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Abstract

A quantum simulator can be used to gain understanding in systems that cannot be simulated
by current computers. With use of Rydberg atoms, a quantum simulator for entangled spin
systems can be created. The excitation process of the Rydberg atoms is dependent on the
density of the trapped atom cloud due to the blockade effect. To gain good control over the
production of Rydberg atoms, it is necessary to create a gas with a higher density than what is
possible with a standard magneto-optical trap (MOT).

To reach a higher density, atoms are first loaded in a MOT, after which the trapped atom
cloud is compressed with a dark MOT stage. In a dark MOT the atoms are stored in a state
in which they do not absorb light, causing atoms to not repel each other. In this project such
a temporal dark MOT is designed and experiments are performed to see whether the predicted
density can be achieved. The dynamics of the compression is investigated as well.

A model is created from which it is predicted that the density limit in the temporal dark
MOT can be increased to 1012 cm−3. In the experiments the starting density from the MOT
was 1.6 · 1010 cm−3 and it has been increased to 6 · 1010 cm−3 by using the temporal dark MOT.

Experiments also show the dynamics of the compression, that is in the order of 10 ms.
Expansion of the compressed cloud in the MOT is also shown in experiments, this takes around
2 ms. An analytical 1D model gives understanding of the dynamics, but predicts characteristic
times that are 5 to 8 times too short.

The collisional lifetime is another important characteristic of the dark MOT, which has been
measured for different bright state fractions. The collisional lifetime is (0.39± 0.06) s when the
bright state fraction is 0.29 and goes down to (0.009± 0.003) s when the atoms are not trapped.

In this work, the temporal dark MOT increases the density which helps to get a better
control of the Rydberg atoms. However, it is not yet what was aimed for. There is evidence
that the density is limited by an alignment problem. It is expected that the aimed density can
be reached when six independent trapping beams are used, which allows for a better control of
the shape of the MOT potential.
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1 Introduction

Quantum mechanics is one of the foundations of physics, as it describes the motion and inter-
action of matter and of light. That is why a quantum mechanical description is often necessary
to understand the behaviour of a system.

Therefore, simulation of quantum mechanical systems is wanted. But simulating these many
body quantum systems on a computer is difficult, due to an exponential explosion of the com-
putation time with the system size [1]. When a system of N spins is considered, the information
to describe the state of the system would scale with N for a classical system. Because, for every
spin it is necessary to know, whether it is up or down. But, when an entangled quantum system
is considered, the amount of information to define the state scales with 2N . This is caused by the
fact, that the quantum system can be a superposition of all possible spin configurations. This
leads to an explosion in the information needed, to describe the system for a growing number of
spins. Therefore, it is impossible, even for super computers, to simulate in the order of 40 spin
half entangled particles [2].

Instead of simulating with a computer, Feynman [1] proposed a quantum simulator to study
many-body problems. A quantum simulator is a device with particles, onto which different
quantum mechanical systems can be mapped. And the device has to be easy to control and
diagnose.

Rydberg atoms have been proposed for making quantum simulators, which can simulate
many-body spin models [3], [4]. Some advantages of Rydberg atoms are: that they can be created
from ground state atoms, which can be prepared without having interactions with each other.
Furthermore, when the atoms are excited to the Rydberg state, the atoms do get interactions
with each other; these interactions can be tuned over a large range by selecting the state and
they can be chosen attractive or repulsive.

1.1 Rydberg atoms

Rydberg atoms are atoms, which have one electron excited to a state with a very high principal
quantum number n. Many properties scale with the principal quantum number, for example,
the lifetime of the Rydberg state scales with n3. The interactions between Rydberg atoms will
increase because they have much larger van der Waals interactions which scale with n11 [6].

Consider two atoms that will be excited to the Rydberg level by a laser. The laser will be
tuned at resonance, to excite the first atom to the Rydberg state. Because there is a very strong
van der Waals interaction between two atoms in the same Rydberg state, the Rydberg energy
level of the second atom will be shifted, as can be seen in figure 1.1 [5]. The energy shift is large
at small atomic distances and it drops to zero for large distances. The excitation spectrum of
the laser is determined by: the linewidth of the laser, the natural linewidth of the Rydberg level,
and the power broadening. So there is an atomic distance at which the width of the excitation
spectrum is equal to the excitation frequency shift due to the Rydberg interaction. This distance
is called the blockade radius, because atoms are blocked from being excited to the Rydberg state
within this radius [7].

The blockade effect can be used, to create a grid of single Rydberg atoms. For this a two-step
excitation is used, where two lasers intersect perpendicularly. With one laser a sheet is created,
which is thinner than the blockade radius. The other laser is used to make a spot pattern, for
that the laser diameter Dl must be smaller than the blockade radius rb, as can be seen in figure
1.2 [8] [9]. Even when a Rydberg atom is created at the edge of the illuminated disk, the whole
illuminated region will be inside the blockade radius.
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Figure 1.1: In this figure the energy diagram of the excitation of two Rydberg atoms is shown.
The Rydberg atoms are excited via a two-step excitation, and the energy levels are calculated
for different distances between the atoms. The excitation spectrum width, due to the natural
linewidth Γ and the power broadening ΩR, is shown. The blockade radius rb is the interatomic
distance, where the energy shift of the doubly excited excited Rydberg state |r, r〉 is equal to
the width of the excitation spectrum. This figure is taken from [5].

Now a two-level atom is considered. The atom is prepared in the ground state before the
experiment. At time zero, the atom is illuminated by a laser that is on resonance. First,
the spontaneous emission is neglected. In this case, the probability for the atom to be in
the excited state will start oscillating between zero and one. The oscillation frequency will
be the Rabi frequency, and is determined by the excitation and stimulated emission strength.
Calculations for the oscillations are shown by the solid line in figure 1.3 [10]. When the atoms
are illuminated off-resonant, the Rabi frequency and the maximum excited state probability
reduce, see the dotted and dashed lines in figure 1.3. And when spontaneous emission is taken
into consideration, the oscillations will damp, so the probability that the atom is in the excited
state is at most half after a large time.

In our experiments, we want to be able to excite an atom to the excited state with 100%
probability. To do this the Rabi oscillations can be used. When an atom is illuminated at
resonance for half a Rabi oscillation, the atom will be certainly in the excited state, provided
the Rabi oscillation is much shorter than the lifetime of the excited state. So, accurate knowledge
of the Rabi frequency is needed for controllability of the experiment. The Rabi frequency for a
single atom can be calculated when the laser intensity is known. But for Rydberg atoms, the
situation is more complicated.

All the N atoms illuminated within the blockade radius interact with the radiation, this
interaction causes the Rabi frequency to be increased by a factor

√
N [11]. In order to find the

Rabi frequency, it is necessary to know the number of atoms within the excitation volume. So,
it is important to secure that there are many atoms within the volume because the fluctuations
of the number of atoms scale with 1√

N
.

In our experimental setup, a magneto-optical trap is used to create an ultracold gas cloud.
In a magneto-optical trap, MOT, a combination of a magnetic field and laser beams are used to
cool and confine atoms. Photons from the laser beams are absorbed and spontaneously emitted
by the trapped atom cloud. The momentum change of the photons is used to cool the atoms,
and to push them to the center of the trap, for further details see section 2.2. When the density
of the trapped atom cloud is high, there is a high chance on re-absorption of the spontaneously
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Figure 1.2: The dots in this figure represent atoms. They are illuminated with lasers with
diameter Dl, shown by the red disks. In these illuminated areas, one Rydberg atom can be
created, represented by the green dots. The Rydberg atoms have a blockade radius rb, drawn
by the dashed circles.

emitted photon, which leads to an anti-trapping force. Therefore the density in magneto-optical
traps is limited to approximately 1010 cm−3 [12].

The trapped gas created with a MOT has a temperature lower than 1 mK. Therefore the
velocity of the trapped atoms is very small, so for microsecond time scale, the atom cloud will
be in the frozen gas limit. This means that the atoms do not move significantly in that time
scale.

Now an estimation of the number of atoms in an excitation volume will be made. Suppose
the blockade radius is 10 µm. To be sure there can only be one Rydberg atom in one excitation
volume, the diameter of the excitation volume has to be smaller than the blockade radius. With
an excitation volume of 5 µm diameter and a typical MOT density of 1010 cm−3, there would
be approximately one atom in an excitation volume. Therefore, an increase in the density of
the ultracold gas cloud is needed.

1.2 Increase of density

In our setup, rubidium 85 is used to be trapped. Rubidium 85 is an alkali metal, which means
that in the ground state all shells are filled, except for the outer shell, which has one electron.
The filled shells are spherically symmetric. And when the outer electron is excited to a high
energy level, it is far away from the core and will approximately see a point charge in the nucleus.
So this atom is very simple. Furthermore, it is easy to cool Rubidium with optical molasses,
because the atom has closed optical transitions.

The density, of an ultracold atom cloud created with a magneto-optical trap, can be increased
by using different traps: magnetic traps, optical dipole traps, and dark magneto-optical traps
[13].

In a magnetic trap, a field gradient is produced with a local minimum. The magnetic field
causes an energy shift in the atoms due to the Zeeman shift. Atoms with a certain orientation
of their magnetic moment are shifted up in energy when they are in the magnetic field, which
causes a trapping potential around the minimum of the magnetic field. The orientations that
cause the energy to be shifted down, experience an anti-trapping potential [14]. This trap is
not investigated in this project because it is difficult to make changes to the magnetic fields
in our setup. And using a magnetic trap is complex because the trapping is dependent on the
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Figure 1.3: In this figure, the probability of being in the excited state is shown versus the
exposure time by an excitation laser. The probability is calculated for a two-level atom, and
spontaneous emission is neglected. The solid line corresponds to resonant excitation, the dotted
line corresponds to one linewidth detuning, and the dashed line 2.5 linewidths detuning. The
Rabi frequency is chosen equal to the linewidth, and the time is given by the reciprocal linewidth.
This figure is taken from [10].

orientation of the magnetic moment of the atoms, which is an extra parameter to control.
The density can also be increased in an optical dipole trap. In this trap, the atoms are

illuminated by a laser, which induces a dipole moment on the atom. The induced dipole moment
and the electric field of the laser beam interact, and depending on the photon energy with respect
to the transition energy the atoms, the atom will be shifted up or down in energy. So with a
focussed laser, a potential well can be created around the beam waist, where the laser beam
intensity is highest. Optical dipole traps are typically 10 µm micrometer in diameter [13],
because otherwise the longitudinal confinement becomes weak and a crossed optical dipole trap
is needed. The laser power scales quadratically with the trap diameter, so in order to make a
large trap, much laser power is needed. It is not only required to increase the density of our
atom cloud, but the region with constant density should be at least 50 by 50 µm, in order to
be able to create multiple Rydberg atoms in a row. To make an optical dipole trap of this
size would require a strong laser, therefore the optical dipole trap is not chosen to increase the
trapped gas density in this project.

The density can also be increased, by creating a dark magneto-optical trap. In this trap, the
anti-trapping force that limits the density in a MOT is reduced, by storing a part of the atoms
in a state that is not being trapped. A dark MOT can be created by making changes outside
the vacuum vessel, and it is possible to create a large trapped atom cloud so that the Rubidium
density does not vary significantly over 50 µm. Different dark MOTs have been made by others,
here are some densities that have been achieved: in a sodium spatial dark MOT a density of
1 · 1012 cm−3 is achieved [15], with a rubidium 87 spatial dark MOT a density of 1.3 · 1012 cm−3

is achieved [16], and with a cesium spatial dark MOT a density of 0.8 · 1012 cm−3 is achieved
[12]. Due to these densities achieved by others, we want to implement a dark MOT to increase
the density in our setup.

1.3 This thesis

The goal of this project is to do an analysis of the limits of dark magneto-optical trap, and to
create the largest possible density in a temporal dark magneto-optical trap.

In chapter 2 of this report the theory of magneto-optical trapping and its limitations are
introduced. After that, the properties and limitations of the dark MOT are discussed. In
chapter 3 the experimental setup is described. And the experiments are described and discussed
in chapter 4. The report is finished with a conclusion and an outlook.
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2 Laser cooling and trapping of neutral atoms

In this chapter, magneto-optical methods will be investigated. In section 2.1 the interaction
of atoms with magnetic fields and electromagnetic radiation will be described. Section 2.2 will
focus on the magneto-optical trap, and the dark MOT will be described in section 2.3.

2.1 Interactions of atoms with magnetic fields and light

Here the interactions of atoms with an external field are described. When the magnetic moment
of an atom couples to an external magnetic field, the energy levels of an atom are shifted, which
is named Zeeman shift. When the Zeeman shift is small compared to the hyperfine splitting,
described in more detail in section 2.2.1, a good approximation for the energy shift for an external
magnetic field in the x-direction is [17]:

∆E|F mF 〉 = µBgFmFBx, (2.1)

where µB is the Bohr magneton, gF the Landé factor, mF the quantum number of the projection
of the total atomic angular momentum aligned along the x-axis, andBx the magnetic field aligned
along the x-axis. So, for small magnetic fields, the energy shift is linear with the magnetic field,
and it is largest for the states with most of the atomic angular momentum pointed along the
magnetic field direction.

Atoms also experience an interaction with electromagnetic radiation. To investigate the
interaction we can look at the time-dependent Schrödinger equation with the Hamiltonian for
radiation. This problem can be solved for a two-level atom, that is an atom with one ground state
and one excited state, see figure 2.1, two approximations are made: the detuning of the radiation
from resonance must be much smaller than the excitation frequency, and the wavelength of the
radiation must be much larger than the diameter of the atom. With these approximations, the
probability function for the electron in the excited state can be found [10]. The probability,
|ce(t)|2, for the atom to be in the excited state is given by:

|ce(t)|2 =

(
Ω

Ω′

)2

sin2

(
Ω′t

2

)
(2.2)

ce(0) = 0, (2.3)

in this equation Ω′ is defined as:

Ω′ ≡
√

Ω2 + δ2, (2.4)

where Ω is the Rabi frequency, δ is the detuning, see figure 2.1, and t is the time. The Rabi
frequency is associated with the coupling strength between the radiation and the atomic transi-
tion. After switching on the radiation, the probability of being in the excited state starts from
zero, and makes oscillations with a frequency Ω′, see figure 1.3. In the results above, sponta-
neous decay rate Γ, which is also the natural linewidth, is not taken into account. Spontaneous
emission in a two-level atom will cause atoms in the excited state to move to the ground state
by emission of a photon. Spontaneous emission will damp the Rabi oscillations, and lower the
expectation value for atoms to be in the excited state.
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Figure 2.1: In this figure, the energy levels of a two-level atom is shown. There are two states,
one ground state |g〉, and one excited state |e〉. The atom is illuminated with a laser with
frequency ω, which has a detuning δ with the transition. When the detuning δ > 0 the laser is
blue detuned and δ < 0 is called red detuning. The interaction has Rabi frequency Ω which is
a measure of the laser intensity.

