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Zusammenfassung

Lithium ist das dritte Element im Periodensystem und das leichteste Alkalimetall
und das einzige, das stabile fermionische und bosonische Isotope besitzt. Es ist simpel
genug um ab initio beschrieben zu werden, aber so komplex, dass viele physikalische
Effekte fiir eine korrekte Beschreibung berticksichtigt werden miissen. Die D-Linien,
also die Uberginge vom Grundzustand 25, /2 zu den ersten angeregten Zustanden
2Py )5 und 2P3/5, werden beeinflusst von der Zusammensetzung und Gréfie des Kern
und seiner Polarisierbarkeit, der Abschirmung des Kerns durch die Elektronen der
15-Schale, Quanteninterferenz und weitere Effekte. Das macht Lithium zum perfek-
ten Testobjekt um Theorien der Kern- und Atomphysik zu untersuchen. Hochprézise
Laserspektroskopie soll das Mittel der Wahl fiir diese Untersuchung sein.

Um Lithium spektroskopieren zu kénnen, muss es zuerst erhitzt und in die Gasphase
gebracht werden. Aufgrund der dafiir nétigen Temperaturen sind die gemessenen
Spektren allerdings stark durch den relativistischen Dopplereffekt beeinflusst. Mes-
sungen sind durchaus moglich, aber hohere Prazision benotigt niedrigere Tempera-
turen. Diese Arbeit prasentiert die Ergebnisse des Aufbaus einer magneto-optischen
Falle zum Fangen und Kiihlen von °Li -Atomen (N = 10(1) - 10°) sowie ihren zuge-
horigen Zeeman-Slower. Sowohl die dafiir notwendigen Lasersysteme als auch die

einzelnen Komponenten des Aufbaus werden ausfiihrlich erldutert und analysiert.

Abstract

Lithium is the third element on the periodic table and the lightest alkali metal and
the only one that has stable fermionic and bosonic isotopes. It is simple enough to
be described ab initio but so complex that many physical effects have to be taken
into account for a correct description. The D lines, i.e. the transitions from the
groundstate 2S5 /5 to the first excited states 2P/, and 2P5/9, are influenced by the
composition and size of the nucleus and its polarizability, the shielding of the nucleus
by the electrons of the 1.S shell, quantum interference and more effects. This makes
lithium the perfect test object to examine theories of nuclear and atom physics. High
precision laser spectroscopy shall be the method of choice for this examination.

To perform spectroscopy on lithium, it first has to be heated and brought into the
gas phase. Due to the therefor required temperatures, the measured spectra are
strongly influenced by the relativistic Doppler effect. Measurements are absolutely
possible but higher precision demands lower temperatures. This thesis presents the
results of the installation of a magneto-optical trap for capturing and cooling of 5Li
atoms (N = 10(1) - 10°) as well as its dedicated Zeeman slower. Both the necessary

laser systems and the setup’s components are thoroughly explained and analyzed.
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1. Introduction

One question that is often asked regarding fundamental research is: “Why?”

And besides sheer curiosity, the answer often is: “We don’t know. Yet.”

When Charles Babbage, Luigi Federico Menabrea, and Ada Lovelace thought about
the analytical engine and the first ideas of hard- and software, they probably didn’t
dream about the powerful computers of today which can be used to optimize agri-
cultural processes to help feed people, recognize certain types of cancer better than
human doctors to help heal people, and generate a plethora of text, pictures and
even videos using deep neural networks.

When John Bardeen, Walter Brattain, and William Shockley constructed the first
bipolar junction transistor, it was hard to imagine that today billions of nanometer-
sized transistors could be combined into a single chip to make powerful tools such
as personal computers, laptops and smartphones available to almost everybody,
connecting people around the world and accelerating the creation of knowledge to
unknown heights.

When Pohl et al. [PANT10] started their yearslong journey to measure the proton
radius with higher precision than ever before using laser spectroscopy on muonic
hydrogen, they didn’t expect to find that the proton RMS charge radius y/(r2) had
been significantly overestimated. This result motivated many other experimental-
ists to remeasure 1/(r?) and confirm smaller values for the radius and the Rydberg
constant R, as well as theorists to refine nuclear and atomic models. Other nuclei,
such as the deuteron, the helion and «, have also been measured and each of their
radii’s precision has been improved. A lot of technical and theoretical insights had
to be gathered to create and interpret the necessary data. How this knowledge will
one day be used to improve life, only time can tell. Nevertheless, the importance of
fundamental research cannot be overstated.

The stable isotopes of hydrogen (deuteron [PNET16]) and helium (helion [TSE*23],
a [KSAT21]) were measured in this and associated work groups using high precision
laser spectroscopy. The next lightest nuclei are those of tritium (*H) and lithium.
Both are planned to be examined in this group. During this thesis, both lithium
isotopes °Li and "Li were used, with a focus on SLi . The lithium isotopes are sim-
ple enough to allow for high accuracy ab initio calculation but complex enough to
necessitate that several subtle effects are taken account in their theoretical descrip-
tion, such as electron shielding by the inner shell, the nuclei’s polarizabilities, three-
nucleon forces, or quantum interference. Lithium is therefore the perfect testbed for
verifying modern theoretical predictions.

At room temperature, lithium is naturally occuring in a solid state, albeit as a soft,
light metal. In this form, performing laser spectroscopy on it is not possible. To

allow for any experimentation, a gaseous target has to be created. The goal of this
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work was the creation of such a target in the form of a magneto-optical trap (MOT).
The several steps which had to be taken towards a functioning setup are presented
in the thesis at hand.

As its name suggests, a magneto-optical trap comprises a magnetic field and an
optical component: laser light. The multiple setups that produce the required laser
beams are explained in section [2 As these setups contain diode lasers, i.e. laser
systems that are built around a semiconductor chip emitting coherent and directed
light, this section starts with an in-depth look on laser diodes and how to built
a complete system around them. The home-built laser in section [2.1] serves as an
example of an external cavity diode laser (ECDL) which can produce a beam of
tunable frequency and low power. This laser is then used to explain the principle
of Doppler-free saturated absorption spectroscopy (DFSAS, section . Many
frequency measurements in this thesis were gauged using this technique. Finally,
the setup is completed by a tapered amplifier (section , a special type of laser
diode designed to further increase the beam’s output power to make it usable as a
Zeeman slower laser.

The second laser that was used followed the same design, although it is commercial
rather than home-built. It is used to drive the MOT and is explained in section [2.2]
The bought laser exhibits a higher stability than the first system and hence it is
used to examine the first energy levels of °Li and “Li : the 2575, 2Py /o, and 2Ps )
states. The dipole-allowed transitions between these states, the so-called D lines, are
analyzed in section using DFSAS. Especially the °Li 25} 5 — 2P;, transitions
are important to understand because the MOT runs on these transitions.

The solid sample of 5Li has to be brought into the gas phase to allow for spec-
troscopy. This is done by heating it up to create a hot atomic beam, i.e. the %Li
atoms have a longitudinal velocity distribution corresponding to a high tempera-
ture: broad and with a high mean velocity. Many of these atoms are too fast to be
captured by the MOT. To increase its efficiency, the atoms have to be cooled down.
This was done using a Zeeman slower which is described in section [3] A Zeeman
slower uses a laser beam and a time-indepedent but position-dependent magnetic
field to cool down an atomic beam. The laser beam is kept at a constant frequency
but atoms see it Doppler-shifted depending on its own velocity. The magnetic field
changes the atoms’ resonance frequencies via the Zeeman effect to compensate for
the Doppler shift.

It is common knowledge, that the anomalous Zeeman effect shifts an atom’s energy
levels depending on their magnetic quantum numbers and the strength of the mag-
netic field. For small fields, one speaks of the Zeeman effect while for strong fields the
name Paschen-Back effect is used to signify the decoupling of the atom’s different
spins. But what happens at the transition between these domains? How do different

field strengths influence the possible transitions? What is a good quantum number?
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The effect has been analyzed to answer these questions and the results are presented
in section . Using this knowledge, a Monte Carlo simulation (section was built
to predict the behavior of atoms inside a Zeeman slower and to better understand
said behavior. In section [3.6] these predictions are then finally compared to fluores-
cence measurements (section of the real Zeeman slower setup (section [3.3]) to
evaluate the validity of the simulation.

Lastly, the MOT is introduced in section [} The setup, as it is described in sec-
tion comprises a magnetic quadrupole field and three retroreflected laser beams,
one for each spatial direction. The beams are generated by the previously reviewed
laser system and additional optical elements (section [4.2)). The MOT’s fluorescence
is then analyzed to determine the number of trapped atoms (section as well as
its loading and unloading times (section [4.4).

With the current setup, the MOT could not be fully characterized. Unfortunately,
the final temperature of the trapped atoms could not be determined because the
magnetic field could not be quenched fast enough. Nevertheless, the general proce-
dure to calculate the temperature by analyzing the absorption and expansion of a
hot atomic cloud is explained in section In the hope of the possibility of further
research on the lithium MOT in the future, exemplary data of a rubidium MOT
serves as an example to demonstrate the procedure.

In the end, the results of this work are concluded and a short outlook on other,
related experiments in the group and potential improvements to this work are given

in section Bl
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2. The Laser Setups

A multitude of different laser beams is necessary to run a magneto-optical trap,
operate a Zeeman slower, and do spectroscopy at the same time. Lasers are fitting
light sources for these purposes as they produce highly coherent, stable and intense
light beams. Different lasers were used over the course of this project, all of them
external cavity diode lasers (ECDLs). In this chapter, the technical functionality of
these devices is explained and their specific properties are analyzed.

A home-built ECDL which is described in section will serve as an example
for the general physics behind laser diodes and their use in experimental atomic
physics are dissected. Another ECDL, a commercially available system, is explained
in section [2.2] This system was used primarily to create the laser beams which were
used to capture the lithium atoms in the magneto-optical trap. Additionally, several
scans of the lithium resonance spectrum were produced with the help of this laser,
as its stability and large scan range are ideal for this task. The procedure of gauging

the frequency of a scan is explained in this section as well.

2.1. Home-built External Cavity Diode Laser

A laser is a useful tool to produce intense, stable and coherent beams of light which

can be used for multiple purposes. Many different types of lasers exist:

 Solid-state lasers [Koe96|, dye lasers [DH90] and gas lasers [EW07] which are
based on solid, liquid and gaseous gain media. This gain medium is contained

in a cavity to select the amplified wavelength.

o Free-electron lasers [FA18] aren’t lasers in the original sense. No gain medium
is used for amplification. These light sources produce beams by utilizing the
fact that accelerated charges generate synchrotron radiation. High energy elec-
trons are guided through spatially alternating magnetic fields of a so-called

undulator, thus creating a beam of guided light.

» Diode lasers [San05] are based on semiconductor technology. If an electrical
current flows through a diode it can emit light. Depending on the used material

a wide variety of wavelengths can be produced.

While the latter might not produce the most intense light, compared to the alterna-
tives, diode lasers are affordable, easy to build and run, and can be installed in very
compact setups. The lasers that are currently being used to produce the light for
the Zeeman slower as well as the lithium MOT beams are therefore based on laser
diodes. In this section the functionality of laser diodes is explained by examining
the home-built external cavity diode laser (ECDL).
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2.1.1. Laser Diode Theory

A special type of diodes! are light emitting diodes (LEDs), specifically laser diodes.
In contrast to light bulbs or other thermal radiation producing elements which emit a
wide spectrum of light, the luminescence of an LED is based on excitation of electrons
into the conduction band and their subsequent deexcitation and recombination with
a hole. Therefore, they produce far narrower spectra. The transitions can be classified
into three types [SNL21], which are visualized in fig. 2.1}

1. Interband transition:
a) intrinsic emission very close to the band gap,

b) high energy emission with energetic or hot charge carriers.

2. Transition with imperfections or physical defects:
a) from the conduction band E¢ to an acceptor with energy Fa,
b) from a donor with energy Ep to the valence band Ev,
¢) from a donor to an acceptor (pair emission),

)

d) interband transition via a low defect Ej.

3. Intraband transitions with hot charge carriers:
a) completely within the conduction band E¢ (bremsstrahlung),

b) completely within the valence band Ev (Auger process).

Figure 2.1: Possible recombination processes in LEDs as described in [SNL21]: (1)
interband transitions, (2) transitions with physical defects, (3) intraband
transitions. Ep and E are donor and acceptor levels, Fj is a low defect,
while Fq denotes the band gap.

'For more information on diodes in general, see appendix
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Transitions based on near band gap interband recombinations are the most prob-
able and therefore changing the band gap by altering the composition of the semi-
conductor material or its temperature are an easy way to change the wavelength of
the emitted photons [Str97].

To build a laser, three things are necessary [Demll]: a gain material, an energy
pump and a cavity. A laser diode can offer all these elements at once. Usually the
valence band is far more populated than the conduction band? but by applying a
high enough forward bias voltage, a region of population inversion around the p-n
junction can be created as shown in fig. 2.2 Electrons in this region can recombine
with holes by emitting photons of energy FE,. This emission can be stimulated by
other photons with the correct energy, thus amplifying light that passes the inversion
region by a gain factor of g > 1. The acronym laser describes this process fittingly:

light amplification by stimulated emission of radiation.

. Junction

p-doted side ! n-doted side

EC S S EF7n
. . Ec
Inversmn region \
E,
ANNNNA
ANNANANAS
Ey
_____ Er
: Ey v

@ Flow of e~ @

Figure 2.2: If a voltage is applied to a laser diode, it starts producing light. Once the
resulting current is high enough, a region around the p-n junction forms
where population inversion is present and electrons in the conduction
band E¢ can recombine with holes in the valence band FEy. Light with
the correct frequency E,/h that passes this region can stimulate the
recombination and emission of additional photons. This amplification
doesn’t necessarily have to happen from the p-doted to the n-doted side.
Any light that passes this region is amplified.

The amplification itself is not enough to build a laser. The two opposite facets on
both sides of the diode’s p-n-junction form a Fabry-Pérot cavity [Her86|] of optical

length L' = n - L, where n is the materials reflective index and L is it’s length®. In

2Normally the conduction band of semiconductors isn’t populated at all because the Fermi level
FEr is below the conduction band. If it was above the band the material wouldn’t be a semi-
conductor anymore but a normal conductor.

3More information on the Fabry-Pérot cavity can be found in appendix
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this cavity, light of the correct wavelength (A = 2L’'/m, m € N) can bounce back
and forth between the reflecting sides and pass the gain region again and again.
With every passing, the light accumulates more power and subsequently leaves the
diode as a high intensity, highly directed beam. The result is a simple homojunction
laser diode [Sunl5| as depicted in fig. [2.3|

Photons confined in this direction

o inside the active region
Injection current :

-z . = Front facet,
|: :l( ............ Metal contact =+ = : = | uncoa‘ted T
- = - p-type material A = ¢
. : = -
‘( ----- p-1 junction )P
= F = = ! n-type material A = | Output
z »‘;‘. Back facet " y - = | beam
= = ™| reflective coated R | = -
= = |- - n-type substrate -
= = * Elliptical beam - =
= = |<--Metal contact -->[= H
v v v v
Front view Side view

Figure 2.3: A simple laser diode based on a p-n junction. The diode itself is the gain
medium. Both its facets form a Fabry-Pérot cavity and one of them is
coated with a reflective layer which makes its reflective index R much
greater than the respective index r of the uncoated facet (R > 7).
Therefore, the diode has a predominant direction in which it emits light.
Picture based on [Sunl5].

This simple design still has some flaws. The light mode that builds up is defined
by the spatial boundaries set by the diode. In the direction of the beam, the bound-
ary is given by the length of the cavity, i.e. the distance between the facets and
the refractive index of the material. In the vertical direction, the mode is limited
by the size of the depletion layer of the p-n junction where stimulated emission is
happening. The gain profile in horizontal direction depends directly on the electrical
current. Lasing can only happen where current flows through the material because
only there population inversion is present. To conclude, this setup is defined by its
gain and is therefore called a gain-guided laser diode. The electric field as well as
the electron and hole density is not well confined to the active layer, i.e. the p-n
junction, which results in a low recombination rate, low lasing efficiency and a high
lasing threshold [Sunl5].

To overcome these flaws, double heterojunction laser diodes were developed in which
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semiconductors of different dotings are sandwiched between one another. Such a
diode is depicted in fig. 2.4 The active gain region is encapsulated by a different
material with a different refractive index. The innermost pair of layers confines the
minority charge carriers to the active region, while the outer layers confine the op-

tical beam [Koe96]. This type of laser diode is index-guided.
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Figure 2.4: Front view of an embedded double heterojunction laser diode. Each ma-
terial has a different composition and refractive index. The p-n-junction
is so thin, it forms a quasi-two-dimensional quantum well. Picture based

on [Sunij].

By further decreasing the height of the active region to 10 nm and below a quasi-
two-dimensional quantum well is formed. Its behavior is described as in [Zap04]. The
optical and electrical properties of the material, such as transition rates, polarization,
and optical gain, change significantly. The reduction of the dimension leads to a
quantization of the charge carrier’s allowed energies. Instead of a continous band
of possible states which is present in a bulk three-dimensional material, the energy
level become discrete again. Assuming a thickness ¢ and an energy depth F,, which

is the difference in energy gap between the well and the surrounding layers, a total

of
2m*FE,, t2
max — 1 int e 2.1
n +in (,/ Gy ) (2.1)

levels are allowed where the function int(z) rounds down to the next integer. The
coefficient m* describes the effective mass of the charge carriers. In solid materials,

electrons and holes move as if they are particles in a vacuum with mass m*, often
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given in units of electron masses m.. For (Al,Gaj_;)o5IngsP which is the III-V-
semiconductor comprised by the used laser diode, the respective values are m; =
0.113m, and m} = 0.635m, [CLST08|. Assuming an infinitely deep energy well, the

possible energy level are given by

22
heme

L) 2.2
2m*t2n (2:2)

As usual, n is the main quantum number with n € N. Both valence band and
conduction band possess these discrete levels so an expression for the total energy

difference between the lowest energy levels (n = 1) can be given as

2 (1 1
B =B+ . 2.3
= Et g () 2

Photons of the energy E, can be emitted from or absorbed into the quantum well.
It should be noted that E. is greater than the band gap E, of the bulk material.
The quantum well increases and narrows the frequencies which the laser diode can
produce. Multiple quantum wells can be stacked on top of each other to build a
laser diode with higher output power, narrower line width and more controllable

light frequencies.

2.1.2. The Real Laser Diode: Collimation

The laser diode that was used for this home-built ECDL setup is a multi quantum
well AlGalnP diode, specifially a HL6756MG [Tho08]. Some of its characteristics
are listed in table 2.1

The transitions that are probed are resonant to 671 nm light. As can be seen in the
last row of the table, the emitted wavelengths vary quite broadly. This is normal
behavior for semiconductor components, variance during the manufacturing process
leads to different properties of the diodes. Therefore, multiple diodes were tested
to find the most suitable one. The chosen diode with adequate power, stability and

scanning range around 671 nm is presented in this section.

Table 2.1: Optical and electrical characteristics of an HL6756 MG laser diode at tem-
perature T' = 25°C and output power Po = 15mW. Data taken from
datasheet [Tho0§].

Symbol | Min | Typ | Max | Unit

Operating current 1 - 35 |45 mA
Beam divergence -
parallel to the junction ) 5 8 11

Beam divergence 0, 00 |os |2 :

parallel to the junction
Lasing wavelength A 660 | 670 | 680 | nm
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Firstly, the light beam has to be collimated. The aforementioned table states beam
divergences between 5° < ¢ < 11° and 20° < ¢, < 28°. Note that the perpendicular
divergence is much larger than its parallel counterpart. This is a direct consequence
of the way multi quantum well diodes produce light. The active region is highly
constrained in the vertical direction but not so much horizontally. A contour plot
of the emitted beam’s profile taken at 20 cm distance from the diode is depicted in
fig. 2.5b] The diode was operated at a current of 30 mA and a temperature of 20 °C.

. Dptic 8.0
Laser Diode
E 70
- E

0 g 6.5

g 6.0

02 |

Retaining Ring J 55
Collimation Tube Width [mm]

(a) (b)

Figure 2.5: Schematic of a laser diode and a collimation lens (a, taken from [Thoal)
and a measured profile of the emitted light at 20 cm distance (b). As
expected for a multi quantum well diode, the produced beam is far from
Gaussian.

Ideally, a laser beam’s profile has a Gaussian intensity distribution* following

I(F) = Ipe ™ M7, (2.4)

The vector 7 and its transposed 7' are given by the transverse distance to the
center of the beam 7= z - €, +y - é,. In this notation, the beam propagates into the

z-direction. For a Gaussian beam M is a simple diagonal matrix

M, = (2(% ) ) (2.5)

202

which results in the intensity distribution becoming

22442 -2

I(z,y) = lye 22 = [pe 27 = [(r) (2.6)

where the radius r replaces the transverse coordinates x and y. The measured

profile is elliptic rather than circular symmetric, so the matrix should be written as

4A Gaussian beam is easier to handle because it is angularly symmetric, has its highest intensity
in the center, and it can be coupled with high efficiency into light guiding fibers.
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L 0
Menipse = (20% ) (2.7)
ellipse 0 1 s

2
20y

with two separate standard deviations o, and o, one for the major and one for
the minor axis. Additionally, the ellipse could be tilted by an angle 6. A function

describing such an intensity profile (including a constant background Iy) is given by

 ((w=pa) cos(8) = (y—py) sin(8))?  ((w—pax) sin(8)+(y—py) cos(6))?

I(z,y) = Iy + Le 202 275 . (2.8)

The measured beam profile is not Gaussian, it isn’t even symmetric. The bright
spot in the middle is below the less bright area and several vertical lines can be
made out where the intensity drops. Nevertheless, using eq. to approximate
the beam profile is helpful to classify the collimation of the beam. A non-linear least
square procedure [VGOT20] was used to fit the given distribution to several inten-
sity profiles taken at different distances to the laser diode. The data is given as a
two-dimensional histogram, x and y specify the bin’s position and z its height. The
positional coordinates are assumed to be errorless while z which represents a counted
number of photons® has the error Az = /2. One such fit is shown in fig. . The
errors are also obtained from the fit algorithm. A seven-dimensional (one for each
fit parameter) covariance matrix is calculated, its diagonal entries are the squares

of the respective errors, assuming uncorrelated fit parameters.

Parameter | Fit value | Fit error
Iy 1732 2

I 21210 30
mm| 6.844 0.002

[
&> o, [mm] | 0.9347 | 0.0009
|

)
mm| | 6.5468 | 0.0003
]

o«
o

~
wn

~
o

o
n

Height [mm]

6.0 My
' o, [mm 0.3157 | 0.0003
0 20.0140 | 0.0005
iy 230

) ’ * Width mm] ’ # dof 164992

Figure 2.6: Fit of a measured beam profile of the light emitted by a laser diode. Mea-
sured at a distance of 20 cm. The reduced chi-square x2, is expectedly
high, as the used fit function doesn’t incorporate most features of the
measured data. The number of degrees of freedom (d.o.f.) is also given.

5The beam profiler is based on a CCD sensor. Every photon that hits a sensor cell has certain
probability of exciting an electron of the material to the conduction band, the so-called quantum
efficiency. The current that is measured when the cells are flushed is proportional to the amount
of excited electrons. Therefore, stochastic counting error is justified as a conservative error
estimation.
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The widths of the intensity ellipses’ semi-major and semi-minor axes are pro-
portional to the standard deviations o, and o, of the gaussian fit function given
above. Therefore, plotting these values against the distance of the beam profiler to
the diode, as depicted in fig. 2.7, gives an insight on the collimation of the laser
beam. It is easy to see, that the beam is diverging because the lens in front of the
diode is not positioned ideally. Nevertheless, for the purpose of building an ECDL
this setting is sufficient. The broadening is negligible considering the lasers compact

setup.

-~ Horizontal Width
Vertical Width

100 200 300 400
Distance [cm]

Figure 2.7: Standard deviations extracted from beam profile fits depending on the
distance from the light emitting laser diode.

2.1.3. The Real Laser Diode: P-1-Curve

For the laser diode to produce light, an electrical current I must flow through it. The
measured output power P depends on I and so a P-I-curve was taken, as shown in
fig. Up to a certain threshold current I;;, =~ 15 pA, the measured power doesn’t
increase significantly. The diode behaves like a normal LED and emits incoherent
red light without amplification. But once Iy, is reached, the power of the emitted
light grows linearly with I because it depends on the amount of electrons that can
be excited to the conduction band. The more electrons are in the conduction band,
the more can be deexcited by a passing photon, the higher the gain of the material.
These electrons are delivered by the applied current. Thus, increasing [ increases P

in a linear fashion until saturation effects come into play which are not shown here.
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These effects occur at higher values of I which were not probed to avoid damaging
the diode.

The diode’s output power at I = 35mA and temperature T" = 20°C, which is the
typical operating current (see table , is measured to be P = 18.7(1) mW. This
is above the typical power output stated by the manufacturer, making this diode a

promising candidate for building an ECDL.

2 *
20 .0’ . ¢
1 | ,'.... ° *
= 15; ol
E 0 * o’ . )
— 14 16 K
210 .
o *®
(a1 . °
5 e
0 - ® © & & & 0 0 0 & 0 O 0 0 0 o /
0 5 10 15 20 25 30 35 40

Current [uA]

Figure 2.8: P-I-curve of the used laser diode and a zoom-in of the low current regime.
Below a certain threshold Ii;, the diode behaves like a regular LED, it
produces incoherent light without amplification. For I > I, population
inversion exists in the active layer and coherent laser light is emitted.

2.1.4. The Real Laser Diode: Frequency Tuning via Temperature

A diode that constitutes a good candidate for the ECDL should be tunable to a
wavelength of A = 671 nm or a frequency v = 446.8 THz, respectively. Two factors
affect the output of the diode: its temperature and the electrical current that flows
through it. The reason for this can be found in eq. . The photon energy and
therefore its frequency is linearly dependent on t% where t is the thickness of the
active region in the diode. Increasing t leads to decreasing frequencies.

The length of the diode is also important. As mentioned above, the high-reflective
back facet of the diode and its front facet form a Fabry-Pérot cavity in which such
wavelengths A, that fulfill

A= =T (2.9)
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experience a maximum of amplification. Here, L’ is the optical length of the cavity,
i.e. the distance from the front to the back facet of the diode L multiplied by the
material’s refractive index n, and m € N. Depending on the reflectivities of the
facets, here denoted as R and r for the back and front respectively, the intensity 1

of the emitted radiation is®

1
I x - (2.10)
1+ Rr — 2+ Rr cos (—47Z\L )
which is maximal for cos (4”TU) = 1. This yields the requirement for A\ stated

above. But wavelengths that don’t satisfy this condition can still lead to a non-zero
intensity.

While eq. defines the possible frequencies, eq. sets limits to the wave-
lengths. Together they confine the produced laser light. At first, the temperature” T
was scanned over a small range from 19 to 21 °C. The light was guided into a wave-
length meter with a 30 MHz absolute accuracy® [Hig23] and T was adjusted. After
2min, T and therefore \ settled, i.e. its drift over time became significantly lower
than the wavemeter’s accuracy, the frequency v was red out and 7" was adjusted
anew. The results and the targeted frequency which is necessary for spectroscopy
on °Li and “Li are depicted in fig. .

Typically, materials that are heated expand and so does the diode. This increases
the thickness t and L and therefore the emitted frequency declines. This decline was

fitted using a linear model

v(T)=vy—c- (T —1Tp), (2.11)

because the expansion was considered to be sufficiently small for a first-order ap-
proximation to be adequate.
Two such linear features are present. As the temperature increases above a certain
limit, the equations that govern the possible amplified frequencies allow multiple
modes at once. The laser becomes unstable and jumps back and forth between these
modes until the temperature is high enough to only allow a single mode again.
This mode competition and the resulting mode hopping is explained below in sec-
tion [2.1.5] Both features were fitted using a weighted orthogonal distance regression
procedure [BD89|. Their respective parameters are listed in table . The constant
T, was not fitted but chosen as 20°C.

6A derivation can be found in the appendix appendix

"This temperature is not the temperature of the diode itself. The diode is installed on an aluminum
block that is cooled by a Peltier element to hold it at a constant temperature.

8The absolute accuracy describes the error of the absolute value of a frequency measurement.
Relative to a different frequency, the device can determine a frequency with an accuracy of
1 MHz.
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Figure 2.9: Measured laser frequency versus temperature at current / = 35mA. The
diode can produce multiple frequencies in two oscillation modes, roughly
90 GHz apart. These modes are shown as linear fits. Note that although
the reduced x? are given, the fits were produced using orthogonal dis-
tance regression to take horizontal and vertical errorbars into account.
The x%, are therefore not necessarily close to 1. The light jumps from
high to low frequencies once a certain threshold is passed. Neverthe-
less, the desired frequency cannot be reached by temperature adjustment
alone.

Table 2.2: Parameters of linear fits to temperature dependance of frequency of light
produced by a laser diode.

