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Summary

In this thesis, a transportable setup of an Yb atomic source for a lattice optical clock
is built and characterized [1] [2]. All three laser setups for cooling and trapping the
Yb atoms, together with the vacuum system, are contained on a transportable 2x1
m? optical table.

The preparation of the atomic sample before doing spectroscopy on the clock transi-
tion starts by slowing the atoms in the Zeeman slower. This is followed by trapping
the atoms in the pre-cooling and the post-cooling MOTs, before loading the atoms
into the optical lattice. Slowing and pre-cooling the atoms is done using the strong
1So-1 P, transition at 399 nm [3]. This cools the 10% atoms down to around a mK. To
successfully load the atoms in the optical lattice, we have to cool the atoms further
to beyond 50 pK. This is done by exciting the weak 'Sy-3P; transition at 556 nm [4].
The 10° transferred atoms into the post-cooling stage are cooled down to a few tens
of uK. The atoms are then ready to be loaded into the optical lattice at the magic
wavelength. The amplified laser light at 760 nm inside the 1-D intra-vacuum cavity
results in a lattice trapping potential of approximately 50 uK. A transfer efficiency,
from the MOT into the optical lattice, of more than 25% was measured.

The spectroscopy on the clock transition was done for '™'Yb. A step-by-step mech-
anism was adopted, starting by exciting the forbidden Sy-3P, transition at 578 nm
inside the post-cooling stage MOT, by using the ”chopped-MOT” method. The 300
kHz Doppler-broadened line is then narrowed down to 3 kHz by switching on the
light at 760 nm, while keeping the MOT on. The so-called ”chopped-lattice” tech-
nique helped suppress the Doppler-broadening; however the other effects due to the
light and the magnetic fields of the MOT were still present. By switching off the
MOT’s light and magnetic fields, the Yb atoms are completely trapped in the optical
lattice. As a result, the FWHM of the spectroscopy line was reduced by a factor of 10.

In the frame of this thesis, the clock transition for ''Yb was observed for the first
time using this apparatus. In-between, improvements on the experimental setup
have been made by another Ph.D. student, and better measurements of the clock
transition have been observed [5]. Moreover, the transportability of the experiment
was successfully tested by moving it to Turin by road. The next steps would be to
compare our setup with the setup present in INRIM-Turin and to do a full charac-
terization of the systematic errors.






Zusammenfassung

In dieser Arbeit wurde ein transportabler Aufbau von einer Ytterbium-Atomquelle
fiir eine optische Gitteruhr gebaut und charakterisiert [1] [2]. Alle Lasersysteme fiir
das Kiihlen und Fangen der Ytterbium-Atome sowie das Vakuumsystem befinden
sich dabei auf einem transportablen optischen Tisch von 2x1 m? Grofe.

Die Praparation des Atomensembles fiir die Spektroskopie beginnt mit dem Ab-
bremsen der Atome in einem Zeeman-Abbremser, gefolgt vom Fangen der Atome
in den beiden MOT-Stufen und anschlieBendem Laden des optischen Gitters. Zum
Abbremsen und fiir die Vorkiithlung der Atome wird der starke ! Sy-! P-Ubergang bei
399nm genutzt [3]. So werden 10° Atome auf etwa 1 mK gekiihlt. Um sie erfolgreich
in das optische Gitter laden zu kénnen, miissen die Atome auf unter 50 pK gekiihlt
werden. Dazu wird der schwache !Sy-3 Pi-Ubergang bei 556 nm benutzt [4]. Die 10°
in die zweite Kiihlstufe umgeladenen Atome werden dort auf einige zehn pK gekiihlt
und konnen anschlielen in das optische Gitter auf der magischen Wellenlénge geladen
werden. Das verstarkte Laserlicht bei 759 nm im 1D-Intra-Vakuum-Resonator ergibt
ein Gitterpotential von etwa 50 pK. Es wurde eine Transfereffizienz aus der MOT in
das optische Gitter von mehr als 25% gemessen.

Zunachst wurde der verbotene 150—3P0—Ubergang bei 578 nm in der zweiten Kiihlstufe
mit Hilfe der ” Chopped-MOT”-Methode angeregt. Durch Einschalten des optischen
Gitters wurde die auf 300 kHz verbreiterte Linie auf 3 kHz verbessert. Diese soge-
nannte ”Chopped-Lattice”-Methode unterdriickt die Dopplerverbreiterung, andere
Effekte durch Licht und magnetische Felder bleiben jedoch erhalten. Durch Auss-
chalten des MOT-Lichts und der Magnetfelder werden die Atome vollstandig im
optischen Gitter gefangen. Hierdurch wurde die Linienbreite um einen weiteren Fak-
tor 10 verringert.

Wihrend dieser Arbeit wurden erste Beobachtungen des Uhreniibergangs von "*Yb
an dieser Apparatur gemacht. Seitdem wurde der Aufbau im Rahmen einer anderen
Promotion verbessert und der Ubergang weiter vermessen [5]. AuBerdem wurde die
Transportfiahigkeit der Apparatur durch einen Transport auf dem Straflenweg nach
Turin erfolgreich getestet. Die nachsten Schritte sind eine vollstandige Charakter-
isierung der Systematiken und ein Vergleich mit anderen Uhren in Turin.
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Chapter 1

Introduction

History of Timekeeping

The physical quantity which can be measured nowadays with the highest accuracy
is time [6]. Even in ancient times, our ancestors developed different instruments for
measuring time, some of which had a high level of complexity. Time measurement
instruments allowed for social and economic development in ancient societies, and
helped providing us with more accurate dates of ancient events. It was at first, how-
ever, crutial for primitive societies to perceive the cyclic behavior in nature. Shorter
cycles such as the sunrise and the sunset were easier to notice than the longer ones
such as the seasons. But being able to measure the time of the day was only a part
of the problem. The real challenge was the formation of a complete calendar. The
fact that neither the earth has an integer number of rotations around itself when
completing a full path around the sun, nor the moon has a whole number of periods
in one year, made calendar keeping a complex issue. It was proven that societies
who were able to develop a calendar, such as the Maya, have witnessed remarkable
developments compared to other societies of their time [7]. The Mayan civil calen-
dar for example adopted 18 months per year, each including 20 days and a closing
month having five days. The result is a calendar covering 365 days per year. The
clocks used in the past ranged from instruments depending on periodic phenomena
already existing in nature such as the sun movement, or others depending on man
made oscillators.

The oldest clocks used to measure time spans over a day are the sundials. These
clocks were first developed by the Sumerians in Babylonia and are formed of a
gnomon (an object producing a shadow), which throws it’s shadow on a horizontal
plane with markings showing the time of the day. The sexagesimal number system
(based on 60) that was present at that time, and that was used to read the time from
sundials has even influenced the way we subdivide the day into hours, minutes, and
seconds. But the Sumarians weren’t able to find a solution for the crutial problem
that sundials at that time faced. It is the variability at which the shadow moves
throughout the day, and even throughout the seasons. A solution was first found by
arab astronomers. The trick was to mount the gnomon parallel to the earth’s axis of
rotation. This produces a constant angular motion of the shadow projected on the
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horizontal plane. With time, sundials transformed into highly complex instruments
with an uncertainty of 24 seconds [7].

Many clocks were also developed which don’t depend on celestial bodies. One of
the first clocks with a self-built oscillator is the so know water clock. But the break-
through came with the invention of the mechanical clocks in the seventeenth century,
namely the pendulum clocks. Christiaan Huygens was the first to construct a pen-
dulum, through which an error of 1 minute a day has been achieved [8]. Pendulum
clocks were refined over the years by changing the geometries and decreasing the
friction. Such clocks with accuracies below a hundredth of a second a day served as
the standand for many astronomical observations during the last quarter of the nine-
teenth century [8]. A nice introduction about the history of timekeeping can be found
in [7], where clocks based on electronic oscillators are also discussed. Through the
centuries, timekeeping instruments made their way from the cosmos to the quantum.
Nowadays, the time is defined by atomic standards.

The Atomic Standard

The SI unit of time is the second which is defined by the Cs fountain clock. In such
clocks, the hyperfine transition F=3 to F=4 of the ground state (i.e. the 25, state)
is used as the clock transition. The corresponding transition frequency is 9192631770
Hz. Thus, a second is defined to be equal to the duration of 9192631770 periods of
the microwave radiation which drives the hyperfine transition. The latest fountain
clocks are able to preserve time with an inaccuracy of 4 x 1076 [9] [10]. This is
already a very accurate result, but optical standards promise with a result that is
better by two orders of magnitude. In the past years a lot of improvements were
made to the Cs fountain clock. However, lowering the inaccuracy to below 4 x 10716
is becoming more and more challenging. This is due to two factors. The fact that
accuracy is limited by the fractional instability o; results in statistical limitations.
The fractional instability is expressed as follows [11]

Av

0; X " ]7\—[—"; (1.1)
Here, Av is the width of the transition frequency centered at vy, 7, is the mea-
surement time, N is the number of quantum absorbers, and 7 is the averaging time.
Reducing the statistical uncertainty of a clock by a factor of one thousand requires an
averaging time of 10%s. This implies that lowering the inaccuracy of Cs clocks below
1077 with current instabilities ranging between 2 x 1073 and 1 x 107'* [9] [10] is
quite difficult. In addition to the statistical limitations, the systematic errors serve
as the second limiting factor. Systematic errors range from technical such as the
microwave cavity leakage, to fundamental issues like the blackbody radiation and
the cold collision shifts.

The next generation atomic clocks, known as optical clocks, seem to provide an
accuracy of two orders of magnitude better. Optical clocks use clock transitions in
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the optical instead of the microwave regime, thus providing a remarkable decrease in
the instability. The factor Av/vq for optical transitions is 107* to 107° smaller than
that for microwave transitions in Cs [12] [13]. The increase in accuracy opens the
door for scientists to test theories and quantities which they were not able to explore
so far. Developments in this field have been done on two main groups of clocks,
where the first is based on neutral atoms while the second has ions as a reference.
The ion candidates have been taking the lead in the past few years before the neutral
optical clocks made a boost in performance recently. The references based on neu-
tral atoms and ions have different characteristics. A common goal however between
the different groups is to improve their setups, by better understanding and control-
ling the different sources of uncertainties. The groups working at JILA and PTB
with neutral !"*Yb and neutral 87Sr, respectively, were able recently to demonstrate
clocks with instabilities that are about one order of magnitude better than the best
ion candidates to date [14] [15] [16] [17]. The challenges faced by each candidate,
in addition to the recent developments and measurements, will be demonstrated in
chapter 2 of this thesis.

The SOC Project

My Ph.D. thesis was devoted to the development of a transportable ultracold Ytter-
bium atomic source for an optical lattice clock, in the research group of Professor
Axel Gorlitz at the Heinrich-Heine-Universitat Diisseldorf. In the time frame of my
work, a Diploma and a Master theses in addition to two Bachelor theses were carried
out. A second PhD student also joined the project during this time. The clock laser
and the frequency comb serving as the oscillator and the counter are also developed
and operated at the Heinrich-Heine-Universitat Diisseldorf by the group of Profes-
sor Stephan Schiller. This Yb clock is one prototype of several clocks developed
by other research institutions in europe under the umbrella of the ”Space Optical
clocks” (SOC) project. The proposal was submitted in 2004 to ESA, and it aims at
developing transportable lattice optical clocks to be operated at the ISS. The first
stage of this project ended in 2010 and in 2011 the SOC2 project followed. The
SOC2 project is a follow up for the SOC project with the aim to start shortening
the distance between research and industry in this field, and reach inaccuracies and
instabilities that are better than what is obtained by microwave clocks by a factor
of 100 and a factor of 10, respectively [18]. This will be coupled with the develop-
ment of laser systems, atomic packages and electronics that require less space and
power and have a reduced mass to enhance the transportability. T'wo types of clocks
were developed within the SOC and SOC2 projects, namely optical clocks based on
neutral Ytterbium and Strontium atoms. The goal is to demonstrate the function-
ality of those clocks by the end of the SOC2 project. Thus, the plan is to transport
the Sr clock from the University of Birmingham to PTB, while the Yb clock has
been transported from Heinrich-Heine-Universitat Diisseldorf to INRIM in Torino.
The transportable clocks will be then compared to stationary ones that are located
at the mentioned destinations. Other experiments that would add to the value of
those prototypes would include operating the clocks at different altitudes. Apart
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from the technical aspect of this experiment, the altitude difference would serve to
measure the gravitational redshift of the clocks and the Local Position Invariance in
the earth’s gravitational field [18]. Presently, the collaborating research institutions
and industries are:

e Heinrich-Heine-Universitat Diisseldorf, Germany

e Physikalisch-Technische Bundesanstalt, Germany

e Leibniz Universitat Hannover, Germany

e Observatoire de Paris, France

e Universita degli Studi di Firenze, Italy

e [stituto Nazionale di Ricerca Metrologica, Torino-Italy

e University of Birmingham, United Kingdom

e National Physical Laboratory Teddington, United Kingdom
e TOPTICA Photonics AG, Germany

e Kayser-Threde GmbH, Germany

e EADS Astrium Friedrichshafen, Germany

e Menlo Systems GmbH, Germany

e Kayser Italia Srl, Italy

e Université de Neuchatel, Switzerland

e Centre Suisse d’ Electronique et de Microtechnique, Switzerland
e Ecoles Polytechniques Fédérales Lausanne, Switzerland

Why is it important to bring optical clocks to space?! The field of frequency measure-
ment is evolving in a fast pace and present clocks have reached very high precisions.
Further improvements however require taking more care about the clock systemat-
ics and error sources, which are discussed in section 2.5. One of these errors is the
so-called gravitational shift resulting from the earth’s gravitational field. With a
contribution of about 10'7 to the uncertainty budget of systematic effects, the grav-
itational shift is a serious limitation facing ultra-precise optical clocks. The solution
is an optical clock operating in space where the gravitational field becomes rela-
tively negligible. The proposals and publications related to the SOC project and the
work done at the different institutions can be found on the specially tailored website
http://www.exphy.uni-duesseldorf.de/optical_clock.



Chapter 2

Overview About Optical Lattice
Clocks

Atomic clocks constitute mainly of 3 parts; namely the source, reference, and counter
(see fig. 2.1). The reliability, stability, and precision of clocks has evolved enormously
throughout the years, but the building blocks stayed the same. The technological
advancements that took place in the past century opened the way for the develop-
ment of optical atomic clocks.

Optical clocks use an ultrastable laser as the source for the clock setup. The laser’s
freedom to drift in a certain range is controlled by referencing it to a narrow atomic
transition. A feedback loop keeps the laser at the resonant frequency of the re-
spective atomic transition. The atomic reference can constitute of ions or neutral
atoms and of different atomic species. Although the idea is not new, it was hard
before the year 1990 to develop such clocks because a counter that can deal with
optical frequencies was missing. This problem was solved with the invention of the
frequency comb, which is able to measure frequencies ranging from the IR to the
UV regime [19,20]. Since then, optical clocks started witnessing a fast development
which will most probably keep its pace in the coming years.

2.1 The Optical Oscillator

As already mentioned in the introduction of this chapter, lasers are used as a source
for optical clocks, with the requirement of having a low frequency and phase noise.
A wide variety of laser systems exists nowadays on the market, ranging from semi-
conductor and solid-state lasers (i.e. diode lasers and Ti:Sapphire lasers) to Dye
lasers and fiber lasers. For the development of space optical clocks, semi-conductor
lasers have gained the highest popularity [18]. The reason is their compactness, large
wavelength tuning, and their moderate price.

In the middle of the last century, Schawlow and Townes showed that optical masers
(nowadays known as lasers) have a lower limit on their linewidth Avscnawiow—Townes
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FIGURE 2.1: This figure shows the different components of an optical lattice clock.
The optical oscillator is stabilized by the atomic reference, in this case it is the
neutral atoms trapped in the optical lattice. The frequency of the stabilized laser
light is then evaluated (counted) by the frequency comb.
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derived to be [21]

4rhv(Av)?

2.1
Pout ( )

AV,S'chawlow—Toumes -

where Av is the half width of the laser’s resonator resonances and P,,; is it’s output
power. The derivation of this finite linewidth was based on thermal noise considered
for masers and is a result of spontaneous emission in the laser medium. The outcome
is then amplitude and phase fluctuations. While the amplitude noise is damped
because of the gain saturation, phase noise undergoes a random walk and induces a
lower limit on the linewidth. A review of Schawlow and Townes’ formula was done
in 2010 based on quantum noise [22]. The modified formula is

hV(l + &2)ltotToc
47Tt72~tP0ut

AVlase?" = (22)

with [;,; being the total resonator losses, T,. the output coupler transmission, and ¢,,
the round-trip time. The extra factor (1+ «?) is only taken into consideration when
dealing with semi-conductor lasers. That’s due to the amplitude and phase coupling
in a semi-conductor medium. The linewidth is then influenced by this behavior
which demonstrates itself in Eq. 2.2 through the linewidth enhancement factor a.
As already mentioned, equations 2.2 and 2.1 give a lower limit for the linewidth.
However, in reality, we have noise sources which were not taken into consideration
when deriving these formulas. The noise sources broaden the linewidth of the laser
far beyond the theoretical value. In the past years a lot of research was going on
to develop stabilization methods which would help reducing the linewidth. The
most common one for optical metrology is using high finesse ultra-stable cavities
and locking the laser on the cavity signal. The two most known locking techniques
used for this purpose are the Hansch—Couillaud and the Pound-Drever-Hall methods
(see section 4.4.3).

