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Abstract

Ultracold atoms are a great platform to understand one of the most interesting open
problems in physics: quantum thermalization. Building a new lab for ultracold atoms is a
challenging task for the various tools that need to be built. In this thesis, the tools tackled
are used for cooling and control. For cooling, a potential Zeeman slower was designed and
built with the future task of being tested on cesium atoms. For control, an interlock and
a current controller circuits were built, and an AOM driver was signi�cantly improved.
Finally, we will provide a review of the experiments made with ultracold atoms to study
thermalization, and we will show how we are planning to use our tools to join the other
labs in the quest to �nd answers for quantum thermalization.
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Chapter 1

Introduction

The problem of quantum thermalization is how an isolated quantum system can thermalize
or, in other words, be described by thermodynamical ensembles. It is a common practice
to use statistical mechanics for quantum systems although it is derived originally from
classical treatments. Since it apparently works, one can in principle �nd a way to justify
using it through a quantum mechanical treatment. The problem fundamentally lies in how
a pure quantum system can be described by a mixed state; furthermore, quantum mechan-
ics is linear unlike classical mechanics, where one can use the ergodic theorem to explain
statistical mechanics from a dynamical point of view. Several theoretical advances have
been made such as the eigenstate thermalization hypothesis, but nothing yet provides a
complete theory.[1,4] On the other hand, several experiments were done to study thermal-
ization. Some of these experiments were done using ultracold atoms due to their precise
control and near-ideal isolation. The platform of ultracold atoms was used to study ther-
malization through its simulation of two systems: the Lieb-Liniger and the Bose-Hubbard
models. The Lieb-Liniger model is an integrable system that doesn't thermalize or cannot
be described by the canonical ensemble. The experiments were able to show its integrability
and were even able to break it. [33,34,39,47,51] For the Bose-Hubbard model, the goal was
to �nd correlations between entanglement and thermalization. In chapter 4, we provide a
review of these experiments to know the methods, the results, and the limitations. Our
short-term goal is to have a Lieb-Liniger model with periodic boundary conditions, with
a knob to break its integrability, and without the technical limitations faced by the other
experiments. In the longer run, we would implement entanglement entropy measurements
to �nd correlations between entanglement and how integrable the systems is.

To be able to start searching for answers, we need to build a lab. It is done mainly
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through three essential ingredients: a source of atoms, cooling, and control. The source of
atoms can be seen in Zach's work.[64] My work and contribution during my Master's years
are in the cooling and control parts of the lab. We need to cool down atoms for several
reasons including trapping the atoms, simulating the desired Hamiltonians, starting from
a precise pure state, and imaging atoms precisely. The �rst step of cooling atoms is the
Zeeman slowing. We will show how we built it and discuss all its details in chapter 2.
For the third ingredient, we need control to build and manipulate these Hamiltonians and
their states e�ciently. The control is done through di�erent electronics that we built for
the lab. These electronics are the interlock, the Acousto-Optic Modulator (AOM) driver,
and the current controller. The interlock is for safety while the other two devices are for
control. All these devices are discussed in chapter 3.

Before discussing the speci�c projects done to build the lab, we need to know our atoms
and the tools that we plan to use to manipulate our atoms. The atoms and tools are the
subject of this chapter.

1.1 Atoms

For our experiments, we need a boson and a fermion. Having two kinds of particles
provide more ways to manipulate and control your atoms. Our choice of atoms is cesium
and lithium. In the following sections, we will discuss all the relevant properties of the
atoms and what makes them a good choice for our planned experiments.

1.1.1 Cesium

Cesium is an atom with 55 electrons; only one electron is in the outermost valence shell,
the 6s. We are working with133Cs since it is the only stable isotope. Given that the nuclear
spin is I = 7

2 , cesium is a boson since the total spin state72 + 1
2 = 4 or j 7

2 � 1
2 j = 3 is an

integer. These states come from the addition of angular momenta. Notice that we only
considered the spin of one electron, which is the outermost electron, and not the other 54.
The reason is that electrons �ll all the lower shells in singlet pairs, which means that they
have a total spin of zero.
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Fine Structure

Before introducing the �ne structure, the notation n2S+1 L J used to describe the atom's
states should be reviewed. The variablen is the principal number of the energy level of
the valence electron. Note that this notation only works for alkali atoms since a singlen
won't be able to describe more than one valence electron in di�erent energy shells. The
variable S is the total spin of the electrons; it will always be 1=2 for alkalis since only one
electron in the outermost shell is unpaired. Orbital angular momentum is denoted asL;
a few examples are the following: S forL=0 and P for L=1. Finally, J = L + S is the
addition of orbital angular momentum and spin.

The hydrogen atom has the degenerate states of 22P1=2 and 22P3=2, and this degener-
acy is lifted when we take the spin-orbit coupling into account. To elaborate more, the
proton rotates around the electron in the electron's reference frame; the magnetic �eld
produced by the proton's motion interacts with the dipole moment of the electron. The
dipole moment is proportional to the spin while the magnetic �eld is proportional to the
orbital angular momentum. Hence, the name comes from this coupling. We won't jump
into the details of the spin-orbit coupling. The only thing that we want to emphasize is
that the quantum numbers that allow us to use perturbation theory areJ = L + S and
mj = ml + ms. The main result of this coupling is that the degeneracy is lifted for states
with the sameL but di�erent J .