Figure 2.2: Schematic view of a MOT, with three sets of counterpropagating laser beams and
two coils in an anti-Helmholtz configuration. The current in the coils points in the opposite
direction. Therefore the magnetic field has a zero in the centre, and it increases linearly with
the distance away from the centre. The magnetic field along the axis though the centre of the
coils, is twice as high as in the magnetic field in the radial direction. The axial and radial field
point in the opposite direction, in this case, the axial field points towards the centre between
the coils, and the radial magnetic field points away from the centre. This figure is taken from
[20].

2.2 Introduction magneto-optical trap

To understand a magneto-optical trap, it is useful to start with a description of the scattering
force. After which molasses and the restoring force can be explained. These are the main
ingredients to understanding the MOT.

The energy per unit of momentum of photons is large compared to that of slow objects,
as can be seen from the dispersion relation, therefore light is not the first thing that comes
to mind as means to accelerate or decelerate matter. But atoms can be strongly affected by
the momentum of photons, due to their small mass and their large absorption cross section at
resonance [18]. The scattering force is a force that arises when atoms are illuminated by a laser.
Upon absorption of a photon, the atoms gain the photon momentum which is directed along
the laser axis. And the average momentum gained for spontaneous decay cancels out because
the photons are emitted in a random direction. The scattering force for a two-level atom can
be derived from the optical Bloch equations [19]. For a single laser beam, with intensity I and
detuning from resonance δ, the scattering force on an atom with no velocity is:

Fscatt = ~k
Γ

2

I/Isat
1 + I/Isat + 4δ2/Γ2

, (2.5)
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Figure 2.3: In this figure the force in a MOT is plotted versus the position and versus the velocity,
for a laser beam detuning δ = −Γ. The results are shown for: an analytical 1D simulation by
the black line, a Monte Carlo 1D simulation by the black dots, and a 3D Monte Carlo simulation
by the open circles. This figure is taken from [21].

where the ~ is the reduced Planck constant, k the wavenumber, and Isat the saturation inten-
sity. The relationship between the laser beam intensity and the Rabi frequency is given by the
equation: I

Isat
= 2Ω2

Γ2 . The maximum scattering force can be obtained at resonance and the
scattering force is limited because it is proportional to the fraction of atoms in the excited state
which is limited to half.

Now cooling of a gas with this scattering force will be described. To cool down a gas in three
dimensions, the first thought could be: to use 3 counterpropagating laser beams on resonance,
see figure 2.2. But this does not work because the scattering rate for the counterpropagating
beams would cancel each other. If the laser beams are red detuned, however, there will be a net
scattering force that leads to cooling of the gas. That happens because the Doppler shift will
cause the laser beam, propagating in the opposite direction of the atoms’ velocity, to be shifted
closer to resonance. The detuning corrected for the Doppler shift is δ′ = δ − kv. This cooling
technique is named optical molasses. The net scattering force for two counter propagating beams
is proportional to the velocity for small atomic velocities, where kv � Γ, for Rubidium 85 this
means that the temperature T � 0.2 K. The net scattering force, or molasses force, for small
velocities is:

Fmol = −αv, (2.6)

where the damping constant is:

α = 4~k2 I

Isat

−2δ/Γ(
1 + I/Isat + (2δ/Γ)2

)2 . (2.7)

The force in equation 2.6 is a damping force when δ < 0. From equation 2.7 it can be seen, that
the maximum damping constant for small intensity I is achieved for δ ≈ −0.29Γ, and for larger
trapping intensity I the detuning for maximum damping force becomes larger as well. This
equation describes the linear relationship between the trapping force and the velocity at small
velocity, see figure 2.3. The force on the atoms peaks when the Doppler shift is approximately
equal to the detuning of the laser beam, because δ′ = 0 for that velocity, so the scattering force
of the slowing beam is maximised.

There is not only cooling involved in the molasses technique, but also heating. The heating
is caused by: the fluctuations in the number of scattered photons from each laser beam, and the
random distribution of angles in which the photons are emitted. Fluctuations in the number of
scattered photons cause a mismatch of absorption from the counterpropagating beams, which
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Figure 2.4: In this figure, Zeeman splitting of the energy levels for a transition from a state with
total atomic angular momentum quantum number F = 0 to F ′ = 1 in a MOT is presented. And
the polarisation of the laser beams is shown that is necessary to create trapping. This figure is
taken from [10].

leads to a random walk of the atoms along the axis of the laser. Due to spontaneous emission,
in which a photon will be emitted in a random direction, atoms will make a random walk in
three-dimensional space. These random walks of the atoms cause a minimum temperature T ,
which can be calculated for a two-level atom [18]:

kBT =
~Γ

4

1 + (2δ/Γ)2

−2δ/Γ
, (2.8)

where kB is the Boltzmann constant. This equation has a minimum in the temperature for
δ = −Γ/2 which gives the Doppler temperature:

TD =
~Γ

2kB
(2.9)

The Doppler limit is derived for a two-level atom, but all atoms have multiple levels, therefore,
the Doppler limit is only an approximation for the temperature limit. An effect that has not
been taken into account is polarisation gradient cooling, which works at small magnetic fields for
counterpropagating laser beams with a perpendicular linear polarisation and for counterpropa-
gating beams with σ+ and σ− polarisation [22]. The polarisation gradient cooling can lead to a
much lower temperature, but in a MOT it is less effective due to too large magnetic fields away
from the centre.

With the molasses technique, an atom cloud can be kept cool, but there is no trapping yet,
because the atoms can diffuse out of the molasses region. Now it will be explained, how the
atom cloud can be confined by adding a magnetic field. The necessary field can be produced by
two coils in anti-Helmholtz configuration. These coils produce a zero field in the centre between
them and there are field gradients along the axes of the lasers, see figure 2.2. To understand
how the confinement works, consider an atom located on the axis through the centre of the coils,
see figure 2.4. On the right side of the the centre, the field points in the x-direction, and on
the left side it points in minus x-direction. Therefore on the right side, the negative mF level
is shifted down in energy, and on the left side the positive mF level is shifted down in energy,
see the Zeeman shift in section 2.1. The energy levels shifted down in energy will be closer to
resonance, because the laser beam is red detuned. Now we choose the laser beams propagating
to the left and right to have respectively σ− and σ+ polarisation. Photons with σ− polarisation
can only excite the atom to the mF -1 level. Because the Zeeman shift brings the mF = −1 level
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closer to resonance for positive x, the atoms will be pushed towards the centre of the Helmholtz
coils. For positions at −x positions, the laser with σ+ polarisation will push the atoms towards
the centre of the Helmholtz coils.

The restoring force, close to the centre of the trap, that is created due to this magnetic field
is given by [18]:

Ftrap = −αβ
k
x, (2.10)

where x is the distance to the zero in the magnetic field, and β is:

β =
gFµB
~

dB

dx
. (2.11)

This force will push all the atoms to the point where the magnetic field is zero and has a spring
constant αβ

k , the atoms are damped by the molasses force described earlier. The force versus
position is plotted in figure 2.3, close to the centre it can be seen that there is a restoring force,
which is linear with the displacement. The force peaks approximately at the position where the
Zeeman shift is equal to the laser detuning. At this position, the scattering force from the laser
beam, that pushes the atoms to the centre of the trap, has a maximum.

The magnetic field gradient of the MOT can slow atoms, with a much higher velocity, than
the molasses technique can do. An atom that is coming in with a high velocity, so the Doppler
shift is larger than the laser detuning, cannot be slowed effectively by molasses alone. But in
a magnetic field, the Zeeman shift moves the energy level necessary for cooling into resonance
with the laser beam at a certain displacement. Because a MOT has three counterpropagating
sets of laser beams, it is possible to slow atoms with a random velocity distribution. Therefore
a MOT can load atoms from a dilute background vapour, which is called a vapour cell [23].

The number of atoms in a MOT, that is loaded from a vapour cell, is given by the equilibrium
between the capture rate and the loss rate. For the capture rate, some important parameters
are the density nb and temperature Tb of the background gas, the capture volume V , and the
capture velocity vc. The capture volume is determined by the radius of the trapping lasers,
and the capture velocity vc depends on the trapping laser parameters and the magnetic field
gradient. The loss rate of the trap is dependent on the partial rubidium pressure and the partial
pressure of other background gasses. These pressures determine the time constants τRb and τb.
These time constants describe how long it takes, for the background rubidium and other gasses,
to knock atoms out of the trap. The mass of the trapped atom is m. The MOT density nM
determines the loss rate due to intra trap collisions via the constant Closs [24]:

dN

dt
= R−N

(
1

τb
+

1

τRb

)
− Closs

∫
n2
M (r, t) d3r, (2.12)

where the loading rate is [23]:

R =
1

2
nbV

2/3v4
c

(
m

2kBTb

)3/2

. (2.13)

2.2.1 Rubidium 85

In this section, a description of rubidium 85 is given, and it will be explained what changes
in the MOT, when a rubidium atom is considered compared to the two-level atom. First, the
relevant energy levels are investigated.

If we solve the Schrödinger equation for a one-electron system in the centre of momentum
frame, we can find that the energy levels in atoms are determined by the principal quantum
number n [25]. From the Schrödinger equation follows that all the states with the same principal
quantum numbers are degenerate. But the electron spin, nuclear spin, and external fields, which
have not yet been taken into account, will split some of the energy levels. The magnetic moments
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Figure 2.5: This figure shows the ground states and the D2 lines for Rubidium 85. The arrows
represent the different transitions that are driven by the: trapping laser, repump laser, and
depump laser.

cause Zeeman shifts, due to coupling to each other. The fine structure follows from the coupling
of the orbital angular momentum L and the spin S of the electron. This causes a separation
between states with the same angular momentum but different magnetic and spin quantum
numbers. The hyperfine structure is caused by the coupling between the total electron angular
momentum J = L+S and the total nuclear angular momentum I. So the total atomic angular
momentum F = J + I give the different hyperfine levels.

The electron excitation by photons cannot occur between all the energy levels of Rubidium
85. There are certain forbidden transitions, since the transition has to fulfil conservation of
angular momentum. The selection rules for one photon excitation are:

∆L = ±1
∆J = 0,±1
∆F = 0,±1
∆mF = 0,±1 but not mF = 0⇔ m′F = 0 for ∆F = 0

where the transitions with ∆mF = −1, 0, 1 correspond respectively to σ−, π and σ+ polarised
light. There are different types of polarisation of light, π polarised light is light with a linear
polarisation with an alternating electric field, and sigma polarised light is circular polarised light
where the electric field rotates.

Instead of a two-level atom, rubidium is trapped in the MOT, here the implications for
molasses are discussed. In figure 2.5, the important energy levels of rubidium for laser cooling
and trapping are shown. From the selection rules, see section 2.1, it can be seen that the excited
states with the quantum numbers F ′ = 2 and F ′ = 3, can both be addressed by excitation from
the two ground states. But the excited states with F ′ = 1 and F ′ = 4, can only be reached
by respectively the F = 2 and F = 3 ground states, so these are closed transitions. Though,
these transitions are not completely closed. When the transition from the F = 3 ground state
to the F ′ = 4 excited state is driven by a trapping laser, there will be off-resonant excitation
to the F ′ = 3 excited state. From that state, atoms can get in the F = 2 ground state, which
is called the dark state, through spontaneous emission. Since atoms would accumulate in the
dark state, a repump laser is used to pump these atoms back to the F = 3 ground state, this is
called the bright state. Besides a repump beam, a depump beam is created. This depump beam
increases the rate at which trapped atoms are pumped into the dark state. So with the depump
beam, the cycling rate of the atoms through the bright and dark state can be increased, which
will prove important later, see section 2.3.3. Also, it is beneficial to have both the depump and
repump laser on resonance with a different excited state, so there will not be Raman transitions
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that complicate the experiment.
The most important properties of rubidium 85 are shown in tables 2.1 and 2.2.

Table 2.1: In this table the most important properties of rubidium 85 for this thesis are shown
[19].

Decay rate Γ 2π · 6.067 Mrad · s−1

Saturation intensity Isat 1.669 mW · cm−2

Transition energy ~ω0 2.546 · 10−19 J

Atomic mass m 1.410 · 1025 kg

Doppler Temperature TD 145.6 µK

Table 2.2: In this table the relative transition strength of the 52S1/2 to 52P3/2 transitions are
shown [19]. The Sxy is the relative transition strength, with the x describing the total magnetic
moment of the ground state, and y the total magnetic moment of the excited state.

S34 9/14 S23 14/45

S33 5/18 S22 7/18

S32 5/63 S21 3/10

2.3 Dark MOT

In this section the dark MOT will be described. First the normal density in a MOT is described,
see section 2.3.1. In sections 2.3.2 and 2.3.3 we will look into: the density limit determined by
scattering of photons, and the lifetime of the atoms in the dark state. The ways in which a
dark MOT can be realised, and what density can be achieved is described in sections 2.3.4 and
2.3.5. In section 2.3.6 the depump and repump laser beam intensity is calculated. We finish
with section 2.3.7, where the dynamics of the dark MOT is described.

2.3.1 Temperature limited regime

Here, the density limit in a MOT is investigated. The MOT is a harmonic oscillator, see section
2.2. The particles in a trap have a temperature close to the Doppler temperature. Because the
interaction between the particles is small, the density is linearly dependent on the number of
particles that is loaded into the trap. The displacement of the atoms in the trap is dependent
on the spring constant of the trap and the energy of the atoms. The spring constant of the trap
can be found in section 2.2.

The fraction of atoms in the bright state can be varied by changing the repump power, see
section 2.2.1. The atoms will cycle through the bright and dark states. This causes the effective
spring constant of the trap to be smaller, because the atoms are only trapped for a fraction of
the time. So the effective spring constant will be p · κ, with κ the spring constant of the trap,
and p the fraction of atoms in the bright state.