Cavities for optical metrology

In this section, I will discuss the stability factors relevant for ultrastable cavities.
Many new models and cavity designs were developed in the past few years [23] [24].
The techniques differ but the goal is one. High finesse cavities are needed that are
influenced by the factors listed below (an indepth description can be found in [25]):

e The absorption factor by the mirrors has a direct affect on the finesse. The
reflected and transmitted intensities can then be written in terms of the absorp-
tion A, the transmission 7', and the Airy function A(27v/Avpsg) as follows

- 1= A
N A+T

— [1 — 1 i T:| [A(Q?TV/AVFSR)] (23b)

} 1 — A@2nv/Avpsg)] (2.3a)

]
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So for high finesse cavities, mirrors with a very low absorption coefficient are
required. Typical values are on the order of 107°. For a cavity which satisfies
the impedance matching condition, the reflectivity of the mirrors would be
0.99999. This results in a finesse of 300,000 which is a typical value for ultra-
low expansivity glass (ULE) cavities.

The thermal motion of molecules in the surrounding environment and the pres-
sure waves result in a force on the cavity mirrors. This leads to a linewidth
broadening which is directly proportional to the change in the index of re-
fraction. To avoid this, a cavity is placed in a vacuum chamber. The ULE
cavity used to stabilize the Yb clock laser at the University of Diisseldorf is
mounted in a vacuum chamber, pumped down to 3.5x 10~ ¥mbar by a ion-gitter
pump [18].

Another environmental factor that plays a big role for the stability of reference
cavities is the temperature. The change in length due to temperature variations
can be described by the following expression

AL = aLAT (2.4)

where L is the length of the cavity, T is the temperature, and « is the coefficient
of thermal expansion (CTE). ULE is a material which is commonly used to con-
struct ultra-stable cavities due to it’s low thermal expansion oo = 04 30ppb/°C'
at temperatures between 5°C' and 35°C', according to Corning Advanced Op-
tics. In addition to the material used, the cavity housing needs also to be
temperature stabilized. In our case, this is done by shielding the internal part
of the aluminum box enclosing the cavity with copper and temperature stabi-
lizing it with peltier elements.

The next factor which has to be fought against are the forces acting on the
cavity chassis. They can be seperated into two components, namely the one due
to the gravitational acceleration and the other is a compressive force exerted
by the support acting against gravity. Several designs came up to reduce these
effects. Cavities went beyond the cylindrical form and spherical as well as
cubic ones were tested. A spherical cavity developed recently by Bergquist
et al. reached a minimum acceleration sensitivity of 1.3x107'!/g, where a
feed-forward correction was included in this setup [26]. The spherical spacer is
fixed at two points on the sphere’s diameter, and the angles are chosen such
that the compressive force on the cavity is minimized. On the other hand,
Webster et al. presented a cubic shaped cavity which demonstrated a passive
acceleration sensitivity of 2.5x107! /g [27]. Here, the spacer is supported
at four symmetrical points about the optical axis in a tetrahedral geometry.
Both groups used the finite element analysis (FEA) method to calculate the
most effective supporting positions to minimize the cavity’s sensitivity to the
previously mentioned forces.
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The clock laser and its stabilization system used for our measurements was developed
by the research group of Professor Stephan Schiller at Heinrich-Heine-Universitat
Diisseldorf and it will be discussed in section 4.4.4.

2.2 The Atomic Reference

An atomic reference used for an optical atomic clock can be based on ions or neutral
atoms. In both cases, the atoms have to be prepared such that they are confined at a
certain position, where they are supposed to intersect with the clock laser radiation
and with a minimal motional behaviour. The motion of atoms would induce a
Doppler broadened line which would limit the accuracy that the clock can reach. I
will describe here the different trapping methods used for ions and neutral atoms as
well as the pros and cons of both references.

2.2.1 Ions as a Reference for Optical Clocks

Groups working on frequency metrology using ions were the pioneers in develop-
ing ultra-stable optical clocks. The reason is the relatively uncomplicated setups
available to trap ions for long times. Several species are competing for the highest
accuracy and stability, some of which are Yb™, Alt Hg™, Ca™...etc [14] [28] [29] [30]
[31] [32] [33]. But before discussing the differences between the existing clocks based
on the different ions species, I will show shortly the techniques used to trap these
ions.

Ion trapping techniques

Ions used as a reference for the clock optical oscillator are produced by ionizing an
atomic gas heated in an oven. In other words, the ions have initially high velocities
which makes it impossible to trap them directly. Therefore, they have to be laser
cooled. For this purpose, a fast transition is chosen. For Yb', Hg™, Sr™ and CaT,
the 25, /2 —2P; /2 transition is used. More details on laser cooling can be found in
the next chapter. The trapping process of ions is done however with an AC electric
field instead of laser light.

If we consider an ion in a static electric field, it will be under the influence of a
potential with a saddle form. So the ion escapes through the sides of the potential
and the trapping mechanism would not work. Therefore, traps with combinations
of DC and AC electic fields as well as magnetic fields were developed for the sake of
trapping ionized particles. For optical clocks, the Paul trap was the standard trap
for many years. It is named after it’s inventer, the Nobel laureate Wolfgang Paul.
Let us consider a 3-dimensional trap geometry constituting of a hyperbolic ring elec-
trode enclosed on both sides with two hyperbolic end caps facing each other. An
AC voltage source is connected to the trap’s electrodes such that a high frequency
voltage, together with a DC component, forms between the ring and the two end
caps. If the conditions of a stable trap are met, ions will oscillate within a certain
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region from the center of the trap. Thus, the trapping procedure is successful.

Several trap geometries have been developed to trap ions for optical clocks and
quantum computing. The most popular one being the linear Paul trap. Its advan-
tages are a low signal to noise when detecting fluorescent light from trapped ions
and a relatively flat axial potential which allows for multiple ion trapping. Differ-
ent geometries of the classical Paul trap exist nowadays in modern trapped ions
experiments such as planar Paul traps and ring traps. These geometries will not be
discussed here but a detailed explanation can be found in [7].

The present status of optical clocks based on ions

The best clock measurement to-date using ions was achieved by comparing two Al*
clocks in NIST [14]. The interrogated ?"Al* ions were cooled sympathetically by
different ion species in each of the clocks. While the first used Be* ions inside a
linear Paul trap, the second made advantage of 2?Mg™" ions. The advantage of Mg*
over Be™ ions is its smaller mass mismatch with the interrogated Al™, which makes
laser cooling more efficient. Moreover, the Mg™ ion serves to detect the quantum
state of the Al™ ion. The measurement yielded a fractional frequency difference of
-1.8%x107'7 and have demonstrated a relative stability of 2.8x10~17~1/2,

The best ion-based clock measurement relying on two different atomic species was
also achieved at NIST. The measurement was done by comparing two optical clocks,
the first based on *"Al* and the second on Hg™ [28]. In mercury, the short liv-
ing 251/ —2Py /o transition at 194 nm is used to cool the ?Hg* ion down to the
Doppler limit. While the atom is trapped in a quadrupole trap, clock measurement
is done on the 1.8 Hz narrow 251/2 —>2D1/2 transition at 282 nm. On the other hand,
the aluminum ion is coupled to a Be* in the trap and cooled via the sympathetic
doppler cooling method [34]. Laser radiation at 266 nm is used to excite the 0.008
Hz narrow 'Sy —3P, transition. The frequency ratios of both clocks gave a frac-
tional instability of 5.2x1077. The systematic uncertainties of the aluminum and
the mercury clocks are 2.3x107'7 and 1.9x107!7, respectively. The uncertainties in
the Al ion clock were dominated by the micro- and secular motions resulting from
the Paul trap’s dynamics and the high Doppler limit. The second-order Doppler
effect is easier to control for mercury ions due to their higher mass which results in a
stronger resistance to the ambient electric fields. This explains the lower systematic
uncertainty associated with the mercury single ion clocks.

Another relevant species for single ion optical clocks is ytterbium. The pioneers
working on ytterbium ions are the groups from PTB (Physikalisch-Technische Bun-
desanstalt) and NPL (National Physical Laboratory). Here, two transitions are being
studied for clock operation. The first is the %51 5 —2Ds )5 electric quadrupole transi-
tion [29] [30], and the second is the 25} 5 —2F; 5 electric octupole transition [31] [32].
Radiation at 370 nm is used to excite the 2S)/, —*P; /5 short-living transition, to
cool the single ion which is trapped in a cylindrically symmetric Paul trap. The
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3.1 Hz electric quadrupole transition at 436 nm has proven to be a good choice
with easy-to-handle systematic uncertainties. This is because alkaline-earth-metal
like ions have a relatively low sensitivity to external electric fields and to blackbody
radiation. In 2005, two clocks operating on single 11 Yb" ions excited at the electric
quadrupole transition were compared at PTB and the result was a relative frequency
shift of 3.8x107'% [35]. Further investigations followed where the relevant shifts on
the transition line were measured. One of the most important for such clocks is the
effect of the electrostatic stray field gradient in the trap on the electric quadrupole
moment in the atom. It was shown that the quadrupole shift can be eliminated with
a high accuracy when applying appropriate measurement schemes [29]. But that’s
only one part of the story. Ytterbium ions have actually another state which can
be used for a clock transition. In fact, the 2F%; /2 state has several advantages over
the 2Ds ) state. The first thing is the 107 Hz broad linewidth which compares to a
linewidth of 1 Hz in electric quadrupole transitions. Thus, a lower instability is ex-
pected. Another advantage is the smaller electric quadrupole moment. The result is
a smaller quadrupole shift due to electric field gradients. A recent work done at PTB
on this transition showed a total fractional uncertainty of 8x 107! [31]. The relevant
shifts on the 2S)/, —?F% ), transition are the AC Stark shift and the second-order
Zeeman shift induced by the probe light beam and the magnetic fields, respectively.
More on systematic frequency shifts in optical clocks based on ytterbium ions and
how to control them can be found in [36] and [31].

Optical clocks referenced to “°Ca* also proved to be good candidates for time metrol-
ogy. Calcium already reached a relative uncertainty of 2.4x107'° on the 0.14 Hz
2512 =2 D55 transition [33]. Still more can be done to reduce the systematic uncer-
tainties such as the AC Stark shift and the blachbody shift. This would bring the
uncertainty down to the 10716 level.

The species discussed above are not the only candidates for optical clocks. Stron-
tium and indium ions are also being investigated and have shown promising results.
People interested in these two atomic species can refer to [37] [38].

2.2.2 Neutral Atoms as References for Atomic Clocks

The development of atomic clocks based on neutral atoms have been slower than
its single ion competitor. Only recently did the quality of such clocks rise to start
meeting the long-awaited expectations. As it is shown in equation 1.1, the clock
instability is proportional to 1/ V/N. Thus, the big sample of atoms, having N atoms
that are illuminated at once by the oscillator, provide an improved stability and a
relatively high signal to noise ratio compared with the ion-referenced candidates.

The principle of optical lattice clocks was first introduced in 2003 by Katori et.
al.. The main benefit is to overcome the limitations imposed by the quantum pro-
jection noise and the long averaging times on single-ion operating optical clocks.
Thus, it was proposed by Katori to trap millions of neutral atoms in a light field



12 2 Overview About Optical Lattice Clocks

Ion Clock Transition | A(nm)| Sys. Uncer- | Fract. Insta-
(nat. linewidth) tainty bility

AT 1Sy —3Py(0.008Hz) 266 8.6x10718 2.8x1071%/\/7

199Hg+ 251/2 —>2D5/2(1.8HZ) 282 1.9x10°17 3.9x 10_15/\/F

1y pt 2819 =2*Ds5)5(3.1Hz) | 436 5x 10716 4.2x1071% /7

WCa* 251/ —=2D5/5(0.14Hz) | 729 2.4x1071° 2.9x10713/\/7

TABLE 2.1: This table lists the important values for the most relevant ion-based
optical clocks. In addition to the atomic species, the clock transitions, the natural
linewidths, and the exciting wavelengths are shown. The last two columns list the
fractional systematic uncertainties and the fractional instabilities [14] [28] [29] [33].

potential and interrogate this sample of atoms at once. If the light field potential is
designed carefully, the perturbations of the light field on the interrogated atoms can
be cancelled out to below 107'7 [13]. The detailed processes of cooling the atoms
and afterwards confining them in an optical lattice will be explained in the following
chapters. This section will be dedicated to show the cutting-edge experiments and
modern results of clocks operating on different neutral atomic species.

I will explain the working principles of a neutral atom optical clock by using Yb
as an example. For ytterbium, as well as for atomic mercury and strontium, clock
measurements have been performed on fermionic as well as on bosonic isotopes. The
alkaline-earth-like atoms have the 'S, —3 P, forbidden transition which is suitable as
a clock transition. In fermions, the 3P, state is only partly forbidden due to hyperfine
mixing and that corresponds to a natural linewidth that is smaller than 10 mHz [39].
This makes fermions a better candidate than the bosonic isotopes. Nevertheless, the
usage of bosonic isotopes as a reference was enabled by applying a DC magnetic
field. This mixes a fraction of the ? P, state into the 2Py, thus allowing single-photon
excitation on the 1Sy =3P, transition [40]. A clock measurement was performed at
NIST on the abundant "*Yb, by comparing an Yb with a Ca atomic clock, which
showed an uncertainty of 3.4x10715 [15] on the absolute frequency. The same Yb
clock was compared recently with another clock of the same species. The first results
have shown an unprecedented Yb atomic clock instability, reaching the 1071% level
after an averaging time of 7 hours [16].

Fermionic ytterbium was also investigated at Kriss in Korea and at NMIJ in Japan.
However, the uncertainty due to the systematic shifts is still relatively high compared
to the results that were reached by the group in NIST. The Korean group have shown
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FIGURE 2.2: A simplified energy level scheme of atomic ytterbium showing the
yellow clock transition, the green post-cooling transition and the blue pre-cooling
transition. A more detailed graphic can be found in fig 4.1.

lately an uncertainty of 1.5x 107 [41].

Clock operation on the forbidden 'S, —3P, transition in bosonic ytterbium has
also been done by use of magnetically induced spectroscopy [42]. A 1.3 mT static
magnetic field together with the 300 mW /cm? probe intensity result in a 5 Hz Rabi
frequency. This line with the Fourier limited linewidth of 10 Hz is then used to ref-
erence the clock laser. For the '™Yb, the absolute frequency was measured with an
uncertainty of 1.5x107%. Systematic uncertainties were determined by comparing
the 1™YD clock with the Hg* time standard. This was done by locking a femto-second
frequency comb on the latter clock and measuring the beat signal with the Yb clock.
The result is an uncertainty of 3x1071¢, where the new challenge is controlling the
shift induced by the applied magnetic field. The perfomance of atomic clocks ref-
erenced to bosonic neutral Yb atoms is still lagging behind the fermionic competitor.

The strongest competitor for ytterbium is strontium. Several groups in the world,
such as in SYRTE, JILA and PTB to name a few, have chosen it as the atomic
species to be used as a clock’s reference, and the results show an excellent agree-
ment [43] [44] [45] [17]. Strontium has a very similar internal structure as ytterbium.
Pre-cooling is done on the 1Sy —!P; fast transition at 461 nm. The intercombina-
tion line 1Sy —3P; at 689 nm is then used to cool the atoms down as a pre-stage for
trapping in the optical lattice at 813.42 nm [46]. A recent work at JILA has demon-
strated a new record in Sr clock stability and accuracy. Two 87Sr optical clocks were
used for this measurement. The control and limitation of the atomic-interaction-
induced frequency shift as well as the BBR Stark shift are the main factors behind
the measured accuracy of 6.4x107'® [17].This has been done by increasing the op-
tical lattice volume, building in-situ BBR probes inside vaccum and enclosing the
vacuum chamber with a thermal isolation. The stability of the setup is similar to
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that provided by the recent "*Yb optical clock.

In Tokio, clock measurements were also done on ®¥Sr atoms. The revolutionary
part in this experiment is the trapping process which took place in a 3-D optical
lattice [46]. The advantage is the reduction of the collisional shift whose uncertainty
is dependent on the atom number fluctuation in a single lattice site on one hand,
and the tunneling of atoms between different lattice sites on the other hand. The
1Sy —3 Py transition is then observed by applying a 2.34 mT magnetic field. This,
together with a clock laser intensity of 400 mW /cm?, induces a rabi frequency of
9 Hz. The systematic uncertainties were determined by referencing the clock with
a 87Sr 1-D lattice optical clock. As it is the case for Yb referenced optical clocks,
fermions have proven to be a better candidate to-date than the bosonic isotopes.

