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Abstract

Characterization of Elongated Rubidium-87 Atomic Cloud in a Dark
Spontaneous-Force Optical Trap

by

Kenneth Koh Chee Hong

Bachelor of Science in Physics

National University of Singapore

In this thesis, we have characterized the optical depth (O.D.) and temperature
of our Rb-87 atomic cloud formed by a Magneto-Optical Trap (MOT) with two
improvement features. These features include the elongated atomic cloud and the
further implementation of ring-shaped repump beams, in an attempt to create a dark
spontaneous-force optical trap (dark SPOT). We obtained an O.D. measurement of
the atomic cloud prepared in the F = 2 hyperfine state in the range of 50 to 80 in the
denser region, with the peak value reaching O.D. = 87± 4. We hence computed the
total number of atoms prepared in F = 2 state to be Ntotal, F = 2 = (2.4± 0.5) · 108,
with the atomic density in a specified dense region being ρregion = (3.1±0.3)·1010 cm−3.
We find out that the ring-shaped repump beams alone are likely not enough to
effectively create a dark SPOT, and we likely require a further depump laser to
empty the population in the F = 2 state within the dark SPOT. Using a population
transfer process by extending the cooling beam enables the transfer of the atomic
ensemble from the F = 2 state to the F = 1 state. By doing so, we prepare the
atomic cloud in the F = 1 hyperfine state, and measured in the optimized case of
extended cooling beam duration tc = 300 �s, the O.D. is in the range of 20 to 30 in
the denser region, with the peak value reaching O.D. = 34± 1. The total number of
atoms prepared in F = 1 state is Ntotal, F = 1, tc = 300µs = (1.3± 0.1) · 108, with the
atomic density in a specified dense region being ρregion = (1.26± 0.05) · 1010 cm−3.
Lastly, we measured the temperature of the atomic cloud along the vertical direction
to be T = 2.03± 0.07 mK.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Cold atomic clouds that are prepared with a Magneto-Optical Trap (MOT) have

many applications in di�erent �elds, including quantum information [1], quantum

metrology [2], a building block in the study of Bose-Einstein Condensate [3], and

more. Our group's research focuses on the generation of useful resources for quantum

information purposes, and part of the e�ort is driven by the four-wave mixing (FWM)

process. We can generate narrowband correlated photon pairs from the FWM process

in a cold atomic cloud. In particular, we are focusing on the Double-Lambda FWM

protocol [4] which involves the D1 and D2 transitions of Rubidium-87 atoms [5]. By

implementing the Double-Lambda FWM protocol, we aim to enhance the brightness

of the pair source. The Double-Lambda FWM protocol requires an atomic state

preparation of the Rubidium-87 atomic cloud in the5S1=2; F = 1 ground state.

We choose to work with the Rubidium-87 atoms as its energy levels are well

studied [5]. Other reasons for this choice is due to the abundance of energy levels that

aligns with transition energies within the infrared spectrum, and also because laser

diodes addressing these transition frequencies are readily available in the market.

For this thesis, we prepare the Rubidium-87 atomic cloud in the5S1=2; F = 1 and

F = 2 ground states.

Compared to the standard MOT, there are several improvements in our setup.

Firstly, we use racetrack-shaped anti-Helmholtz coils to create di�erent magnetic

�eld gradients in the elongation and non-elongation axis, which helps to create an

elongated atomic cloud [6]. Secondly, we use a repump beam with a ring-shaped

1



CHAPTER 1. INTRODUCTION

spatial pro�le instead of a Gaussian beam, which helps to create a dark spontaneous-

force optical trap (dark SPOT), which we expect to increase the atomic density in

the atomic cloud [7]. Hence, it is important for us to properly characterize the atomic

cloud to better understand its properties. In this thesis, we will be characterizing

the optical depth of our atomic cloud in the above-mentioned ground states, which

helps us understand how light interacts with atoms in the cloud, by quantifying the

absorption of photons. This also gives us information on the density of the atomic

cloud. We are also able to compute the number of atoms in the atomic cloud from

its optical depth. Another property we will characterize is the temperature of the

atomic cloud, which gives us information on the root-mean-square velocity of the

atoms in the cloud.