The radius of the gas cloud in the temperature limited regime, rT , can be found by equating
the potential energy of the atoms in the MOT to the thermal energy:

1

2
pκr2

T =
1

2
kBT. (2.14)
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For a Gaussian distribution this leads to [12]:

nT =
N
√

2π
3

(
κ

kBT

)3/2

p3/2. (2.15)

The MOT density can be increased in different ways: by increasing the atom number, by
increasing the spring constant of the MOT, and by reducing the temperature of the trapped
gas. The density is highest when all the atoms are in the bright state, because in that case, the
effective spring constant is highest.

2.3.2 Multiple scattering regime

The density limit from the previous section, see equation 2.15, can be raised to any value when
enough atoms are loaded into the trap. But there is another limit that prevents this, which will
be described in this section.

A gas of neutral atoms normally has atoms that move independently and do only have
interactions at close range. But optically trapped neutral atoms, on the other hand, behave
in a highly collective manner. This collective behaviour comes from the multiple scattering of
photons. If a photon from the laser beam is scattered on an atom, and the spontaneously emitted
photon is scattered by a second atom, the first atom will experience a net trapping force, but the
second atom will experience a net repulsive force with respect to the first atom. This repulsive
force will create an outward radial force in the MOT. At a low number of atoms, (< 104), the
repulsive force is negligible, and the trapped atoms behave like an ideal gas with a Gaussian
density distribution. In this regime, the density increases linearly with the number of atoms
[23]. When the number of atoms is increased, the atom cloud hits a maximum central density
(around 1010 cm−3) due to the repulsive force described above, and the added atoms cause the
cloud to expand and become more uniformly distributed. Around 108 atoms, depending on the
alignment, the repulsive force becomes so large that atoms are ejected out of the MOT, which
creates a limit for the number of atoms in the MOT [26].

The principle of a dark MOT is to reduce the repulsive force between the atoms, by storing
them in the dark ground state. In case of Rubidium 85, this is the F = 2 ground state. Atoms
cannot stay the whole time in the dark ground state, because then there is no trapping, therefore
the atoms would leave the trapped cloud due to their initial velocity and the gravity. Therefore
we make sure that the atoms cycle through the dark and bright states. Now, we can look at
trapping and radiation forces as function of the fraction of atoms p in the bright state, 52S1/2

F = 3. The trapping force working on the atoms in a dark MOT is proportional to the fraction
of atoms in the bright state, p, therefore the spring constant in the equation for the trapping
force, see equation 2.10, changes into: p · κ. This is also the equation for the trapping force in
three dimensions, the restoring force in every direction is proportional to the displacement in
that direction, so the total force is equal to the distance from the centre of the trap, resulting
in the following equation:

Ftrap = −κprr̂, (2.16)

where κ is the spring constant of the trap at p = 1 and r is the distance from the center of the
trap.

In the multiple scattering regime, the repulsive scattering force is equal to the trapping force.
The scattering force increases linear with the distance from the trap centre, for the central part
of the trapped atom cloud, where the density is homogeneous. The amount of scattered light per
unit of volume is proportional to the density of the atoms in the trap, therefore the repulsive force
is proportional to the density. The amount of scattered light per volume is also proportional to
the fraction of trapped atoms in the bright state. And the fraction of time an atom experiences a
repulsive force is proportional to the bright state fraction, so the repulsive force is quadratically
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dependent on the bright state fraction. So the repulsive scattering force in the dark MOT can
be written as:

Frep = CndMp
2rr̂, (2.17)

where C is a constant and ndM is the dark MOT density. The constant C can be found when
the MOT is assumed to be in the multiple scattering regime. This means Frep = −Ftrap when:
p = 1 and ndM = nM . So the repulsive force can be written as:

Frep = κ
ndM
nM

p2rr̂. (2.18)

This equation is valid when r is smaller than the MOT radius. When r is larger than the MOT
radius, the repulsive force drops off as r−2.

To find the equilibrium density in the dark MOT, for the multiple scattering regime, we need
to equate the trapping force to the repulsive force Frep = −Ftrap. This results in the following
equation for the density limit [15]:

ndM =
nM
p
. (2.19)

This equation shows that the density of the trapped atom cloud can be increased by reducing
the bright state fraction. The density cannot be increased indefinitely by reducing the bright
state fraction, because at sufficiently low bright state fraction the temperature limited regime is
entered, see section 2.3.1.

To understand the mechanism behind the density increase in a dark MOT, the potential
energy of the MOT is calculated, using equations 2.16 and 2.18, see figure 2.6. The calculation
is done for a Rubidium 85 MOT, with magnetic field gradient of 0.16 Tm−1, a trapping beam
intensity of 10 mWcm−2, a trapping beam detuning of -16 MHz, 2 · 108 atoms, a density of
2 · 1010cm−3 and a temperature of 300 µK. These are the standard values of our MOT.

In figure 2.6a, the potential energy is plotted versus the displacement for p = 1. The blue
line in this figure represents the trapping potential when there are no atoms in the MOT, this
is a harmonic oscillator. The green line represents the anti-trapping potential due to multiple
scattering. This potential is equal to the trapping potential until a distance is reached where the
density decreases and the repulsive force reduces. The red line represents the total potential,
this potential is 0 till a distance of around 1.5 mm. And the thermal energy of the atoms in the
trap is shown by the black dash-dotted line.

In figure 2.6b, the potential energy versus the displacement is plotted for a trapped atom
cloud after the bright state fraction is switched instantaneously from p = 1 to p = 0.1, so the
atoms did not have time to move from their original position. The trapping potential has become
10 times smaller, but because the repulsive force has become 100 times smaller the atoms are
pushed to the centre of the trap. The potential energy the trapped atoms gain, due to the
reduction of the bright state fraction, will be converted into kinetic energy, after which it is
lost via molasses. Figure 2.6c shows the potential energy, at the reduced bright state fraction
p = 0.1, when the system is in equilibrium. The atom cloud is 101/3 times smaller which leads
to an increase of density by a factor 10. Because the density in this figure is larger than the
density in figure b, the anti-trapping potential is larger.

In figure 2.6d, the potential energy in equilibrium is shown for p = 0.01. The anti-trapping
potential is negligible for this bright state fraction, this means that this is the temperature
limited regime, so the density is limited by the thermal energy, see section 2.3.1. And in figure
2.6e, the potential energy in equilibrium is shown for p = 0.001. The trapping potential becomes
very shallow for this low bright state fraction, and the atom cloud is larger than that for p = 0.01.

In figure 2.6f, the total potential energy curves in equilibrium are shown for different bright
state fraction. In this figure, it can be seen that the size of the trapped atom cloud gets smaller,
and thus the density gets higher, when p is reduced from 1 to 0.01. This is what is expected
for the multiple scattering regime, see equation 2.19. When the bright state fraction is reduced
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Figure 2.6: In this figure, the potential energy is plotted versus the distance from the centre of the
trap. In figures a to e: the blue line represents the trapping potential, the green line represents
the anti-trapping potential, and the red line represents the total potential. Furthermore, the
thermal energy of the atoms is represented by the black dash-dotted line. Figures a, c, d and
e show the equilibrium solution for different bright state fraction p. And figure b shows the
potential after the bright state fraction is reduced instantaneously from p = 1 to p = 0.1. In
figure f, the steady-state solutions of the total potential are shown for different bright state
fraction.

further to p = 0.001, the atom cloud expands again, which is expected for the temperature
limited regime, see equation 2.15. The shape of the potential is more like a square well for p = 1
and p = 0.1, which corresponds to the multiple scattering limited regime. And the potential
energy at p = 0.01 and p = 0.001 is approximately a harmonic oscillator, which corresponds to
the temperature limited regime.

2.3.3 Free travelling regime

The free travel limit is not a fundamental limit of the density, but it gives constraints to the
laser intensities that are needed to achieve the maximum density. The free travel limit occurs
when the atoms spend a too long time in the dark state. The distance atoms travel during their
time in the dark state is approximately vrms · τd, with vrms the root mean square speed of the
trapped atoms, and τd the average time atoms spend in the dark state. When this distance is
equal to the cloud diameter, the density is limited by the free travel limit [12]:

nFT =
N
√

2π
3

(
m

kBT

)3/2( 1

τd(1− p)

)3

(2.20)

When the fraction of atoms in the bright state is decreased by lowering the repump intensity, τd
will increase, which causes a density drop due to the free travel limit. The way to prevent this
limit, is to add a depump laser by which the depump rate is increased. This allows for a smaller
fraction p, while maintaining a rapid cycling of the atoms through the dark and bright ground
states.
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Trapped atom cloud

Figure 2.7: This is a cross-section of a spatial dark MOT. The MOT region is split in two.
The outer region in which there is a high repump intensity, so the atoms are all pumped to the
bright state to maximise the capture rate. And the inner region in which the trapped atoms are
located. The repump intensity in this region is low, in order to reduce the fraction of atoms in
the bright state.

2.3.4 Temporal and spatial dark MOT

To make a dark MOT, the fraction of atoms in the bright state, p, has to be reduced. The
fraction p is given by the depump and repump rates:

p =
Rrep

Rrep +Rdep
(2.21)

The repump rate is controlled by the repump laser intensity and detuning. The depump rate
can have two contributions, the depump rate caused by off-resonance excitation of the trapping
lasers is always present, and the depump rate can be enhanced by an additional depump laser.
The reduction of p can be done temporally and spatially. The parameter p does not only
affect the atoms in the trapped cloud, but it also influences the capturing of atoms. A lower p
reduces the trapping force on the atoms, and therefore also the chance to capture atoms from
the background vapour. To overcome the loading problem, we can start with a MOT and then
change the laser parameters to switch to a dark MOT, this is known as a temporal dark MOT.
A disadvantage of the temporal dark MOT is that it is not steady state. And the lifetime can
become density limiting, because also the loss rate is increased due to a smaller trap depth.

The spatial dark MOT is another method. Here the MOT is split into two regions: an outside
region, and a center region, see figure 2.7. The outside region is the capturing region, here the
atoms are pumped in the bright state to get a maximum capture rate. In the central region, the
atoms are stored at a high density. The density in the central region is increased by lowering the
bright state fraction. This allows for continued capturing of atoms while having a dark MOT.
And it makes sure the trap depth is not reduced, so there is no increased loss rate. The central
dark region can be made by blocking out the centre of the repump beam and projecting this
spot onto the MOT [12]. By doing this in two directions, only the centre of the trap is not
illuminated. Another possibility is using a spatial light modulator on two perpendicular repump
beams [16]. Where a phase is imprinted on the laser beams, which translates to a dark spot
in the trap. The advantage of this method is that it can easily switch between MOT and dark
MOT.

In a spatial dark MOT, the number of atoms and the temperature will differ from that of
a MOT. When a MOT is switched to a spatial dark MOT the loading rate will remain the
same, because nothing is changed in the capture region. The loss rate, however, will be different
dependent on the main loss mechanism. In literature, the steady-state number of atoms in a
spatial dark MOT is determined in the case of high vapour pressure, where losses are dominated
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by background gas collisions. And it is determined for a low vapour pressure, where losses
are dominated by collisions between trapped atoms. At high vapour pressure, the comparison
between the number of atoms in the dark MOT ndM and in the MOT NM is given by [12]:

NdM

NM
=

1 + ρee

(
σe
σg
− 1
)

1 + pρee

(
σe
σg
− 1
) , (2.22)

where ρee and ρgg are respectively the fractions of atoms in the excited and ground state. And
σe and σg are respectively the collision cross sections for atoms in the excited state and ground
state. Rubidium atoms in the ground state interact via van der Waals’ interactions and rubidium
atoms in the excited state interact with ground state atoms via dipole interactions. Therefore
the collision cross section of excited state atoms in the trap is much larger than that for ground
state atoms. For a cesium MOT, the cross section for atom loss from the trap is around 6 times
higher when the atoms are in the excited state, compared to the ground state [12]. This means
that the atom number in a spatial dark MOT for cesium is around 3 times higher than in a
MOT. For rubidium, the atom number is also expected to rise when switching from MOT a
spatial dark MOT for this reason.

2.3.5 Maximum density

For both the spatial dark MOT and the temporal dark MOT, the evaluation of the density will
be about the same. With the major difference between the two, the number of trapped atoms,
which is higher in the spatial dark MOT, see section 2.3.4. Here the density of a temporal dark
MOT is described.

In figure 2.8 the different density limits are plotted versus the bright state fraction. The blue
line gives the maximum density that can be obtained due to the temperature limited density,
see equation 2.15. The purple line shows the maximum density that can be obtained due to
the multiple scattering limited density. The MOT density, the density at p = 1, is the starting
point of this line, this point depends on how well the trapping lasers are aligned, in our setup
2·1010 cm−3 is a density that can be easily achieved. The density limit for the multiple scattering
regime is inversely proportional to the bright state fraction, see equation 2.19. The free travelling
limited density, see equation 2.20 is shown in the figure by the green line. The maximum density
that can be obtained, is the highest point in the graph below the lines that represent the density
limits. This is the density at the intersection of the green and the purple line, which is around
6 · 1011 cm−3 with bright state fraction p = 0.033. By using a depump laser, the free travelling
limited regime (the green line) can be pushed up, so that the temperature limited regime (the
blue line) becomes the density limiting factor. So, with a depump beam, the maximum density
that can be achieved is the intersection between the blue line and the purple line, which is
1.2 · 1012 cm−3 with bright state fraction p = 0.017. When the density limits are calculated
for the MOT density, temperature and atom number from the rubidium 87 MOT from from
Radwell et. al. [16], the density limit found is 1.8 · 1012 cm−3, which is close to the density
1.3 · 1012 cm−3 achieved by them in a spatial dark MOT.

2.3.6 Repump and depump lasers

To design the setup, it is necessary to know the required laser beam intensities. In this section,
the repump beam intensity needed for loading the MOT is estimated. The repump beam in-
tensity required to create the dark MOT with the highest density is calculated and the depump
beam intensity needed to reach the maximum density is calculated.