In cesium, theD1 line, 62 S1=2 �! 62P1=2, and the D2 line, 62 S1=2 �! 62P3=2, have
di�erent transition frequencies due to the spin-orbit coupling1. The transition frequency of
the D1 line is ! 0 = 2� � 335:1 THz. On the other hand, theD2 line has! 0 = 2� � 351:7 THz.
It can be seen that the di�erence is about 2� � 16 THz, which gives us the advantage to
address one of the states without a�ecting the other.[62]

Hyper�ne Structure

The hyper�ne structure is the coupling between the magnetic �eld generated from the
electron's total angular momentum, which is proportional toJ , and the spin of the nucleus.

1The degeneracy between the S-states and the P-state is lifted for a di�erent reason, which is the core
electrons shielding the nuclear charge. The S-state tends to penetrate the shielding and sees the nuclear
charge more than the P-states.[63] It was important to state this e�ect since it has a higher scale of energy
shifts than the spin-orbit coupling, which is seen in �gure 1.1.
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The Hamiltonian of this interaction is the following:

Hhs = AÎ � Ĵ (1.1)

where A is the magnetic dipole constant. The hyper�ne structure has another term due
to the electric quadrupole, but it was ignored since its e�ect is lower than the magnetic
dipole e�ect by a factor of 100. The good quantum numbers for the hyper�ne structure
are F = I + J and mf = mi + mj . Using the addition of angular momenta, the ground
state 62S1=2 has F = 3 or F = 4 since I = 7=2 and J = 1=2. For 62P1=2, F = 3 or F = 4.
Similarly, for 62P3=2, F can be 2, 3, 4, or 5. The degeneracy is lifted in theF -states due to
the perturbation of Hhs. The energy levels can be seen in the �gure from Daniel Steck's
document on cesium; it shows the hyper�ne structures for the D2 line.[62]
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Figure 1.1: Cesium D2 Line . The �rst column shows the transition frequency of the
unperturbed D2 line. The next column shows how those unperturbed levels split due to
the hyper�ne interaction. The last column shows thegF factors and the relative energies
between the consecutive hyper�ne states. The �gure is taken from ref [62].

The reason for our introduction of the hyper�ne structure is that these energy levels
are what we are going to target with our lasers; therefore, a natural concern would be
if these states can even be targeted separately. The answer is found in the fundamental
uncertainty principle, which states that the energy of a hyper�ne state has some uncertainty
that depends on its decay rate� . The decay rate corresponds to the uncertainty in time.
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Calculating the uncertainty in energy � E:

� E =
~
2�

=
~�
2

From the above equation, one can deduce the uncertainty in angular frequency: �! =
� =2 = 2� � 2:61 MHz, where � is known as the natural linewidth. Since the natural
linewidth is much smaller than the di�erence between theF = 4 and F = 5 states, these
states can be targeted independently.

Zeeman E�ect

Applying a magnetic �eld to the atom can change the energy levels; the shift of energy levels
is known as the Zeeman e�ect. The strength of the magnetic �eld determines the good
quantum numbers; therefore, the degeneracy is lifted into states with di�erent quantum
numbers depending on the strengths. Consider the following Hamiltonian of a magnetic
�eld interacting with the total atomic magnetic moment � atom :

H = � � atom � B

= � B

�
gSŜ + gL L̂ + gI Î

�
� B

= � B

�
gSŜz + gL L̂ z + gI Î z

�
Bz

(1.2)

where � B = 9:274� 10� 24 J=T is the Bohr magneton. Each angular momentum has its
g-factor gi . This Hamiltonian will always be a perturbation for the �ne structure since
our magnetic �elds will never reach the impossibly high magnetic �elds that make this
Hamiltonian comparable to the �ne structure. A rough calculation that shows the strength
of such a magnetic �eld isB = h�f

� B
� 1000 T, wheref is the di�erence between the D1 line

and D2 line transitions. Therefore, the quantum numbersjJ m j i , which are compatible
with the �ne structure, are the proper ones to start with. We need to transform equation
1.2 to be written in terms of Jz using the Wigner-Eckart theorem2:

HB = � B

 

gS
hŜ � Ĵ i

J (J + 1)
Ĵz + gL

hL̂ � Ĵ i
J (J + 1)

Ĵz + gI Î z

!

