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Abstract

State-insensitive traps are an important tool for precision spectroscopy.
In these traps both the ground and excited state of the relevant atomic
transition are shifted by the same amount. To obtain state-insensitive
trapping, a specific trapping wavelength - called the "magic wavelength" -
must be used. This thesis describes state-insensitive trapping of caesium
atoms, as realised by using a trapping laser beam at the magic wave-
length of 935.6 nm. Two different experimental setups were realised and
characterised.

The first set of experiments provided the characterisation of a single-
well state-insensitive trap, produced by using the laser beam from a Ti-
sapphire laser. The trap lifetime was determined as a function of the trap
depth, with the largest lifetime of 203 ms measured for a trap depth of 2.4
mK. Further improvement in the trap lifetime was obtained by applying
a depumper laser beam, which prepared the atoms in the lower ground
state. This suppresses hyperfine changing collisions, and the lifetime was
increased to 3.6 s as a result. Ultimately, the lifetime was limited by
the pointing instability of the dipole trap beam and the background gas
collisions.

A second experimental setup was then realised, to reduce the back-
ground gas collisions, which is the limitation of lifetime in the first setup.
Furthermore, the imaging system was upgraded to reduce the background
noise, and a MOPA system was used to produce the state-insensitive trap.
In a second set of experiments, a single-well trap and a 1D optical lattice
were compared to evaluate the suppression of two-body collisions in the
1D lattice case.
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Chapter 1

Introduction

Over the last three decades, laser cooling and trapping has opened up
several new fields of research in atomic physics. The interaction of light
and matter can be divided into two parts: the radiation pressure and the
dipole force. While radiation pressure forms the basis of most cooling
schemes, the dipole force can provide a trapping potential. This thesis
documents the construction of the apparatus and the experiments with
caesium atoms in a state-insensitive dipole trap.

Laser cooling

In 1975, Hänsch and Schawlow [1], and Wineland and Dehmelt [2] gave
the earliest idea for laser cooling by using radiative forces to reduce the
thermal velocity of atoms. This force is related to the momentum transfer
in spontaneous emission known as Doppler cooling. Three years later,
the first laser cooling experiments were realised with charged particles
by two groups: Wineland et al. reported the cooling of a magnesium
ion in a Penning trap [3], and Neuhauser et al. cooling a barium ion
[4]. For neutral atoms, optical molasses, which uses radiation pressure of
counterpropagating laser beams to slow down atoms, was demonstrated
in 1985 [5]. A breakthrough of laser cooling was the invention of the
"Magneto-Optical Trap"(MOT) in 1987. It provides both cooling and
confinement by a velocity and position dependent photon scattering rate
[6]. Currently, MOTs are the first step to prepare high density samples
of cold atoms for research in atomic physics.

11



1. Introduction 12

Optical traps

Even before the advent of laser cooling, Letokov proposed a scheme
for using laser light in order to trap particles in 1968 [7], which makes
use of the dipole force experienced by an atom in an oscillating electric
field [8]. The interaction between the dipole moment of an atom and
the light field causes an energy shift called the AC Stark shift or light
shift. In contrast to the scattering force, which acts in the same direction
as the laser beam, the dipole force is generated in the direction of the
gradient of the laser intensity. In 1986, the first optical trap was achieved
with sodium atoms by loading the atoms from an optical molasses into
a tightly focussed near resonance laser beam [9]. Later in 1993 after the
development of the MOT, the first result with a far off resonance trap
(FORT) was published [10]. This optical trap had a large red detuning of
around 65 nm from the atomic resonance and achieved a lifetime of about
200 ms. The results in [10] show that a larger detuning can increase the
lifetime of the trap as it is inversely proportional to the scattering rate.
In addition, spontaneous photon scattering leads to heating in the trap
and causes decoherence of the atomic sample.

Nowadays, optical traps are widely used in many areas of research,
for example in Bose Einstein Condensation [11], precision spectroscopy
[12–14] and trapping and manipulating single atoms [15–18].

State-insensitive Traps

In general, different atomic energy levels experience different light
shifts. The corresponding transition frequencies are therefore altered in
the presence of an oscillating electric field. A state-insensitive trap is an
optical trap where the two states of a given transition are equally shifted.
The transition frequency is therefore the same as in free space. The spe-
cific wavelength of the trapping beam required to achieve state-insensitive
trapping is called the Magic Wavelength, which can be calculated from
the AC Stark shift for a multi-level atom. This kind of trap was first
proposed for a Sr optical clock by Hidotoshi Katori in 1999 [19].
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One advantage of the AC Stark shift cancellation is a reduction in
measurement uncertainty for high precision spectroscopy and in frequency
standards. Over the last decade, the magic wavelength for several atoms
has been calculated and experimentally verified as shown in table 1.1.

Atom λm (nm) Transition Ref.
Sr 813.428(1) 1S0 → 3P0 [20–22]
Yb 759.35(2) 1S0 → 3P0 [22, 23]
Hg 362.5(3) 1S0 → 3P0 [22, 24]
Mg 470(10) 1S0 → 3P0 [22, 25]
Rb 811.5 5S1/2 (Microwave transition) [26]
Cs 935(4) 6S1/2 → 6P3/2 [27, 28]

Table 1.1: List of the atomic magic wavelengths (λm) which were
calculated and experimentally verified.

The strontium, ytterbium, mercury and magnesium atoms are of in-
terest as the application of frequency standards. In addition, the state-
insensitive trap is of benefit to electromagnetically induced transparency
(EIT). EIT is a phenomenon in a three level system that reduces the
absorption of a medium. It can be described as an optical pumping into
a coherent superposition of two ground states when two coherent laser
sources are tuned to a common excited state [29, 30]. The linewidth of
EIT features can be extremely narrow, and is therefore useful in metrol-
ogy. However, various effects can broaden the spectral linewidth, for
example: collisional broadening, stray magnetic fields and lack of inter-
rogation time.

In [31], the linewidth reduction by increased interrogation time was
experimentally realised with different pulse lengths of the probe beam.
The narrowest linewidth of 4 kHz was measured with a 100 µs pulse
while atoms were held in a CO2 dipole trap. The state-insensitive trap
can provide long interrogation time without the differential energy shift,
which can increase the linewidth of the EIT feature. Finally, in an optical
lattice with an average site occupation below one, collisional broadening
can be ignored.
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Thesis overview

In chapter 2, I describe the theoretical concepts of laser cooling and
trapping underlying our experiment, and also the AC Stark shift calcu-
lation to determine the wavelength required for a state-insensitive trap.
Chapter 3 presents a description of the design and setup of my experiment
including the laser system, the optical phase-locked loop, the vacuum sys-
tem and the imaging system. The state-insensitive trap is characterised
in chapter 4 where the relevant loss mechanisms are investigated. Chap-
ter 5 shows how the experiment can be upgraded to increase the lifetime
in the dipole trap. The loss mechanisms of a single focussed beam and a
1D optical lattice dipole trap are investigated and compared. Finally, in
chapter 6, conclusions are presented together with an outlook for future
research.



Chapter 2

Laser cooling and trapping

The interaction of light and atoms produces a force leading to the
cooling and trapping of atoms. There are two important forces playing
a role: the scattering force and the dipole force. Generally, the thermal
velocity of atoms can be reduced by the scattering force. On the other
hand, confinement of atoms can be provided by the dipole force.

In this chapter, I start with a description of laser cooling caused by
a velocity dependent force, and follow on by introducing the theoretical
concepts of the Magneto-Optical Trap. After that, I describe an atom in
an electric field following the Lorentz approach, and then introduce the
time-dependent perturbation theory for an oscillating electric field (AC
Stark effect). Then I present the derivation of the light shift caused by
the AC Stark effect for a two-level, and then for a multi-level system.
Finally, I present numerical results for specific features of our optical
dipole trap, namely the trap depth and the trap frequency.

2.1 Laser cooling

The essential element of laser cooling is the momentum transfer be-
tween atom and photon. When an atom absorbs a photon from a laser,
it acquires a momentum ~k in the direction of the beam [8, 32]. Instead,
for spontaneous emission, the momentum kick will be in a random di-
rection. Over many cycles, the momentum gained during spontaneous
emission averages to zero, while the momentum kicks in the direction of
the laser beam add up. The result of this momentum transfer is a force

15



2. Laser cooling and trapping 16

called the scattering force, or radiation pressure force. It is written as

< Fsc >= ~kΓsc, (2.1)

where Γsc is the rate of photon scattering per second and ~k is the
momentum of each photon. In a two-level system, the scattering rate
depends on the decay rate, or the natural linewidth of the excited state
(Γ) [33]. The scattering rate is then given by:

Γsc = Γ
2

I
Isat

1 + I
Isat

+ 4
(

∆
Γ

)2 , (2.2)

where ∆ is the laser detuning from the atomic resonance, I is the
laser intensity, and Isat is the saturation intensity.

The scattering force is a velocity dependent force, so atoms with dif-
ferent momenta experience different detunings due to the Doppler effect
[34]. The force on an atom moving with velocity v towards or away from
laser beam is

Fsc = ~k
Γ
2

I
Isat

1 + I
Isat

+ 4
(

(ωL−ω0−kv)
Γ

)2 . (2.3)

where ωL is the laser frequency, ω0 is the transition frequency, and kv
is the frequency shift due to the Doppler effect. This force also depends
on the intensity of the laser beam and saturates at ~k Γ

2 for high intensities
(I >> Isat).

To cool atoms, laser beams from all six spatial directions are applied.
This technique is called optical molasses. It can be explained in one
dimension with two counter-propagating laser beams as follows. If both
beams are red-detuned and the atom is moving towards one of them, it
will experience this beam with a higher frequency (blue-shifted) and the
other beam with a lower frequency (red-shifted) [34]. The total force on
the atom becomes [8]:

Fmolasses = Fsc(ωL − ω0 − kv)− Fsc(ωL − ω0 + kv). (2.4)
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The optical molasses can be applied to further reduce the temperature
of the atomic cloud. The atom can reach the low velocities regime (kv <<
Γ) which the force can be simplified to:

Fmolasses ≈ 8~k2 I

Isat

 ∆
Γ
(
1 + I

Isat
+ 4(∆

Γ )2
)2

 v ≡ −αv. (2.5)

This force can be understood as a friction force which is proportional
to the velocity of the atom. The sign of the force is determined by the
detuning of the laser beam (∆ = ωL − ω0).

To derive a final temperature, heating and cooling rates are compared.
In thermal equilibrium, the heating rate due to the random recoil kick
of spontaneous emission equals the cooling rate of the friction force in
equation (2.5). The temperature in the steady state is then written as:

kBT = ~Γ
4

1 + I
Isat

+ 4
(

∆
Γ

)2

2∆
Γ

 . (2.6)

In the limit of low intensity ( I
Isat

<< 1) and a detuning of ∆ = −Γ
2 ,

the lowest temperature obtainable by the optical molasses is then called
the Doppler cooling limit [8, 32, 34].

TD ≈
~Γ
2kB

. (2.7)

From equation (2.7), the temperature limit only depends on the decay
rate (Γ). In the case of caesium atoms, the decay rate is Γ = (2π)5.22
MHz which then limits the temperature to TD = 125 µK [35]. We notice
that although the force can slow down atoms to micro-Kelvin tempera-
tures, it cannot confine the atoms, as the force is velocity dependent but
not position dependent [34].
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2.2 Magneto-optical trap

The magneto-optical trap (MOT) is the most widely used and robust
trap for preparing cold atoms. The simplest model to explain the MOT
is a one dimensional configuration for a two-level atom with a F = 0 →
F′ = 1 transition.

F’ = 1

F = 0

mF = 1

mF = 0

mF = -1

mF = 0

ω

ω Laser

σ+ σ-

Δ

B < 0 B = 0 B > 0

Figure 2.1: Simple model of the MOT for a two-level atom with a F
= 0 → F′ = 1 transition. The laser frequency is red-detuned with
respect to the atomic transition by ∆. The inhomogeneous magnetic
field causes the Zeeman shift of the magnetic sublevels to depend on
the position of the atoms.

Two counter-propagating laser beams with opposite circular polari-
sation are red-detuned from the atomic transition. A pair of coils in the
anti-Helmholtz configuration supplies a magnetic field gradient. This
gradient causes the Zeeman splitting of the excited state (F′ = 1) into
three magnetic sublevels. This splitting depends on the position of the
atoms, causing a position dependent force [8, 32].

From figure 2.1, if an atom is located to the right with respect to the
zero magnetic field position, the Zeeman splitting shifts the transition F
= 0→ F′ = 1 , m = -1 to be closer to the laser frequency. Consequently,
the σ− light which can only excite to the transition ∆m = -1, pushes an
atom positioned on the right towards the centre. The total force in a
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MOT can be described as a position and velocity dependent force [7, 8]:

FMOT = −αv − αβ

k
r, (2.8)

where α is the damping coefficient from equation (2.5), β is the Zee-
man shift and αβ

k
is the spring constant.

In a real experiment, three pairs of orthogonal laser beams are applied
to confine the atoms in three-dimensions. For an alkali atom, the cycling
transition is ideally from the upper ground state (nS1/2) to the highest
excited state (nP3/2) [34]. However, off-resonance excitation can lead
to a loss of the population into levels not excited by the lasers, and an
additional beam (repumper laser) is required to pump atoms back into
the cycling transition.

2.3 Dipole trap

Two forces should be considered to understand the working principle
of a dipole trap: the scattering force and the dipole force [8, 36]. The
scattering force on the atoms leads to the heating of the atoms in the
dipole trap. Normally, this force can be neglected when the light field
is far detuned from an atomic resonance as Fscatt ∝ I

∆2 [8, 37]. On the
other hand, an electric dipole moment in an atom can be induced by
the light field, which can shift the atomic energy level. This shift is
called the AC Stark shift and is proportional to the light intensity, and
inversely proportional to the detuning: Udipole ∝ I

∆ . The dipole force can
then be described as the gradient of the energy shift [37]. So a strongly
focussed beam is necessary to produce the dipole force to confine atoms
in the trap. Due to the dependence of the sign of the dipole force on the
detuning of the light field (∆), optical dipole traps can be classified by the
sign of the detuning: red-detuned and blue-detuned traps. The atoms
in a red-detuned trap are attracted to the maximum intensity while the
atoms in a blue-detuned trap are expelled from the high intensity region.
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2.3.1 Two-level atom

An electric field ~E induces an electric dipole moment of −er̂ = α0 ~E in
an atom with polarisability α0. To define the polarisability of a particle,
we start with a classical picture: consider a Lorentz-atom which consists
of an electron elastically bound to a nucleus with a frequency ω0. The
atom experiences the electric field, and the dynamics can be classically
modelled by a driven damped harmonic oscillator [38]. The equation of
motion of the Lorentz-atom is given by

ẍ+ Γωẋ+ ω2
0x = −eE

me

, (2.9)

where Γω = e2ω2

6πε0mec3 [37] is the damping rate due to the dipole radi-
ation emitted by the accelerated electron. The oscillating electric field
and the displacement of the electron can be written as

E(t) = E0e
−iωt (2.10)

x(t) = x0e
−iωt. (2.11)

By substituting equations (2.10) and (2.11) into the equation of mo-
tion (2.9), we obtain

x(t) = −eE(t)
me

1
ω2

0 − ω2 − iωΓω
. (2.12)

The oscillatory motion will produce an oscillating electric dipole mo-
ment. The resulting complex polarisability is:

α0 = 6πε0c3 Γ/ω2
0

ω2
0 − ω2 − i(ω3/ω2

0)Γ , (2.13)

where Γ is the spontaneous decay rate of the excited state, or the
damping rate at resonance (Γ =

(
ω0
ω

)2
Γω). From equation (2.13), the

polarisability has two parts [37, 39]: the real part describes the dipole
interaction which leads to the potential or the energy shift, and the imag-
inary part, i.e. the out of phase component of the oscillation, leads to
the absorption of driving energy which determines the scattering force.
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The interaction energy with the electric field due to the frequency
dependent polarisability can be written as

U = −1
2Re(α0) |E|2 , (2.14)

where U is the potential of the dipole trap. By substituting the real
part of equation (2.13) and the field intensity I = ε0c

2 |E|
2, the energy

shift becomes

Udipole(r) = −3πc2

ω2
0

(
Γ

ω2
0 − ω2

)
I(r) (2.15)

Udipole(r) = −3πc2

2ω3
0

(
Γ

ω0 − ω
+ Γ
ω0 + ω

)
I(r). (2.16)

The force on an atom is the gradient of the potential energy which is
proportional to the real part of the polarisability (the in-phase component
of the dipole oscillation):

Fdipole = −∇Udipole(r) = 1
2ε0c

Re(α0)∇I(r). (2.17)

The imaginary part of the polarisability can cause the absorption
of energy which is re-emitted as dipole radiation from the atom. The
emission can also be considered as photon scattering by the atom with a
rate

Γsc = 1
2~Im(α0) |E|2 . (2.18)

Then, by replacing equation (2.18) with the imaginary part of the
polarisability from equation (2.13), we obtain

Γsc(r) = 3πc2ω3

~ω4
0

(
Γ

ω2
0 − ω2

)2

I(r) (2.19)

Γsc(r) = 3πc2

2~ω3
0

(
ω

ω0

)3
(

Γ
ω0 − ω

+ Γ
ω0 + ω

)2

I(r). (2.20)

For a detuning ∆ ≡ ω − ω0 << ω0 and ω/ω0 ≈ 1, we can apply the
rotating wave approximation to simplify the equation (2.16) and (2.20).
The potential depth and the scattering rate of the two-level dipole trap
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are given by

Udipole(r) = 3πc2

2ω3
0

Γ
∆I(r) (2.21)

Γsc(r) = 3πc2

2~ω3
0

(
Γ
∆

)2

I(r). (2.22)

The behaviour of a two-level atom in a dipole trap can be explained
on the basis of these two equations. A simple relation between the photon
scattering rate and the potential depth is written as

~Γsc(r) = Γ
∆Udipole(r). (2.23)

Figure 2.2: AC Stark shift of a two-level atoms vs. wavelength of the
laser field. Results of a full calculation which includes the counter-
rotating terms (blue line) are compared to those obtained with the
rotating wave approximation (red line). Parameter of the calculation
is I0 = 3× 109 W/cm2.