When a MOT has to be loaded, it is important that the atoms are in the bright state in
order to be subject to the largest deceleration force. The fraction of atoms in the bright state
follows from the depump and repump rates. The depump rate of the trapping beams comes
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Figure 2.8: In this figure, the equations for the density limits are plotted: the multiple scattering
regime in purple, the temperature limited regime in blue, and the free travelling regime in green.
The maximum achievable density is given by the intersection of the multiple scattering regime
and the temperature limited regime.

from off resonant excitation of the F ′ = 3 energy level. From the F ′ = 3 level the atoms can fall
into both the bright and dark ground state. This depump rate by the trapping beam, Rdep,trap,
can be calculated from the scattering rate [19] with an extra factor for the fraction of atoms
that falls back into the dark ground state, and is given by:

Rdep,trap =
Γ

2

6Ω2
34′/2

(∆ + δtrap)2 + 6Ω2
34′/2 + Γ2/4

S3′2

S3′2 + S3′3
, (2.23)

Rrep =
Γ

2

4Ω2
23′/2

δ2
rep + 4Ω2

23′/2 + Γ2/4

S3′3

S3′2 + S3′3
, (2.24)

where Ω34′ is the Rabi frequency of the trapping laser, Ω23′ is the Rabi frequency for the repump
laser, ∆ the splitting between the upper two energy levels of the excited state, δtrap the detuning
of the trapping laser, δrep the detuning of the repump laser, and S3′2 and S3′3 [19] the rates at
which the atom fall back to the F = 2 and F = 3 ground states, see section 2.2.1. A similar
equation is valid for the repump intensity. The number of atoms in the bright and dark state
can then be found by:

Nbright

Ndark
=
Rrep
Rdep

, (2.25)

and the fraction of atoms in the bright state is:

p =
Nbright

Nbright +Ndark
=

1

1 +Rdep/Rrep
. (2.26)

Substituting equation 2.23 for the depump and repump rate in equation 2.26 we can find the
dependence of the bright state fraction on the laser parameters. For simplifying the equation we
use the approximation (∆ + δtrap)

2 � 6Ω2
33′ + Γ2/4 which holds because the distance between

the energy levels is much larger than the energy shifts and the linewidth. And we use the
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Figure 2.9: In the figure, the fraction of atoms in the bright state, p, is shown versus the repump
intensity, for the centre of the trap in blue and for the edge of the capturing region in purple.
This calculation is performed for a repump laser that is resonant with the repump transition.

approximation Ω2
23′ � Γ2/4 which holds because the repump rate is much smaller than the

natural decay rate. This results in the equation:

p =
1

1 +
3Itrap
2Irep

δ2rep+Γ2/4

(∆+δtrap)2
S3′2
S3′3

, (2.27)

in this equation, Itrap is the trapping beam intensity, Irep is the repump beam intensity and δrep
is the detuning of the repump laser. When the repump laser is tuned to resonance, δrep = 0, in
the centre of the MOT. But at the edge of the trapping region, it is not zero due to the Zeeman
shift and the Doppler shift. For a cesium MOT, this shift is found to be in the order of one
natural linewidth by Townsend et. al. [12]. The fraction of atoms in the bright state is plotted
as function of the repump intensity for Itrap = 10 mWcm−2, see figure 2.9. With a repump
beam intensity of 1 mW · cm−2, the bright state fraction at the edge of the MOT is 0.93, when
a detuning of one linewidth is assumed.

To know the lower repump laser intensity required to reach the maximum density, we need
to look at the density limits in figure 2.8. The maximum density that can be reached is 1.2 ·1012

cm−3. When the bright state fraction is 0.04, the density limit due to the free travelling limit is
1.2 · 1012 cm−3. After this, the free travelling limit has to shifted to lower p by using a depump
beam. From equation 2.27 it is found that the repump beam intensity required to reach p = 0.04,
is 1 µW · cm−2, when the repump beam is at resonance. So when the repump beam intensity
can be switched by a factor of 1000, the maximum density can be achieved, while the loading
rate can also be close to its maximum.

We also want to make an estimate of the intensity of the depump beam that is needed to be
able to reach the highest density. The maximum density that can be reached according to the
temperature limit and the multiple scattering is 1.2 · 1012 cm−3, see figure 2.8. Considering only
the free travelling limit this density can only be reached for bright state fractions larger than
0.04, but the maximum density is reached at p = 0.017. That is why the free travelling limit has
to be moved to p < 0.017 with a depump beam. This means that the bright state fraction has
to be reduced from 0.04 to 0.017 by the depump beam. At low bright state fraction p ≈ Rrep

Rdep
,

so the depump rate has to be increased by about a factor of 3 to reach the maximum density.
So the depump rate by the depump beam Rdep,dep = 2 ·Rdep,trap, which results in the following
equality:

Idep
S33′
S34′
· IdepIsat

+ 1
= 2 · 6 · Itrap

4
(∆+δtrap)2

Γ2 + 6
S33′
S34′
· ItrapIsat

+ 1
. (2.28)

Solving this equation for the depump beam intensity, it is found that the depump power needs
to be at least 0.09 mW · cm−2 when the depump beam is on resonance.
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2.3.7 Dynamics of the dark MOT

Until now, only a static description of the dark MOT is given. In this subsection the dynamics
of the dark MOT will be investigated. When a temporal dark MOT is created, the repulsive
force between the atoms and the trapping force are reduced. Since the repulsive force decreases
more, the system is not in equilibrium anymore. Therefore, a model for the dynamics of the
temporal dark MOT is created.

In this model, the molasses force, the trapping force, and the multiple scattering force, will
be considered. For simplicity, only the time-averaged force will be considered and the thermal
velocity will be neglected. When the MOT is switched to a dark MOT, the atoms will be in
a damped oscillator, see equations 2.6, 2.16, and 2.18. So the outer atoms will get the highest
velocities and will also get the most damping. Because all initial velocities are assumed zero, it
follows that the outer atoms can not overtake the atoms closer to the centre of the trap. Also,
the MOT is considered to have a uniform density in this model, which is expected for a MOT
far into the multiple scattering regime. During the compression stage, the net force on an atom
on the edge of the MOT, with distance rdM (t) from the centre of the trap, is given by:

Fnet = Fmol + Ftrap + Frep = −pdMα
drdM
dt
− pdM

αβ

k
rdM + pdM

αβ

k
rdM

pdM
pM

ndM
nM

, (2.29)

where pdM and pM are respectively the bright state fraction in the dark MOT and the bright
state fraction in the MOT and the dark MOT density ndM (t) is a function of time.

Because the bright state fraction initially is not necessarily 1, the final bright state fraction
is divided by the initial fraction to get the correct repulsive force. The dark MOT density scales

with the size of the dark MOT, in this case ndM (t)
nM

=
(

rM
rdM (t)

)3
, with rM the radius of the MOT.

This results in the following differential equation for the distance of an atom that is at the edge
of the dark MOT:

d2rdM
dt2

+ pdM
α

m

drdM
dt

+ pdM
αβ

km
rdM

(
1− pdM

pM

(
rM
rdM

)3
)

= 0. (2.30)

This equation can only give a rough estimate for the compression process because of the assump-
tions. The model can be improved by taking the temperature into account, since the velocity
that is reached during the compression is in the same order as the thermal velocity and the
random forces that create the thermal energy are also important in the compression process.
Furthermore, the equations for the molasses and trapping are derived for 1D cooling and trap-
ping, while the forces are smaller for the 3D case according to Monte Carlo simulations from
Cournol et al. [21], see figure 2.3.

This model will be used in chapters 4.4.1 and 4.4.3, to gain a better understanding of the
measured compression and expansion of the dark MOT.
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3 Experimental setup

In this chapter, the ultracold plasma setup is described. First, the MOT vessel with: vacuum
system, laser beams, and cameras, are discussed. Then the laser system is described, with the
added repumper and depumper beams. After that, the software for controlling the repumper
and depumper power is described. And the chapter is finished with a description of the MOT
density diagnostics.

3.1 MOT vessel

In order to make a MOT, we need a vacuum. In this experiment, an Edwards turbo molecular
pump EXT250M (250 l/s) is used first to pump down the MOT vessel. After that a Perkin
Elmer Ultek ion getter pump (150 l/s) is used to maintain the pressure so the vibrations are
suppressed during the experiments, see figure 3.2. Together these pumps can create a pressure
of 2.4 · 10−6 Pascal.

In this setup a rubidium MOT can be created, the rubidium is captured from the gas in
the vacuum vessel. To reach the lowest possible pressure, the vacuum chamber is constantly
pumped down. Therefore there needs to be a constant supply of rubidium gas. Rubidium gets
into the vacuum chamber by heating a rubidium ampoule to 30◦C, the rubidium inlet can be
seen in figure 3.1.

In figure 3.1 the MOT coils can be seen, the MOT coils are in an anti-Helmholtz configuration
to create necessary magnetic field gradient. The axes of the MOT coils point in the z-direction,
so the magnetic field gradient is twice as large in the z-direction than in the x- and y-directions,
see section 2.2.

To make a MOT, three orthogonal pairs of trapping lasers are needed. The horizontal z
trapping beams can be seen in figure 3.1. The −z trapping beam comes into the vessel from
the bottom on the right side, then it passes through a lens after which it is directed towards
the MOT with a mirror. The mirror is not on axis because then it would block the accelerator
path. The +z beam enters the vessel from the bottom on the left and is also directed towards
the MOT by a mirror inside the accelerator structure. The xy oriented trapping beams enter
the vacuum vessel through the viewports, and they are indicated by the red diagonal arrows
in figure 3.2. These trapping beams enter the vessel from below and are retro-reflected at the
top, which causes an imbalance in the power. There are also 4 repump beams which are aligned
along the same path as the xy trapping beams. Furthermore, there are two excitation beams
to be able to excite the atoms to the Rydberg levels in a two-level trapping scheme. The red
excitation beam enters the vessel from below along the same path as the +z trapping beam, and
the blue excitation beam enters from the top as is shown in figure 3.1. The blue excitation beam
is reflected into the MOT vessel by a dichroic mirror. This mirror is transparent for the red
fluorescence photons from the MOT, so these photons can reach the top camera. The depump
beam is shown in this figure as well. This beam enters under an angle to make sure it does not
hit the camera on the top of the setup.

The diagnostics of the trapped atom cloud is done with two cameras. These cameras capture
spontaneous emission from the MOT. One of the cameras is placed above the MOT, this is the
camera at the top of figures 3.1 and 3.2 and will be called the top camera. The other camera,
that will be called side camera, is placed behind the ion getter pump, see figure 3.2.

The MOT is created in an accelerator, which can be used to ionise the Rydberg atoms and
accelerate the created ions to two micro-channel plates (MCP), see figure 3.1. After an ion
hits the MCP, many electrons are created. These electrons create photons, when then hit a
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Dichroic mirror
Blue excitation beam

Depump beam

Beamline

Figure 3.1: This is a schematic view of the MOT vessel along the accelerator axis. In this
figure, the horizontal trapping beams, also called the +z and −z trapping beams, are shown.
Furthermore, the blue ionisation beam and depump beam are shown. The MOT is located at
the intersection of these beams. Around the MOT the accelerator and the MOT coils can be
seen. Other important parts of the setup are: the micro-channel plates on the right side of the
image, the top camera at the top of the image, and the rubidium inlet. This figure is adapted
from [27].

Figure 3.2: This is a schematic view of the MOT vessel, perpendicular to the accelerator. The
xy oriented trapping beams are depicted by the red arrows. The repump beams are placed along
the same path as these trapping beams. All these beams enter the MOT vessel from below and
are reflected at the top. The ion getter pump and turbo pump used to create the vacuum are
shown on the right side of the figure. The top camera at the top of the image and the side
camera on the right side of the image, are the cameras used for MOT diagnostics. This figure
is adapted from [27].
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Figure 3.3: This figure shows a schematic overview of the laser setup. All the beams coming
from the repump laser are shown in blue, and the beams from the trapping laser are shown in
red. The trapping laser is split into a trapping beam, an excitation beam and a depump beam.

phosphor screen that is placed behind the MCP. The photons are captured by a camera, so a
2D projection of the Rydberg atoms can be made. The beamline is not drawn to scale because
it is nearly 2 metre long and would not fit on the page.

3.2 Laser system

Two lasers are needed to create a MOT, a trapping laser and a repump laser, see section 2.2.
The laser beams are split into different branches to create the 4 repump beams and 6 trapping
beams described in section 3.1. The trapping laser has to work on a closed line, in this case, the
F = 3 to F ′ = 4 transition. The repump laser works on the transition from F = 2 to F ′ = 2
or from F = 2 to F ′ = 3, see figure 2.5. The trapping laser is a Toptica DLX 110 with an
output power of about 900 mW. A branch of the trapping laser beam is frequency locked to the
closed rubidium transition, by means of modulation transfer spectroscopy, see figure 3.3. The
laser itself is not on the frequency of F = 3 to F ′ = 4 transition, because it is separated from
the modulation transfer spectroscopy by the lock acousto-optical modulator, AOM. Since the
+1 order of an 80 MHz AOM is used, the laser is operated at a 160 MHz red-shifted frequency.
Two AOMs shift the trapping beam to the required trapping and excitation frequencies.

The repump laser, a Toptica DL 100 with about 100 mW output power, is frequency locked
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with respect to the trapping laser with a frequency offset lock. With this locking scheme the
repump laser is 2915 MHz red detuned with respect to the trapping laser, which corresponds to
the F = 2 to F ′ = 3 transition.

To make a temporal dark MOT, some additions have to be made to the existing setup. In a
temporal dark MOT, the repump intensity has to be changed rapidly. For this reason, the part
of the setup, in the box named ’Repump AOM’ in figure 3.3, is created in this project. The
AOM shifts the frequency with 60 MHz, so the -1 order is at the F = 2 to F ′ = 2 transition. The
zeroth order beam from the AOM and the original repumper beam are blocked, which allows
for rapid switching of the repump power. It is also possible to use the original repump beam
that does not go through the repump AOM, by rotating the half wave plate in front of the
beam splitter cube that takes the beam to the repumper AOM. And the aperture that blocks
the beam between the two beam splitter cubes has to be opened.

To make a dark MOT with a high density, it is calculated that a depump laser is needed
to pump the atoms faster through the bright and dark state, see section 2.3.5. The depump
beam is created with the part of the setup in the box named ’Depump AOM’ in figure 3.3. The
trapping laser beam is shifted to the F = 3 to the F ′ = 3 transition with an AOM. The trapping
laser is operated at approximately 40 MHz red detuning from the F = 3 to F ′ = 3 transition.
The +1 order diffraction of a 40 MHz AOM is used to make the depump beam resonant with
the F = 3 to F ′ = 3 transition. Since the depump beam does not need much power, the leaking
light from the polarizing beam splitter in front of the trapping AOM contains enough power.