Mode vy [THz| ¢ |[GHz/K]

High | 446.83223(3) | 27.70(5)

Low | 446.74159(7) 27.3(1)

The parameters vy and ¢ describe two fundamental properties of the diode, its
length and its thermal expansion. In a first-order approximation the length L of the

diode depends on the temperature T' following

L(T) = Lo+ a,(T — Tp), (2.12)
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where Ly is the length at a certain temperature Ty and «y, is the thermal expan-
sion coefficient. According to eq. (2.9)) this change in length directly changes the
wavelength of the light

. 2L0 2CYL

n T T (2.13)

= Ao+, (T —Top),

An(T)

where A, o is the wavelength of the n-th longitudinal mode of the cavity formed by
the diode at Ty and «, is the rate of change in this wavelength. It is important
to note that A, is the wavelength in the medium of the cavity, i.e. of the diode.
Because a, is a function of n, different modes change differently with temperature
and therefore the frequency v changes differently as seen in the above table. With

a medium- and frequency-dependent speed of light c,, the frequency is given by

Cy
n T) =
va(T) Ao + an, (T = Tp)
¢ Cyay, T -7 (2.14)
T o A o

A comparison with the fit function eq. 1) reveals that b = & = &2 and

An,0 2Lg

wn — eran  Tpder the assumption that the difference of phase velocity

oo 2L
between the modes is negligible and that the two frequencies depicted belong to the

m =

n-th and the n 4+ 1-th mode, their mode numbers can be determined by

boy1 n+1 bn,
b PR (2.15)

Consequentially, the depicted lines correspond to the 4929+4-th and the 493044-
th mode, respectively, with a free spectal range (FSR) of Avpsg = byi1 — b, =
90.60(8) GHz.

Unfortunately, the length of the diode and the refractive index of its material
could not be reliably determined. The datasheet [ThoO8] mentions a diode length of

C
QAVFSR

sured free spectral range for a refractive index of 1. To correct for the difference, the

1.27 mm, while a cavity of length L = = 1.654(1) mm would produce the mea-

diode material would need to have a refractive index of n, = mﬁ =1.303£0.001
but AlGaInP has a value of n, ~ 3.4 [PX14]. It is well possible that the refractive
index is similar to the calculated value because it depends on the chemical compo-
sition of the material which is unknown. The formation of the light mode inside the
cavity that is created by the diode also changes the index by locally heating up the

material.
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If it is assumed that the calculated value and the length given by the datasheet are
correct the thermal expansion coefficent o, is found to be
2 L% MLow M nm

O ow = 0 LT 0 777(3) — (2.16)

CMLow K
for the lower mode and

2
UL High = W — 0.788(2) % (2.17)
for the higher mode. It’s obvious that both these values must be the same but they
are only similar in magnitude. A cause for the mismatch could be an insufficient fit
model. It was assumed that the only effect that changes the wavelength is the linear
thermal expansion of the diode. But as eq. shows, the energy of the produced
photons depends on the thickness of the amplification layer. This value also changes
as the diode expands. This effect is not incorporated yet. Further investigation is
needed to develop an adequate theory to better characterize the diodes temperature
dependence.
Finally, a red dashed line can be seen in fig. which shows the desired frequency
needed for performing spectroscopy on %Li and Li . While both fits theoretically
cross this line at a certain temperature the frequency itself is unreachable as the
diode’s mode "jumps' right over it. Change of temperature alone is not sufficient to

control the frequency so another parameter has to be considered: the diode current.

2.1.5. The Real Laser Diode: Frequency Tuning via Current

The laser light’s frequency in relation to the current applied to the diode was mea-
sured and is depicted in fig. 2.10] The temperature of the aluminum block which
serves as the diode’s heat sink was kept at 7' = 20°C. As the driving current in-
creases, the frequency decreases. Higher currents lead to higher temperatures within
the diode itself which in turn decrease the frequency as explained in the last section.
Additionally, the change in current changes the amount of charge carriers at the
p-n junction which in turn changes the refractive index and the maximum photon
energy [SNL21].

Just like in fig. mode hops are visible. At certain currents the laser becomes

unstable and hops to a lower mode. A linear function in the form of
v(l)=vy—c- (T —1Tp) (2.18)

was used to fit the lower three of the visible modes with xqg = 35mA. The results of
the fit can be found in table and are represented in fig. [2.10
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Table 2.3: Parameters of linear functions fitted to different laser oscillation modes
in dependence of diode current.

vy [THz] ¢ [GHz/mA]

Higher Mode | 446.92354(8) 7.46(2)

Central Mode | 446.83236(5) 7.74(5)

Lower Mode | 446.7423(1) 8.12(3)

447.057 = -+ Measured frequency
447 004 ---- Desired frequency
Fit of higher Mode: x%/1=0.4

E 446.95 e —— Fit of central Mode: x?/4=5.5
~ : 2/4 —
= 446.90 Fit of lower Mode x</4=2.1
(@]
3
O
g
L 446,80 ---mmmmmmm o

446.75 4

30 32 34 36 38 40
Current [mA]

Figure 2.10: Laser frequency versus diode current. Multiple modes of oscillation are
visible with sudden jumps between them at certain currents. The lower
three modes where fitted using a linear function. Note that although the
reduced y? are given, the fits were produced using orthogonal distance
regression to take horizontal and vertical errorbars into account. The
X2, are therefore not necessarily close to 1. Additionally, a dashed
line indicates the frequency which is needed to do spectroscopy of the
lithium D lines. The fit parameters are listed in table .

The free spectral range can be given by oy — voc = 91.18(9) GHz or vy¢c —
vor, = 90.1(1) GHz or (vou — 1o1.) /2 = 90.62(6) GHz where vy, vo,c, and v, are
the offset parameters of the higher, the central, and the lower oscillation mode,
respectively. In magnitude they are all similar to each other and the value that was
found during the investigation of temperature dependence Avgsg = 90.60(8) GHz.
However, they are not the same. This is because a change in current not only alters
the amount of charge carriers in the amplification layer and the gain profile of the
material but also changes the temperature of the diode and therefore the length of

the cavity which it forms®.

9The diode cannot be cooled directly, it is connected to a temperature stabilized heat sink. Even
if the outside of the diode could be cooled directly, the current within would heat up the active
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Consider eq. , which gives a relation between the frequency v of light in a
cavity of length L and the power P of said light. Only certain frequencies, certain
modes of oscillation, experience amplification in this cavity. This relation is plotted
in fig. for a theoretical diode with reflectivities of R = 100 % and r = 30%
and a length of L = 1.654 mm so it produces similar laser modes as the real diode
that is characterized in this chapter. Additionally, consider this diode amplifies light
depending on its frequency. The gain experienced by the light depends on a multitude
of the material’s attributes, one of them being the current that flows through it.
Unfortunately, it was not possible to measure the amplifaction profile of the real
diode, so it is simply assumed that the profile of our model diode follows a normal

distribution

V—VO(I))2

A(v) o« e_( V2o (2.19)

In this model, the center frequency 14 is a function of the current I, specifically
a linearly declining function'®. Increasing the current lowers the frequency which
is ampflified the most. This is also depicted in fig. 2.11] The last feature in the
aforementioned plot is the product of both amplification mechanisms. As there is
only a limited amount of electrons in the conduction band to recombine with holes,
the different oscillation modes compete for these electrons. Therefore, the resulting
laser light will have the frequency for which the total amplification is the highest.

Different situations are shown in the plot:

a) A clear maximum of the gain product is visible. The diode emits light of this

frequency.

b) The current has been increased slightly. The diode’s gain profile moves to lower
frequencies and so do the cavity modes because the higher current slightly in-
creases the diode’s internal temperature. The diode expands and the cavity which
is formed by its back and front facet therefore amplifies smaller frequencies than
before. The highest gain product still belongs to the same mode as before (al-
beit at a lower frequency) but the next lower mode’s total gain is now similar in

height. The modes start competing for minority charge carriers.

c) The current has been increased even further. The diode gain moved so far to
lower frequencies that the total gain of the previous mode is not the maximum

anymore. A sudden mode jump to a lower mode occurs.

The model diode shows the same behavior as the real one. Small changes in cur-

rent lead to small linear changes in laser frequency. The frequency decreases as the

region and thereby increase the active region’s temperature and the temperature gradient from
the diode’s center to its edge.
10Tt has to be declining because the mode jumps to lower frequencies.
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temperature increases because longer cavities correspond to lower resonance frequen-
cies. At certain currents, a mode hop appears. The light’s frequency abruptly drops
because the diode gain profile moves faster to lower frequencies than the cavity gain
profile. If it moved slower or even in the other direction, the modes would jump
to higher frequencies or not at all. The temperature dependence shows a similar

behavior which can be explained the same way.
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Figure 2.11: Schematics of different amplification factors of a theoretical model diode
for increasing currents: a) Starting current. A clear amplification max-
imum is visible. b) Current is slightly increased. The cavity modes and
the diode gain move to lower frequencies. The highest gain can be found
for the same mode as before. ¢) Current is increased even further. A
lower mode now experiences the highest gain. This results in a mode
hop.

Finally, the desired frequency to perform spectroscopy on lithium is also plotted in
fig. and just like in section [2.1.4] this specific frequency cannot be reached. With
achievable parameters for T" and I, the diode alone is therefore not sufficient for the
purpose of this experiment. An additional element is needed, i.e. a reflection grating

to form an external cavity. The resulting setup is discussed in the next section.
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2.1.6. External Cavity Diode Laser Setup

To achieve laser light at the desired frequency another wavelength sensitive element
has to be added. Two possible solutions were tested during this thesis: a setup using
an interference filter [BGBT06, lLJZTT16] or a reflection grating [AWBOIS, (CMM™14].
As the latter produced more reliable results, a design based on [RWE™95] was cho-
sen which is shown in fig. 2.12] A grating which reflects some part of the beam back
into the diode creates an external cavity further restricting the allowed wavelengths.

This setup is therefore called an external cavity diode laser or ECDL.

Figure 2.12: Photograph of the ECDL setup.

A multitude of elements, most of them on an aluminum block, is visible in fig. [2.12}

1. The laser diode that was examined in the previous sections. It is contained
in a black collimation tube (Thorlabs LT230P-B) with an aspheric lens (f =
4.51 mm).

2. A DC connection to supply the diode with a controllable current.

3. A sensor (Analog Devices AD590JF) to measure the temperature 7" at a point
close to the diode is glued to the aluminum block. Therefore, the measured T’

is not the diode’s temperature but rather of its heat sink.
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4. A Peltier element (Laird Technologies CP1.0-127-05L) is used to heat or cool

the aluminum block.

5. The temperature sensor and the Peltier element are connected to a PID con-
troller, adjusting the current through the Peltier element to stabilize T' of the

aluminum heat sink.

6. The reflection grating is glued to a bendable arm. It reflects light back into

the diode creating an external cavity of length L.

7. To bend the arm on which the grating is placed a Piezo element (Piezomechanik
PSt150/4/7) is installed. A voltage of up to 150V can be applied to extend
the length of the element by up to 7 pm. This allows fine tuning the length of

the external cavity.

8. For coarser length tuning, a micrometer screw is used. Two additional screws

control the horizontal tilt of the grating.

9. A PID controller (not shown, home-built) is connected to the Piezo element

to apply a controlled voltage to the latter.

The used reflective grating has 1800 grooves per mm, evenly spaced at a distance

a= ﬁ mm, and it is wavelength selective in two ways:

1. The external cavity supports only such wavelengths that fulfill A = 2L/n
(n € N). This external cavity is longer than the one formed by the diode itself,
i.e. its FSR is smaller. For comparison, the FSR of the diode is roughly 90 GHz
while the external cavity has an FSR of approximately 7 GHz.

2. The grating is only truly back-reflective, if the wavelength fulfills the condition
A = 2asin(6) (2.20)

where 6 is the angle at which the laser light hits the grating’s surface. This
means that the frequency of the laser is scannable by changing 6 with the help

of the micrometer screw or the Piezo element.

To make sure the back reflection is adjusted correctly another P-I-curve was
recorded. The results are plotted in fig. together with the P-I-curve of the laser
diode alone (see fig. . Once the external cavity is formed the lasing threshold Iy
drops because the cavity amplifies the power of the light within it. Lower currents
will already provide enough light power to drive a transition that fits the diode
cavity, its gain profile and the external cavity. But it’s also clearly visible that the

maximum power declines because the mode that fits all these conditions is not the
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mode that experiences the highest amplification by the diode alone. Additionally,

some power gets lost due to higher-order reflections.

-+ Diode alone o
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Figure 2.13: P-I-curve of the laser with and without reflective grating and a zoom-
in of the low current regime. The integration of the grating decreases
the lasing threshold Ii;, but also the maximum output.

Lastly, to show that the ECDL is working as intended, fig. portrays the mea-
surement of a mode hop-free scan of the laser frequency over a 2 GHz range. The
frequencies which are necessary to perform spectroscopy of the %Li Dy and the “Li

D; lines are well within the scan range.
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Figure 2.14: Measured mode hop-free scan of the ECDL. The dashed horizontal
lines indicate the frequencies of the °Li Dy and the "Li D; lines. All
transitions are well within the scannable range.

2.1.7. Doppler-Free Saturated Absorption Spectroscopy

At room temperature lithium is a solid metal. The material has to be brought into
the gas phase to create a usable target. The only way to achieve this is by heating
the Li. In a fine vacuum, Li needs to be heated up to roughly 300°C to generate
such a gaseous target.

A high temperature leads to a broad velocity distribution which in turn broadens
the range of frequencies that can be absorbed by the gaseous Li. Whether an atom
absorbs a photon, depends on the photon’s frequency measured in the atom’s rest

frame /. The probability of absorption p follows a Lorentzian distribution

1
vo— V)2 +T12%/4’

p(V) ( (2.21)
where 14 is the resonance frequency, and I' is the natural linewidth or full width at
half maximum (FWHM). Due to relativistic effects, v is not necessarily the photon’s
frequency in the lab frame v but it depends on the atom’s velocity . The Doppler

shift is given by
— . k
V' =v(y—~Bcos(¢)) v — UQ— (2.22)
™
Here, 5 = ¢/v and 7 = 1/y/1 — ? are the well-known relativistic parameters and

k is the photon wave vector. The approximated right-hand side of eq. (2.22]) is the
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first-order Doppler shift and valid for small values of |¢]. If multiple atoms are probed
and they form a hot ensemble, i.e. their velocities v in the direction of the incoming

light follow a Gaussian distribution with temperature 7"

m _ ma?
Jw) = \ 27TkBTe e (2.23)

with m being the atomic mass and kg the Boltzmann constant, the same frequency

v can be seen as many different v/ and different velocity classes will thus absorb

different frequencies of light. This results in a line broadening of

vy [8kgT In(2
AVDoppler - ?0 BTI’L<) (224)

This broadening effect can be overcome in two ways. Either the gas is cooled down,
e.g.ina MOT, or a Doppler-free measurement technique is used, such as Doppler-free
saturated absorption spectroscopy (DFSAS). The latter is explored in this section
using the “Li Dy line as an example. The exact level structure of “Li will be exam-
ined in section for now it is only important to note that there are two ground
states |g1) and |g2) which can both be excited to one excited state |e).

But first, we simplify even more and assume only one ground state |g). The fre-
quency needed to excite an atom is vy = 446.81 THz and the natural linewidth of
this transition is I' = 5.9 MHz. At a temperature of 300 °C and with "Li atoms hav-
ing a mass m = 1.165x 10720 kg, the respective transition will be Doppler-broadened
by Avpeppler = 2.9 GHz.

DFSAS is a form of absorption spectroscopy in which a laser beam of frequency
vy, passes an absorbing medium and the remaining power of the beam is measured,
usually by a photodiode. The beam will is most likely to be absorbed by atoms
that see vy, as 1y after it has been Doppler-shifted into the rest frame of the atom.
Therefore, a decreasing transmitted power is measured once vy, gets closer to 1.
A schematic absorption spectroscopy setup is depicted in fig. [2.15a] The resulting
spectrum is the convolution of the natural Lorentzian line shape of the resonance
and the Gaussian Doppler-broadened spectrum. This is resulting in a Voigt profile
but because Avpgppler > I' it is adequate to describe it as a Gaussian. Thus, the
photodiode produces a signal which is shown in fig. An off-resonant beam will
pass the medium mostly undisturbed.

A real measurement is not as clear as the shown spectrum and noise limits the
attainable precision in the determination of 1. It is therefore necessary to find
a way to suppress the Doppler broadening and one approach is to add a second
counter-propagating laser to the setup like in fig. [2.16al Both beams have the same
frequency and one of them, the so-called probe beam, has a much lower power than

the other which is named pump beam. The ratio is roughly 10:90. Due to the fact
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—

that their wavevectors have opposite signs /;probe = —Kkpump, they interact with op-
posite velocity classes, i.e. one beam is absorbed by atoms with longitudinal velocity
v=c (Z—E — 1) and the other is absorbed by atoms with v = ¢ (1 — Z—E) Here, ¢ is

the speed of light and longitudinal means in the direction of the laser beams.

=
o

Diode Signal [A.U.]
o
()]

o
o

-25 00 25 5.0
Vv —vg [GHZ]

|
YE
o

(a) (b)

Figure 2.15: Stylized absorption spectroscopy setup and signal. (a) A laser exits a
fiber, passes a hot gaseous target and its remaining power is then mea-
sured by a photodiode (PD). (b) Signal measured by the photodiode
as a function of the laser’s frequency detuning v — .

The probability distribution p,(v) for finding an atom in the ground state as a
function of the atom’s transverse velocity is plotted in fig. [2.17] for two different cases:
off- and on-resonant laser frequency. The distribution follows a Gaussian because of
the Doppler effect (see eq. (2.23)). But at certain velocities p, (the solid line) drops
and deviates from the original normal distribution indicated by a dashed line. The
atoms that absorb photons aren’t in the ground state anymore and are therefore

missing in p,. These spectral holes have a width of

/ 1
AVhole =I4/1 + Ji (225)
sat

where [ is the intensity of the laser beam and I, is the saturation intensity of the
transition [Foo05], which is 2.54 mW /cm? for the discussed ’Li transition [Fis23].
Notice how the position of the holes in fig. are on opposite sites of the peak

but the more intense pump beam creates a deeper and broader hole than the probe

beam. As long as these holes are apart, the signal as measured by the photodiode
doesn’t change. But as vy, approaches vy at v = 0, the holes start overlapping and in
this so-called Lamb-dip the target becomes more transparent. The measured probe
intensity increases because the pump beam saturates a large portion of the atoms
and the spectrum shows Doppler-free features depicted in fig. hence the name:

Doppler-free saturated absorption spectroscopy.
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Figure 2.16: Doppler-free saturated absorption spectroscopy setup (a) and signal
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(b). A laser exits a fiber, its polarization is adjusted by a half-wave

plate (%), is then split into two counter-propagating beams (a high

intensity pump beam and a low intensity probe beam) by a polarizing
beam splitter (PBS) and passes a hot gaseous target. The probe beam’s

remaining power is then measured by a photodiode (PD).
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Figure 2.17: Probability density function for finding an atom with velocity v + dv

in a hot (300°C) sample in the ground state. Two counter-propagating
laser beams with the same frequency ((a) off-resonant and (b) on-
resonant) pass the sample and excite atoms. The resulting spectral holes
or Bennett-holes decrease the capacity to absorb further photons and
once the holes overlap to form the Lamb-dip, the transmitted beam
power increases. The dashed line indicates the expected distribution
without the presence of any laser beams.
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Now that the basic procedure of DFSAS is clear, the Dy line of "Li is exam-

ined as a real-life example. As mentioned above, two resonances!'!

are present at
Vhigh = 446.809 883(8) THz and 14y, = 446.810693(4) THz [BWP™13|. The frequen-
cies Vioy and vy;gn are named after the ground state their respective transition belongs
to, i.e. the lower and the higher ground state. According to the previous theoretical
explanation, two narrow peaks inside a broad Gaussian valley are expected to be
seen in the spectrum. In fig. these two peaks are in fact visible and for higher
frequencies the measured signal rises indicating said valley. The whole valley cannot
be seen because the laser can only be scanned over a range of 1.2 GHz and more

than twice as much would be necessary.
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Figure 2.18: Measured Doppler-free saturated absorption spectrum of the "Li D,
line. The spectrum was produced with a home-built ECDL. The fol-
lowing transitions are visible (from left to right): from the upper
ground state 25,5, F = 2 to the excited states 2Ps/, F' = 1,2,3;
A-crossover resonance between the two ground states and the excited
states; from the lower ground state 25,5, ' = 1 to the excited states
2P55, F' = 0,1,2. On the right side of the spectrum the rising flank of
the Doppler-valley is visible.

1Tn principle there are six transitions: three from the lower ground states to three of the four
excited states and three from the higher ground states. But the HFS of the excited states is
comparable to the natural linewidth which makes them hard to differentiate in the spectrum.
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Between vhign and viqy, a dip is visible which is as narrow as the peaks of the reso-
nances. This so-called "crossover' resonance is an artifact of the DFSAS technique.
It is a consequence of the fact that for moving atoms the same light can be used
to drive different transitions depending on the direction of the light relative to the
movement of the atom.

Crossover resonances can be observed whenever more than one lower or higher state
exist. The first one which is discussed here is the A-configuration shown in fig.

because it matches the simplified “Li level structure.

Probe

Figure 2.19: A-configuration. A low intensity probe and a more intense pump beam
excite atoms moving towards the probe beam with velocity |¢/]. Arrows
from state to state represent transitions, with wider arrows indicating
more frequent transitions. Effectively, atoms are pumped from the |g,)
state into |g1). For opposite velocity this is switched.

Imagine atoms with two ground states |g;) and |g2) from which a transition to
the same excited state |e) is allowed. From the left, the probe beam shines through
the sample while the pump beam is coming from the right. The laser frequency is

exactly between the frequencies that drive the two possible transitions

_ Yon=le) T Vga) sle)

V1, 9

(2.26)

The photons therefore have the energy Ey, = hyy, and cannot be absorbed by atoms
that are at rest because a certain amount of energy AF is either missing or too
much. But some atoms are moving and certain velocity classes experience Doppler

shifted light with photon energies

which are exactly the energies that are needed to drive the two transitions'?. The +
in eq. (2.27) indicates that the atoms of these velocity classes are moving towards

one laser beam while moving away from the other. Henceforth, it is assumed that

12For the probed 7Li Dy lines, atoms with v = 4272(3)m/s experience the center frequency
between vpigh and v Doppler-shifted to the real resonance frequencies.
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the atoms move toward the probe beam with this necessary velocity v. They could
just as well move towards the pump beam, the end result would be the same but
the reactions of the ground states would be switched.

Some atoms which are in |g;) absorb the probe beam while many more that are in
|g2) absorb the pump beam. But both reach the same excited state |e). From there
the atoms can spontaneously deexcite into both ground states depending almost
completely on the multiplicies of the states which are comparable in size. Effectively,
the atoms are pumped into the |g;) state increasing the amount of probe beam
photons that can be absorbed and thus the transmitted power drops. A dip appears
in the spectrum, as can be seen in fig. [2.16]

The second type of crossover resonance can be found in level structures with a V-
configuration, i.e. one common ground state |g) that can be excited to two excited
states |e;) and |ey). Such a configuration is shown in fig. 2.20 The frequency of the

laser is
Vig)=ler) T Vig)—lea)
= 2.28
2 Y ( )

exactly between the frequencies that would drive the transitions from |g) to |e;) and

149

leo) for stationary atoms, respectively. It is not necessary to limit this explanation to
a single velocity group. As long as the atoms have the correct velocity to see vy, as a
resonant frequency, they will be resonant to both beams at the same time. The result
is very similar to the regular DFSAS process explained above: the ground state |g) is
depopulated by the high intensity pump laser and because less atoms can therefore
absorb the probe beam, the intensity of the transmitted beam increases. A peak can
be seen in the spectrum in the middle of the peaks created by real resonances. This

feature can be found in the "Li D; line which is examined in section [2.2.1]

=)
~
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Figure 2.20: V-configuration. A low intensity probe and a more intense pump beam
excite atoms moving towards the probe beam with velocity |#]. Arrows
from state to state represent transitions, with wider arrows indicating
more frequent transitions. Effectively, the amount of atoms in the |g)
states is lowered, making it more probable for a probe beam photon to
pass the atoms. This would also be the case if the atoms moved into
the other direction but the arrows would be switched.
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2.1.8. Tapered Amplifier

The home-built ECDL produces light at the correct wavelength and can be scanned
over a wide enough range to probe all transitions of interest. But it only produces
relatively low power beams of roughly 10 to 15 mW. While this is enough for spec-
troscopy, we need more power for slowing and trapping. Therefore, the beam’s power
has to be amplified.

This is again done with a light producing diode. In contrast to the laser diode exam-
ined in section this diode is not designed to create a singular frequency laser
beam on its own. Its surfaces are not treated to make them more reflective but rather
anti-reflective. The geometry of this diode is shown in fig. [2.2Tal A narrow entrance
area, in which a laser beam can be injected, transitions into a tapered gain region.
Because a large current (up to 1 A) is applied to the diode, its material is already
excited and each injected photon stimulates the emission of several photons of the
same frequency and phase, thus amplifying the power of the seed beam. The inten-
sity of the laser gets so high that it would destroy the material if the amplification
region didn’t spread out, thus the taper. This leads to a deformation of the (ide-
ally) Gaussian injection beam into a high intensity multi-modal laser beam shown in
fig. 2.2Ib] Unfortunately, the multi-modal beam results in low efficiencies if the laser
is to be coupled into a single-mode fiber (here approx. 30 %). Because of its form and

function such a component is called a tapered amplifier (TA) [VSSHOT, [KHG14].
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Figure 2.21: A schematic of a tapered amplifier (taken from [Thob]) (a) and a mea-
sured profile of the amplified output beam (b). The depicted beam
has already been collimated by a set of lenses. The multi-modal pro-
file results in relatively low efficiencies when coupling this beam into a
single-mode fiber.

Additional optical elements are needed to focus the seed laser into the TA and

make the wide spread amplified beam usable. These optical elements are depicted

in fig. [2.22
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Figure 2.22: Photograph of the tapered amplifier setup. The numbered elements are
explained in the text. The seed laser enters from the right.

The numbered elements are listed below:

1. In the middle of the picture, the TA diode (Toptica EYP-TPA-0670-00500-
2003-CMT02-0000) can be seen. A current of 100 mA is applied to it so that
it produces light on its own to make it more visible. The current is far enough
below the design value of 1000 mA to not damage the TA.

2. The seed laser needs to be precisely coupled into the TA and the ampli-
fied output beam must be collimated. Therefore, a XYZ-translator (Thorlabs
CXYZ05A /M) which holds an aspheric lens (Thorlabs A375TM-B) with a fo-
cal lenght f = 7.5mm is placed on each side of the diode. Stainless steel rods
hold both translators at a certain distances and the micrometer screws can be

used to move the focusing/collimating lens to the desired position.

3. The TA is fixed to a copper block which fulfils two functions. First, it serves
as a anode. The driving current flows into the copper block via the red cable,
through the TA and back through the blue cable. Additionally, the TA needs
to be held at a fixed temperature and the block serves as a heat sink. The

block itself is cooled by a Peltier element which is placed under the block.
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4. Supply cables for the copper block’s temperature sensor, the Peltier element
and the TA lead to a D-Sub connector, which connects these elements to their

respective controllers.

5. An aluminum block serves as a base for the whole setup. It can be screwed to
the table to provide further stability. Additionally, it serves as a heat sink for
the Peltier element cooling the copper block on which the diode is installed.

6. To avoid dust settling on the optics and the diode, as well as stopping airflow

through the setup, an acrylic glass case is put around it.

Not shown in fig. [2.22] is a cylindrical lens to the left of the setup. The amplified
beam emitted by the TA can be collimated vertically by the aspheric lens alone but
the horizontal direction is highly divergent and an additional lens is needed.

The entire setup is schematically depicted in fig. . On the left, the ECDL (see
section emits the broad seed beam, which is reshaped by a pair of anamorphic
prisms to make it rounder. The beam passes on optical isolator and a %—plate before
it is split into two separate beams. One of which is guided into the wavemeter to
measure its frequency while the other is steered into the TA. The amplified beam
passes another optical isolator!® and is subsequently guided into a fiber to the exper-
iment.'* The wavemeter is connected to the ECDL’s Piezo actuator and produces a

voltage which stabilizes the laser to v, = 446.799 40(3) THz.

e %Wl Experiment ‘
E E j-: 9 I Wavemeter
Isalator

Tapered Amp.
> \H———7
Isolator L E\.
Laser 2 2

Figure 2.23: Schematic of the complete laser setup including the tapered amplifier
in the center of the picture.

13This isolator is needed because any back reflections that entered the TA through its output side
would be amplified and "focused" in the tapered region. The resulting beam intensity would be
high enough to destroy the TA diode.

MFurther explanation on some of the used optical elements can be found in appendix
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The TA and the power P, of the beam it produces, depends on several factors:
the power of the seed beam P,,, its polarization angle 6'°, the current I through the
TA, and its temperature 7. The TA’s current dependent output is shown in fig. [2.24]
For this measurement, the parameters that maximize P, were chosen. They are
listed in table and their determination is explained further below.

Table 2.4: The parameters which were chosen for the measurement depicted in

fig. 2.24

T 15.0(1) °C

I ]1000(10) mA

Py, 9.3(1) mW

9 39(1) °

T=15.0°C T;
P, =9.3 mW m’t
400 Tt
,,.l
] E‘
M
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— 300+ ey
= Lt
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Figure 2.24: Tapered Amplifier output power as a function of applied current. Higher
currents generally lead to higher output. Additionally, a periodic be-
havior can be seen.