Although Sr and Yb are the most popular atomic species used for optical clocks
based on neutral atoms, a group at SYRTE in Paris introduced a few years ago a
new candidate for such clocks. Through building an optical clock based on neutral
mercury atoms, S.Bize et. al. opened the way for Hg to compete for the ultimate
optical clock, taking into consideration the low blackbody shift that this candidate
offers. The clock based on Hg is still young in comparison to its Sr and Yb com-
petitors. However, frequency measurements with a fractional frequency instability
of 5.3x1071%/,/7 have already been demonstrated on the 100 mHz narrow 'Sy, —3 P
transition [47]. In contrast to clocks working with Sr and Yb, the Hg clock has only
one cooling stage at the 1.3 MHz narrow 1S, —3P; transition. The difficulty arises
in producing the required cooling light at 253.7 nm. Due to the unavailability of
direct laser sources, this wavelength was produced by frequency doubling light at
1014.8nm from a Yb:YAG thin disk laser, twice. The MOT is loaded from a 2-D
MOT and trapping follows by a 1-D vertical optical lattice [48]. The relatively low
atomic polarizability in Hg raises the need for a high power source in order to be
able to trap the atoms. The solution was integrating a power-enhancement cavity
which provided in the end a potential depth which is 22 times the recoil energy Eg.
The ultrastable clock laser was then locked on the clock 'S, —3 P, transition. This
was the first time where a laser is locked on a UV transition line [47].

2.3 The Femtosecond Frequency Comb

In the 1990’s, Theodor W. Haensch and John L. Hall made a big contribution to
laser based precision spectroscopy, including the development of the optical frequency
comb technique. The frequency comb serves as the counter in optical atomic clock
setups. It makes use of a mode locked laser’s spectrum to identify the frequency of
the clock laser. Optical frequency combs opened the way in the past few years for
a wide range of interesting physical and technological advancements. In addition to
the role that frequency combs played in the development of optical atomic clocks,
these devices found their way recently also into astrophysics where ultra-high preci-
sion spectroscopy is needed to observe fade planets close to nearby stars [49]. A wide
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Ion Clock Transition (nat. | A(nm)| Sys.  Un- | Fract. Insta-
linewidth) certainty bility

1y LSy —3Py(0.044Hz) 578 | 3x10716 | 3.2x10710//7

1y LSy —3Py(-) 578 | 1.5x10°15 | 1x10719//7

87Sr 1Sy —3Py(0.008Hz) 698 | 6.4x1071® | 3x1071¢/\/T

88,5 1Sy =3Py (-) 608 | 2x10°15 | 231071/ /7

19 Hg 1Sy —3Py(0.00014Hz) | 266 | - 5.4x1071/\/T

TABLE 2.2: Here is a list showing the most important optical clocks based on
neutral atoms [16] [42] [17] [46] [47].

range of applications that require frequency combs in the infrared and ultraviolet
regimes also benefited from this development, such as molecular spectroscopy [50]
and nuclear clocks [51], just to name a few. In this section, I will explain in a sim-
plified way the mode of operation of frequency combs in the optical regime and their
relevance to optical atomic clocks. The cited literature can serve for a more in-depth
reading.

Mode locked lasers generate ultrashort optical pulses by establishing a fixed phase
relationship across a broad spectrum of frequencies. Mode locking requires a method
which results in higher gain for short pulses compared to continous waves. Nowa-
days, passive mode locking is used for this purpose due to its ability to produce
the shortest pulses. The ultrashort optical pulses are mostly generated by Kerr-lens
mode-locked Ti:sapphire lasers. The frequency comb is obtained by performing a
Fourier series expansion on the train of optical pulses (see [52] for a detailed deriva-
tion). The spectrometer which is capturing the pulses is not able to resolve those
pulses. Thus, interference inside the spectrometer occurs. The interference is con-
structive for frequencies which are a multiple of the repetition rate f. = 1/7, and
destructive otherwise. The role of the pulse phase in this interference process is
shown in fig. 2.3. The result is a spectum of well defined frequency lines forming the
frequency comb. The seperation between two neighbouring frequency lines is given
by the repetition rate of the laser. Therefore, we can find the optical frequency v,
of a certain comb line by applying the following relation [53]

v, =nfr+ fo (2.5)

where n indexes the comb line and fj is the comb offset caused by the pulse-to-pulse
phase shift.
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FIGURE 2.3: This figure shows a basic spectrum of a frequency comb. The optical
spectrum of the frequency comb is plotted in red. The process of extracting the
values of fy and v, is also shown [53].

According to the above equation, doing an absolute frequency measurement requires
two RF measurements. The first is to determine f,. This is easily done by measuring
the intensities as a function of time using a fast photodiode. The second measure-
ment is to determine fy. The fact that f, is related to the phase and not to the
intensity makes its measurement harder. One method to determine f is to create an
optical spectrum that spans one octave, i.e. the highest frequency in the spectrum
is double that of the lowest frequency. By frequency doubling the lowest frequency
in the spectrum, it gets a value which is approximately equal to that at the second
side of the octave. Through interfering the two lines, 2f, and fs,, and by measuring
the beat, the following result for f, is obtained [53]

2fn — fon =2(nf; + fo) — 2nfr + fo) = fo (2.6)

Having f, and fo, the frequency v,, can be found. The well defined comb parameters
serve to measure optical frequencies of optical atomic clocks through taking the
beatnote of the clock laser radiation and that of the frequency comb by superimposing
both sources on a photodetector.
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2.4 Statistics of Atomic Frequency Standards

The head of this section appeared in 1966 in the proceedings of the IEEE [11]. With
this work, David W. Allan placed the basis on which the statistics of optical clocks
is built. At this time, the role of atomic frequency standards was gaining more
and more importance. Due to the unprecedented precision that these devices pro-
vide, quantum and electronic noise sources become critical. This section will give an
overview about statistical definitions and limitations relevant for atomic clocks.

Let’s create a mental experiment consisting of 100 uncorrelated two-level atoms of
the same species. The atoms are excited with the same light source. The emission
from atoms is then detected with an ideal high-precision detector. The frequencies
detected would vary from an atom to another. Nevertheless, most of the atoms would
emit at or near the central frequency f; which can be obtained by calculating the
mean:

100
fo= @ (2.7)

n

where f,, represents the frequency of the n'” atom. After finding the mean value, it is
interesting to study the spectral distribution of our measurement. This information
can be extracted from the sample standard deviation o:

n—1

Through this expression, the frequency distribution around the central value can
be plotted and the uncertainty can be determined. Let us take the case of moving
atoms as an example. The Doppler effect here would play a non-negligible role, thus
broadening the frequency range around which the individual atoms can emit. The
result is a large standard deviation. Till now I have been dealing with the emission
process as discrete. For a clock measurement we have to sample our data over a
period of time. Even if uncorrelated repetition events are assumed, the error that
appears at time t would be preserved throughout the whole measurement. If the
errors are added up throughout the whole integration time, the average frequency
yields [11]

T/2
(o) = fim = [ poyar (2.9)

Such a behaviour is fatal for the classical standard deviation which would then diverge
with time. The change in frequency over a time interval 7 is reserved in the phase
angle ¢(t + 7) of the electromagnetic (EM) wave. The frequency of the EM wave
under observation at time t is directly proportional to the derivative of ¢ with time.
Therefore, the frequency f is written as

1 do

fzﬁﬂrgﬁ (2.10)
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White Phase Modulation a=2 SD diverges
Flicker Phase Modulation a=1 SD diverges
White Frequency Modulation a=0 SD converges
Flicker Frequency Modulation a=-—1 SD diverges
Random Walk Frequency Modulation | o = —2 SD diverges

TABLE 2.3: The five most relevant Power-Law noises, their corresponding value of
a, and whether the standard deviation (SD) converges for each of them [11].

Without going into the mathematical details, the variance extracted from eq. 2.9 is
derived to be [11]

o = 2 | (620 — ot +7) - 6(1) (2.11)
! Ry(0) R;ET)

where R,(7) is known as the autocovariance function and is nothing but the time
average of ¢(t + 7) - ¢(t). The importance of this expression lies in the equality of
R,(7) to the fourier transform of the power specral density of the phase Sy(w), as
the Wiener-Khinchin theory states [11], thus the final result

Sp(w) = hw® (2.12)

where « is an integer and w is the fourier frequency. Although power spectral densi-
ties at « = —3 and a = —4 appear from time to time, the range —2 < o < 2 is often
enough to model the instability of almost every frequency source [54]. The five most
relevant noise types and the corresponding values for « are shown in table 2.3. As
also shown, the classical standard deviation diverges for the majority of noise types.
To avoid this statistical inconvenience, the so-called Allan variance is used to handle
data related to time and frequency measurements. When dealing with the classical
variance, the data point taken at time 7 is subtracted from the mean. The Allan
variance however takes the difference between different data points thus eliminating
the walk away movement from the central value, and it is expressed as [55]

m—2n

1
05<T> - 2(m — 2n)n2r2 121 (9 — 20410 + Biv2n)’ (2.13)

where

e ¢; is the phase of the i* measurement,
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. 1 m—2n 2
Allan Variance W zi:l (ZL’Z — 2xi+n + ZEH_Qn)
1 m—3n+1 n+j—1 2
Mod. Allan Variance m Zj:l |:Zi:j (-TZ - 2$i+n + xi—i—?n)
. 1 m—3n 2
Hadamard Varlance W Zi:l (LUl — 31'1'4,_” -+ SLUH_Qn — xi+3n)
. . d 2
Time Variance =~ (Mod.o}(r))

Allan Deviation oy(7)

TABLE 2.4: The most commonly used statistical expressions in the field of time
and frequency measurements [55].

e 7y is the measurement period,
e m is the total number of data points,
e and nry is the total averaging time.

Several expressions related to the Allan variance (AVAR) are used to express the sta-
bility of atomic clocks (see table 2.4). The square root of the Allan variance is called
the Allan deviation (ADEV). The ADEV is the most popular statistical expression
for time and frequency measurements. Although it is resistant to time and frequency
offsets, the ADEV fails in the presence of linear frequency drifts. Other disadvan-
tages are it’s inability to distinguish between white frequency modulation (WFM)
and flicker phase modulation(FPM), and an increasing uncertainty for longer aver-
aging times. In the presence of high WFM and FPM noise levels, it is advantageous
to use the modified Allan variance MOdO’;(T) which is able to distinguish between
both noise types on one hand, and to average them out on the other hand. But still
the Mod(ADEV) cannot handle linear frequency drifts. To tackle this phenomenon,
a third difference statistics expression was developed namely the Hadamard variance
or deviation (HDEV). The HDEV produces higher uncertainties at large averaging
times compared to the ADEV. It’s insensitivity, however, to linear frequency drifts
makes it a very useful statistical tool. Another widely used expression is that of the
time deviation. It’s main application is studying time offsets on a short term basis.
More about these techniques can be found in reference [55].

2.5 Systematic Errors in Optical Lattice Clocks

Limitations on the precision of optical clocks are different in magnitude and can
have many causes. While some are due to intrinsic characteristics such as the natural
linewidth of the atomic transition, others are dependent on experimental systematics.
The systematic errors relevant for clocks based on neutral atoms are partly different
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from those based on ions. The DC Stark shift and the quadrupole shift are two good
examples of error sources which play a bigger role in ion optical clocks than for optical
clocks based on neutral atoms, with some exceptions such as having a dielectric
surface close to the atomic sample. The DC Stark shift which is proportional to (E?)
becomes relevant when the ion undergoes a certain displacement from the center of
the trap. In this case, the non-vanishing electric field induces micromotion which has
to be compensated upon in order to reduce the shift. The quadrupole shift on the
other hand is to be considered when dealing with atomic states which have an electric
quadrupole moment, as the name suggests. The interaction of the atom with the
DC quadrupole component of an external electric field leads to a quadrupole shift.
I will not go into details about the shifts in ion clocks, but interesting readers can
refer to [36]. Since my topic has to do with optical clocks based on neutral atoms,
I will give a short description of the most important shifts which have to be limited
in order to reach a higher stability.

The Zeeman shift

When an atom happens to be at a postion where a magnetic field is present, we speak
about a Zeeman shift. Whether to worry about such an effect or not is dependent
on the atomic transition we are dealing with. Generally, each of the atomic states
couple differently to the magnetic field through their magnetic moments, which in-
turn correlate with the total angular momentum of each state. The resulting frequncy
shift on the clock transition can then be expressed as [56]

6V = Qe yB + BB (2.14)

where a. 4 and 3, 4 are the Zeeman shift coefficients. The first and the second items
in the equation represent the first-order and the second-order Zeeman shifts, respec-
tively. While it is possible to eliminate the first-order Zeeman effect by choosing
the right atomic transition, the second-order Zeeman shift will stay there due to
interactions between the neighboring atomic states [56]. The spectroscopy measure-
ments that were done in the scope of this thesis on the clock transition 'Sy->Pg in
'Yh show a clear presence of the first-order Zeeman shift. This is due mainly to
the presence of the nuclear spin and the state mixing between the *Py and the 3P,
states. The linear Zeeman shift that the !Sy-3Py clock transition in !™'yb experience
is -4.1 mp Hz/pT [39], while the second-order Zeeman shift measured for '™Yb is
-6.12 Hz/m'T? [42].

The collisional shift

Another source of shift is the collisional shift. Its origin are the atom-atom and
the atom-background gas collisions. Atom-atom interactions can result in frequency
shifts when the atom density is high. Thus, this kind of shift is mainly relevant
for optical clocks based on neutral atoms. Neutral atoms trapped in a 1-D optical
lattice experience cold collisional shifts as a result of the van-der-Waals interaction.
The collisional shift is directly dependent on the density of atoms in a lattice site
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and on the states which the atoms occupy. Taking "'Yb into consideration, it has
been shown that the collisisonal frequency shift is a result of the dominant p-wave
interactions for atoms in the 'Sy and *Py states [57]. If working with a 1-D optical
lattice, one should take good care concerning the homogeneity of the clock laser’s
optical beam, as well as it’s allignment. The group at NIST has measured a collisional
shift of -16x 10716 for '"yb with a density of 10 /cm? in 2009 with an uncertainty
of 0.8x10716 [15].

The AC Stark shift

The Stark shift is a frequency shift which occurs due to the interation of the atomic
transition, in this case for example the clock transition, with electromagnetic radia-
tion. For optical clocks operating with neutral atoms, the most known Stark shifts
are the AC Stark shift and the blackbody shift.

The probing light field is one of the sources that can result in an AC Stark shift. This
shift exists because of the non-resonant coupling of the *P state with the 3P state.
Theoretically, this should not be a problem when probing bosonic isotops. However,
the magnetically induced spectroscopic method which makes it possible to probe the
clock transition for even isotopes induces again a coupling between the given states.
Thus, a Stark shift arises.

Another trigger for the AC Stark shift is the trapping light field. Its interaction
with the atomic states is expressed as
1 . o 1 . 4

Ahwy = —ZAa(e c Wigser) BT — 6—4A’y(e c Wigser) BT — ... (2.15)
The first term proportional to E? disappears when operating the optical lattice at
the magic wavelength. It’s dependence on the polarization, however, makes it hard
to get rid of it completely because of polarization impurities. This is because of
the trapping light field’s transmission through windows or reflections from mirrors.
Therefore, the first term in this equation expresses the lattice polarizability shift.

The second term, known as the hyperpolarizability and expressed as Ay (€ wigser ), 1s &
2-photon process with a quadratic dependence on the light intensity. The shift arising
from this phenomena is a result of a two photon resonance process. For ytterbium,
the closest two photon resonance to the magic wavelength is the 6s6p® Py — 6s8p3 1,
at 759.7082 nm [58]. This shift can be reduced by operating the trapping light field
at lower intensities.