The depump beam is first aligned along the blue excitation beam to make sure it hits the
MOT. A 45-degree mirror under the MOT, that is used to direct the depump beam up into
the MOT chamber, is placed on a translation stage, see section 2.3.5. This mirror is translated
and rotated at the same time to make sure the depump beam keeps illuminating the MOT. The
mirror is translated until the light does not hit the top camera anymore. The depump beam
does not have an effect that is easily visible when the repump beam is operated at a full power.
So in order to see the largest effect of the depump beam we run a sequence. In this sequence
the MOT is loaded with atoms for half a second, then the repump power is reduced to the value
where half the atoms are pumped into the dark state. At the same time, the depump beam is
turned on to its maximum power and the camera is triggered to make a picture of the MOT.
With this sequence, the number of bright state atoms reduces by a factor of 5 when the depump
beam overlaps with the MOT, and we can still get feedback every 0.5 seconds.

As described above the repump and depump beam power is controlled by AOMs. These
AOMs are powered by a Moglabs synthesizer (RF-synthesizer XRF421). The relationship be-
tween the RF power on the AOMs and the laser power is measured, see the black dots in figures
3.4 and 3.5. The repump power is measured behind the diaphragm that filters out the zeroth
order beam, see figure 3.3. The power of the repump beam is reduced to not damage the power
meter. This measurement gives the relationship between the RF power on the AOM in watt
and the repump power in watt, which can be approximated by the parabola:

Pr = 2.2 · 10−5 + 4.86 · 10−3 · PRF − 9.1 · 10−4 · P 2
RF , (3.1)

where PRF is the RF power on the AOM, and Pr is the power of the repump beam. This
parabola is shown by the red line in figure 3.4. At 0 W RF power on the repump AOM, the
repump beam power is 10 µW, this is power from the zeroth order beam that overlaps with the
first order beam.

The power of the depump laser is measured behind the fiber, see figure 3.3. When the
depump AOM is powered it heats up, which causes a small change in the alignment of the
diffracted beam that comes out. This small change in alignment does reduce the coupling of
the depump beam into the fiber by about a factor of 3. Because the depump beam is only used
during the compression stage, which is in the order of ms long, the alignment is optimised for a
cold AOM. For this reason, the AOM is only turned on for 10 µs every 10 ms, and the measured
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Figure 3.4: In this figure, the repump power
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pump AOM is shown by the black dots.
A quadratic fit, shown by the red line, is
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Figure 3.5: In this figure, the depump
power versus the RF power supplied to the
depump AOM is shown by the black dots.
For the depump powers that are used in
the experiment a third order polynomial,
shown by the red line, is a good descrip-
tion for the depump power versus the AOM
power.

power is multiplied by 1000 to get the total power of the depump beam, which is shown by the
black dots in figure 3.5. The power of the depump beam in Watt versus the RF power on the
AOM in watt can be described with a third order polynomial:

Pd = 7.1 · 10−4 · PRF + 2.6 · 10−4 · P 2
RF − 3.3 · 10−5 · P 3

RF , (3.2)

where Pd is the power of the depump beam. This polynomial is shown by the red line in figure
3.5. The depump power does go to zero when no RF power is supplied to the AOM, because
the zeroth order is far off resonance and does not contribute to depumping. But the part of the
zeroth order beam has enough strength to be visible on the top camera, when the depumper
beam is aligned along the blue excitation beam.

Because the AOMs are passed once by the repump and depump beams, the frequency cannot
be changed without altering the alignment. So if we want to shift the depump frequency, it has
to be done by tuning the lock AOM of the trapping laser. The detuning of the trapping laser
and excitation laser can then be set by shifting the excitation and trapping AOM frequency with
respect to the lock AOM frequency, see figure 3.3. And the repump frequency can be changed
by changing the offset frequency of the frequency offset lock.

3.3 Software

Figure 3.6 shows a schematic overview of the software that is used in the experiments in white
boxes, and the hardware that is controlled by this software in the grey boxes. The lines in
the figure show the connections between the different pieces of software and hardware. The
experiment works as follows: all the devices have software to read out information and or control
them. There is a main program called ’Scan control’ that can control all the other software, and
it can also acquire data from the other software, which can be saved by the program ’Experiment
monitor’. The ’Scan control’ can set parameters of the other software and it can scan over a
list of different variables. The parameters have to be set before every experiment and cannot be
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Figure 3.6: A schematic overview of the software and hardware used in the experiment. The
white boxes represent the software and the grey boxes represent the hardware. The scan control
is the central software to which the other software can be connected. Every piece of hardware
has its own software to control it, and there is a programmable pattern generator that can send
triggers to the different pieces of hardware. Furthermore, there is an experiment monitor which
saves the important settings of the experiment.

altered during an experiment cycle. With the ’Programmable pattern generator’, TTL signals
can be used to switch the AOMs on and off and to trigger the cameras. These TTL signals
will be sent at predefined timings and these timings can also be set and scanned with the ’Scan
control’.

In order to create a dark MOT and do experiments, the repump power has to be switched
between two levels. And the depump beam has to be switched on and off. Software named ’RF
control’ is created in National Instruments LabWindows CVI to control the power and frequency
of the repump and depump AOMs. The synchronisation with the other equipment is performed
via the programmable pattern generator, which can send 5-volt pulses at a specified time and
with a specified duration. These pulses are used as a trigger for the AOM driver. The pulses
are chosen short (25 ns), because the down going flank of the pulse triggers the AOM driver.

The graphical user interface is divided into two parts that are split by a vertical line. The
left-hand side is meant for steady-state control. Here the power and frequency, that is applied
to the AOMs, can be specified. The right-hand side can be used by switching the pulse mode
button. On this panel, we have dynamic control of the AOM power and frequency, with which
we can make pulses for the depump and repump lasers, see figure 3.8. We can specify the high
repump power, the low repump power, the repump frequency, the depump power, the depump
frequency and the duration of the dark MOT stage. After these values are set, the ’Send pulse’
button can be clicked, after which the sequence is stored in the memory of the AOM driver.
And it will start executing the pulse upon receiving a trigger from the programmable pattern

26



Figure 3.7: This is a snapshot of the graphical user interface of the software RF control’, which
can be used to control the repump and depump beam intensity and frequency. The left side of
the panel is used for steady-state control and the right side is for dynamic control.

generator. A loop is created so the sequence will automatically restart.
The AOM driver stores a table in which each entry contains the: duration, frequency, and

power for each of the output channels. The first table entry is an infinite loop of 1 µs, which
contains the starting power and frequency that is chosen. When a trigger is sent, this entry is
finished and the next entry is started, which is the pulse in figure 3.8. But 1 in 20 times the
trigger does not work, because the trigger arrives at the moment that the first entry is restarted.
To solve this another trigger is sent 2.1 µs after the first one, which makes sure the AOM driver
is always triggered.

3.4 Density measurement

The goal of this project is to increase the density of the trapped cloud. So it is very important
to have a diagnostic to measure the density. Two cameras, uEye ui-2230-M, are used to find
the density. One camera is placed at the top of the setup and is directed to the xz-plane, see
figures 3.1 and 3.2. The other camera is placed at the side of the setup and is directed to the
yz-plane, see figure 3.2. The cameras capture fluorescence from the MOT, which is related to
the number of atoms in the MOT, because all the atoms in the MOT emit photons. The rate
at which atoms emit photons is estimated here. The fraction of atoms in the exited state is
assumed to be half, because the intensity of trapping laser in the MOT is 60 mW · cm−2, which
is much higher than the saturation intensity. And the average lifetime of this state is 1

Γ , see
table in section rubidium. So the Rubidium is expected to emit photons at a rate of Γ

2 .
It is also necessary to know what fraction of the photons from the MOT reaches the camera,

the fraction is determined by the solid angle. Therefore diaphragms are in front of the cameras.
The diaphragm at the top of the setup limits the size of the solid angle when it is partially
closed, which can be tested by measuring the solid angle versus the diameter of the aperture,
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Figure 3.8: This is a drawing of the depump and repump laser pulse, that can be created with
the RF control software. The pulse starts between 1.5 µs and 4.6 µs after the AOM driver is
triggered. The rise time and fall time of the laser intensity after the trigger is 100 ns.

see figure 3.9. The maximum diameter of the aperture, d = 12 mm, is much smaller than the
distance of the aperture to the MOT, R = 285 mm, so the fraction of light that reaches the
camera can be approximated by d2

4·R2 . Indeed the pixel value follows a parabola up to an aperture
diameter of 8 mm, see figure 3.9. Above a diameter of 8 mm, the pixel value starts to deviate
from the quadratic relationship, which is caused by other objects partially blocking the path of
the light from the MOT to the camera. This deviation from the quadratic relationship has been
characterised when the setup was built, and the relationship that was found is:

Csa =
(2 · rd)2

8.1 · 10−5
(

1− exp
(
− (2rd)2

8.1·10−5

)) , (3.3)

where the diaphragm diameter is given by rd. This relationship is drawn by the blue line in figure
3.9. This relationship is not valid anymore, and no easy equation is found that can describe
the intensity versus the aperture diameter. Therefore a correction factor is calculated, which
represents the fraction of the aperture that is not blocked by another object, when the aperture
is opened to a diameter of 12 mm. This correction factor is Csa = 0.75± 0.02.

The amount of light that reaches the side camera is also measured versus the aperture
diameter that is in front of the camera. From this measurement it can be found, that the
amount of light that reaches the camera is approximately ten times lower than what is expected
from the solid angle. It is found that the window of the viewport between the MOT and the
camera is unclean. There is a coating on the inside of the window. In order to remove the
coating the temperature of the window is elevated to 56 ◦C for one week. This, however, has
not significantly reduced the amount of dirt on the window. Therefore the side camera is only
used to calculate the size and shape of the trapped gas cloud, and the number of atoms is only
measured with the top camera.

With this, the fraction of light from the MOT that reaches the camera is known. The light
intensity is related to the pixel value via a linear relationship. The saturation power for the
pixels is Ps = 1.47 · 10−16 W and this corresponds to the maximum pixel value of CP,max256.

Now the power of the scattered radiation from the MOT is known, this power has to be
linked to the number of atoms in the MOT. The number of scattered photons can be found by
dividing the scattering power by the photon energy, where the photon energy Ep is the energy
difference between the F = 3 52S1/2 state and the F ′ = 4 52P3/2 state.

The number of atoms corresponding to one specific pixel is given by:

N =
16 ·R2

d2Csa
· Ps

ΓtsCP,maxEp
· 4

Cg
CP , (3.4)
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Figure 3.9: The measurement of the solid angle of the light from the MOT that can reach the
top camera is shown in this figure. The intensity at the camera is plotted against the diameter
of the diaphragm at the top of the setup, shown by the black points. The red line is the parabola
that is expected if the aperture on the top is the limiting factor for the solid angle. The blue
line is the relationship between the solid angle and the aperture size, which was obtained when
the setup was built.

where CP is the pixel value, ts is the shutter time and Cg is the gain. The factor 4 in the end is
for the reason that only half the atoms are in the excited state and only half the light after the
aperture reaches the camera due to a 50/50 beam splitter cube, which is placed in front of the
top camera.

It is important to know which part of the light comes from the MOT and which light comes
from the surrounding scattering. During the experiment, the smallest part of the camera image
is selected that contains the whole MOT, in order to reduce the amount of scattered light in the
image. The background is taken as the average pixel value of the boundary of the selected area
and is subtracted from all the pixel values, which results in the top left image in figure 3.10.
The pixels values in this figure have, furthermore, been multiplied by the conversion factor, from
equation 3.4, to change it into the atom number. The horizontal and vertical sum of the pixels
is fitted with Gaussian functions, shown with the red line in figure 3.10. The Gaussian curve
fits are not perfect, but the error it introduces is small, and is taken into account in the error
calculations for the number of atoms and the peak density trapped cloud. The number of atoms
in the cloud is obtained by taking the integral of the Gaussian fitting curve, and averaging the
results from the two directions.

To determine the density of the cloud, it is necessary to find its size, and that in turn requires
the magnification factor of the image. The magnification factor can be found by measuring the
openings in the accelerator structure (see figure 3.1) in the images. The sizes of the holes in
the accelerator structure are known, and because there are two reference points, one behind the
MOT and one in front of the MOT, the magnification factor for the MOT can be calculated.
The width of the fitting curve in figure 3.10 is multiplied by the pixel size and divided by the
magnification factor, to find the size of the MOT cloud. The size of the MOT cloud is determined
in the x and z directions by the top camera, and the side camera is used to determine the size
in the y and z directions.

The cameras that are used to measure the size and density of the MOT cloud, have to be
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Figure 3.10: In this figure, an image of the MOT from the top camera is shown. In this figure,
the background is already subtracted from the image, and the pixel value has been multiplied
by the factors to transform it into the number of atoms. The sums for all the rows and columns
in the figure are added together and are shown in black in the plots on the right and on the
bottom. These horizontal and vertical sums are fitted with Gaussian functions shown in red.

triggered at a precise time, because we want to detect rapid changes in the density and the
number of atoms in the MOT. It takes time before the camera reacts after a trigger is sent. The
trigger delay is measured to be 960 µs. But there is an additional delay for approximately one
in every nine triggers, which has a random value between 0 and 200 µs. So after a trigger, it
takes between 960 and 1160 µs before a figure is taken.

The camera image is then processed to acquire the MOT cloud parameters. For some
measurements, the time for which we can measure the scattering from the cloud is very small
because illumination can cause compression or expansion of the MOT cloud. The shortest time
scattered photons from the MOT cloud can be measured with the cameras is 100 µs. At this
time scale, the signal to noise ratio is too small to be able to deduce the MOT parameters.
Therefore the experiment is performed multiple times, and in each time a picture is captured.
These pictures are averaged which enhances the signal to noise ratio.
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4 Results and discussion

In this chapter, the experiments that have been performed are discussed. First, the temperature
in the MOT is measured, which determines the value of the bright state fraction at which the
temperature limited regime sets in. Then, the control over the bright state fraction and depump
rate are discussed. These parameters determine the maximum density that can be obtained due
to the repulsive force between the atoms and the free travelling length of the atoms. After that,
the effect of the alignment on the maximum density is discussed and finally, the temporal dark
MOT is investigated.