Bz = � B

�
gJ Ĵz + gI Î z

�
Bz (1.3)

2Rigorously the Wigner-Eckart theorem is for expectation value and not for generating new Hamilto-
nians, but it is in practice treated for generating new Hamiltonians for the proper quantum number
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For gS = 2 and gL = 1, gJ is:

gJ ' 1 +
J (J + 1) + S(S + 1) � L(L + 1)

2J (J + 1)

Now starting from the above equation, the derivation for the energy levels for di�erent
strengths or regimes of the magnetic �eld will be shown.[62]

High Magnetic Field Regime

When the magnetic �eld is much stronger than the hyper�ne Hamiltonian but perturbs
the �ne structure, Hhs acts as a perturbation to the jJm j Im i i states while the states
jJ m j I m i i are eigenstates of equation 1.3. The energy shifts when calculated are the
following:

E jJm j Im i i = � B (gJ mj + gI mi ) + Ahfsmj mi

The second term of hyper�ne perturbation results fromhJx i = hJy i = 0 and hJzi = mj .
SincegI is a factor of 10000 lower thangJ , the energy levels mainly divide into sets of lines
depending onmj while the 8 lines in each set are themi values due to the hyper�ne term.
Figure 1.2 shows this categorization in the range of very high magnetic �elds.[62]

Figure 1.2: Zeeman E�ect on Hyper�ne States of 62P3=2. The anomalous Zeeman
e�ect can be seen at the start while the high magnetic �eld regime is at the end. The
�gure is taken from ref [62].
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Low Magnetic Field Regime: Anomalous Zeeman E�ect

In �gure 1.2, one would notice how the state's energy changes linearly with the magnetic
�eld in the low magnetic �eld regime whereHB is a perturbation to Hhs. The e�ect in this
regime is known as the anomalous Zeeman e�ect since the normal Zeeman e�ect couldn't
explain it. In the anomalous Zeeman e�ect, thejF mf i quantum numbers will be the right
ones to use for perturbation theory. As a result, the Wigner-Eckart theorem will be used
again in equation 1.3:

HB = � BgF F̂zBz (1.4)

wheregF is:

gF ' gJ
F (F + 1) � I (I + 1) + J (J + 1)

2F (F + 1)

For cesium, thegF factors are seen in �gure 1.1. Applying the Hamiltonian on di�erent
jF mf i states shows that the degeneracy is lifted on states with di�erentmf 's [62]:

� EjF m f i = � BgF mf Bz

Intermediate �elds: Breit-Rabi Formula

For intermediate �elds, states with J = 1=2 have an analytical formula that describes the
Zeeman e�ect. It is known as the Breit-Rabi formula:

EjJ = 1
2 m j Im i i = �

� Ehfs

2(2I + 1)
+ gI � Bmf B �

� Ehfs

2

�
1 +

4mf x
2I + 1

+ x2

� 1=2

Note again the middle term can be ignored since the nuclear g-factor is too small,gI �
� 4 � 10� 4. This formula is only applied for J = 1=2 since there are only two hyper�ne
states. The sublevels of these states get coupled by the interaction with the magnetic �eld
only when mf = m0

f . This means that for eachmf two states get coupled. In �gure 1.3,
the Zeeman e�ect for the ground state is shown and can be completely described by the
formula.[62]
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Figure 1.3: Zeeman E�ect on Hyper�ne States of 62S1=2. It shows similar properties
in the splitting as the one in �gure 1.2. The �gure is taken from ref [62].

1.1.2 Lithium

Lithium is our second atom with three electrons, of which only one is a valence electron
in the 2s shell. Two isotopes of lithium exist:6Li and 7Li. Since we already have a boson,
we choose a fermion, which is6Li with I = 1. We will now discuss brie
y the �ne and
hyper�ne structure of lithium. We will also show the Zeeman e�ect on the states.

Fine structure, Hyper�ne structure, and Zeeman E�ect

Starting with the �ne structure, the transition frequency of the D1 line is ! 0 = 2� �
446:78 THz while the D2 line has! 0 = 2� � 446:79 THz. A di�erence of 10 GHz is enough
to target each state alone. Note also the di�erence of about 100 THz in the D line of
cesium and that of lithium. This di�erence shows the reason why each type of atom can be
controlled and manipulated individually. For example, one can create independent lattices
for each kind of atom.

Regarding the hyper�ne structure, the ground state 22S1=2 has F = 1=2 and F = 3=2.
The state 22P1=2 has F = 1=2 and F = 3=2. Finally, 22P3=2 has F = 1=2, F = 3=2, and
F = 5=2. In �gure 1.4, one can see the D lines with the hyper�ne structure included. Note
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from the �gure that 2 2P3=2 has its F -states inverted in energy. The stateF = 3=2 has
higher energy than that ofF = 5=2. This inversion is due to the negative magnetic dipole
constant of lithium.

Figure 1.4: Lithium D Lines . The �rst column shows the transition frequency of the
unperturbed D line while the next column shows how those unperturbed levels split due
to the hyper�ne interaction. The �gure is taken from ref [65].

For completeness, we show the Zeeman e�ect on the hyper�ne states of lithium. Note
the di�erence in the range of the magnetic �eld to observe the three regimes of the Zeeman
e�ect. For example, 6 G is enough to observe the high �eld regime in the hyper�ne states
of 62P3=2 while those of cesium needed about 400 G.[65]
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(a) Zeeman e�ect on hyper�ne states of 22S1=2. (b) Zeeman e�ect on hyper�ne states of
62P3=2.

Figure 1.5: Zeeman E�ect in Lithium . Figure is from ref [65].