The blackbody shift

Not only light fields produce a Stark shift, but also thermal fields. Since the trapped
atoms are present in a vacuum chamber at room temperature, the emitted blackbody
radiation has also its contribution to the total Stark shift. The thermal waves interact
with the different states of the transition and induce in turn a shift which is very
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similar to the AC Stark shift. The blackbody shift increases with the temperature
in the surrounding environment. This is effect is described by the Stefan-Boltzmann
law which states

Lihermal = (5.67 x 107 Wm > K~*)T* (2.16)

with Iipermar being the intensity of the radiation emitted by the body which is sur-
rounding the atomic sample and 7" is the body’s temperature. The proportionality
of the intensity to T explains the sensitivity of the induced shift with regard to the
temperature. Moreover, the blackbody emission spectrum changes with temperature.
The affect of the blackbody radiation on the performance of optical clocks using the
1Sy —3 Py clock transition was studied by Porsev and Derevianko in 2006. Special
care is taken when dealing with the upper state. That’s because the wavenumber
of the blackbody radiation at 300 K is 208.51 cm~!. This enhances transitions be-
tween the three manifolds (j=1,2,3) belonging to the *P state. Therefore, the authors
went beyond the electric-dipole approximation and took advantage of the multipolar
contributions to calculate the blackbody radiation shift 0 E, to be [59]

0E, =Y OE;) (2.17)
JA

which is nothing but the sum over the multipolar contributions 5E§]’\ (a detailed
derivation can be found in [59]). Here the solution for 6 £;/* in the ground state 'S is
different than that of the excited state 3Py. This is due to the large transition energy
between the ground state and the second closest state compared to the temperature
T. Through substracting the blackbody radiation shift of the ground state from the
upper state, the total shift on the clock transition for yb was calculated to be -1.34
Hz [59]. This value for the blackbody radiation shift was reproduced experimentally
in NIST by Oates et. al. [60]. The experimental value of the BBR shift was measured
to be -1.27 HZ at T=300K. This value was obtained after a precise measurement of
the differential static polarizability of the 'Sy and the 3Py clock states, which yielded
36.26 kHz(kV /cm)~2 [60]. The major source of uncertainty with respect to the BBR,
shift was the 1K uncertainty in temperature. At room temperature, this added to
the uncertainty of the clock transition by 3x107!7 [60]. As equation 2.16 suggests,
a method to reduce the effect of blackbody radiation would be to place the trapped
atoms in a cryogenic environment.

The gravitational shift

The last shift that I would like to point to is the gravitational shift, which is a result

of the gravitational redshift. Let us consider for example a light source mounted at

the Diisseldorfer tower where the gravitational potential energy at that point is V,.

The light field which leaves the source at V, and travels towards the earth, where

the potential energy is Vy, experiences a frequency shift. For V, >V, the observer

at position b measures a higher frequency, and vice versa. The redshift is then [56]
Av 1 [

= g.dx (2.18)
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Effect Shift '"'Yb Shift ™Yb

Blackbody radiation shift -25%x 10716 -25%10716

Second-oder Zeeman shift -1.67x1071% | -1.8x107™ to -3.6x10~ ™

Collisional shift -16.1x10716 | -2x10716

Probe light Stark shift 0.05x10716 6x1071° to 12x10715
Lattice polarizability 0.4x10716 <1x10715
Hyperpolarizability 3.3x10716 3.3x107°16

TABLE 2.5: Values of frequency shifts in fractional units for bosonic and fermionic
ytterbium, adopted from [15] and [42], respectively.

When doing a frequency measurement on an optical clock, we compare two different
oscillators. Each of the oscillators serve as an observer in relationship to the other.
At positions with different potential energies, the observer will measure a shifted
frequency. Thus, in order to compensate for the gravitational shift, two parameters
have to be taken into consideration. The first is the vertical distance between the two
oscillators, denoted in the above equation as x. The second one is the gravitational
acceleration at the positions where both clocks are located. While it is quite straight
forward to measure Ax, it is hard to compensate for the part resulting from the
gravitational acceleration due to it’s dependence on the earth’s structure at that
particular location. That’s one of the main motivations to develop transportable
optical clocks. Such clocks open the way for comparing clocks near each other, thus
raising the measurement’s precision.
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Chapter 3

Theory of Laser Cooling and
Trapping

Does radiation carry momentum? The whole story of trapping atoms with laser
light began with this question. Early theoreticians, such as Maxwell and Einstein,
showed the existence and importance of this phenomena. But since it is hard to
observe these effects using thermal light, an experimental study of this topic was not
possible before the invention of the laser in 1957. T.W.Haensch and A.L.Schawlow
were the first to propose cooling an atomic beam using laser light [21].

The theory presented in this chapter exists since many years, and is the building
block for laser cooling and trapping experiments. A big part of this section has been
adopted from my master thesis, in which the theory of laser cooling and trapping
has been explained thoroughly [2]. The topics discussed in this chapter are the ones
relevant for our experimental work. A detailed theoretical review can be found in
different specialized textbooks on the topic [61].

3.1 The Radiation Force

To form a complete picture of the topic, light-matter interaction should be described
quantum mechanically. For our purposes, the semi-classical description will also do
the job. In this semi-classical treatment, a 2-level atom will be considered that is
interacting with a laser light having a wavevector k.

An atomic beam illuminated by laser light experiences a force [61]:

Ty Q2(7) /2 ho VO2(7)

2 1 To/2f + B2 48T T2 @@ oY

This equation is considered by many textbooks to be the starting point when dis-
cussing the topic of light matter interaction. Therefore, it is useful to discuss it in
details. The parameters [';g and €2y that are introduced in eq. 3.1 are the decay rate
from state 1 to state 0 and the Rabi frequency, respectively. The decay rate can be
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expressed as [61]

3 2
wipdip
= 3.2
10 3meghc? (3:2)
whereas the Rabi frequency is [61]
dyo - Eo€
Oy = mTOE (3.3)

where wyq is the resonance frequency to excite the atom from state 0 to state 1, dig
is the dipole matrix element, and E is the field’s electric field oscillating in the € di-
rection. In addition to the force’s dependence on decay rate and the Rabi frequency,
the detuning of the laser § also appears in eq. 3.1 and plays a major role in the topic
of laser cooling and trapping of atoms.

Assuming a detuning § >> I'g, the equation describing the force simplifies to [61]

ST Q37 hVQA()
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(3.4)

The first part of the above equation is referred to as the dissipative force and the
second part as the reactive force. The dissipative force is responsible for cooling,
whereas the reactive force represents the trapping effect of the radiation force. In
contrast to the reactive force, which is dependent on the sign of the detuning, the
dissipative force depends only on the magnitude of the detuning. By going to higher
light intensities we are able to increase the deceleration of atoms till we reach satu-
ration at

L hkTy
Qmaz =
2M

(3.5)

where M is the atomic mass. For a completely saturated transition, half of the
population would be in the excited state. That is where the factor of 2 in eq. 3.5
comes from. This limit for the maximum deceleration is induced by stimulated
emission which becomes relevant when a certain intensity is reached.

3.2 Cooling Atoms Using Laser Light

This section and the next one will explain in more details the role of the dissipative
and the reactive forces in cooling and trapping atoms. Starting with the dissipative
force Fys., this force is active in the cooling and slowing processes. Before going
into more details, it is essential to mention the relationship between the atomic
temperature and velocity that will keep on appearing in this context. There is a
direct connection between these two quantities that is described as

kT = m(Vpmsa)? (3.6)
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Thus, the r.m.s thermal velocity (vpms.) of an atomic beam traveling in the x di-
rection is proportional to the square-root of the atomic temperature T. This leads
to the conclusion that cooling an atomic beam can be done by taking out momen-
tum. Therefore, if resonance between the atomic beam and the counter-propagating
light field can be assured for different velocities, a continuous slowing process over a
defined length can be achieved. This brings us to the topic of Zeeman slowing.

3.2.1 Zeeman-Slowing

As it was shown in the previous section, atoms can be decelerated and cooled by
laser light. However, in order for this process to be successful, the right conditions
have to be met. One of the most important conditions is illuminating the moving
atoms with the right frequency. This said, the continuously changing frequency of the
atomic transition along the slowing-axis has to be compensated for in order to assure
resonance between the atomic transition and the laser light. But before discussing
the Zeeman-slowing technique for doing that, let us speak a bit about the frequency
shift associated with the moving atoms, namely the Doppler shift.

The Doppler shift

We consider again an atom at rest with a ground state 0 and an excited state 1. Both
states are separated by the energy hwiy. By absorbing a photon with wavevector l;,
the atom is excited to state 1 before decaying back to state 0 through spontaneous
emission. The average result is then a change in momentum Ap = —hk. In the
case of a moving atom, the atomic transition and the laser field are shifted out of
resonance due to the Doppler effect. For a moving atom to stay at resonance with
the laser frequency, a velocity-correlated correction of the resonant frequency has to
be applied. This can be done either by manipulating the atomic transition or by
changing the laser frequency. For a laser field to be resonant with a moving atom,
it’s resonant frequency with the atoms at rest v, has to be adjusted in order to
compensate for the Doppler shift, such that

vy, = v, — k.0 (3.7)

where V/L is the adjusted frequency of the laser, k is the wavevector of the laser and
v is the velocity vector of the atoms. To successfully cool an atomic beam, the laser
frequency v; has to be regularly modified to stay at resonance with the decelerating
atoms. A better and relatively simple solution to compensate for the Doppler shift is
to go the other way around and adjust the frequency of the atomic transition to stay
at resonance with the laser beam. The device used for this purpose is the so-called
Zeeman slower.

D. Phillips and H. Metcalf were the first to demonstrate the method of keeping
the cooled atoms and the cooling laser at resonance by Zeeman splitting the atomic
excited state with an external magnetic field [62]. The applied magnetic field along
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the slowing region results in a Zeeman shifted energy of [61]
AFE = +gugm B, (3.8)

where g is the Landé g-factor, up is the Bohr magneton and B, is the magnetic
field along the z axis. Therefore, the energy seperation of the Zeeman substates
my = +1 can be manipulated by the external magnetic field B,. Additionally, we
can choose whether to excite the J=0 — J=1(m; = +1) transition or the J=0 —
J=1(my; = —1) by using o™ or o~ polarization, respectively. In our setup, the o~
scheme is adopted (see fig. 3.1) [2].

For the o~ cooling scheme, the laser frequency is resonant with the fast atoms
at velocity v;, just after leaving the atomic oven. As atoms move away from the
oven their speed is slown down by the laser beam. The changing Doppler shift is
compensated for by the external magnetic field

B(z) = hl;“i (1 —J1- 5) (3.9)

Thus, the Zeeman slower’s magnetic coil should produce a magnetic field close to
zero at the location closest to the atomic oven (z=0) and hkv;/u at z=z,. In order
to determine z,, namely the length of the slower, we have to combine the Zeeman
slower’s deceleration capability with the final atom velocity sought. To minimize the
size of the Zeeman slower, one has to go for the maximum deceleration [61]

hk10
a =

2m

(3.10)

This is achieved when the laser is operated at resonance with the atomic transition
and at an intensity that is high enough but not too high, to avoid stimulated emission
[61]. In a laboratory environment, even if these conditions are met, the deceleration
will always be smaller by a factor n due to technical imperfections. According to
Newton’s laws of motion and eq. 3.10, slowing an atom from an initial velocity v; to
a final velocity v; requires a slowing distance of [2]

b (3.11)
Z0=m .
’ nhky1o

where vy is the natural linewidth of the atomic transition. Therefore, when consid-
ering maximum decelaration for a Zeeman slower, its length would be detemined by
the atomic species we want to cool, the intial and final velocities of the atoms, and
the design parameter 7.

3.3 Magneto-Optical-Trapping

It was shown in the previous section how to slow atoms coming out of an atomic oven
by laser radiation. The second step would be to trap them and cool them in order
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B, -
Atomic beam . , ——=———  Laser beam
’ '—|=;
Magnetic coils
E/h m; =+1

FIGURE 3.1: A schematic showing the function of 0~ cooling. The laser is at
resonance with atoms moving at v;. The increasing magnetic field with z accounts
for the decreasing doppler shift experienced by the slowed atoms [2].
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FIGURE 3.2: A schematic of a one-dimensional MOT. Atoms near the region z=0
are illuminated with o~ (o") polarized light from the right(left). The magnetic field
increases(decreases) linearly with distance from z=0 [2].

to gain longer access to the cold atoms. In this section, the Magneto-Optical-Trap
(MOT) will be introduced, which became one of the essentials in almost every experi-
ment dealing with ultra-cold neutral atoms. MOT setups make use of inhomogeneous
magnetic fields and circularly polarized laser beams to trap the atoms whithin the
MOT’s capture region through spacially dependent absorption of photons. For the
sake of simplicity, this section will explain the physics behind one-dimentional MOT's
for atoms with a J=0 — J=1 transition.

A model of a 1-D MOT acting on an atomic transition J=0 — J=+1 is shown
in figure 3.2. The inhomogeneous magnetic field B(x) has a given gradient and van-
ishes at x=0. For an atom located at position x, the magnetic field B(x) shifts the
energy of an atomic transition with ground state 0 and excited state 1 by

AE(z) = (g1(m;)1 — go(m;)o)nsB(z) (3.12)

where 0 and 1 refer to the ground and excited state, g,o is the Landé g factor, my is
the magnetic quantum number, B(x) is the spacially dependent magnetic field, and
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g is the Bohr magneton. This leads us to the spacially dependent absorption of
photons by slowly moving atoms. The calibration of the laser beams’ polarizability
with the magnetic field gradient should be done such that atoms at positions £x get
pushed towards the center.

Through referring to figure 3.2, the scenarios for atoms at different positions can
be split as follows:

e For x=0 : The atoms experience no Zeeman shift due to the infinitesimal
magnetic field. Therefore, the probability that the atoms absorb a photon
from either beam is equal. This results in a net force equals to zero.

e For x>0 : The Zeeman shift brings the transition J=0 ( (m;)o=0 ) — J=1 (
(mj)1=-1) close to resonance with the laser beams. Therefore, the atoms at
that position will couple to the ¢~ polarized laser beam coming from the right
and get pushed towards the center.

e For x<0: The same principle as described in the previous case happens here but
in the opposite direction. The negative magnetic field brings the transition J=0
( (m;)o=0) — J=1 ( (m;)1=4+1) closer to resonance with the laser frequency.
The result is atoms absorbing light from the ot polarized laser beam directed
from the left towards the center. Therefore, atoms gain momentum towards
the center of the trap.

The trapping process described above works only if the laser is red-detuned with
respect to the atomic transition. This limits the trapping region of the MOT to
whithin +x,;07. Beyond this limit, the laser frequency becomes blue detuned with
the atomic transition leading to the loss of atoms. This behaviour is that of a damped
harmonic oscillator and can be written as [61]

Fliss. = 00 + KX (3.13)

where « is the damping coefficient and & is the spring constant. For red detunings,
the spring constant is negative and thus the force is restoring which results in an
oscillatory motion of atoms around x=0. A blue detuning on the other hand leads
to a non-restoring force. This results in atoms being expelled out of the trap.

As atoms get confined to a small region around the center of the trap and their
velocity becomes very small, their movement to either direction becomes less distin-
guishable for the laser radiation. This raises the probability of atoms that are moving
in one direction to absorb photons coming from both directions. This behavior sets
a limit to which atoms can be cooled in a MOT, known as the Doppler limit [63]

hyio
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(3.14)
where h is the planck’s constant, kg is the Boltzmann’s constant and ;¢ is the natural
linewidth of the atomic transition. Schemes to cool atoms beyond the Doppler limit
have already been demonstrated. Interested readers can refer to [61].
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The capture process

Till now we have been assuming that atoms in the trapping region have low velocities.
In laboratory environments, atoms usually leave the Zeeman slower and enter the
MOT with velocities on the order of tens of m/s. To assure that the atoms are
captured by the MOT, their velocity shouldn’t exceed the capture velocity

Ve = y/are (3.15)

If the maximum deceleration a of the atoms exerted by the MOT is not enough to
stop them whithin the effective MOT diameter 2xr,, the atoms will escape the trap.
The deceleration of atoms inside the MOT is directly related to the laser’s intensity
and detuning. Through choosing the right detuning, one can increase v, by a factor
of two [61].

The derivation that led to eq. 3.13 assumed that the atoms are moving at low
velocities. Even though this argument fails here, the equation is still valid, but the
non-vanishing Doppler shift has to be taken into consideration. Figure 3.3 shows a
sketch that demonstrates the influence of the Doppler shift on the MOT’s capture-
radius. Atoms entering the trap with non-negligible velocities have a larger capture-
radius than their much slower counterparts.

3.4 The Optical Lattice

A trap in which atoms are trapped in wavelength size regions of a standing wave
is known as an optical lattice. An optical lattice confines atoms in the interference
structure of a standing wave by means of the dipole force. This phenomena was sug-
gested by Letokhov in 1968 [64], but first realised by C. Salomon et. al. in 1987 [65].
Analogous to the positioning of atoms in a real crystal, atoms in an optical lattice
are also arranged in a periodic structure. The acting force in this case is the external
potential of the electromagnetic field.

An optical lattice plays a big role in supressing the Doppler broadening of atomic
transitions in optical lattice clocks. Even after cooling the atoms in a MOT to a few
mK temperatures, the atomic motion can result in a Doppler broadening on the or-
der of tens of kHz [66]. It has been shown however, that through trapping the atoms
within a spacial region smaller than the probing laser’s wavelength, the Doppler
broadening can be eliminated [67] [13]. This mechanism is known as the Lamb-Dicke
confinement and can be quantified through the Lamb-Dicke parameter [68]

B 2rx

_ 2T 3.16
n= (3.16)

where x is the width along which the atomic population is distributed in a lattice
site and )\; is the wavelength of the probing laser. For x<< A;, n is much smaller
than one and thus trapped atoms are said to be in the Lamb-Dicke regime [67].
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FIGURE 3.3: The capture distance of a MOT, where x;,0r and X}, represent the
trapping regions for atoms moving initially at very low velocities and others moving
with 7, respectively [2].
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The physical mechanism

In the presence of a light field, atoms experience a light shift which acts on the
ground and excited states of a given transition resulting in an energy shift [61]

h [0 . o

with § being the laser detuning from the atomic transition, and €2 is the Rabi fre-
quency. The light shift is a result of the atom-light interaction. Its dependence on
the intensity of the light field I is embedded in Qo which is proportional to v/I. A
light shift which is not constant with position results in an energy gradient. This cre-
ates the dipole force which is responsible for confining the atoms in an optical lattice.