4.1 Temperature

The temperature of the MOT is an important parameter because it determines the maximum
density increase possible with a dark MOT. The temperature determines the bright state fraction
at which the density is limited due to the temperature limited regime, see equation 2.15. The
temperature is measured by doing an expansion experiment. In this experiment, the lasers are
turned off for some time in which the cloud undergoes a ballistic expansion, and the cloud will be
in free fall. With the assumption of a Gaussian density distribution and a Maxwell-Boltzmann
velocity distribution, an equation for the expansion of the cloud can be derived. The cloud
expands according to [28]:

σ2(te) = σ2(0) +
kBT

m
t2e, (4.1)

with σ the root mean square (rms) width of the Gaussian distribution and te the expansion
time.

To measure the expansion of the MOT, the trap is first loaded with atoms for 491 ms. Then
the trapping laser is turned off for a time te. After the expansion, the lasers are turned on
again for a short time in order to measure the size of the cloud. The trapping laser is turned on
for a short time (0.2 ms) to make sure that the compression of the MOT cloud remains small.
The cameras are triggered 1.2 ms before the end of the expansion and have a shutter time of
0.61 ms. This makes sure the shutters of the cameras always open before the trapping laser is
turned back on, and the shutters close again after the trapping laser is turned off again, taking
into account the trigger delay of 0.96 to 1.16 ms, see section 3.4. The measurement sequence is
shown in table 4.1 and the important settings in the experiment are shown in table 4.2.

Table 4.1: In this table the sequence of the measurement is shown.

start (ns) duration (ns)

Trap laser 0 491,000,000

Trap laser 491,000,000 + te 200,000

Camera trigger 491,000,000 + te - 1,200,000 10,000

When the MOT has expanded for a few milliseconds, the number of atoms in the MOT
drops significantly. This causes the signal to noise ratio to be too small to determine the size
of the cloud. Therefore 50 experiments are performed for each expansion time, te, and the 50
images that the side camera and top camera obtain are averaged after which the signal to noise
ratio is large enough to be able to fit a Gaussian to the data as described in section 3.4.
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Table 4.2: In this table, the important settings in this experiment are shown.

Trapping laser detuning 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity 1.40± 0.05 mW · cm−2

Averaging images 50

Exposure camera 0.61 ms

The results of this experiment are shown in figure 4.1. In this figure, the squared root mean
square radii of the MOT are plotted versus the squared expansion time. The radii in the z-(z1)
and x-directions are determined from top camera images and in the z-(z2) and y-directions the
radii are determined from side camera images. Firstly, it can be seen that the MOT sizes which
are measured, are not the same for the different directions and for the different cameras. In the
z-direction the squared size determined by the side camera is approximately twice the squared
size determined by the top camera. Furthermore, the squared size in the y-direction measured
by the side camera is found to be approximately twice as large as the MOT squared size in the
x-direction which is measured by the top camera. The temperature is calculated from the slope
of the line that fits σ2 versus t2 according to 4.1. From the top camera, we find the temperature
for the x and z-direction to be respectively (115± 9) µK and (285± 18) µK and from the side
camera we find the temperature in the y and z-direction to be respectively (220 ± 29) µK and
(558 ± 32)µK. Both the temperature and MOT size in the x and y-direction should be similar
due to symmetry reasons. And the temperature and MOT size in the z-direction should also be
the same for both cameras. The factor of two difference between the squared MOT sizes and
temperature may be caused by an error in the assumed magnification for one of the cameras.
The image from the side camera is not very clear because of the dirt on the viewport in front
of this camera, this makes the calibration of the magnification factor difficult, a 1.4 time too
high magnification for the side camera can explain these results. During the expansion, the
number of atoms in the MOT decreases, because of collision with the background gas. After 8
ms approximately one-quarter of the atoms is left in the MOT, which causes the error in the σ
to grow. The average temperature that we get from this measurement is (300± 80) µK.

4.2 Bright state fraction

The fraction of atoms in the bright state is an important parameter because it can be used to
determine the steady-state value of the density. In order to control p, the fluorescence from the
MOT is measured while the repump and depump laser intensities are changed. First, the effect
of the repump laser on the bright state fraction is investigated. The bright state fraction is given
by the equation, which is in essence equation 2.26 and is further elaborated in appendix A:

p =
C1Irep
Irep + C2

. (4.2)

The constant C1 gives the bright fraction when the repump power goes to infinity. This fraction
is not 1, because the repump rate saturates for high repump beam intensity, see equation 2.24.
When the intensity becomes high, the spontaneous emission does not grow, because it is related
to the fraction of atoms in the excited state which will not get higher than 1/2 due to stimulated
emission. Therefore the always present depump rate from the trapping lasers, see equation 2.23,
causes a fraction of the atoms to be in the dark state. In our case, 0.97 is the maximum bright
state fraction that can be reached, with a detuning of the trapping laser of 9.4 MHz from the
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Figure 4.1: In this figure, the measurements of the MOT size squared by the two cameras
are shown versus the time squared. Along the z axis in the setup, the size is measured by
both cameras. The lines in the figure are linear fits, which can be used to calculate the MOT
temperature by using equation 4.1.

closed transition and an intensity of the trapping beam of 10 mW · cm−2 and no depump beam,
see appendix A for more detail.

An experiment is performed in which the bright state fraction of the atoms in the MOT is
measured versus the repump beam intensity. The most important settings for this experiment
are shown in table 4.3. The repump beam intensity is changed as shown in figure 3.8. The

Table 4.3: In this table, the important settings in this experiment are shown.

Trapping laser detuning 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity high 1.40± 0.05 mW · cm−2

Exposure camera 1.94 ms

Repump pulse length 10 ms

repump intensity is calculated from the maximum intensity and the relationship of the repump
power and the RF power supplied to the repump AOM, see figure 3.4. The high intensity
is 1.40 ± 0.05 mW · cm−2 as shown in table 4.3 and the low intensity is varied through the
experiment. The low repump intensity is applied for 10 ms, which is called the repump pulse
length. A series of experiments is done, in which the low repump power is changed each time.
These measurements are done in an automatic sequence set by the scan control software, see
section 3.3. The measurement sequence is shown in table 4.4. The trapping laser is turned on
during the whole experiment. After 300 ms, the repump pulse is triggered and again 2.1 µs
later. This causes the repump power to be lowered for 10 ms. Three separate measurement
series are performed, in which the repump power is varied. In the first series, a snapshot of the
MOT cloud is made before the repump pulse by camera trigger 1, these images confirm that
the starting conditions of the experiment are not influenced by the previous experiment. In
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Table 4.4: In this table the sequence of the measurement is shown.

start (ns) duration (ns)

Trap laser 0 400,000,000

Repump pulse trigger 300,000,000 25

Repump pulse trigger 300,002,100 25

Camera trigger 1 280,000,000 10,000

Camera trigger 2 306,500,000 10,000

Camera trigger 3 310,000,000 10,000

the second series, a picture of the MOT cloud is taken during the pulse by camera trigger 2.
This trigger is set at 6.5 ms after the pulse starts. The camera delay is 0.96 to 1.2 ms and the
exposure of the camera is 1.94 ms, so the picture is taken completely during the low repump
power. And in the last measurement series, the camera is triggered when the repump power is
high again after the pulse, to see how many atoms are still in the MOT.

From the images taken by the top camera, the number of bright state atoms can be calculated,
see section 3.4. The relative bright state fraction is obtained by dividing the number of bright
state atoms during the low repump power by the number of bright state atoms at high repump
power. This relative bright state fraction is plotted and it is fitted with equation 4.2, where the
constants C1 and C2 are used as variables. The fit value of C1 is used to make an estimate of the
total number of atoms in the MOT, because the value C1 can be matched to the calculated value
from equation A.11. The total number of atoms is used to rescale the y-axis of the figure to
represent the bright state fraction. The figure with the bright state fraction versus the repump
beam intensity is shown in figure 4.2.

We will first concentrate on the black points in the figure 4.2, which are the measurements of
the bright state fraction when the depump intensity is zero, and on the black line that represents
the fitting function. It can be seen that the bright state fraction goes to zero when the repump
intensity goes to zero. And the bright state fraction climbs but does not reach saturation
when the repump beam intensity reaches 1.4 mW · cm−2. The constant C2 is dependent on the
detuning and intensity of the repump laser. The intensity is measured, after which the detuning
is calculated. For a detuning of (14.5 ± 0.8) MHz, the best fit is obtained, see black curve in
figure 4.2.

In order to verify the value found for the detuning, the fluorescence from the MOT is mea-
sured versus the repump offset frequency, see figure 4.3. The black squares represent measure-
ments of the fluorescence by the top camera, and the red dots represent the measurements by
the side camera. When the repump laser is on resonance with the F = 2 to F ′ = 2 transition or
with the F = 2 to F ′ = 3 transition, the capturing process is expected to be the most efficient.
This leads to a maximum in the number of atoms in the trap and therefore more fluorescence.
Furthermore when the repump laser is at resonance a higher fraction of the trapped atoms will
be in the bright state which also increases the fluorescence in the MOT. These two peaks in the
fluorescence can be seen in the figure. It can also be seen that the fluorescence goes to zero at
frequencies far from the two peaks. This can be explained by the low capturing probability at
these frequencies which causes the number of atoms in the trap to go to zero. The two peaks
in the spectrum are fitted with a double Gaussian, shown by the black and red dashed lines.
From these Gaussian fits, the frequencies of the peak positions are extracted. These positions
are (2867 ± 1) MHz and (2929 ± 1) MHz. The difference in frequency between these peaks is
(62 ± 2) MHz Which is close to 63 MHz, which is the frequency difference between the F ′ = 2
and F ′ = 3 lines, see figure 2.5.

The repump laser is locked with respect to the trapping laser, so the repump frequency can
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Figure 4.2: In this figure, the measured bright state fraction versus the repump intensity is
shown for different depump power. The measured data is shown by the dots, while the lines
are the fitted functions from which the repump laser detuning and depump laser intensity are
calculated. The peak depump intensity is 5.9 mW · cm−2 for the measurement represented in
blue and the best fit is obtained for a depump intensity of 1.4 mW · cm−2. The peak depump
intensity is 20 mW · cm−2, for the measurement represented in red and the best fit is obtained
for a depump intensity of 5.0 mW · cm−2.

be changed by varying the offset lock frequency between the repump laser and the trapping laser.
The branch of the trapping laser used for the frequency offset lock has the same frequency as the
branch that is locked to F = 3 to F ′ = 4 rubidium line via modulation transfer spectroscopy,
see figure 3.3. The trapping laser branch in the frequency offset lock is expected to be locked
on resonance, which means the repump laser has to be locked with an offset of 2915 MHz to
be on resonance with the F = 2 to F ′ = 3 transition. 2915 MHz is the difference between the
F = 2 and F = 3 ground states (3036 MHz) minus the difference between the F ′ = 3 and
F ′ = 4 excited states (121 MHz), see figure 2.5. In the experiments for the bright state fraction,
the frequency offset lock is set at 2915 MHz which is represented by the blue line in figure 4.3.
This line is (14± 1) MHz red detuned from the F = 2 to F ′ = 3 transition, which is similar to
the (14.5± 0.8) MHz detuning that is found from the fit of the bright state fraction versus the
repump beam intensity.

Now we will discuss the other curves in figure 4.2. A low bright state fraction has to be
created in order to reach the highest densities, see section 2.3.5. When the repumper intensity is
decreased far, the repump rate is too small to be able to trap the atoms in the smallest possible
space, see section 2.3.3 for the free travelling limited regime. Therefore the depump rate has
to be increased with a depump beam. This increases the repump intensity necessary to reach
the same bright state fraction. In the experiments performed in this project the depump laser
could not be used to increase the density because other limits prevented from reaching the free
travelling limited regime, which will be further discussed in section 4.4.2. But it can be tested
whether the depump beam leads to the predicted shift in the bright state fraction versus the
repumper power. The depump laser is operated at a red detuning of 27 MHz from the F = 3
to F ′ = 3 transition and intensities up to 20 mW · cm−2. For the relatively high depump laser
intensities used, the saturation bright state fraction changes significantly and also the number
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Figure 4.3: The fluorescence of the MOT is plotted versus the frequency offset between the
repump laser with the trapping laser. The measurements of the fluorescence are done for both
the top camera (black squares) and the side camera (red dots). The measurements are fitted
with double Gaussian functions. The vertical blue line is drawn at the frequency used for the
experiments in this project.

of photons emitted per bright state atom changes significantly. The depump laser is designed
to be resonant with the F = 3 to F ′ = 3 transition. But due to the additional detuning that is
measured, the F = 3 to F ′ = 2 also contributes to the depump rate. Taking all these effects into
account, now the blue and red data in figure 4.2 is fitted with equation 4.2 using the depump
laser intensity as a variable. The depump laser intensity is not explicitly stated in equation 4.2,
but constants C1 and C2 are dependent on the depump intensity, see appendix A.

The measured bright state fraction versus repump intensity is shown in figure 4.2. The blue
data points are measurements with a depumping laser with a peak intensity of 5.9 mW · cm−2

and the red points are for a depumping laser with peak intensity of 20 mW · cm−2. The best fits
for the blue line and the red line are obtained with a peak depump intensity of respectively 1.4
and 5.0 mW · cm−2, which is a quarter of the peak intensity of the depump laser beam. Because
the depump beam is small, the 1

e2
width is 1.4 mm, a small misalignment can reduce the power

significantly. The factor of 4 reduction of depumping intensity corresponds to a misalignment
of the depump beam by 1 mm.

4.3 Alignment

In the multiple scattering regime, the peak density is not dependent on the number of atoms in
the MOT, see section 2.3.2. But for a typical alignment of the MOT trapping beams, the MOT
density is dependent on the number of atoms. The alignment can be improved by reducing the
number of atoms in the MOT and optimizing the density for this reduced number of atoms. The
best way to do this would be to decrease the partial rubidium pressure, because this would only
decrease the number of atoms captured and would leave the trap potential unchanged. But this
is not possible in our experiment, because the partial rubidium pressure does not drop much
when the rubidium source is closed. Therefore the number of atoms in the MOT is reduced with
two other methods. In the first method, the diameters of the repump beams are reduced by an
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aperture, such that the capture volume becomes smaller and fewer atoms are captured. The
second method is reducing the repump power, so fewer atoms in the capture region are pumped
to the bright state where they can be slowed. This will lead to a lower capture velocity, and
therefore a smaller number of atoms in the MOT. The lower repump power, needed to reduce
the number of atoms in the MOT, does also reduce the bright state fraction of atoms in the
centre of the MOT.