Generally, a higher current leads to higher P,,; because more charge carriers are
delivered to the diode’s p-n-junction which can then recombine to emit more pho-
tons. An additional periodic behavior is also visible. One possible explanation is

that as I increases, the TA emits more light by itself out of both its output and

15Tn this case, @ is the rotation angle of the rotation mount that holds the %—plate right before the
TA. An angle of 39° corresponds to horizontally polarized light.
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input facet. The many optical elements on the input side (including the end facets
of the TA itself) reflect this light back into the TA, effectively forming an etalon.
The resulting increase in input power might be minimal but small changes in P,
can drastically increase P,,;. Additionally, at specific currents a cavity for the seed
light might form. The refractive index of the TA could change or the diode could
thermally expand accordingly. In this case, output powers up to Py, = 463(1) mW
at I = 1000(10) mA can be achieved.!®

The light which the TA emits is polarized parallel to the plane of the diode’s p-n
junction. It is therefore only transparent for seed light of the same polarization. To
get the highest amplification, the polarization of the seed laser has to match the
TA’s. As can be seen in fig. before the beam reaches the TA, it is reflected
by two mirrors and passes a polarization turning %—plate. The retarder’s angle can
be changed with the help of a rotation mount. The output power of the TA was
measured against the angle 6 of this mount which is depicted in fig. [2.25]

[ LY oy oy + Data
450 1 Y \ \ Sinusoidal Fit:
. . . 6o = 39.1(5)°
400 - NG =89.7(2)°
E 350_ A | A ] b b
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Figure 2.25: TA output power versus polarization of seed beam. A sinusoidal func-
tion was fitted to the data. The maximum/minimum angles correspond
to horizontal /vertical polarization of the seed laser beam. For high pow-
ers the data flattens out because the TA saturates.

16In principle, even higher P, are achievable, but the datasheet recommends a maximum power
of 500 mW at an absolute maximum current I = 1.2 A. Increasing the current would assumably
decrease the lifetime of the TA which is not desired.
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A function of the form

P(0) = Py + P - cos (2%0 _ 90) (2.29)
A6

is fitted to the data. At roughly Opayx = 39.1(5)° 4+ n - 89.7(2)° the output power is
maximal, while it’s minimal for i, = 84.7(4)° + n - 89.7(2)°, where n € Z. These
angles correspond to horizontal and vertical polarization, respectively. Interestingly,
the periodic behavior is not purely sinusoidal. For the best angles the power flattens
out into a plateau because the TA is saturated, for the worst angles the power drops
to the levels of an unseeded TA'" (Pout = 150 mW), and inbetween a medium output
power state seems to exist.

The TA is a light producing diode and just like the laser diode its performance is
dependent on its temperature which is depicted in fig. [2.26] The current dependence
of P,y is plotted for multiple temperatures. The general behavior is always the same,
higher currents lead to higher output powers. Furthermore, as the temperature de-
creases, the TA’s gain profile changes and the seed laser experiences more and more
amplification. The output power is not totally separated by different temperatures.
For some currents, higher 7" result in higher outputs than lower 7". This has the same
reason as the periodic P — I behavior seen in fig. [2.24] A cavity forms at certain

currents which increases the output power.
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Figure 2.26: TA output power versus current. The measurement was done for dif-
ferent temperatures at fixed input power P, = 9.3(1) mW. While the
general relation between current and output power is the same (the
higher I, the higher P,,), a drop in T" leads to increased amplification
resulting in higher P, .

17TA TA should never be operated without a seed laser, as this might destroy the amplifier.
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Lastly, the relation between P, and the power of the seed beam P, is to be
examined. This is plotted in fig. and as expected, the higher the input power,
the higher the output power. Nevertheless, the unstable growth is still present. Some
currents result in higher P, than higher currents. Additionally, P, saturates for
larger P,,. This is better shown in fig. 2.28] Therein, the highest achieved P, of
each input power measurement is plotted against P, and the first three points were
used to fit a linear function to highlight the diminishing returns because the TA

shows saturation effects.
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Figure 2.27: TA output power versus current. The measurement was done for dif-
ferent input powers at fixed temperature 7" = 15.0(1) °C. While the
general relation between current and output power is the same (the
higher I, the higher P,,), an increase in P, leads to increased ampli-
fication resulting in higher P,.
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Figure 2.28: Saturation of the maximum TA output power for different seed powers
P.,.. The fit shows the slope efficiency for small input powers.

2.2. Commercial ECDL

The second laser in use is a commercial TApro by TOPTICA Photonics. In principle,
this laser is a smaller, more compact version of the previously explained setup. An
ECDL with a proprietary design emits light at A = 671 nm which is guided through
an optical isolator and into a tapered amplifier which increases the laser beam’s
power to up to 460 mW. The beam is then coupled into a fiber after passing a %—
and a %—plate to set it to the correct polarization. Roughly 200 mW can be coupled
into the fiber. A picture of the setup is shown in fig. [2.29]

A small part of the unamplified beam is coupled out via a partly transparent
mirror. This monitoring beam is used to characterize the laser in the following.
Firstly, the frequency of the produced laser light is monitored. A mode-hop free
scan over 31 GHz is shown in fig. 2.30] As before, the data was taken using a
High Finesse WS7-30 wavemeter. The lithium resonances at vep;p, ~ 446.79 THz,
VeLip, = Viip, ~ 446.8 THz, and vr;p, ~ 446.81 THz are well within the scan
range.

The monitoring beam of the laser was guided through a vacuum cell containing
hot lithium. The photodiode signal which corresponds to the transmitted power is
depicted in fig. 2.31} The x-axis has already been translated from Piezo voltage to
an offset dv to the nominal frequency v, = 446.8 THz. From left to right the °Li
D, line, the °Li D, and “Li D; lines, and the “Li D5 line are visible. The different
signal amplitudes are a result of the lithium sample which is inside the vacuum cell
comprising mostly “Li and only small amounts of °Li in a natural ratio of roughly

92.6 % and 7.4 %, respectively.
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Figure 2.29: Photograph of the insides of the Toptica TApro. The red numbers mark
important elements. These are: 1 external cavity diode laser; 2 Faraday
isolator to protect the ECDL from back reflections; 3 partly transparent
mirror to couple out a small fraction of the laser; 4 fiber coupling for the
monitoring beam; 5 tapered amplifier including focusing lenses to in-
crease beam intensity; 6 cylindrical lens to recollimate beam; 7 another
Faraday isolator to protect the TA from back reflections; 8 quarter- and
half-wave plates to correct the beam’s polarization; 9 main output fiber
coupling.
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Figure 2.30: The TApro can scan over more than 20 GHz. The horizontal dashed

lines show the rough position of the °Li D, line, the °Li Dy and the 7Li
D, line, and the "Li Dy line (from lowest to highest).
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Figure 2.31: Transmitted signal after passing a gaseous sample of °Li and "Li versus
the frequency of the TApro. From left to right, the dips correspond
to the SLi D; line, the °Li Dy and the "Li D; lines, and the “Li D,
line. The unstable behavior in the high frequency region stems from
the spectroscopy laser starting to run multi-mode.

It has to be noted, that the laser starts to run multi-mode at higher frequencies. At

the upper limit of fig. a more unstable behavior is visible. Here, the seed laser
starts to run multi-mode, i.e. multiple oscillation modes have similar gain factors
and all of them compete for a limited number of recombinable holes and electrons
in the gain medium. The range in which this multi-modal behavior occurs, depends
on the laser’s temperature, its current, and the setup of its external cavity. All these
properties were adjusted in such a way that the laser runs with a single oscillation
mode within the regions of interest: the lithium D lines.
Finally, to investigate the frequency stability of the free-running laser, the TApro
monitor output was connected to the wavemeter and then a long-term frequency
measurement was started. The results are shown in fig. [2.32] While a constant drift
of the frequency is clearly visible, a drift over just 650 MHz in 225000s ~ 2.6 days
is proof of the long-term stability of the laser. To get a better understanding of the
short-term stability, the Allan deviation [Bar90]

oy(T) = \/; ((Yns1 = yn)?) (2.30)

was measured, with y, = (0v/v,) being the normalized frequency offset of the n-

th sample. Here, the offset dv is the difference between the measured frequency
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and the nominal frequency v, as given above. The result is depicted in fig. [2.33]
The complete frequency measurement was divided into sections of length 7 between
200ms and 9000s. Unfortunately, shorter section lengths couldn’t be measured as
the wavemeter needs roughly 37 ms to take one data point which limits 7 to values
higher than that. A better frequency measurement scheme, e.g. comparing v to a
locked frequency comb and measuring the beat frequency, could help to generate

values for even lower 7.

0.4 -

0.3+

0.2

0.1

0.0

_Ol_

Detuning to 446.8 THz [GHz]

_02_

0 50000 100000 150000 200000
Time [s]

Figure 2.32: Detuning to 446.8 THz of the free-running TApro versus time. In
roughly 2.6 days the laser drifted approximately 650 MHz.

The Allan variance and its square root, the Allan deviation, are measures of an
oscillator’s stability. The smaller the deviation, the more stable the oscillator. The
meaning of stability strongly depends on the interpreted time frame. A laser’s fre-
quency can be easily modulated at multiple MHz. If one were to look at v every ns,
it would have changed quite significantly in this time frame. If one were to look at it
every s, the fast modulation would average out and one might identify v as stable.
That’s why o, is measured for different values of 7.

Three general regions can be differentiated. For 0.2s < 7 < 15, 0, is at its minimum.
This is the stable region in which the main noise source is frequency flicker noise
(noise which scales with 1/v) [RHOS]. For a nominal frequency of v, = 446.8 THz, de-
viation values between 4-107' < ¢, < 5:107'° can be interpreted as frequency uncer-
tainties of approximately 200 kHz. The probed transitions have a natural linewidth
of I' = 5.9 MHz, the uncertainties are well below this value. This commercial laser

therefore is suitable to measure the lithium spectra, provided that a single measure-
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ment, i.e. a complete scan over a region of interest, is performed in a comparable

time frame.
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Figure 2.33: Allan Deviation of the TApro which produces laser light around a nom-
inal value v, = 446.8 THz.

For 2s < 7 < 100s the frequency follows a random walk (random movements
up and down) and for 200s < 7 the frequency drifts (movement in one direction).
For longer time frames, the laser’s behavior, i.e. its frequency, becomes harder to
predict. It is not as stable as it is for low 7. However, the laser doesn’t need to be
stable in these time frames for the purpose of the following analysis. To increase

stability, various stabilization techniques are available.

2.2.1. Li D Lines

Lithium appears in the form of two stable isotopes: °Li and “Li . The former has a
nuclear spin I = 1 while the latter has I = 3/2. Two of the three electrons of the
atom reside in the 1s shell and therefore, it is filled up completely and the third
remaining valence electron resides in the 2s shell, making 25 the ground state of
lithium. Nevertheless, because the nuclear spins couple to the angular momentum
and the spin of the valence electron, the atoms have total angular momenta that are
half-integer (°Li ) and integer ("Li ). ®Li is therefore called fermionic lithium while
"Li is bosonic.

The transitions from the 2.5}/, ground state to the 2P excited states are the so-called
D lines'®. Because of the fine structure splitting, the D lines roughly split into the D,

18The name "D-line" stems from historic convention. When Joseph von Fraunhofer studied the
solar spectrum he found dark features at specific wavelengths. The most prominent features
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and the Dy line. This splitting is already shown in fig. 2.31] To resolve the hyperfine
splitting and see more features, Doppler-free spectroscopy methods, such as satu-
rated absorption spectroscopy, have to be used. This can be inferred from fig. [2.34]
which shows the level scheme of both lithium isotopes. At the temperatures needed
to bring lithium into the gas phase, the Doppler broadening is Avpeppier = 3 GHz
which is much higher than the ground state hyperfine splittings of °Li and “Li :
228 MHz and 803 MHz, respectively. The D lines were therefore investigated using
DFSAS which was explained in section [2.1.

were labeled using upper-case letters. Number 4 at roughly 589 nm was therefore called the D-
line. Some time thereafter, it was found out that this absorption corresponds to the transition
of the ground state to the first excited state in sodium (and also to the 587.6 nm transition of
helium). Analogously, all transitions of alkali metals from the ground state to the first excited
states were called D lines.
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Figure 2.34: Li (left) and "Li (right) level scheme. Not to scale. Note that although
the ground states are depicted right next to each other, the total binding
energies of the valence electrons are not the same. This was done to
point out that the 6Li D5 line and the "Li D; line have similar transition

frequencies. Values [DNO7] rounded for better readability.
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The °Li D; line incorporates the transitions from the 2.5, /2 ground state to the first
excited state 2P jo. The possible transitions as well as their respective frequencies are
listed in table [2.5] The possible crossover resonances are also listed. The spectrum
is plotted in fig. [2.35]

Table 2.5: Ground state and excited state quantum numbers and frequencies of 9Li
D, line transitions as well as the possible A- and V-crossover resonances.
Values taken from [LWR™20)].
Fos | Fes v[MHz|
3/2 | 1/2 | 446789502.6393(9)
3/2 | 3/2 | 446789528.7442(9)
1/2 | 1/2 | 446 789 730.8424(23)
1/2 | 3/2 | 446789 756.9439(8)
3/2 | V | 446789515.6918(6)
A | 1/2| 446789616.741(1)
A | 3/2 | 446789642.8441(6)
/21 V 446789 743.893(1)
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Figure 2.35: °Li D; line measured using Doppler-free saturated absorption spec-
troscopy. The blue, vertical lines indicate the positions of the reso-
nances. The shorter lines correspond to crossover resonances.

Within the Doppler valley, two peaks and a dip can be found. The peaks actually
consist of three peaks each: two real resonances and one crossover resonance. Because
both real peaks come from transitions which share the same ground state a third
peak appears exactly at the center frequency. The width of each transition is I' =
5.9 MHz and in combination with other broadening effects (higher-order and residual
first-order Doppler broadening, power broadening, pressure broadening), these peaks
start overlapping and differentiating them becomes quite difficult. The dip in the
middle comprises the crossover resonances of those transitions that have Fos = 1/2
as excited state and those that have Fos = 3/2. The hyperfine splitting between these
states is roughly 26.1 MHz and the crossover dips are therefore 26.1 MHz apart.
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The spectral feature around v = 446.80 THz is more complex as it contains the
resonances of the °Li Dy line and the “Li D, line. The frequencies, quantum numbers
of involved states and crossover resonances are listed in table 2.6 and table for
6Li and "Li , respectively. The measured spectrum is plotted in fig. 2.36]

Table 2.6: Ground state and excited state quantum numbers and frequencies of 5Li
D, line transitions as well as the prominent A-crossover resonances. For
the crossover resonance only a mean value is given. The ID and color-
coding identifies the resonance in fig. |2_36| Values taken from [LWR™20]

Fos | Fes v|MHz]

3/2 | 5/2 | 446799 571.0796(19)

3/2 | 3/2 | 446799573.9743(19)

3/2 | 1/2 | 446799575.6861(19)

)
)

1/2 | 3/2 | 446 799802.1753(16
1/2 [ 1/2 | 446 799803.8876(16

| A | | 446799688.9(9) |

o 0| | = = = B

Table 2.7: Ground state and excited state quantum numbers and frequencies of “Li
D; line transitions as well as the A- and V-crossover resonances. The 1D
and color-coding identifies the resonance in fig. [2.36] Values taken from

[SSGF11].

Fy. | Fe V[MHZ] 1D
2 | 1 |446799771.121(13) | C
2 | 2 | 446799862.994(12) | F
1 | 1 [446800574.608(19) | J
1 | 2 | 446800666.494(9) | L
2 | V | 446799817.058(9) | b
A | 1 | 446800172.86(1) | G

12 | 1,2 [ 446800 218.804(7)

A | 2 | 446800264.744(3) | 1
1 | V| 446800620.55(1) | K

The first thing to note is that for the °Li 2P; /2 state the order of F flips. While for
the lower states higher F correspond to higher energy levels, here the highest energy
belongs to the lowest F. This can also be seen in the case of “Li. Not all of the listed
lines are visible. As mentioned above, the width of all transitions is I' = 5.9 MHz
but the °Li hyperfine splitting is only 4.5 MHz in total and inbetween each pair of
transitions there is an additional V-crossover. All Li Fos = 3/2 — F transitions
therefore merge into one feature in the DFSAS spectrum. The same is true for the
SLi A-crossover resonance and therefore only the mean frequency of it is listed. The
OLi Fgs = 1/2 resonances on the other hand are not really visible because they are

too close to the much more prominent "Li Fy = 2 resonances.
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Figure 2.36: °Li Dy and 7Li D, lines measured using Doppler-free saturated absorp-
tion spectroscopy. The resonances are marked with color-coded lines
to better identify the type of resonance: red for real resonances, pink
for A-crossover resonances, green for V-crossover resonances, and

for second-order crossover resonances. The specific transitions are

listed in table and table .

There, the excited state hyperfine splitting is large enough so that every resonance
can be easily recognized in the spectrum, although in the case of Fog =2 — Feg = 1
the resonance appears only as a shoulder of the Fgq = 2 V-crossover resonance. On
the higher end of the spectrum, the Fgg = 1 — F resonances as well as their A-
crossover resonance can be found. However, the most interesting features are found
in the center of the spectrum. The left and right dips are easily identified as the
A-crossover resonances with the excited state Foo = 1 and Fo, = 2, respectively.
They lie 92 MHz apart and exactly in between the real resonances of the left and
right triplet peaks. The center dip (marked by line H) is different as it is not in the
middle of two real resonances but two crossover resonances.

This second-order crossover resonance appears between two "imaginary" states: one

in the middle of the ground states and one in the middle of the excited states as

depicted in fig. 2.37
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Figure 2.37: Level scheme of the central "Li D; crossover resonance dip.

The laser’s frequency of w is not resonant to any of the four possible transitions.

Their respective frequencies are:

W3y = w + Awg — Awe, (2.31)
Wiyl = w + Awg + Awe, (2.32)
Wigy—jzy = W — Awy — Aw,, (2.33)
Wiy jay = w — Awy + Awe. (2.34)

If atoms of a certain velocity group see one of the laser beams Doppler-shifted to
Wi1y—3), they will also see the other beam shifted to wjg)— 4y because they have op-
posite wavevectors k. Thus, one velocity group will absorb either of the two beams
depending on the ground state which the individual atom occupies.

The process is similar to the one of the regular A-crossover resonance. The high
intensity pump beam excites atoms of one ground state |G) into one of the excited
states |E'). From there, they spontaneously decay into either |G) or the other ground
state |g), effectively pumping atoms from |G) to |g). In this state, they can now ab-
sorb the probe beam and are excited to the second excited state |e). Therefore, less
photons of the pump beam pass the atom cloud and the signal measured by the
photodiode sinks. And because four velocity classes are affected by this, the result-
ing feature is very prominent in the spectrum.

Finally, the highest frequency resonance, the “Li Dy line is discussed. The possible
transition frequencies are listed in table[2.8/and the spectrum is depicted in fig. [2.38|
Although many transitions are listed only three features can be made out in the spec-
trum. As was the case before in the °Li spectra, the hyperfine splitting of the excited
state too small. The splitting is larger than I" but due to the DFSAS measurement
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scheme crossover resonances fill the gaps in the spectrum and the many peaks merge
into one broad peak. This is true for the real resonances on the low and the high
frequency end of the spectrum which also give rise to V-crossover resonances, as well

as the dip in the middle which comprises many different A-crossover resonances.

Table 2.8: Ground state and excited state quantum numbers and frequencies of “Li
D, line transitions as well as the prominent A-crossover resonance. For
the crossover resonance only a mean value is given. Values taken from

[BWP*13].

Fy [ Fes v[MHZ]
2 | 3 |446809874.895(20)
2 | 2 | 446809884.357(20)
2 | 1 |446809890.170(20)
1 | 2 | 446810687.873(25)
1 | 1 | 446810693.687(25)
1 | 0 | 446810696.445(25)
A || 446810289(3) |
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Figure 2.38: "Li D, line measured using Doppler-free saturated absorption spec-
troscopy.
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2.2.2. Eliminating the Doppler Background

The previously shown spectra contain several features such as narrow peaks and
dips that stem from the atom’s hyperfine structure and the broad Doppler-valleys
in which they lie. The Doppler-valleys form an unwanted background to the signal of
interest which slightly changes the position of the peaks and therefore, it is desirable
to get rid of it. To achieve this, the DFSAS setup was slightly modified. A mechanical
beam chopper and a lock-in amplifier were added as shown in fig. 2.39

Lock-In Amplifier

— e —

Chopper |R(t) S(t)

A
2

PES

+ — PD
A g D=3  PBS

Figure 2.39: DFSAS setup with chopper and lock-in amplifier (LIA). The chopper
(or rather its controller) sends a reference signal R(t) to the LIA. Then,
the LIA mixes it with the signal S(¢) delivered by the photodiode.

An electric signal can contain many different frequencies w. This is depicted in
fig. The signal may contain continous parts and discrete frequencies but one
is only really interested in one certain frequency and the rest is considered noise®®.
To pick out only the amplitude of the frequency of interest, a lock-in amplifier can
be used.

Suppose a signal S that comprises many different frequencies w; with their respective
amplitudes A;

S(t) = Z A sin(wgt), (2.35)

and a reference signal

R(t) = agsin(wgt + Ag), (2.36)

with its own amplitude ag and a phase shift A¢ relative to the signal component

of the same frequency. Both signals are fed into the lock-in amplifier which mixes

9This is the comparable to when someone wants to listen to a certain radio station. The antenna
picks up every signal and every frequency but one is only interested in a specific one of them.
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them, i.e. multiplies them. Subsequently, an internal low-pass filter integrates the

signal over an integration time 7"

cos(Ag) .

5 (2.37)

F.1) = 5 [ SR ~ Anar

Amplitude

Figure 2.40: Schematic depiction of an arbitrary signal which contains many differ-
ent frequencies w with individual amplitudes. Some frequencies appear
as discrete features, some frequencies are part of a continous spectrum.

Of course, it is assumed that S contains wgi with the amplitude Ag. The result
is only given approximately because S might contain frequencies within the range
lwr — 2% ,wr + 2] which would lead to an oscillating component in the lock-in am-
plifiers output. Schematically, this sequence is depicted in fig. 2.41} The used lock-in
amplifier is an SR510 by Stanford Research Systems and the parameter wg, Ag,
and T are adjustable to generate a clean and high-amplitude output.

As the chopper blocks and unblocks the pump beam with frequency wg, the mea-
sured signal periodically changes from the regular Doppler-broadened transmission
signal to the already explained DFSAS signal and back again. As an example, both
types of signal are shown in fig. for the %Li Dy and “Li D, lines. Basically,
their only difference is the occurence of the hyperfine structure peaks and crossover

resonances. The Doppler-background is mostly the same.
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Figure 2.41: Schematic of the principle working of a lock-in amplifier.
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Figure 2.42: Comparing the %Li Dy and “Li D; spectra measured with DFSAS (top)
and measured using regular transmission spectroscopy (bottom).

Assuming that the chopper frequency wg is much faster than the scan frequency of
the laser, i.e. the laser frequency wy, is considered constant over the integration time,
the output signal of the lock-in amplifier only depends on the difference between the
regular transmission signal and the DFSAS signal. The resulting signal is shown in
fig. The background disappears and features that were covered by noise are
suddenly visible such as the “Li Fos =2 — Fes = 1 transition. A reader with a keen
eye might also detect the °Li Fyq = 1/2 transitions on the left shoulder of the "Li
Fys = 2 crossover resonance.

Without the presence of the Doppler background, their relative distances correspond

to the real differences in their transition frequencies. Additionally, the more peaks
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can be identified, the more accurate will be the frequency gauging, the procedure of

which is explained in the next section.
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Figure 2.43: Lock-in amplified °Li Dy and "Li D; DFSAS spectrum with removed
background. The color-coding and naming is explained in table [2.6]and

table

2.2.3. Frequency Calibration Procedure

When a DFSAS spectrum is taken and the spectroscopy laser’s frequency is scanned
continously over time following v(¢), the signal measured by the photodiode is V'(¢)
rather than V' (v) and a way to translate ¢ to v has to be found. One might use a
second laser of well-known frequency, e.g. a laser locked to a frequency comb, to
constantly measure the beat frequency Av(t) between the two lasers so that the
detuning is always known. One might also measure a reference spectrum and use
the position of its features to infer a mapping function from ¢ to v [Fra21]. The latter
approach is the one which was followed in the rest of this thesis.

To built and characterize a magneto-optical trap for °Li , the ®Li D, and "Li D; spec-
tra are the ideal reference. The frequencies are quite close to each other and have
many easily identifiable features as shown in the last section. Using fit functions

with well-defined local maxima/minima allows for a stable approach. The function
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of choice is a combination of multiple Lorentz distributions L and a constant back-

ground fy
15
i=1

where ¢y, and I'; are the centers and widths of the individual distributions, respec-
tively. Although there are only 12 features in fig. [2.43] 15 distributions are used to
approximate the spectrum. At the position of the peaks, especially the crossover
resonances around ¢t &~ 0, features that stem from systematic effects of unknown
origin are visible in the residuals plot, indicating the need for corrections to the
fit function. Nevertheless, the center positions were precise enough to determine an
adequate frequency scale.

The feature positions ty; £ Atg,; are then compared to their respective frequencies

v; £ Ay; taken from literature [LWR20] and a second-order polynomial
v(t,a,b) =vo+a-t+b-t* (2.39)

serves as a mapping function, with 14, a, and b being fit parameters. The resonance
frequencies have been measured quite precisely, in fact more precisely than the
frequency calibration that can be achieved here, and the errors At,; have to be
taken into account. Therefore, this optimization step was not done minimizing a

regular x? but rather a modified

I/i—yti,a,bQ
Vi = 30— M0

14 a 2
i AV? + At(%,i ’ (Whﬁfo,i)

(Vi Cvy—ates—b- tg’Z)z (2.40)

T Av? + At - <a2 + 4abto; + 45%871') '

The quadratic term in the mapping function eq. is assumed to be small
and small changes in t are thus expected to affect v(t) linearly. The total squared
error of any data point is the sum of all its individual squared errors: errors due to
uncertainties of the frequency literature values Ay; and the linear effects of variations
in to ;.

The spectrum with a translated z-axis is again plotted in fig. [2.45] In addition, the
uncertainty of the frequency calibration Av in dependence of v is shown. To calculate

this uncertainty, the covariance matrix M., of the fit parameters is needed.

cov(vp, vg) cov(vg,a) cov(vy,b) Av} cov(vp,a) cov(vp,b)
Moy = | cov(a,vg) cov(a,a) cov(a,b) | = | cov(vg,a) Aa? cov(a,b)
cov(b,vp) cov(b,a) cov(b,b) cov(vg,b) cov(a,b) Ab?

(2.41)
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This matrix is symmetric and contains the covariances of all fit parameter pairings.
Its diagonal entries are therefore identified as the squared errors of the fit parameters

Avg, Aa, and Ab. With this, Av becomes

Al/(t) = \/Al/g + 2Mcov,1,2t + (AGQ + 2Mcov,1,3) t2 + 2MCOV,271t3 + Ab2t4. (242)

In the region of interest, i.e. the 5Li Dy spectrum, this leads to small errors relative
to the width of the resonances which is also depicted in fig. [2.45] The uncertainty is
well below 1 MHz while I' = 5.9 MHz. This is by far not enough to allow for high-
precision spectroscopy but it is sufficient to characterize the Zeeman slower and the

magneto-optical trap that were built during this thesis.
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Figure 2.44: Lock-in amplifier cleaned °Li Dy and “Li D; spectrum with a fitted
function. Additionally, the differences between data and fit function
are given as residuals.

To achieve a better frequency calibration, the other procedures that were men-
tioned in the beginning of this section are necessary. Unfortunately, neither a fre-
quency comb nor an adequate reference cavity were available in time to be used,
but in the future, a setup with a precise beat-offset lock and an acousto-optical

modulator to tune the laser is planned.
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Figure 2.45: Lock-in amplifier cleaned 6Li Dy and "Li D; spectrum where the z-axis
has been translated to frequency. Additionally, the frequency uncer-
tainty is given with a minimum uncertainty Avgy i, = 0.15MHz at a
detuning of 156.7 MHz.

2.2.4. Laser Locking

For high precision spectroscopy, the laser’s linewidth should be as small as possible.
As shown in fig. [2.33] the laser’s frequency, if left by itself, drifts over time. This
section explains how (and how well) this drift can be compensated.

In this work, it was decided to lock the laser to a resonance of “Li , using a Pound-
Drever-Hall technique [DHK™83|, [BIa98, [Bla01]. In previous sections, "Li measure-
ments have already been presented and many prominent resonances lie close to the
desired 6Li Dy frequencies. The "Li D; lines offer a good reference to which the laser
can be stabilized. By making some adjustments to the DFSAS setup as it is shown
in fig. [2.16a], the laser can be easily stabilized to the lowest frequency crossover res-
onance of the “Li D; line. This new setup is depicted in fig. m

The first elements which the beam passes are two %—retarders and an electro-optic
modulator. By applying a voltage V' to a birefringent crystal (in this case, lithium
niobate LiNbOj) its refractive indeces can be changed, depending on the crystals

symmetry and point group. For different V', light that passes the EOM acquires a
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different phase ¢ and hence by modulating V, ¢ is directly modulated as well.20 If V/

is modulated sinusoidally with amplitude AV and frequency w,,, the phase follows
P(t) = o + AP(AV) - sin(wt) (2.43)
and after it passes the EOM the laser beam’s electric field E becomes

E(t) — EoeiwteiAdj'sm("Jt)
_ Eoeme% (eiwmt_e*’iwmt)

— Eoeiwt Z JH(A¢)€in~wmt (244)

n=—oo

— EO Z Jn(Agb)ei(w—l—nwm)t.

n=—oo

The phase modulation of the EOM splits an incoming monochromatic beam into
one carrier of the original frequency w and an infite number of sidebands separated
by a multiple of wy,. Each frequency component is scaled by a Bessel function J,, of
the respective order n. The step from the second to the third line uses the fact that

a Laurent series can be used to generate the Bessel functions:

ez(t-1) = i I (z)t".