Let’s go back to the fact that our atoms are present at a position r in a stand-
ing wave. The light intensity at this position is determined by the relative phase
of the two counterpropagating beams, thus determining the strength of the force
applied on the atoms. A simple visualisation of the trapping force is the net effect
of the atom absorbing a photon from the first beam and emitting in the direction
of the counterpropagating beam through stimulated emission, which gives the force
a conservative nature. In contrast to the dissipative force, the dipole force can be
arbitrarily large for large intensities. Since the momentum exchange between the
atom and the light field occurs in both directions, the force averages to zero.

Now let us examine this effect for a single traveling light beam from a mathematical
point of view. I will show here the semi-classical appraoch which is enough for our
experimental purposes, following the review by Grimm et al. [69]. A quantum me-
chanical derivation can be found in specialized texts dealing with this topic [70].

The interaction of an electromagnetic field with an atom embedded in a light field
can be quantified in terms of the dipole potential as follows

Viip = —% <ﬁﬁ> (3.18)

with p being the induced dipole moment

—

=)k (3.19)

and the factor 1/2 reflecting the fact that the dipole moment is induced and not per-
manent [69]. This equation is a result of the linear relationship between the external
electric field and the induced atomic dipole moment. It also shows that p oscillates
at the same frequency as that of the external field through its proportionality to the
complex atomic polarizability a(w) [69]

r 1
= 6meoc’—;. 3.20
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with ' standing for the atomic transition rate whereas w and w; being the reso-
nant transition frequency and light frequency, respectively. After some algebra, the
expression for Vg, can be re-written as

Viip = 3¢ Z 2 w2 I(F) (3.21)

J/
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The first part of this equation includes the atomic properties and is summed up over
the relevant transitions from a given ground state. This equation shows the direct
relationship of the dipole potential Vy;, in a light field with the intensity distribution
I(7).

As we have seen, it is possible to trap atoms in a non-uniform light field. How-
ever, the number of trapped atoms can be increased simply by making the dipole
potential deeper and more defined. A standing wave allows us to create a periodically
varying intensity on the longitudianl axis. This creates a periodic arrangement of
microscopic traps with very tight confinement. I will skip the mathematical deriva-
tion and go directly to show the expression for the dipole potential in the case of a
standing wave (for a detailed explanation you can refer to [69])

Viip = 4fd1p e w<Z>2 cos’k;z (3.22)

2P

w(z)?
where 1,z are the cylindrical coordinates, P is the power of the light acting on the
atoms and w(z) is the light-beam radius at position z. What is also clear in this
formula is the oscillatory term which gives our potential a periodic structure along
z. This structure allows us to trap the atoms in half wavelength intervals.

Trapping single atoms in different lattice sites helps reducing the collisional shift
in optical atomic clocks (see section 2.5). A blue or red detuning determines if the
atoms are trapped in the minima or the maxima of the intensity sites.
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Chapter 4

The Experimental Setup

The aim for this thesis is to build a compact atomic source for an ytterbium optical
lattice clock. Therefore, the focus from the beginning on was to build the whole
setup on a 2 m? optical table. To achieve this goal a compact vacuum system was
built and except of one compact fiber laser, all lasers used for cooling and trapping
are compact diode lasers. In this chapter, the experimental setup will be shown.

4.1 Atomic Ytterbium

In this section, I will discuss the internal properties of atomic Ytterbium, with a
focus on the 398.9 nm (6s%)'.Sy — (6s6p) ' P;, the 555.8 nm (6s%)' Sy — (6s6p) 2Py and
the 578.4 nm (6s2)'Sy — (6s6p) 2Py transitions. These transitions are relevant for
pre-cooling, post-cooling and doing clock measurements, respectively [58].

Atomic ytterbium is a rare earth element with seven stable isotopes, five of them
are bosons and two are fermions. The relative natural abundances, atomic mass
numbers, nuclear spins and magnetic moments are given in table 4.1.

The ytterbium ground state configuration is Xe+4 14652 [72]. So the two electrons
in the 6s shell are the relevant ones for Yb optical clocks. Thus, the total spin S
can take the values 0 or 1, resulting in singlet states for atoms in the ground state
whereas triplet states appear when an electron is excited to the p-states.

S=0—J=1L (4.1a)
S=1-J=L-1LL+1 (4.1b)

This structure is typical for alkaline earth-like atoms and is an essential factor in
making Yb a good candidate for optical clocks.

To explain this further, let’s go back to the selection rules for atomic transitions
shown in table 4.2. According to these rules, transitions within the manifolds are
allowed, such as the (6s%)'Sy — (6s6p) ' P, transition. However, transitions between
the manifolds are forbidden because then the AS = 0 is violated [74]. Two of the
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Isotope Rel. Abundance[%)] Nuclear spin Magnetic moment
168 0.13 0 -

170 3.05 0 -

171 14.3 1/2 +0.4919

172 21.9 0 -

173 16.12 5/2 -0.6776

174 31.8 0 -

176 12.7 0 -

TABLE 4.1: The relative abundances, nuclear spins, and magnetic moments of the
stable isotopes of ytterbium [71].

Transition Type AJ AM, AS AL AIl
Electric Dipole 0,£1 0,%1 0 - 1
Electric Quadrupole 0,£1,£2 | - 0 0,£1,42 | 0
Magnetic Dipole +1 - 0 0 0

TABLE 4.2: Selection rules for electric dipole, electric quadrupole, and magnetic
dipole transitions between L-S coupled states [73].
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transitions required for Yb optical clocks violate the selection rules. Here are the
most important characteristics of the mentioned transitions:

e The 'Sp-1 P, blue transition is the only fully allowed transition used. It is a
fast transition with an excited-state lifetime of 5.68 ns [71]. Its large scattering
rate makes it a good transition for the first cooling stage. But with its broad
linewidth of 29 MHz [3] and the lack of a hyperfine structure, and thus of a
Zeeman structure, in the ground state (escpecially in bosons) makes it impossi-
ble to cool atoms below the Doppler limit of Tp=700 pK. Since that’s not low
enough for the purposes of an optical clock, we have to use another transition
to cool the atoms further.

e Although the 1S)-3P; green transition at 555.8 nm violates the rule AS = 0,
the mixing of the singlet ! P, state with the *P; state makes it a key transition
for cooling Yb. With a relatively narrow linewidth of 27-(180 kHz) [4] corre-
sponding to a lifetime of 874 ns, the transition rate is high enough to produce
a strong cooling force but low enough to allow reaching temperatures on the
order of 10 uK. Considering that the potential of our optical lattice is only
50 K deep, this transition is a must to be able to trap our Yb atoms in the
optical lattice.

e The 15)-3 P yellow transition at 578.4 nm is used as the clock transition. Two
issues make this transition a strongly forbidden one. First, the transitions
between manifolds are spin-flip forbidden, as we already discussed previously.
But the main reason behind its long lifetime is the fact that the decay to the
1Sy ground state is not permitted (j=0—j=0 is not allowed). For atoms with
no nuclear magnetic moment, photons cannot decay down to the 1S; state.
That’s why the first experiment to observe the 1Sy-3P, transition was done
using a fermionic isotope at NIST in 2005 [75]. In the presence of a nuclear
magnetic moment, an intermediate mixing between the 3P, and ' P, states on
the one hand, and the 3P, state on the other hand takes place. As a result, the
lifetime for the 3P, state is around 20 s for the fermionic isotopes '"*Yb and
13YD [39]. The same group at NIST showed a year later that it is possible to
excite this state in '™YDb if a nonzero electric dipole transition probability at
578.42 nm was induced using a small static magnetic field [76].

4.2 The Vacuum System

The vacuum system in our experiment is designed to be compact so that it occu-
pies a minimal space on the transportable optical table. This has been achieved by
minimizing the volume of the different parts and connecting them together to form
a compact vacuum system. The vacuum system consitutes of a main chamber, a
Zeeman slower, a spectroscopy cell and two atomic ovens (see figure 4.2).

The main chamber has a cylindrical shape and possesses 10 ports, 8 of which are



4 The Experimental Setup

13.5ns

6s7s 3S;

5.68 ns
6s6p 1P,

2 X 759.35 nm

649.1 nm

398.91 nm

578.4 nm

6s2 1S,

FIGURE 4.1: The Yb atomic energy levels showing the relevant transitions for an
atomic clock. The fine structure splitting is not to scale [58] [72] [4] [77].
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FIGURE 4.2: The complete vacuum system consists of the main chamber, Zeeman
slower, secondary chamber, and spectroscopy cells. The valves used for mechanical
pumping, ion pumps, ion gauges, magnetic coils and the intra-vacuum resonator
are also included. The four magnetic coils, sketched as dark-brown rings, that are
mounted on the main chamber, generate the magnetic fields needed for cooling and
trapping the atoms.
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used for optical access. All 10 ports employ knife-edge seals. The 2 main ports of the
main chamber are CF 100. One port has a full size window attached to it. This gives
us a good optical access for manipulating and imaging the atoms inside the main
chamber. The second CF 100 port is parallel to the first port and lies on the opposite
side of the main chamber. A closed flange with an opening at it’s center is attached
to this port. This construction is designed to fix the optical resonator for the optical
lattice inside the vacuum chamber. The small window at the center of this metallic
construction allows the incident and the reflected MOT beams to pass through. The
other ports of the chamber vary between CF 35 and CF 16. The spectroscopy cell
and atomic ovens are separated from the main chamber by the Zeeman slower. This
keeps the temperature of the main chamber unaffected by the ovens whose operating
temperatures are around 550 °C.

Pumping the vacuum chamber is done by 2 ion pumps. The first is attached to
the main chamber, while the second pumps the region where the atomic ovens are
located. The leakage rate detected in our vacuum system was below 1079 /s. Hav-
ing a pumping rate of 20 [/s, the ion pumps can bring the system to a pressure
below 10® mbar in a few days after closing the system. The operating pressure now
inside the chamber is around 10~ mbar. This results in a vacuum limited atomic
trap lifetime of approximately 600 ms. The pressure inside the chamber is monitored
with 2 ion gauges attached to both ends of the chamber and connected to a Varian
Multi-Gauge device which displays the actual values.

4.2.1 The Atomic Ovens

Two different atomic ovens are used, one for the experiment and the other for spec-
trocopy. The one for the spectroscopy is a WATLOW Mini K-Ring oven. It is heated
up to 500°C when doing spectroscopy on the atoms. The atomic beam is collimated
by using three copper disks along the spectroscopy setup, with 4 mm holes in the
middle. This would block atoms with horizontal velocity components. The result
is a vertically collimated beam which would supress the Doppler effect in our spec-
troscopy signal. As it is shown in figure 4.2, the spectroscopy setup is built such
that the spectroscopy signal for the narrow 1.Sy->P; transition at 556 nm is obtained
from the spectroscopy cell that is at maximum distance from the atomic oven. The
reason for that is the better collimation of the atomic beam at that position, after
the atoms have travelled the maximum distance and have been filtered by the three
copper disks. For the broader 'Sy-' P, blue transition, the situation is less critical.
Therefore, the lower spectroscopy cell is used for that transition.

The oven used for the experiment is self-made. The body is a metallic cylinder
with diameter R = 1.5 cm and length L = 6 cm. A cylindrical body forms the
oven and is slid over the one where the Ytterbium is embedded. At operation, the
oven is heated up to around 450 °C and consumes approximately 35 Watts of power.
The collimation of the atomic beam is also done using 2 gaskets with 4 mm holes,
seperated by a distance of 25 mm.
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FIGURE 4.3: A simplified sketch showing the setup connecting the spectroscopy
cells with the atomic oven. Three copper disks have been used to collimate the
atomic beam in order to supress the Doppler effect. The spectroscopy cells are
shown with the windows which allow the perpendicular laser beams to cross the
collimated atomic beam.
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As the ovens are heated up, the Yb atomic-vapor in the oven move randomly in
all directions. An atomic beam is formed by exiting the oven through the nozzle
with a 27 solid angle.

The thermal atomic sample inside the oven has a Maxwell-Boltzmann velocity dis-
tribution, given by [78]

m 3/2 mv2
f(v) =4r (QW]CBT) v?e 25T (4.2)

where v is the atomic speed, m is the atomic mass, and kg is the Boltzmann constant.
The most probable velocity can be obtained by setting the derivative (df (v)/dv) = 0,
thus obtaining the value

2kpT
m

(4.3)

Umaz3D =

Substituting for the mass (my,=171 amu ~ 284 x 10727 kg ) and the temperature
(723 K), the most probable velocity is calculated to be around 265 m/s. However,
due to the fact that faster atoms have a higher probability of exiting the oven, the
atoms forming the velocity distribution in the atomic beam is given by [78]

2

2
— m 3, 2kpT
Fv)=2 (QkBT) vie B (4.4)

The same method used for v,,4.3p is used to find the most probable velocity for the
F(v) distribution, and is derived to be

3kpT
m

Umaz =

(4.5)

Therefore, the most probable velocity for *"'Yb atoms in the thermal beam is about
323 m/s. This velocity is essential for the design of the Zeeman slower which will
serve to slow the atoms to tens of meters per second before they enter the main
chamber.

4.3 The Magnetic Fields

As it was shown previously, cooling and trapping the Yb atoms requires the appli-
cation of a certain magnetic field at the different stages. This section describes the
Zeeman slower used in our experimental setup as well as the magnetic coils used for

the MOTs.
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4.3.1 The Zeeman Slower

In the previous section, we studied the kinematics of atoms as they leave the atomic
ovens. According to eq. 4.2, the probability distribution under our experimental con-
ditions has it’s maximum at 323 m/s. A 30cm long Zeeman slower is used to slow
the atoms down below the trapping velocity v.. The Zeeman slower was designed by
Sven Tassy, a previous Ph.D. student in our group, to provide the required slowing
effect at a current of 10 A. For the slowing process, the fast 1Sy-! P, transition at 399
nm is used.

The Zeeman slower is an increasing-field slower and therefore provides o~ cooling.
Fast atoms near the oven are resonant with the blue light field. At the position
near the oven, the magnetic field is zero. As the slowed atoms move further towards
the chamber, an increasing magnetic field B pointing away from the oven shifts the
energy of the atoms through the Zeeman effect. The Zeeman shift induced by B on
the J = 0(my; = 0) — J = 1(m; = —1) transition compensates for the decreasing
Doppler shift and keeps the atoms at resonance with the laser light. The increasing
magnetic field reaches a maximum of B=286 G at a position close to the chamber
before dropping to zero. But a nonvanishing magnetic field extends inside the main
vacuum chamber which can disturb the MOT. Thus, an additional magnetic coil is
used to correct for this field and provides zero magnetic field at the center of the
main chamber.

4.3.2 The MOT Magnetic Fields

The magnetic fields required to trap and cool the atoms, as well as the fields re-
quired to control the position of the atomic cloud, are produced by four magnetic
coils which are fixed externally on the vacuum chamber. Two coils in a near anti-
Helmholtz configuration, mounted vertically on the vacuum chamber (see figure 4.2),
are responsible for creating the magnetic field gradient required for the pre-cooling
and the post-cooling MOTs.

The two coils for the MOTs have different radii due to the vacuum chamber’s geom-
etry which is designed such that a large optical axis is available for observation on
one side of the chamber. All coils are formed of a copper wire (R=5.7x1073Q/m),
wound on a water cooled cylindrical ring to prevent heating due to power dissipation.
The big coil is formed of a cylindrical ring with an inner radius of 15 ¢cm and an outer
radius of 20 cm, on which a total of 84 windings are placed. The small coil is formed
of 16 windings on a body, having the same geometry, with a radius spanning from
2.5 to 4.3 mm. Two things have to be taken into consideration when designing the
coils. The first thing is the magnetic field gradient needed to trap the atoms in a
MOT, which is mainly determined by the small coil in our experimental setup. As a
pre-cooling stage MOT, for example, we are using the 1Sy-1 P, transition to trap and
cool the atoms. Having a linewidth of 29 MHz and a beam diameter of 1 cm, the
magnetic field should have a minimum gradient of 40 G/cm. The second parameter
to be taken into account is the position at which the magnetic fields of both coils



46 4 The Experimental Setup

cancel each other. This sets the trapping position of the atoms. In our setup, the
zero point of the magnetic field is given by the position of the optical lattice. Since
the resonator for the lattice is a passive intra-vacuum setup, it pre-determines the
position of the MOTs. The adjustment of the MOT position can be done by chang-
ing the current in one of the coils.