When the repump beam diameters are reduced, the number of atoms and the density in the
MOT decrease. The reduction of the density in the MOT is a sign that the density is not limited
by the multiple scattering regime, therefore the MOT is realigned to increase the density at this
reduced number of atoms. The alignment in this way is difficult because after reduction of the
beam diameters, the alignment is not optimal anymore to capture the maximum number of
atoms. So realignment of the MOT mostly increases both the number of atoms and the density
in the MOT. At this increased number of atoms and the density, the density divided by the
number of atoms may have become lower, which means that the alignment has become worse.
That the alignment gets worse is confirmed by returning the repump beams to their original size,
which yields a MOT with a lower density than the starting MOT. Therefore the other method
is investigated.

The second method to improve the alignment is to reduce the repump intensity. The re-
pump power is reduced stepwise and every time the alignment is changed to maximise the
density. When this method is used, it is possible to get a high density with a reduced number of
atoms. The experiment that shows the results of this alignment method is described here. The
experiment parameters are described in table 4.5.

Table 4.5: In this table, the important settings in this experiment are shown.

Trapping laser detuning 1 7.7± 0.8 MHz

Trapping laser detuning 2 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity high 1.40± 0.05 mW · cm−2

Repump pulse length 10 ms

In the experiments shown in figure 4.4a, trapping laser detuning 1 (7.7 ± 0.8 MHz) is used
and in the experiment shown in figure 4.4b trapping laser detuning 2 (9.4 ± 0.8 MHz) is used.
In the experiment, the trapping laser is turned on the whole time and the power of the repump
laser is reduced every time after one second. The camera takes a picture 0.94 seconds after
the repump power is reduced. From these pictures the bright state number of atoms and the
bright state density are determined, and they are plotted versus the bright state fraction, which
is calculated by using the relationship between the bright state fraction and the repump power
obtained in paragraph 4.2.

For a typical MOT before the alignment process, the results are shown in figure 4.4b. And
in figure 4.4a, the results are shown for the MOT after it is aligned. The measured number
of bright state atoms is represented by the black dots. The black line shows the calculated
number of atoms in the bright state with reduced repump power due to the increased time the
atoms spend in the dark state. This is given by N0

p0
p with N0 the starting number of atoms,

p0 the starting bright state fraction and p the bright state fraction. The difference between
the measured number and the line is caused by fewer atoms in the trap. The measured bright
state density is shown by the red points. The bright state density can also be calculated for the
temperature limited regime with equation 2.15 by using: the measured number of atoms, the
bright state fraction, and the starting density. The calculated temperature limited bright state
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Figure 4.4: In this figure the steady state density (red dots) and the number of atoms (black
dots) versus the bright state fraction are shown for different alignments. The black line displays
the calculated number of bright state atoms due to pumping the atoms to the dark state. The
red line displays the calculated density of the bright state atoms if the MOT would be in the
temperature limited regime. If the MOT is in the multiple scattering regime the bright state
density stays constant for varying bright state density.

density is shown by the red curve. This density starts at the measured starting density and
then drops off as it would in the temperature limited regime. When in the multiple scattering
regime, the peak bright state density ndM · p is expected to remain constant for different values
of the bright state fraction, p, and different atom number:

ndM · p = nM , (4.3)

In figure 4.4b, it can be seen that measured density, represented by the red dots, is closer to the
temperature limited regime than the multiple scattering regime. Therefore the temporal dark
MOT is not expected to increase the density significantly for this alignment. This is confirmed
by experiments showing that the peak density is (2.4 ± 0.1) · 1010 cm−3 in the MOT, and the
peak temporal dark MOT density is (3.3± 0.3) · 1010 cm−3.

After the alignment procedure the steady-state density is measured again versus the repump
power, see figure 4.4a. In this figure, it can be seen that the measured density (red dots) does
not follow the temperature limited regime (red line), until the number of atoms in the MOT
has dropped from 1.4 · 108 to 4 · 107, after this point the density decreases strongly when the
bright state fraction is reduced. The results are more close to the multiple scattering regime,
that is characterised by a constant bright state density when the bright state fraction is varied.
The reason behind the increase in density is not known. The temporal dark MOT that can be
created with this alignment is described in the next section.

4.4 Temporal dark MOT

In this section the temporal dark MOT will be discussed. In order to make a temporal dark
MOT, the repumper intensity is decreased, after which the atom trapped atom cloud compresses.
In section 4.4.1, the time scale for compression will be discussed. The increase of density versus
the dark stage repumper and depumper power is discussed in section 4.4.2. The expansion after
pumping the atoms back to the bright state is discussed in section 4.4.3.
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4.4.1 Compression and loss

The bright state fraction is reduced by lowering the repump rate. This is expected to lead to a
net inward force that causes compression of the atom cloud, see section 2.3.7. In this experiment,
the dynamics of the MOT compression are studied. The parameters of this experiment are shown
in table 4.6 and the measurement sequence is given by table 4.7.

Table 4.6: In this table, the important settings in this experiment are shown.

Trapping laser detuning 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity high 1.40± 0.05 mW · cm−2

Repump beam intensity low 1 0.26 mW · cm−2

Repump beam intensity low 2 0.11 mW · cm−2

Averaging images 30

Exposure camera 0.1 ms

Table 4.7: In this table the sequence of the measurement is shown.

start (ns) duration (ns)

Trap laser 0 400,000,000

Repump pulse trigger 300,000,000 25

Repump pulse trigger 300,002,100 25

Camera trigger 300,000,000 - 950,000 + tc 10,000

The trapping laser is switched on during the whole experiment. At 300 ms, the repump
pulse gets triggered, which reduces the repump intensity for a short time, see figure 3.8. In
the first experiment, the intensity of the repump beam is reduced to 0.26 mW · cm−2 and in
the second experiment the intensity of the repump beam is reduced to 0.11 mW · cm−2. Every
measurement is repeated 30 times, and the pixel values, of the 30 obtained images, are averaged.
This increases the signal to noise ratio, so the atom number and density of rubidium in the trap
can be determined. The duration of the low repump intensity tc (compression time) is varied
in this experiment. And the camera is triggered such that the shutter opens immediately after
the repump pulse when the repump beam intensity is back at (1.40 ± 0.05) mW · cm−2. The
depump laser is not used in this experiment.

The experimental results can be seen in figure 4.5, the experiment is performed for two
different repump intensities. The figures 4.5a and 4.5b show the results for the experiment
where the repump beam intensity during the pulse is 0.26 mW · cm−2. And figures 4.5c and
4.5d show the results from the experiment where the repump beam intensity during the pulse is
0.11 mW · cm−2. The red points in figures 4.5a and 4.5c show the measured atom number. When
the pulse length is zero the MOT density and trapped atom number are measured. The number
of atoms reduces with increased compression time. The atom loss rate will be investigated now.
The capture rate of atoms in the dark MOT stage is very small because the average force on
the atoms in the capture region goes down with p. The loss rate during the dark stage increases
significantly, due to a smaller trapping potential. So the time to do an experiment is small for a
low bright state fraction, due to a rapid decrease in the number of trapped atoms. The number
of atoms in the MOT is plotted versus the compression time, see figures 4.5a and 4.5c. These
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figures are fitted with the equation for collisional loss rate due to collisions with the background
gas:

N = N0 exp

(
− t
τ

)
. (4.4)

In this equation, τ is the lifetime associated with collisions with the background gas. The
lifetime associated with background rubidium atoms and other atoms is not separated like in
equation 2.12, because there is not enough control over the rubidium pressure to measure this.
The lifetime associated with collisions with the background gas for p = 0.29 is (0.39 ± 0.06) s
and the lifetime for p = 0.15 is (0.18 ± 0.01) s. The intratrap collisional loss rate is not taken
into consideration, because in these experiments the density is fairly constant, and therefore it
is difficult to know which part of the losses are from collisions with the background gas and
which part comes from intratrap collisions. The collisional lifetime when the trap is turned off,
obtained from the measurement of the MOT temperature, is (0.009± 0.003) s. This means that
at very low bright state fraction, the loss rate will become a limitation for the peak density that
can be reached.

The black points in figures 4.5a and 4.5c show the measured MOT density. It can be seen
that the MOT density initially increases, then it saturates and starts to go down. The initial
increase is evidence that a dark MOT is created. The rise of the density is expected in a dark
MOT, because the reduction in the bright state fraction causes a net inward force on the atoms
in the MOT, see section 2.3.7. The MOT then comes in equilibrium after which the density
reduces. This reduction is expected to be caused by the reduction in the number of atoms. In the
temperature limited regime, the density is linearly dependent on the atom number, see equation
2.15. In figure 4.5a it can be seen that the maximum density is reached at a compression time
of around 9 ms, and in figure 4.5c the compression time is 12 ms for the maximum density to
be reached.

The size of the MOT cloud versus the compression time is shown by the circles in figures 4.5b
and 4.5d. Sigma x and sigma z1 are determined with images from the top camera and sigma y
and sigma z2 are determined with images from the side camera. When the bright state fraction
is 0.29, the MOT contracts in 3 ms for the z-direction and in 9 ms for the x- and y-directions.
When the bright state fraction is 0.15, the MOT contracts in 4 ms in the-z direction and in 12
ms in the x- and y-directions.

A 1D model is created to estimate the compression of the MOT in the different directions,
see section 2.3.7. The model is shown by the lines in the figures 4.5b and 4.5d. The model is
scaled to the size of the MOT before compression. When the bright state fraction is 0.29, the
model predicts the density to reach steady state size in 0.6 ms in the z-direction and 1.1 ms in
the x- and y-directions. When the bright state fraction is 0.15, the model predicts the density
to reach steady state size in 0.85 ms in the z-direction and 1.4 ms in the x- and y-directions.

In the z-direction, the compression is found to be is faster than in the x- and y-directions,
by both the model and the experiments. This is caused by the twice as large magnetic field
gradient in that direction, see section 3.1.

The model correctly predicts the steady-state size of the MOT when the bright state fraction
is 0.29. But when the bright state fraction is 0.15, the MOT does not compress as much as
predicted. This is expected to be caused by a bad shape of the trapping potential, which limits
the compression.

In the model and in the experimental result, we can see that the compression is around
25% slower at the p = 0.15 compared to the compression at p = 0.29. The dependence of the
compression time on the bright state fraction can be explained if the damping due to molasses can
be neglected during the compression, because the net compression force is bigger for the larger
bright state fraction. If the maximum velocity due to the Doppler shift is the most important
limitation for the compression of the dark MOT, the compression rate would be independent of
the bright state fraction, because the ratio of the attractive force and the molasses force remains
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Figure 4.5: In this figure, the compression during the dark stage is shown. The density is shown
in the black in the figures a and c. The number of atoms in the MOT (red points) is fitted with
the equation for the lifetime due to collisions with background atoms (red line). In figures b and
d the development of the MOT size is shown by the coloured points for the different axes. The
lines show the calculated dynamics of the MOT compression.

equal for different bright state fraction.
The compression time obtained from the model is 5 to 8 times shorter than what is measured.

This may be caused by the approximations made in the model: the model is derived for a 1D
MOT, the temperature is neglected, and the heating during the compression stage is neglected.

4.4.2 Density versus repump power

From the previous paragraph, we know the compression time and the loss rates. Using this
information, we can find the maximum density versus the fraction of atoms in the bright state,
which we can compare to the prediction in section 2.3.5. The parameters used in the experiments
are shown in table 4.8 and the sequence used for this experiment is shown in table 4.9.

In this experiment, the trapping laser is illuminating the MOT cloud continuously. After
the repump pulse trigger, the repump beam intensity is reduced for 10 ms which we call the
dark stage, see figure 3.8. Three measurement series are done, one where the camera is triggered
before the dark stage, at 280 ms. One during the dark stage at 306.5 ms, and on at the end
of the dark stage at 310 ms. The exposure time of the camera is 1.94 ms and the trigger delay
is 0.96 ms, so the camera trigger 2 causes the shutter to be open between 7.5 and 9.4 ms after
the start of the dark stage. The images are used to get the density and number of atoms in the
bright state. By dividing the number of bright state atoms during the dark stage by the number
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Table 4.8: In this table, the important settings in this experiment are shown.

Trapping laser detuning 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity high 1.40± 0.05 mW · cm−2

Exposure camera 1.94 ms

Dark stage 7.5-9.4 ms

Table 4.9: In this table the sequence of the measurement is shown.

start (ns) duration (ns)

Trap laser 0 400,000,000

Repump pulse trigger 300,000,000 25

Repump pulse trigger 300,002,100 25

Camera trigger 1 280,000,000 10,000

Camera trigger 2 306,500,000 10,000

Camera trigger 3 310,000,000 10,000

after the dark stage the bright state fraction is obtained. The total density during the dark
stage is calculated by dividing the density of bright state atoms by the bright state fraction. A
measurements series is done in which the bright state fraction is varied by changing the repump
beam intensity, the depump laser is not used in this experiment.

The results of the experiments are shown in figure 4.6. The red, green, and black points show
the measured MOT density for different bright state fraction. The alignment of the repump and
trapping beams for the experiment in black is different from the alignment of the repump and
trapping beams for the experiments in red and green. The density measured at the highest bright
state fraction shows the MOT density, for the black measurement the MOT density is higher
than that for the red and green measurements. This is caused by a larger spring constant of the
MOT for this alignment. The highest bright state fraction is between 0.64 and 0.68, it is not
close to 1 because of the large detuning (14.5±0.8) MHz of the repump laser. When a dark MOT
is created by reducing the bright state fraction, the measured data follow the blue and purple
lines which are inversely proportional to the bright state fraction. This is in agreement with the
prediction for the multiple scattering regime, see equation 2.19. The agreement continues until
a density of 6 · 1010 cm−3 is reached, after that the density reduces. These results show that the
density can be raised by using a temporal dark MOT. And the density follows the predictions
until the bright state fraction drops below: 0.2 for the measurements shown in red and green,
and 0.3 for the measurements shown in black.