Figure 2.2 shows the AC Stark shift for different trap wavelengths. As
we can see, the sign of the light shift changes when the trap wavelength
changes from red-detuned to blue-detuned with respect to the atomic
transition. The plot also illustrates the validity of the rotating wave
approximation for the far-off resonance trap.
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2.3.2 Multi-level atom

For a multi-level atom, the dipole potential for each individual level
can be determined by taking into account the couplings to all possible
levels, weighted by the appropriate transition strengths. The transition
strength can be expressed in term of the Clebsch-Gordan coefficient (Cij)
[37, 39] between an initial state i and a final state j. The total energy
shift for the n-level atom is obtained by summing the contributions of all
possible transitions.

Udipole(r) = 3πc2Γ
2 I ×

∑
n

C2
ij

ω3
ij∆ij

. (2.24)

In the case of an alkali with the ground state S1/2 and the excited
state P1/2 (D1 line) and P3/2 (D2 line), the total ground state energy shift
can be written as [37]

Udipole(r) = πc2Γ
2

2 + εgFmF

ω3
3/2∆3/2

+ 1− εgFmF

ω3
1/2∆1/2

 I(r), (2.25)

where ε is the polarisation of the dipole trap beam: ε = 0 for linear
polarisation (π) and ε = ±1 for circular polarisation (σ±).

Furthermore, the AC Stark shift for a multi-level atom can be cal-
culated from the Hamiltonian of an atom in an oscillating electric field
[40, 41]. The energy shift for the multi-level system can be written as the
summation of the AC Stark shifts for all the possible atomic transitions
[42]:

Udipole = E(r)2

4~
∑ ∣∣∣〈JIFm| d̂ |J ′I ′F ′m′〉∣∣∣2

∆e

, (2.26)

where E(r) is the amplitude of the dipole trap beam, 1
∆e

= 1
ω0−ωL

+
1

ω0+ωL
is an effective detuning, and |JIFm〉, |J ′I ′F ′m′〉 are the initial

and final states respectively.
To calculate the energy shift with equation (2.26), we need to reduce

the dipole matrix elements by using the Wigner-Eckart theorem [35]. It
describes the selection rules between m levels with the 3-J symbol, and
the coupling probability between F states with the 6-J symbol. First
of all, the 3-J symbol is applied to reduce the non-coupling m states
due to the selection rules. This depends on the polarisation of the light
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field: ε = ±1 for σ±-polarisation and ε = 0 for π - polarisation, and the
selection rule is m′ = m+ ε [35]:

∣∣∣〈JIFm| d̂ |J ′IF ′m′〉∣∣∣2 = (2F + 1)
 F ′ 1 F

m′ ε −m

2

|〈JIF | d |J ′IF ′〉|2

(2.27)
To reduce the F and I dependence, the 6-J symbol is introduced as

|〈JIF | d |J ′IF ′〉|2 = (2J + 1)(2F ′ + 1)

 J J ′ 1
F ′ F I


2 ∣∣∣〈J | d̂ |J ′〉∣∣∣2 .

(2.28)
The remaining dipole matrix elements are expressed as a function of

the partial lifetime τ for the transition J → J ′ [35]:

1
τ

= ω3
0

3πε0~c3
2J + 1
2J ′ + 1

∣∣∣〈J | d̂ |J ′〉∣∣∣2 (2.29)

By putting together equations (2.27), (2.28), (2.29) and substituting
to equation (2.26), we can calculate the AC Stark shift of a multi-level
atom:

Udipole = −3πc2

2 I(2F + 1)
∑

J′,F ′,m′

1
ω3

0∆eτ

(2F ′ + 1)(2J ′ + 1)
 F ′ 1 F

m′ ε −m

2 J J ′ 1
F ′ F I


2

. (2.30)

Light shift for the ground state (6S1/2)

The electric dipole transitions for the fine structure level of the ground
state 6S1/2 obey a selection rule of the angular momentum ∆l = ±1 [8].
Due to that rule, an electron in the ground state 6S1/2 can be coupled
to the excited state nP which has ∆l = 1. The calculation of the Stark
shift thus uses table 2.1 for the partial lifetime parameter to obtain the
energy shift of the ground state.

The light shift calculation in graph 2.3 compares the results for a
simple model (equation (2.25) for only 6P state, blue line) to the results
obtained for a multi-level model (equation (2.30) for the 6P - 11P state,
red line). The two vertical lines correspond to the caesium D1 line (894
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Level λ1/2(nm) τ1/2(µs) λ3/2(nm) τ3/2(µs)
6P 894.6 0.03494 852.4 0.03051
7P 459.3 1.308 455.5 0.5787
8P 388.9 10.17 387.6 2.542
9P 361.7 45.94 361.2 6.852
10P 348.0 153.1 347.7 14.35
11P 340.0 418.0 339.8 25.70

Table 2.1: The partial lifetime (τ) and the wavelength of the transition
6S1/2 → nPJ [43, 44].

Figure 2.3: The numerically calculated light shift of the ground state
of Cs for a linearly polarised trapping beam with an intensity of I0 =
3.0 × 109 W/m2. The blue line represents the results for the simple
model and the red line is the energy shift for full model.

nm) and the D2 line (852 nm). As can be seen from graph 2.3, the
results of the simple model and the full model differ by about 10% at
the wavelength of 935.6 nm. The approximation of the simple model
becomes closer to the full model at longer wavelengths. On the other
hand, the simple model cannot be used for calculating the energy shift
for the wavelength below 500 nm due to the effects of the 7P - 11P
transitions which are quite significant.
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Light shift for the excited state (6P3/2)

As discussed previously, the light shift of the ground state is domi-
nated by the coupling to the P-levels. On the other hand, the shifts of the
excited state depends on the contributions of the S-levels and D-levels.
We start the calculation by noticing that, due to the electric dipole se-
lection rule ∆l = ±1 [8], the excited state 6P3/2 (l = 1) can be coupled
to both the S-states (l = 0) and D-states (l = 2). The partial lifetime
(τ) used for calculating the AC Stark shift is illustrated in table 2.2 and
2.3.

Level λ1/2(nm) τ1/2(µs)
7S 1469.5 0.07529
8S 794.4 0.2599
9S 658.8 0.5533
10S 603.4 0.9924
11S 574.6 1.607
12S 557.3 2.428
13S 546.3 3.490
14S 538.5 4.809
15S 532.9 6.431

Table 2.2: The partial lifetime (τ) and the wavelength of the transition
6P3/2 → nS1/2 [43, 44].

Level λ3/2(nm) τ3/2(µs) λ5/2(nm) τ5/2(µs)
5D 3612.7 10.090 3489.2 1.433
6D 921.1 0.3466 917.2 0.0587
7D 698.3 709.7 697.3 0.1198
8D 621.7 1.284 621.3 0.2170
9D 584.7 2.131 584.5 0.3587
10D 563.7 3.290 563.5 0.5527
11D 550.4 4.807 550.3 0.8063

Table 2.3: The partial lifetime (τ) and the wavelength of the transition
6P3/2 → nDJ [43, 44].

In figure 2.4 and 2.5, the light shift of the excited state Fe = 3 and
Fe = 4 level has been computed by using equation (2.30) for the dipole
trap beam with linear polarisation (ε = 0).
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Figure 2.4: (Top) Numerically calculated AC Stark shift of the ground
and excited states of Cs for linear polarisation at an intensity of I0 =
3.0 × 109 W/m2. (Bottom) Magnification of the top graph between
930 nm and 944 nm. All sublevels of the ground state experience the
same shift but the excited state levels (Fe = 3) are split. The crossing
points of each line indicates the magic wavelength for each sublevel,
which is around 935 nm.
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Figure 2.5: (Top) Numerically calculated AC Stark shift of the ground
and excited states of Cs for linear polarisation at an intensity of I0 =
3.0 × 109 W/m2. (Bottom) Magnification of the top graph between
930 nm and 944 nm. All sublevels of the ground state experience the
same shift but the excited state levels (Fe = 4) are split. The crossing
points of each line indicates the magic wavelength for each sublevel
which is around 935 nm.
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From figures 2.4 and 2.5, the wavelength for which the state-insensitive
trapping occurs for the different sublevels is between 934 and 940 nm.
Our dipole trap has a wavelength of 935.6 nm [39, 44]. The relevant light
shifts for the different sublevels at this wavelength are reported in figure
2.6.
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Figure 2.6: Numerically calculated AC Stark shift of the Cs excited
state (Fe = 2, 3, 4, 5) sublevels, rescaled by the ground state shift.
Calculations are carried out for a wavelength of 935.6 nm.

The advantages of the state-insensitive dipole trap are the reduction
of the dipole force fluctuation (see section 4.3.6), and the possibility to
perform atomic spectroscopy and laser cooling as in free space. In a
generic dipole trap, the excited state shift is opposite to the shift of the
ground state. This causes a fluctuating force on the trapped atoms as
they experience different potentials. However, the state-insensitive trap
provides the same shift, thus the dipole force fluctuation is significantly
reduced.

From a spectroscopy point of view, the trap at the magic wavelength
reduces the atomic transition shifts with respect to the normal dipole
trap. As can be seen in figure 2.6, we cannot have equal light shifts for
all sublevels of the ground and excited states. Although the shifts are
still below ±20 % relative to the ground state shift, they can affect the
spectroscopy as the natural linewidth of caesium (ΓD2) is (2π)5.22 MHz.
A lower trap depth can be used to further reduce unwanted shifts. For
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example, a trap depth below 800µK produces relative shifts smaller than
the natural linewidth.

2.3.3 Modelling of an optical dipole trap

In this section, the different kinds of optical dipole trap are examined
to determine the trap depth and the trap frequency. In order to model
the dipole trap, I assume that our laser has a Gaussian beam profile
which is written as [45]:

E(x, y, z, t) = E0
w0

w(z)e
−x2+y2

w2(z) e−ik( x2+y2
2R(z) +z)e−iωt, (2.31)

where:
w0 is the beam waist,
z0 = πw2

0
λ

is the Rayleigh range,
R(z) = z + z2

0
z
is the radius of curvature,

w(z) = w0

√
1 + z2

z2
0
is the spot size.

The equation above describes an electric field propagating in the z
direction which has an intensity:

I(x, y, z) = cε0
2 E(x, y, z, t)2. (2.32)

The beam intensity is then used to compute the trap depth with
equation (2.30). In our calculation, the trap laser has a wavelength of
935.6 nm, with a power of 200 mW, and a beam waist w0 = 6.69 µm.

Single focussed beam dipole trap

The simplest optical trap [7, 8, 32] is a single tightly focussed Gaus-
sian beam. The trap depth depends on the beam intensity. The beam
intensity is calculated from equation (2.31) and (2.32) as:

I(r, z) = 2P
πw2(z)e

−2 r2
w2(z) . (2.33)
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By substituting the intensity into equation (2.25) or (2.30), the trap-
ping potential is then written as:

U(r, z) = U0
1

1 + z2/z2
0
e
−2 r2

w2(z) , (2.34)

where U0 is the potential depth at the focus which is determined from
the maximum beam intensity I0 = 2P

πw2
0
.
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Figure 2.7: Model of the single focussed beam dipole trap. The cross
section for the radial axis is shown in a) and for the axial axis in b).
The red lines are best fits with a harmonic potential.

From figure 2.7, we notice that the bottom of the trap can be approx-
imated as a parabola by using the Maclaurin series to expand equation
(2.34). Thus the harmonic potential can be derived and the trap fre-
quencies can be calculated. For the radial axis in figure 2.7a), the trap
potential follows the Gaussian function (e−2 r2

w2(z) ). The radial trap fre-
quency is then given by:

ωr =
√
−4U0

mω2
0
. (2.35)
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On the other hand, for the axial direction in figure 2.7b) the trap
potential behaves as a Lorentzian function ( 1

1+(z/zR)2 ). The axial trap
frequency is then written as

ωz =
√
−2U0

mz2
R

. (2.36)

As a result of the difference in axial and radial trap frequencies, the
confinement in the axial direction is much weaker than the radial direc-
tion. Consequently, the setup of this trap has to be horizontally aligned
so that the force in the radial direction holds atoms against gravity.

1D lattice dipole trap

A simple way to obtain a strong confinement and increase the trap
depth is to set up a retro-reflecting beam, thus creating a standing wave.
The intensity is then computed from two counter-propagating beams by
assuming that both beams have equal power and the same beam waist:

I(r, z) = 8P
πw2(z)e

−2 r2
w2(z) cos2(kz). (2.37)

The intensity of the 1D optical lattice is four times larger than the
single focussed beam. The potential is then written as:

U(r, z) = U0
1

1 + z2/z2
0
e
−2 r2

w2(z) cos2(kz), (2.38)

where U0 is the potential depth at I0 = 8P
πw2

0
.

Similarly to the single focussed dipole trap, the radial direction of the
trap follows the Gaussian term. The trap frequency is then given by

ωr =
√
−4U0

mω2
0
. (2.39)

The axial direction in figure 2.8b) has an additional periodic term
(cos2(kz)) due to the interference of the two lattice beams. The trap fre-
quency then depends on the wavelength of the trap laser. By expanding
the periodic and the Lorentzian term, the vibrational frequency in the
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Figure 2.8: Illustration of the trapping potential for a 1D lattice. This
trap has a periodicity in the axial direction of λ/2. The cross section of
the dipole potential for the radial axis is shown in a) and for the axial
direction in b). The red lines are beat fits with a harmonic potential
to determine the vibrational frequency.

axial direction can be written as

ωz =

√√√√−2U0

m

(
1
z2

0
+ k2

)

≈
√
−2U0k2

m
. (2.40)

The confinement in the axial direction thus becomes stronger due to
the periodic term. This force can then separate the trapped atoms into
different potential wells. This will be discussed further in the context of
the study of collisional losses in chapter 5.



Chapter 3

Experimental apparatus

This chapter describes the experimental setup, which consists of four
parts: the laser system, the optical phase-locked loop, the vacuum system
and the imaging system. In addition to these equipments, our experiment
used magnetic coils and a computer control system which were designed
by Peter Douglas and are described in [46].

3.1 Laser system

Tunable lasers are a standard tool in atomic physics [47]. In our exper-
iment, the MOT laser is provided by a commercial semiconductor diode
laser, while the dipole trap laser, requiring power more than 100 mW,
is obtained by a Ti-sapphire laser. In this section, I will describe the
setup of the lasers, the optical elements for the MOT system, and the
MOT laser frequency stabilisation. Finally, I will describe the setup of
the Ti-sapphire laser.

3.1.1 MOT laser

In order to trap and cools atoms to micro kelvin temperatures, a stable,
narrow linewidth and tunable laser are general requirements [48]. The
lasers of the MOT system consist of a cooling laser (also called the master
laser) and a repumper laser. The frequencies of both lasers need to be
stabilised to an atomic transition.

34
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Laser construction

According to the requirement of the laser system, external cavity diode
lasers (ECDL) are used in the experiment. There are many designs for
external cavity diode lasers and a schematic of our ECDL is shown in
figure 3.1. It is a single-sided extended cavity in the Littrow Configura-
tion which follows the design of ref. [49]. This configuration is the most
widely used for the following reasons: availability of commercial laser
diodes, easy and simple setup, and a broad tuning range [47, 49].

Laser Diode

Fine-adjustment Screw

Holographic Grating

PZT

Collimating Lens

Figure 3.1: A sketch of an external cavity diode laser in the Littrow
configuration.

In this configuration, a laser diode1 and a high numerical aperture
lens are placed in the mounting block. The laser beam can be finely
collimated via a fine adjustment screw. The collimated beam is incident
onto a diffraction grating which was aligned so that the first diffraction
order is back-reflected into the laser diode. The first order optical feed-
back from the grating creates an external optical cavity while the zeroth
order is used as the laser output. In order to tune the laser frequency, a
piezo-electric actuator is used to change the external cavity length which
also changes the feedback wavelength by tilting the angle of the grating.
To avoid change in frequency due to thermal expansion, the mounting
block is temperature stabilised. The construction in figure 3.1 is placed
on a Peltier element and equipped with an AD590 temperature sensor.

1HL8342MG from Opnext
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A home built PI temperature control circuit2 is used to stabilise the
temperature to below 10 mK uncertainty. Furthermore, acoustic and vi-
brational noise can also cause the variations of cavity length leading to
frequency fluctuations. To avoid the fluctuations, our laser was enclosed
in an aluminium box to reduce the acoustic noise. Also, we tried to avoid
mechanical movements on the optical table with the laser.
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Figure 3.2: The beat spectrum of two free running ECDLs.

The laser linewidth was measured by beating two free running lasers
[50], and the beat signal was detected by an ultrafast photodiode from
Hamamatsu. The result is shown in figure 3.2. The width of the beat
signal was (1, 750±60) kHz, corresponding to a linewidth of around 1,240
kHz for each laser. Although the linewidth of the lasers is around 1 MHz
in 1 s measuring time, their frequencies still drift on longer time scales
e.g., when the lab temperature changes.

Frequency stabilisation

For applications in laser cooling, it is important to keep the laser fre-
quency at or near a specific atomic resonance for a long period of time.
There are many techniques to stabilise the laser frequency on a desired
atomic transition, such as FM spectroscopy lock and dichroic atomic

2Our temperature control circuit uses the chip module WTC3243 from Wavelength
Electronics.
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vapour laser lock (DAVLL) [51, 52]. In our system, we implement a
Doppler-free dichroic atomic vapour laser lock (DF-DAVLL) [52]. While
this lock is easy to setup, its disadvantage is that stray magnetic field
can perturb our experiment, and temperature drifts can move the level
of the error signal.

ECDL 852 nm

Half Waveplate

Quarter Waveplate

Polarizing Beam Splitter

Neutral Density Filter

Non-Polarizing Beam Splitter

To experiment

Magnetic Field

DF-DAVLL

Figure 3.3: The optical diagram for a DF-DAVLL setup.

A diagram for a DF-DAVLL setup can be seen in figure 3.3. A small
fraction of the power from ECDL is sent to the locking system depicted
in the gray box. The laser beam is reflected from a non-polarising beam
splitter into a Cs vapour cell and retro-reflected back from a mirror. In
order to get a better Doppler-free saturated absorption spectroscopy, a
neutral density filter reduces the power of the returning beam.

To create the DF-DAVLL error signal, the Cs cell is enclosed in a
solenoid, which produces a weak magnetic field along the beam direction.
In this configuration, a linearly polarised beam can be considered as a
superposition of σ+ and σ− circularly polarised light. In a magnetic field,
the Cs hyperfine levels are shifted due to the Zeeman effect. As a result,
the σ± photons from the probe beam are absorbed following the selection
rules: ∆m = ±1 for σ± light. By an optical pumping process, the atoms
are pumped into the state: mF = ±F where their energy levels are shifted
in opposite directions. After that, the probe beam passes through the
non-polarising beam splitter again. The superposition of the different
circular polarisations are converted into linear polarisation by a quarter
waveplate. Finally, the two shifted signals are separated by a polarising
beam splitter and then detected by two photodiodes.