Here, the phase modulation happens at w,, = 27 - 5 MHz.

After passing the EOM, the beam is guided through an acousto-optic modulator in
cat-eye configuration. The working principle of an AOM is described in section [4.2]
It’s only necessary to know that this double-pass AOM shifts the beam’s frequency
by 2vaom. The %—plate, shifts the lasers polarization by 90° so that the light, which
previously passed the PBS, is now reflected by it. The laser will be locked to one spe-
cific “Li resonance whose frequency will naturally not overlap with the 6Li resonances
of interest. The AOM allows the frequency of the laser vy .5, to be set independently
of the lock frequency. In the end, vaony = +80MHz, the laser therefore produces
light 160 MHz below the locked-on resonance. However, for the purpose of this anal-
ysis, this shift is neglected to better depict the lock to said specific resonance?!.
Finally, the beam enters a regular DFSAS setup and a photo diode measures a spec-

trum S(v), as explained in section[2.1.7} Due to the EOM however, S(v) contains the

20This assumes that the polarization of the laser and the major or minor axis of the phase ellipse
overlap. If not, the polarization of the light is modulated and an amplitude modulation can be
realized by adding a polarization filter. Additionally, the main axes might also change direction
with V. Fortunately, there exists a stable axis for LINbO3.

2L A shift of 160 MHz would also shift the DFSAS spectrum shown below by this value. The 7Li
features, as they are explained in section [2.:2.1I] wouldn’t be, where the reader might expect
them to be.
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modulation frequency w,, and can thus be demodulated to generate an error signal
E(v) using a lock-in amplifier. In this case, the resulting F(r) becomes a function of
S(v)’s slope, i.e. its derivative S’(v). A control signal C'(v) is produced by applying
several filters and amplifiers to E(v) to suppress unwanted noise and improve the
stability of the lock. Then, C(v) is directly fed back into the laser system to keep
E(v) = const. and thereby lock the laser to a specific frequency.

7
&
signal generator
Wm S(t
cty o L£A

LIA and Controller

Laser System

to MOT PD

Setup

Figure 2.46: Schematic locking setup. A small part of the laser is coupled out and
guided into the setup. The laser passes an electro-optic modulator
(EOM), which applies a phase modulation to the beam, generating
sidebands around the original carrier frequency. The laser’s frequency
is then shifted by an acousto-optic modulator (AOM) in a cat-eye con-
figuration to allow for a frequency adjustment independent of the res-
onance, which the laser is locked to. The modulated beam then passes
a regular DFSAS setup and a photo diode (PD) is used to measure the
resonance spectrum S(t¢). The signal is then demodulated to create an
error signal which in turn is used to create a feedback C(t) into the
laser system to finally stabilize the frequency. Although these signals
are depicted as functions of time ¢, they can just as well be understood
as functions of the laser frequency v, as explained in section .

The signals S(v) and C(v) (without feedback) are depicted in fig. [2.47 Both sig-
nals were measured ten times within a second, their mean values in frequency v and
voltage V' as well as their corresponding errors (\;LN) were calculated to account for
signal fluctuations. The transmission peaks (shown in red) correspond to the lowest
v "Li Dy lines: Fos =2 = Fos =1, Fgg = 2 — Feg = 2, and their respective crossover
resonance. As expected, the control signal (shown in blue) has zero-crossings at
S(v)’s local maxima and minima.

A good error signal should have a high peak-to-peak amplitude to allow for a good
read-out and a steep slope around the lockpoint with high sensitivity to small devi-

ations Av. Of the three shown transmission features, the central crossover peak is
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the most prominent and exhibits the best error signal with a slope around the zero-
crossing of % = —1.006(1) V/MHz. This value was gained by performing a linear
fit around the central zero-crossing, as can be seen in fig. 2.47 Of course, the sign
of E(Av) has to be correct and match the laser system’s response. For this specific
laser, the frequency increases when a higher voltage is applied to the Piezo element
and decreases for lower voltages. If the frequency is below the lockpoint (Av < 0),

the error signal will be positive and hence push v to higher values and vice versa.
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=  Error Signal Data

T
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0.144 —— Error Signal Fit
S 0.13- S
= o
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A 0.11 - s
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Figure 2.47: Measurement of modulated DFSAS signal (red) and demodulated, am-
plified error signal (blue) with scan signal on and lock off. Depicted are
the lower frequency Li D; lines: Fos =2 =2 Fes =1, Fgg =2 = Fog = 2,
and their respective crossover resonance. Additionally, the error sig-
nal’s zero-crossing (dashed blue line) corresponding to the crossover
resonance was fitted using a linear function. Its slope serves as an esti-
mation of the lock quality.

Once the feedback is turned on, the laser’s frequency stabilizes. This manifests
in the fact, that the error as well as the photodiode signal start scattering around
certain values, as is depicted in fig. The y-ranges of both signals were kept
the same compared to the unlocked plot to make comparison easier but the x-
axis changed from frequency to time. Of course, v cannot be extracted from the
transmission signal if the laser isn’t scanned. However, v corresponds to the crossover
resonance. This was confirmed using the wavemeter which was mentioned in previous

sections.
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Figure 2.48: Measurement of modulated DFSAS signal (red) and demodulated, am-
plified error signal (blue) with scan signal off and lock on. The same
y-range as in fig. was chosen to make comparison easier. Although
the DFSAS signal stays at the height of the F = 2 — F' = 2 resonance,
the real frequency corresponded to the locked on crossover resonance.

The amplitude of the error signal corresponds to a laser line width of
0.12(1) MHz

The control signal does not lock onto 0, but a constant value®?. By comparing the
locked signal to the unlocked one and translating back to frequency (including er-
rors), the laser’s frequency can be determined to be vy oceq = 446 799 818.0(6) MHz.
By comparing the locked control signal’s peak-to-peak amplitude AC' to the slope

derived before, the linewidth can be calculated using

AV
Thoeed = AC/ =2 2.45
Locked / Ny (2.45)
Obviously, the locked linewidth I'toeeqa = 0.12(1) MHz is smaller than the error of

VLocked- While the frequency itself cannot be determined definitely, due to an un-

known offset from E(Av)’s exact zero-crossing, both values are perfectly adequate

22The exact lockpoint can be adjusted by modifying the lock-in amplifier settings. Most often, one
wants to lock the laser to a zero-crossing of the error signal, as there, the frequency should be
well-known. By slightly changing the lockpoint, the frequency can be set to different values.
Additionally, the control function C(v) can differ from the error signal E(v) by a constant
value. A non-zero C(v) therefore doesn’t mean a non-zero E(v)
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to allow for the usage of the locked laser system to drive the magneto-optical trap
as it is presented in section [4]

A better lock with smaller I'eq can be realized with an ultra-high finesse cav-
ity and to better determine v,aeq, & frequency comb can be used. Unfortunately,
both devices weren’t available during data taking. It is advised to explore these
possible improvements in the future. For now, as high-precision spectroscopy is not

performed, the presented laser system is sufficient.



3 The Zeeman Slower 62

3. The Zeeman Slower

In our ultra-high vacuum setup, we use a temperature of over 450 °C to vaporize the
lithium sample and create a sufficiently intense hot atom beam. This temperature
results in atoms with a mean velocity of v &~ 1600m/s, which is well above the
capture velocity of our MOT v. = 60m/s. Only a fraction of all atoms is caught,
many just fly through the trap. To increase the yield, the Li atoms have to be slowed
down first.

One way to slow down a neutral atom is by shining a nearly resonant laser at it

which exerts a force of
ST S

=T @y

on the atom, because the atoms absorb the photons produced by the laser and

F (3.1)

therefore also absorb their momentum. Here, k= ék%T” is the wave vector of the
photons which the laser produces, I' is the linewidth of the used cooling transition,
s is the saturation parameter, and ¢ is the difference between the laser frequency
v and the transition frequency vy. The atom moves with a velocity ¢ and sees the
laser light Doppler shifted to a frequency v/ of

Vi =v(y—~Bcos(¢)) mv— Uék, (3.2)

™

where 8 = |0]/c and v = 1/4/1 — 5% are the well-known relativistic coefficients and
¢ is the angle between k and 7. For velocities much smaller than the speed of light c,
this shift shows an approximately linear behaviour, the so-called first-order Doppler
shift.
To effectively slow down the atom, the light has to be kept resonant to the atom
(V) = 1) but as the atom decelerates, v’ changes and the laser falls out of resonance.
One way to solve this problem and to slow and cool down hot atom beams is by
using a Zeeman slower. This is the technique that was chosen in this thesis.
Many of the results in this section were created together with Julia Daum [Dau20]
and Konrad Franz [Fra2l] during their Master’s theses. For further information the

reader is highly advised to look into their theses.

3.1. Hot Atomic Beams

The most left part of fig. depicts the oven in which metallic chunks of lithium
are contained. The oven is heated up by two independent heating elements running
at temperatures of T' =~ 450 °C and T" =~ 500 °C, respectively, and the hot gas shoots
to the right through a cross with a vacuum pump and through the tube of the Zee-
man slower into the MOT chamber where it is not yet captured but probed by a

scannable laser. In this section, the expected fluorescence signal is first derived and
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subsequently measured.

Atom Beam

T 450°C
c00ec Laser Beam

Figure 3.1: Schematic side view of the experimental setup. In the oven section to
the left side, solid chunks of °Li are heated up by two separate heating
elements. The gaseous %Li atoms pass an aperture and travel to the cen-
tral chamber where they are probed by a tunable laser beam. Elements
like vacuum pumps and magnets are omitted for simplicity. They are
depicted in fig. 3.9

The atoms need to pass a small aperture to leave the oven and be able to fly
to the MOT chamber. The probability for an atom to pass this slit within any
given time span is proportional to its speed v [Ram86]. In contrast to a regular
Maxwell-Boltzmann distribution which contains a factor of v2, this additional veloc-
ity dependency leads to a modified probability density function which also depends

on v* and is given by

p(v) = %v% ot (3.3)
In the following, it is assumed that v, = v, = 0, i.e. the atoms move only in the
z-direction into the MOT chamber with a velocity v between 0 and the speed of light
¢, and a spectroscopy laser is illuminating them at a certain angle ¢ as depicted in
fig. [3.2] The frequency of the laser light is scanned while the fluorescence of the
atoms is projected onto a photodiode.
Because fluorescence only occurs if the laser photons are absorbed by the atoms and

the probability of absorption is proportional to

S

W) & T Bl — )T

(3.4)
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where 1/ is the Doppler shifted laser frequency as defined in eq. (3.2)), the observed

photodiode signal is a function of v as well as the atoms’ velocity distribution.

150 mm

Iris View ports

Atom Beam

Fluorescence

H beam dump d diode ﬂ mirror iﬁ fiber coupler G lense

Figure 3.2: Schematic top view of the spectroscopy setup. A beam of hot °Li atoms
enter the experimental chamber from the left side. In the central region,
the atoms are illuminated by a laserbeam with tunable wavelength. The
atoms’ fluorescence is then projected onto a photodiode. The angle be-
tween the atom and the laser beam is given by «.

Therefore, the resulting signal is described by a convolution of eq. (3.3) and

ed.

c S mv2

fw)y=N | dv vie BT (3.5)

2 cos 2
14s+ (2”“‘“@‘; W)

with the normalization parameter N. This integral is not analytically solvable. But
because the velocity distribution’s width leads to a broadening which is multiple

orders of magnitude higher than I', another approximation can be made. Only such
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atoms absorb light of frequency v that see it at v/ = vy. Therefore, eq. (3.4) turns
into a Dirac delta distribution and eq. (3.5 becomes

2

f(v) :N/OC dv(S(V (1 - ZCos(gb)) — ,/0) JRe T

zN/CdU 5(1}_?6@’)(1_”70)) mv?
0

% cos(o) ve (3.6)
=N (H (cos(¢)) H (v — o) — H (—cos(¢)) H (vo — v))

C4 CQTIL(V7U0>2

3 T T e
A cos*(¢) (v —p)'e 2kpTricos(o),

with H (z) being the Heaviside function. For ¢ < 90° the laser light is red-shifted, i.e.
frequencies v > vy are absorbed, and vice-versa for ¢ > 90°. Note, that for ¢ = 90°,
this functions fails to produce any reasonable results, because in this case the Dirac
delta doesn’t contain a function of v anymore.

The photodiode signal as well as the function fitted to it (fixed to ¢ = 93.3°) are
shown in fig. together with the extracted velocity distributions of the Fys = 3/2
and Fgs = 1/2 atoms. The explicit fit function has the form of

f(6) =V
A
H(Ve—aro — Upetso — ) Np_
+ H(vp=3/2 — Vp=1/2 JNp=3/2 (6 + vr—12) cost(9))
c2m(1—5iF:3/2 )2
VE—1/2
S(LVE=s 36*W
0+ Vp=1/2 &0
A
+ H(—0)Np_
e G s ) os™(9)
c2'm,(175:F:1/2 )2
(B2 e e
0+ Vp=1/2

where vp_3/o = 446.799 573(2) THz and vp—; 2 = 446.799 803(1) THz are the weighted
means of the SLi Dy line transition frequencies [LWRF20)] as listed in table [3.1]

Table 3.1: Resonance frequencies of the 5Li D2-lines (25, /2 — 2P35) according to

[LWR20].
Ground State Fyq | Excited State Fig 1o [MHz]
3/2 5/2 446799 571.0796(19

(19)
3/2 3/2 446799 573.9743(19)
3/2 1/2 446799 575.6861(19)
(16)
(16)

1/2 3/2 446799 802.1758
1/2 1/2 446799 8038876
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Figure 3.3: Measured Fluorescence of a hot °Li atom beam. Additionally, a fit using
eq. (3.7) is shown. For this, the angle between atom beam and laser beam
was assumed to be ¢ = 93.3°.

Here, the detuning ¢ is defined as 6 = v — vp_y /5. It is apparent from eq.
that the normalization factors N and the temperature T" are correlated by the angle
¢. It is not possible to fit the function to the data and produce reasonable values for
N, T, and ¢ at the same time. It was therefore tried to determine 7' by measuring
the oven’s temperature. The heating elements are coiled around different parts of
the oven section and each one holds a type K thermocouple sensor between itself
and the oven’s bare metal. Even when assuming that the vacuum setup, the sensors,
and the heating elements have good thermal contact and the oven section’s outside
temperatures can be determined precisely, a temperature gradient within the oven
is still expected??. The sample’s temperature is therefore estimated conservatively
to T = 475(25) °C and ¢ cannot be determined with a single fit.

But ¢ is needed to calculate the corresponding velocity of the atoms. Therefore,

23The lower part of the oven is held at approximately 500°C while the upper part is brought
to 450 °C. During fluorescence measurements of the atom beam, which are discussed in later
sections, it was shown that higher temperatures lead to higher fluorescence signals. The heating
elements were therefore operated at their maximum allowed temperatues (according to their
data sheets).



3 The Zeeman Slower

67

¢ was fixed to different values before fitting. For ¢ = 93.3° this yielded the values
shown in table[3.2] while different temperatures depending on ¢ are plotted in fig. [3.4]

To show the range of ¢ that are compatible with the data, gray areas indicate tem-

peratures that are outside the assumed temperature range of 450°C < T < 500°C

and only such ¢ that generate a T within this range are considered. A quadratic
function was fitted to the allowed angles and the ¢ which generate T'(¢) = 450 °C and
T(¢) = 500°C were determined. This results in an estimated value ¢ = 93.29(6)°.
Knowing ¢ is essential to calibrate the upper x-axes in fig. which is necessary to

identify the efficiency of the Zeeman slower by the end of this chapter.

Table 3.2: Optimized parameter for fit depicted in fig. .

Vo 0.63385(10) mV
Nr_3/9 57.05(7) mV/m'Hz’
Np_1/9 26.84(7) mV/m*Hz’
T 471.7(9) °C

¢ 93.3 °

420 1

—— Quadratic Fit

t

Fitted T

93.20 93.25
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d[°]

93.35

93.40

Figure 3.4: Fitted temperature T' depending on fixed angle ¢. The gray area indicates
T < 450°C or T' > 500 °C. These values don’t make much sense, because

the oven produces temperatures within this range.
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3.2. The Zeeman Effect on the Lithium D Lines

The Hamiltonian of an atom placed in a magnetic field can be written as
(Ho+ Hys + Hyups + Hz) ¥ = EV. (3.8)

The separate elements are as follows:

e Hy: This Hamiltonian describes the lithium atom. Its solution is defined by the
main quantum number n. The energy FE is mostly governed by H,. For many
practical purposes, one can approximate H, with the simple Hamiltonian of a

hydrogen atom, which is solvable analytically.

e Hyg: Fine Structure. The fine structure splitting in lithium between states such
as the ground state 251/, and the first two excited states 2P, and 2P;); is
defined by the total angular momentum J. The spin S of the valence electron
and the orbital angular momentum L both create their own magnetic moment.
These magnetic moments interact with each other and change the energy of
the state. The order of magnitude of the resulting splitting is O(10 GHz).

o Hyps: Hyperfine Structure. The total angular momentum J of the valence
electron and the atom’s nucleur spin I add up to the total spin F. In a similar
fashion to how J creates the fine structure, F' creates a splitting of the en-
ergy levels, although much smaller, hence the name hyperfine structure. The
expected splitting is in the order of O(1 — 100 MHz).

e Hy: Zeeman Interaction. The state’s energy is usually degenerate, i.e. states
with the same L, J, or F' but different magnetic quantum numbers my, m, or
mp share the same energy. In a magnetic field B this degeneracy is lifted. The
field strengths in this experiment lead to an energy shift which is comparable

to the hyperfine structure splitting.

Often times the Zeeman Hamiltonian can be treated as a small perturbation. For
small B = \é |, the Zeeman splitting is assumed to be smaller than the hyperfine
splitting and F is assumed to be a "good" quantum number, i.e. it still identifies
the atom’s quantum state. For increased values of B, the Zeeman effect surpasses
the hyperfine splitting and the situation changes. Hyps is treated as a small pertur-
bation, F' and mp aren’t considered good quantum numbers anymore, and J and
my are used to describe the quantum state. In this regime, the anomalous Zeeman
effect is hence called the Paschen-Back effect.

In case of the lithium D lines, what happens between these regimes at medium B
fields, how this influences which transitions from state to state are allowed, and

how their respective strengths change was examined in Julia Daum’s M.Sc. thesis
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[Dau20], whose main conclusions will be presented in the following.
The wavefunction of the atom is assumed to be known down to the fine structure.
The hyperfine structure and the interaction with the external magnetic field perturb

this state and together they form the interaction Hamiltonian [Arm71]

+ gsusJ - B. (3.9)

The magnetic hyperfine structure coefficient Ar and the electric quadrupole fine
structure coefficient Br depend on the specific state. Their values are given in ta-
ble[3.3] The last term contains the interaction of the electron’s total angular momen-
tum and the external magnetic field. Its strength depends on the Bohr magneton ug
and the Landé factor g;. Any interaction between the nuclear spin and the external
field is omitted because the corresponding Landé factor gy is orders of magnitude
smaller than g; [AIVTT].

Table 3.3: Values of the hyperfine structure constants Ar and By of different states
in Li [SKJW96].

Constant Value [MHz|
Ass, . | 152.1368407(20)
Asp, 17.375(18)
Asp, —1.155(8)
Bop, —0.10(14)

The eigenfunctions of the nucleus |I,m;) and the electron shell |J,;m;) form a
complete basis for each fine structure state, i.e. every solution |¥) can be expressed

as
D7) = > &), L) [Jmy) (3.10)

mr,mj
In total, there are (21 +1)(2J + 1) states, e.g. 6 states for the 22S; » ground state of
6Li and 12 for its excited state 22P5 /2. Because F' and mp become useless to describe
the state above a certain value of |§ |, the index + is introduced to identify the state.

The Hamiltonian can be written in matrix form [Ude94] as
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ﬁint [P] [Q] :5mJ,mf] 5m1,m’1 B/JJBngJ
+ AY - 2mh - (<L) LT 4 1)(20 + DI+ 1)(21 + 1)

J 1 J I 1 I
m;, my—m/ —my m; m;,—my; —my

+ B} - 2mh - (—1)motma—Il

15(2J 4 1)(J 4+ 1)(21 + 1)(1 + 1)
' 2(2J —1)(21 — 1)

J 2 J 1 2 1
m; my—m/ —my my m/;—my; —my
1 J J 1 11
J 1 2 I 12
where the indeces p and ¢ label the p-th and ¢-th |m, m;) spin state. These explicit

states are listed in table for the 25/, ground state and in table for the
2P;); excited state. The (:::) operators are the Wigner 3-j symbols. When two states

(3.11)

couple to each other, their angular momenta add up. This addition can be expressed
by using Clebsch-Gordan coefficients or alternatively the Wigner 3-j symbols. Simi-
larly, the Wigner 6-j symbols {:::} are used to calculate the addition of three angular

momenta.

Table 3.4: Chosen spin state numbering « for the 25/, ground state (a) and the
2P; 5 excited state (b) of °Li .

’ State Number ~ ‘ my ‘ my ‘

0 !

1 -310

State Number ‘ my ‘ my ‘ 2 —% 1
0 —5 | -1 3 —1]-1
1 -3 10 4 -5 10
2 -2 1 5 —35 | 1
3 3 | -1 6 5 | -1
4 510 7 5 |0
5 311 8 5|1
(a) 9 2 -1

10 10

11 2
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The first term of eq. contains the external magnetic field’s effect on the
atom. This effect is only present if m; = m/; and m; = m/ because it was assumed
that the fine structure state isn’t changed by B.

The second term contains Wigner 3-j symbols that describe the interaction with the
magnetic dipole fields which are created by the valence electron and the nucleus.
This interaction is of course due to photons which carry a spin of 1. The interaction
does not change the original spins I and J but can change the respective z compo-
nent.

Lastly, the third term also contains Wigner 6-j symbols to incorporate electric
quadrople fields which is the superposition of two electric dipole’s fields, both pro-
ducing photons with spin 1 which add up to a spin of 2. Only very specific combina-
tions of quantum numbers produce non-zero entries. For the 5Li ground state (I=1,
J=1/2, A% ~ 152MHz, B% = 0, g; = 2.002) the resulting Hamiltonian looks as

follows:

A1+ Ay-B 0 0 0 0

0 Ay - B 0 As 0

a. - 0 0 -A1+ Ay B 0 Az 0

0 As 0 —-A—Ay-B 0 0

0 0 Az 0 —As- B 0
0 0 0 0 0 A —Ay-B
(3.12)

With
Ay =76.07 MHz - h, (3.13)
MHz

Ay =—14.01 T h, (3.14)
A3 =107.58 MHz - h (3.15)

and for B = 0 it’s easy to show that this leads to two different eigenvalues, the first
occupied by two, the second occupied by four separate states: AF = —152MHz - h
and 76 MHz - h. The ground state splits into Fys = 1/2 and F,s = 3/2 hyperfine
states, with two and four magnetic substates, respectively. Of these six substates, the
|mp| = 1/2 states consist of combinations of different |J,m, I, m;). This expresses
in off-diagonal entries in the Hi, matrix. On the contrary, the |mp| = 3/2 states
translate to one specific |.J,my, I, m;), namely [1/2,1/2,1,1) and |1/2,—-1/2,1, —1).
They correspond to the upper-left and the lower-right entry of the matrix.

To find the eigenstates of f[int and their specific response to different magnetic
fields, eq. has to be diagonalized. Their eigenvalues are listed in table . As

mentioned before, the states aren’t ordered by their total spin F' anymore but are
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simply numbered?* from 0 to 5. Nevertheless, to identify the states for small values

of B, |F,mp) is also listed. The corresponding eigenvectors depending on the spin

eigenstates |m;, m;) are also given in eq. (3.16]) to eq. (3.21)).

Table 3.6: Zeeman shift eigenvalues of the %Li -ground states and the corresponding
|F,mp) states for small magnetic fields B.

State Number Zeeman Shift Corresponding |F, mp)
0 1 (—A1 — A2+ 44, A,B + 1437 + 4A§) Ly
1 1 (—A1 + /A2~ 44, A,B + 14382 + 4A§) 3, 1)
2 ! (—A1 AT 4AAB + 44382 4A§) -0
3 LA+ A+ A AB + BB + 143 3,1y
4 A1+A2'B |%7_%>
d Al — A2 -B ‘%7 %>
1
0) = >
A1—2A;B+y/A3—4A1 Ay B+4AZB2+4A2
¢ 1+ ( )
(3.16)
A —24,B+ VA? — 4A A B + 4A3B2 + 443 b
2A; 2’ 2’
1
1) = >
A1—2A3 B—/A?—4A1 Ay B+4AB2+4A3
Ji+ ( )
(3.17)
A —24,B - VAT — 44, Ay B + AA3B2 + 443 |_1 B+ ‘1 0
DA, 2’ 2’
1
2) = -
A1+2AyB—/A3+4A1 Ay B+4AZB2+4A2
Ji+ ( )
(3.18)
Ay + 2458 — /A3 + 441 A,B + AA3B2 + 445 1 1
. |_770>+|77_1>
2A, 2 2

24This numbering is not the same numbering as above. While the 4th and 5th ffmt eigenstates
might be the same as the Oth and 5th fine structure eigenstates, the others are combinations of
them with weights that shift depending on the applied magnetic field. The numbering follows
no specific order and is kept the same as in [Dau20)].
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1
3) =
A1+2A5 B+y/A3+4A) Ay B+4AZB2+4A2 2
1+ 245
(3.19)
Ay + 24,8 + A + 4A A B + AAB2 + 443 1 oot g

1
[4) = -5,-1) (3.20)

1
5) = I5,1) (3.21)

The frequency shifts for the six °Li ground states are depicted in fig. [3.5] The

behaviour of ground states 4 and 5 is purely linear because they translate to one
specific combination of electron shell and nuclear spin. The other states comprise
a mixture of different states and change their behaviour depending on B. For high
positive values of B, the states 1 and 3 behave like |J = 1/2,m; = 1/2), while state
0 and 2 can be approximated by |J = 1/2,m; = —1/2). This flips for high negative
values of B.
The same procedure can be done for the 2P, excited states. This can be looked up in
[Dau20] or appendix [E] The results are plotted in fig. and the relation between a
states number and its F' and my for small magnetic fields is shown in table[3.7] Note
that the plot range is much smaller than the range of fig. because the transition
from the Zeeman to the Paschen-Back regime happens at much lower values of
B. This means that for small but non-zero values of B (0.1mT < |B < |10mT),
transitions from an |F, mp) ground state to a |J,my, I, my) excited state have to be
considered. This makes the selection rules not as straight forward as AF = £1,0
and Amp = =£1,0.

Table 3.7: 2Py, eigenstates of °Li and the corresponding |F, mp) states for small
magnetic fields B.

State Number | Corresponding |F, mp) ‘
0 5 §>
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500
250
N
T
= 0]
a
—250-
—500 1 . | | | | | .
-30 -20 -10 0 10 20 30
B [mT]
—— Ground state 0 ---- @Ground state 3
Ground state 1 ---- Ground state 4
—— Ground state 2 ---- Ground state 5

Figure 3.5: Zeeman frequency shift of the °Li ground states. States that correspond
to Fys = 3/2 are drawn as dashed lines, the F,s = 1/2 states as solid

lines.

A multiplicity of selection rules for electric dipole transitions have to be consid-
ered:
Amy=—-1,0,4+1,
Amr=—-1,0,+1,

AJ =—-1,0,+1,
(3.22)
Al =0,
ATTLF = —1,0,+1,
AF = —1,0,+1.

Following these rules, depending on the polarization of the driving light (¢~ 7, or
o), different transitions are possible. They are listed in table . The transition

strength S of an allowed transition can be calculated using

e G

Jes 1 Jas
GSES

—-mj o0 Mm;—0

) - (EVgs - EVes)?l, (3.23)

which is the sum over all |my, m;) ground and excited states weighted by the cor-

responding entry in their respective Hipg eigenvector E'V. The light’s polarization is
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given by 0 = —1,0 or 1, for o~, m, and o™, respectively. For o polarization, the
behaviour of S for different values of B is plotted in fig. [3.7. Whether a transition
can be driven depends on the value of S and the frequency of the driving light. If
multiple transitions are possible, the probability of exciting to a certain state can
be found by evaluating the ratio of this specific transition’s strength to the total
transition strength. More transition plots can be found in appendix [E| and [Dau20].

—04 -0.2 0.0 0.2 0.4

B [mT]
---- Excited State 0 Excited State 6
Excited State 1 —— Excited State 7
---- Excited State 2 Excited State 8
—— Excited State 3 —-—- Excited State 9
—-—- Excited State 4 ---- Excited State 10
---- Excited State 5 Excited State 11

Figure 3.6: Zeeman frequency shift of the 5Li 2P; /2 excited states. The line styles of
the different states are coded to their corresponding hyperfine F' quan-
tum number at low values of B. Straight lines correspond to Fis = 1/2,
dashed-dotted lines to Fis = 3/2, and dashed lines to Fos = 5/2.
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Table 3.8: Allowed transitions from all °Li 2.5; /2 ground states to all 2P, depending
on photon polarization.