In addition to the coils responsible for the trapping magnetic field, we have two
other coils for tuning the MOT position in the directions orthogonal to that of the
MOT coils’ setup. One coil applies a vertical field while the other produces a field
opposing that of the Zeeman slower. As it will be shown later in this thesis, these
fields are used for optimizing the transfer efficencies between the MOTs themselves
as well as that between the post-cooling MOT and the lattice. But the most impor-
tant application is their role in controlling the magnetic field at the position where
the clock transition is probed to cancel the Zeeman shift.

4.4 The Laser Systems

In this section, the laser systems used for the pre-cooling and post-cooling stages,
as well as the lattice and the clock lasers, will be described. In order to keep the
experimental setup compact, we use diode lasers for all purposes except for the
master laser used for the 555.8 nm transition. There, we substituted the previously
used ECDL diode laser at 1112 nm with a fiber laser. The result is a higher stabilty
and narrower linewidth. More about the laser system for the (6s*)'Sy — (6s6p) 3P,
transition is shown in 4.4.2. The laser systems for the (6s%)1.S; — (6s6p) ' P, transition
and the optical lattice are described in 4.4.1 and 4.4.3, respectively.

4.4.1 The Blue Laser System

The (65?)'Sy — (6s6p) ' P transition at 398.9 nm, as shown in section 4.1, is the
most suitable transition for the slowing and pre-cooling processes in atomic ytter-
bium. We use two diode lasers in master-slave configuration to generate the needed
laser power. The master External Cavity Diode Laser (ECDL) has a Toptica LD-
0405-0030-1 diode with a maximum driving current of 55.8 mA. The wavelength
selection is done with a grating (3800 lines/mm) in Littrow configuration. The laser
diode current and temperature are controlled with a Thorlabs ITC 102 laser diode
controller. The power emitted by the laser diode, when operated at 50 mA, is 14
mW (before the isolator). The light from the master laser is used for spectroscopy,
injection of the slave laser for the MOT, and slowing the Yb atoms in the Zeeman
slower (see figure 4.4).

Two AOMs are used to manipulate the frequency of the master laser. The first
is set at 230 MHz and is modulated with a frequency of 100 kHz. After the laser
beam makes a double-pass through the AOM, it is directed to the spectroscopy cell.
The addition of 460 MHz to the laser frequency is due to the Zeeman slower’s o~
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configuration. The resonant blue light used to excite the 1.Sy— ' P, transition is re-
collected from the spectroscopy cell by a photomultiplier. The resultant dispersive
signal is then used to stabilize the master laser through a feedback signal from a
Lock-In amplifier. This signal is applied on the piezo element inside the master laser
setup. The frequency up-shift for the injection-light that feeds the slave laser is done
by another AOM. This AOM frequency is set to 160 MHz. The laser beam again
makes a double-pass through the AOM, thus gaining 320 MHz, before injecting the
slave laser. The remaining frequency shift is compensated for by another AOM that
is placed in the path of the slave laser’s beam.

For the slave laser, a Nichia NDHV310APC laser diode at 401 nm is used. To
get it emitting at 399 nm, the diode is cooled down to 5 °C'. The slave laser serves
as a power amplifier for the master, and carries its characteristics. Its maximum
current of operation is 87.7 mA, which results in 60 mW of laser power. It is how-
ever operated at a current near 60 mA in order to insure an extended diode lifetime.
Through taking the losses induced by the optical isolator, the optical elements, and
the acousto-optic-modulator (AOM) into account, we are only left with around 10
mW of optical power for the MOT operation. The light field used for the blue MOT
is detuned by around 20 MHz from the atomic transition. This total detuning is
obtained from summing the detunings coming from the injection beam and that of
the switching AOM. The switching AOM is placed in the path of the slave laser beam
and is set to 110 MHz. The first order coming out of the AOM is used for the blue
MOT. By switching the AOM off, we block the blue light used for the pre-cooling
stage and prevent it from reaching the main chamber.

4.4.2 The Green Laser System

The green light required to cool the atoms using the 1S;— 2P, narrow transition is
produced by frequency doubling infrared laser light at 1112 nm. The master laser is
a Koheras Adjustik fiber laser with piezo tuning and has a maximum output power
of 10 mW. The fiber laser was introduced to the experiment due to it’s stability
and narrow spectrum which are relevant when taking into consideration the narrow
(y=27-(180 kHz)) atomic natural linewidth. The fiber laser is only used to seed
the slave diode laser at 1112 nm. The diode laser is driven by a Thorlabs ITC 110
controller and has a maximum output power of 120 mW, out of which 70 mW are
used for frequency doubling.

A PPLN waveguide in a single pass configuration is used to generate light at 555.8
nm from infrared light. The crystal contains 21 parallel waveguides. It is 2 cm
long and 0.3 cm wide. Under optimized temperature and incoupling conditions, the
second harmonic generation conversion efficiency is >150%/W/cm?. From the 70
mW of infrared light sent to the crystal, 8 mW of green light are obtained after
the waveguide. A fraction of this power is used for stabilization purposes, while the
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rest is used for cooling the atoms. The method used to stabilize the fiber laser is
similar to that used for the blue master diode laser. The light beam used for the
spectroscopy is modulated by 100 kHz and detuned by an AOM operated at 230
MHz. The spectroscopy signal is then collected by a photomultiplier and the feed-
back signal from the Lock-In amplifier locks the fiber laser on the right frequency. In
turn, the light used for the green MOT is manipulated by an AOM which provides
the right detuning at the MOT’s different phases (see chapter 6). The AOM is oper-
ated at a detuning close to -10 MHz from the resonant frequency during the loading
phase from the blue into the green MOT. This detuning is optimized for best loading
efficiency. To compress and cool the atomic cloud, the frequency is ramped-up to a
detuning close to -1 MHz from resonance. This is an essential step before attempting
to load the cold atoms in the optical lattice.

4.4.3 The Lattice Laser System

The lattice laser system at 760 nm is used to form the optical lattice inside an optical
resonator. As mentioned in section 3.4, this trapping process can induce light shifts
on the (6s2)1Sy — (6s6p) 3Py, transition, on the order of hundreds of kHz. Since our
clock transition is 8 mHz wide, a perturbation on the kHz level induces a large
limitation on the clock uncertainty measurement. To get a Stark shift-free trapping,
we have to reduce the relative light shift between the two states involved in the clock
transition, written as [58]

1
Aha)o == _ZA&(€7 wlaser)E2 — ... (46)

where A«(€, wigser) is the AC polarizability. I have shown here only the lowest order
term of the polarizability which is proportional to the square of the laser electric
field and hence the intensity in the optical lattice. Higher order terms are neglected
at the moment. Looking at this equation, we see that Ahwy is dependant on the
electric field polarization €, the laser frequency wj,s and the light field intensity. So
to reduce the light shift we have to vary one or more of these parameters. The high
intensity at the lattice position is a must to get a strong trapping force, therefore
reducing it is not an option. However, what we can do is varying the frequency. As
shown in figure 4.6, there exists a wavelength, called the magic wavelength, for alka-
line earth-like atoms which gives an equal Stark shift for the ground and the excited
states. For the 1Sy ground state, the AC Stark shift is negative for infrared light
and its absolute value decreases with increasing wavelength. The excited states have
a large and positive AC Stark shift due to the influence of the 3P, - 3D transition
and a large and negative shift due to the 3P, - 35 resonance. The intersection point
between the curves representing the ground and the excited states gives the magic
wavelength, which was predicted for odd isotopes by Porsev et al. to be 752 nm [39].
The magic wavelength for neutral 1"Yb was measured experimentally to be 759.3537
nm [58].

The lattice laser system is built of two diode lasers in master-slave configuration.
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FIGURE 4.6: For near infrared light, the light shift due to coupling of the 3P,
with the 3S; and 2D, states in alkaline earth-like atoms has an opposite sign. Thus,
hitting the right wavelength zeroes the differential polarizability between the 1S, and
the 3P, state [58].

The master laser is a Toptica DL pro 780 operating at 760 nm. The stabilization is
achieved using a grating in Littrow configuration. The operating power is 48 mW at
a corresponding current of 148 mA, while the maximum power is specified to be 52.9
mW. The DL pro seeds the slave, which is in this case a self constructed tapered am-
plifier diode laser (m2k TAL-765-1000). The slave laser diode has a maximum output
power of 1 W. However, it is operated at only 700 mW to insure an extended diode
lifetime. A 60 dB optical isolator between the master and the slave laser suppresses
optical feedback into the master laser diode which can lead to short term frequency
instability. This behavior would result in a jittering behavior of the optical potential.
That would lead to an increase in the motional energy of the trapped atoms which
would eventually be lost from the trap.

Stabilization of the lattice laser

We have used here the Pound-Drever-Hall technique to stabilize the master laser,
which was set up in the frame of a master’s thesis [1]. This is a fast and powerful
method to lock the laser to a resonator or cavity. In our experiment we have stabilized
the laser directly to the enhancement cavity for the optical lattice (see section 4.5).
The main idea behind the PDH method is using the phase shift between the incoming
wave and the reflected wave from the cavity in order to stabilize the laser frequency
(Wiaser)- To do that, we overlap both beams and detect them using a photodiode.
When w,,., is perfectly resonant with the cavity, the resulting phase difference is
Ap=-180°. This implies that at resonance, the incoming and the reflected fields
interfere destructively and the power P,,;=0. If wy., drifts then P,,; #0 and a
correction is necessary. What is still unknown here is in which direction the laser
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drifted. Therefore, an EOM (Thorlabs EO-PM-NR-C1-EO) modulated at 12.5 MHz
is introduced to the setup as a phase modulator. The result are sidebands at the
modulation frequency. The sidebands are spectrally well separated from the carrier
so that incoupling into the resonator is not possible. Thus, they are back-reflected
from the resonator’s incoupling mirror. The well defined phase of the 2 back-reflected
sidebands with respect to the incident and reflected beam can be used to extract the
phase of the reflected beam. It is achieved by beating the three waves together and
reading the phase of the beat pattern. The power P, detected by the photodiode
can be quantitatively written as [79]

Ptot = (P |F(wlaser)|2 + P ’F(Wlaser + Q)F + ‘F(wlaser - Q)|2
+2 V P P Re Wlaser (Wlaser + Q) - F* (wlaser)F<wlaser - Q)] COSQt

+2 V P P Im wlaser F* (wlaser + Q) (wlaser)F(wlaser - Q)] sinfdt
+(terms oscillating at frequency 2€)
(4.7)

Here F' is the reflection coefficient given by the ratio of the electric fields of the
reflected beam and the incident beam, P, is the power in each first-order sideband,
P. is the power in the carrier, and €2 is the sideband frequency. This signal is detected
by a fast photodiode (20MHz) and sent to a Digilock 110 feedback controler. The
terms due to the interference of the sidebands with each other in eq. 4.7 are irrelevant
for us, so they are neglected. Information about the carrier’s phase is contained in
the terms oscillating at the modulation frequency €. Experimentally, these terms
are filtered out from eq. 4.7 using a low pass filter and a mixer. If we consider
for example the mixing of the modulation signal at sin(Qt) with another signal at
sin(©'t), the product of both sine waves would be [79]

sin(Q)sin(Q't) — %cos[(Q — 0 - %cos[(@ + Q) (4.8)

Since we are interested in the situation where Q = Q' the term cos[(Q — Q')t] will
be a DC signal that can be factored out by a low pass filter.

The product of the modulation signal and the oscillating term at ) in eq. 4.7 is
used as the input to the PID controller. The Digilock 110 contains 2 PID controllers.
PID1 acts on the laser’s DC modulation current. An integrated cut-off frequency
for the integral part prevents it and PID2 from accumulating offsets in opposite di-
rections. On the other hand PID2 acts on the laser’s external grating through the
piezo. Thus, PID1 corrects for short term disturbances while PID2 takes care of the
long term drifts.

4.4.4 The Yellow Laser System

As already mentioned, this thesis is part of a collaboration between the groups of
Prof. Axel Gorlitz and Prof. Stephan Schiller. The latter group is responsible for
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producing the yellow light required to excite the 1S;— 3P, transition at 578 nm for
clock operation [80] [81]. The measurements shown in this thesis were taken using a
setup based on frequency doubling light from a DL-Pro 100 diode laser. This setup
has the advantages of having a high stability, a large scanning range, and it occupies
a moderate volume. This section will summarize the status of the yellow laser system
at the time the measurements were done, and will present the experimental results.

Light at 1156 nm used for frequency doubling is obtained by a commercial Top-
tica DL-Pro 100 diode laser in Littrow configuration with an integrated isolator.
The maximum output power of the laser diode is 97 mW, and it can be scanned up
to 20 GHz without mode hopping. The laser is operated at 73.5 mW and it’s center
wavelength is at 1156 nm. The laser current, temperature stabilization, and scan-
ning signal are provided by commercial DCC 110, DTC 110, and SC 110 controllers,
respectively. The yellow light is generated from infrared light by a 2 cm long PPLN
crystal with 22 parallel waveguides(HC Photonics). The crystal used is identical
to that built into our green laser system. While a coupling efficiency of 45% was
achieved when using a bare fiber, only 30% were possible for free-space incoupling,
but with a better reliability. At the optimum temperature, which was measured
to be somewhere between 15°C and 20°C depending on the waveguide tested, the
conversion efficiency was measured to be 160%/W /cm?, which is in agreement with
the specifications of the crystal. For 12.5 mW of laser radiation at 1156 nm, about
200 W of yellow light were extracted.

Stability of the clock laser system

The DL-Pro is stabilized through the yellow light on a ULE cavity. The yellow
radiation exiting the PPLN crystal is locked using the Pound-Drever-Hall (PDH)
method, which was explained in section 4.4.3 for the lattice laser system. A 10 cm
long ULE cavity with a finesse that exceeds 300000 at 578 nm is used for this purpose
[81]. The cavity is placed inside an evacuated aluminum chamber at 8.5x 10~ ®mbar.
It is designed such that the accelerations due to mechanical vibrations along it’s
length are minimized [23] and is mounted on an active vibration isolation system.
An additional isolation from the environment is provided by a temperature controlled
copper box inside vacuum with a thin gold layer. The aluminum and copper chambers
are both temperature stabilized using peltier elements. This reduces the cavity’s
length fluctuations due to thermal effects and leads to a better stability.

The laser frequency drift

One of the most important parameters that have to be precisely known is the laser
frequency drift. The very narrow 1Sy-2 Py clock transition with a natural linewidth on
the order of 10 mHz [58] can only be detected spectroscopically if the laser frequency
is well identified. Since the drift of the laser frequency is very stable, the drift rate
can be corrected for before starting a spectroscopy measurement. To measure the
drift rate, a fraction of the IR light is sent to the frequency comb as shown in figure
4.9 and its beatnote with one of the comb lines is measured.
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FIGURE 4.8: The drift of the clock laser, measured by beating the IR laser with
a line of the frequency comb. The linear fit is only done over the first four data
points since the vacuum pump of the ULE cavity suffered a power outage, which is
indicated by the dashed line. The fit after the power outage shows first a non-linear
behavior and an offset of several tens of kHz. The error bars shown in the lower
scheme are those of the frequency comb for the different measurements.

A measurement of the frequency drift over a period of around 80 days is shown
in figure 4.8. The linear fit of the first measurements corresponds to a drift of 34.1
mHz/s. This well determined drift was lost after a power outage of the ULE cav-
ity vacuum pump. The first frequency measurements after re-evacuating the cavity
showed an offset of several tens of kHz in addition to a non-linear drift behaviour,
which eventually comes close to the previouly determined drift rate.

The connection of the yellow clock laser to the Yb atomic source

As already mentioned, the clock laser is located in a different laboratory than the
ultra-cold Yb source. For this reason, 2 optical fibers and three electrical cables
are installed between both laboratories to allow optical and electrical communica-
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tions. The effective distance between both laboratories is 350m. The first optical
fiber (Fibercore SM450) is used for the frequency doubled light at 578nm, while the
second (Fiber Nufern 1060-XP) serves to transport the 1156nm radiation. For prac-
tical reasons we decided to transport light at 1156nm to our laboratory where the
cold atoms are prepared and do the frequency doubling there. An additional PPLN
waveguide is used to produce yellow light, whose frequency is then manipulated by
an AOM to scan over the clock transition. To overlap the clock laser beam with the
atomic cloud, yellow light is coupled into a fiber and the output is then overlapped
with resonant green light. The fluorescence from the 'S;— 3P, transition ensures
that the light beam inside the vacuum chamber is at the position of the trapped
atoms.

But the method of connecting both laboratories has its disadvantages. The per-
turbations on the optical fiber induce a spectral broadening, measured to be about
180 Hz over the whole fiber length [18]. Therefore, an active stabilization technique
was built by the group of Professor Stephan Schiller to cancel these effects, following
the scheme presented by Ma et. al. [82]. To do that, a small fraction of light is
retro-reflected into the fiber after the output using a BK-7 glas plate and is sent
back to the laboratory where the clock laser is located. After undergoing a double
pass through an AOM placed before the fiber incoupler and operated at 40 MHz,
the retro-reflected beam is then overlapped with the intitial laser beam and the beat
signal is measured. This signal is mixed with that of a local oscillator at 80 MHz.
The resultant signal acts on the AOM through a VCO to cancel the perturbations in-
duced by the optical fiber. Using this locking scheme a linewidth <1 Hz is measured
for the beat signal instead of 360 Hz [18].