To produce the error signal in figure 3.4, the two spectroscopy signals
were electronically subtracted in the photodiode box. They were then
fed to the home built PI lock box which was used to stabilise the piezo
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voltage (for details about the electronic locking system, see Appendix
A).
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Figure 3.4: The error signal produced by the DF-DAVLL shows the
error signal from the F = 3 ground state (upper graph) and the signal
from the F = 4 ground state (lower graph). The number in the figure
indicates the excited state. The arrows point at the locking transition
of each laser: the master laser (red arrow), the repumper laser (green
arrow) and the depumper laser (blue arrow).

The laser linewidth of the locked laser was measured by beating the
master (Fg = 4 → Fe = 3/5) and the repumper (Fg = 3 → Fe = 4)
beam on a photodiode. Both lasers were locked by the DF-DAVLL. The
beat signal of around 9.2 GHz was then mixed down with the reference
frequency at 9 GHz before analysing it by a spectrum analyser. The
linewidth in 1 s measuring time was (402 ± 9) kHz, corresponding to a
linewidth of around 285 kHz for each laser.
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Figure 3.5: The beat spectrum of two ECDLs with the DF-DAVLL.

Cooling laser

The main laser in the experiment is the cooling laser. This laser cools
the atoms via Doppler and sub-Doppler cooling. It is constructed in a
master-slave configuration since the power from the master is not suf-
ficient to operate the MOT. An injected laser (also called slave laser)
requires a few µW power from the master laser to be forced to lase on
the master frequency. The optical setup for the cooling laser is illustrated
in figure 3.6.

The laser is locked on the Fg = 4 → Fe = 3/5 crossover transition
by the DF-DAVLL. Since the locking point is red-detuned with respect
to the cooling transition by about 226.5 MHz, the laser beam is sent
through a double pass AOM to shift the frequency slightly below the
cooling transition (Fg = 4 → Fe = 5). The shifted beam is then coupled
to a polarisation maintaining (PM) fiber3 mounted in a fiber port4 which
can be finely aligned via 6 degrees of freedom. A crucial alignment of
the PM fiber optic is the orientation of the linear polarisation. If it is
not aligned with the slow axis or the stress rod direction5, the output
polarisation will change between linear and circular polarisation. The

3P3-780PM-FC-5 Panda style PM fiber optic from Thorlabs
4PAF-X-15-PC-B fiber port from Thorlabs
5The connector key is normally aligned to a slow axis
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Master Laser

To MOT

Half Waveplate

Quarter Waveplate

Polarizing Beam Splitter

DF-DAVLL

AO
M

Injected laser

Mechanical Shutter

f = 50 mm f = 250 mm

f = 200 mm
f = 200 mm

Polarization Maintaining Fiber Optic

Figure 3.6: The schematic of the optics for the master laser and the
injected laser.

collimated output beam from the fiber is sent through a half waveplate
into a side port of the slave’s optical isolator.

To inject the laser, a few mW of the master laser were fed into a free
running laser6. It is important to match the beam shape of the master
laser and the injected laser to produce an injection over a large current
range. Under the right conditions of temperature and current, the output
from the slave laser has identical characteristics to the master laser. The
output power from the injected laser is around 50 mW. It is expanded
by a 1:5 telescope to a beam waist of 6.42 mm. A mechanical shutter
is positioned in the focus of the telescope. This beam is then split into
three beams as required to operate the MOT.

Repumper laser

The repumper laser is another laser needed for a MOT. Even though
the cooling transition is closed, there is some probability that the atoms
are excited into the Fe = 4 excited state and decay to the Fg = 3 ground
state. The repumper then recycles the atoms in the Fg = 4 ground state.

6SDL-5412-H1



3. Experimental apparatus 41

The optical setup for the repumper is shown in figure 3.7.

Repumper

To MOT

Half Waveplate

Quarter Waveplate

Polarizing Beam Splitter

DF-DAVLL

From Injected Laser

Mechanical Shutter

f = 50 mm f = 200 mm

Figure 3.7: The optical schematic for the repumper laser.

The repumper laser is also locked via a DF-DAVLL on the Fg = 3
→ Fe = 4 transition. The laser beam with a power of about 1 mW is
expanded by an 1:4 telescope. It can be switched by a mechanical shutter.
Finally, it is overlapped with the master laser beam on a polarising beam
splitter.

Depumper laser

Another laser which plays an important role in our experiment is the
depumper laser. This laser was used to prepare atoms into the lower
hyperfine ground state (Fg = 3). The hyperfine changing collisions in
the dipole trap are in this way suppressed (see details in section 4.3.4).

The depumper laser is locked to the Fg = 4 → Fe = 3/4 crossover
transition and then the frequency was shifted down into resonance with
the Fg = 4→ Fe = 3 transition by an AOM. As a result, we were able to
control the intensity and the frequency of the laser which was useful for
the experiment (see section 4.3.4). The depumper beam had a maximum
power of 9.4 mW and a beam waist of 2.48 mm. It can also be switched
by a mechanical shutter.
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Depumper

Half Waveplate

Polarizing Beam Splitter

DF-DAVLL

AO
M

Mechanical Shutter

To experiment

f = 50 mm f = 200 mm

Figure 3.8: Optical schematic for the depumper laser.

3.1.2 Titanium sapphire laser

The laser used to produce a dipole trap in chapter 4 was a Ti-sapphire
laser depicted in figure 3.9. It consists of a pump laser7 and a Ti-sapphire
crystal contained in a ring cavity8. The pump laser is a standard diode-
pumped solid-state laser, which gives a continuous wave output at 532 nm
wavelength and a maximum power of 8 W. The Ti-sapphire cavity spacer
is constructed in a single piece of aluminium to increase the stability of
the system [53].

In the block resonator, a Ti-sapphire crystal is mounted on a water
cooled brass block, and four mirrors are used to create a bow-tie ring
cavity. To prevent the cavity from operating in two directions, a Faraday
rotator is installed. Due to the broad gain spectrum of the crystal, the
wavelength range of the system is defined by the output coupler mirror
(M4). There are 3 sets for different wavelengths: short wavelength 700 -
780 nm, medium wavelength 780-870 nm, and long wavelength 870 - 980
nm [54]. We operated the laser with the 870 - 980 nm set.

To tune the laser to the required wavelength, the angle of a birefrin-
gent filter, which directionally depends on the polarisation of light can
be adjusted by a micrometer screw to obtain the minimum loss for the
required wavelength. This is a coarse adjustment method capable of tun-
ing several nm. To fine tune the frequency, the angle of thin intracavity

7Coherent Verdi-V8
8Coherent MBR-110
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Verdi-V8

Pump focusing lenses
Ti-Sapphire Crystal

Brewster platesEtalon

Faraday rotator

To the experiment

To wavelength meter

Half waveplate

PBS PBS

MBR-110

M1

M4M3

M2

Half waveplate

Beam absorber

Pockel cell

Figure 3.9: A scheme of the Ti-sapphire setup for the experiment in
chapter 4.

etalon could be adjusted. Moreover, the etalon prevents laser mode-hops
by locking it to the maximum transmission.

In order to reach the maximum output power, the optical elements
in the ring cavity need to be regularly cleaned and slightly realigned.
Furthermore, the laser was placed in a wooden box, as a reduction in
temperature fluctuations increases the output power stability.
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Figure 3.10: The output power of the MBR-110 at a wavelength of
935 nm as a function of the pumping power from Verdi-V8 is plotted
in (a) and the maximum output power as a function of the wavelength
is shown in (b).
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In the experiment described in chapter 4, the selected wavelength
was around 935 nm, so the long wavelength mirror set was required. The
output power of the Ti-sapphire laser strongly depends on the pump-
ing power and on the desired wavelength, as shown in figure 3.10. The
threshold pumping power for laser operation of the MBR-110 was around
3.5 W and the peak output power for the long wavelength optic set was
around 890 nm. Nonetheless, the laser power around 935 nm with the
maximum pumping power of 8 W was about 900 mW which was enough
to create a trap depth of ∼ 2 mK.

In addition to gaining the maximum power, the laser output power
needed to be modulated for measuring the vibrational frequency in sec-
tion 4.3.3. Hence a Pockel cell was installed, which rotates the polari-
sation of the beam as a function of the applied voltage. Together with
a polarising beam splitter, this provides controllable laser power on µs

scale.

3.2 Optical phase-locked loops

Electromagnetically induced transparency (EIT) has many applica-
tions in precision metrology [55, 56] and nonlinear optics [57]. Phase
coherent laser sources are necessary to generate ground state atomic co-
herence. Various techniques have been developed to obtain two coherent
sources of light. They make use of acousto-optic modulators (AOM),
electro-optic modulators (EOM), direct current modulation of a vertical
cavity surface emitting laser (VCSEL), and optical phase-locked loops
(OPLL) [55].

In the case of the VCSEL, the current of the laser is modulated to
create frequency sidebands. The same result can be produced by passing
the laser beam through an EOM. Disadvantage of this method is that it
requires additional optics to separate the sidebands to be able to control
the relative intensity and polarisation [58]. The latter problem can be
overcome with the use of an AOM. However at very large frequencies,
like those required in our experiment, AOMs are expensive and have low
efficiency [59]. In our experiment, we have chosen to use an OPLL so
as to be able to easily control the polarisation and intensity of the two
beams.
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3.2.1 The basic loop

A phase-locked loop (PLL) is a control circuit which synchronises a
control signal with a reference signal to gain the same frequency and
phase [60, 61]. A PLL is widely used in frequency synthesis where the
output oscillates at a multiple of the reference frequency. A basic diagram
for a PLL is shown in figure 3.11 consisting of a phase detector, a loop
filter and a voltage controlled oscillator [62, 63].

Phase 
Detector

Loop
Filter

VCO
RF

LO

OutputVPD Vc

Figure 3.11: A block diagram of the phase-locked loop [63].

From the block diagram, the reference frequency (RF) is mixed with
the local oscillator (LO). This can give the result as the multiplication
of two sinusoidal waves:

cos(ωAt+ φA) cos(ωBt+ φB) = 1
2[cos((ωA + ωB)t+ (φA + φB))

+ cos((ωA − ωB)t+ (φA − φB))].(3.1)

The high frequency components from the phase detector (VPD) are
then filtered by the loop filter. The low frequency part (Vc) is then used
to control the output frequency of the voltage controlled oscillator to
give the output frequency as the local oscillator. Again, this LO is then
fed back to the loops to stabilise the frequency output to the reference
frequency.

The loop bandwidth is an important parameter to characterise the
PLL. It determines how stable the locking is and how fast it can follow
the changing phase [63, 64]. The larger the loop bandwidth is the more
stable the loop is, but a large bandwidth makes a slow response time due
to the large frequency range to stabilise.
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3.2.2 The optical phase-locked loops

In order to lock the phase of two lasers, the frequency difference has to
be measured and compared to the reference frequency. Once the offset
frequency is stabilised, the phase difference of two lasers is compared to
the reference phase. The phase differences are examined from the two
laser fields, given by:

E1(t) = E01 cos(ω1t+ φ1(t))

E2(t) = E02 cos(ω2t+ φ2(t)).
(3.2)

One of the lasers needs to be locked to an atomic transition, for
example the Fg = 4→ Fe = 3 or 4 D2 line transition. As shown in figure
3.12, the PLL1 laser is stabilised by the DF-DAVLL, the error signal is
then fed back to the current driver to stabilise against fast oscillations
and also to the piezo to compensate slow drifts.

PLL Laser 1

Current

Fast Modulation

Current 

PZT

PZT

Lock Box
DF-DAVLL

To experiment

Microwave
Generator

Lock Box

P gain

PLL Circuit

PLL Laser 2

PBS

NPBS

Half waveplate

Figure 3.12: The laser schematic and the electronic locking diagram
for PLL.

Before both laser beams are overlapped and focussed to a fast photo-
diode, their polarisations need to be aligned via a half waveplate. Since
the beat signal of the two lasers is around 9.2 GHz, the rise and fall of the
detector needs to be faster than 50 ps. In our experiment, we selected
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a fast response photodetector from Hamamatsu9 which has both rising
and falling response times of 40 ps. The beat signal is then produced
from the interference of two lasers

I(t) = 1
2cε0[E1(t) + E2(t)]2

= 1
2cε0[E01 cos(ω1t+ φ1(t)) + E02 cos(ω2t+ φ2(t))]2

= 1
2cε0[E2

01 cos2(ω1t+ φ1(t)) + E2
02 cos2(ω2t+ φ2(t))

+2E01E02 cos(ω1t+ φ1(t)) cos(ω2t+ φ2(t))]. (3.3)

From equation (3.3), there are two parts: the intensity of each laser
and the intensity of the interference. By applying equation (3.1), the
intensity of the beat signal is then given by:

Ibeat(t) = 1
2cε0E01E02 cos(∆ωt+ ∆φ(t)). (3.4)

PD Bias Tee

Ampli�er

Ampli�er

First Local Oscillator
9.232631770 GHz

Second 
Local Oscillator

40 MHz

Mixer

Power
Splitter

Directional
Coupler

Monitor

Directional
Coupler

Fast Modulation

LO

RF

PLL
Circuit Error signal

Figure 3.13: The schematic shows all RF components for the optical
phase-locked loop (OPLL).

As illustrated in figure 3.13, the fast photodiode requires a bias volt-
age of around 10 V, so a bias tee (ZX85-12G-S+) was connected to supply
this voltage and to filter the DC part out. The beat signal after this stage
is very weak, it had to be amplified by two wideband amplifiers (ZX60-

9GaAs MSM Photodetector G4176-03
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14012L+ from Mini-Circuits) with a total gain of 24 dB. The signal was
then mixed down to around 40 MHz with a microwave generator (Rohde
& Schwarz SMF100A) as a first local oscillator.

The output signal oscillates at 40 MHz and is amplified by an amplifier
(ZFL-500LN+) before a power splitter (ZFSC-2-1+) divides the signal
for the fast modulation and the phase detector. The reference frequency
of 40 MHz (Rohde & Schwarz SMFY01) is also split by a directional
coupler for the fast modulation and the phase detector.

In the phase detector circuit [65], an ultrafast comparator (AD96687)
transforms the incoming sine wave to a pulse train which can be counted
up to 200 MHz. The pulse trains are then sent to a digital phase/frequency
discriminator (AD9901) used as the phase detector. The AD9901 can de-
tect the phase within the phase difference of 0 − 2π. The error signal
amplitude of the AD9901 is around 1.8 V which correspond to 0.2865
V/rad. The error signal can be picked from either an inverting or a
non-inverting output channel.
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Figure 3.14: The phase difference of the two lasers when they are not
phase locked (top figure) and when they are phase-locked (bottom
figure).
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The phase difference can be derived from the error signal as shown
in figure 3.14. The top graph was recorded when both lasers were not
phase-stabilised. The bottom graph was taken when the relative phase
of the two lasers was stabilised via the very fast current feedback.

-300 -200 -100 0 100 200 300
0.0

0.5

1.0

1.5

2.0

 

 

S
ig

na
l (

V
)

Frequency (MHz)

2
2/3 3

2/4 3/4
4

Figure 3.15: The non-inverting error signal from the PLL is shown
in the red line, with one of lasers stabilised to the Fg = 4 → Fe = 3
transition, The locking point of the PLL error signal is on the Fg = 3
→ Fe = 3 transition.

The non-inverted error signal in figure 3.15 is fed back into the lock
box. The bandwidth or the frequency response for the PI lock box is
around 100 Hz which is suitable for compensating slow drifts. The current
feedback utilises the inverted error signal. Due to the strong feedback
signal, it is attenuated by -6 dB. Furthermore, another mixer (ZFM-3)
combines the local oscillator and the reference frequency to obtain a DC
signal, which is used for the very fast feedback part of the stabilisation
that is fed directly into the laser diode. The high-frequency component
from the mixer is filtered out by a low pass filter while the low-frequency
component is directly fed back into the laser diode as a very fast feedback.
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Figure 3.16: Spectrum of the beat signal of the two phase-locked lasers
measured with the resolution bandwidth (RBW) of 10 kHz and 10
averages. The red data was measured with the high gain of the current
feedback. The black data was measured with the optimum gain of the
current feedback. The inset expanding the centre of the beat signal
shows the relative linewidth of 2 Hz. The centre frequency of the
spectrum is 40 MHz.

Figure 3.16 shows the beat spectrum signal of the two phase-locked
lasers. The signal-to-noise ratio of the beat spectrum is around 35 dB.
The relative linewidth of the two lasers is around 2 Hz as shown in the
inset of figure 3.16. It is limited by the linewidth of the two function
generators, as each of them has a linewidth of 1 Hz. The current feedback
bandwidth is identified by setting the current feedback circuit to the
maximum gain. The current feedback then starts to oscillate around
the maximum frequency, which was measured to be around 1.4 MHz (as
shown in figure 3.16 with the blue arrows). This gain has to be adjusted
to reduce the oscillation so as to increase the stability of the loops. The
optimum gain is shown in the black data where the oscillation is pushed
away. Finally, the loop bandwidth was measured to be ∼ 3.2 MHz (as
shown in figure 3.16 with the green arrows).
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Figure 3.17: The loop bandwidth was measured with the resolution
bandwidth (RBW) of 10 kHz and 10 averages. The red data illustrate
the spectrum for the small loop bandwidth of 1.1 MHz. The optimum
loop bandwidth of 3.2 MHz is shown in the black data.

The effect of the loop bandwidth on the spectrum of the beat signal is
demonstrated in figure 3.17. The loop bandwidth can be easily adjusted
by changing the resistance and the capacitance of the loop filter (see
Appendix B). If the loop bandwidth is too small, it will cause the loop to
be unstable. As can be seen from the red line of figure 3.17, the signal-
to-noise ratio is around 22 dB, compared to the larger loop bandwidth
of 3.2 MHz, which was around 35 dB. This noise level can indicate how
stable the PLL is [55]. However, if the loop bandwidth is too big, the
stabilisation of the loop will be slow causing the PLL to not be able to
follow the changing phase.

