781JA2C, Pmax ≈ 100 mW) mounted in a VVV laser diode mount
and stabilized at λ ≈ 782 nm. We eventually moved to a home-built (by Thibault)
tapered amplifier setup seeded by a free running laser diode (Sanyo DL-LS2075)
stabilized at λ ≈ 802 nm.

The blue detuned hollow beam guide for atoms is based on a tapered amplifier
setup obtained by turning a damaged tapered amplifier laser (Tiger by Sacher, origi-
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in the setup

Figure D.3: The optical components and distances between them for the hollow beam
setup. Additionally, there are two steering mirrors between the first and the second
axicon (to make sure the beam is centered on the second axicon as well), as well as
as two steering mirrors between the second axicon and the polarizing beam splitter
(PBS), to allow steering of the hollow beam independently of the beams coupled into
the fiber. The collimation of the beam coming out of the polarization maintaining
(PM) fiber is initially adjusted with the micrometer translation stage such that the
beam is focused on the chamber window (viewport) after passing through the two
axicons and the 75 cm lens. The collimation of the hollow beam above the fiber tip
is finalized by maximizing the loading efficiency of atoms into the PCF.

nally used for the MOT trapping and cooling) into a slave seeded by a free running
DFB laser diode stabilized at λ ≈ 780.22 nm.

D.4 Hollow beam generation

A hollow beam is a beam with an intensity minimum (ideally zero) on the prop-
agation axis – basically a ring shaped beam. Higher order Laguerre-Gaussian beams
and Bessel beams are examples of hollow beams that are also eigenfunctions of the
paraxial form of the Helmholtz equation [80]. Experimentally, hollow beams can be
generated by passing a Gaussian beam through a converting set of non-Gaussian op-
tics. The simplest method consists of placing a small opaque disc on the axis of a
Gaussian beam. This is of course not very efficient, since a large part of the original
beam’s power is wasted this way, but for some applications it is sufficient. More
sophisticated methods use vortex plates, axicons, and computer generated holograms
(either printed on a glass plate or in the form of a spatial light modulator). Issues
to consider for a particular application include conversion efficiency, suppression of
light on the propagation axis, and area of the dark-spot compared to the area of the
bright part of the beam.

The hollow beam generating setup used in our experiment is based on a set of
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Figure D.4: Intensity profile of the hollow beam at the position of the MOT (A) and
∼1mm above the fiber tip (B), with the insets being the original CCD images. The
dashed grey lines correspond to (D.1) where ro ≈ 300µm and wo ≈ 70µm for (A) and
ro ≈ 220µm and wo ≈ 20µm for (B).

axicons 3 and is inspired by the setup used in [84]. This setup is relatively simple, has
good conversion efficiency, and its components are relatively inexpensive and available
off-the-shelf. The details of the setup can be seen in Fig. D.3. As mentioned in
Chapter 4, the distances between the components were finalized by trial and error.
The design process was inherently complicated by the the fact that the vertex of a real
axicon is rounded and not point-like, and that the hollow beam generated this way
is not even remotely an eigenfunction of the Helmholtz equation. A good treatment
of the rounded vertex is however provided in [28]. To calculate the trap depth of the
hollow beam we approximate the inner ring of the beam profiles from Fig. D.4 by

I(r) = Io · exp
[
−2

(
r − ro
wo

)2
]
. (D.1)

Here Io ≈ Pmain ring√
2π3/2ro wo

with Pmain ring being the power in the main (inner) ring. For

the beam from Fig.D.4 with Ptotal = 60 mW, Pmain ring ≈ 1
2
Ptotal, λ = 780.22 nm

(∆ ≈ 10 GHz), the trap depth will be ∼ 180 µK at the MOT site and ∼ 800 µK
∼ 1 mm above the fiber tip where the funnel wires will start obstructing the hollow
beam.