1.1.3 Feshbach Resonance

The main reason behind our choice of atoms is their Feshbach resonances. A Feshbach
resonance is a physical phenomenon related to coupling a molecular bound state to a
scattering state. The details of this topic are beyond the scope of this thesis. However,
the important thing to know is that Feshbach resonances can be used to tune scattering
lengths using magnetic �elds:

a(B) = a0

�
1 �

�
B � B0

�
(1.5)

where a0 is the background scattering length,B0 is the magnetic �eld at which the res-
onance occurs, and � is the resonance width. The scattering length can be tuned to
manipulate the interactions between atoms. Cesium has a lot of Feshbach resonances, and
lithium has an exceptionally good Feshbach resonance. Moreover, there are multiple Fesh-
bach resonances between the two atoms such that we can tune their interactions with each
other. This tool will be very important for quenches when we suddenly change the interac-
tion strength. It will also be important for a time-of-
ight measurement. The interactions
will be turned o� since they may a�ect the measurement.[67]
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1.2 Tools

As has been said, two of the main ingredients for building a new lab are cooling and control.
Cooling is essential since it is a prerequisite for trapping, precise control, and imaging, and
control is essential for manipulation. In this section, we mainly discuss the tools that we
would need and that are the motivation for what has been built so far during this Masters.

1.2.1 Cooling

Without cooling, one wouldn't be able to trap atoms and subject them to the wanted
Hamiltonians. For example, one wouldn't be able to create a 1D Bose gas unless the ther-
mal energy is lower than the �rst excited state energy of the transverse con�nement. In
addition, cooling allows imaging with single atom resolution.[66] Finally, thermalization is
usually studied by starting with a ground state, which requires a Bose-Einstein condensate
to be achieved.

Creating a Bose-Einstein condensate requires four stages of cooling. The �rst stage is
using a Zeeman slower to slow down atoms after they exit from the oven. They are slowed
down until they can be captured by the Magneto-Optical trap (MOT), which is the second
stage of cooling. In the second phase of cooling, the atom in the MOT behaves like a
damped harmonic oscillator that traps atoms and further cools them down to the Doppler
limit, which is the lowest temperature that can be achieved in a MOT. This temperature is
restricted by the random walks in the velocity space of an atom due to the random nature
of spontaneous emission that causes recoils in random directions. In the third stage, we
use sub-Doppler techniques that make use of the hyper�ne structure to cool below the
Doppler limit. Finally, we use evaporative cooling to remove the highest energy atoms of
our system and achieve a BEC.

The �rst stage of cooling, which is the Zeeman slowing, is the subject of chapter 2, and
we show all the details needed to build the Zeeman slower. Furthermore, all the mentioned
stages need lasers, which are controlled by the AOM driver discussed in chapter 3. We
mainly discuss how we improved the range of the AOM driver's output to have better
evaporative cooling.
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1.2.2 Control

The Zeeman slower needs its current to be controlled, and the evaporative cooling needs
the power of the laser to be controlled. However, control is not only about cooling but also
about simulating Hamiltonians with the ability to freely tune their parameters. It is also
about changing quantum states as wanted. Starting with the Hamiltonians, it is pretty
common that one may want to create a lattice using standing waves as seen in �gure 1.6.
The lattice is used for the simulation of the Bose-Hubbard model or for creating an array
of 1D Bose gases. These standing waves should have a certain wavelength and a certain
amplitude with minimal noise. To achieve that, one needs to control the laser's power and
frequency, which is done by the AOM driver. The AOM driver's feedback loop ensures
that the measured amplitude meets the wanted amplitude, and its built-in external RF
connector adds to its ability the use of external RF sources with ultra-low frequency noise.
These precise standing waves aren't only used for creating Hamiltonians. They are also
used to take quantum states out of equilibrium. In some of the experiments to be shown
in chapter 4, they used a sequence of standing waves to divide a Bose gas into two pieces
with opposite, equal momenta.

In general, quenches are done by any sudden change in the Hamiltonian or, through
the Heisenberg picture, the state. Using standing waves is just one way of many. Another
tool that we are planning to use for quenches is the Feshbach resonances, which are not
implemented by many labs studying thermalization. One can use Feshbach resonances
to change the interaction strength between atoms by manipulating the scattering lengths.
These resonances can be used not only in quenches but also for measurements and technical
aspects like reducing three-body collisions. Achieving this tool needs great control over
the current of the Feshbach coils, which is the goal of the current controller discussed in
chapter 3.
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Figure 1.6: Creating an Optical Lattice . Due to the dipole force, one can use standing
waves from two lasers with blue detuning to trap atoms at the nodes. At blue detuning,
the atoms get repelled from high-intensity regions of the light.