4.5 The Intra-Vacuum Optical Resonator

As it was already explained in section 4.4.3, we are using diode lasers to produce
the 760 nm light field for the optical lattice. The relatively low light power that
these diodes can provide makes it impossible to create an optical lattice with the
required trapping potential and trap volume. The compactness of our experiment
doesn’t allow to use high power light sources such as Ti-sapphire laser because of
their large volume. The solution is to amplify the light emitted by the diode laser
with an optical resonator.

The resonator used in our experiment is a 1-D intra-vacuum folded resonator. It
was designed and built in the frame of Tobias Franzen’s bachelor and master’s the-
ses [83] [1]. The setup, constructed from Invar 36, is fixed in the main chamber as
shown in figures 4.2 and 4.10. Despite the low linear thermal expansion coefficient
that Invar has (o = 1.2 - 1075/°K), the magnetic coil glued on the outer side of the
same flange still produces enough heat to cause non-negligible perturbations on the
resonator. Therefore, an NTC temperature sensor is glued on the outer side of the
chamber and a homemade PID controller regulates the temperature oscillations in
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760 nm 556 nm 578 nm
Incoupling mirror 99.75% <1% <1%
Retro-reflecting mirror 99.75% <1% <1%
Rerouting mirrors >99.95% >99.95% >99.95%

TABLE 4.3: The mirrors used for the folded intra-vacuum optical resonator and
their reflectivities for the different wavelengths.

this region.

The 1-D resonator is 200 mm long and contains 4 mirrors. The incoupling and
retro-reflecting mirrors are curved mirrors (radius of curvature 200 mm) selected to
form a near-confocal setup. The other 2 mirrors are planar, and their function is
redirecting the beam so that the 200 mm light path fits inside the vacuum chamber.
The two guiding mirrors are specially designed to reflect at 760 nm, 556 nm, and 578
nm (see table 4.3), and they pre-define the field’s polarization inside the resonator
to be perpendicular to the MOT’s magnetic field. On the contrary, the in-coupling
and out-coupling mirrors transmit light at 556 nm and 578 nm. This allows us to
determine the position of the 760 nm light through overlapping the 556 nm light with
it. The cavity is scanned by a piezo that is attached to the back-reflecting mirror.
External manipulation of the piezo is possible through integrated electric pins on
one vacuum port. Light for the clock measurement is also aligned with the lattice
light field to make sure that it hits the cold atoms. The mirrors are fixed using a
NORLAND OPTICAL ADHESIVE 61 UHV glue, cured by UV radiation.

For the system described above, a finesse of 800 is measured. With an incou-
pling efficiency of 20%, the calculated intra-cavity light power was estimated to be
50 W which corresponds to a potential depth of 200 uK. After examining it ex-
perimentally, we measured a lower potential depth of approximately 50 uK. The
experimental results are shown in chapter 5.
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Atom Beam Slower Beam

Clock & Lattice ,
Light

FIGURE 4.10: The 1-D intra-vacuum resonator. The laser beams for the pre-cooling
and the post-cooling MOTSs are sketched as overlapped blue and green arrows. The
blue arrow coming from the right crosses the setup and passes through the Zeeman
slower, till it reaches the atomic oven. From the left, the light at the magic wavelength
enters the resonator, and is reflected in a z-form, as shown in the figure. When doing
spectroscopy on the Yb atoms, the yellow laser beam is overlapped with the trapping
beam, which is the best method allowing for an easy allignability. As mentioned, the
vertical axis is kept free for imaging purposes [1].
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Chapter 5

Characterization of the Ultracold
Atomic Source

In this chapter, the preparation phases for the spectroscopy on the clock transition
and the characterization of the ultra-cold atomic cloud in each of those phases will
be discussed. The process of cooling the ytterbium atoms from hundreds of Kelvin
to the uK level starts by slowing the atoms using the Zeeman slower before trapping
them in the pre-cooling MOT. The pre-cooling stage cools the atoms down to the
mK level and prepares the atoms to be loaded into the post-cooling stage MOT. The
post-cooling stage MOT brings the atomic temperature down to a few tens of uK.
This step is essential in order to be able to trap the atoms in the optical lattice, which
has a potential depth around 50 pK. The experimental parameters for each phase
are summarized in figure 5.1, and they will be discussed thoroughly throughout this
chapter.

5.1 Loading of the First Stage MOT

This is the process in which the atoms slowed by the Zeeman slower get trapped in
the first stage MOT. The atoms leaving the atomic oven are exposed to a varying
magnetic field, created by a winded coil, that keeps them at resonance with the laser
beam @ 399 nm throughout the slowing region (see section 4.3). The slowing region
is defined by the coil’s length, which is a 30 cm long tube in our experimental setup.
Atoms leaving the Zeeman slower have an average velocity around 40 m/s, which
is within the capture velocity of the first stage MOT. The trapping volume of the
MOT is defined by our 1 cm wide blue laser beams. The rate at which the number
of atoms changes in the MOT depends on the loading rate (R) on one hand, and the
loss rate (N/7) on the other hand [84]

dN N

T R - (5.1)
where N is the number of atoms in the MOT and 7 is the MOT’s lifetime. If we
consider initially that no atoms are present in the trap, we get the boundary condition
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FIGURE 5.1: The sketch shows the experimental sequence starting with the pre-
cooling stage and ending with the trapping of atoms in the optical lattice. The
blue, green and red arrows on the left represent the laser to which the atoms are
exposed to at the given stage. The time span of each phase together with the laser
detuning, laser power and the magnetic fields during that phase are shown on the
right, respectively.

N(t=0)=0. The solution for the differential equation 5.1 is then
N(t) = Ny(1 —e¥7) (5.2)

with N, being the steady-state atom number in the trap after the trap has been
loading for a time 7. In this expression, only the single-body decay rate is relevant.
In our experiment, the two-body decay rate is considered to be very small compared
to the one-body decay rate. That’s because of the moderate light intensity used to
trap the atoms, and a vacuum pressure exceeding two times in the 10=° mbar at
operating conditions. Thus, on one hand the atomic density is not high enough, and
on the other hand the probability of a cold atom colliding with background gas is
not negligible. Thus, we assume that the limiting loss mechanism for our first stage
MOT is the one-body loss due to collisions with the background gas.

Measurements of loading times below 300 ms for the blue MOT have been observed
at a vacuum pressure on the order of 10! bar. The blue laser beam sent along the
Zeeman slower was blue detuned and had a power of 2 mW. The magnetic fields
for the Zeeman slower and the MOT were adjusted for minimum loading times (see
section 4.3). The best values were recorded at a magnetic field gradient of 70 G/cm
on the MOT side, as shown in figure 5.2. The parameters were however optimized
later for the highest atom number and the best transfer efficiency into the second
stage MOT. Thus, loading times between 500 ms and 1.5 s were adopted during the
spectroscopy measurements shown later on.
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FIGURE 5.2: Loading curve of '™Yb in the first stage MOT. The best loading rate
was obtained when the MOT was operated at magnetic field gradients close to 70
G/cm.

5.2 The Atom Number

We determine the number of atoms trapped in a MOT or in the optical lattice by
using fluorescence imaging. Detection is done by the CCD camera mounted along
the vacuum chamber’s vertical axis (see figure 4.2). The relation for extracting the
atom number from the fluorescent light is

o Ptot
1ﬂhl/laser

(5.3)

The total light power emitted by the atomic cloud, P,., is calculated by integrating
the light detected by the CCD camera (Pg;) over the whole solid angle. In addition
to that, the aperture of the first imaging lens and the transmission through the
optical elements, 3, are included in the calculation. The relation is then expressed
as

Py = (4mrp, ) Paer/7d? B (5.4)

where d is the distance of the first imaging lens from the atomic cloud. Another
important parameter for calculating N is the scattering rate I'. The scattering rate
of atoms excited with light near resonance is [61]

Y S0

=3 (1 + 50+ (25/7)2) (55)

where,
e 59 = I/ is the ratio of the saturation intensity to the probe light intensity

e ) is the light detuning from the transition used for imaging
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Atomic properties Value
Saturation intensity, I, 572.4 W/m?
Probe transition linewidth, 2 x28 MHz
Laser frequency, vyser 7.5x10"“Hz
Experimental quantities Value
Probe light intensity, I 100 W /m?
Radius of the 1% imaging lens, Ij.,, 25 mm
Distance between atoms and 1% lens, d 21 cm

Total transmission through optical elements, 5 | 0.63

TABLE 5.1: The atomic properties and experimental characteristics relevant for
calculating the atom number using the fluorescent imaging method.

e 7 is the transition linewidth

With this, when imaging at resonance, the detuning is 6 = 0 and thus equation 5.5
reduces to

b= % (1 -igso) (5:6)

The expression for the atom number N can be re-written to include the atomic
properties and the experimental parameters as follows

 8r?Puet (1+ s0)
B VthﬁVlaseTSO

The transition used to image the Yb atomic cloud is the fast 1Sy — 1¥ transition
at 399 nm because of it’s high scattering rate. To do that, we use the same light
beams used to generate the blue MOT, but with the detuning turned to zero. The
light emitted by the atoms first crosses a window and two lenses, and is reflected
by one mirror, before getting detected. Losses due to those optical elements, as well
as other technical and intrinsic data required for calculating the atom number, are
shown in table 5.1.

(5.7)

The atom number in the blue MOT varied with the position of the MOT. The
limitations were mainly the different loading rates at the different positions. The
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limited optical access on the diagonal axes limits the adjustability of the MOT. At
the position defined by the optical lattice, the number of '"'Yb atoms trapped in
the blue MOT is 1.5x10% atoms £16%. The total laser power available for the blue

MOT was 3.8 mW, measured just before the vacuum chamber.

The loading process into the green MOT follows by switching the blue light field
off and exposing the atoms to a total of 4 mW of green laser power close to the 1S-
3P, transition at 556 nm. The diameter of the laser beam is 0.7 mm, illuminating the
atomic cloud from all three axes, as shown in figure 4.2. The transfer efficiency into
the green MOT, at the working position, is approximately 6%. However, transfer
efficiencies close to 10% were measured at random positions, where the blue MOT
and the green MOT were alligned to yield maximum transfer efficiency. The lower
transfer efficiency at the position of the optical lattice is mainly due to the imper-
fect allignment of the optical beams and the magnetic fields. For both values of the
transfer efficiency, the optimized green detuning is - 5 MHz and the laser power is
set to the maximum value of 4 mW. The number of atoms measured inside the green
MOT is 8.7x10*+19% atoms.

Stability measurement of the green MOT

In an attempt to study the stability of the atom number and density in the green
MOT, we performed a long term measurement during which over 1000 experimental
cycles were recorded. The evaluation was done for the green MO'T in the final phase,
after the laser power and the detuning were ramped down to their final values (see
figure 5.1). The parameters were ramped down slow enough not to lose a remarkable
amount of atoms from the trap. The atomic cloud was compressed to approximately
170 pm and we had an atomic density about 10 ¢cm=3.

Throughout the two hours of measurement, the lasers stayed locked and no correc-
tion of any of the experimental parameters was necessary. The assigned experimental
parameters resulted in a cycle length of approximately 2.5 seconds (see figure 5.1).
The cycle starts by loading the blue MOT for about 500 ms. The green MOT is
then loaded from the blue MOT in its first stage before being further cooled and
compressed in its second stage. The magnetic fields are kept on throughout the
whole process. The long-term measurement shows a fluctuation of approximately
20% in the atom number, as shown in figure 5.3. This value depends mainly on the
stability of the blue as well as the green laser systems. Higher fluctuations have been
observed on cold or hot days. Small temperature variations in the laboratory had a
clear fingerprint on the stability of the laser systems. Another important value that
was extracted from this measurement is the variation in the cloud width. The 170
pm cloud-width fluctuated by about 15 pm from the mean value (figure 5.3). As it
will be shown in section 5.3.1, the radius of the atomic cloud is comparable to that of
the lattice’s Gaussian beam. Therefore, this may result in shot-to-shot fluctuations
in the atom number inside the optical lattice.
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FIGURE 5.3: Top: Long term measurement over 3000 seconds showing the stability
of the atomic number versus time. Over 1000 experimental cycles were covered in
this measurement, in which 'Yb was trapped and cooled in the pre- and post-
cooling stages. The standard deviation marked in red reveals a fluctuation of 9.8%
from the mean. Bottom: Graph showing the stability of the atomic cloud width
(FWHM of the Gaussian fit) after being cooled and compressed using the 'Sy-3P;
green transition. The mean width is measured to be 173um, whereas the marks
representing the standard deviations show a value of 166 and 180um.
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FIGURE 5.4: Time-Of-Flight (TOF). The MOT is loaded and then the atoms are
released by switching off the laser light field. The atoms’ expansion is obtained by
taking successive images of the atomic cloud at certain time intervals by flashing the
atoms with resonant laser radiation at 399 nm.

5.3 Temperature of Atomic Cloud

Temperature measurements were done using the time-of-flight method. To explain
this, I will start with a standard expression in thermodynamics relating the tem-
perature to the velocity of particles moving along the i-axis and having a gaussian
velocity distribution [85]

kgT; = mv? (5.8)

™ ms,i

When the atoms are released from the MOT, the atomic ensemble undergoes a
gaussian expansion. This is done by turning off the MOT’s light fields after loading
the trap and letting the atomic cloud expand ballistically. The expansion of the
cloud during this phase is

oi(t) = \/0,-2(0) + %tz (5.9)

where 0;(0) is the initial width of the cloud along the i-axis and o;(t) is the width
after the cloud undergoes an expansion for time t (see figure 5.4).

In our experiment, temperature measurements of atoms trapped in the first stage
MOT are done by taking fluorescence images of the expanding atomic cloud with
time intervals of 200 us. The atoms are illuminated with blue resonant light for 500
us. The expansion rate along the different axes is slightly different due to the inho-
mogeneous trap interaction with the atoms. The temperature of fermionic ytterbium
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inside the blue MOT is around 700 uK, whereas the temperatures measured for the
bosonic isotope 1™Yb were around 3 mK. The fast 1.5)-' P, transition at 399 nm is
a good tool to trap the atoms leaving the Zeeman slower, and to cool the atoms to
a certain limit. However, the temperatures required as a pre-requisite to load our
optical lattice are around two orders of magnitude lower than what is obtained using
the 1Sy-' P, transition.

Therefore, the post-cooling stage serves afterwards to cool the atoms down to below
30 pK using the narrow 1Sy-*P; transition at 556 nm. The process of loading the
green MOT from the blue MOT is described in section 5.3. After trapping the atoms
in the green MOT, the light power and the detuning are ramped down to achieve
minimum temperatures. The best ramping time was measured to be around 45 ms.
It is in our interest to ramp down as fast as possible to keep the cycle short. How-
ever, shorter ramping times led to a remarkable loss of atoms inside the MOT. The
trapped atoms are held after the ramping process in the MOT for around 20 ms.
During this phase, the atoms are exposed to only 5% of the initial laser power and
with a reduced detuning of 1 MHz. The relationship of the atom temperature with
the laser power is shown in the bottom plot of figure 5.6. At full laser power of 4
mW, the atoms were heated up to temperatures around 70 pK. This is higher than
what is required to trap the atoms in our 50 uK deep optical trap. The temperature
of the atomic cloud drops down steadily with decreasing laser power to around 20
K, which is close to the Doppler limit, when using less than 10% of the initial power
(see section 4.1). Reducing the value of the laser power to below 5% leads to a strong
loss of atoms from the MOT.

5.3.1 The Optical Lattice

The optical resonator setup together with the laser system that are used to form
the 1-D optical lattice are described in section 4.5. In this section, the experimental
results related to the loading and trapping of atoms in the optical lattice will be
shown. The number of atoms trapped in the optical lattice and its stability, as well
as the lifetime, have a direct influence on the quality of the sprectroscopy measure-
ments on the clock transition. The optimization of those three values, together with
the experimental limitations, will be discussed here.