3An axicon is essentially a conical lens, i.e. a lens whose thickness decreases linearly with distance
from center, instead of quadratically as is the case for an ordinary lens.
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D.5 Probe light detection

The weak probe used in the experiments is detected by a single photon counting
module (SPCM-AQR-13-FC by Perkin Elmer). When hit by a photon, the module
produces a short TTL pulse with a 65% detection efficiency. This is followed by
a so called dead-time (∼50 ns), during which the photon counter cannot detect.
Consequently, at higher rates of photon arrival the number of clicks starts to deviate
from the linear dependence on photon number and a correction factor described in
the photon counter spec sheet has to be included (this becomes a noticeable issue
at ∼ 106 clicks/sec). Additionally, the photon counter shuts down if the number of
arriving photons exceeds ∼ 107 /sec. The output of the photon counter is collected
either by a LabView board or by a fast counting board manufactured by SensL that
allows us to time resolve the photons’ arrivals.

One of the major challenges in probing the atoms inside the hollow core fiber
consists of separating the weak probe (∼1 pW) from the fiber guided dipole trap
(∼10 mW) and EIT control field (∼1 nW).

To filter out the dipole trap we use optical bandpass filters. We have had good
experiences with filters by Semrock (3 nm wide, off-the-shelf) and by Omega Optical
(1 nm wide, custom), as filters from both of those manufacturers have better than
90% transmission for the probe light. These filters can be frequency tuned by slight
tilting (but only downwards in wavelength). The filtering can be improved by using
two filters in series, however using three will not lead to a significant additional
improvement. Furthermore, to make sure that only the light from the hollow fiber
core is detected by the photon counter, the probe is additionally spatially filtered
by a single mode fiber after passing through the bandpass filters. Lastly, we apply
a modulation on the photon counter’s control port so that the photon counter only
detects when we expect a probe photon arrival. This signal, as well as all the other
fast modulations in the experiment, is provided by a PulseBlaster programmable
computer board, which ensures synchronization of the modulating signals.

Filtering away the EIT control field is accomplished by a temperature stabilized
etalon with a finesse of ∼ 50. For a lin⊥lin scheme, one etalon in combination with
polarization filtering was usually sufficient, while for lin‖lin two etalons were needed.

Incidentally, diode lasers emit a band of spontaneous light about 20 nm wide. This
light is fairly weak (suppressed by ∼ 40 dB compared to the stimulated emission), it
is however enough to be seen by the photon counters since part of it has the correct
frequency to get through the bandpass filters in our case. To avoid this, we place two
bandpass filters centered at the dipole trap wavelength in the path of the dipole trap
light on the laser breadboard, which clips away the unwanted light.
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D.6 Fiber assembly

Figures D.5 and D.6 show the building process of the fiber assembly from figure
4.4A. Note that the structure supporting parts (white) of the assembly were machined
out of macor. The fiber assembly is anchored by eight set screws that push against
the inner surface of the vacuum chamber. The diameter of the assembly structure is
a few millimeters less than the inner diameter (4 inches) of the vacuum chamber.
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(A) (B)

(C) (D)

Figure D.5: (A) After the fiber piece is sandwiched between the magnetic funnel wires
inside the fiber chuck, the chuck is aligned with the bottom coupling lens (Geltech,
aspheric, f = 4.5 mm, purchased from Thorlabs), bolted to the bottom bar of the
structure, and the bottom ends of the funnel wires are clamped in the eurostripes.
(B) The small shift coil is added, together with the main rings carrying the MOT
coils (C) and (D).
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(A) (B)

(C) (D)

(F)(E)

Figure D.6: (A) Alignment of the top coupling lens (gradium lens by LightPath,
f = 22 mm at ∼ 600 nm, which corrects to f≈20 mm at 800 nm, purchased as
NT47-449 from Edmund Optics) (B) One of the structural side bars (for the left side
of the assembly) with imaging lens (gradium, Edmund Optics NT47-450) and two
of the rubidium dispensers (from SAES Getters USA Inc., 17 mm active length, FT
terminals) clamped in barrel connectors. (C) Completed assembly with wiring. (D)
Assembly ready to be inserted into the vacuum chamber. The black arrows mark
the positions of some of the anchoring set screws. (E) The front side of the vacuum
chamber with the assembly loaded in. (F) Back side of the vacuum chamber with the
fan-out ring visible. Like the fiber assembly, the fan-out ring is made out of macor
and is anchored inside the chamber by set screws.
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Atomic cloud expansion in free
space