In conclusion, the AOM driver and current controller will be essential for probing and
manipulating our systems; thus, a lot of details will be discussed later about the design
processes, hoping that it may help future students in our lab with their future projects.
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Chapter 2

Zeeman Slower

Introduction

The Zeeman slower is the �rst step of cooling after the atoms are ejected from the oven
before entering the MOT chamber, the second phase of cooling. Atoms come out with high
speed; their speeds in a beam can be described by a distribution similar to the Maxwell-
Boltzmann distribution for a gas of particles:

f (v) dv =
1
2

�
m

kB T

� 2

v3 exp
�

�
mv2

2kB T

�
dv

Note the di�erence of having v3 in the e�usive beam distribution instead of v2 seen
in the common Maxwell-Boltzmann distribution. This di�erence in the distribution is at-
tributed for having a beam rather than a gas, and the distribution's temperature is that
of the oven. These high speed atoms need to be slowed down to a velocity lower than the
capture velocity of the MOT, a task that is done by the Zeeman slower.

In this section, we will introduce the scattering force and show how we constructed
the Zeeman slower for cesium and lithium. For cesium, we will specify the velocities we
want to address out of the oven and construct a Zeeman slower for this velocity that slows
it down to a lower velocity than the capture one. In lithium, we will take on the design
we already made for the cesium, modify the current, and then �nd out the �nal velocity
coming out of it.
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2.1 Scattering Force

Conservation of momentum requires that the momentum of the atom to change when it
absorbs a photon; thus, you would expect that an atom would slow down if it is absorbing
a photon moving against the atom's velocity. One could argue that the scattering force
from the spontaneous decay or stimulated emission will introduce a recoil momentum to the
atom that may cancel out the slowing down from the absorption. However, the spontaneous
decay doesn't favor a certain direction for the emitted photons, so the average e�ect of
emission will be no change of the momentum.

Figure 2.1: The Concept of Scattering Force . An atom absorbs the photons of the
laser from a speci�c direction and emits them in all directions. The �gure is taken from
ref [63].

Since it is evident that we can slow down atoms with scattering force, it is now important
to �gure out a way to quantify this force. The force is equal to the change of momentum,
which is ~k, multiplied by the rate that this process happens. The rate of change here is
the decay rate � times the probability � 22 being in the excited state, which can be derived
from the optical Bloch equations [63]. The force is the following:

Fscatt = ~k � � � 22 = ~k
�
2

I=I sat

1 + I=I sat + 4� 2=� 2
(2.1)

where � = ! � ! 0 is the detuning, I sat = ~! 0 �
2� 0

is the saturation intensity with the cross
section � 0, and I=I sat = 2
 2=� 2. Saturation intensity is a fundamental quantity of the
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atom. It is one photon energy per decay time per the largest cross section of the atom. At
resonance, saturation intensity gives you half the maximum force possible; this intensity
of a laser can easily be achieved in the lab.[63]

Cesium

2.2 Analytic Design

To design the Zeeman slower, one needs to know the capture velocity needed in the MOT.
The capture velocity of the MOT will give us some idea on what velocity we want to target
out of the oven. After that, we will �nd an analytic �eld for the ideal Zeeman slower
and try to match it as close as we can while making sure that we don't exceed a certain
acceleration that may let us lose the atoms. Finally, we will calculate the �nal output
velocity out of this slower.

2.2.1 Capture Velocity of MOT

To estimate out the capture velocity, one should �gure out three important speci�cations.
One is to choose between two transitions: the D1 or D2 line. Since we are targeting
hyper�ne states, one should next choose the targeted F-states. Finally, we have to know
the intensity since it a�ects the scattering force and thus the cooling.

D1 vs D2 line

One needs to aim for a cycling transition. In other words, you need to �gure out a transi-
tion that you won't need to depend strongly on repumping beams. A repumping beam is
a laser that drives the transition from the unwanted states to the ones you are targeting.
The best way to understand the importance of a cycling transition is through the cases of
the D1 and D2 lines discussed in chapter 1.

For the D1 line, assume that you are targeting the transition between F=4 in the 62S1=2

and F=4 in the 62P1=2. This transition is allowed since the selection rule1 for electric dipole

1We refer the reader to Foot's book for more discussion about selection rules.[63]
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transition is � F = 0; � 1. However, spontaneous decay would allow the transition from
F=4 in the 62P1=2 to F=3 in 6 2S1=2. If you didn't have a repumping transition that takes
the atoms back from the F=3 to F=4 in 62S1=2, then you would lose your atoms over time.
In this case, a repumping beam is needed to take the atoms from the unwanted state to an
excited state such that a spontaneous decay will bring them down to the correct one. If
the spontaneous emission brings the atoms back to the wrong state, they will keep being
repumped until they decay to the correct state.

For the D2 line, if we targeted the transition from F=4 in the 62S1=2 to F=5 in 6 2P3=2,
then spontaneous decay will only move the atoms back to F=4 of the S state. Thus, we
don't need a strong repumping beam to counter the decay. In conclusion, the D2 line is
chosen because it has a cycling transition.

F-State

Based on the example just given above, we would choose F=4 to F=5 in 62S1=2 and 62P3=2,
respectively. The choice ofF quantum numbers isn't enough because both the MOT and
the Zeeman slower depend on magnetic �elds, so we need to also choose themf quantum
states. The corresponding selection rule is �mf = 0; � 1, depending on the polarization
of the beam; circular polarizations are the ones that drive the �mf = � 1 transitions,
depending on the handedness.