In our experiment, the loop bandwidth is maximised to be around
3.2 MHz. This is limited due to the digital phase detector which has
the phase delay much larger than the analog phase detector [64]. The
phase delay limits our loop bandwidth due to it increasing the phase
error in the loops. According to [64], the digital PLL has to limit a
loop bandwidth around 1.7 MHz. In order to increase it, the fast digital
phase detector and the phase advance filter were installed in the loop.
These components can compensate the phase delay and increase the loop
bandwidth to around 3 MHz.
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3.3 Vacuum system

Another requirement to study laser cooling and trapping is a good
vacuum, typically below 10−8 mbar. Collisions with the background gas
cause losses from the trap (see details in section 4.3.6). In our experiment,
we use a standard single vacuum chamber to study our dipole trap and
its loss mechanisms.

3.3.1 Single MOT chamber

The basic design of the single MOT system is illustrated in figure
3.18.

Metal Valve
Glass Cell

Cs getter

Ion pump 20 l/s

Figure 3.18: The layout of the single MOT system.

In order to achieve ultra-high vacuum (UHV), an ion pump10 was
connected to the system. This pump can reach a pressure below 10−9

mbar by ionising the background gas. A vacuum metal valve was installed
to connect a turbo-molecular pump backed by a rotary pump. With these
pumps, the system can be easily pumped down to 10−7 mbar. A glass

10Varian StarCell 20 l/s
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cell11 made from quartz glass connected to a metal flange CF40, has its
outer dimension: 30×30×175 mm with a thickness of 5 mm. It provides
a maximum optical access. Caesium getters12 were used to supply the
Cs atoms to the system. All components were connected together via a
six-way CF40 connector piece and supported by 20 cm high aluminium
mounts.

3.3.2 Bake-out procedure

After the vacuum components were assembled, the next step was to
operate the pumps. A rotary pump and a turbo molecular pump were
connected in series to achieve high vacuum around 10−7 mbar. Out-
gassing is a problem to reaching ultra high vacuum. Heating the system
up increases the outgassing rate dramatically exhausting the residual gas
in the walls on reasonable time scales. With a lower outgassing rate, the
ion pump is enough to maintain ultra high vacuum in the system.

The baking process proceeded as follows: the vacuum system was
wrapped with aluminium foil and a heat tape to homogeneously generate
the same temperature for all parts. The temperature was increased slowly
with a maximum rate of 10 ◦C/hr. This process was crucial for the glass
cell because a temperature gradient can cause stress which can lead to
a crack in the glass. The maximum baking temperature for the single
MOT system was chosen to be below 200 ◦C, within the limits of the
glass cell and the viewports.

The system was kept at the maximum temperature for 2 weeks. While
cooling the system down to room temperature, the valve connecting to
the turbo pump was closed and the pressure maintained only by the ion
pump. The single MOT system reached a pressure below 5×10−9 mbar
as indicated by the ion pump current.

3.4 Imaging System

In a microscopic dipole trap experiment, high sensitivity and resolution
are essential requirements of the imaging system. Our objective lens can

11Custom built by Optiglass Ltd, 52 Fowler Rd, Hainault, Essex IG6 3UT
12SAES Getters, CS/NF/8/25 FT10+10, 5G00608
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resolve µm length scales and our intensifier unit and photon counting
module are used to detect photons scattered from a small number of
atoms.

Photon Counting Module

Objective Lens

Set of 2 Mirrors

Polarizing 
Beam Splitter

f = 100 mm 

Adjustable Iris

f = 75 mm 

f = 25 mm 

Bandpass Filter

Dipole Trap Beam

Figure 3.19: Imaging system diagram for our dipole trap experiment.

A diagram of our imaging system is shown in figure 3.19. The fluores-
cence of the trapped atoms is collected by the objective lens which was
mounted on a XYZ translation stage. Behind the objective lens is a po-
larising beam splitter used to combine the imaging beam and the dipole
trap beam. Two broadband mirrors (700 - 1300 nm) reflect fluorescence
along an aluminium construction positioned above the glass cell. In the
aluminium support, the light passes through a f = 100 mm bi-convex lens
focusing the light through an adjustable iris. The iris was used to block
background light. Another f = 100 mm lens recollimates the light and a
50:50 beam splitter sends 50% of the light to the intensifier camera unit
and the rest to the photon counting module. For the intensifier, a f =
75 mm plano-covex lens is used to form an image on the photocathode,
while a f = 25 mm bi-convex lens focuses the light on the photon count-
ing module. In order to filter any undesirable wavelengths, a bandpass
filter13 allowing just wavelengths of (850±5) nm is installed in front of
both detecters to reduce the background noise.

13FB-850-10 from Thorlabs
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3.4.1 Objective lens

The objective lens14 consists of 4 BK7 lenses and is housed in a black
anodised aluminium tube. The lens was originally designed by Wolfgang
Alt, and published in ref. [66].

36.1 mm

Glass cell

Figure 3.20: The CAD drawing of the objective lens bases on the
design from ref. [66].

According to the original design in figure 3.20, at an operating wave-
length of 852 nm, the objective lens has a numerical aperture (NA) of
0.29, a focal length of 36.1 mm, a solid angle of 0.021 and a diffraction-
limited spot size of 1.8 µm [66]. Our experiment uses this lens for both
the fluorescence imaging at 852 nm and the focusing of the dipole trap
at 935.6 nm. For the wavelength at 935.6 nm, the lens has a focal length
of 36.2 mm and a diffraction-limited spot size of 2.0 µm.

For the experiment in chapter 4, the objective lens was adapted by
changing the second lens from the left in figure 3.20 from a bi-convex 100
mm lens to a bi-convex 200 mm lens. The focal length and the diffraction
limit was then calculated by OSLO optical design software15. As a result
of our calculation, the focal length is increased to 43.4 mm for 852 nm
and 43.6 mm for 935.6 nm and the diffraction-limited spot size is also
raised to 2.4 µm for 852 nm and 2.6 µm for 935.6 nm. The modified lens
was appropriate for our experiment as it can ideally image with 2.4 µm
resolution and focus the dipole trap beam down to a 2.6 µm waist.

14The objective lens is constructed by LENS-Optics GmbH.
15The educational version is available from http://www.sinopt.com
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3.4.2 Intensifier camera unit

The microscopic dipole trap requires a high sensitivity imaging unit
due to the small number of atoms in the trap. To be able to image
the atomic fluorescence in the small trap, a normal camera needs a long
exposure time which also increases the noise level in the image. An in-
tensifier camera can reduce the exposure time to the scale of milliseconds
and it also reduces the noise level as the CCD chip is operated at very
low temperatures.

Intensi�er UnitCCD Camera

Photocathode

M
CP

Phosphor Screen

CCD
 Chip

Peltier

Relay Lens

Figure 3.21: The structure of the intensifier camera unit.

The intensifier camera unit in figure 3.21 is composed of an image
intensifier unit16 and a digital CCD camera17. They are connected to-
gether via a 1:1 relay lens. In general, the intensifier unit contains a
photocatohode, a micro-channel plate and a phosphor screen. The in-
coming photons are converted to electrons on a multialkali photocathode
material. It has a spectral response range between 185 nm to 900 nm
with a quantum efficiency of 2% at 852 nm [67]. The emitted electron is
then accelerated by an electric field to hit a micro-channel plate (MCP).
The MCP amplifies the electron from the photocathode. The gain of the
MCP can be adjusted via the electric field on the plate. The maximum
gain for the intensifier unit is around 106 electrons per input electron.
Finally, the amplified electrons are converted into photons on the phos-
phor screen (P-43) which produces an image at a wavelength of 550 nm.
The CCD camera then collects the photons from the intensifier unit with
a quantum efficiency of 70% at 550 nm [68].

16Image Intensifier Unit C9016-24 from Hamamatsu
17IEEE1394 Digital CCD Camera C4742-80-12AG from Hamamatsu
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The CCD camera chip is placed in a vacuum and cooled down to -30
◦C by a Peltier element to reduce dark currents [68]. The CCD chip has
1344 × 1024 pixels, each with the dimensions of 6.45 × 6.45 µm and a
readout resolution of 12 Bits or 4096 grey levels for each pixel. To be able
to control the CCD camera, a serial bus IEEE 1394 (FireWire) is used
to transfer the information from the CCD chip to a computer. A TTL
trigger input is connected to the camera module to control the exposure
time. Furthermore, the intensifier unit uses a USB interface to control
the gain of the MCP and also a TTL gate to prevent the intensifier unit
from excessive light input.

3.4.3 Single photon counting module

Another tool to detect ultra-weak light is a single photon counting
module18 (SPCM). It has the capability to detect the fluorescence of a
single photon. An important device in this module is the silicon based
single photon avalanche diode (SPAD). It can detect photons from 400
to 1060 nm wavelength with a quantum efficiency of around 50% at 850
nm.

The SPAD is a kind of avalanche photodiode (APD) using a photon-
triggered avalanche current due to a high electric field between a p-n
junction [69, 70]. However, the SPAD requires a bias voltage above the
breakdown voltage where it can act in the Geiger Mode [70, 71]. At this
mode, one single photon can produce a current in the mA scale while
a bias voltage below the breakdown voltage provides a gain below the
detectable range. A TTL output with a width of 15 ns is provided when it
detects one photon19. However, the module has to reset the bias voltage
after each single photon detection which takes 20 ns, so the maximum
counting rate is around 35 × 106 counts/s. The dark count rate is around
350 counts/s.

18SPCM-AQR-13 from Perkin Elmer Optoelectronics
19The details of this module including the circuit can be found in ref. [69, 71]



3. Experimental apparatus 58

0.0 0.5 1.0 1.5 2.0 2.5
0.0

3.0x106

6.0x106

9.0x106

1.2x107

 

 

 Measurement
 Calculation

S
P

C
M

 (C
ou

nt
s/

s)

Power (pW)

Figure 3.22: The measurement of the counting rate as a function of
the laser beam power at 852 nm compared to the calculation. This
result corresponds to a quantum efficiency of 54%.

To readout the number of photons, a dual counter model-995 from
Ortec was used to count the standard NIM signal20 with a value up to
100 × 106 counts/s. A fast/slow NIM logic converter model-499 from
Ortec which can convert signals up to 40 MHz had to be installed as the
counter requires a NIM signal.

Moreover, we can control the counting time by triggering the counter
module with a TTL signal. The results in figure 3.22 allow us to derive
the quantum efficiency of our single photon avalanche diode at 852 nm
by comparing the counting rate to the number of photons from a laser
beam measured by a photodiode.

3.4.4 Number of atoms calibration

Measuring the number of atoms is essential to investigating the char-
acteristics of our dipole trap, especially its lifetime. In order to count
the number of atoms, we measure their fluorescence in the MOT. This
method is suitable for our camera and also the SPCM which is able to
count the number of photons. The photon scattering rate for a single

20NIM is a Nuclear Instrumentation Module standard used in experimental particle
and nuclear physics.
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atom is given by [35]:

Γsc = Γ
2

(
6I
Isat

)
1 +

(
6I
Isat

)
+ 4

(
∆
Γ

)2 , (3.5)

where the saturation intensity (Isat) of the cycling transition(σ±-
polarised light) is 2.71 mW/cm2 [35]. Our MOT beams had an intensity
(I) of 5.08 mW/cm2 per beam and a detuning (∆) of -2Γ. These pa-
rameters gave the total scattering rate of 6.54 × 106 photons/(atom·s).

Optical elements Transmission coefficient
Glass Cell (2X) 0.962

Objective Lens (8X) 0.9958

Beam splitter 0.5
Mirror (2X) 0.9952

2Lenses (4X) 0.9954

Beam splitter 0.5
Lens (2X) 0.9952

Bandpass filter 0.52
Total ∼ 0.11

Table 3.1: The intensity transmission coefficient for each optical ele-
ment. The number in the bracket indicates the number of surface for
each optical element, for example (2X) indicates two surfaces.

The total value measured by the detector depends on the solid angle,
the transmission properties of the imaging system as well as the detection
efficiency of the module. Finally, the measured value on the camera or
the SPCM is given by

Nreadout = ηTcΩΓscNatomt, (3.6)

where η is the detection efficiency of the detector, the transmission
coefficient (Tc) is 0.11, the solid angle of our objective lens (Ω) is 0.021
as from ref. [66] and t is the scattering time or the exposure time.

From equation (3.6), we can directly measure the number of atoms
with the SPCM as the quantum efficiency (η = 0.54) was measured in
figure 3.22. However, the efficiency of the ICCD camera still needs to be
measured.
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In order to do that, a laser beam of known power and wavelength
was sent into the camera through a series of attenuators to prevent the
camera from an excessive power. The power of the beam is converted to
the number of photons per second. The CCD intensity is then integrated
over the whole CCD chip. The result of the CCD intensity was plotted as
a function of the photon number with a fixed exposure time to determine
the slope as the efficiency of the ICCD unit.
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Figure 3.23: The calibration of our intensifier camera unit with the
fixed intensifier gain of 800 in a) and the calibrated efficiency for the
different intensifier gain in b). The calibration was done by fixing the
exposure time at 4 ms.

The result of the calibration is shown in figure 3.23a. The efficiency
of the camera is η = 20.74 CCD Int/photon, calibrated for an intensifier
gain of 800 with the exposure time of 4 ms. Moreover, the efficiency for
the different intensifier gains was also calibrated in the same way. The
result of the calibration is shown in the figure 3.23b. As a result of the
efficiency calibration, the number of atoms from the camera unit can be
calculated with equation (3.6).



Chapter 4

Characterisation of a
state-insensitive dipole trap

The core of the results presented in this chapter was also published in
P. Phoonthong, P. Douglas, A. Wickenbrock, and F. Renzoni, Character-
isation of a state-insensitive dipole trap for caesium atoms, Phys. Rev.
A. 82, 013406 (2010).

4.1 Introduction

As discussed in the previous chapters, state-insensitive trapping can
be realised by choosing the wavelength of the trapping laser field such
that the AC Stark shifts of the ground and excited state of the addressed
transition are equal. This constitutes a great advantage for the realisa-
tion of frequency standards. The trapped atom can be used to measure
the clock transition without unwanted energy shifts, so to realise a fre-
quency standard. The wavelength at which state-independent trapping
is realised is termed the magic wavelength. However, for the microwave
transition of caesium, the magic wavelength has been shown not to exist
[72].

Another application for the magic wavelength is in quantum optics:
the state-independent dipole trap allows one to precisely address the
trapped atom without having to detune the laser to compensate for the
light shift.

61
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In this chapter, I will first describe the experimental setup of my
magic wavelength dipole trap and then the measurements of the trap
frequencies which lead to the beam waist or the trap size. Moreover, the
trap lifetime is measured for different ground states so as to determine
the role of hyperfine changing collisions. Other relevant loss mechanisms
are also identified.

4.2 Experimental setup

The experimental setup is shown in figure 4.1. In our experiment, the
caesium atoms are captured by a standard magneto-optical trap (MOT)
in a glass cell. The MOT lasers consist of a cooling laser which is red-
detuned with respect to the cooling transition (Fg = 4 → Fe = 5) and
a repumping laser tuned to the Fg = 3 → Fe = 4 transition. Another
laser, used to prepare the atoms in the lower ground state, is tuned to
the Fg = 4 → Fe = 3 D2 line transition.

f = 75 mm

f = 50 mm

f = 25 mm

Trap Laser 
at 935.6 nm

Objective (f = 43.6 mm)

Figure 4.1: Experimental setup. ICCD is an intensified charge-coupled
device camera, PCM is a photon counting module, BF is a bandpass
filter, PBS and BS are a polarising and a normal beam splitter, and
HW is a half waveplate.

A Ti-sapphire laser (Coherent MBR-110 pumped by a Verdi-V8) is
used to provide the linearly-polarised trapping beam which is tuned to
the magic wavelength for the 6S1/2 ground state to the 6P3/2 excited
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state at 935.6 nm. The beam is transported close to the glass cell by
using an optical fiber, and directly focussed on the atomic cloud using
an objective lens. The objective lens used in the experiment (details in
section 3.4.1), which follows the design of ref. [66], has a focal distance
of 43.6 mm and we directly measured (see section 4.3.2) a beam waist
of ω0 = (6.69±0.05) µm at the focal point through a sample of the glass
cell.

The experimental sequences start with the MOT loading process. The
MOT is loaded from the background vapour for 5 s, such a long loading
time being due to a low caesium background pressure in the system. The
low background pressure is a requirement for a long lifetime of the dipole
trap. After the MOT loading, the dipole trap beam is turned on and left
on during the trapping phase and imaging phase. Simultaneously to the
turning on of the dipole trap beam, the detuning of the cooling beam will
be ramped from −2.5Γ3/2 to −4Γ3/2 and also the magnetic field gradient
is increased from 22.5 G/cm to 30 G/cm in 10 ms. During the overlapping
phase, the MOT and the dipole trap are run simultaneously for 50 ms
to load the Cs atoms from the MOT into the dipole trap. During the
trapping phase, the MOT beams and the magnetic field are switched off
and the atoms are held in the dipole trap for a variable time (trapping
time). Finally in the imaging phase, the fluorescence imaging of atoms
in the trap is carried out by turning on the MOT beam (but not the
magnetic field) which is tuned in resonance with the cooling transition.
The ICCD camera is then used to collect the fluorescence of the trapped
atoms for 4 ms.

4.3 Characterisation

4.3.1 Temperature measurement

The temperature is experimentally measured by the time-of-flight
method (TOF). The thermal cloud in the trap is released by turning
off all laser beams and also the magnetic field. As a result, the cloud
starts to fall and expand due to the kinetic energy of the atoms. The
temperature of the atoms is then determined by measuring the expansion
velocity. In an ideal gas, which follows the Boltzmann distribution, the
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relation between the mean velocity of the gas (v̄) and the temperature
(T ) is

v̄ =
√
kBT

m
. (4.1)

In the time of flight method, the Gaussian width (w) of the freely
expanding atomic cloud is measured by taking fluorescence images for
different falling times. The thermal cloud expansion follows [46]:

w2(t) = w2(0) + kBT

m
t2. (4.2)

In our experiment, the MOT temperature is also measured to optimise
the loading of the dipole trap. The temperature of the MOT without
optical molasses is Tx = (102±4) µK and Ty = (57±3) µK while the
application of optical molasses can reduce it to Tx = (34±1) µK and
Ty = (28±1) µK. Once the atoms are loaded into the dipole trap, the
temperature is measured at different times in the dipole trap as shown
in figure 4.2.
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Figure 4.2: Temperature as a function of the trapping time, for a trap
depth of U0/kB = -1.44 mK. The initial MOT temperature after the
molasses phase is located at 0 ms.