L oo [ = [ o |
0—-2|5—=0]| 0—0
1—-2 || 5—=1 1—0
023 1||2—>2]| 01
1—-3 |[3—2| 1—1
0—4 ||2—3]|] 4—2
1—-4 |3—=3|| 4—3
2—=51||2—4| 4—4
35 ||3—=>4| 27
26 ||4—>5]| 3—>7
3—6 ||[4—6| 3—38
5—=7 ||0—=7| 2—38
5—=8 ||1=>T]| 2—9
5—9 ||0—=8| 3—9
4101 =8| 5—11
0—9
1—9

In conclusion, it should be noted that only two excited states are reachable with
one specific transition: 10 and 11. This means that these states can only deexcite to
ground states 4 and 5, respectively. Exciting the ground state to the excited state
therefore leads to a closed cycle transition. Their transition strengths are constant
with B and the resonance frequency changes linearly with B. This is why 5 — 11

was chosen as the ideal transition for the Zeeman slower.
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— 1 -0 — 4 - 4 == 2 -9
— 0-1 — 2 7 ---- 3 -0
— 151 357 ---—- 5511
— 4 - 2 — 3 -8

Figure 3.7: Strength of allowed transitions driven by ot light for different magnetic
field strengths.
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3.3. The Setup

A Zeeman slower uses the momentum transfer from photon scattering to slow and
cool down atoms with a laser beam. The Zeeman effect ensures that this slowing can
be accomplished with constant laser frequency. The spatial variation of a magnetic
field B compensates the Doppler shift Avpgppier-

As explained in the beginning of this chapter (see section , a laser exerts a force
on an atom if it has the right frequency to be absorbed. In a magnetic field an atom
of mass m moving at a velocity v against a laser beam with wavenumber k and

frequency v = vy — 0 experiences a maximum deceleration of

hkT So

amax:2 ko \ 2
m1+so+4<5+“?‘2ﬂ)

, (3.24)

__2muB
-k

v

with p = 14.0174 MHz/mT for the chosen transition from ground state 5 to excited
state 11 (see table [3.8)).

This deceleration is held constant by making the Zeeman shift 4B and the (first-
order) Doppler shift kv/27 cancel each other out. Because this is the maximally

possible deceleration, B cannot change too fast or else the resonance condition is

lost. For a constant deceleration, a = —%U and B has to follow

27\ 2 0B

— <kﬂ> EB =0 = Nmax < Umax (3.25)

Because the experimental setup cannot produce a perfect B-field, a parameter n < 1
has been introduced to take flaws in the setup into account?®. Therefore,

Blz) = "\ Jo2 —2 (3.26)

2) = — /U7 — 2Napax - 2, .
27T/,L 7 17

with the maximum slowing velocity v; = 27 (uB — 9)/k|.—o-
Such an apparatus will decelerate all atoms between v; and a final velocity vy (v; >
vy), provided it is long enough and the atoms don’t fall out of resonance. If the

slowing laser beam is red-detuned (§ < 0), this final velocity isn’t necessarily 0 but
approximately vy ~ c- %, where c is the speed of light. The exact value depends on

the chosen transition’s FWHM and the laser’s power. A constant bias field By can

be added to allow for deceleration to vy = 0 with a detuned laser beam:

k
B(z) = ’u\/v? — 2Npay - 2 + Bo. (3.27)

o

25 Also, scattering is a stochastic process and some atoms take longer than the average time between
to scatter events.
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In the experiment, the slowing laser is § &~ —170 MHz detuned (v = 446.7994 THz).
The maximum deceleration which a °Li atom absorbing this laser can experience is
Umax ~ 1833000m/s?. An ideal field without bias and a conservative n = 0.3 that
could be used to slow down such atoms is depicted in fig. 3.8} Over a length of 0.4 m
this field could slow atoms with v; &~ 760m/s down to vy ~ 110m/s.

—— Measured Field

60 - Ideal Field
N
%0 RN
-
E 20.
N
a
0_ ______
_20_
—04 -03 -02 -01 0.0 0.1
z[m]

Figure 3.8: Magnetic field of an ideal Zeeman slower (n = 0.3) following eq.
which could decelerate atoms with an initial velocity v; < 760 m/s down
to vy ~ 110m/s over a distance of 0.4m. Additionally, the measured
magnetic field of the real Zeeman slower and the MOT coils is also
depicted.

In our setup, the magnetic field is created by eight solenoid coils together with
the quadrupole field of the MOG magnets [Kohl16], based on a design by [Phil0].
The slower is depicted in fig. [3.9] From left to right, the elements shown in fig. [3.9

are:

1. Oven section, filled with 5Li. It is wrapped with heating elements to bring it

to a temperature between 450 and 500 °C and make it gaseous.
2. Cross with ion getter pump in the background.
3. Valve to turn the atom beam on and off.

4. Eight Zeeman slower coils, each producing a smaller B-field than its left neigh-

bours.

5. Pressure gauge.
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6. MOT coils. They produce the MOT B-field, as well as the last part of the

Zeeman slower field.

7. Another vacuum chamber with additional pumps and windows for the Zeeman

slower laser beam are not drawn.

4 5

[T

Figure 3.9: Experimental setup of the Zeeman slower + MOT.

The magnet coils produce a field B, in the direction of the atom beam. The coils
were built in such a way that the measured field, which is also plotted in fig. [3.8],
approximates the ideal field. The grey lines indicate the center of the MOT at z = 0
and zero magnetic field. In contrast to the ideal field, the real field becomes negative
after the center of the MOT. This allows for lower final velocities with a red-detuned
laser. Also note, that at z & —14 cm, the measured field starts to drop more sharply
and its slope becomes steeper than the ideal field’s slope. For design parameters 7
close to 1, this could lead to atoms falling out of resonance. But as mentioned above,
the ideal field’s parameter is n = 0.3. It was chosen relatively small to allow for such

slopes in the real field.

3.4. Slowing — Simulation Algorithm

In [Dau20], a Monte Carlo simulation was built to examine the efficacy of a Zeeman
slower for °Li with our measured magnetic field operating on the transition described
in the previous section. The idea of this algorithm is discussed in the following.

A Li atom in one of its six ground states (as discussed in section is created with
a starting velocity v, which follows the modified v® Maxwell-Boltzmann distribution

derived in section [3.1] It flies down the beam line through a magnetic field and sees
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a laser of known intensity and frequency. This laser beam can contain ¢, 7, and o™
polarized parts?® and has a finite diameter so the atom can potentially move to a
region where it’s no longer slowed down by the laser. The polarization composition is
determined by parameters o, one for each polarization component, with 0 < o < 1.
For example, the laser could comprise 70% o™, 256% m, and 5% o, which would
make o,+ = 0.75, 0, = 0.25, and o,- = 0.05.

First, the magnetic field gradient is calculated to determine the maximum step
length L,,.. Because ’%—EB ‘ < (k/27p)? - amax, the step size of the simulation must
depend on the magnetic field and its gradient. In a slowly changing field, the atoms
will most likely still be in resonance with the laser beam after a certain distance.
In a rapidly changing field, the atoms that don’t absorb a photon and are therefore
not slowed down, might travel the same distance and fall out of resonance with the
laser. But they could have interacted with the laser in the meantime. To not lose
these atoms in the simulation, the step size is adjusted.

When an atom is nearly resonant to the laser beam, the scatter rates from the
current ground state to all excited states are calculated using the scattering rates

on each transition
Si

I =Tuo———, 3.28
with the natural linewidth I',,; and
1 Q2
02+ 3

is the saturation parameter for each transition, which takes into account power
broadening. With the electric-dipole operator ci, the transition matrix element d;
which connects two states |a) and |b), and the laser light’s electric field E, the Rabi
frequency €); is given by

(bld - E|a)

h 3.30
0 E, (3.30)

h Y

0, =

where h is Planck’s constant and Ej is the amplitude of E. The latter can be
expressed in terms of the laser’s intensity / and by using the transition strength 5;
(which depends on the magnetic field B as seen in fig. [3.7)), the Rabi frequency can
be approximated [Dau20] as

O, ~ Sy(B) - VI—2_ . 16.48 MHz. 3.31
() VI / 3.31)

26 At least if the beam is consisting of multiple independent lasers. While circular and linear
polarization can occur together in the form of elliptical polarization, two circular polarizations
in a single laser cannot.
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The total scattering rate is then given by
Ftot - Z FZ (332)

and it’s a direct measure of the excitation probability for the local B-field. A ground
state atom might absorb a photon, thereby changing its momentum and then decay

into any allowed ground state. This process happens after a time

1

Texc = —
r
tot

In(R), (3.33)

with R being a random number between 0 and 1. This creates an exponential lifetime

of the excited state in the simulation. In this time, the atom moves a distance of

Lexe = Texc * \/V2 + V2 + 02, (3.34)

but only if Lege < Limax- Else, there is no excitation and the atom moves Ly,.,. The

atom’s position & then becomes

(%
min(Lexc, Lmax
fnew = fold + ( ) Uy |- (335)
(vZ + vy +02)
vy

If an excitation occured, the excited state is chosen by generating a second random

number R’. The probabilities to excite to specific states

Ftot

P, (3.36)

are then stacked as visualized in fig. [3.10, This stacking determines ranges and if R’

falls into one of these ranges, the corresponding excited state is chosen.

_ To N _ To —I'm
PO Pl PlO T Tot PH T Tot

Figure 3.10: Determining the excited state by generating a random number R’'.
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By absorbing the photon and its momentum, the atom’s velocity ¢ changes to

T Rl P
S S _ s
Upew = U + vy ) (3.37)
U, 1

Here, m is the atom’s mass and A is the wavelenght of the Zeeman laser’s light. The
laser is assumed to be directed purely in the negative z-direction which means that
every excitation leads to a decline of the atom’s velocity.

The deexcitation however is neither depending on the polarization of the Zeeman
laser nor its lg, assuming that stimulated emission is negligible. A new total deexci-

tation rate has to be calculated following
1—\deexc,tot = Z FnatSi(B)- (338>

and third random number R” is generated to decide the final ground state in a
similar fashion to the selection of the excited state.

Finally, the atom emits a photon with wavelength A in a random direction. Therefore,
two uniformly distributed numbers are generated (¢mq € (0,27) and cos(0)mg €

(—1,1)) and the atom’s velocity changes again:

\/1 — (c0s(0)na)? coS(Prma)
Unew =V — —— \/1 — (c08(0)na)? sin(prma) | - (3.39)
coS(0)na

This cycle of absorption, movement, excitation, and deexcitation is repeated until
the atom reaches a certain z-coordinate, where its state and speed is read out, or
it moves outside the area which is illuminated by the slowing laser and is therefore

lost.

3.5. Slowing — Velocity Measurement

In the real setup, which has the magnetic field as depicted in fig. [3.8] a laser beam
(home-built ECDL, see section of frequency vz = 446.79940(3) THz*" and a
power P = 127(1) mW serves as a Zeeman slower beam. A scannable laser (com-
mercial ECDL, see section with less power (P = 6.0(1) mW) is aimed at the
MOT center at z = 0. This scan laser hits the atom beam at an angle ¢ = 93.29(6)°
to use the Doppler shift to determine the velocity of the atom. How this angle was
obtained as well as the general scanning procedure is explained in section [3.1]

The fluorescence of the atom beam was measured for two different settings, once

2TThis frequency roughly corresponds to an offset § &~ —400 MHz to the Fps = 1/2 — F transition.
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without and once with the slowing laser present. The former setting is the same as
in the aforementioned section. The results are shown in fig. In between the
measurements, the photodiode setup was realigned, the signal strengths were there-
fore different. To make both signals comparable by eye, the slowed beam’s signal
has been rescaled and an offset has been added. The most striking difference is the
presence of a sharp peak around 6 = 0 MHz, i.e. v = Om/s for atoms in the lower
ground state Fys = 1/2. The feature of the upper ground state is also distorted.
Slower velocity groups of atoms are pumped into the F,s = 3/2 state, where they
are cooled down even further and finally fall down to the F,s = 1/2 state once the
magnetic field reaches |B| = 0, as shown in section .

Velocity of F=3/2 [m/s]
10000 5000 0

Velocity of F=1/2 [m/s]
10000 5000 0

E | -~ Slowed Beam

— 1.50" '

= ! -+ Hot Beam

_5 1.251 i ---- F=1/2 atoms

) _ ---- F=3/2 atoms

S 1.00- :

Q

&

d 0.75 -

S |

T 0.50 | | I I | | |
—-1000 =500 0 500 1000 1500

6 [MHz]

Figure 3.11: Measured fluorescence signal of an unslowed hot (blue) and a slowed
(orange) atom beam. The slowed signal was rescaled and an offset was
added to make comparison by eye easier.

In the following, it is assumed that the peak around § = 0 stems exclusively
from Fy = 1/2 ground state atoms because Fys = 3/2 atoms would have to have
transverse velocities |vg| > 150 m/s or fly backwards to contribute to this fluorescence

feature and that the Zeeman slower works as intended, i.e. the longitudinal velocity
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v of a slowed atom is strictly dependent on its z-position and the transverse velocity

vy is normally distributed following

m _ m'u2
— 2kgTy
pvt<v> “271_1{;]3116 B,

where kg is the Boltzmann constant, m is the mass of °Li and T} is the so-called

(3.40)

"transverse temperature".
Because the spectroscopy laser illuminates the atoms under a certain, fixed angle ¢
and they differ in vy, they show fluorescence for different frequencies v. Considering

only the first-order Doppler shift, the spectrum is expected to follow

L cg-n))?
m v c(vg—v
(tan(d)) + v sin(¢) ) e

kg T,
v?sin(¢)’

m

V)= e 3.41
o) = e (3.41)
with the speed of light ¢ and the resonance frequency vy. As ¢ contains errors, an
offset is present, and the frequency is not given by v but by the detuning to the

resonance frequency § = 1y — v, the function chosen to fit the data becomes

T (Y

fW) =yo+yiv+yo> + Ne — ZsF
%0} —0

Here, yo, y1, and ys describe the background signal (constant offset + residual Fyq =
3/2 fluorescence), while A = v;cos(¢) and B = T;sin(¢)? contain the longitudinal
velocity and the transverse temperature, respectively. The normalization is given by
N. To incorporate the uncertainty in frequency offset §, the parameters were fitted
using a orthogonal density regression procedure [BD89|. The results are listed in
table while the zoomed-in data and the fit function are shown in fig. These
values translate to vy = 8.9(6) m/s and T; = 254(2) mK. The parameter errors were
produced by the fit algorithm. They correspond to the square roots of the diagonal
elements of the resulting covariance matrix scaled with 1/ \/)?ed .

Table 3.9: Fit parameters and errors of fluorescence fit as shown in fig. |3.12]

Xred 74

d.o.f. 13493

A —0.50(3) m/s

B 0.254(2) K

N 0.454(1) mV

Yo 0.962(1) mV

n —0.145(3) pV/MHz
ys | —0.00427(8) pV/MHz*
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Figure 3.12: Measured fluorescence peak of atoms cooled by the Zeeman slower.
The fluorescence is seen around the resonance frequency of the 5Li D,
Fys = 1/2 — F, transitions (see fig. [3.11]). The signal shape is assumed
to stem from a thermalized cloud of atoms. A corresponding normal
distribution fit (including background) is also shown. Its parameters
are shown in table 3.9

Finally, by integrating the non-background part of the fit function eq.
and comparing the result to the total integral I of the data for the slowed beam
(without background), the ratio of fluorescence that stems from cooled down atoms
can be estimated. For this, the part of the slowed beam spectrum that’s not part
of the signal (0 < —600 MHz and ¢ > 300 MHz) is approximated using a 4th-order

128

polynomial®® which is then substracted from the measured data. Subsequently, the

integral is calculated numerically using

- V‘f‘Vz+1

—y N

1=0

|0it1 — 64, (3.43)

where i is the index of the data point (J;, V;) of which there are a total of n. The
ratio is thus calculated by simple division to be 18(1) %.

28This analysis was done multiple times for increasing order of the background polynomial, until
the change of I from step ¢ to i + 1 was smaller than the integral’s uncertainty.
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3.6. Slowing — Comparing Simulation Results and Measurement

This section compares the results of both the Zeeman slower simulation and the
measurements of the previous sections to test the presented simulation.

In the simulation, atoms (N = 107) are generated at the exit of the oven section
and while their initial z-position is always the same, their x- and y-positions are
randomly and uniformly chosen within the limits of the oven’s outlet. The respec-
tive starting velocities v, and v,, on the other hand, are always v, = v, = 0 while
v, follows the modified Boltzmann distribution eq. . The initially populated
ground state is also randomly chosen from the six possible ground states. For more
information on how these values were generated, see appendix [F] The simulation
was repeated several times for starting temperatures 7' ranging from 7' = 450 °C to
T = 500°C in steps of 5 K.

The atoms propagate through the Zeeman slower and once they reach the MOT
center, their fluorescence is calculated which is depending on the atom’s velocity v
and the spectroscopy laser’s detuning from the °Li Dy Fys = 1/2 — F, transition
Av as well as the angle ¢ under which this laser is directed into the setup. The
atom’s fluorescence is then calculated assuming a magnetic field of B = 0, thus
ignoring the Zeeman shift which should be negligible in the trap center. This is done
for all atoms, once with a turned-on (Vgower = 446.7994 THz, 0" -polarized) and
once with a turned-off slower beam, and their total expected fluorescence signals are
calculated. The resulting signals, together with the real measured data, are depicted
in fig. and fig. [3.14] respectively.

As explained in section [3.1] the fluorescence signal’s form strongly depends on both
T and ¢. And while in section ¢ was evaluated by probing several different angles
and checking which produce reasonable T', here it is the other way around. Earlier,
¢ was determined to be ¢ = 93.29(6)°. A similar value (specifically ¢ = 93.3°) was
chosen to calculate the fluorescence signals for different temperatures. The signals s
were linearly scaled to minimize the squared deviations 3;(s(Av;) —d(Av;))? to their
respective real data d, where the index 7 indicates the i-th frequency bin. The sim-
ulation result with the lowest squared deviation in its unslowed signal (7" = 485 °C)
should describe the data best and was therefore chosen for presentation and further
analysis??. As before, the background of the data was cut by approximating the
background region with a polynomial and substracting it from the data.

The plots that correspond to simulated fluorescence in fig. and fig. are de-
picted as lines of different color. Therein, the orange dashed line describes the signal
originating from the upper ground state (Fy = 3/2) while the green signal belongs
to the lower ground state (Fy,s = 1/2) and the red line represents the total signal.

290f course, this procedure hinges on the facts that the temperature steps of 5K are quite large
for a total range of 50 K and that the calculation of the sum of squared deviations required the
elimination of the background of the real data set.
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The unslowed signals overlap without much deviation except for the background
region Av > 0 MHz because the simulation cannot produce any background signal.
The atoms are v3-Maxwell distributed and there is no magnetic field present which

could distort the atoms’ fluorenscence spectrum.
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Figure 3.13: Measured data of an unslowed beam with substracted background and
expected fluorescence of unslowed simulated atoms. The atoms were
simulated at T" = 485°C and their fluorescence when interacting with
a spectroscopy beam entering the setup at an angle ¢ = 93.3° was
calculated. In the simulation, it is known whether an atom is in the
upper (Fys = 3/2) or lower (Fys = 1/2) ground state. The expected
signals are therefore color coded to make their origins identifiable.
The calculated and the measured signals show very similar fluorescence
features. However, the simulation does not produce any background
signal (Av > 0 MHz and Av < —700 MHz). There, data and simulation
differ considerably.

The slowed spectra show significant differences, of which the most striking one is
the absence of the peak around Av = 0 MHz in the simulated spectrum. This peak
was assigned to the cooled down °Li atoms in the Fys = 1/2 ground state. Addition-
ally, an excess of fast atoms in the upper ground state leads to more fluorescence
than expected for Av < —300 MHz. Many fast atoms from the lower ground state
were pumped into the upper state during the slowing process were they fell out of
resonance and couldn’t be slowed down any further, leaving a dip in the spectrum
around Av = —200 MHz. The final ratio of upper to lower state atoms is 84 % to
16 %.
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Figure 3.14: Measured data of a slowed beam with substracted background and ex-

pected fluorescence of slowed simulated atoms. The atoms were sim-
ulated at T = 485°C and their fluorescence when interacting with a
spectroscopy beam entering the setup at an angle ¢ = 93.3° was calcu-
lated. In the simulation, it is known whether an atom is in the upper
(Fys = 3/2) or lower (Fy = 1/2) ground state. The expected signals
are therefore color coded to make their origins identifiable.
The real and the simulated signal differ significantly. Fluorescence for
Av > —100MHz disappears and the feature around Av = 0 is not
present. Instead, an excess in fluorescence stemming from fast atoms in
the F,s = 3/2 state atoms appears. Fast atoms from the lower ground
state were pumped into the upper ground state, where they fell out of
resonance and couldn’t be slowed down any further.

There are no atoms with v, ~ 0m/s around the MOT center in the simulation.
Nevertheless, the simulation allowed for a more precise analysis of the atoms’ ve-
locites v, as a function of their positions z in the Zeeman slower. For this, 100
atoms with starting velocities in the range v, € [15,1500] m/s were observed during
the simulation. The path of each atom was simulated from z = 0 until they either
reached the MOT center at z = 0.468 m, reached a velocity v, < 0 (i.e. they turned
around), or left the slowing laser beam and thus couldn’t be slowed down any fur-
ther. The development of their v,(z) is depicted in fig. |3.15
Faster atoms (starting velocity v, > 850 m/s) might experience some slowing but fall
out of resonance and do not reach v, = 0. Atoms with 400m/s < v,(0) < 850m/s
reach v, = 0 at a position 0.42m < z < 0.44m which is before the MOT center. As
only the fluorescence of atoms that reached the MOT region is shown in fig. [3.14)

these atoms could not produce a sharp peak of slowed atoms. Atoms with lower
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starting velocities mostly experience too much transverse heating, leave the laser

beam, and are thus not slowed to v, = 0.
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Figure 3.15: Velocity v, as a function of position z in the Zeeman slower setup
for simulated atoms with different starting velocities. The MOT center
(B =0) is at z = 0.468 m. The atoms that are slowed down to v, = 0
do not reach the center. Lines that stop prematurely belong to atoms
that leave the slowing laser beam due to transverse heating and are
thus not simulated any further.

In the simulation, the last point of interaction with the slowing laser was saved.
If all atoms which had their last interaction after z > 0.42m were also taken into
account, a spectrum as depicted in fig. [3.16| would be expected (for B = 0). When
these atoms are included, a peak is clearly visible in the fluorescence spectrum.
However, this peak is not at Av ~ 0 MHz but Arv ~ —228 MHz which corresponds
to the Fi = 3/2 transitions of 5Li . The simulation’s result is directly contradicted
by the measurement. The atoms should be in the lower ground state.

An earlier version of the simulation [Wiel9] predicts a fitting behavior. During the
slowing within the Zeeman slower’s magnetic field B, the atoms cycle in a closed
transition from the upper ground state to the excited state. As long as B > 0,
the atoms always deexcite to the upper ground state. Only when the atoms reach
the MOT center, where B = 0, and the magnetic substates are degenerate again,
the atoms are pumped from F,s = 3/2 to Fys = 1/2. In the simulation’s current
version, the slowed down atoms don’t reach the MOT center and therefore stay in
the upper ground state. Additionally, by integrating over the area of the peak, it

can be determined to comprise 4.6(1) % of the total fluorescence, which is less than
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the 18(1) % for the measured spectrum estimated in section [3.5 For the atoms that

are slowed down, the simulation overestimates the slowing efficiency and stops them

too early. At the same time, it doesn’t slow enough atoms®.
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Figure 3.16: Measured data of a slowed beam with substracted background and ex-
pected fluorescence of slowed simulated atoms. The plot depicts the
same situation as fig. [3.14] but in addition to only those atoms that
reach the MOT center (as seen in fig. [3.14)), atoms that had their last
interaction after z = 0.42 m were also taken into account. They produce
a sharp peak but not at Av = 0 MHz because these atoms are in the
upper ground state with velocity v, ~ 0.

The final velocity distribution of the atoms (including those with their last inter-
action at z > 0.42m) is shown in fig. 99.5(1) % of the 107 simulated atoms
are contained. Only a small remainder is lost before due to transverse heating. This
fraction is small because the total number of atoms with low starting velocities is
itself low.

There are virtually no lower ground state atoms with a final velocity v, < 1000 m/s,
all atoms that are slowed down are pumped into the F,, = 3/2 state and of these

atoms, many fall out of resonance during the slowing process. Only the 4.6(1) % men-

30Tt’s also possible that the slow atoms would react multiple times with the spectroscopy laser
while faster atoms don’t. Thus, slower atoms would produce more fluorescence than hotter
ones. However, in this calculation it is assumed that each atom only interacts once with the
spectroscopy beam.
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tioned above reach v, < 180 m/s. Following the definition of transverse temperature
T; used in eq. (3.40) and identifying

o= knTi (3.44)
m

as the standard deviation of the velocity distribution, T} for these slowed atoms can
be evaluated to Ti = 15.0(1) mK. This is significantly lower than the 254(2) mK

of the measured slowed atoms. The simulation incorrectly predicts less transverse

heating than experimentally observed.
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Figure 3.17: Stacked velocity distribution of simulated SLi atoms after they have
been slowed down by the Zeeman slower. Taken into account are atoms
that reach the MOT center or have their last interaction at z > 0.42m.
The left bins contain slow (v, < 180m/s) atoms and represent 4.6(1) %
of the total area.

To visualize the change per velocity class, the hot and the slowed beams’ v,

distributions are compared in fig. [3.1§ by calculating

AN(UZ) = Nunslowed(vza A'Uz) - Nslowed(UZ7 sz)v (345)

where N;(v,, Av,) is the number of atoms with a downstream velocity v, in the

2
from their velocity class in the process of slowing is shown in red, while a net sur-

velocity class v, € [vz — %,vz + A”Z}. In this depiction, a net removal of atoms

plus is visualized by green bins. Ideally, all bins for v, > 0 should be red and describe
a perfect modified v3-Boltzmann distribution while the leftmost bin that contains

v, = 0 should be green and should contain as many entries as the red bins in total.
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The red area contains 5.5 % of all simulated atoms and it obviously doesn’t follow a
v3-Boltzmann distribution. The Zeeman slower has a finite length and a finite mag-
netic field strength which limit the maximum velocity of slowable atoms (estimated
to v, &~ 760m/s in section . The slowing laser has a high intensity and the re-
sulting power broadening leads to atoms with higher velocities also being partially
slowed. But those are just a fraction of all hot atoms.

The green area contains only 1.7 % of all simulated atoms. The discrepancy stems
from slowed atoms being lost due to transverse heating. This contains atoms that

had their last interaction with the laser before and after z = 0.42 m.
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Figure 3.18: Difference in atoms within in a certain velocity class for the unslowed
and the slowed beam. The red area corresponds to a surplus in the
unslowed data (5.5 % of all simulated atoms). After slowing, these atoms
are missing from their specific velocity class. The green area describes
the appearance of more atoms in this velocity class after the slowing
process (1.7% of all simulated atoms). Differences are due to loss of
atoms because of transverse heating.

The simulation is very promising and with its integration of transition strengths
for varying magnetic fields it could be a helpful and powerful tool for future exper-
iment planning.

Interestingly, the simulation overestimates the effectiveness of the Zeeman slower
as those atoms, that are slowed down, reach v, = 0 before the actual center of
the MOT and are subsequently lost due to transverse heating. At the same time,
the efficiency is also underestimated because not as many atoms participate in the
slowing process as have been expected from the analysis of experimental data (5.5 %

instead of 18(1) %). The simulated atoms’ transverse temperature is also lower than
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expected.

The simulation needs further fine-tuning to reproduce the results of the real Zeeman
slower. In addition, the simulation could also be upgraded to not only describe the
behavior of atoms within a Zeeman slower but also within a magneto-optical trap

with multiple lasers.
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4. The Magneto-Optical Trap

As the name suggests, a magneto-optical trap (MOT) is an apparatus which confines
atoms to a certain volume with the help of a magnetic field and light. We explain
the basic principle in 1D, but generalization to 2D or 3D is trivial. A simple atom
species with a ground state with angular momentum I, = 0 and an excited state
with [, = 1 sits close to the field-free region of a linear magnetic field B(x). This
results in a level scheme depicted in fig. 4.1} The ground state energy doesn’t change
with increasing B because m; = 0, while the excited state shows the typical splitting
of the anomalous Zeeman effect.

From one side o- and from the other side o~ -laser light shines at the atom. Both
beams are slightly red detuned, i.e. their frequency is below the atom’s resonance
frequency to such a degree that the excitation probability for a non-moving atom in
a zero-field can be assumed to be negligible. Should the atom move towards one of
these laser beams, the light would be Doppler-shifted and the probabilty of absorb-
ing photons and thereby changing the atoms momentum would increase, effectively
slowing down the atom. Should the atom reach an z-position where the Zeeman
shift compensates the laser detuning for one magnetic substate (while keeping the
detuning for the second and increasing it for the third), a transition from the ground
state to this substate can be driven, which again changes the atom’s momentum and

pushes it back into the center of the trap.