In this section we will describe how the spatial and velocity distribution of a freely
expanding cloud of atoms (or molecules) evolves with time. We employ this result in
Chapter 4 to estimate the temperature of the initial atomic cloud, the capture radius
of the fiber guided dipole trap above the fiber tip, and the temperature of the atoms
once they are loaded into the fiber.

We assume that the position and the velocity of an atom in the cloud are two
independent random variables with Gaussian distributions at to – the start of the ex-
pansion. Due to the stochastic nature of cooling in three dimensional optical molasses,
this should be a reasonable assumption. We take the end of the cooling process, just
when the cooling beams are turned off, as to. Thus we assume that at time to = 0
the number of atoms within a volume element d3rd3v of the position-velocity space,
with ~v = (vx, vy, vz) and at position ~r = (rx, ry, rz) is

N(~r,~v)d3rd3v = N0
1

π3/2

1

roxroyroz
e
− r2x
r2ox e

−
r2y

r2oy e
− r2z
r2oz

1

π3/2

1

voxvoyvoz
e
− v2

x
v2
ox e
−
v2
y

v2
oy e
− v2

z
v2
oz d3rd3v

(E.1)
Here N0 is the total number of atoms in the cloud, d3r = drxdrydrz, d

3v = dvxdvydvz,

and with voi =
√

2kBTi
M

, i ∈ {x, y, z} and M is the mass of a single atom, we allow for
the general case of atoms having a different temperature Ti in each spatial direction.
Additionally, at to = 0 the cloud is centered at the origin and the standard deviations
roi, i ∈ {x, y, z}, are referred to as the radius of the cloud in direction i.

We will first derive the time dependent distribution of atoms in space, using a
roughly similar treatment as [96]. Following this, we will look at how the probability
density function of an atom’s velocity, and thus the atom’s temperature, becomes
dependent on the atom’s position in space as the cloud expands.

114
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E.1 Evolution of spatial distribution

Loosely, equation E.1 describes the number of atoms, at time to = 0, within
a volume element dV = d3r with spatial coordinates (rx, ry, rz) and with velocity
(vx, vy, vz) . Consequently, this also describes the number of atoms that at time to = 0
are within volume element dVo = drxdrydrz with spatial coordinates (rx, ry, rz) and
at time t will have moved into volume element dVt = dxdydz with spatial coordinates
(x, y, z) , such that:

z = rz + vzt

y = ry + vyt−
1

2
gt2 (E.2)

x = rx + vxt

Here we included the effect of gravity and took ŷ as the vertical direction. Equation
E.1 can be thus rewritten as

N(~r,~v)d3rd3v → N(~r, x, y, z)d3rdxdydz = (E.3)

= N0
1

π3

1

roxroyroz
e
− r2x
r2ox e

−
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r2oy e
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−
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ozt
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using the transformation

vz =
z − rz
t

vy =
y − ry + 1

2
gt2

t
(E.4)

vx =
x− rx
t

with t−3 being the determinant of the Jacobian matrix J(x, y, z) of this transforma-
tion:

|J(x, y, z)| =
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The total number of atoms within a particular volume element dVt can be then
obtained by adding up atoms moving into this volume element from all possible
volume elements dVo

N(x, y, z, t)dxdydz =
∫
rx

∫
ry

∫
rz
N(~r, x, y, z)drxdrydzdxdydz (E.6)

Carrying out this integration yields that the number of atoms at time t within a
volume element dxdydz with spatial coordinates (x, y, z) is

N(x, y, z, t)dxdydz =
N0
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Consequently, the time dependent radius in direction i ∈ {x, y, z}, of a freely
expanding atomic cloud is given by

r[i](t) =
√
r2
oi + v2

oit
2 (E.8)

where voi =
√

2kBTi
M

. This can be used to determine the temperature of an atomic
cloud through a time of flight (TOF) measurement in which the cloud’s radius is
measured as it expands with time.