As a result of a small trap depth, high temperature atoms cannot
be trapped, so the average temperature of the trapped atoms is lower
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than the MOT temperature. However, the red-detuned dipole trap can
still heat the trapped atoms via heating mechanisms (see section 4.3.6).
From graph 4.2, the temperature measurement was limited by the lifetime
because the noise increases as the number of atoms decreases.

4.3.2 Beam waist measurement

The accurate measurement of the beam waist is essential to determine
the trap depth. A standard technique; a razor blade set up on a two
direction translation stage, is used to measure the beam waist. The
transmitted light is monitored as the blade is moved across the beam.
The unblocked power is given by

P (r) = I0

∫ ∞
r0

e
−2r2

w2 dr, (4.3)

where I0 is the peak intensity of the beam and r is the position of
the razor blade across the beam. In order to integrate equation (4.3), we
split it into two parts:

P (r) = I0

(∫ 0

r0
e
−2r2

w2 dr +
∫ ∞

0
e
−2r2

w2 dr
)

= I0
w0√

2

(
−
∫ r0

0
e
−2r2

w2 dr +
√
π

2

)
. (4.4)

We integrate by substituting u2 = −2r2

w2 and the integral
∫ 0
∞ e
−u2

du =
√
π

2 . Finally it can be simplified to the function which we use to fit the
data:

P (r) = A

{
1− Erf

(√
2
w
r0

)}
, (4.5)

where A is a constant, Erf is the error function and w is the beam
waist. On the other hand, we can differentiate equation (4.3), thus ob-
taining the Gaussian function.

dP (r)
dr

= I0e
−2r2

w2 (4.6)

The differentiated data are then fitted with a Gaussian function. The
beam waist can then be determined as the Gaussian width (w).

To measure the minimum beam waist (w0), the beam waists from the
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different axial positions of a razor blade are measured and linearly fitted
to a graph of the beam waist vs. the axial position. The minimum beam
waist position is given by:

w2(z) = w2
0

(
1 +

(
z

zR

)2
)
, (4.7)

where zR = πw2
0/λ is the Rayleigh length of the beam.

At positions far from the focal point (z >> zR), equation (4.7) can
be simplified to:

w(z) ≈ w0
z

zR
= λ

πw0
z. (4.8)

The slope of the plot of the beam waist (w(z)) vs. the axial razor
blade position (z) is approximately λ

πw0
.
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Figure 4.3: Top: measurement of the dipole trap beam waist. Bottom
figure is plot of w vs. axial razor blade position. A linear fit gave the
minimum waist at the focus: without a glass cell (w0 = 9.96±0.08)
µm and with a glass cell (w0 = 6.69±0.05) µm.

In figure 4.3, the black data is the unblocked power as a function of
axial position and the blue data is the derivative of the black data. The
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black data is fitted with the error function of equation (4.5) while the
blue data is fitted with the gaussian function of equation (4.6).
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Figure 4.4: Calculated spot size as a function of the beam waist for
two different focal lengths of the objective lens. The blue point is the
experimental result of the beam waist of 5.24 mm which produces a
spot size of 6.69 µm.

Our objective lens had a focal length of 43.6 mm. Ideally, the spot size
from the beam waist of 5.24 mm should be around 4.76 µm. However,
the measured spot size of 6.69 µm was slightly larger than the calculated
value. A possible cause could be a non-collimated beam and a small angle
of the beam. One solution may be a fine-adjustment fiber optic mount
which possibly collimates the beam and also tilts the angle of the beam.
Another improvement may be an enlargement of the beam waist or a
shorter focal length objective (f = 36.2 mm) which can help to reduce
the spot size as shown in figure 4.4.

4.3.3 Trap frequencies

An important technique frequently used to characterise a dipole trap
is parametric excitation [37, 73]. Normally, a parametric measurement
gives an excitation spectra with frequency ω, where ω is the natural
oscillation frequency of the atoms in the trap [74, 75]. As the parametric
excitation is related to the vibrational frequency, the trapping size or the
beam waist (w0) can be calculated.

In a classical harmonic potential, when the trapping beam is closely
modulated at twice the trap frequency (2ωr,z) or at a subharmonic fre-
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quency (2ωr,z/n), with n integer, the energy of the oscillating atom will
exponentially increase. The atoms are heated up and expelled from the
trap. In the case of a single focussed laser beam, the AC Stark shift
potential can be written as

U(r, z) ≈ U0

[
1− 2

(
r

w0

)2
−
(
z

zR

)2
]
, (4.9)

where z is the axial direction, r is the radial axis, and zR is the
Rayleigh length zR = πω2

0/λ. The potential is usually approximated by
a harmonic oscillator potential

U(r, z) = mω2
rr

2

2 + mω2
zz

2

2 . (4.10)

From equation (4.9) and (4.10), the vibrational frequencies can be
calculated as

ωr =
√
−4U0

mω2
0

(4.11)

ωz =
√
−2U0

mz2
R

. (4.12)
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Figure 4.5: Time sequence for the vibrational frequency measurement.

To determine the trap frequency, the intensity of the trapping beam
was modulated at a frequency ω during the trapping phase for 10 ms
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and then the atoms were left in the trap for another 20 ms before the
imaging phase as shown in figure 4.5. A Pockel cell was then setup to be
able to quickly change the power of the trapping beam by rotating the
angle of linear polarisation of the beam before a polarising beam splitter.
Modulating the intensity of the laser beam can be achieved easily by
applying a high voltage sine wave to the Pockel cell. For the low frequency
modulation (less than 500 Hz), the beam amplitude modulation is 50%,
and 15% for the high frequency modulation (more than 500 Hz).
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Figure 4.6: Parametric heating of Cs atoms in a dipole trap at the
magic wavelength, as measured by the peak fluorescence intensity. The
intensity is reported as a function of the trapping beam modulation
frequency. Graph in (a) shows the excitation spectra for the radial
axis and graph in (b) for the longitudinal axis.
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Our results are shown in figure 4.6, for both the axial and radial fre-
quencies. A more sensitive method [76], consisting of measuring the peak
density rather than the total number of trapped atoms, is used to mea-
sure a decrease in the number of atoms left in the trap. We observed a
peak intensity drop at the parametric heating both at the fundamental
frequency (ω = 2ωr,z) and at the first sub-harmonic frequency (ω = ωr,z).

From the presented data in 4.6a) and b), the vibrational frequen-
cies for radial and axial axis were obtained as ωr/2π = (18.5±0.1) kHz
and ωz/2π = (550±10) Hz respectively. The power of trap beam is
(254±2) mW for data in 4.6a) and (231±1) mW for data in 4.6b), so
the beam waist can be calculated from equation (4.11) and (4.12). We
computed the beam waist of ω0 = (6.63±0.04) µm from the radial axis
frequency and ω0 = (6.67±0.02) µm from the axial axis frequency. Both
values are consistent with our direct measurement of the beam waist ω0

= (6.69±0.05) µm

4.3.4 Trap lifetime

Another important parameter of the dipole trap is its lifetime. The
lifetime of the atoms in a far-detuned dipole trap is directly described
via a loss rate equation. To determine the lifetime, the number of atoms
is recorded as a function of the trapping time. The data are then fitted
to the following equation [37, 77]:

dN

dt
= −ΓN − βN2, (4.13)

where Γ is the exponential loss rate, and β is the two body collisional
coefficient. The lifetime τ can be derived from the fitted value of Γ as
τ = 1/Γ.
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Figure 4.7: The time sequence for the lifetime measurement.
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Figure 4.8: Lifetime as a function of the trap depth. The data were
taken without the application of a depumper. The line is a guide for
the eye.

Following such a procedure, we studied the lifetime of the trap as a
function of the trap depth with results as in figure 4.7. The trap depth
is easily changed by varying the intensity of the trapping beam. We
found that the lifetime increases with the trap depth, as the results in
figure 4.8 show. The trap depth is limited by the laser power available
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in the experiment. Our Ti-sapphire laser can provide a maximum power
of around 900 mW at 935.6 nm. However it is necessary to couple it
to a fiber optic to obtain a clean Gaussian beam profile, although this
introduces significant losses. The final power after the fiber optic and
the glass cell is 393 mW which corresponds to a trap depth of U0/kB =
-2.4 mK and a lifetime of (203±41) ms. The results in figure 4.8 refer
to the case without a depumper. We expect a longer lifetime when the
atoms are pumped into the lower hyperfine ground state (Fg = 3).
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Figure 4.9: Atom number decay for different depumper intensities.
The lines are the best fits of the data with equation (4.13).

A previous study for a far-detuned trap at 1064 nm showed that the
lifetime of the trapped atoms significantly depends on the atomic state
[37]. A long lifetime was observed for the atoms prepared in the lower
hyperfine ground state (Fg = 3) as the dominating loss mechanism is col-
lisions with the background gas. On the other hand, for atoms prepared
in the upper hyperfine ground state (Fg = 4), hyperfine changing colli-
sions is the dominating loss mechanism. This leads to a shorter lifetime.

Therefore, we introduced a depumper laser to prepare the atoms in
the lower ground state by varying the intensity of the depumper beam
to optimise the lifetime. During the trapping phase, the depumper is
switched on for the first 1 ms of the trapping phase to prepare the atoms
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in the lower ground state. Once the atoms are in the lower ground state
(Fg = 3), we need to use the repumper laser (Fg = 3 → Fe = 4) for the
imaging phase so to pump atoms into the upper ground state (Fg = 4)
to be able to detect the number of atoms left in the trap by illuminating
the Fg = 4 → Fe = 5 transition. The results, shown in figure 4.9 for
the trap depth U0/kB = -1.78 mK, illustrate the expected increase of the
lifetime for increasing intensity of the depumper beam.
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Figure 4.10: The number of atoms left in the trap after 100 ms trap-
ping time as a function of the depumper intensity. The trap depth is
U0/kB = -1.52 mK.

From figure 4.9, an appropriate intensity of the depumper is essential
to prepare the atoms into the Fg = 3 level and obtain a long lifetime. A
saturation effect is to be expected for an intensity of the depumper that is
high enough to prepare all trapped atoms in the desired state. This was
confirmed by measuring the number of atoms left in the trap after 100 ms
trapping time for a variable intensity of the depumper beam. The result
is reported in figure 4.10 which clearly evidences the expected saturation
effect. The number of atoms increases with depumper intensity and then
becomes constant for Idep ≈ 2 mW/cm2

Finally, we have observed the longest lifetime in our system for a
trap depth of U0/kB = -2.4 mK and a depumper intensity of Idep = 1.32
mW/cm2. We have measured the lifetime of τ = (3.6±0.4) s with the ap-
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Figure 4.11: The decay curve for a trap depth of U0/kB = -2.4 mK
with (filled red circles) and without (filled black squares) depumper.
The data with the application of the depumper are fitted by a single
exponential equation (red line). The data without the application of
the depumper are fitted by equation (4.13) (black line).

plication of the depumper which is fitted by a single exponential equation
due to the suppression of the hyperfine changing collisions. The lifetime
of τ = (203±14) ms without the depumper is fitted by equation (4.13)
because of the presence of the hyperfine changing collisions. According
to our result in figure 4.11, the lifetime without the depumper is reduced
by about one order of magnitude. These results show the effect of the
hyperfine changing collisions for the case of the atoms prepared in the
upper hyperfine ground state.

4.3.5 Comparison with other wavelengths

We also studied trapping of atoms for a wavelength of the trapping
beam around the magic wavelength (928 - 941 nm). This allows us to
experimentally verify that the trap at the magic wavelength is state-
insensitive. Our Ti-sapphire laser can be widely tuned to the wanted
wavelength. The depumper laser was locked to the crossover transition
(Fg = 4 → Fe = 3/4) which is blue-detuned from the Fg = 4 → Fe =
3 transition by about 100 MHz. In order to pump atoms into the lower
ground state, the depumper frequency had to be shifted by an acousto-
optic modulator (AOM) to be on resonance with the Fg = 4 → Fe = 3
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transition which was shifted due to the AC Stark shift.
In order to experimentally determine the AC Stark shift produced by

the trapping light, we make use of the results presented in the previous
section about the effect of a depumper which showed that the atoms
in the lower hyperfine ground state have a longer lifetime. Hence the
number of atoms left after 100 ms as a function of the depumper detuning
from the resonance transition was studied for the different trapping light
wavelength. We expect that the number of atoms will be a maximum
at the depumper resonance with the AC Stark shifted Fg = 4 → Fe = 3
transition. So the depumper detuning at the maximum number of atoms
left in the trap will correspond to the differential AC Stark shift for that
wavelength.
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Figure 4.12: The number of atoms left in the trap after 100 ms as
a function of the detuning of the depumper laser for different wave-
lengths of the trapping beam. The trap depth is U0/kB = −1.25 mK.
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Figure 4.12 shows our experimental results for the number of atoms
left in the trap after 100 ms as a function of the detuning of the depumper
light. The data was fitted to a Lorentzian and the peak of each fitting
curve was taken as the differential AC Stark shift of the Fg = 4 → Fe =
3 D2 line transition.
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Figure 4.13: Experimental results (data points) and theoretically ex-
pected values for the differential light shift of the D2 line transition of
Cs. The trap depth is U0/kB = -1.25 mK.

In figure 4.13, we compare the experimental data for the differential
AC Stark shift as a function of the trap beam wavelength to the theoret-
ical value as calculated from chapter 2. In the calculation, we neglected
the (m,F) dependence of the light shift of the 6P3/2 state, and reported
only the differential shift of the D2 line. Our results in figure 4.12 and
4.13 confirm the state-independent nature of the trapping at the magic
wavelength (λ = 935.6 nm) as, for that wavelength, the differential AC
Stark shift is zero within experimental error.
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4.3.6 Trap loss mechanisms

Several processes may limit the lifetime of a dipole trap. In this sec-
tion, the following processes will be considered in order to identify the
main loss mechanism during the trapping phase: recoil heating [78, 79],
intensity fluctuations [78, 79], pointing instabilities [78, 79], dipole force
fluctuations [78, 79], and collisions with the background gas [80].

Recoil heating

We consider first heating due to spontaneous scattering of trap pho-
tons [37]. At far-detuning, the heating corresponds to an increase of the
thermal energy by the recoil energy Erec = kBTrec/2 per scattering event.
The heating rate is directly linked to the average photon scattering rate
by

Q̇rec = 2ErecΓsc = kBTrecΓsc. (4.14)

The scattering rate (Γsc) is related to the total potential experienced
by atoms. In the optical dipole trap, the atoms experience the dipole
trap potential (U0) and the thermal energy (3

2kBT ). In case of a red-
detuned dipole trap (∆ < 0) and tight confinement (U0 >>

3
2kBT ), the

scattering rate can be approximated as [37]:

Γsc = Γ
~∆(U0 + 3

2kBT )

≈ Γ
~∆U0. (4.15)

This recoil heating causes trap losses, and the trap lifetime can be
derived to be [79]:

τ = U0

2.2Q̇rec

. (4.16)

The calculated lifetime for the trap depth of -2.4 mK is in excess of
100 s for the entire range of the considered wavelength of around 925 -
945 nm. The longest lifetime in our trap with the depumper beam is
3.6 s, so we can conclude that the recoil heating is not the main loss
mechanism which determines the lifetime of our trap.
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Intensity fluctuations heating

In a far-off resonance red detuned trap, the fluctuations in the spring
constant caused by the laser intensity fluctuation can lead to exponen-
tial heating [78, 79]. To derive the heating rate, the Hamiltonian for a
trapped atom can be written as

H = p2

2M + 1
2Mω2

trap(1 + ε(t))x2, (4.17)

where ω2
trap = k0

M
is the trap frequency, k0 is proportional to the aver-

aged laser intensity I0 and ε(t) = I(t)−I0
I0

is the fractional fluctuation in the
laser intensity. The heating rate is determined by using the first-order
perturbation theory to calculate the average transition rates between
quantum states of the trap [78, 79]. The perturbation Hamiltonian is
given by

H ′(t) = 1
2Mω2

trapx
2ε(t). (4.18)

The transition rate of the perturbation Hamiltonian (4.18) for an
atom in the state |n〉 to the state |m 6= n〉 is described as

Rm←n ≡
1
T

∣∣∣∣∣−i~
∫ T

0
dt′H ′mn(t′)eiωmnt′

∣∣∣∣∣
2

(4.19)

=
(
Mω2

trap

2~

)2 ∫ ∞
−∞

dτeiωmnτ 〈ε(t)ε(t+ τ)〉
∣∣∣〈m ∣∣∣x2

∣∣∣n〉∣∣∣2 ,(4.20)
where x2 can be expressed in terms of creation and annihilation op-

erators and the fluctuation term can be defined as a one-sided power
spectrum:

〈m
∣∣∣x2
∣∣∣n〉 = ~

2Mω
〈m

∣∣∣(a†a† + 2a†a+ aa)
∣∣∣n〉 (4.21)

S(ω) = 2
π

∫ ∞
0

dτ cos(ωτ)〈ε(t)ε(t+ τ)〉. (4.22)

By substituting equations (4.21) and (4.22), and also ωmn = 2ωtrap
into equation (4.20), the transition rates are then written as

Rn±2←n =
πω2

trap

16 Sε(2ωtrap)(n+ 1± 1)(n± 1). (4.23)
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The heating rate is then given by

〈
Ė
〉

=
∑
n

P (n)2~ωtrap(Rn+2←n −Rn−2←n)

= π

2ω
2
trapSε(2ωtrap) 〈E〉 , (4.24)

where P (n) is the probability that the trapped atoms occupy state |n〉,
and 〈E〉 is the average energy given by 〈E〉 = ∑

n P (n)(n + 1/2)~ωtrap.
The lifetime then can be described as the e-folding time (the time to
increase the energy by a factor e) which is given by:

τ−1
trap = π2ν2

trapSε(2νtrap), (4.25)

where Sε(ν) is the one-sided power spectrum of fractional fluctuations
in the laser intensity at frequency (ν).

0 10000 20000 30000 40000 50000
1E-12

1E-11

1E-10

1E-9

1E-8

 

 

S
 (f

ra
c2 /H

z)

Frequency (Hz)

 Laser Noise
 Electronic Noise

Figure 4.14: The one-sided power spectrum of fractional fluctuations
in the intensity of the dipole trap laser at 935.6 nm is shown in black
and the electronic noise is presented in red.