. B(x)
0

Figure 4.1: Level scheme of a simple atom in a 1D-MOT. The atom has a single
ground state and its excited state splits into three magnetic substates
in the B-field of the MOT. From the left, a o red detuned laser beam
slows down atoms that move to the left or pushes atoms that are too far
left of center back. A ¢~ beam of the same frequency does the same but
for the right side.
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The resulting force F', in first-order and around the trap center, takes the form
F(z,v) = —c,x — ¢y, (4.1)

where ¢, and ¢, are positive constants describing the linear relation between the
restoring force, the distance to the center x and the velocity of the atom wv. This
equation describes the motion of a damped harmonic oscillator. The atoms are not
only confined inside the MOT region but they are also slowed down. Thus, the MOT
can be used to generate a sample of cold atoms.

By changing the magnetic field configuration and adding a second pair of laser
beams, a 2D-MOT can be built. This is possible using permanent magnets [TGLW09)
and was also done as another project in the workgroup [Wes21l, [Sch22]. The setup of
the 3D-MOT is examined in section [4.1], how the necessary laser beams are generated
is explained in section [4.2] and the real trap is presented in section[4.3] Measurements
of the loading and unloading processes specifically are evaluated in section [£.4] and
although the final temperature could not be determined, the general procedure to
extract this value from absorption measurements performed on an atom cloud is

outlined in section (.5l

4.1. General Setup

A three-dimensional MOT requires a magnetic field with a zero-crossing and a
monotonous behaviour around said zero-crossing. A quadrupole field which satis-
fies these requirements can easily be realized using an Anti-Helmholtz coil pair as
depicted in fig. [£.2] Two solenoids with opposite directions of electric current create

a magnetic field B which can be approximated near the MOT center to

T

—

—2z.

In contrast to the coordinate system used in section [3, the z-axis is not the axis
of the atomic or Zeeman slower beam but the vertical axis while the axes of  and
y describe the horizontal plane. The vertical magnetic field component is negative
and its absolute value grows twice as fast as the horizontal components. This is a
direct consequence of the Maxwell equation V-B=0. Lastly, the field strength is
governed by Bj. For two infinitely thin solenoids of radius R and distance 2a it is
given by
3ponlaR?

By=——~— """ 4.
7 AR+ a?)32 (4:3)
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where 119 is the vacuum permeability and I is the current which flows through the
coil’s n windings. Of course, the coils are not infinitely thin but expanded. They
have inner layers and their windings have differing vertical distances to the MOT
center. Therefore, By can be approximated by the field strengths of multiple solenoid
pairs with radii R = Ry + AR(ijayer — 1) and distances 2a = 2(ap + Aa(iwinding — 1))-
Here, 41ayer/winding labels the i-th layer/winding of the total njayer layers or Nyinding
windings, respectively, AR is the thickness and Aa is the height of the wire which

was used to wind the coils.
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Figure 4.2: Magnetic quadrupole field within the MOT chamber. From the left, the
hot atom beam enters the chamber. It is slowed by the Zeeman slower
laser beam coming from the right.

The Zeeman slower is constantly operating, i.e. the last coils of the slower, which
also consist of multiple windings and layers, slightly influence the magnetic field
within the trapping region (some millimeters around the MOT center). The final
field is therefore the same as shown in fig. 3.8 A zoomed in version with an additional
linear fit (x? = 20.9, n.d.o.f. = 17) around the MOT center is also shown in fig. .
Note that the position describes the distance to the center and the B field component
are both measured in the direction of the atom beam which lies in the middle of the
x— and y—axes. The field strength parameter By can thus be determined by the
slope of the fit to be By = —2466(25) mT/m. As explained before, the field would

grow twice as fast in the z-direction.
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Figure 4.3: Zoom in of the B field component pointing in the atom beam direc-
tion. The data describes the field strength around the MOT center. A
linear function was fitted to the data to extract By. Due to the rotation-
symmetric geometry, the field components in the z- and y-direction show
the same behaviour, while the z-component has twice the slope.

Six laser beams are necessary to trap an atom in a 3D-MOT: two for each spatial
direction. These beams can be provided by a single laser, whose output is split into
three separate beams using semi-transparent mirrors or beamsplitters. One beam
per axis is enough because this beam can be reflected back using a mirror and a
quarter-wave plate. The laser setup around the MOT chamber is shown in fig. [4.4]
The magnetic coils as well as the Zeeman laser and the atomic beam are not shown
to keep the picture simple. Each laser beam is linearly polarized when reaching the
setup. They have to pass a first quarter-wave plate to make them circular polarized.
In convenient nomenclature, polarization may be called either right-handed or left-
handed, depending on the quantization axis chosen to align with the axes of the
cartesian coordinate frame. A left-hand polarized beam might be either perceived
as o- or o~ -light depending on the direction in which it passes the chamber. The
same goes for right-handed light.

As shown in the introduction to section , the MOT laser beams need to be o
from one side and ¢~ from the other. By simply adding a mirror without a second

quarter-wave plate to reflect the beam, the mirror would change the lights wave
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* would stay ot

vector k to —k as well as its helicity and therefore, what was o
and there would effectively be no restoring force. A MOT could not be created. The
second quarter-wave plate ensures the correct helicity by making the beam linearly

polarized prior to its reflection.?!

U Quarter-wave plate

Figure 4.4: MOT laser setup. Three laser beams are emitted from separate fibers.
Each beam is steered through the center of the MOT chamber using

mirrors. Before entering and after leaving the chamber, each beam passes

a %—plate to control their circular polarization within the chamber.

4.2. Trapping Beams

A stabilized laser (see section serves as a starting point for generating the
laser beams which are necessary to create a ‘Li MOT, as shown in section [4.1]

Because of its hyperfine structure, °Li has two ground states: the lower Fys = 1/2
and the upper F,s = 3/2 state. The hyperfine splitting between these states is
228.202(2) MHz [LWR*20] and although closed transition cycles are possible, atoms

might fall into a non-resonant dark state should only one laser frequency be applied.

31A more rigorous examination using the formalism of Jones calculus [Jon4I] can be found in
appendix E
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An example: an atom in the upper ground state sits in the center of the MOT. It
moves slightly to the side of negative magnetic field values and interactions with the
red-shifted o*-laser beam become more probable. Assuming that the magnetic field
is so small that the ground state as well as the excited states are still in the Zeeman
regime, i.e. F and mp are still good quantum numbers, the transitions shown in
table |4.1] are allowed. Of these nine transitions, only one (|Fy = 3/2,mp = 3/2) —
|Fos = 5/2,mp = 5/2)) leads to a closed cycle. The atom either reaches the closed
cycle transition or eventually decays to the Fys = 1/2 ground state®® which is too
far detuned to the laser’s frequency to drive any transition.

If an atom in the |Fy = 3/2, mp = 3/2) ground state reaches the B > 0 region, it
becomes more resonant to the ¢~ beam and can experience a transition as listed
in table None of these transitions form a closed cycle. Again, the atom either
reaches the |Fys = 3/2,mp = —3/2) — |Fs = 5/2, mp = —5/2) transition or it falls
into the dark state. Thus, every atom will ultimately reach the dark state when it
moves from one side of the MOT to the other. The usual way to solve this problem is
by applying an additional laser frequency, i.e. using a repumper. A second, collinear
laser beam with a detuning of 228.202(2) MHz is needed.

Table 4.1: Dipole-allowed o -transitions from the °Li Fj; = 3/2 ground state to any
of the 2P; ), excited states.

Fground state  TTVF ground state Fexcited state  TTVF excited state
3/2 3/2 = 52 5/2
3/2 1/2 — 5/2 3/2
3/2 1/2 - 3/2 3/2
3/2 -1/2 - 5/2 1/2
3/2 -1/2 — 3/2 1/2
3/2 -1/2 - 1/2 1/2
3/2 -3/2 — 5/2 -1/2
3/2 -3/2 - 5/2 -1/2
3/2 -3/2 — 5/2 -1/2

Table 4.2: Dipole-allowed o~ -transitions from the °Li |Fy = 3/2, mp = 3/2) ground
state to any of the 2P/, excited states.

Fground state  TIF ground state Fexcited state  TTIUF excited state
3/2 32 = 52 1/2
3/2 3/2 — 3/2 1/2
3/2 3/2 — 1/2 1/2

32For example, an atom might start in the ground state |Fys = 3/2,mp = 1/2) and reach the
closed cycle via |Fys =3/2,mp =1/2) — |Fes =5/2,mp =3/2) — |Fg =3/2,mp =3/2)
or decay into the lower ground state via |Fgs = 3/2,mp = 1/2) — |Fes =3/2,mp =3/2) —
|Fes =1/2,mp =1/2).
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To turn one single-frequency laser beam into three two-frequency laser beams, we
use 2 AOMs at £114 MHz as shown in fig. [4.5] A frequency-stabilized laser beam is
first guided through a telescope, i.e. a combination of lenses to decrease the waist of
the beam, and is then split into two separate beams using a polarizing beam split-
ter (PBS). To control the power which goes into each arm, a quarter-wave plate is
placed before the PBS. Both beams are then guided through an acousto-optic mod-
ulator (AOM??) [Hun09], which shift the laser frequency by means of an applied RF
frequency of frr = 114 MHz. Their working principle is explained below. Subse-
quently, the beams are overlapped again, spatially and polarization-wise. A 50/50
beam splitter has to be used for the overlapping, to create beams of the correct
polarization. A PBS cannot be used without an additional half-wave plate after the
upper AOM. Finally, the beams are guided into optical fibers which transport them
to the MOT setup via regular fiber coupling setups.

An AOM can be understood as a crystal (in this case, tellurium dioxide TeOs)
through which a sound wave of controllable frequency in the RF region and am-
pltitude travels. A piezoelectric transducer creates theses waves on one side and
an absorber material absorbs them on the other side of the crystal to avoid the
formation of standing waves. This is schematically depicted in fig. [4.6] In the lan-
guage of second quantization, the density waves that move through the crystal are
phonons which can perform Brillouin scattering |[GM22] with the photons of the
passing laser beam. Thereby, photons either absorb n € N phonons or emit them by
inducing lattice oscillations in the crystal. Of course, the photon could also pass the
AOM without interacting at all. The absorption or emittance changes the photon’s
momentum, i.e. its wave vector k and therefore also its frequency v and angle ¢.

An interaction with a number z € Z of phonons of momentum A¢g and frequency f

changes the photons properties according to

K=k+z-q (4.4)
cz - q| ? cz - |q|
V= \II/Q + (q) oM cos(a) v+ z-f, (4.5)
2m 2m
k : . <
¢ = arccos [kl + 2 lcﬂ cos(a) ~ arccos [ L2 9] cos(@) 5 : (4.6)
K| v4+z-f

where « is the angle between the incoming laser beam and the phonons. The
efficiency, in which an unmodulated beam (0-th order) is diffracted and its frequency
is changed by +f (1st or -1st order), £2f (2nd or -2nd order) or more, is highly
dependent on the angle in which the AOM is placed. To maximize the photon-

33The AOMs in use are AOMO 3110-120 produced by G&H.
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phonon scattering probabilty for the correct order, the position and rotation of the
AOM has to be adjusted precisely.

M%

50/50° %

PBS

SH<NH——D

PBS

\]WW‘E—’—CF I /4 GAOM

f=100mm f=-50mm

[] %‘ plate

Figure 4.5: Setup to turn one single-frequency laser beam into three separate beams
which each consist of two frequencies detuned by £114 MHz in regard
to the original frequency. The shifts are generated using acousto-optic
modulators (AOMs). The setup after the AOMs is drawn exaggeratedly
tilted to indicate that the AOMs emit these frequency-shifted beams at
an angle which has to be compensated down the line to correctly overlap
the beams.

The difference of an AOM without (off) and with an applied RF signal (on) is
shown in fig. [£.7] Without a driving signal the beam simply passes the AOM with
an efficiency of 98(1) %, meaning only a tiny fraction of the laser power is absorbed
by the AOM, either by the crystal itself or the AOM’s aperture. Once the signal®* is
turned on, multiple orders of diffraction are visible. The higher orders with higher
frequency are deflected to the right while the lower orders are found to the left of

the carrier. This change in direction requires an adjustedment of all following optical

34In this case a 114 MHz RF signal with roughly 1 W of power is used to drive the AOM.
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elements to correct for the new angle of the beams. This is exaggeratedly depicted

in fig. [4.5]
Transducer

A~

EI

Absorber

Figure 4.6: Schematic depiction of an acousto-optic modulator. A piezoelectric
transducer sends waves of wavenumber |g] through a crystal. An absorber
on the other side prevents reflection and the formation of standing waves.
The phonons ¢ can scatter with the incoming laser beam k to produce
a new beam k' with a different direction and frequency. Although only
one scattered beam is shown, multiple orders of diffraction are possible.

In this setup, the 1st order contains 73(1) % of the input beam’s power operating
at 114 MHz and 1 W input RF power. The other AOM is used to produce the -1st
order frequency shift and it works with an efficiency of 82(1) %.

98(1) % f E7 Tk e 0,60(1) %

1,05(6) % 73(1) %

Oft On

Figure 4.7: A laser beam passes a turned off AOM (left). When an RF signal is
applied, the input beam is split into multiple outputs, each frequency-
shifted by multiples of the RF frequency f (right). From left to right,
these ouputs are called the -1st, the zeroth, the 1st, and the 2nd order.
The AOM position and rotation is adjusted specifically to maximize the
power of the 1st order beam.

Although the absorber should prevent standing waves, areas of higher optical
density form anyway. This is shown in fig. 4.8 once the RF signal is turned on,
visible, horizontal lines form within the AOM’s crystal. The specific form and size

of the more opaque area depends on the frequency and amplitude of the driving
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RF signal and the AOM itself, i.e. its crystal, its absorber and its piezoelectric
transducer. While the incoming laser beam’s intensity profile is mostly Gaussian,
which is ideal for coupling the beam into single-mode fibers with high efficiency, the
dark feature in the AOM crystal blocks a part of the beam and therefore changes

the transverse mode of the beam.

Figure 4.8: Picture of the crystal of an AOM without (left) and with (right) a driving
RF signal. Turning on the RF signal creates optically denser areas within
the crystal. The passing laser beam is scattered on the created lattice
and the subsequent beam profile is not Gaussian anymore.

4.3. A Filled Trap

The results of the following chapter were produced during a supervised master the-
sis. For an alternative view on the presented data, the reader is advised to take a
look at [Fra21].

After it was proven that the atoms could be slowed down to catchable speeds (see
section using the home-built diode laser amplified by a TA (section and
the TApro has been stabilized to an appropriate wavelength (section to gen-
erate the trapping laser beams (section , the lithium oven was heated up and
the magnets were turned on. With a loading time of 2.12(2)s (see section [£.4), a
bright cloud of fluorescing atoms formed in the main experimental chamber. The
MOT is depicted in fig. .9} a view through one of the chamber windows reveals a
pinkish collection of atoms floating in the center of the setup. The pink light on the
edges of the viewport stems from reflections of the multiple laser beams and is not
produced by atoms.

The total power of the MOT beam laser (before being split and frequency shifted
into a +114 MHz and a —114 MHz part) was measured to be 202(1) mW and it
was frequency stabilized to 446.799657(1) THz. Therefore it is slightly red-shifted
(30(1) MHz) to the SLi Dy lines. While the lower Fj = 1/2 ground state comprises
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two mp substates, the upper F,s = 3/2 ground state has four. Assuming a totally
random distribution and equal transition strengths®, the ratio of atoms resonant to
the —114 MHz component to those resonant to +114 MHz is 2 to 1. The best result,
i.e. the brightest MOT, was achieved for a ratio of 130 mW (lower frequency) to
70mW (higher frequency) after the first PBS in fig. which roughly matches the
expectations. Deviations from the 2-to-1 ratio likely stem from different modulation
efficiencies of the AOMs and different incoupling efficiencies in the fiber couplers be-
cause the beams have different path lengths and different beam profiles when they
are guided into the optical fibers, and the shift in transition strength experienced

within the inhomogeneous magnetic field.

Figure 4.9: Photograph of the view through a window of the experimental chamber.
The bright, pink spot in the center is the fluorescence of a cloud of 5Li
atoms which is held in this position by the applied trapping beams.
The atoms absorb the lasers’ photons, are pushed back into the MOT
center and deexcite by emitting red-pinkish light. The bright ring is not
generated by fluorescence. It is merely the reflection of all the laser beams
in the MOT chamber.

Note, that only one frequency combination for the trapping lasers was tested and

that the brightest fluorescence doesn’t necessarily equates to the "best" possible

35 Approximately, this holds true around the MOT center (B = 0) as shown in section
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MOT. A bright MOT corresponds to either many atoms being fast enough to see
the trapping beams Doppler shifted to resonance (high temperature) or many atoms
being far from the center so that the Zeeman-shift makes them resonant to the lasers
(high pressure/ density in the center). Further tests are required to fully analyze the
MOT. This was not entirely possible during this thesis as is explained in section [4.5

The Zeeman slower laser has to fulfill two conflicting requirements:

1. the laser has to cool the hot atom beam and therefore its light must be in

resonance to a certain transition,
2. the laser mustn’t interfere with the already trapped atoms.

In the case of the existing Zeeman slower, which comprises a magnetic field which
starts at B > 0 and ends in the MOT center at B = 0, a compromise between
the two requirements is needed. While the previous analysis of the Zeeman slower
was conducted at a frequency Vzeeman = 446.79940(3) THz, this light unfortunately
deformed the MOT and pushed it out of the center of the setup. Therefore, the laser
was adjusted t0 Vzeeman = 446.79933(3) THz which is even further detuned than
before. The exact slowing efficiency of this setting was not examined. A different
Zeeman slower design which also uses negative magnetic field strengths, a so-called
spin-flip Zeeman slower, might resolve the issues mentioned above because it can be
operated with a more red-shifted laser. The efficacy of such a slower was simulated
in [Dau20] but the slower itself has not yet been realized.

Lastly, the number of atoms within the MOT can be roughly estimated by analyz-
ing its fluorescence. The atoms absorb the light of the applied lasers and deexcite
by emitting photons isotropically. By surveying a solid angle and measuring the
fluorescence, the total emitted power can be calculated. A simplified setup for this
measurement is shown in fig.

The MOT as well as the Zeeman slower are operating normally, i.e. all magnets are
turned on and all laser beams are applied. It is therefore assumed that the MOT
is at maximum capacity and fluorescence at all times. This fluorescence leaves the
chamber through a window and is focused by a lens of diameter d = 3.0(1) cm onto
a photodiode®®. The lens is D = 15.0(5) cm away from the center of the MOT. This

setup spans a solid angle of

D2
Q=2r(1- | ——— | =0.031(3), (4.7)
[-\7)

which corresponds to 0.25(2) % of the total solid angle of 47. The light has to
pass a vacuum viewport with a transmission coeflicent of 92.86(5) %. Therefore, the
photodiode sees 0.23(2) % of the total fluorescence.

36Thorlabs DET36A2 [Thod]
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Figure 4.10: Schematic top view of a setup used to measure the fluorescence of the
6Li MOT. Note that some mirrors and the vertical MOT beams are
neglected for reasons of simplification. The atoms captured within the
MOT produce isotropic fluorescence. The light of a certain solid angle
is projected onto a photodetector to extrapolate the total fluorescence.

The photodiode produces a current I which corresponds to the amount of pho-
tons of a certain wavelength that hit its sensor. At the fluorescence wavelength
A = 671nm, ¢ = 0.358 A/W is expected. The current is supplied by a 12V bat-
tery. Applying a resistor and measuring the voltage U at said resistor allows for a
determination of I using Ohm’s law. However, the photodiode displays saturation
effects for U ~ 12V, hence the resitance had to be adjusted to decrease the mea-
sured voltage below said value. Applying a total resistance of R = 2.47 M led to
U =9.82(1) V. Therefore, the photodiode provides I = 3.976(4) pA and sees a power
P = 11.11(1) nW. Thus, the total emitted power is Py, = 4.8(4) mW. Note that
the background light, such as reflections from the lasers or the general lab lighting,
has already been taken into account in the determination of U by measuring a base

signal without the presence of the MOT and substracting this base voltage from the
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signal measured with the MOT.

The total power of the combined MOT beams (z-, y-, and z-beams; two frequen-
cies each) is Py = 120(1) mW. As the Gaussian beams are brought to the setup via
polarization maintaining fibers with mode field diameters D = 4.5(5) pm (Thorlabs
PM630-HP, [Thoc]) and are collimated using lenses with focal length f = 50 mm,

the resulting beams have a 1/e*-diameter 2w, of

W

D 9(1) mm, (4.8)

2&10 =
where wy is the waist of the beam and A is the wavelength of the laser light.
Unfortunately, the beam was too big to be reliably measured with a CCD based

beam profiler. The maximum intensity I, of the beams is given by

2P0 mW
Iy = — = —. 4.
0= 2 339(75) - (4.9)

The scattering rate Rgcaster 1S given by

S r/2
Rscatter - /452 ) (410>
1+S51+ 15

where I' = 5.87 MHz [LWR 20| is the natural linewidth and S = I /I, is the satura-
tion parameter. For the Li Dy lines, the saturation intensity is Iy, = 2.54 mW /cm?
[Geh03].

In the following, it is assumed that the MOT is spatially small, i.e. all atoms are
in the center of the MOT and therefore experience no magnetic field (and there-
fore no Zeeman shift) while interacting with the maximum intensity of light 1.
This assumption is not true. Unfortunately, the exact size of the MOT could not
be determined, but from the picture fig. it can be expected to be roughly 1 mm
in height3”. At the edges of the MOT, the magnetic field reaches absolute values
of 2.5mT, which corresponds to a Zeeman shift of ~ 35MHz for the transitions
of interest. This fully compensates the red-detuning of the MOT laser beams and
increases Rgceatter- Additionally, for the previously determined beam size, the laser
beam intesities reduce to 90 % of Iy, decreasing Rcatter for atoms farther away from

the center. The total scattering rate would therefore be

. S(r ry/2
Rscatter,total = / dT,O (F) ( )_» 4/152(,7) ) (411)
v L+ 51+ mirsy

3"By comparing the size of the window in the front and the one in the back (both being DN40
windows with a 38 mm aperture), assuming the MOT to be approximately in the middle between
the windows, and using the intercept theorem this value can be estimated with the help of a
simple ruler.
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i.e. the integral of all scattering rates over the density distribution p(7) of the MOT.
As mentioned before, p(7) could not be determined. Therefore, the following results
should only be regarded as a rough order of magnitude estimation of the number of
Li atoms inside the MOT.

With a detuning of 6 = 30(1) MHz the approximate scattering rate (eq. (4.10))
becomes Ryatter = 1.6(2) MHz. By multiplying the amount of scatter events with
the energy of a photon of frequency v =~ 446.8 THz the emitted energy per atom can
be calculated and compared to the total measured energy Piya. Thus, the amount
of atoms in the MOT can be estimated to

Ptotal 9
N=——"—=(10%£1)-10 4.12
Rscatterhy ( ) ’ ( )

with h being the Planck constant. This value is 1 to 2 orders of magnitude above
those of other °Li MOTs (10® in [LWR*20], 6 - 10® in [LZG"15]).

4.4. Loading and Unloading the MOT

The results of the following chapter were produced during a supervised master thesis.
For an alternative view on the presented data, the reader is advised to take a look
at [Fra21].

Ultimately, the MOT will serve as a cold and dense sample for high-precision laser

spectroscopy of %Li . Ideally, the measurement is completely automated:

1. the MOT’s and the Zeeman slower’s magnetic field and their lasers are turned
on and the valve which blocks the atom beam (see element 3 in fig. is

opened,

2. while the MOT is loading up, the spectroscopy laser is tuned to the frequency
which is to be probed next,

3. at maximum MOT intensity, the valve is closed again, the magnetic field and

the trapping beams are turned off, and the spectroscopy laser is unblocked,
4. the fluorescence is measured and the process starts again.

The first step is easily implemented using numerous digital controllers for power
supplies, beam blockers and the valve. The second step comprises waiting for the
MOT to be filled, while the third step has to happen within a certain time window.
The loading and unloading times, fioading a0d tunloading, are examined in this section.
This is done by using a CCD camera® and placing it in the setup, as depicted in
fig. [4.11] This setup differs from the one shown in fig. by a lens of shorter focal
length, i.e. f = 75mm instead of f = 150 mm, and the camera [Vis22] in place of

38The camera used is a Guppy F-038B by Allied Vision.
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a simple photodetector. The new lens allows for a 1-to-1 image of the MOT on the

camera.
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. ___gEf =75 mm
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Figure 4.11: Schematic top view of a setup used to measure the loading and unload-
ing process of a MOT. Note that some mirrors and the vertical MOT
beams are neglected for reasons of simplification. The atoms captured
within the MOT produce isotropic fluorescence. A lense then produces
a 1-to-1 image of this fluorescence on a CCD camera.

The camera has a rasterized sensor with 768 pixels in width (z) and 492 pixels
in height (y). Each pixel covers an area (z X y) of 84pm x 9.8 pm. An exemplary
picture is shown in fig. [£.12] It represents the exposure of the camera’s CCD chip.
This integer value is roughly proportional to the number of photons that hit the
specific pixel. The camera produces a digital output, i.e. each pixel can return a value
between 0 (2° — 1, no absorption) and 255 (2% — 1, pixel saturated). The exposure
is not only depending on the intensity of the captured light but also the exposure
time texp. The pixels collect the energy of the incoming photons for the duration
texp and afterwards they return a corresponding value. It is therefore important to
set texp in such a way that no pixel returns 255, to exclude oversaturation. Another
striking feature is the seeming presence of two illuminated areas. This is due to the
camera’s readout being interlaced. Only the upper halves of this and other pictures

are used for analysis.
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Figure 4.12: An exemplary 1-to-1 image of the MOT fluorescence recorded by a CCD
camera.

A 2D Gaussian function f which includes a constant offset f, was fitted to the

data. By then calculating the integral of the Gaussian part, the level of luminescence

was determined. The used fit function is given by

Flz,y) = fo+ A e @0’ 2bz=20)(y=y0)~cly—y0)’

with
~cos*(0)  sin®*(0)
207 205 (4.13)
_sin(26) | sin(20)
402 402 7
. sin?(0) N COSQ(Q)’
202 207

where the amplitude A, the position of the maximum (z¢, yo), the standard devi-

ations 0,/,, and the rotation angle 6 are additional fit parameters. The integral can

thus be calculated using

454
20,0,

. 4.14
o3 +30020% + o) — (02 — 02)? cos(80) (4.14)

I(A,0,,0,,0) = 8A7TJ
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The pixels return integer values E (for exposure) that correspond to the num-
ber of photons that each pixel is hit by. It is therefore logical (and a conservative
estimation) to assume the error AE to be the same as the error in a stochastical
counting experiment: AE = v/E. Many pixels will have to return a value of E = 0.
To avoid division by zero, the error of these pixels is set to AE = 1. An exemplary

fit using the same measurement shown above is depicted in fig. [4.13|
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Figure 4.13: Two-dimensional Gaussian fit of the measurement shown in fig. |4.12]
Note that z- and y-axis are scaled differently.

With 188920 degrees of freedom, the function above results in a x? ~ 58297.4. This
value is unusually small which most often stems from overestimating the errors. To
compensate for this, all errors where multiplied with the square root of the reduced
chi-square \/ﬁ and the fit was redone. Consequentially, this resulted in y2, = 1.
The corresponding parameters as well as the their errors are listed in table [£.3] The
according integral is I = 818(40) - 10°.

By analyzing many more of these picture in the presented way, the loading and
the loss curves, i.e. the increasing exposure when the MOT is being filled and the
decreasing exposure when the MOT’s supply with new atoms is stopped, can be

measured.
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Table 4.3: Fit parameters of the exemplary exposure measurement.

A [ 155.80(6)

xo | 3464.3(2) pm
Yo | 2554.4(3) pm
o, | 821.3(2) nm
oy | 1024.1(2) pm
0 | 24.65(4) °
7o | 0.633(3) °

4.4.1. The Loading Curve

When all laser, i.e. the MOT’s cooling and repumping lasers as well as the Zeeman
slower laser, and the MOT and Zeeman slower magnets are turned on and the
valves blocking the hot atom beam is opened up, the MOT starts capturing atoms
and shining brighter and brighter over time.

In first order, the flow of atoms reaching and being captured by the MO'T is constant.
As more atoms are captured, the MOT grows in size because more atoms equate
to higher densities and higher pressures within the MOT. This is compensated by
moving atoms to the edges of the MOT until this pressure equals the pressure
applied by the laser beams. This increase in size is not only governed by the atom-
atom collisions inside the MOT but in the case of °Li also by the fact, that fermions
repel each other due to Pauli’s exclusion principle. The MOT will grow so large that
atoms on the outer edges aren’t resonant to the applied laser light and thus cannot
be trapped anymore.

Assuming the growth rate a to be constant and the loss rate to be dependent on
the MOT’s volume, the equation governing the number of atoms /N inside the MOT

can be infered to be

N =a — N, (4.15)

with the loss parameter 5. Higher-order loss mechanims, such as two- or even three-
body collisions, are not taken into account. This would add N? and N* dependencies
to the above differential equation.
As the volume V' of the MOT is proportional to N, a similar equation describes
the behaviour of V. The emitted light is also assumed to be proportional to N, i.e.
each atom deexcites by emitting a photon which is not absorbed by another atom.
Consequently, the MOT’s fluorence over time F'(t) is a direct measurement of its V'
or N. It is given by

Py =" <0 (4.16)

t

Fo - (1 _ e*;) t>0.