The �ow of this thesis will be as follows. Chapter 2 will further discuss the

features of the MOT as well as the improvements in our setup. This includes the

energy levels addressed by the MOT cooling sequence, as well as improvements like

the elongated atomic cloud and the dark SPOT. Chapter 3 and 4 will elaborate

on the characterization of the optical depth and temperature of the atomic cloud

respectively. This includes experimental techniques, mathematical derivations,

experimental results and some interpretations of the data obtained. Lastly, Chapter

5 is the conclusion to the thesis, where we sum up our �ndings, which give way to

potential further investigation in certain areas.
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CHAPTER 2. RUBIDIUM-87 ATOMIC CLOUD

Chapter 2

Rubidium-87 Atomic Cloud

2.1 Theory of Magneto-Optical Trap

In this project, we utilize a MOT to cool and trap the Rb-87 atoms and sub-

sequently form an atomic cloud. Hence, it is important for us to understand the

operating principle of the MOT.

A MOT utilizes both laser and magnetic �eld gradient to cool and trap the

atoms.

Figure 2.1: Magneto Optical Trap illustration [8]

3



CHAPTER 2. RUBIDIUM-87 ATOMIC CLOUD

2.1.1 Laser Cooling

In this segment, we will elaborate more on the laser cooling technique employed

by the MOT.

Consider an atom moving along thez-direction. We employ 2 counter-propagating

cooling laser beams onto the atom that are red-detuned from the desired transition

frequency of the atom. Therefore, as the atom propagates towards either direction,

the atom will see the red-detuned light coming from that particular direction to be

blue-shifted due to the Doppler e�ect, and hence the red-detuned frequency will

come on resonance with the atom. As a result, the atom will then absorb the photon

from the counter-propagating cooling beam, thus experiences a force in the direction

opposite to its original motion. As the process is then iterated, this thus lowers

velocity of the atom, hence lowering its temperature. The atom is hence cooled via

Doppler Cooling

As the trapped atoms travel in a 3-dimensional space, we will require 3 pairs of

counter-propagating cooling laser beams (6 in total) in the 3 cartesian directions to

e�ectively cool the atomic cloud. The MOT can also employ sub-Doppler cooling

techniques like the Polarization Gradient Cooling [9] to further cool the atoms below

the Doppler Limit.

2.1.2 Magnetic Trapping

The MOT also traps the atoms using a magnetic �eld gradient. We use a pair

of anti-Helmholtz coils to generate a spatially varying quadrupole magnetic �eld,

where the magnetic �eld strength increases with the distance from the center of the

trap.

Consider a simpli�ed 2-level system as per Figure 2.2, with the total angular

momentum of the ground state taking value ofJ = 0 and excited state taking

value of J = 1. The magnetic �eld will result in Zeeman splitting in the excited

energy level of the atom, where the splitting increases with the distance from the

center of the trap as a result of the spatially varying quadrupole magnetic �eld.
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CHAPTER 2. RUBIDIUM-87 ATOMIC CLOUD

As a result, the further the atoms are from the center of the trap, the closer the

transition frequency is to the red-detuned frequency of the cooling beams, increasing

the probability of absorption of a photon. This gives the atom a scattering force

that pushes it back towards the center, and hence trapping the atom in the center

of the trap.

Figure 2.2: Zeeman splitting in the excited energy level of the atom due to the
spatially varying quadrupole magnetic �eld [10]

2.2 Cooling Sequence of the Magneto-Optical Trap

In this section, we will describe the cooling procedure for our MOT setup to

trap and cool the Rb-87 atomic cloud. The frequency of the cooling beam is set to

be 23MHz red detuned with respect to the5S1=2; F = 2 ! 5P3=2; F 0 = 3 transition.

Figure 2.3 illustrates the D2 transition in Rb-87 hyper�ne structure. The cooling

light is generated from high power Tapered Ampli�er (TA) that is seeded by a

Distributed-Feedback (DFB) laser. We use the Modulation Transfer Spectroscopy

(MTS) to lock and stabilize the laser frequency of the DFB laser to the target

frequency (refer to Appendix A for more information). The output light of the TA

has the same frequency as the seed laser and ampli�es its power. We couple the

5



CHAPTER 2. RUBIDIUM-87 ATOMIC CLOUD

output laser into a single-mode �ber to clean the spatial mode of the cooling beam.