The laser noise intensity was directly measured by a photodiode af-
ter the fiber optic. The fractional fluctuation (ε(t)) was then derived
as ε(t) = I(t)−I0

I0
, where I0 is the average photodiode voltage over the

measured time. The electronic noise measurement was done in an en-
closed box to protect the photodiode from the light. Using these data,
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the power spectral density (PSD) was then calculated by a fast Fourier
transform (FFT) method. From the one-sided power spectrum in figure
4.14, we measured the longitudinal noise with the trap frequency (νz) of
720 Hz as Sε(1440) ≈ 1.5 × 10−9 Hz−1 and the radial noise with νr =
22.8 kHz as Sε(45600) ≈ 3.6 × 10 −11 Hz−1. By using equation (4.25),
the lifetime can be evaluated by an average e-folding time for each axis:
for axial axis τr = 5.4 s and for radial axis τz = 130 s.

The e-folding time for axial axis is significantly larger than the ob-
served lifetime in our experiment. On the other hand, the fluctuation of
the laser intensity in the radial axis can cause a major heating mechanism
in our trap.

Pointing instability heating

Another sources of heating is the pointing instability of the trap beam
[78, 79]. The beam pointing fluctuations affect the location of the trap-
ping potential which can cause a fluctuation in the trap equilibrium po-
sition. The Hamiltonian of the system is described as

H = p2

2M + 1
2Mω2

x(x− ε(t))2, (4.26)

where ε(t) is the fluctuation in the pointing location of the trap cen-
tre. To calculate the heating rate, we follow the same method as in
the previous case of Intensity Fluctuations Heating. The perturbation
Hamiltonian is

H ′(t) = −Mω2
xxε(t). (4.27)

By using the rate equation (4.19), the transition rate of the pertur-
bation Hamiltonian (4.27) is given by

Rm←n =
(
Mω2

trap

2~

)2 ∫ ∞
−∞

dτeiωmnτ (2 〈ε(t)ε(t+ τ)〉

|〈m |x|n〉|2). (4.28)

By substituting equation (4.22) and ωmn = ωtrap into equation (4.28),
the transition rates are then written as

Rn±1←n = π

2~Mω3
xSε(ωx)(n+ 1

2 ±
1
2). (4.29)
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Hence, the heating rate is

Q̇x ≡
〈
Ėx
〉

=
∑
n

P (n)2~ωx(Rn+1←n −Rn−1←n)

= π

2Mω4
xSx(ωx), (4.30)

where Sx is the one-sided power spectrum of the position fluctuation
and ωx is the x-axis vibrational frequency. The lifetime is then derived
to be [79]:

τ = U0

6.6Q̇
. (4.31)

Figure 4.15: One-sided power spectrum of fluctuation in the pointing
stability of the dipole trap laser at 935.6 nm.

Figure 4.15 shows our measurements for the pointing instability of the
laser beam, taken by a quadrant photodiode. These data can determine
only the pointing stability in the radial plane due to the 2D structure of
a quadrant photodiode. A quadrant photodiode consists of four photodi-
odes arranged in four quadrants of a circular structure. All photodiodes
are connected to a circuit to compare the intensity for each part of the
beam on the photodiode. In order to measure the pointing instability, we
have to initially calibrate the quadrant photodiode. The quadrant pho-
todiode was mounted on a fixed construction and the dipole trap beam
was mounted on a XYZ translation stage used in the experiment. First
of all, we have to set the output signal from the quadrant photodiode to
be null by an alignment of the beam so that the four photodiodes receive
the same amount of light.
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Figure 4.16: A quadrant photodiode for measuring the beam move-
ment and the calibration graph of the beam position vs. the output
voltage for both axes.

The output of the quadrant photodiode consists of two signals:

X = (VA + VC)− (VB + VD)
(VA + VB + VC + VD) ,

Y = (VA + VB)− (VC + VD)
(VA + VB + VC + VD) . (4.32)

This output is the measurement of the beam displacement in the
X and Y direction, respectively, and the sign of each signal indicates
the direction of displacement. To get an accurate measurement, the
laser beam should have a Gaussian profile. In order to read out the
beam position from the quadrant photodiode, the output signal has to be
calibrated as a function of the displacement distance for the X-axis and Y-
axis. The position of the dipole trap beam on the quadrant photodiode is
changed by the XYZ translation stage. This leads to an unbalance in the
power on it. As from figure 4.16, the displacement of 1 µm corresponds
to an output voltage change of ∼ 1.4 mV for both X and Y axis. This
calibration is then used to convert the signal to the displacement of the
beam; the quantity required to measure the pointing instability.
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The black line in figure 4.15 is the power spectral density of the point-
ing fluctuation, measured while all mechanical shutters for the experi-
ment were operating. The red line is the electronic noise which records
the output signal without measuring the light. This can be done in the
enclosure box to prevent the light from entering the photodiode. We ob-
tained the noise at the radial trap frequency for the x-axis as Sx((2π)22.8
kHz) = 1.2 × 10−11 µm2/Hz and the y-axis as Sy((2π)22.8 kHz) = 1.2
× 10−11 µm2/Hz. To calculate the corresponding lifetime, we used equa-
tions (4.30) and (4.31). From the graph, the expected lifetime is about
4.3 s which is comparable to the lifetime of our experiment of 3.6 s. This
shows that the beam-pointing instability is a limiting factor for our trap
lifetime.

Fluctuation in the dipole force

An atom in a dipole trap experiences force from two sources: the
radiation pressure and the dipole force [81]. A change of an internal
atomic energy level can induce a fluctuation in the dipole force due to
the differential AC Stark shift.

a) b)

g

e

g

e

Figure 4.17: The AC Stark shift diagram shows the general dipole
trap in a), while the state-insensitive dipole trap is presented in b).

For a general two-level atom in a dipole trap, the ground and excited
states are generally shifted in the opposite directions, as shown in figure
4.17a). The atoms then experience a different energy shift depending on
the position of the atoms in the trap. The excited atoms in different
positions can have different momentum transfer, leading to momentum
diffusion. The diffusion coefficient of atomic momentum can be expressed
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as [81]:

Ddipole = ~2

2Γ

(
χ2
g,e

χ2
g,e + 2δ2

)3

(∇χg,e)2 , (4.33)

where Γ is the natural linewidth, χg,e is the Rabi frequency between
the ground state (|g〉) and the excited state (|e〉) of the atom in the trap,
δ is the detuning between the trap laser and the atomic transition and
∇χg,e is the gradient of the Rabi frequency due to the dipole trap.

In the case of figure 4.17a), the gradient of the Rabi frequency (∇χg,e)
becomes dominant with respect to the differential energy shift, so the mo-
mentum diffusion can affect the lifetime of the trapped atoms. However,
the large detuning (δ) in a far-off resonance trap can also reduce the
momentum diffusion.

For the state-insensitive dipole trap in figure 4.17b), the gradient of
the Rabi frequency can be ignored due to the same shift of the ground
and excited state. So the momentum diffusion does not occur in this trap.
However, the calculation in figure 2.6 reveals that the AC Stark shift of
the excited state depends on the mF state. Thus the trapped atoms can
still experience a small gradient of the Rabi frequency for different mF

states.
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Figure 4.18: The lifetime of the atoms as a function of the wavelength
for different trap depths and different intensities of the depumper
beam.

Figure 4.18 shows the lifetime of the dipole trap at different trapping
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wavelengths around the magic wavelength. A depumper beam is applied
on resonance with the light shifted Fg = 4 → Fe = 3 D2 line transition.
We did not observe any increase in lifetime around the magic wavelength
(935.6 nm). Due to the low photon scattering rate in the far off resonance
trap, the momentum transfer becomes small, so the momentum diffusion
can be ignored. This graph shows that the fluctuation in the dipole force
is not an important loss mechanism for our dipole trap.

Collisions with background gas

The energy transfer in the process of background gas collisions results
in the heating of an atom [80]. For a single collision, the loss mechanism
can cause an atom to heat up and leave the trap depending on the angle
of collision and the trap depth. The finite trap depth is an upper bound
for the energy transfer that can still result in heating but not in the
loss of an atom. The loss of the trapped atoms by the background gas
collisions is given by [80]

Ṅ = −Nnb 〈v(Q−∆Q)〉Tb
= −N/τ, (4.34)

where Q is the elastic cross section, nb is the background density and
τ is the lifetime. The cross section ∆Q is related to the heating of the
trapped atoms for all angles of collision. It can be written as

∆Q =
∫ θmax

0
σ(θ)2π sin(θ)dθ

≈ Q

2 cos2[π/(s− 1)]

∫ xmax

0
F (x; s)xdx, (4.35)

where F (x; s) is the model function for the small-angle differential
cross section (σ(θ)/σ(0)) in ref. [80]. A very accurate semi-empirical
representation of the model function is written as

F (x; s) = [1− c1(s) sin[c2(s)x2] + c3(s)x2]−(s+1)/s, (4.36)

where xmax =
√
U0/Uref , and the constants for the induced dipole-

dipole interaction of atom-atom scattering (s = 6) are equal to c1(6)
= 3.75, c2(6) = 0.556 and c3(6) = 2.94. To estimate the background
pressure of the system, we calculate the pressure of the system with the
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equation (4.34) by using the parameters in ref. [80].
According to the experimental data, the longest lifetime at a trap

depth of -2.4 mK is 3.6 s, corresponding to a background gas pressure
of P = 3.4 × 10−9 mbar. This value is within the range of pressures
expected for a single-cell experiment. Collisions with the background
gas are thus also a limiting factor for our trap lifetime.

4.4 Conclusions

I have experimentally characterised our state-insensitive dipole trap.
The magic wavelength at 935.6 nm produces the same AC Stark shift for
the ground state 6S1/2 and the excited state 6P3/2. The single trapping
beam is produced by an objective lens (f = 43.6 mm) which can focus
the beam to a waist of 6.69 µm. At the maximum power of our Ti-
sapphire laser, I produced a trap with a depth of -2.4 mK and a lifetime
of (203±41) ms. By introducing a depumper laser to prepare the atoms
into the lower hyperfine ground state, I reduced the hyperfine changing
collisions and measured a lifetime of (3.6±0.4) s, the longest lifetime we
measured in our setup. I analysed in detail the loss mechanisms in the
trap, and concluded that the trap lifetime is limited by the beam pointing
instability and the collisions with the background gas.



Chapter 5

Upgrade of the experiment
towards a 1D optical lattice

As shown in the previous chapter, the lifetime of our dipole trap is
limited by the collisions with the background gas and the pointing in-
stability of the trapping beam. Further problems of the experimental
setup were the long-term power instability of the Ti-sapphire laser and
the amount of stray light in the imaging path. To overcome these prob-
lems, the experimental apparatus was upgraded. First, a new vacuum
system was assembled to reduce the pressure in the science cell. Next, the
Ti-sapphire laser was replaced by a Master Oscillator Power Amplifier
(MOPA) system. Finally, the imaging system was improved to be able
to detect fewer atoms with a better signal-to-noise ratio. This chapter
documents and characterises the changes made to improve the system in
detail.

5.1 New vacuum system

To improve the vacuum, and thus increase the lifetime of the atoms
in the dipole trap, I designed a new vacuum system in which the atomic
source and the dipole trap are in two different chambers. The dou-
ble MOT system consists of the atomic source chamber and the science
chamber as shown in figure 5.1.

87
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Figure 5.1: The layout of the double MOT system

In the new design, the vacuum components of the single MOT system
from the previous setup were used as the atomic source chamber (see
figure 3.18). But instead of the glass cell, a six-way cube was installed.
This part contained the so-called Low-Velocity Intense Source of Atoms
(LVIS), described in the next section. One side of the cube is connected
to a double-sided blank flange with a small hole. This part acts as a
channel for cold atoms and a differential pumping stage. It separates the
relatively high pressure region of the LVIS from the new low pressure
science chamber providing longer trap lifetimes for the experiment.

The pressure in the science chamber is maintained by two vacuum
pumps: an ion pump1 and a non-evaporable getter (NEG) pump2. Both
pumps are attached to a spherical square connector3. The glass cell
was placed opposite to the cold atom channel. The whole construction
is vertically mounted on an optical table so that the science glass cell
rests about 14 cm above the surface. This ensures maximum optical

1Varian StarCell 55 l/s
2SAES Getters GP 100 MK 5
3MCF450-SphSq-E2C4 from Kimball
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access, mechanical stability and good overlap of the atomic beam with
the science MOT.

5.1.1 LVIS

Several atomic sources suitable to load a MOT have been developed
in the last twenty years: the Zeeman slower, the 2D MOT and the LVIS.
A Zeeman slower is the most intense source of slow atoms and provides
a flux up to 1011 atoms/s [82]. However, its disadvantage is its large
size, the high stray magnetic fields generated and the high background
of thermal atoms. 2D MOT and LVIS use pre-cooled atoms as atomic
sources.

I implemented an LVIS system similar to the one described in ref.
[83]. An LVIS is similar to a standard MOT setup but one of the retro-
reflecting mirrors and corresponding waveplate is placed in the vacuum
chamber and has a small hole at the centre. Due to the imbalance in ra-
diation pressure on that axis, a continuous cold atomic beam is extracted
from the MOT [84].

LVIS Chamber

Science Chamber

Cs Getter

Ion pump 20 l/s

1.5 mm diameter hole

Figure 5.2: Cross section of the LVIS chamber.

Our LVIS chamber in figure 5.2 was constructed from a cube4 and
5 uncoated viewports5. A 20 l/s ion pump was connected to maintain

4E-CU150-6 from MDC Caburn
5Zero Length 304L CF40 viewports from VG Scienta
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a pressure below 10−8 mbar. An electric feedthrough is connected to a
pair of Cs dispensers providing a background gas of thermal atoms to
load the LVIS. A pair of anti-Helmholtz coils set up on the viewports
along the axis perpendicular to the plane of figure 5.2 creates a gradient
of ∼ 8 G/cm at 3.2 A. The standard three retro-reflected laser beams for
the MOT have a waist of ∼10 mm and a power of ∼15 mW per beam
providing a peak intensity of ∼9.5 mW/cm2. 2 mW of repumping light
is added and overlapped with the MOT beams. A beam of cold atoms
from the LVIS is then extracted via a 1.5 mm hole in the mirror (green
in figure 5.2) and the quarter waveplate (orange) to load the science
chamber MOT. Both optical elements were glued onto the double-sided
blank flange with a low outgassing vacuum glue6.
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Figure 5.3: The atomic flux of the LVIS is measured by monitoring
the loading of the science MOT. The LVIS is switched on at 0.6 s.
The maximum flux of 9× 106 atoms/s is measured at a magnetic field
gradient of 8 G/cm (black line). By reducing the gradient to 4 G/cm,
the LVIS can provide a flux of 1.7× 106 atoms/s (red line).

The atomic flux from the LVIS can be characterised by measuring the
loading time of the science MOT. By optimising the position of the LVIS
with respect to the hole, the flux could be maximised to around 9× 106

atoms/s as shown in the black data of figure 5.3. On the other hand,
this flux can be easily reduced by decreasing the magnetic field gradient.
Figure 5.3 (red line) shows that by reducing the gradient to 4 G/cm a
reduced flux of 1.7× 106 atoms/s was produced.

6Torr Seal from Varian
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5.1.2 Pressure measurement

The pressure in the science cell can be monitored via the ion pump
current or obtained from the MOT lifetime. However, the ion pump cur-
rent reached the minimum limit and could not display a pressure below
2.5 × 10−10 mbar. Another method to measure the pressure inside the
science cell is via the lifetime of the MOT. The MOT decay time relates
to the background pressure since the collisions between the background
gas atoms and the trapped atoms can cause losses. The loss coefficient
is defined as

ΓM = 1
τM

= nbσbv̄b + nCsσCsv̄Cs, (5.1)

where τM is the MOT lifetime, nb and nCs are the densities of back-
ground gas, σb and σCs are the collisional cross sections between atoms
in the trap and the background and v̄b and v̄Cs are the average velocities
of background gas. The subscripts indicate the type of the background
gas: (b) is other gases and (Cs) is the caesium atoms.

We can assume that the amount of caesium (nCs) in the science cell is
far more than other background atoms (nb). Also, the collision cross sec-
tion of Cs-Cs7 is bigger than the collision with other background atoms
for example Helium [85]. Therefore the collisions between the trapped
caesium and the hot caesium background are the dominant loss mecha-
nisms. In the science cell with a pressure of P , the density and the mean
kinetic energy of the background gas obey the ideal gas laws [85]:

P = nCskBT, (5.2)

v̄Cs =
√

8kBT
πmCs

. (5.3)

By substituting nCs and v̄Cs into equation (5.1), the pressure is then
written as

P = 1
τMσCs

√
πmCskBT

8 . (5.4)

The pressure in the science chamber can be calculated from the MOT
lifetime. The MOT lifetime can be determined by monitoring the expo-
nential decay of the MOT fluorescence when the atomic source is shut.

7σ = 2×10−17 m2 for Cs-Cs collisional cross section [85].
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Figure 5.4: The decay of the MOT was measured after the LVIS was
shut. The red line is the best fit with an exponential decay. The
lifetime of the MOT is (36.5±0.6) s which corresponds to a pressure
of (2.6±0.1)×10−10 mbar.

As shown in figure 5.4, the exponential decay time of the MOT in
the new vacuum system is (36.5±0.6) s. By using equation (5.4), we
estimated the pressure in the science chamber to be around (2.6±0.1) ×
10−10 mbar. This pressure can now be used to determine the limitation
on the dipole trap lifetime due to the collisions with the background gas.
In the previous single cell vacuum system, the pressure in the science
cell was around 3×10−9 mbar which corresponds to a maximum lifetime
of around 3.6 s for a trap depth of 2.4 mK. By separating the atomic
source, the pressure in the science cell can be significantly reduced. The
maximum lifetime of the new apparatus is estimated from equation (4.34)
to be around 50 s for the same trap depth.

5.2 Dipole trap laser improvement

The Ti-sapphire laser used in the previous setup showed large long
term power instability, which made the operation of the experiment dif-
ficult. As a result of this, we decided to replace it with a MOPA system,
which is a valid alternative to generate high power laser radiation with a
wavelength around 935 nm. In our setup, we use a GaAs based tapered
amplifier (TA). The output spectrum of the amplifier is very broad (∼
10 nm) but it can be narrowed by injecting it with an external laser.
The chip itself consists of two gain regions: a pre-amplifier stage and an
amplification stage (see figure 5.5). The pre-amplifier region is a small
rectangular area, with dimensions 5 × 1.4 µm, acting as a spatial filter
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for the seed laser. In this way, only the TEM00 mode is amplified. The
amplification region is a tapered area with a big output facet (256 ×
1.4 µm), so that the intensity in the gain medium does not reach the
destruction threshold even for high power outputs. Both chip facets are
treated with an anti-reflection coating of less than 0.01% reflection to
avoid laser action of the amplifier chip itself.