This solution assumes that the MOT is empty until at ¢ = 0 the valve opens and

atoms reach the MOT. The parameters a and [ are incorporated into the rise time
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parameter 7. From this value, the time tg9¢ which it takes the MOT to be filled by

99 % can be calculated using

1
togy =7 In (—— ). 41
W% =T n(1—0.99) (4.17)

The function which was used to fit the data shown in fig. differs slightly from
eq. (4.16)):

F(t) = Finas - (1 - e—tf°> . (4.18)
1e9
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Figure 4.14: Data and fit of cumulative exposure over time. As the MOT is filled
it becomes brighter until it cannot capture any more atoms. With 85
degrees of freedom the fit results in y? = 18.7.

Obviously, the function is not partially defined anymore. The measurement only
starts after the valve has been opened, a constant part for ¢ < 0 is not necessary.
The second difference is the time offset ty. The exact start time of the measurement
is unknown. The controlling software starts the measurement by sending a signal to
open up the valve and allow the hot atoms to reach the MOT. Then, the camera is
triggered every 50ms. It takes a picture after an exposure time of 100 ps which is
then read out. A first fit contained a constant offset f, but it showed to be completly
negligible and so it was dropped to reduce the number of fit parameters and thus
increase the number of degrees of freedom to 85.

The fit procedure results are shown in table[d.4] Some data points seem to be missing.

The fluorescences for times ¢t < 0.45s was too small for the fit algorithm to find a
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stable solution. For 0.65s < t < 0.85s, the data was unfortunately corrupted and
could not be used. The corresponding x? is x* = 18.7 and tgge, = 1.70(2) s. Adding
the time between the opening signal of the valve and the beginning of the fluorescence
to the total time until the MOT is maximally filled becomes T = tgg o+t = 2.12(2) s.

Table 4.4: Optimal parameters for fit shown in fig. . The individual errrors were
extracted from the fit algorithm.

Foax | 1334(5) -10°

T 370(4) ms

to 418.7(4) ms

It thus takes about 2.1s to completely fill the MOT and create maximum fluores-
cence. After this period, the MOT can be used for spectroscopy.

4.4.2. The Loss Curve

As long as the MOT is being supplied with new cold atoms, it keeps its brightness.
But once the respective valve closes, no more atoms reach the MOT and over time
all the captured atoms are lost. As already explained in section pictures of
the MOT are taken by a CCD camera which are then analyzed by fitting a 2D
Gaussian distribution to them. Plotting the resulting integrals over time reflect the
darkening of the MOT. In contrast to the loading curve shown in fig. [£.14] the data
was taken using pictures with ever increasing exposure times 7;. To account for this,
the calculated exposures are divided by their respective 7;.

After the correction, the loss curve can be draw, as depicted in fig. Although
the decline in brightness seems to follow a simple exponential decay function, this
is not the case. Especially the data points for low times ¢ drop too sharply to be
adequately described by a function, that must also fit the tail for higher ¢. A more

complex loss mechanism was therefore assumed:

N = —]TV — BN2. (4.19)

In addition to the regular linear loss with its lifetime 7, a quadratic effect governed
by the value of 3 is taken into account®®. While the equation’s linear part describes
the MOT’s interaction with the background gas, the N2 part stems from atom-atom
interactions [PRP*88].

39A longer time frame, lower total exposure, and the absence of a loading atom beam make this
higher-order loss effect more prominent.
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Figure 4.15: Corrected data and fit of cumulative exposure over time. As the MOT
is depleting, it becomes darker and darker. With 34 degrees of freedom
the fit results in x? = 20.9.

Assuming an internal time delay to between the starting signal of the experimental
procedure and the start of the MOT depletion, i.e. N(ty) = Ny, as was done in
section [4.4.1], a function solving this equation is

t—tg
(& T

1+ NoBr (1—e=")

N(t) = Ny (4.20)

A similar function f(t), in which Ny was changed to F,, was used to fit the data
depicted in fig. but without the time offset. The resulting t, was highly de-
pendent on its start value while exhibiting uncertainties many orders of magnitude
larger than its actual value. Additionally, the inclusion of tq did not affect the out-
come of the other parameters to a significant level. Therefore, it was ommited. These
resulting parameters are listed in table With 34 degrees of freedom, x? = 20.9.

Table 4.5: Optimal parameters for fit shown in fig. The individual errrors were
extracted from the fit algorithm.

Fy | 9.4(7) -10°

T | 7.2309) s

B 92(3) -1079/s
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Calculating a fall time ¢; ¢, i.e. the time until the MOT’s brightness falls to 1%
of its maximum value, is not as straightforward as calculating tg9¢ in section [4.4.1,

because t; ¢ depends on Fy:

(4.21)

<100+F057’>
tiy = Tln| ——————| .

1+ Fypr

A brighter MOT with larger Fy therefore loses its relative brightness much faster
than a darker MOT. For the shown values, the fall time was evaluated to be ¢t ¢ =
19.4(5) s. Spectroscopy on the MOT should be done when it exhibits maximum
brightness, i.e. it’s containing the maximum amount of °Li atoms. This means that
after stopping the loading process, the spectroscopy procedure, be it fluorescence or

absorption spectroscopy, should start as quickly as possible.

4.5. MOT Temperature

The following chapter covers the actual end goal of this thesis: the characteriza-
tion of the MOT, its size and its temperature. Unfortunately, this was not possible
during this work due to problems with the quenching of the magnetic field (see sec-
tion . This section is therefore rather theoretical. Nonetheless, it might contain
useful information for future progress on the experiment.

MOTs usually capture up to 10'° atoms (in this case 10(1) - 10?, see section and

cool them down to temperatures in the order of the Doppler temperature [Foo05]

hI’

Tp=——
D 2]{/‘]37

(4.22)
where h is the reduced planck constant, I' is the width of the chosen cooling transition
(here ' = 27-5.9 MHz), kg is the Boltzmann constant. For °Li and the chosen D,
transitions, this limit is 7p = 141 pK. Standard Sisyphus cooling [DCT89|, which
could lead to temperatures down to the recoil limit of T, = 7.06 nK, does not work
for the Dy lines because their respective excited states cannot be resolved [DHH11]
HKJ"14]. Therefore, typical temperatures for °Li MOTs which use these transitions,
lie slightly below 300 pnK [SEZ"98, [Ger16].

The temperature can be measured by first preparing the MOT and then turning it
off completely, i.e. stopping the trapping laser beams, ramping down the magnetic
field, and closing the valve to stop the flow of hot atoms. Without the lasers and
the B-field holding the atoms in space, they start to fall down while the MOT cloud
expands. The hotter it is, the faster it spreads. After waiting and letting the cloud
expand for a duration Atf, a collimated, low-intensity, resonant laser beam is shot
through the cloud and onto a camera. Due to the absence of the trapping magnetic
field, all atoms can absorb the light of the laser beam and the camera therefore sees

the "shadow" of the atom cloud. This way, the cloud’s size, i.e. its spatial size as
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well as the amount of atoms it contains, can be deduced. Of course, the laser beam
destroys the cloud and another MOT has to be prepared to redo this measurement
procedure for a different At.

For each duration At, three measurements are done:
e a regular absorption measurement as described above,

o a measurement without a MOT to examine the intensity distribution of the

laser beam and how the experimental setup itself absorbs it,

o a measurement with neither the MOT nor the laser beam to take any back-

ground light into account.

As an example, fig. [4.16]depicts the results for such measurements but for a rubidium
8Rb MOT instead of the °Li MOT built during this thesis. The data was gener-
ously provided by M. Langbecker and Prof. Windpassinger. The difference between
fig. and fig. is the presence or absence of the MOT, respectively. Both
pictures show circular diffraction patterns, presumably from dust particles that stick
to the mirrors, windows, or camera in the setup. The presence of the MOT leads to
a reduction of the signal measured by the camera, visible as a darker spot on the
left side of the picture. Lastly, fig. contains information on the background
light. An almost uniform signal across the whole picture reveals an almost uniform
background. Only a larger variation on the lower edge of the picture stands out.
In the following, pabso, Pref;, Pokg describe the signal measured by the camera, either

pixel-wise or the complete signal, depending on the context.
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Figure 4.16: Exemplary measurement triplet for a shared wait time At. A laser
passes an experimental setup which contains (a) a rubidium MOT (vis-
ible as a dark spot on the left side of the picture) or (b) no MOT. Then
the light illuminates the sensor of a CCD camera. Picture (c) depicts
a background measurement with neither a MOT nor the laser being
present.

When radiation, such as the light of a laser, passes an absorbing medium, it loses

some of its initial intensity I, according to Beer’s law:

I(d) = Iye™. (4.23)



4  The Magneto-Optical Trap 119

After passing a depth d of a medium of concentration ¢ which has an extinction
coefficient €* only the intensity I(d) is left. The light then hits a pixel of the camera
which returns a signal of strength p. After correcting for the background signal by

subtracting ppig from both panse and prer, the only difference in

Pabso, corr = Pabso — Pbkg (424)

and

Pref, corr = Pref — Pbkg (425)

is the difference in the composition of the medium that the light needed to pass
through. Assuming a negligible effect of the vacuum inside the setup, the following

proportionalities can be given:

—* _ *
Pabso, corr X Iye €SetupCSetupdSetwe mormord?
b

vor, (4.26)

—e* d
pabso,corr X [Oe ESctupCSDtup Setup (427)

As explained before, the only difference of interest is the presence of the MOT and
it’s obvious that its parameters can be extracted by dividing these expressions and

taking the logarithm of the result:

Pabso — Pbkg ) . (428)

P = exiorcmord =—In <
MOTMOTAMOT Dret — Porg + ¢

For computing purposes, a small threshold parameter ¢ was included to prevent
division by 0. The optical density p for the above shown measurements is depicted
in fig. [4.17] as a zoom-in on the region of interest. The signal strengths represented
by Pabsos Pret, and puig are proportional to the number of photons that reach the
pixel, therefore their respective errors are estimated conservatively by their square

root Ap = /p. As a result, the error of the optical density is

Ap — Dabso 1 Pbkg Dref + Prokg
p - 2 2 )
(pabso - pbkg) +t (pref - pbkg) +1

(4.29)

which again includes a tiny threshold ¢ to avoid division by 0.

Also shown in fig. is a fit of a two-dimensional normal distribution as defined
in eq. (4.13). For this and subsequently shown fits, the angle § was assumed to be

= 0. In reality, # should be adjusted but kept constant for all At.

With 98993 degrees of freedom, the fit procedure produces x? = 67348. The fit
parameters and their respective errors are listed in table By calculating the
surface integral of the function, it’s possible to gain insight on the amount of atoms
within the cloud:
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/A pdxdy = eyor - N. (4.30)
If the propability of an atom absorbing a photon €* is known, N can be computed
easily.
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Figure 4.17: Zoom-in on MOT region as seen in fig. The data has been cleaned
up by subtracting the general background and comparing it to a mea-
surement without a MOT. This produced the optical density of the
trap. Additionally, a 2D normal distribution which was fitted to this
data is also depicted.

Table 4.6: Fit parameters of two-dimensional normal distribution as shown in

fig. [£.17]

AT 1.250(1)
xo | 2287.8(4) pm
Yo | 2983.2(3) pm
()
(4)
()

0. | 486.2(5) pm
oy | 348.2(4) pm
fo 1 0.0229(5

This procedure can be done for multiple At. The extracted widths o, and o, are
shown in fig. The data points for both widths were fitted independently using

F(AL) = /2 AL + 02 (4.31)
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as a fit function which describes the expansion of a thermal gas in a vacuum
[GOSDDY98, VWBT™05|. The parameters v and oy can be interpreted as the root
mean square velocity in one specific dimension and the width of the MOT in said

dimension, respectively. Their values including errors are listed in table [4.7]
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Figure 4.18: Expansion of an exemplary thermal 8"Rb cloud in a vacuum over time.
Only the size in z- and y-direction are shown, as z describes the di-
rection of the spectroscopy laser and therefore couldn’t be examined.
The cloud was created using a MOT and is not uniform. This led to
different transverse temperatures 7, and 7,. The total temperature 7T
most probably lies within the same order of magnitude.

Table 4.7: Parameters including error of fit functions as depicted in fig. |4.18]

x-Direction || y-Direction
v [mm/s] 58(3) 50(2)
0o [nm)] 476(8) 346(5)

The MOT cloud is assumed to be thermal. The velocity distribution of the 8"Rb
atoms follows the Maxwell-Boltzmann distribution. The MOT is also nonuniform
in its size and its expansion, i.e. its projection on the z-y-plane is not circular but

oval and o, grows faster than o, (v, > v,). Both dimensions are therefore analyzed
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independently and two transverse temperatures 7, and 7, can be extracted from

[kpT
S (4.32)
m

where m is the atom mass. The fits shown in fig. return 7, = 35(4) pK and

T, = 25(2) pK. The transverse temperature in the direction of the spectroscopy beam

the data using

T, is assumed to be in the same order of magnitude but could not be measured using

this procedure. The Doppler broadening

8In(2)ksT.

mc?

Iboppler = (4.33)
for 8Rb at the frequency of the D lines (v ~ 384 THz) and T, = 30pK would
be I' ~ 162kHz, which is well below the transition’s natural line width (36 MHz
or 38 MHz depending on the exact transition [Ste23]). To really determine 7, the
measurement procedure could be repeated but with the spectroscopy beam coming
from a different direction.

Up until now, this section has been largely an introduction on how to conduct a
future analysis on the Li (or a possible "Li ) MOT. The problems with the current
6Li MOT setup which prevented this analysis are explained in the following.

4.5.1. The Problem with the °Li MOT

As explained previously, a °Li MOT reaches typical temperatures of 7' ~ 300 pK,
with the Doppler limit being the minimum. The corresponding Doppler broadening
is I'poppler A~ 2.26 MHz which is still below the natural linewidth of I' = 5.9 MHz. A
well-tuned laser could therefore be absorbed by all atoms of the expanding cloud if
the Zeeman splitting induced by the magnetic field is negligible. This negligibility
is questionable, at least in the current setup.

The MOT field is produced by an anti-Helmholtz coil and driven by a current of
40 A. To allow the heat produced by the wires to dissipate effectively, they are
winded around water-cooled brass bodies. Abruptly shutting down the magnetic
field induces eddy currents within the brass and the steel of the vacuum chamber
which impede and slow the fields decline. This was analyzed by [Len20] and some
of the insights are presented in the following.

A single prototype coil built similar to the coils installed to the setup, as shown in
fig. [4.19] served as a test object. In the coil’s center, a Hall probe is visible. This
probe is capable of measuring signals with a rise or fall time of 10ps*C.

For a lack of a better power source and access to water cooling, the prototype was

only operated using a current of I = 11.4A. The real MOT coils use a higher

40This was measured using a much smaller coil with much smaller currents
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current of 40 A but because they are built in the same way, the only difference is
their maximum field strength. It is assumed that the general behaviour of the coils
is the same. A measurement of the coil’s magnetic field after turning off the driving
signal is depicted in fig. The green signal shows this driving signal reaching
the off state well below 1ms. Compared to the decline of the red signal it can be
treated as instantaneous. The red signal describes the output of the Hall probe. Its
decline is much slower with an exponential decay time constant 7 = 6.2 ms. Again,
it is assumed that the coils which currently create the magnetic field behave the

same and the field’s slope in the center of the MOT is therefore given by

Bo(At) = —2466 — - e~ . (4.34)

Figure 4.19: Picture of the setup used to test the shut down process of a magnetic
field produced by a coil similar to the coils in the MOT setup. The
coil is winded around a brass body/ bobbin. A Hall probe is placed at
the center of the coil while additional electronics are placed outside the
bobbin.

If the slope of the magnetic field is too high and the atoms move outward, the
Zeeman effect shifts their resonance frequencies to higher or lower values, making

them fall out of resonance with the spectroscopy laser and thus making measure-



4  The Magneto-Optical Trap 124

ments of the atom cloud’s size impossible. The estimated expansion of a °Li cloud
of temperature 7' = 300 uK and a starting size g = 500 pm is shown in fig. [4.21]
It expands much faster than the 8Rb cloud depicted in fig. because of its
lower atomic mass and higher temperature. The expansion time At is limited to
At < 10ms because the cloud’s size becomes to large to be analyzed effectively
using the previously presented procedure with a regular sized CCD chip for longer

durations.
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Figure 4.20: Measurement of the delayed decline in magnetic field strength of a
prototype coil similar to the coils which are used to create the MOT
field. The green signal shows the turn-off signal of the power source. In
the chosen resolution it can be considered instantaneous in comparison
to the decline of the magnetic field signal in red. The magnetic field
declines exponentially with a time constant 7 = 6.2ms. The real coils
are assumed to show the same behaviour, although they run on 40 A
of current while the prototype was driven by 11.4 A. Picture and data
taken from [Len20).

Additionally, fig. depicts the difference in magnetic fields A B when comparing
both edges of the cloud:

AB(AL) = o(AF) - =24 - 2.466 (4.35)
m

In the beginning, the cloud is maximally compressed and it takes some time to

expand. While its size stays approximately constant, the magnetic field declines
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in strength. Hence, a small dip can be seen for low At. With time, the expansion
becomes more and more linear and the difference in magnetic field strengths expe-
rienced by both sides of the cloud increases until At ~ 7.

As mentioned above, the difference between the natural linewidth and the Doppler
broadening gives an upper limit for the allowed Zeeman shift. This value is ['.x =
3.64 MHz. The splitting between the 25, F' = 3/2 magnetic substates mp = —3/2
and mp = 3/2 is given by

MHz

AV(AB) = AB - 14.0098 - (4.36)

which puts the maximum allowed AB to ABpax = 0.26 mT*'. In the analyzed time

frame, this value cannot be reached.
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Figure 4.21: Width expansion of a °Li cloud with 7" = 300 uK (blue) and difference
in magnetic field from cloud edge to cloud edge in the experimental B
field (red) over time. To make atoms at both ends of the cloud resonant
to the same light, a AB < 0.26 mT is needed. This value cannot be
reached in the analyzed time frame.

To make a proper analysis of the °Li MOT’s temperature possible, the magnetic

field has to be shut down significantly faster. This needs further research. The eddy

41A deeper analysis of how the quantum states of interest interact with magnetic fields can be

found in section
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currents could be counteracted by applying a second magnetic field using an addi-
tional pair of coils during the quenching process. The setup could be made smaller so
that the coils could be placed closer to the MOT center and allow for lower currents,
which would lead to cooler coil temperatures, and body materials other than brass
could be considered. One could also replace the main stainless steel chamber of the
setup with a small, non-conductive glass chamber, which would further reduce eddy
currents.

Lastly, the °Li atoms could be brought to lower temperatures. While a MOT that
works with 671 nm light is limited by a high natural linewidth and a low hyperfine
splitting of the excited states and therefore can’t be cooled below the Doppler limit
Tpoppler = 140K, other trapping transitions are also possible. The 25; /5 — 3P3/9
transition at 323 nm has a linewidth of I' = 754 kHz and therefore a lower Doppler
temperature of Tpoppler = 18K [DHHT11]. Of course, the recoil temperature is
higher, compared to the D,-line MOT (15pK instead of 3.5 uK). However, both
versions are limited by Tpeppler anyway. This approach would require a completely
new laser system and could potentially produce a MOT of temperature T' ~ 59 pK.
Another solution requires the use of a gray molasses [WEO7T94]. By building upon
the already existing laser system and leaving the MOT intact, but adding a second
cooling stage in the form of a gray molasses, the atoms could be brought down to
T ~ 42 pK [Ger16].
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5. Conclusion and Outlook

During this work, multiple laser systems were built*2

, most importantly the Zeeman
slower laser and the MOT laser system. The former combines a home-built ECDL
and a TA to provide approximately 160 mW at the wavelengths of the 6Li D, and “Li
D; lines. With a Fizeau interferometer-based wavelength meter, this laser could be
stabilized to v = 446 799 400(1) MHz and could thus produce the light beam which
was necessary to slow down atoms in the Zeeman slower.*3

The second, commercial laser system can provide a Gaussian beam with a power
of approximately 200mW and can be tuned over a range of 446.79THz < v <
446.81 THz, spanning all °Li and 7Li D lines. It could be shown that this laser could
be stabilized to the "Li crossover resonance at v = 446799 818.0(6) MHz with a
linewidth I'poeea = 120(10) kHz, which is sufficient for its use as a MOT laser.
This work presented the implementation and (incomplete) optimization of a Zeeman
slower with which a hot beam of °Li atoms can be partially cooled down to a velocity
of vy = 8.7(6) m/s and a transversal temperature Ty = 255(1) mK. To simulate this
and other potential Zeeman slower setups, a Monte Carlo simulation was developed.
Therefore, the behavior of the SLi 25;/, ground state and 2P;/, excited state in
different magnetic fields has been described. By combining the Hamiltonians of the
Zeeman effect and the hyperfine structure, these states’ energies and their transition
strengths were identified. This program was examined by comparing its results to
measurements of the hot and slowed beams. In its current state, the simulation does
not reproduce real data and severely underestimates the effectiveness of the slower.
Only 1% of the simulated atoms were slowed, instead of 18(1) %.

The slowed atoms were captured in a MOT which held up to 10(1) - 10? atoms,
with loading and loss times determined to be 1.70(2)s and 19.4(5) s, respectively.
The project’s ultimate goal, performing high precision laser spectroscopy on a cold
and dense target of lithium atoms, has not yet been reached because the MOT’s
magnetic field could not be quenched fast enough.

The following sections give an overview on the potential improvements and next
steps for this experiment. Additionally, other promising projects that were started
during this research are presented as they were highly influenced by the knowledge
that was gained throughout the developement of the MOT.

42 Additional lasers were, for example, other ECDLs at 671 nm for lithium spectroscopy and beat-
offset locking, a Titanium-Sapphire laser, and an ECDL at 780 nm for the purpose of rubidium
spectroscopy during a supervised master’s thesis. These lasers are not presented because they
were not used for the MOT or the Zeeman slower.

431t has also been observed that the Zeeman slower is not necessary to load the MOT. Even without
a slower, enough atoms are slow enough to be trapped by the MOT but the slower improves
the loading significantly.
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5.1. Potential Improvements

Although it has been shown that the MOT is fully functional and that many atoms
can be trapped and cooled by it, there are still many challenges to be addressed.
The final temperature of the atoms has not yet been measured and without knowing
the temperature, the uncertainties of any resonance frequency measurement cannot
be estimated adequately. The next logical step is therefore the determination of the
MOT temperature T'. It was shown that, with the setup in the current state, the
magnetic field could not be quenched fast enough for the expected value of T

The analysis was done only on a wire coiled around a brass housing being driven by
a current of 11.4 A. This did not include the stainless steel vacuum chamber of the
real experiment and was far below the final current of 40 A. To better understand
the behaviour of the magnetic field, the analysis could be repeated inside the real
setup. Even with this simplified system, the magnetic field strength did not drop
fast enough to allow for an investigation of the atom cloud’s T'.

This test was also conducted on a plastic housing using a similar wire and the same
current and as fig. depicts, such a housing permits a much faster quenching of
the magnetic field. Within roughly 60 ps the field strength drops to negligible values.
Plastic is non-conductive and therefore no eddy currents can be created within the
housing. This would be an acceptable time for an effective temperature determina-
tion. Even so, a plastic housing cannot be used.

When 40 A flow through the copper wire of the MOT coils, they heat up and the
wire resistance increases. Additionally, a hot coil will damage nearby elements in
the setup, such as a potential plastic housing. The brass housing’s heat dissipation
is necessary to keep the coil’s temperature in a non-destructive range, provided that
it is also cooled using the laboratory’s water cooling system.

The Anti-Helmholtz coils themselves must be improved. If they could be kept at
a lower temperature, a plastic housing would be possible. There exist hollow core
conductors, copper wires through which a coolant can flow**. Whether a usable coil
can be built using such wires requires further research. The temperature could also
be reduced by using smaller currents. This would lead to smaller field strengths at
the MOT center as well, unless the coils are placed closer to the center, which would
require a completely new MOT chamber.

When the central chamber is replaced, one might consider using glass instead of
stainless steel. A regular steel chamber’s viewport positions limit the solid angle
from which fluorescence in the experiment can be observed. A fully transparent
glass chamber would allow for a less restricted placement of any used measurement
devices. Additionally, because the aspired precision of the spectroscopy should per-

mit an examination of the effects of quantum interference [SSGT11, BWP™13] on

44Such as but not limited to [Luv24]



5 Conclusion and Outlook 129

the °Li resonance frequencies and the fluorescence spectrum, a larger solid angle is
prefered as the fluorescence’s polarization is expected to be strongly angle depen-
dent [UMM™19]. One should keep in mind though, that the lithium atoms will most
probably stick to the first surface they hit and over time the beam might sputter a

thin layer of %Li on the glass, making it more opaque.
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Figure 5.1: Measurement of the delayed decline in magnetic field strength of a pro-
totype coil similar to the coils which are used to create the MOT field.
In contrast to the real brass housing, a plastic housing was used and the
current is 11.4 A rather than 40 A. The green signal shows the turn-off
signal of the power source. In the chosen resolution it can be considered
instantaneous in comparison to the decline of the magnetic field signal
in red. The magnetic field declines with a superimposed ringing. It drops
to zero after roughly 60 ps. Picture and data taken from [Len20].

Finally, the whole setup could be extended by adding a dipole trap. The MOT
would capture and cool down many °Li atoms, the coldest of which could then be
trapped within the electric field of a high power laser beam. There are several magic
wavelengths available for both °Li and “Li [SSC12], especially 872.56(900) nm is eas-
ily reachable using an already present titanium-sapphire laser. While the atoms are
kept in place by the dipole trap, the magnetic field can be shut off at any time and
once the field strength is sufficiently low, the trapping laser can be blocked and the

spectroscopy laser can illuminate the sample.
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5.2. Offspring Projects

Many ideas that came up during the research on the 3D-MOT directly influenced
another project in the laboratory: the 2D-MOT. By preparing a similar laser setup
but ommiting one spatial direction, °Li atoms that were emitted from a hot oven
could be captured and cooled within the field of four permanent magnets. Several
supervised students were involved during the development of this system ([Wes21),
Sch22, [Tsc23]).

The 3D-MOT setup contains a rather lengthy Zeeman slower to cool down atoms and
make them catchable by the trap. To scale down the system, eliminate the need for a
large magnetic field, and avoid an additional high-power laser which crossed the 3D-
MOT center, replacing the slower with a 2D-MOT was considered. It could be shown
that the two-dimensionally trapped atoms can be reliably pushed out of the 2D-MOT
using a low-power, red-shifted laser beam. The resulting velocity distribution of the
pushed-out atom beam is depicted in fig. [5.2] This beam itself could be examined
using high-precision laser spectroscopy. A possible setup which utilizes an active
fiber-based retroreflector based on [BMM™16] is currently under developement. As
its name suggests, the retroreflector reflects the spectroscopy laser beam back onto
itself, thereby creating a symmetric fluorescence spectrum and suppressing the effects
of higher-order Doppler shifts.

The laser system that drives all the necessary trapping and push beams is a titanium-
sapphire laser?®. It generates a continous wave beam with roughly 2W at 671 nm
and a linewith in the range of 40 to 50 kHz. The beam is split into multiple other
beams which are then manipulated further with the help of AOMs to get them
to the desired wavelengths. The provided power is more than enough to create all
MOT beams and the push beam while also being precise enough to target specific
transitions.

The 2D-MOT is an effective source of low-velocity atoms. To effectively direct these
atoms into a 3D-MOT or other setups, guides were built ([Hepl9]) that utilize a
field created by magnetic quadrupoles that follow a bent curve. In theory, slow
atoms (low-field seekers) can follow the field minimum within these guides and thus
a beam of slow atoms can be partially deflected. To date, this effect has not yet been
observed in this working group. It is still searched for.

Of course, the flow of knowledge is bi-directional. What was learned during the work
on the 2D-MOT, can be reapplied to the 3D-MOT. The TiSa laser with its high
power and good precision can be used to drive the latter. More power in a wider
beam might increase the number of trapped particles. This would free the TApro

diode laser for other usage. Together with other devices, it could be transformed into

45The working principle of a titanium sapphire (TiSa) laser is not explained here, as it wasn’t used
during the 3D-MOT project. The interested reader is advised to take a look at the aforemen-
tioned theses.



a sub-kHz spectroscopy laser to examine the °Li transitions of interest. An ultra-low
expansion cavity was installed to stabilize this laser and to minimize its linewidth. A
frequency comb which is locked to a different laser [Wes24] can be used to determine
its frequency. The fiber-based retroreflector can be used to improve the quality of
future spectroscopy measurements and the quadrupole guide could be used to fill

the MOT without the need for an additional Zeeman slower laser.
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Figure 5.2: Velocity distribution of the 5Li atom beam generated by applying a push
laser beam to the 2D-MOT. Picture taken from [Tsc23].

5.3. Final Words

A magneto-optical trap can be a powerful tool to create a cold target for experi-
mentation. As shown by [LWRT20], measurements on a cloud of °Li atoms captured
by a MOT yielded more precise resonance frequencies than ever before. Although
the thesis at hand could not provide a new high-precision spectroscopy for lithium,

further development of the project promises new results. In addition to delivering a
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target of cold °Li , the setup can potentially be adjusted to switch to “Li .

As is the case with %Li , to trap "Li in a MOT a laser beam containing two fre-
quencies is necessary to avoid the loss of atoms through an uninvolved dark state.
While the former requires a frequency difference Av ~ 230 MHz, the latter must
be Ar =~ 800 MHz which may be accessed by a combination of multiple AOMs, by
sideband-generating EOMs or by the usage of two independent laser systems which
are stabilized to each other by means of beat-offset locking. Bosonic and fermionic
lithium could be studied in a similar or even the same setup which would eliminate
many systematic effects when measuring the isotope shift.