Finally, after passing through the �ber, we have approximately150mW of optical

power for three cartesian directions.

Figure 2.3: D2 transition in Rb-87 hyper�ne structure [5].

Since the Rb-87 atom is not a two-level system, there is a probability that the

atoms in the atomic cloud will fall into dark states with respect to the cooling beam

during the cooling sequence. We address this by introducing a repump beam that

is frequency locked to the5S1=2; F = 1 ! 5P3=2; F 0 = 2 transition. The repump

beam targets the atoms that fall into theF = 1 dark state, reintroducing them into

6
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the cooling cycle. The repump beam is generated using an external cavity diode

laser (ECDL), and is frequency locked using the Frequency Modulation Spectroscopy

(FMS) technique (refer to Appendix A for more information).

Figure 2.4: Rb-87 Energy levels involved in Cooling sequence

Since a pair of cooling beams can only slow down the velocity of atoms in one

direction, the MOT requires 3 pairs of cooling beams in the 3 cartesian directions to

e�ectively cool the atomic cloud in all directions. The cooling beam in they direction

has approximately twice the optical power compared to the other two directions as

this ratio helps with the elongation of the atomic cloud in thez direction that will

be discussed in section 2.3. Additionally, two repump beams in thexz� plane are

su�cient in the cooling sequence to prepare the MOT.

7
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Figure 2.5: Image of MOT set-up with Cooling and Repump beam directions

2.3 Elongated Atomic Cloud

One e�cient approach to increase the interaction column between light and the

cold atomic cloud is by elongating the atomic cloud in the propagation direction of

the light ( z direction). More discussion on the motivation of the elongated atomic

cloud design can be found here [6, 11].

8
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Figure 2.6: Flourescence image of elongated atomic cloud monitored by a live CCD
camera.

To construct an elongated Rb-87 atomic cloud, we use a pair of racetrack-

shaped anti-Helmholtz coils which results in a smaller magnetic �eld gradient in the

elongation axis than the other 2 axes [6]. This elongates the atomic cloud along

longer axis of the racetrack-shaped anti-Helmholtz coils.

Figure 2.7: Diagram of MOT setup with racetrack-shaped anti-Helmholtz coil,
cooling beams, and trapped elongated atomic cloud. [6]

2.4 Dark Spontaneous-Force Optical Trap

One limitation that a standard MOT faces is due to the interaction of the atoms

with the cooling beams, which restricts achieving a higher atomic density in the cold

atomic cloud. This interaction ultimately forces the atoms apart through reradiation

9
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processes, thereby increasing both the size and temperature of the atomic cloud

[7]. A proposed technique to overcome this limitation is by implementing a dark

spontaneous-force optical trap (dark SPOT) [7]. A dark SPOT creates a region

in which the atoms in the atomic cloud are in a dark state with respect to the

cooling beam, hence decoupling them from the cooling beam which shields them from

reradiation forces, ultimately allowing the atoms to accumulate at higher densities [7].

In order to achieve a dark SPOT, we utilize repump beams that have a ring-

shaped spatial pro�le, with a void in the center of the beam, instead of a Gaussian

beam. One approach to achieve the ring-shaped repump beam is by using the spatial

light modulator (SLM) to modulate the phase of a Gaussian beam, generating an

arbitrary transverse spatial mode. These spatial variations of the phase across

the beam ultimately leads to changes in wavefront and spatial pro�le of the beam

[12]. Another cheaper and more space-e�cient method that we use to achieve the

ring-shaped repump beam is by propagating a Gaussian beam through a pair of

axicon lenses. An axicon lens is a type of optical lens with a conical surface that

refracts light and generate diverging conical wave. By placing a pair of axicon lenses

with the conical surfaces facing each other, the �rst lens will generate diverging

conical wave, and the second one recovers the propagation of the conical wave while

creating a collimated ring-shaped repump beam. The diameter of the void region

can be controlled by varying the distance between the 2 axicon lenses. The pair of

Axicon lenses used in our set-up are from Thorlabs, model AX1210-B and AX2510B.

However, a main disadvantage of using axicons lens to generate the ring-shaped

repump beam is that it provides less precise control and �exibility over the spatial

characteristics of the beam as compared to the SLM, as the resulting beam is a

Bessel beam [13] and is not a perfect ring-shape.