5.2.1 Design

The design of the MOPA construction is shown in figure 5.5. The
beam is focussed into the pre-amplifier region by a lens (f = 8.0 mm)
with a high numerical aperture 8 (NA = 0.5). Due to spatial constraints
in the output beam path, the working distance of the collimating lens
had to be longer9. Both lenses are held on robust Fiber Launchers10

which allow fine adjustment in five degrees of freedom (X, Y, Z, θX, θY).

Injecting BeamOutput Beam

Aluminium Block

AD590Peltier Copper
Block

Tapered

Figure 5.5: Design of the MOPA construction. The small figure shows
the details of the tapered-amplifier chip.

The semiconductor gain profile is temperature sensitive therefore the
TA chip has to be temperature stabilised to guarantee stable operation.

8GLC-8.0-8.0-830 from Melles Griot
9C240TME-B from Thorlabs, working distance: 5.92 mm.

10Model 9095 from New Focus
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A copper block is used to increase thermal inertia. Its temperature is
sensed by an AD590 and controlled with a peltier element11. The heat is
transferred into the large aluminium base plate acting as a heat sink. A
commercial feedback circuit12 provides stabilisation. The TA current is
supplied by a commercial laser diode controller13. It can provide current
up to 4 A with a noise level below 50 µA.

5.2.2 MOPA setup

The MOPA system is set up in a master-slave configuration, as shown
in figure 5.6. It mainly consists of a seed laser and a single pass TA [86].

ECDL 935 nm Tapered 
Ampli�er

Beam Shaping Optics

Half Waveplate

Polarizing Beam Splitter

Optical Isolator

-40 dB -60 dB

f = 50 mm

f = 250 mm

50 micron Pin Hole

Figure 5.6: The laser schematics for the MOPA system.

A laser diode at 935 nm14 is constructed in the Littrow configura-
tion as the seed laser, emitting a maximum output around 50 mW. The
beam then passes through a 40 dB optical isolator which prevents optical
feedback into the laser diode. The output power of the TA for a given
input intensity depends on the angle of the linear polarisation of the seed
beam. Accordingly, a half waveplate is installed to be able to optimise
the polarisation. Owing to the large tapered area, the output beam is
much wider in the plane of the taper. The output aspheric lens collimates
only the vertical axis of the beam, and the horizontal axis is collimated
by an additional 100 mm cylindrical lens. After that its waist is reduced

11MCPE1-12707AC-S 55.6W from Multicomp
12PTC10K-CH 10A temperature control from Wavelength Electronics
13LDC240C from Thorlabs
14M9-935-0100-S50 common cathode laser diode at (935±5) nm from Axcel Pho-

tonics
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by a 2:1 telescope and the profile made circular by an anamorphic prism
pairs. Another 60 dB optical isolator is used to protect the MOPA from
retro-reflected light. The beam is spatially filtered by a 50 µm pin hole
and then expanded by a 1:5 telescope. Finally, the Gaussian beam with
a beam waist of about 5.6 mm is focussed by the objective lens to create
the micro dipole trap.

5.2.3 Characterisation

The output power of the TA depends on the chip current and the
power of the seed laser. These relations were investigated, and the results
are illustrated in figure 5.7.
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Figure 5.7: The MOPA output power as a function of the current is
shown in a) and as a function of the seed power for a given current of
1.5 A in b). The data was taken for a chip temperature of 13.2 ◦C.

The TA can be operated at a maximum current of 2.8 A with the seed
laser and at 2 A without the seed laser. The amplification threshold from
figure 5.7a) is between 1 and 1.3 A depending on the seed power. An
increase in the seed power not only increases the output power but also
reduces the amplification threshold current. However, the TA output
power saturates for a seed power around 30 mW, as can be seen in figure
5.7b).

By changing the temperature of the TA, the threshold current is
changed which causes the change of the output power. A linear fit to
the data in figure 5.8 shows that the output power increases by ∼ 16
mW/◦C. To have the maximum output power, the chip temperature is
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Figure 5.8: The MOPA output power as a function of the chip tem-
peratures. The current of the TA was fixed at 2 A and the power of
the seed laser was 25 mW.

reduced to slightly above condensation. To reduce the temperature fur-
ther, the TA is placed in an enclosing box containing silica gel to reduce
air humidity. For most experiments, the TA was operated at TTA ∼ 10
◦C, ITA = 2.7 A and Pseed = 32 mW which gave a maximum output
power of ∼ 1.2 W.

5.2.4 Dipole trap alignment

Overlapping the focussed dipole trap on the centre of the MOT is
crucial to maximise the number of atoms loaded into the trap. The
dipole trap and the MOT beam are aligned along the same axis due to
the limitations of the optical access. The problem of using the same axis
is that the MOT beam has to be collimated while the dipole trap beam
must be focussed. Our solution is shown in figure 5.9.

The MOT beam is focussed by a f = 50 mm lens before it is collimated
by the f = 36.1 mm objective. This reduces the waist of the MOT
beam by a factor of 0.72 while the dipole trap beam is focussed by the
same objective. A dichroic mirror15 is used to combine both beams. It
reflects the MOT beam at the wavelength of 852 nm and transmits the
dipole trap beam at the wavelength of 935 nm. The objective and the
dichroic mirror are constructed in a cage system to increase the stability.
The whole construction is mounted on a XYZ translation stage with a
micrometre scale allowing the fine adjustment of the dipole trap position.

15DMLP900R: Longpass Dichroic Mirror/Beamsplitter from Thorlabs
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MOT beam

Dichroic mirror

Vacuum glass cell

Objective lens
f = 36.1 mm

F = 50 mm lens

Dipole trap beam

MOT beam MOT beam

Figure 5.9: The bottom view of the system illustrates the overlapping
of the dipole trap (blue beam) and the MOT beam (red beam). Both
beams are combined at the dichroic filter which reflects the 852 nm
light of the MOT beam and transmits the 935 nm dipole trap beam.
This construction, which includes the objective and the dichroic filter,
is mounted on the XYZ translation stage.

We adopted the following procedure to overlap the single focussed
dipole trap beam onto the centre of the MOT:

1. The magnetic field of the LVIS is decreased to reduce the loading
rate of the science MOT. We obtain in this way a small MOT which
allows us a more precise overlap.

2. An additional on-resonant beam is brought via a fiber optic onto
the same construction as the objective. The beam is then centered
on the dichroic mirror and the objective.

3. The on-resonant beam is then focussed by the objective. Although
the filter allows only 2% of the intensity to go through, its intensity
is still high enough to produce a significant scattering force on the
small MOT. By adjusting the translation stage, the MOT will be
completely destroyed when the on-resonant beam coincides with
the centre of the MOT.

4. The fiber optic is then removed and the dipole trap beam is then
sent through the centre of the objective. The pan-tilt angle of the
dipole trap beam is adjusted until the MOT disappears.
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5. The magnetic field of LVIS is then increased to obtain a large MOT
before the final adjustment is done by the fluorescence imaging.
The translation stage is finely moved until the position of the dipole
trap is at the centre of the MOT.

Once the single beam dipole trap is aligned, a 1D optical lattice can
be easily produced by retro-reflecting the beam. The fluorescence image
is then used to overlap two focussed beams to form the 1D optical lattice.

5.3 Imaging system improvement

Due to the high noise level which was observed by characterising the
previous imaging system, we decided to design a new imaging system
with the purpose of reducing the background noise. The setup of the
new imaging system is illustrated in figure 5.10.

Objective Lens

f = 36.1 mm

f = 500 mm

Dichroic Filter

Iris

50:50 BS

Bandpass Filter

SPCM

ICCD

Figure 5.10: The schematic of the imaging system.

The objective with a focal length of 36.1 mm is used to collect the
fluorescence light of the atoms (see details of the objective lens in section
3.4). The objective is mounted on a XYZ translation stage to be able to
finely adjust the imaging position. On the translation stage, the dichroic
mirror16 reflects the atomic light at 852 nm (R = 97.3 %) and transmits
the dipole trap light at 935 nm (T = 95.8 %). This allows us to use
the same axis for the imaging beam and the dipole trap beam. After
that a bi-convex lens with a focal length of 500 mm focusses the atomic

16DMLP900R: Longpass Dichroic Mirror/Beamsplitter from Thorlabs
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fluoresence on the detector. The theoretical magnification of this lens
system is fimg/fobj ∼ 14. The lens system is constructed inside a black
plastic tube to suppress the background light. Furthermore, the out-of-
focus light is blocked by 5 adjustable irises mounted at the position of
15, 19, 25, 29, and 35 cm from the focusing lens. At the end of the
black tube, the light is split by a non-polarising beam splitter and sent
through a bandpass filter17 to filter all unwanted wavelengths. Finally
the fluorescence of atoms is detected by the Intensifier CCD unit and the
single photon counting module.

The atom number calibration for the new imaging system was done
by following the same method described in section 3.4. The total trans-
mission coefficient is given by table 5.1.

Optical elements Transmission coefficient
Glass Cell (2X) 0.962

Objective Lens (8X) 0.9958

Dichroic Mirror 0.973
Lens (2X) 0.9952

Mirror (2X) 0.9952

Beam splitter 0.5
Bandpass filter 0.52

Total ∼ 0.22

Table 5.1: The intensity transmission coefficient for the new imaging
system. The number in the bracket indicates the number of surfaces
for each optical elements, for example (2X) indicates two surfaces.

The improved system increases the amount of photons on the detector
due to the reduction of the number optical elements in the imaging path.
Additionally, it reduces the background noise in the system as a result
of the series of irises and the enclosure of the optical system in the black
plastic tube.

17FB-850-10 from Thorlabs
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5.3.1 Camera pixel calibration

To determine the trap waist, the pixel size of the ICCD camera has to
be calibrated. Generally, atoms in the dipole trap are located at the focus
of the trap. Since the objective was placed on a XYZ translation stage,
this provided fine adjustment in the axial and radial position. Therefore,
by moving the objective focus with a micrometre scale, the pixel position
of the dipole trap on the camera could be changed. The displacement of
the translation stage and the pixel displacement on ICCD were plotted
to perform the calibration as shown in figure 5.11.
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Figure 5.11: Pixel size calibration of ICCD by imaging the dipole trap
cloud after 50 ms holding time. The pixel position was determined by
fitting Gaussian distributions to images. The calibration of the axial
direction in a) is (0.51± 0.01) µm/pixel and of the radial axis in b) is
(0.47± 0.01) µm/pixel.

The trap size from this calibration is (6.72± 0.09) µm which can be
compared to the value of (6.57±0.02) µm as obtained by the razor blade
method (see section 4.3.2 for details). We attribute the small discrepancy
to the fact that the imaging plane on the CCD may not be perfectly in
the range of focus which is given by the Rayleigh range (around 160 µm).
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5.4 Characterisation

The sequence used to characterise the dipole trap in the new system
is shown in figure 5.12. The science MOT is loaded from the LVIS for 2
s. After that the atomic beam from LVIS is shut to keep the background
gas in the science chamber very low. The MOT is then compressed for 10
ms by ramping up the magnetic field gradient and red-shifting the MOT
laser frequency (see details in section 5.2.1). The dipole trap beam is
then switched on. The overlapping time with the MOT can be varied to
maximise the number of trapped atoms. Next, the optical molasses are
applied for 5 ms by switching off the magnetic field and decreasing the
intensity of the MOT light. The atoms are then held in the dipole trap
for a variable time to measure the trap lifetime (see details in section
5.2.2). Finally, the fluorescence imaging of atoms are detected by the
ICCD unit for 5 ms when atoms are still held in the trap.

LVIS

MOT Intensity

MOT Detuning

Magnetic Field

Dipole Trap Beam

Depumper Beam

Camera

Repumper Beam

Time (ms)                          2000                 10                  Time                     5                               Time                                 5

MOT Loading    C-MOT Dipole Trap 
Loading 

Optical 
Molasses

Trapping Imaging

1 ms

Variable Variable

Figure 5.12: The experimental sequence used to determine the loading
parameter and the lifetime of the dipole trap.
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5.4.1 Dipole trap loading

The transfer of atoms from the MOT to the dipole trap follows the
loading curve which is given by [77, 87]

dN

dt
= Re−γt − ΓLN − βLN(N − 1), (5.5)

where R is the loading rate from the compressed MOT which has a
lifetime of 1/γ. ΓL and βL are the loss coefficients due to collisions
with the background gas and two-body collisions respectively during the
loading process. The subscript L is to indicate the loss coefficient during
the loading process when the trapped atoms experience the MOT light.

Following equation (5.5), the number of atoms in the trap linearly
increases at the beginning of the loading process. The loading rate (R)
can be maximised by increasing the density of atoms (Compressed-MOT)
[88]. However, the compression tends to heat the atoms causing losses.
When the number of atoms in the dipole trap is increased, the collisions
with the background gas and other trapped atoms start to play a role,
as can be seen from the decrease in the tail of the loading curve.
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Figure 5.13: Loading curve of the dipole trap. The number of atoms
vs loading time is reported together with the best fit with equation
(5.5). The loading from the compressed MOT with a magnetic field
gradient of 30 G/cm and a detuning of -10Γ is illustrated in black.
The loading without compressing the MOT is shown in blue. The
trap depth is 0.9 mK and the trap waist is 6.72 µm.
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To study the loading process, the number of trapped atoms N is
studied as a function of the overlapping time with results as in figure
5.13. The data is then fitted with equation (5.5) to determine the loading
parameters.

The most important parameter is the loading rate which can be easily
optimised by controlling the density of the MOT via the compression
phase. The loading rate without the C-MOT (blue line) is around 1.1×
105 atoms/s which can fill up the dipole trap within∼50 ms. The C-MOT
with a magnetic field gradient of 30 G/cm and a detuning of -10Γ (black
line) can increase the loading rate to around 5.8× 105 atoms/s and also
reduce the loading time to ∼10 ms. The C-MOT can thus improve the
loading efficiency. However, it also increases two body inelastic collisions
(βL) which are a significant source of losses in the loading process.

5.4.2 Lifetime

After the loading stage, the atoms are held for a variable time to study
the dynamics of the atoms in the dipole trap. The loss mechanisms,
namely collisions with the background gas and two-body collisions, are
studied via lifetime measurements. The loss rate equation is written as
[77]

dN

dt
= −ΓTN − βTN(N − 1), (5.6)

where the parameter ΓT and βT are the loss coefficient in the absence
of the MOT light. By solving equation (5.6), we obtain

N(t) = ΩN0

ΩeΩt + βTN0(eΩt − 1) , (5.7)

where N0 is the initial number of trapped atoms and Ω = ΓT −
βT . This equation is then used to fit the data to determine both loss
coefficients.

The first parameter is the loss coefficient due to the background gas
collisions. The lifetime for the different trap condition has been inves-
tigated as a function of the trap depth as illustrated in figure 5.14. We
found that the lifetime for the new apparatus is clearly larger than in
the previous one. Owing to the separation of the atomic source from
the science chamber, the background gas collisions can be significantly
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Figure 5.14: The comparison of lifetime measurement as a function
of the trap depth for the single focussed beam dipole trap (black),
the 1D lattice dipole trap (red) and the dipole trap from the previous
apparatus (grey).

reduced, and thus the lifetime increases.
In a 1D optical lattice (1D lattice), atoms experience a strong confine-

ment in the axial direction while the single focussed beam (SF trap) has
far less dipole force along that axis. Moreover, the vibrational frequency
of the 1D lattice is in the scale of a few hundred kHz while the SF trap
has a trap frequency of a few hundred Hz18. The lifetime of the SF trap
is then affected by the parametric heating since the noise level in the
system tends to be very large at low frequency. As a result, the lifetime
in the 1D lattice is larger than the SF trap especially for a deeper trap.
However, the lifetime of both traps tends to be limited to around 700
ms for the 1D trap and 250 ms for the SF trap. The limitation may be
caused by two-body collisions, as investigated next.

Another parameter in equation (5.6) is the two-body collisional coef-
ficient (βT ). This parameter relates to the collisions of a trapped atom
with other trapped atoms.

Figure 5.15 shows the two-body collisional coefficient as a function of
the trap depth for the 1D lattice and the SF trap. The graph shows that
the effect of two-body collisions is significantly reduced in the 1D lattice

18For example, a trap depth of 1.2 mK has an axial vibrational frequency of around
500 Hz and 510 kHz for the SF trap and the 1D lattice respectively
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Figure 5.15: Comparison of two-body collision coefficients for the sin-
gle focussed beam dipole trap and the 1D lattice dipole trap.

since the atoms in different wells do not collide. However, the collisions
between atoms of different lattice sites increases at small trap depths as
the atoms can jump over the lattice potential.

5.4.3 Collisions in dipole trap

In the dipole trap in the absence of the MOT light, atoms are in
the ground state. The collisions taking place in the trap can be either
elastic or inelastic [89]. When both atoms are in the lower energy level
of the hyperfine ground state, an elastic collision is the only possible
process. On the other hand, hyperfine changing collisions can lead to an
exoergic process because the internal atomic energy can be transformed
into kinetic energy [90]. In the case of Cs, the hyperfine splitting of 9.2
GHz corresponds to a transfer of energy of 0.15 K. This process then
becomes a source of heating in the dipole trap.

In order to avoid the inelastic collisions, the trapped atoms can be
prepared in the lower hyperfine ground state by applying a depumper
laser. The depumper is tuned to the Fg = 4 → Fe = 3 D2 line transition
by an AOM. The appropriate depumper intensity is then determined by
applying the depumper light for the first 1 ms of the trapping time and
detecting the number of trapped atoms after 50 ms as a function of the
depumper intensity.
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Figure 5.16: The number of atoms left in the single focussed beam
dipole trap after 50 ms holding time is plotted as a function of the
depumper intensity. The inset magnifies the intensity range up to 4
mW/cm2 and illustrates the saturation effect around 2 mW/cm2. The
data was taken with a trap depth of U0/kB = -0.74 mK.

According to our results shown in figures 4.10 and 5.16, the intensity
at which the effect of the depumper saturates is around 2 mW/cm2.
Figure 5.16 also shows that a depumper intensity above 5 mW/cm2 can
lead to the loss of trapped atoms due to recoil heating. Hence, the
depumper intensity of (3.2±0.5) mW/cm2 is the optimal intensity to
suppress the hyperfine changing collisions.