The density does not rise as much as expected however. The density is expected to rise further
with decreasing bright state fraction until the cyan line (equation 2.20) is reached, because this
line shows the density limit due to the free travelling regime. The magenta line (equation 2.15)
shows the density limit due to the temperature limited regime. There are different other factors
that can limit the density, which will be discussed now.

Atom losses during the compression stage can limit the maximum density that can be
reached. At the bright state fraction 0.15, the density is significantly deviating from the pre-
dicted density. The atoms losses during the compression stage are for this bright state fraction
are (5±1)%. This is a much too small decrease in atom number to shift the temperature limited
regime or free travelling limited regime so far that it becomes a limiting factor for the density.
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Figure 4.6: The measured dark MOT density versus the bright state fraction is shown in black,
blue, and red points. The alignment of the trapping lasers for the black points is different from
that for the red and blue points. The purple and blue lines give the maximum density due to
multiple scattering. The cyan line shows the maximum density due to the free travelling limit
and the magenta line shows the maximum density due to the temperature limit.

A too small compression time can be another reason for the lower density. In section 4.4.1 it
is found that the compression time needed to reach the maximum density is 12 ms at a bright
state fraction of 0.15. In these experiments the compression time is about 8.5 ms, so the density
did not yet reach the maximum value. It follows from the results in section 4.4.1 that the density
has reached about 85% of the maximum value at a compression time of 8.5 ms, when the bright
state fraction is 0.15. This, however, is not enough to explain the deviation of the density from
the prediction seen in figure 4.6 at a bright state fraction of 0.15.

An imperfect alignment of the trapping lasers can also cause a limitation on the density.
When the alignment is imperfect the confinement of the trapped atoms will be weaker, which
would lower the temperature limited density. One of the difficulties with the alignment is that
the beams in the xy-plane are retroreflected, see section 3.1, which causes an imbalance in the
trapping and repump laser intensities of the laser pairs in the xy-plane.

As discussed before, the density in the dark MOT reaches a maximum before the free trav-
elling limited regime is reached. Therefore, it is expected that adding a depump beam can not
increase the density of the dark MOT. Indeed, with a depump beam with an intensity of 1.4
mW · cm−2 and a red detuning of 27 MHz, the peak density that can be achieved in the dark
MOT decreases to 5 · 1010 cm−3, from 6 · 1010 cm−3 for the dark MOT without a depump beam.
And a depump beam with an intensity of 5.0 mW · cm−2 and a red detuning of 27 MHz reduces
the peak density in the dark MOT to 3.5 · 1010 cm−3.
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4.4.3 Expansion

After the density is increased with the dark MOT, we want to use the atom cloud for experiments.
This involves laser excitation of the atoms. Therefore a repulsive multiple scattering force will
act on the atoms, which causes expansion of the cloud. In this paragraph, the speed of the
expansion under illumination will be investigated. The parameters used in the experiment can
be seen in table 4.10 and the sequence used is shown in table 4.11

Table 4.10: In this table, the important settings in this experiment are shown.

Trapping laser detuning 9.4± 0.8 MHz

Trapping beam intensity 10± 1 mW · cm−2

Repump laser detuning 14.5± 0.8 MHz

Repump beam intensity high 1.40± 0.05 mW · cm−2

Repump beam intensity low 1 0.11 mW · cm−2

Repump pulse length 10 ms

Averaging images 10

Exposure camera 0.1 ms

Table 4.11: In this table the sequence of the measurement is shown.

start (ns) duration (ns)

Trap laser 0 400,000,000

Repump pulse trigger 300,000,000 25

Repump pulse trigger 300,002,100 25

Camera trigger 310,000,000 - 960,000 + te 10,000

The trapping laser is switched on during the whole experiment. At 300 ms the repump pulse
gets triggered, which reduces the repump intensity to 0.11 mW · cm−2 for 10 ms, see figure 3.8.
Images of the MOT are taken at a time te after the repump beam is switched to high intensity
again. The expansion time of the MOT cloud te is varied. Every measurement is repeated 10
times and the pixel values, of the 10 obtained images, are averaged. The depump laser is not
used in this experiment. This illumination is also used in the experiments described in section
4.4.1 to measure the number, size, and density of the atom cloud after the compression.

In figure 4.7 the results from the experiments are shown. The number of bright state atoms
is shown in red. When the expansion time is zero, the repump laser is switched to full power
which can be seen by the increase in the number of bright state atoms. During the experiment,
the number of bright state atoms is constant because the bright state fraction does not change.
The measured density shown by the black dots also increases at a negative expansion time,
because many atoms are still in the dark ground state there. When the repump beam intensity is
increased again, the density decreases to the steady state value which takes about 2 milliseconds.
These results show, that it takes 250 µs for the density to drop by 10%. So 100 µs illumination
used in the temperature measurement (section 4.1) and the compression time measurement
(section 4.4.1) is short enough to make sure the density does not change much due to the
density and size measurement. The black line shows the result for the expansion predicted by
the model that is described in appendix 2.3.7. The same as for the compression of the MOT
shown in section 4.4.1, the model predicts a too fast density change of the MOT cloud.

Now, the expansion of the MOT cloud, when illuminated with a strong excitation laser on
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Figure 4.7: The density decrease due to the repulsive force in the multiple scattering regime is
shown with the black points. The line shows the density increase predicted by the model 2.3.7.
The number of bright state atoms is shown in red, so we can see at what time the atoms are
pumped into the bright state.

resonance, will be discussed. This gives the minimum time there is to do an experiment with the
created dark MOT cloud. The expansion of the MOT cloud under illumination of the trapping
beams is less fast than it would be under illumination with a strong excitation laser on resonance,
because the trapping beams also generate a trapping potential. In a MOT the trapping force
is equal to the repulsive multiple scattering force. The multiple scattering force scales linear
with the density (see section 2.3.2), so in this experiment, where the density is doubled by the
temporal dark MOT, the repulsive multiple scattering force is twice as large as the trapping
force. Therefore the net repulsive force with a strong excitation laser on resonance will be twice
as high as the resultant force in this experiment. This means that the time for the MOT to
expand, will be

√
2 smaller. So the minimum time before the MOT density has reduced by 10%

due to the multiple scattering force is 180 µs.
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5 Conclusion

In this project, a temporal dark MOT has been built to raise the density of a trapped atom cloud.
The limits of the temporal dark MOT have been determined. And the important processes in
the dark MOT have been investigated.

The goal of the project is to reach a maximum density. The easiest way to find the density in
the dark MOT, is to measure fluorescence during the dark MOT and in the MOT directly after
the dark MOT. The maximum density that is reached is 6 · 1010 cm−3 at bright state fraction
p = 0.21.

The relationship between the fraction of atoms in the bright state and the repump power is
measured, and a model is fitted to the results. The comparison between the measured data is
good, and from the fit parameter, the detuning of the repump laser is found to be 14.5 MHz.
The same experiment is also performed for two different depump laser powers. And from the
fitted result, an estimate is made for the depump power that hits the MOT. The depump power
that comes from the fit is 5 mW · cm−2 with a detuning 27 MHz. This corresponds to a 1 mm
misalignment of the depump laser.

In the temporal dark MOT, a large number of atoms is loaded into a MOT after which the
cloud is compressed by the temporal dark MOT. The compression of the cloud is measured for
two different trap depths and it is compared to a model. The maximum density for p=0.29 is
reached at 0.008 s. The maximum density for p=0.15 is reached at 0.012 s. The model predicts
5 times faster compression than the experiments show. This discrepancy may be caused by the
temperature and the fact that a 1D model is used. The expansion of the dark MOT cloud under
illumination is also measured, to find the minimum time at which the cloud can be illuminated
before the density changes significantly. The expansion takes 2 ms. The expansion is about 4
times slower than what is predicted by the model.

The trap becomes more shallow during the dark stage, this leads to an increased loss rate.
The loss rate has been measured for different trap depths. The trap depth is reduced by lowering
the repump power. The collisional lifetime is measured for different bright state fractions. For
p=0.29 the collisional lifetime is (0.39 ± 0.06) s, for p=0.15 the lifetime is (0.18 ± 0.01) s, and
for p=0 the lifetime is (0.009 ± 0.003) s. So for low repump power, the compression timescale
may become larger than the collisional lifetime. But at p=0.15 the compression time is still 15
times smaller than the lifetime.

The alignment of the trapping and repump beams is found to be critical. When all beams
are aligned through the centre of the MOT vessel a MOT can be created, but a dark MOT does
not increase the density. Therefore an alignment method is used to get the MOT further into
the multiple scattering regime. The method works, but we did not manage to be in the multiple
scattering regime with less than 2 · 107 bright state atoms in the trap. The theoretical limit for
the multiple scattering regime is 4 · 104 atoms [26].

By doing a ballistic expansion measurement, the temperature of the MOT can be estimated.
After the MOT is turned off, the atom cloud will have free expansion. The temperature is
calculated assuming a Gaussian MOT and a Maxwell-Boltzmann velocity distribution. The
temperature of the MOT is found to be (300 ± 80) µK. This is twice as high as the Doppler
temperature 146 µK.
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5.1 Outlook

Different improvements can be made to reach higher densities, and to get a better control and
understanding of the experiment.

The repump beam can be shifted on resonance, to increase the number of atoms that can be
loaded into the trap. More atoms should increase the density in the temperature limited regime.
Shifting the repump laser to resonance would also increase the loss rate of the MOT in the dark
stage. Because when the repump laser is on resonance the repump intensity needs to be lowered
more to reach a certain bright state fraction. Atoms that get a collision see a Doppler shifted
repump beam. Which means that they will experience a lower repump rate when the repump
laser is on resonance. This in turn lowers the trap depth and increases the loss rate. So when
the loss rate is not the limiting factor, it is expected that the highest density can be achieved
when the repump laser is at resonance.

The retroreflected trapping and repump beams can be replaced by separate beams. This
allows for better control of the trapping potential, due to the possibility to use equal intensities
from all directions. So in this way it should be possible to create a harmonic trapping potential
in which the rubidium cloud can be compressed to much higher densities than what is possible
with the current setup.

Additionally using separate beams, opens the possibility of implementing a spatial dark
MOT. The spatial dark MOT is especially advantageous for our setup because we have a large
collisional loss rate which is expected to limit the maximum density that can be achieved in a
temporal dark MOT. Unlike the temporal dark MOT, the spatial dark MOT does not reduce
the lifetime of atoms in the trap, and it leaves the capture rate of atoms in the MOT unchanged.
Which makes it a steady state solution.

The model for compression in the dark MOT can be improved in different ways. A 3D
model can be made for the molasses and trapping forces, which leads to significantly lower
forces compared to the 1D model, as shown with a Monte Carlo simulation by Cournol et. al.
[21], see figure 2.3. The initial velocity distribution can be taken into account, which requires the
simulation of many particles. A difficulty in this simulation is that all the particles interact with
each other. In this simulation also heating during the compression can be taken into account.

The improved model can be used to predict the time required for compression. The model
can then be used to predict when the lifetime of trapped atoms becomes the limiting factor for
the density. And the model can also be used to calculate a different compression cycle in which
the repump intensity is varied to create the highest possible compression rate.

The depump beam could not be used to increase the density, because we were not able to
reach the bright state fraction where the free travelling limit sets in. But if the depump beam
is needed the beam should be expanded and should be shifted on resonance. A larger depump
beam will decrease the intensity difference over the MOT size and it will make the depump
alignment less critical. The beam should be shifted to resonance to still have a large enough
depump rate when the beam is expanded.

The temperature can be measured before and after the compression stage, to see the effect
of the bright state fraction on the temperature. The temperature in the dark MOT is an
important parameter that is used to predict the maximum density that can be achieved. But
now the MOT temperature is used to as an estimate for the dark MOT temperature. But by
doing a compression stage before the time of flight measurement the temperature in the temporal
dark MOT can be measured.
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A Bright state fraction

An equation for the bright state fraction of atoms is derived in this appendix. Ground state
atoms are excited by different lasers. For each relevant transition, the excited state fraction
is calculated. The excited state fraction combined with the natural decay rate is then used to
calculate the transition rate from on ground state to another ground state.

The rate of depumping due to the off resonant excitation of the 52P3/2 F ′ = 3 state is
described in the following equation:

Rtrapdep =
Γ

2

6
S33′
S34′
· ItrapIS

4 (∆+δ)2

Γ2 + 6
S33′
S34′
· ItrapIS

+ 1
· S3′2

S3′2 + S3′3
. (A.1)

And the depumping by the depump beam is described by the following equation:

Rdepdep,3′ =
Γ

2

S33′
S34′
· IdepIS

4
δ2
33′
Γ2 +

S33′
S34′
· IdepIS

+ 1
· S3′2

S3′2 + S3′3
(A.2)

Due to the large detuning of the depump beam, the detuning from the F = 3 to F ′ = 2 transition
about the same as the detuning from the F = 3 to F ′ = 3 transition. Therefore the depumping
through the F ′ = 2 line is also included:

Rdepdep,2′ =
Γ

2

S32′
S34′
· IdepIS

4
δ2
32′
Γ2 +

S32′
S34′
· IdepIS

+ 1
· S2′2

S2′2 + S2′3
(A.3)

The total depump rate will be called A:

Rtrapdep +Rdepdep,2′ +Rdepdep,3′ ≡ A (A.4)

The repump rate is given by the following equation:

Rrep =
Γ

2

4
S22′
S34′
· IrepIS

4
δ2rep
Γ2 + 4

S22′
S34′
· IrepIS

+ 1
· S2′3

S2′3 + S2′2
=

B · Irep
C · Irep +D

, (A.5)

with:
Γ

2
· 4S22′

S34′
· 1

IS
· S2′3

S2′3 + S2′2
≡ B (A.6)

4
S22′

S34′
· 1

IS
≡ C (A.7)

4
δ2
rep

Γ2
+ 1 ≡ D (A.8)

In equilibrium the number of atoms pumped to the bright state is equal to the number of atoms
pumped to the dark state:

NB ·
(
Rtrapdep +Rdepdep

)
= ND ·Rrep = (N −NB) ·Rrep (A.9)

This equation can be rewritten as:

NB ·A = (N −NB)
B · Irep

D + C · Irep
(A.10)

The the bright state fraction p, as function of Irep, is given by the equation:

p =
NB

N
=

B
(B+AC) · Irep
Irep + AD

(B+AC)

(A.11)
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