10
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Figure 2.8: Illustration of construction of the ring-shaped repump beam, with 2
axicon lenses with their conical surfaces facing each other.

Figure 2.9: Cross-sectional spatial pro�le of ring-shaped repump beam. Dimensions
are about12mm wide and6mm tall.

By implementing repump beams of this spatial pro�le in thexz� plane, we should

be able to realize dark SPOT. With the dark SPOT, we expect to prepare an atomic

cloud with atoms in a denseF = 1 state in the void region, and atoms in theF = 2

state in the fringe region around the void region. This is because the cooled atoms

in the void region is allowed to remain in theF = 1 state due to the absence of the

repump beam, where it will be in a dark state with respect to the cooling beams.

This reduces the reradiation forces on the atoms, which should allow us to prepare

11
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the atoms in a higher density [7]. However, our setup does not include a further

depump laser, which helps to actively encourage the transfer toF = 1 state in the

void region [7]. Hence, the subsequent characterization may also help �nd out if a

depump laser is indeed necessary to achieve an e�ective dark SPOT.

Figure 2.10: Illustration of 2 intersecting ring-shaped repump beams from thex and
y directions. This creates a void region (region 1) in the middle, where we expect
an atomic cloud with atoms in a denseF = 1 state in that region [7], and atoms in
the F = 2 state in the fringe region (region 2).

12
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Chapter 3

Characterization of Optical Depth

In this chapter, we will discuss the characterization of the optical depth of our

Rb-87 atomic cloud that is prepared in the5S1=2; F = 1 and F = 2 hyper�ne

ground states of Rubidium atom. This can be achieved by using di�erent control

timing sequences. Here, we will discuss the experimental techniques used in this

characterization (which is the absorption imaging techniques), and some experimental

data and interpretation.

3.1 Optical Depth

According to the Beer-Lambert law [14], the intensity of near resonant or resonant

light travelling through an optical medium is given by the di�erential equation:

dI
dz

= � �nI (3.1)

where� is the absorption cross section,n is the atom density, andz is the propagation

direction of the beam. For the case where the probe beam is on-resonant with the

atomic transition, � = � 0 = 3� 2

2� . We can solve the di�erential equation to get:

T =
I
I 0

= e� ~n� (3.2)

whereT is the transmittance of the light, ~n =
RL

0 n dz is the column density of the

atomic cloud, andL is the length of the atomic cloud in the propagation direction

of the probe light. Here, the optical depth is de�ned as:

O.D. = ~n� (3.3)

13
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The optical depth can also be expressed as the natural logarithm of the trans-

mittance:

O.D. = � ln(T) (3.4)

From the optical depth, we can also infer the number of atoms in the atomic cloud.

We assume that given one pixel of the CCD camera, the optical depth and column

density of the pixel is constant throughout the area of the pixel. Hence, considering

one pixel of the CCD camera, the number of atoms within the pixel is given by the

product of the column density and the area of the pixel,Npixel = ~npixel � Apixel . We

can then compute the total number of atoms in the atomic cloud to be:

N total =
X

all pixels

Npixel =
Apixel

� 0

X

all pixels

O.D.pixel (3.5)

3.2 Absorption Imaging Technique

We choose to employ the absorption imaging technique to characterize the optical

depth of our atomic cloud [15]. This technique involves passing a probe laser, that

is near resonant to the desired transition frequency, through the atomic cloud. We

can then image the atomic cloud using a CCD (Charge-coupled device) camera to

capture the transmitted probe light. The optical depth of the atomic cloud can then

be computed from the transmission of the beam using equation 3.4. We use the

Chameleon3 (CM3-U3-13S2M) CCD camera, which has a pixel size of3:75� m, a

1288 x 964 resolution, and 8-bit intensity resolution.

14
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Figure 3.1: Schematic diagram of absorption imaging experimental set-up.

Figure 3.2: Image of absorption imaging experimental set-up.

In our experiment, we send a probe beam, whose beam diameter is larger than

the height of our atomic cloud, through the cloud. The collimated probe beam

has a beam diameter of approximately4mm. The probe beam is generated using

a 780nm DFB laser. The frequency of the probe laser is locked to the speci�ed

transition frequency corresponding to di�erent state measurement using the FMS

technique.
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