The hyperfine changing collisions can be investigated by measuring
the lifetime and the two-body collision coefficient with and without the
application of the depumper light. The graph of both parameters illus-
trated in figure 5.17 and 5.18 clearly shows that the preparation of the
atoms in the lower hyperfine ground state suppresses the exoergic inelas-
tic collisions. The two-body collisional coefficient is reduced by about
one order of magnitude, as shown in figure 5.17. A longer lifetime of the
atoms prepared in the Fg = 3 ground state is also obtained as shown in
figure 5.18. However, the lifetime of the 1D lattice and the SF trap are
expected to be longer since the background pressure has been improved.
Thus other loss mechanisms must play an important role.
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Figure 5.17: Two-body collisional coefficient (βT ) with and without
the application of the depumper laser as a function of the trap depth.
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5.4.4 Other loss mechanisms

The new apparatus significantly reduces the background gas in the
science chamber. The pressure measured from the ion pump is below
2.5× 10−10 mbar and the pressure from the MOT lifetime measurement
is around (2.6±0.1) × 10−10 mbar. Both pressures correspond to a max-
imum lifetime of around 40 s for a trap depth of 1.2 mK19. Our data in
figure 5.18 shows a maximum lifetime of around 470 ms for the same trap
depth. Hence, the collisions with the background gas is not the limiting
factor in our experiment.

As discussed in the previous chapter, the heating due to the intensity
fluctuations and the pointing instability can be an important heating
source in the system. For the new dipole trap laser, this technical noise
should be investigated to determine the loss mechanisms. The intensity
fluctuations of the MOPA laser system is measured after the beam passes
through a pinhole as it is illustrated in figure 5.19.
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Figure 5.19: One-sided power spectrum of fractional fluctuations in
the beam intensity of the MOPA laser is illustrated in black and the
electronic noise is shown in red.

The same method as in section 4.3.6 is used to determine the limi-
tation on the lifetime produced by these heating sources. The lifetime
for a trap depth of 1.2 mK is limited to around 540 ms for the radial
axis and around 34 s for the axial axis. Therefore, the lifetime of the
new apparatus is limited by the intensity fluctuation caused by a major
heating mechanism.

19This lifetime is calculated by using equation (4.34)
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The pointing instability is also suspected to be another source of
heating owing to the different optical tables of the dipole trap laser and
the science cell. It can lead to different vibrational frequencies of the two
optical tables. This can change the beam displacement on the objective
which can shake the centre of the trap. However, the measurement of
the pointing instability indicates that the lifetime is limited to around
2.8 s for a trap depth of 1.2 mK. Therefore, while the beam pointing
instability is not a limiting factor for our current measurements, it will
need to be addressed to obtain long lifetimes (more than 3 s).

5.5 Conclusions

In this chapter, I described the upgrade and the characterisation of the
new apparatus. The vacuum system, the dipole trap laser and the imag-
ing system have been upgraded. In order to reduce the collisions with
the background gas, the atomic source is located in a different chamber
and delivered through a small aperture, so as to maintain the lower pres-
sure in the science chamber. This can increase the lifetime of the dipole
trap to around 40 s. The unstable Ti-sapphire laser was replaced by a
MOPA system which can provide a trap depth of 1.85 mK for the single
focussed dipole trap and 4.5 mK for the 1D lattice. The imaging system
was improved by covering the imaging beam path with a black tube and
by blocking out-of-focus light with a series of iris. This can increase the
signal-to-noise ratio, allowing us to detect a small number of atoms.

I also characterised the state-insensitive trap in the new system. The
number of atoms loaded into the dipole trap can be increased by com-
pressing the MOT during the loading process. The single focussed beam
dipole trap and the 1D lattice were compared to study the lifetime and
two-body collisions. I obtained a maximum lifetime of 700 ms at a trap
depth of 4.5 mK for the lattice trap. I studied the hyperfine changing
collisions which can limit our trap lifetime. The reduction of the two-
body collisions can increase the lifetime to 440 ms for the SF trap and
470 ms for the 1D lattice with a trap depth of around 1.2 mK. Finally,
I analysed the loss mechanisms by following the method outlined in the
previous chapter, and concluded that our trap lifetime is limited by the
intensity fluctuations of the dipole trap beam.



Chapter 6

Conclusions and outlook

6.1 Summary

The experimental work described in this thesis consisted of developing
a state-insensitive trap for caesium atoms for possible future applica-
tions namely quantum control and high sensitive magnetometry. The
state-insensitive trap for the D2 line transition of caesium is known to be
around 935 nm, the so-called magic wavelength. An experimental appa-
ratus was set up. The cancellation of the differential AC Stark shift has
been verified and the system was characterised.

The characterisation of the first experiment mainly considered the
trap lifetime and the loss mechanisms at the magic wavelength provided
by a Ti-sapphire laser. I found that the trap lifetime strongly depends on
the trap depth and the different hyperfine ground states of the trapped
atom. By introducing a depumper to prepare atoms in the Fg = 3 ground
state, the trap yields a significantly longer lifetime than in the case of
atoms occupying the Fg = 4 state. As a result of the application of the
depumper, the system achieved the maximum lifetime of 3.6 s with a
trap depth of 2.4 mK. The collisions with the background gas and the
pointing instability of the trap beam were found to be the limiting factors
for the lifetime.

In the second experiment, I upgraded the vacuum system to reduce
the collisions with the background gas. The Ti-sapphire laser system
has also been replaced with a MOPA system to solve the problem of
long term power instability and to reduce the difficulty of maintenance.

110
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In order to detect a small number of atoms, the imaging system was
improved by enclosing the beam path with a black plastic tube and by
blocking the out-of-focus light with a series of adjustable irises. This
experiment compared the single focussed beam dipole trap with the 1D
optical lattice trap. The characterisation of the new system included the
study of the loading mechanism, the lifetime and the loss mechanisms.
Following the improvement of the vacuum system, I expected a lifetime
of around 40 s for a trap depth of 1.2 mK. However, the measurement
showed that the 1D lattice trap has a maximum lifetime of 470 ms with
a trap depth of 1.2 mK. The intensity fluctuation of the MOPA system
and the pointing instability were found to be the major loss mechanisms
of the new trap.

6.2 Improvements to the experiment

The 1D lattice experiment is still at an early phase so several im-
provements and optimisations are needed to yield a longer lifetime. The
experiment in chapter 5 shows that the intensity fluctuation and the
pointing instability of the dipole trap beam are a significant source of
heating and therefore the major loss mechanisms. The simplest way to
stabilise the intensity is by using a feedback circuit to control the output
power via an AOM. The frequency response of the feedback circuit has
to cover a frequency up to a few hundred kHz due to the axial vibrational
frequency of the 1D lattice. Furthermore, the pointing instability can be
improved by coupling the dipole trap beam into a fiber and mounting
it on a more stable XYZ translation stage. These improvements will in-
crease the lifetime up to 40 s, which is the limitation by the background
gas collisions. Finally, another MOPA system will provide more optical
power to create a 2D optical lattice trap which will be suitable to have
a single atom occupation per site.

6.3 EIT in the state-insensitive trap

Much effort was put into the experimental setup and the characterisa-
tion in order to optimise and improve the system. The future research will
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focus on the study of electromagnetically induced transparency (EIT) in
the state-insensitive trap. EIT is a destructive quantum interference in
a three-level system when two ground states are coupled to the same ex-
cited state [29]. This phenomenon can also be considered as the coherent
population trapping (CPT) when atoms are cycled into the non-coupling
state (Dark state) [56]. The narrow linewidth of the EIT and CPT fea-
ture is very useful in metrology applications, namely high sensitive mag-
netometry [91–93] and frequency standards [56, 94].

The EIT and CPT are mostly studied in a gas cell or a buffer-gas
cell [29, 56]. The investigation showed that the collisional broadening
[56, 95], the stray magnetic field [56] and the lack of interrogation time
[56, 96] affect the linewidth of the EIT and CPT feature. Recently,
EIT experiments have started to use cold atoms in order to narrow the
linewidth extremely [31, 97, 98]. However, the magnetic field gradient of
the MOT can broaden the linewidth of the EIT feature due to the Zee-
man effect and the dipole trap can introduce an AC Stark effect which
can also increase the linewidth of the EIT feature [81]. EIT experiments
in a state-insensitive trap will overcome these broadenings. First of all,
the atom-laser interrogation time will significantly increase since our ex-
periment gains the long lifetime of the dipole trap [31]. Moreover, the
state-insensitive trap will reduce the broadening due to the light shift
[81]. Finally, the collisional broadening will be drastically reduced when
each lattice has a single atom occupancy.



Appendix A

Locking system

A.1 PID controller

A Proportional-Integral-Derivative Controller (PID-Controller)[62, 99,
100] is a general control loop feedback widely used in control systems.
A PID Controller processes the error between a measuring point and a
setting point. The PID output is fed back to the system to change the
process accordingly.

The PID controller consists of three parts: the Proportional, the Inte-
gral and the Derivative part. The Proportional part directly reacts to the
current error, the Integral part reacts proportionally to the sum of errors
in a given period of time and the Derivative part reacts proportionally
to the rate at which the error is changing. By tuning these three parts,
the stabilisation of the system to the set point can be optimised.

The output of the PID controller is given by:

Output(t) = Kpe(t) +Ki

∫ 0

t
e(t)dt+Kd

de

dt
, (A.1)

where
e is the error signal which is the difference between the output and

the setpoint.
Kp is the Proportional gain: a larger value will increase the settling

speed but the system will become unstable and starts to oscillate.
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Ki is the Integral gain: a larger value will accelerate the settling speed
but it causes a larger overshoot.

Kd is the Derivative gain: a larger value will decrease the overshooting
amplitude but high frequency noise gets amplified.

Ideally, the PID output will change the system until the measuring
point has the same value as the setpoint. Our system used to lock the
laser frequency requires only the proportional and integral parts.

Figure A.1: (a) The PI circuit, (b) The Bode plot of the PI controller

To design the PI controller, the frequency response for the P and I part
has to be calculated [100]. It can be seen from the Bode plot in figure
A.1(b) that for low frequency, the PI controller acts as an integrator and
for high frequency as a proportional amplifier. The connection between
the two regions, called PI-corner, is characterised by the cut-off frequency
fi of the PI controller. A PI controller can be made using only one op-
amp, the circuit is shown in figureA.1(a). The gain is given by:

K = Kp +Ki = R2

R1

(
1 + 1

iωR2C

)
, (A.2)

where the overall gain is R2
R1

and the feedback factor of the integral
part is given by:

k = iωR2C

1 + iωR2C
. (A.3)
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The gain and the phase shift of the frequency response are given by:

|A| = 1√
1 + (ωR2C)2

ϕ = − arctan(ωR2C). (A.4)

The cut off frequency is defined by the -3dB gain or the phase shift
of -45◦[100] so the cut off frequency or the PI corner can be calculated
from equation (A.4). The PI corner is given by:

fi = 1
2πR2C

. (A.5)

A.2 Electronic design

A.2.1 Photodiode box

The photodiode unit is used to produce the error signal by subtracting
the signals from the two photodiodes. The unit consists of two photodi-
odes1, two photodiode amplifiers and another op-amp circuit to subtract
the two signals. The changing light intensity changes the current which
results in a voltage drop over a resistor. Then, this voltage will be in-
versed and amplified by an IC OP27 circuit which has a variable resistor
to adjust its gain. After that, the signals from the two photodiode am-
plifiers are subtracted by another amplifier circuit (IC AD624). The sign
of the resulting signal can be changed with a switch and its amplitude
can be changed with a variable resistor.

A.2.2 PI-lock box

To stabilise the laser to the wanted transition, a lock box is needed
which can be divided into two parts: the PI-control and the piezo driver.

The PI-control is the important part of the lock box because this part
is used to generate the stabilisation signal. The proportional part is used
to adjust the settling speed. If it is too high, the signal will oscillate, if it
is too low, the signal will easily go out of lock. The integral part which is
adjustable via the PI-corner frequency switch is used to compensate slow

1VISHAY BPW34 Photodiode
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Figure A.2: Circuit diagram of PI-lock box

drifting or constant errors. If this part is too small, the settling time is
increased. If it is too big, it causes the overshooting in the system. In
the first part of the circuit, an offset is added to the error signal to move
the locking point or to compensate for electronic offsets. This signal is
then processed by the PI-circuit.

The piezo driver uses a high voltage amplifier (IC PA241) which can
operate over a range of 300 volts to drive the piezo. It can be switched
between an external ramp signal and the locking signal. Before the high
voltage amplifier, the error signal and the scanning signal are combined.
When the switch is on the unlock position the PI-control is bypassed so
the error signal has no effect on the piezo but the scanning signal can
still go through the piezo. After the scanning amplitude is reduced and
we switch to the lock position, the error signal part will start to drive
the piezo to stabilise the laser.
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Figure A.3: Schematic for the photodiode with the differential ampli-
fier
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Figure A.4: Schematic for the proportional and integral locking circuit



Appendix B

Phase-locked loop circuit

The electronics for the PLL system is illustrated in figure B.1. The
ultrafast photodiode is used to detect the 9.192631770 GHz beat signal
between the two lasers to be locked as the local oscillator. The function
generator produces the 9.232631770 GHz as the reference frequency. It
also provides the 10 MHz reference for another function generator and
the spectrum analyser. The signal from the local oscillator and the ref-
erence frequency are then mixed down to 40 MHz because the digital
phase detector can operate up to the frequency of 200 MHz. Another
function generator provides the reference frequency at 40 MHz for the
phase detector.

PLL Circuits
see details in B2

RF Generator
9.2 GHz

RF Generator
40 MHz

Spectrum
Analyser

Loop Advanced Filter
see details in B8

Digital Phase Detector
see details in B3

ECDL module

Current Feedback
see details in B4

Lock Box
see details in A4

Ultrafast Photodiode

10
 M

H
z 

Re
fe

re
nc

e

Figure B.1: The connection diagram for the PLL system.

The PLL circuit is shown in figure B.2. This circuit prepares the
signal for the digital phase detector shown in figure B.3. The mixed-down
frequency from the PLL circuits passes through the loop filter shown in
figure B.8 to obtain the fast feedback.
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Figure B.2: The RF components for PLL.
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Figure B.3: The digital phase detector circuit.
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Figure B.4: The PLL feedback circuit.
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In order to stabilise the phase of the laser with respect to a reference
laser, some feedback loops are required. We use three feedback for the
laser: the PZT feedback, the current feedback and the fast current feed-
back (see figure B.1). The PZT and current feedback are provided by the
positive and negative error signal from the digital phase detector circuit.

The negative error signal is fed to the lock box which has the propor-
tional and integral control circuit. This can provide the slow feedback
in a range below 100 Hz to the PZT. By maximising the gain for the
lockbox, the PZT starts to oscillate at the maximum frequency of the
feedback circuit. We obtain the maximum PZT bandwidth around 74
Hz as shown in the red arrow of figure B.5.
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Figure B.5: Spectrum of the optical phase-locked loops indicates the
PZT bandwidth pointed by the red arrow. The PZT bandwidth is
maximised around 74 Hz.

On the other hand, the positive error signal is used for the current
feedback. The current feedback circuit designed in figure B.4 includes
a sign selection section and the feedback circuit. The sign selection is
made of an inverting and a non-inverting Op Amp with a gain of -5 and
5 respectively. The feedback circuit is the inverting integrator circuit
which can be considered as a low-pass filter. The Bode plot of the current
feedback circuit in figure B.4 is simulated by PSpice1. It shows the low-
pass characteristic of the circuit with the cut-off frequency at 1.17 MHz.

1ORCAD PSpice Student Version Release 9.1
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Figure B.6: The Bode plot of the current feedback points out the
cut-off frequency at 1.17 MHz.

The current feedback bandwidth is determined in the same way as
the PZT bandwidth. The current feedback has a maximum bandwidth
of 1.4 MHz as shown in figure B.7.
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Figure B.7: The current feedback bandwidth of the PLL system.

Another crucial feedback loop is the fast feedback which is used to
stabilise the phase difference of two lasers. The main circuit in this
feedback loop is called the ”loop filter” which acts as a bandpass filter.
The schematic of the loop filter in figure B.8 is adapted from ref. [64].



B. Phase-locked loop circuit 125

Figure B.8: The loop advanced filter circuit.

The loop advanced filter consists of two main parts: a notch filter
and a highpass filter. The notch filter consists of the inductor L1 and
the capacitor C3, and has a frequency block around 50 MHz. This is
used to filter the modulation frequency. Next, the highpass filter is the
important part of the loop filter which can change the loop bandwidth.
By adjusting the value of the capacitor C1 and the resistor R1 in the
schematic B.8, the cut-off frequency of the highpass filter can be changed.
The cut-off frequency in table B.1 is simulated from the schematic of the
loop filter by PSpice.

Figure Loop bandwidth Cut-off frequency C1 R1
B.9 a) 5.9 MHz 6.9 MHz 1 nF 100 Ω
B.9 b) 5.7 MHz 6.4 MHz 1 nF 5.1k Ω
B.9 c) 4.1 MHz 5.1 MHz 2 nF 100 Ω
B.9 d) 3.4 MHz 4.6 MHz 2 nF 5.1k Ω
B.9 e) 2.2 MHz 3.7 MHz 3 nF 100 Ω

Table B.1: The calculation of the cut-off frequency for the highpass
filter is compared to the loop bandwidth from the experiment. The
value of the capacitor C1 and the resistor R1 relates to the schematic
B.8.

In our PLL system, the loop bandwidth can be changed in the range
of 1.1 to 5.9 MHz. The loop bandwidth is the maximum frequency at
which the loop can follow the phase change. This is an indication of
the stability of the PLL. We can consider the spectrum signal in figure
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Figure B.9: The loop bandwidth of the PLL system for the different
characteristics of the loop filter.
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B.9. For a loop bandwidth larger than 4 MHz, the oscillation around the
centre frequency becomes larger when the loop bandwidth is increased.
As a result of the highpass filter, the small gain for the low frequency
oscillation is not enough to stabilise the system. So the signal starts to
oscillate as can be seen in figure B.9 b) and c). At the very large loop
bandwidth, the PLL becomes very unstable due to the large oscillation
at the loop bandwidth as shown in figure B.9 a).

On the other hand, a small loop bandwidth below 2 MHz can lead to
an oscillation of the PLL as the loop cannot stabilise the high frequency
phase fluctuations. It can be seen from figure B.9 e) that the amplitude
of the centre frequency becomes smaller when the loop bandwidth is
reduced.

The most stable loop bandwidth of our PLL is around 3.4 MHz in
figure B.9 d). The signal-to-noise ratio for the centre frequency is more
than 35 dB and the relative linewidth of our OPLL is around 2 Hz.
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