In the MOT, the states absorb photons of di�erent circular polarizations from each
direction, which means the only transitions are of �mf = � 1. Unlike the MOT, the
Zeeman slower doesn't have to be driven by a circular polarization; however, it will actually
be advantageous. The case is analogous to the discussion about the D2 line. Choosing a
circular polarization that drives a transition betweenmf = 4 in the S state andmf = 5 in
the P state will allow the spontaneous decay to only happen between the same two states.
In conclusion, we would usemf = 4 and mf = 5 or mf = � 4 and mf = � 5. These
F-states with the highest and lowestmf 's are known as stretched states:jF = 5 mf = 5i
and jF = 5 mf = � 5i .

Intensity

For the intensity, recall the scattering force in equation 2.1. AsI ! 1 , Fscatt = ~k �
2 , which

is the maximum force. The intensity needed is impossible physically; however, achieving
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the saturation intensity is easy and can be exceeded. The force for the saturation intensity
is the following:

Fexp = ~k
�
4

This force can be achieved even with detuning since we can get back our force by increas-
ing the intensity beyond the saturation one.[63] The deceleration from this force will be
calculated since it will be useful later:

as = ~k
�

4m
= 28897:48 m=s2 (2.2)

where � = 32 :9 � 106 s� 1 = 2� � 5:234 MHz is the decay rate for an excited state in the D2
line, k is the wavenumber of the D2 transition, andm is the mass of cesium.[62]

Capture Velocity

Now, we will try to �gure out an estimate for the capture velocity since we now know our
force or intensity. Using the constant deceleration calculated in equation 2.2, we �nd the
capture velocity:

Vc =
p

2 � as � D = 34 m=s

whereD = 2 cm is the laser's diameter; we were not planning to have a MOT greater than
2 cm in diameter.

2.2.2 Ideal Field for the Zeeman Slower

Basic Idea

When an atom moves toward a beam of a certain frequency! with a velocity v, the atom
sees the frequency Doppler shifted due to its motion.

! 0 = ! + kv

The idea of the Zeeman slower is fairly simple. Once the atoms are out of the oven with
a certain velocity, you would want to shine a laser with a �xed frequency such that the
doppler shift would make it on resonance. As a result, the atoms will experience a scattering
force and slow down. Once the atoms start slowing down, the �xed frequency of the laser
won't be on resonance anymore because the lower velocity will make less Doppler shift.
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To compensate for the di�erence, the Zeeman shift will be used. The following simple
equation illustrates the process:

! 0 = ! + kv +
� B � B (z)

~
(2.3)

where ! is the laser's frequency and! 0 is the transition frequency. Asv becomes less,
the magnetic �eld B will increase to satisfy the equation. One may ask what magnetic
�eld regime is used for the Zeeman e�ect term in equation 2.3. Since the atoms are
in stretched states, it doesn't matter which regime they are in. The reason is that a
stretched statejF mf i maps to one and only one state in the basisjmj mi i . For example,
jF = 5 mf = 5i = jmj = 3

2 mi = 7
2 i .

The Zeeman slower can be designed in two ways. One way is to have a zero magnetic
�eld at the beginning of the coil such that the detuning will be determined based on which
Zeeman capture velocity we are going to target. A Zeeman capture velocity is the highest
velocity that the slower can slow down. Another way is to have the largest magnetic �eld
at the beginning of the coil; consequently, the laser will be on resonance at the end of the
coil. This resonance may push back or slow down the atoms less than the wanted velocity
as they move through the transition between the Zeeman slower and the MOT chamber.
We went with the former way to avoid pushing back the atoms; a simple picture that gives
you a rough idea of the design is below.

Figure 2.2: A Rough Concept of a Zeeman Slower . The simple drawing shows a
rough design of the Zeeman slower. Note that the coils are thicker at the right end for a
greater magnetic �eld.

Finally, it is important to note that the Zeeman slower slows down all particles that
are equal to or less than the Zeeman capture velocity. The reason is that the atom will be
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on resonance somewhere in the middle of the coil even if it wasn't at resonance at the start
due to its less velocity. If an atom with the Zeeman capture velocity enters the slower, it
will slow down to be on resonance at the next point until it exits the slower, so there is a
resonant frequency for each velocity between the Zeeman capture velocity and the output
velocity. For that reason, any atom with a velocity in this interval will be slowed down.

Design

Now that the MOT's capture velocity is determined, the target is to slow down atoms to
lower than this value, so we need to choose what speed the Zeeman slower should output.
We will pick 25 m=s, which is lower than the capture velocity just to have room for any non-
idealities. To roughly get the input speed of the slower, we apply a constant acceleration
equation:

vinput =
p

(25 m=s)2 + 2 � as � (10 cm) = 80:03 m=s

The 10 cm is the length of the Zeeman slower. Now note the following; this velocity
is a rough estimate for a couple of reasons. One reason is that designing a slower won't
give you a constant deceleration over the whole length. For example, there will be fringing
�elds at the end of the slower. Another reason is that you may decide to change the input
velocity for better results, which you get to know from working on the slower and facing
some technicalities. In fact, the velocity we ended up addressing was 76:4 m=s instead of
80:03 m=s. We reduced it at �rst because we were able to have a slower over about only
8.5cm of the pipe at the �rst iterations of the coil; the �rst iteration will be seen in the
numerical section. Later, we were able to have even a larger distance but didn't address a
di�erent speed because that speed already had a satisfying population in the e�usive beam
distribution The oven will usually be at a temperature between 310C and 360C. With this
Zeeman capture velocity for a temperature of 325C, we are targeting to slow down about
1% of the atoms exiting the oven's nozzle; the 
ux of the atoms is 1011 atoms/(s � cm2)
.[64]