The 3D-MOT project is far from done and many exciting ideas are waiting for
their implementation. Given time and manpower, it will create new and interesting

insights on a variety of phenomena in atomic phyiscs.
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A. Appendix: Diodes

Semiconductors [SNL21] are most commonly considered to be members of the fourth
main group of the periodic table, as depicted in fig. such as 1451 or 32Ge. By
introducing impurities in the form of other elements, e.g 5B or 5;Sb, the material can
be doped to add holes (p-doped) or electrons (n-doped) as charge carriers. Another
way to build a semiconductor is to combine elements of the third and fifth main group
to form a so-called ITI-V-semiconductor whose valence and carrier bands depend on
the specific mix of its constituents. There also exist II-VI-semiconductors or organic
semiconductors which are not considered here as the described laser diode consists

of aluminum gallium indium phosphide (AlGalnP) which is a III-V-semiconductor.
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Figure A.1: Excerpt of the periodic table. Note that the elements that comprise the
used material AlGalnP are members of the third (;3Al, 3;Ga, 49In) and
fifth (;5P) main group. Picture taken from [Arm07].

Imagine a p-doted and an n-doted material joined together as depicted in fig.[A.2]
At their interface they form a p-n junction where their respective valence and con-
ductions bands transition into each other. By applying a positive voltage to the

p-side and a negative voltage to the n-side, electrons flow from the n- to p-doted
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region?®. This corresponds to a flow from right to left in fig. The Fermi level EF,
i.e. the hypothetical energy level of an electron with a probability of being occupied
of 50 % at thermal equilibrium, is just below the conduction band of the n-doted ma-
terial. Therefore not much energy has to be added to lift an electron to it so that it

can flow through the material to the p-doted material and subsequently to the anode.

Junction

p-doted side

n-doted side

Energy
5

@ Flow of e~ @

Figure A.2: A p-doted and an n-doted semiconductor joined together form a p-
n junction. If a positive voltage is applied to the p-doted side and a
negative to the n-doted site, electrons can flow through the material.

If the situation is reversed, i.e. the n-side is connected to the positive voltage and
the p-side to the negative, the direction of current is from left to right in the above
fig. [A.2] However, it takes much more energy to lift an electron to the conduction
band on the p-side and thus no current flows unless the voltage is sufficiently high.
A component that allows current flow in one direction but forbids it in the other
is called a diode. The relation between the applied voltage V' and the current I is
given by the Shockley equation:

I=1I- <equ_VT —1>, (A1)

where )

_ qunz2 + anni (A 2)
~ L,Np  L,N4i '

The many coefficients of eq. (A.2]) depend on the used semiconductor materials
while eq. (A.1)) describes the general relation which depends on the charge carrier

Iy

46Remember that this is the physical current: electrons flow from a negative to a positive potential.
The technical current flows from positive to negative.
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q, i.e. electrons and holes in our case, and the applied voltage V', more specifically
their product ¢V which is the energy of the charge carrier. Additionally, the thermal
energy kg1 with kg being the Boltzmann constant and 7" being the temperature

affect the current. The current’s dependency of the applied voltage is plotted in
fig. Some conclusions can be drawn from eq. (A.1)):

» Obviously, if no voltage is applied (V' = 0) no current will flow.
o A positive voltage leads to an exponentially increasing current.

o A negative voltage leads to a small constant current —I,, the reverse-bias
saturation current. A diode forbids current flow in reverse direction but a tiny
drift is possible because electrons can tunnel from the p-side valence band to

the n-side conduction band.

« An increase in temperature decreases the exponent qV//kgT. This doesn’t nec-
essarily lead to smaller currents because [y is also temperature dependent and

might compensate said decrease.

20

151

101

Current [/p]

Vohage[%é]

Figure A.3: Relation between current and voltage applied to a diode. The voltage
corresponds to the electric potential on the p-doted side compared to the
n-doted side’s potential. Notice that the axes are normalized to make
them dimensionless.

The current amplitude [y is given by eq. ((A.2) and depends on the charge densi-
ties of electron donor and acceptors Np and N4 of the depletion layer around the

p-n junction, the Debye length L,, the Einstein relation D, = (kgT/q) p, where
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p is the movability of the charge carriers (electrons and holes), and the product of
minority charge carrier densities n?. These coefficients are solely dependent of the

material’s composition and its temperature.
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B. Appendix: The Fabry-Pérot Cavity

In its most simple form, a Fabry-Pérot cavity consists of an etalon with two parallel
facets of distance d as depicted in fig. [B.1] This distance is to be understood as the
optical path length, i.e. it is medium- and refraction index-independent. Although
the laser beam is drawn at an angle, it is considered to be orthogonal to the facets.
This is only done to better differentiate the order of reflection.

A laser beam enters the cavity and by passing the first facet with transmission
coefficent 7' < 1 and reflection coefficient R < 1, the amplitude of its electric field
changes by a factor of v/T. The beam passes the etalon and gains a phase depending

on d and its wavenumber k. The resulting transmitted electric field is then
E,=FEy-T e 4

where Ej describes the incoming electric field.

> T . e—ik‘d
D

- | T.R. e ikd
D

— | T - R?. e ko
D

P

R d------------- »

Figure B.1: Phase shift in a Fabry-Pérot cavity. Red light enters the cavity of length
d from the left side and is emitted from the right side. The beam is ony
drawn at an angle to make differentiation between the reflections easier.
As the light leaves the cavity, it has aquired a phase and an amplitude
change depending on its path.

The reflected beam on the other hand returns to the first facet where it is again
partly transmitted or reflected. This repeats again and again and every pass through

the cavity leads to an additional component of the electric field at the output facet:

Ey=FEy-T-R-e 3
Es=FEy-T-R* ¢
Ey=Ey-T-R*.e ™

En _ EO .T . Rn—l i e—ikz(Qn—l)d.
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These field components evolve like a geometric series and the total electric field is

therefore quickly evaluated to

Te—ik:d
and the outgoing intensity becomes
I cneg 5 . Cne T?
out T g el el T o T L R2 — 9 R cos(k2d)

with the speed of light ¢, the refractive index of the outside medium n (not to
be confused with the counting index n in the equation further above), and the
vacuum permittivity €y. It’s easy to see, that the intensity becomes maximum for
cos(k2d) = 1. With k = 27, this results in the condition

d_ (B.1)

The intensity is maximum if the etalon’s size is a multiple (m € N*) of half the

wavelength. Translated to frequency, the m-th resonance frequency becomes

mc

=5

Um

(B.2)

The free spectral range (FSR), i.e. the difference between the m-th and the m + 1-
th resonance, and the full width at half maximum (FWHM) of the resonances are

constants that depend solely on the size of the cavity and the reflectivity of its facets:

c
FSR = — B.
SR = . (B.3)
c 1+ R?
FWHM = — arceos (2 Y ) . (B.4)

The shorter the cavity, the further the resonances are from each other and the higher
the reflectivity, the narrower and the better defined are they.

These equations are true for all cavities and are not specific for the Fabry-Pérot
cavity. Without curved facets, which focus the laser within the cavity, the beam
becomes larger with every transit. After the first transit, the electrical field of a
gaussian beam that already traveled a distance z, from its waist position outside

the cavity is given by

Wo

2
e e_(m) eiikﬁifwe_i(k20+kd_4(zo+d)) (B’5)
w(Z() + d)

El(T> = EO ST
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with

w(z) = woy |1+ ZZ) (B.6)
R(z) = - (1 4 (2)2> , (B.7)

((z) = arctan <Z) : (B.8)

ZR

Here, wy is the beam’s waist and zg is its Rayleigh length. Each additional double-

transition through the cavity adds another electric field

2
— Wo — ——
En :E . T . R’n 1 . . (w(zo+(2n l)d))
(r) =Eo wizo + (2n—Dd) © (B.9)
7‘2

) efikiR(z0+(2n71)d) . e—i(kz0+k(2n—1)d—§(zo+(2n—1)d))

and the total electrical field becomes too complicated to be expressed by a geometric
series. The real laser beam which is emitted by a Fabry-Pérot cavity is therefore not

a simple gaussian beam but can show a diffraction pattern as depicted in fig. [B.2

1.26
1.14
1.02
0.902
<
0.78 -
e
0.66 C
9
0.54 S
0.42
0.30
0.18

y [A.U.]

—4 -2 0 2 4
x [A.U.]

Figure B.2: Simulated Fabry-Pérot cavity transmitted intensity.
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C. Appendix: Optical Elements

Many different elements are used in the various optical setup of this thesis. Some
of the more interesting ones are discussed in the following section. Any reader who
wants to learn more about optics, the nature of electro-magnetic waves, and their
behavior is highly advised to take a look at [AH19].

C.1. Beam Splitter

Beam splitters that, as their name

suggests, split a beam that enters the 5 O / 5 O P B f ;
element into two parts that are emit-

ted from two separate output port.
Although one might plainly use a
simple semi-transparent plate with

transparency T and reflectivity R,
the splitters that were used during Figure C.1: 50/50 and polarizing beam
this work were beam splitter cubes splitter cubes.
as depicted in fig. [C.1] In this thesis,
both are represented by the same symbol, their type is specified by annotations.
Both kinds essentially consist of two prisms that are glued together at their bases
with a resin which forms a very thin layer between the prisms. On one hand, this
resin fills up all the space between the prisms, leaves no gaps and form a layer of con-
stant refractive index ny. On the other hand, its refractive index is slightly smaller
than the one of the prisms’ substrate ng. On the first interface from ng to ny,, total
reflection can occur. The incoming beam is reflected in a 90° angle.
An electric field E , such as the electric field of the laser beam, cannot abruptly drop
to zero because

VE =2

€o

A small fraction of the light, the so-called evanescent wave, enters the resin where
its amplitude decreases the further it propagates into the medium. As the resin layer
is very thin, the field can reach the second prism and a fraction of the intensity is
effectively transmitted: a phenomenon called frustrated total internal reflection.
By adjusting the thickness of the resin layer as well as its composition, the ratio
between transmitted and reflected intensity can be adjusted. Most often, it is 50/50.
The polarizing beam splitter cube contains multiple layers of alternating resins with
refractive indeces ny,; and np 2. At the interface of these materials, the laser beam
with angle of incident 6; is partially reflected (0, = —6;) and partially transmitted
following Snell’s law

ny - sin(6;) = ny o - sin(6;).
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If 6; + 6, = 90°, i.e. the beam hits the interface at Brewster’s angle,

nr.2
fg = arctan | —= |,
nra

the reflected beam is purely s-polarized, while the transmitted beam contains more
p-polarized than s-polarized light. By adjusting the materials’ refractive indeces it is
possible to get O close to 45°. Many of these layers will thus filter out all s-polarized
components of the transmitted beam and all p-polarized parts of the reflected beam.

This is the working principle of the polarizing beam splitter (PBS).

C.2. Retarder Plates

Imagine a retarder plate made out

of birefringent material with two re-

fractive indeces ngg and ngew, cor- K
responding to two orthogonal main A
axes: a slow and a fast axis. In the 4

following, the x-axis is treated as the

fast axis, where the speed of light is

A
U

C &
Cfast = > Cslow =

Mfast Mislow Figure C.2: Quarter-wave plate and half-
wave plate.

When light of wavelength A\ and po-

E 1 (1
B V2 i+

passes such a material of thickness d, both components gain a phase

6_2’”'%%%1 A 1
6—2m‘”slofwd - e*ZMW :

By adjusting d, the relative phase

larization

- nfast) -d
A

Ag(d) = 27 o

can be set. Different polarization vectors are listed in in table [C.I], shown below.

These special polarization vectors reveal two special A¢:

A¢|d:(2m+1).m = (2m + 1) - (Cl)
m
Mlacomiy = mt 1) 2
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with m € N. Retarder plates that satisfy the first condition are called %— or half-
A

wave plates, while those that fulfill the second one are 4- or quarter-wave plates,
both depicted in fig. [C.2] For m = 0, these plates are zero-order plates. They are
usually more temperature and wavelength independent than multi-order plates with
higher m. A half-wave plate turns one linear polarization into a different one by
mirroring the Jones vector on the fast axis. With the correct angle of the retarder
plate, horizontal polarization can be turned into vertical and vice versa. Combin-
ing a half-wave plate with a PBS makes a very simple setup for controlling a laser
beam’s power and polarization. The quarter-wave plate will turn linear polarization
to elliptical polarization (even circular polarization for the correct angle). The hand-
edness depends on the exact order m.

Circular polarized light that passes a %—plate changes its handedness independent
on the plates angle. A %—plate turns any handedness into linear polarization. Again,

here the specific resulting polarization depends on the plates angle and order.

Table C.1: Special light polarizations and their corresponding polarization vectors.

Linear horizontal g = (1>
0
. . 0
Linear vertical T ( )
1

1

Circular right-handed | vg =

Sl-

')

Circular left-handed | vy, = % (1
i
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C.3. Optical Isolator

Some materials, e.g. many crystal,
exhibit birefringence behavior. Lin- I S O I a to r
ear light that passes lithium niobate
(or calcite or rutile or many others)

gains a phase which depends on the

angle of its polarization. But there
are also many materials, such as sug- Figure C.3: Optical Isolator.

ars or terbium gallium garnet crys-

tals within a magnetic field, which show optical activity and are circular birefrin-
gence. Circular left- and right-handed light that pass such media experience different
refractive indeces ny, and nr. The occurence of optical activity in a magnetic field
is the so-called Faraday effect.

An optical isolator, as it is shown in fig. [C.3] comprises at least to polarization fil-
ters (here, polarizing beam splitter cubes) and a material in a strong magnetic field
which exhibits the Faraday effect. Only linear polarized light passes the first filter.

It is therefore assumed, that the light’s polarization is given by
E, (1
ol \0
1 1 n 1
2\ \i —i

1
= 7 (v + vRr),
where vy, and vg are the Jones vectors of circular left- and right-handed polarization
as listed in table [D.I] Every wave can be understood as the superposition of at least
two other waves and so linear polarized light can be expressed as a superposition of
vy, and vr. Both polarizations experience a phase shift when they pass a medium of

length d depending on the light’s wavelength A:

]
Ly 1 ( 7 e _ Qﬂinl:\'d>
| V2

('UL+'UR) -d _ (vy,— 'UR) -d
27rz + 21
= (vp, —vR)-d . (vp,—vg)-d | -
Cp_vp)d 2T L_'R
):

727m
R (cos (27r LR

sin (27r7(”L 2;“) ))

The polarization of the incoming light is rotated, hence the component’s name being

Faraday rotator. This rotation is independent of the light beam’s direction and by
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adjusting d a rotation of 45° for a specific A can be generated?”.

After the light passed the first filter and the Faraday rotator, it reaches the second
filter. Ideally, this filter is turned by 45° compared to the first filter. Light that travels
in this forward direction can also pass the second filter and is hence transmitted by
the optical isolator.

Light that travels backwards through the setup is first polarized by the second filter.
The optically active material rotates the light by 45°. This results in a polarization
which is not transmitted by the first filter, but reflected, e.g. into a beam dump. In
the backward direction, the light cannot pass the setup. This way, an optical isolator
can protect sensitive elements such as a laser diode or tapered amplifier from back

reflections. It also prevents the formation of unwanted cavities within a setup.

4745° is only the ideal case. Often the polarization filters have to be adjusted to minimize trans-
mission in backwards direction.
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D. Appendix: MOT Laser Polarization and Jones

Calculus

A MOT can only trap atoms if its laser beams are polarized correctly. A setup
as depicted in fig. ensures this via multiple quarter-wave plates. This can be
explained best by using the formalism of Jones calculus [Jon41].

In vacuum, light can be described as a purely transversal electromagnetic wave and
in this specific and most other experiments the longitudinal component is negligible.
Its polarization can therefore be described using a two-dimensional vector containing
the information of the horizontal and vertical polarization components, i.e. their
amplitudes and their relative phases.

The electromagnetic field is usually completely characterized by

be'®

E(t,7) = E, ( ¢ ) itk (D.1)

Many of these parameters are not important to describe the polarization of the light.
They are either constant amplitudes Fy or phases that change with time or position
wt — k- T. Only the relative phase ¢ and the coefficients a? 4+ b*> = 1 between the
horizontal and the vertical polarization matter and four special cases can be identi-
fied that are listed in table [D.1I} horizontal, vertical, right-handed, and left-handed

polarization.

Table D.1: Special light polarizations and their corresponding Jones vectors.

Linear horizontal g = (1>
0
. . 0
Linear vertical vz o= ( )
1

Circular right-handed | vg =

Sl-

)
y

Different optical elements, such as polarization filters, quarter-wave plates, and

Circular left-handed

S
S
|
S

mirrors, can change the polarization of light. Mathematically this is expressed by
element-dependent matrices that act on the light’s Jones vector. Some exemplary

matrices are listed in table [D.2L
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Table D.2: Special polarization shifting optical elements and their corresponding

Jones matrices.

Horizontal Polarizer My p Lo
0 0
2 .
Polarizer (any angle 0) Mp(0) cos”(6) cos(0) sin(6)
cos () sin(6) sin?(6)
2-plate (fast axis = horizontal) | M, » e i1 (1 O)
¢ 0 i
2 . . 2 _ . .
X _plate (any angle 6) M. () it [ o8 (0) +isin®(0) (1 —1)cos(f)sin(0)
! (1 —4)cos()sin(f) sin?(0) + i cos*(0)
2-plate (any angle 6) M (0) cos(20)  sin(20)
: sin(260) — cos(26)
Mirror My = I 0
0 —1

Some consequences for the setup can be deduced quite simply. An arbitrarily
linear polarized beam (angle «) enters the corresponding first quarter-wave plate

which changes the polarization according to

cos(a) 1 [cos(a) —icos(a — 20)
M (0 =— :
Z( ) (sin(a)) V2 (sin(a) + isin(a — 29))

To generate circular polarized light with the correct handedness, the angle 6 has
to be set carefully to a &= 7 to allow for maximum trapping efficiency. The circular
polarized light then passes a second quarter-wave plate. Assuming right-handed light
and an arbitrary angle ¢’

4 V2 cos(#') + sin(¢')

the resulting polarization is always linear. Its exact composition might depend on
0" and a negligible phase is added but these facts don’t matter. Therefore, the exact
adjustement of the second quarter-wave plate also doesn’t matter. The same holds
true if left-handed light is assumed.

Because the value of the second quarter-wave plate’s angle €’ is not important, it
can be assumed to be ' = 0 without changing the physical outcome. Right-handed
light passes the second quarter-wave plate, is reflected by a mirror and passes the

same quarter-wave plate again or in the language of Jones calculus:

MH,PMMMH,PUR = vRe_lE .
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This specific setup only adds a negligible phase to the light but keeps the handedness.
Again, assuming left-handed light results in an equivalent outcome. The quarter-

wave plates are absolutely necessary for a functioning MOT setup.
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E. Appendix: °Li 2P;, excited state

As explained in section [3.2] the anomalous Zeeman effect can be considered as a
perturbation on an atom’s hyperfine structure or vice versa, depending on the value
of the applied magnetic field. It is therefore better to treat both of them as a per-
turbation on the fine structure.

The 2P/, state comprises 12 substates, twice the amount of the 25, 5 ground state
and consequently the interaction Hamiltonian Hiy (shown below in eq. (E.1))) con-
tains four times as many entries. It is calculated according to eq. with the

following parameters:

~
I
—_

-
I
NIV

Asp,,, = —1.15 MHz,
Bsp,,, = —0.1 MHz,
g; = 1.335.
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(E.1)

—As — Ag
+A:B
0

A7B + Ay

Ay — As

0

0
As — Ag
+A;B

Ay + As

Ay — A

As + Ag
+A,B
0

Ay + As

AyB — Ay

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

|\w»m — \w@ 0 \ww + \pw

0 As + Ao 0
_A,B
Ag— A
Ay + Ag 0 s
—A.B
0 Ay—As 0
0 0 0

Ay — Ay

—A;B + Ay

—As — Ag
—-A;B
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The single parameters A; are

Ay =—0.08 MHz - h, (E.2)
Ay = —14.01 MHz - h, (E.3)
Az =0.06 MHz - h (E.4)
MHz
Ay =—9341.89 T h, (E.5)
As = —0.58 MHz - h, (E.6)
Ag =0.03MHz - h (E.7)
MHz
A7 =—28070.94 T h, (E.8)
Ag =1.72MHz - h, (E.9)
A9 =0.05MHz - h (E.10)
Ay =—1.63MHz - h. (E.11)

Due to the larger number of potentially interacting states, the eigenvalues of Hi,
i.e. the energy levels depending on B, aren’t derived as straightforward for 2Ps/,

compared to 257 /5. The states that can be expressed easily have the eigenvalues

(11|Hyp|11) (B) = —Ag — As — A7 - B, (E.12)
<1mfﬁmUO>(B)::—f%——A8+—A7-B, (E.13)
(0| Hin|0) (B) = (A5+A6+A9 (Ay + A7) - B— (E.14)
VA(As — A3)? + (A5 + Ag — Ag— Ay - B+ Ar - B)?),
<HﬁmuﬂB):;UQ+A6+Ay—Uh+Aﬂ-B+ (E.15)
¢@%—A@ As + Ag — Ag — Ay - B+ Ay - B)?),

(5| Hine|5) (B) = (&+%+@ Ay+ A7) - B— . (E.16)

(61 Frnel6) (B) = 5(A5 + Ag + Ay
VA(As — As)?

The numbering of the states |i) is the same as listed in table As a reminder, they

A4 + A7) - B+ (El?)

+(
+(
\/(A2—A3) + (A5 + Ag— Ag+ Ay - B— A - B)?),
+(
+ (A5 + As — Ay + Ay - B— A; - B)?).

are also listed below. The other half of the eigenvalues are more complex and require
the determination of the zero-crossings of two cubic equations. These equations and
their solutions are not listed here.

By solving these equations for various fields B and determining the eigenstates
EV, the transition strengths could be calculated according to eq. (3.23). They are



Appendix 163

depicted in fig. [E.1], fig. [E.2] fig. [E.3] fig. [E.4] fig. [E.5] and fig. [E.6] Note that the
closed circle transitions 5 — 11 and 4 — 10 are not depending on B.

Table E.1: Reminder: 2P/, eigenstates of °Li and the corresponding |F, mp) states
for small magnetic fields B.

State Number | Corresponding |F, mp) ‘

o 3
i L3
2 -3
; L)
i o)
; )
; o)
7 3!
: 3
) Ll
1 -3
I ]

S
g
90'2_
&
c
_80.1-
0
[ M
© D\
F 0.01_ ; p— ; ;
—0.10 —0.05 0.00 0.05 0.10
B [mT]
— 0-0 — 4 - 3 ---- 2 > 8
1-0 4 - 4 2 -9
— 01 — 2 -7 ---- 3 -9
— 1 -1 3->7 ---- 5511
— 4 > 2 — 3 - 8

Figure E.1: Strength of allowed transitions driven by o-polarized light for different
magnetic field strengths. Same picture as fig. [3.7]
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S
g
80'2
&
c
201
‘0
c
O -
F0.01_—= . . : p—
—0.02 —0.01 0.00 0.01 0.02
B [mT]
— 0 -0 — 4-3 ---- 2 -8
— 1->0 — 4-14 ---=2-9
— 01 — 2 -7 ---- 3 -9
— 1-1 37 ---- 511
— 4 - 2 — 3-8

Figure E.2: Strength of allowed transitions driven by o-polarized light for different
magnetic field strengths. Zoomed in version of fig.

Al
Ul
1

Transition Strength
(@] (@] o o
=
o

.05 -
001 : : : :
—0.10 —0.05 0.00 0.05 0.10
B [mT]
— 5-0 — 2 > 4 == 17
— 551 — 3 -4 ---- 0 - 8
— 2 > 2 4 -5 ---- 1 -8
— 3 - 2 — 4 5 6 ---- 0->9
— 2 - 3 ---- 0-7 ----1-9
— 3 - 3

Figure E.3: Strength of allowed transitions driven by m-polarized light for different
magnetic field strengths.
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Figure E.4: Strength of allowed transitions driven by m-polarized light for different
magnetic field strengths. Zoomed in version of fig.
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Figure E.5: Strength of allowed transitions driven by o~ -polarized light for different
magnetic field strengths.
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Figure E.6: Strength of allowed transitions driven by o~ -polarized light for different
magnetic field strengths. Zoomed in version of fig.
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F. Appendix: Generating Random Velocities

A computer can generate pseudo-random number, i.e. numbers that seem random
but are in reality calculated deterministically. Usually, a start or seed value is cho-
sen and from it, the following value is calculated using an algorithm. The second
value is then taken to generate the third and so on. By default, Numpy, the python
module for numerical calculations, uses a permuted congruential generator (PCG)
to produce samples of uniformly distributed 'random" numbers r in the range [0, 1).
In the following, the reader is assumed to know how such algorithms work or to just
accept that they do.

In the simulation which was presented in this thesis, multiple random numbers are
needed. Whether an atom is excited and to which excited state specifically and
to which ground state it would then deexcite can be determined quite easily. As
with the starting position zy and yq, several uniformly distributed numbers can be
generated to sufficiently set these values. But one attribute needs non-uniformly
distributed values: the starting velocity v.

As explained in section [3.1] the starting velocity follows a modified Maxwell-Boltzmann

distribution
m2 o2

_ 3, 2kpT
= ve B,
2% T?

PumMB (V)

Corresponding values can be easily generated using an acceptance-rejection method.
With this method, random v below a select maximum value vy, can be generated.

Two random numbers r; and 79 are created and used to calculate

Uy = Umax " T'1, (Fl)

Pr = Pmax " T2, (FQ)

where ppax 18 the maximum of pyyp(v) in the range v € [0, Upax]. This value pair
defines a point as depicted in fig. [F.1] If

Pr < PmMB (Ur)a

the velocity v, is accepted, else it is rejected and a new value pair is generated. This
is repeated until an acceptable v, occurs.

This method is easily implemented but has some drawbacks. Firstly, it necessitates
an upper limit v,,.. Values above this limit are not taken into account in the sim-
ulation. Depending on the assumed probability distribution, the occurence of such

values might be so rare that they can be ignored altogether. But some distributions
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have a long tail and throwing away so many potential values could affect the result

of the simulation. Secondly, the chance of generating an accepted value is

VUmax

0 pmMB('U)dU<1‘

Pmax * Umax

(F.3)

Just like the generated number, the amount of pairs (v, p,) needed until an accept-
able velocity is produced is quasi-random. On average it takes the inverse of the
above expression of pairs and each pair requires two random numbers and a check

for acceptance. Another method might be computationally superior.

Pmma(V)

>

Figure F.1: Exemplary value generation using the acceptance-rejection method.
Value pairs (v,, p,) are generated and if they are below the curve de-
scribed by the probability density function p(v), such as (vq, p1), v, is
accepted. If they are above the curve, such as (vq, p2), v, is rejected and
a new pair is generated until an acceptable v, occurs.

Many probability density functions (PDFs) in physics, such as the one presented

here, possess a corresponding cumulative distribution function (CDF)

Fla)= [ fa)d

which is strictly monotonic increasing. Here, the lower limit ., is the smallest

physically reasonable value. For normal and Breit-Wigner distributions it is —oo.
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For pyuus it is 0 because there are no absolute velocities v < 0 and the CDF is

therefore
2 2

Fv) = / pmmp (V)dv" =1 — (1 + ) ¢ 2hpT (F.4)
0

2kpT
which is depicted in fig.

Y/

F(v)

>

Figure F.2: Cumulative distribution function for the modified Maxwell-Boltzman
velocity distribution. The function takes on values between 0 and 1
and because of its bijectivity, an inverse function exists which translates
any x € [0,1) to exactly one velocity v. This way, v that follow the
aforementioned distribution can be easily generated.

Every PDF is normalized so that the resulting CDF produces values between 0
and 1, just like a regular uniform random number generator. Due to the F(v)’s strict
monotonic behaviour, it is bijective and an inverse function F~!(z) exists which links

any number x between 0 and 1 to exactly one value of v. This inverse function is

Fl(z) = \/Q%T\/—W_l (x - 1) 1, (F.5)

with W_; being the Lambert W function, specifically the —1st branch. With a

single random number F,, one can use F'~'(F,) = v, to directly generate a velocity

value which follows the aforementioned PDF. This procedure does not exhibit the
disadvantages of the acceptance-rejection method. A direct translation from a set of
randomly generated numbers to a sample of random velocities without the need of
a lower or upper limit for v in constant time is highly parallelizable and might thus

produce more velocities in less time.
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This technique is only applicable if an analytical (or at least numerically calculable)
solution for F~! exists and is implementable. For many of the PDFs used in physics
research, it does. Some prominent PDFs and their respective CDFs’ inverse functions
are listed in table [E.1l

Table F.1: Prominent PDFs and their respective CDFs’ inverse functions F'~1. v is to
be understood as a random number between 0 and 1. While the normal,
Cauchy, and logistic distribution are all used for x € R, the exponential
distribution, which can be used to describe exponential decay, is most
often only used for z > 0, while a point on a circle with radius R has a
distance to the center r in the range 0 < r < R.

PDF F1
o2
Normal ;ﬂae_% 1 — /20 - InverseErfc(2y)
Cauchy m To + 5 tan (g(2y — 1))

1 —ax 1 1
Exponential e 1n (?y>
Logistic —l 1+ Bln (%)

2,8(1+COSh( 3 )) -y
Radius (uniform circle) % R-/y
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