Additionally, we can obtain the number of atoms within an infinite vertical cylin-
der with radius R, overlapping with the cloud, by integrating (E.7) over the cylinder
volume:

Natoms =
∫ +∞

y=−∞

∫ ∫
z2+x2=R2

N(x, y, z, t)dxdydz = N0

(
1− exp

[
−R2

v2
ot

2 + r2
o

])
(E.9)

where for simplicity we assumed rox = roz = ro and vox = voz = vo.

E.2 Position dependence of velocity

In this section, we derive the answer to the following question: What is the prob-
ability of an atom having velocity ~v = (vx, vy, vz) given that it was found at position
(x, y, z) at time t ?1

This question describes a conditional probability P (A|B) of event A taking place
given that event B already occurred:

P (A|B) =
P (A ∩B)

P (B)
(E.10)

where P (A ∩ B) is the probability of events A and B occurring simultaneously. In
our case, event A is the atom having velocity ~v = (vx, vy, vz) and event B is the atom
being found at position (x, y, z) at time t. In the previous section, we derived

P (B) =
1
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At the same time, P (A ∩ B) is the probability that, at time t, an atom has
velocity ~v(t) = (vx, vy, vz) and is found at position (x, y, z). This is equivalent to the

1Formulated more precisely: What is the probability of an atom being localized within a velocity
space volume element dvxdvydvz positioned at ~v = (vx, vy, vz) given that it was found within volume
element dxdydz at position (x, y, z) at time t ?
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probability that at time to = 0 the atom had velocity ~v(0) = (vx, vy + gt, vz) and
position (rx, ry, rz) such that:

z = rz + vzt

y = ry + (vy + gt)t− 1

2
gt2 (E.12)

x = rx + vxt

Following equation (E.1), we can then write:
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which can be rewritten as
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using (E.12). Combining (E.14) and (E.11) in (E.10) we obtain

P (A|B) = f~v|~r(t)dvxdvydvz. (E.15)

Here f~v|~r is the conditional time dependent probability density function for the ve-
locity of an atom, given the atom’s position:

f~v|~r(t) = fvx|x(vx, x, t)fvy |y(vy, y, t)fvz |z(vz, z, t) (E.16)
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Example plots of these conditional probability density functions can be seen in figures
4.12A and 4.12B for an expanding cloud of 87Rb atoms with rox = roy = roz = 1mm
and vox = voy = voz = 9cm/s corresponding to T ≈ 42µK.

Note that atoms found at position (x, y, z) at time t will thus have an average

velocity ~vavg = ( txv2
ox

v2
oxt

2+r2
ox
,
t

(
y−g
[
r2oy

v2
oy

+ t2

2

])
v2
oy

v2
oyt

2+r2
oy

, tzv2
oz

v2
ozt

2+r2
oz

). Additionally, the atoms’ ve-

locity will have a standard deviation ~σ = ( roxvox√
v2
oxt

2+r2
ox

, royvoy√
v2
oyt

2+r2
oy

, rozvoz√
v2
ozt

2+r2
oz

). The

magnitude of this standard deviation decreases as ∼ t−1 for t� roi
voi

, which effectively
translates into a temperature drop in the middle of the cloud as a result of the cloud’s

expansion, e.g. Tx(t) = Mv2
ox

2kB

r2
ox

v2
oxt

2+r2
ox

.
This cooling has an interesting consequence for the phase space density in the

center of the cloud. The phase space density is defined as ρ = Nλ3
dB, where N is the

number of atoms per unit volume and λdB = 2πh̄√
3MkBT

is the deBroglie wavelength.

Combining (E.7) with the spatially dependent temperature derived in this section we
find that the phase space density will remain constant with time:

ρ(t) = ρ(to) =
8h̄3N0π

3/2

M3roxroyrozvoxvoyvoz
(E.18)
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