Now suppose we ran over these iterations and decided to address the 76:4 m/s instead
of the previous one; we need to �nd the ideal Zeeman slower magnetic �eld. The basic
calculation made in Foot will be done here [63]. Remember that the whole point of the
Zeeman slower is to use magnetic �eld to compensate for the di�erence in frequency seen
by the atom resulting from the Doppler e�ect and the detuning put by hand. The Zeeman
e�ect part of equation 2.3 takes the e�ect of the magnetic �eld on both stretched states the
F=4 and mF = � 4 for the S state and the F=5 andmf = � 5 for the P state. We chose the
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negativemf quantum numbers because these decrease the di�erence in frequency! 0. The
other part of the equation that needs to be determined is the detuning! . It is determined
so that the input velocity is already on resonance, so! 0 � ! = kv = 2� � 89:63 MHz.
Solving this equation for the magnetic �eld, we have:

B(z) =
~

� B
(! 0 � ! ) �

~ � k � v
� B

= B0 � B0

s

1 �
2 � a � z
v2

input
(2.4)

whereB0 = ~
� B

(! 0 � ! ) = h�vinput

� �� B
= 64:04G.

2.2.3 Acceleration

As it is seen, a Zeeman slower is designed in such a way that at each point the magnetic �eld
makes up for a speci�c velocity such that the combination of its Doppler e�ect, the Zeeman
e�ect, and the detuning makes the transition on resonance. We give the term targeted
velocity to this speci�c velocity. The last calculation needed is to �nd the acceleration of
the targeted velocities of the magnetic �eld created and to check that they don't exceed
the maximum acceleration of equation 2.2. The reason is that an atom will be lost if it was
asked to accelerate more than the maximum acceleration physically possible. To calculate
the acceleration of the targeted velocity, we simply take the time derivative of equation
2.3:

atarget = �
� B

~ � k
dB
dz

dz
dt

(2.5)

wheredz=dt is just the velocity, so we would rearrange equation 2.3 again and substitute
it back:

atarget = j �
� B

~ � k2

dB
dz

(� �
� B � B (z)

~
)j � ~k

�
4m

(2.6)

This equation here is extremely important. Although the Zeeman slower is designed to
have a constant deceleration, designing a con�guration for it numerically won't be perfect
and will give us something close to the constant deceleration but not exactly. The most
important thing to care about after these imperfections is the targeted acceleration, which
is the acceleration asked from the atoms to achieve the target velocity at each point along
the slower. For a �xed saturation intensity, the maximum acceleration that can be achieved
is when the laser is on resonance; therefore, the atom will be left behind if you asked it
to decelerate more than the maximum deceleration of equation 2.2. To understand the
concept more, if at one point the atom was asked to decelerate more than it could, the
atom won't be on resonance in the immediate next point in the slower, and it will keep
being o� resonance for the rest of the slower and will be lost.
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Numerical Work

Th second step is to design the slower numerically. The main code for numerically cal-
culating the magnetic �eld from a coil was done by another student. Before using the
code to design the Zeeman slower, I modi�ed it a bit to be user friendly. Instead of using
a start and stop angle to de�ne the length of the coil, I made it possible to de�ne the
length according to the actual start and end positions of the coil. With trial and error
approach, I was able to design the �rst version of the Zeeman slower, which then needed
to be improved. The second version will also be shown.

2.2.4 First Try

Layers Con�guration and Power

In �gure 2.3, it can be seen that the �rst con�guration was made of 18 layers. At the top
right end, one can see that there are a couple of equal narrow layers. From a technical
aspect, these will be hard to implement because naturally the top layer will be winded
over the lower one that requires it to be wider. Furthermore, it is better to avoid narrow
layers as errors will be more signi�cant in the narrow ones, and errors are more likely to
happen at the end of the coil as a transition in the winding from one layer to the next
occurs. These errors at the end are expected to happen because the of the tension from
wrapping the �rst winding in a new layer. This tension will try to �nd a place in the lower
layer rather than to start a new layer. The coils all have the same current. The power
dissipated in this con�guration was about 0.15Watt, which doesn't need water cooling.
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Figure 2.3: Layer Con�guration of the First Version . This version of the slower is
made of 18 layers. The y-axis shows the radius of the layer from the center of the slower's
pipe, and the x-axis shows the 10 cm length of the slower.

Magnetic �eld

In �gure 2.4, we compare the analytic and numerical results. The red graph is the analytic
magnetic �eld while the blue one is the numerically calculated magnetic �eld of our con�g-
uration; it can be seen how they are well matched. To �nd the output velocity, substitute
the peak magnetic �eld, which is 34.6 Gauss, in the same equation. The corresponding
velocity is 35 m/s, which is slightly higher than the MOT's capture velocity. Obviously,
we needed a better slower.
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Figure 2.4: Magnetic �eld vs Position . The blue line is numerically calculated magnetic
�eld, and the red line is the analytic magnetic �eld.

Acceleration

In �gure 2.5, we show the ideal targeted acceleration and the targeted acceleration from
our numerical model. It can be seen here that we managed to keep the acceleration, which
is the green graph, below the threshold plotted by the black line. However, it can be seen
that we didn't fully use the 10cm of the length of the pipe. Thus, our second try was to
take more advantage of the length we have.

Figure 2.5: Targeted Acceleration vs Position . The black line is the normalized maxi-
mum acceleration while the green graph is the numerically calculated targeted acceleration.
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2.2.5 Second Try

Layers Con�guration

In the second try, we decided to add two more tricks. To smooth out the pumps in
the targeted acceleration, we added double pitches, where there is a wire's diameter gap
between one winding and the next one. The double pitches in most layers are located at
the start of each one. If you look at the layers, you may �nd that some of the segments like
layer 2 and layer 3 are divided into three colors; the �rst color from the left is the double
pitch. Another trick is to add a di�erent set of coils with high current at the end of the
coil; it helps to extend the range of the �eld. You will �nd a very small segment at the end
of layer 1 to layer 7; this segment is the high current coils. The middle colored segment is
just a normal single pitched coil. This con�guration has 10 layers, and its total power is
0.11W.

Figure 2.6: Layer Con�guration of the Second Version . It has 10 layers. Whenever
there is a layer with three colors, the �rst color is a double pitch. Furthermore, the tiny
segment at the end of the �rst to the seventh layer is the high current part. The middle
part is just a single pitched coil.

Magnetic Field

As before, �gure 2.7 shows the comparison between the analytic and the numerical magnetic
�elds. The output velocity is 25.07 m/s due to 43.02G.
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Figure 2.7: Magnetic Field of the Second Version . The blue curve is the magnetic
�eld of the numerical model while the red graph is the analytic magnetic �eld.

Acceleration

It can be seen here in �gure 2.8 that we were indeed able to extend our range of deceler-
ation, which results in a better output velocity. Another improvement is how the curve is
smoother, which is due to the double pitch coils.

Figure 2.8: Targeted Acceleration of Second Version . The targeted acceleration
(green) has an extended range.

Implementation

To build the Zeeman slower, we needed to get an 18-AWG wire from Digi-Key and the full
nipple from Kurt-Lesker. The process of making the Zeeman Slower is shown here.
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2.2.6 Vacuum Work

First of all, the stainless steel full nipple will be used in a vaccuum system. Before just
using it, one should know that stainless steel usually has some hydrogen trapped in it, and
this gas slowly di�uses out while in vaccuum. This di�usion may ruin the quality of our
vaccuum during the experiments; thus, we need to bake the nipple �rst to di�use out any
hydrogen.

Baking is the process where you di�use out most of the hydrogen you can. To do so, we
�rst created a vaccuum inside the nipple. To create a vaccuum, we connected two pumps:
a roughing pump and a turbo pump. A roughing pump starts �rst to put it to a lower
pressure that is safe for the turbo pump to start working. The turbo pump lowers the
pressure inside even more than what the roughing pump can do.

After creating the vaccuum, we would heat up the nipple so that we speed up the
di�usion; we heated it up to about 310 Celsius. It was heated by wrapping a heating tape
around it and increasing the temperature gradually. Finally, a lot of aluminum foils were
wrapped around the pipe for insulation. A valid question can be asked here: why would
one use a conductor like aluminum for insulation? The answer is that it is wrapped in a
way such that there is a little air gap, which acts as an insulator between the pipe and
the aluminum. Furthermore, the shiny part of the aluminum is facing inward to re
ect
any radiation from the heating thus insulating it better. A picture of the baking setup is
below.

Figure 2.9: Baking of the coil . The aluminum foils are covering the full nipple and the
heating tape.
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2.2.7 Wrapping the coil

We started with baking since the non-magnetic epoxy doesn't withstand the 310C. The
non-magnetic epoxy from Cotronics was used to �x each layer of coil windings in its place
before wrapping the next layer. We mainly depended on tension to wrap the coils. Before
using just tension, we thought about using a kapton tape to �x the coil positions before
we apply the epoxy; however, the tape produced a lot of gaps, which made the use of only
tension to be the best way. A picture below shows the Zeeman slower.

Figure 2.10: Winding Wires . The Zeeman slower in the process of wrapping the wires.

As it can be seen in the picture, the metal clamp at the far right was used to �x a 3D
printed plastic piece. The 3D plastic part was used to serve as a hard wall to make the
winding easier; it makes the moving from one layer to the next natural. It also serves as a
barrier so that we can wind the lower current part �rst then the narrow high current coils
later. A picture below shows the 3D printed piece.
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