For loading the optical lattice, it is crutial that the green MOT in its final phase
is well overlapped with the position of the lattice, before the green laser is blocked
(see figure 5.1). The first step is finding the position of the optical lattice inside
the vacuum chamber. Since the optical lattice in our setup is fixed in position (see
section 4.5), the green MOT has to be alligned to bring the atoms at the position
of the lattice and to increase the loading efficiency. This is done by adjusting the
magnetic fields in the horizontal and vertical planes. As it is shown in figure 5.7,
three magnetic coils are used for the allignment. The coils Bh1l and Bh2 re-position
the green MOT in the xz (horizontal) plane. The vertical allignement of the green
MOT in the xy plane is done using the Bv1 coil. The overlapping of the green MOT
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FIGURE 5.5: Temperature measurements of the fermionic isotope *Yb and the
bosonic isotope YD in the blue MOT, using the TOF method. The plots, and
the respective fits marked in red, show the expansion of the atomic clouds along the
z-axis as a function of time.
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FIGURE 5.6: Top: Temperature measurement of the bosonic isotope '™Yb in the
green MOT. The plot, and the corresponding fit in red, shows the expansion of the
atomic cloud along the z-axis as a function of time. Bottom: A plot of temperature
as a function of trapping light power for 1™'Yb in the green MOT. The experimental
parameters for the isotope "'Yb were investigated in more details since the isotope
was used for our spectroscopy measurement on the clock transition.
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FIGURE 5.7: Simplified sketch of the main vacuum chamber. The relevant magnetic
coils for adjusting the position of the green MOT are labeled as Bh1, Bh2 and Bvl.
The magnetic field components of Bh1 and Bh2 are in the xz (horizontal) plane. Bv1
creates a magnetic field in the xy (vertical) plane.

with the lattice laser beam was done by changing the magnetic field of each coil at a
time, while keeping the values of the other two constant. To check whether the green
MOT is overlapped with the optical lattice, the MOT laser beams were switched off
for a while before turning them on again. In case the MOT is not at the right posi-
tion, no atoms are observed after 30 ms. When the green MOT is overlapped with
the lattice beam, the atoms would get trapped inside the optical lattice for a longer
time. Thus, the trapped atoms yield a non-vanishing fluorescence signal when the
beams of the green MOT are switched on after 30 ms. The magnetic fields resulting
from all three coils are then fixed at the values where the loading efficiency into the
optical lattice is best. The loading efficiency appeared to be most sensitive to the
magnetic field produced by Bhl. This is due to the inclination of the lattice laser
beam at the trapping position. Figure 5.8 shows the dependency of the transfer
efficiency, from the post-cooling stage into the optical lattice, on the position of the
ultra-cold atoms. The change in the position of the MOT is induced by a change
in the magnetic field produced by Bhl. Thus, the displacement of the atomic cloud
is along the real radius of the red laser gaussian beam. The electrical current re-
sponsible for this change in the magnetic field was tuned between 17 and 17.5A. The
normalized atom number as a function of position was fit with a Gauss profile and
the measurement yielded a FWHM of 165um + 6%. This value is comparable to the
diameter of the atomic cloud at the time of loading into the optical lattice and to
the lattice-beam-radius at the trapping position; calculated to be 155 pm [1]. Thus,
the size of the atomic cloud after the compression phase in the post-cooling stage is



72 5 Characterization of the Ultracold Atomic Source

one of the main issues limiting the increase in the transfer efficiency.

The bottom plot in figure 5.8 shows the dependence of the transfer efficiency in
the optical lattice on another important parameter, namely the temperature of the
atomic cloud just before loading the optical lattice. The measurement was done by
measuring the transfer efficiency for different powers of the green laser at the final
stage of the green MOT (see section 5.3). The measurement was taken for three
different values of the lattice potential depth. The maximum transfer efficiency from
the green MOT into the optical lattice was measured to be around 25%. This is
limited by the available laser power inside the resonator. Due to incoupling imper-
fections, a coupling efficiency higher than 10% into the intra-vacuum resonator was
not possible [1]. The result is a potential depth of approximately 50 pK (see section
6.3), which is comparable to the temperature of the atomic cloud in the final phase
of the green MOT.

The lifetime of atoms inside the optical lattice

The advantage of trapping the atoms in the optical lattice is the long access we gain
to ultracold atoms after switching the MOT fields off. Taking our vacuum pres-
sure into consideration, a lifetime of approximately 600 ms was expected for trapped
atoms inside the lattice (see section 4.2). However, the experimental measurements
showed a lifetime much shorter than that expected due to the background gas colli-
sions. One reason behind the short lifetime may be the heating factor resulting from
collisions with hot atoms and/or from near-resonant stray light. These two effects
were investigated in an attempt to improve the lifetime of atoms in the optical lattice.

The trapped ultacold atoms are located along the path of the atomic beam com-
ing from the atomic oven on the other side of the slower (see figure 4.2). Thus,
collisions of the atoms coming from the atomic oven with the trapped atoms are
probable and may be the reason behind the short lifetime. In order to investigate
that, we ran the experiment at different oven temperatures. The values for the life-
time were taken for oven temperatures between 340°C and 475°C. As the top plot
in figure 5.9 shows, no relevant improvement in the lifetime has been observed for
lower oven temperatures. This rules out the possible role that the collisions of the
atomic beam with the ultracold trapped atoms could have played, in reducing the
lifetime of trapped atoms inside the optical lattice.

Another factor that may play a role in heating the trapped atoms is the near-
resonance stray light. The detuned MO'T laser beam at 556 nm is switched off using
an AOM (see figure 4.5). Stray light can however still make its way to the vacuum
chamber and heat the trapped atoms in the optical lattice. In order to avoid that, we
placed a mechanical shutter after the AOM to block the residual near-resonant light.
The bottom plot in figure 5.9 shows that the shutter has a positive affect on the
lifetime. The increase in the lifetime for measurements done using the mechanical
shutter is around 20 ms. This is already a relevant improvement, but the lifetime is
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still below the limit induced by the background gas collisions.

Apart from the relatively short lifetime of atoms inside the lattice, large fluctua-
tions were present in the atom number. The measurements done on the trapped
atoms inside the optical lattice showed some discrepancy with the expected values.
While the lattice potential depth was calculated to be 200 pK, the experimental mea-
surements indicate a value of approximately 50 pK (see section 6.3). This factor,
together with the comparable radii of the atomic cloud in the post-cooling stage and
the trapping guassian beam, may be the main reasons behind the big shot-to-shot
fluctuations in the atom number, that limited the quality of the spectroscopy mea-
surements. Moreover, despite the measures taken to increase the lifetime of atoms
inside the optical lattice, the improved values are still about an order of magnitude
lower than expected, if the collisions with the background gas are considered as the
limitation. Thus, the reason behind the heating mechanism is still to be further
studied. One possibility could be the intensity noise of the trapping laser [1] [86]. A
higher vacuum pressure at the position of the lattice, due to outgassing of the glue
used for the resonator, is also something that may be limiting the lifetime of trapped
atoms inside the optical lattice.
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FIGURE 5.8: Loading efficiency in the 1-D optical lattice for '"'Yb. Top: Normal-
ized atom number transferred from the MOT into the optical lattice as a function
of position of the MOT, relative to the assumed light-field maximum of the optical
lattice. Bottom: Transfer efficiency of atoms into the optical lattice as a function of
the green laser power in the final stage. Different curves have been taken for different
lattice potential depths.
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FIGURE 5.9: Lifetime of ultracold '™'Yb in the 1-D optical lattice. Top: Rela-
tionship between the lifetime of atoms inside the optical lattice and the atomic oven
temperature. Bottom: Lifetime of atoms in the optical lattice. The red plot shows
the lifetime when the green light is switched off using an AOM, whereas the black
plot shows an improved lifetime after the stray light was blocked by mounting a me-
chanical shutter after the AOM. The measurement was done at an oven temperature

of 375°C.
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Chapter 6

Spectroscopy on !S)-°P, Transition
in 1"YDb

In the context of this thesis, the first spectroscopy measurements on the 1.5y-3F
clock tansition in '"'Yb was realized using the compact setup. The spectroscopy
measurement was done in the scope of Tobias Franzen’s masters thesis [1]. The
transition was first localized by probing the freely expanding atomic cloud. More
precise measurements on trapped atoms followed, yielding a narrower spectrocopy
line. This chapter will show the spectroscopic results together with a sketch of the
experimental sequence.

6.1 The Experimental Sequence

The different phases in which the atoms were slowed down, cooled, and trapped have
been discussed in the previous chapters. The parameters in each, and for every, stage
are put together in figure 6.1. The broad transition ' Sy-! P; is used to slow the atoms
in the Zeeman slower, as well as serving for pre-cooling the atoms down to 1 mK.
During this stage the blue laser used for the MOT is red detuned by 20 MHz and
the magnetic fields are on.

The atoms are then transferred into the green MOT and cooled down using the
narrow 'Sp-® Py transition (see section 5.3). A transfer efficiency of 6% is reached by
exposing the atoms to 4 mW of red detuned laser power at 556 nm. Two processes
follow afterwards. The first is ramping down the laser power and the detuning to
minimize the recoil energy of the atoms together with the MOT diameter. As a
result, the size of the atomic cloud and its temperature is reduced. Afterwards, the
atoms are held in this experimental state for 20 ms to reach a minimal temperature.

After the ultracold atoms are prepared in the post-cooling stage, atoms are loaded
in the optical lattice and spectroscopy is done on the 1Sy-2Py clock transition. The
imaging method that was used is the electron-shelving technique [87]. Tt is a very
efficient way to observe weak transitions, in our case the 'Sy-2P clock transition.
The idea behind it is to measure the number of atoms in the ground state, with
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FIGURE 6.1: Sketch showing the experimental sequence, starting with the slowing
of atoms and ending with the spectroscopy on the 'Sp-*Py transition. The blue,
green, red and yellow arrows on the left represent the laser to which the atoms are
exposed at the given stage. The time span of each phase together with the laser
detuning, laser power and the magnetic fields during that phase are shown on the

right, respectively.
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and without an excitation pulse. This was done by taking fluorescence images of the
strong 1Sp-1 P transition [58]. The depletion in the fluorescence signal signifies the
number of atoms that was lost from the ground state after being excited to the long
living state 3.

The spectroscopy line of the clock transition was not directly observed using trapped
atoms in the optical lattice. It was done step-by-step starting with spectroscopy on
untrapped atoms using the chopped-MO'T technique, followed by the chopped-lattice
method, before the spectroscopy on trapped atoms inside the optical lattice was done.
The different methods and the respective results will be discussed in the following
sections.

6.2 Spectroscopy on Untrapped Atoms

In the frame of this work, the sprectroscopy on the 1.Sy-3 P, clock transition was done
for the first time using our setup. Clock measurements have already been done by
other groups using fermionic and bosonic Yb isotopes (see section 2.2) [40] [15] [16]
[41] [42]. Our first attempts to detect the clock transition by probing atoms inside
the optical lattice failed. Therefore, we made a step-back and probed the atoms in
the post-cooling stage for the doppler broadened clock tansition [58]. We refer to
this method as the chopped-MOT technique.

As the name suggests, the chopped-MOT technique is based on releasing and re-
capturing the atoms in a MOT. In our case, the green MOT is used. Atoms in the
green MOT are about 2 orders of magnitude colder than those trapped in the blue
MOT. This results in less broadening of the clock transition due to the Doppler ef-
fect. The atoms are first cooled inside the MOT as described in the previous chapter.
But instead of loading the atoms in the optical lattice as mentioned in figure 6.1,
the MOT laser beams are switched off and the atoms are exposed to the probing
laser for a short time before the MOT is switched on again (see figure 6.2). With
the 578.4 nm laser having 500 uW of power focused to a diameter of 200 pum at the
position of the atomic cloud, the calculated Rabi frequency is 3 kHz. This implies
that only a small portion of atoms could be excited in one pulse, taking into consid-
eration the Doppler broadening on the order of 100 kHz. Therefore, this sequence is
repeated periodically for hundreds of times to excite a large number of atoms. Af-
ter exposing the expanding atomic cloud to the probing clock-laser, the MOT light
fields are turned on again to trap the atoms that are still in the ground state. This
re-initializes the velocity-distribution curve of the atomic cloud. The atoms that get
excited to the 3Py state leave the MOT trapping region due to gravity. Therefore,
the excited atoms go out-of-resonance with the near-vertical probe laser beam due to
the Doppler effect. Otherwise, the following puls at 578 nm could lead to the transfer
of atoms from the excited state to the ground state through stimulated emission.

The spectroscopy line shown in figure 6.3 was taken by switching the probe laser
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FIGURE 6.2: Sketch showing the experimental sequence for the chopped-MOT and
the chopped-lattice techniques.

beam on every 500 us for 300 repetitions. The atoms that stay in the ground state
are detected afterwards. For these experimental values, the maximum reduction of
the atom number is 70%. The resulting Doppler broadened linewidth is 300 kHz,
as it is shown in figure 6.3. The corresponding atomic temperature to the Doppler
broadened line was calculated to be 140 pK. This value is higher than what was
expected compared to the lowest temperatures that were measured previously in the
green MOT. However, the strong dependency of the temperature on the green laser
power and frequency was demonstrated in the previous chapter. In this case, the
MOT was not optimized for the minimum temperature but for the best position at
the location of the 578.4 nm laser.

Concerning the central frequency, it is blue shifted by 7.5 kHz + 11% due to the
Doppler and the recoil shifts, that arise mainly from our experimental geometry.
The allignment of the probing clock laser along the path of the lattice beam leads
to a near-vertical probing of the atoms. In the case of untrapped atoms, the central
frequency is shifted due to the non-vanishing velocity along the gravitational axis,
resulting in a frequency shift [88]

/
Av = v, (” ;“C” ) (6.1)

Here, the recoil shift is included in the expression for Doppler shift. The atomic
velocity before absorbing a photon and after the absorption is expressed as v and
v’, respectively. Other sources of error may also influence the frequency, such as
the residual near-resonance green light during the probing phase. For the chopped-
MOT method, the MOT light was switched off using the AOM only. The mechanical
shutter was not used due to it’s slow responce. As it was shown in section 5.3.1, the
lifetime of atoms trapped inside the lattice was increased by using the mechanical
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FIGURE 6.3: Spectroscopy on the 1.5y-3 P transition for 1"'Yb in a chopped-MOT.
The Doppler effect due to the motion of the freely expanding cloud results in a broad
linewidth. The FWHM was measured to be approximately 300 kHz.

shutter. Thus, the influence of residual near-resonance green light has already been
observed and may act as a source of error in this case.

6.3 Spectroscopy on Atoms Trapped in the Opti-
cal Lattice

The process of probing the clock transition for trapped atoms inside the optical
lattice was done using two different methods. In the first method, the lattice light
was switched on while the chopped-MOT sequence was running. We refer to this
method by using the term chopped-lattice. Later on, spectroscopy was done on
atoms trapped for an extended period of time in the optical lattice.
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FIGURE 6.4: Spectroscopy on the 1Sp-2Py transition in "*Yb using the chopped-
lattice method. Throughout this measurement, the optical lattice was switched on.

The linewidth is 2 orders of magnitude smaller than what was measured using the
chopped-MOT method [89].

6.3.1 Spectroscopy in a Chopped-Lattice

The first attempt to probe the "' Yb atoms inside the optical lattice was by switching
the 760 nm laser on, while operating the experiment in a similar way as it was done
for the chopped-MOT method (see figure 6.2). This is an intermediate stage between
untrapped atoms and trapped atoms in the optical lattice. The measurement taken
here allows us to see the effect of the lattice on the Doppler broadened spectroscopy
line, by trapping the atoms for a short time in the lattice during a chopped-MOT
measurement. Thus, we refer to this method as ”chopped-lattice”. Since the 578
nm and the 760 nm laser beams are overlapped inside the resonator, no additional
adjustments have to be done on the position of the atomic cloud. The overlapping of
the light beams was done by aligning the clock-laser light at 578 nm with the lattice
light at 760 nm. Both beams were guided over a long distance before and after the
vacuum chamber to insure good allignment. The retro-reflecting mirror used for the
intra-vacuum resonator has a minimal reflection for the 578 nm wavelength (<1%),
thus transmitting the yellow laser beam finally outside the resonator (see section 4.5).

A spectroscopy line that was taken with the chopped-lattice method is shown in
figure 6.4. Since a portion of the probed atoms is trapped in the optical lattice,
the probability to induce stimulated emission of atoms in the 3P, excited state back
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FIGURE 6.5: The carrier peak of the clock transition for atoms inside the optical
lattice, measured using the ” chopped-lattice” method for different probe laser power.

into the 'Sy state is higher than that for untrapped atoms, in which excited atoms
are driven out of the trapping region by the force of gravity. Therefore, a smaller
amplitude of the spectroscopy signal (i.e. a small reduction of the atom number) is
expected here.

By trapping the atoms in the Lamb-Dicke regime, spectroscopy on the clock transi-
tion yields a profile with three components, namely the carrier peak and two side-
bands [90]. The carrier peak is a result of the excitation of atoms from the 'S, state
to the Py state, with motional states n=n’ (see figure 6.7). On the other hand,
transitions between different motional states result in 2 additional peaks, one is blue-
detuned (n<n’) and the other is red-detuned (n>n’) with respect to the carrier. The
measurement in figure 6.4 shows a 3 kHz broad carrier in addition to the blue and
red sidebands. The two orders of magnitude narrower linewidth than that obtained
by the chopped-MOT method is due to the suppression of the doppler broadening
for the carrier peak. The independent nature of the carrier transition from n, makes
it minimally sensitive to the temperature of trapped atoms, which is not the case for
the sidebands. The ratio of the blue and red sideband amplitudes reveal in principal
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FIGURE 6.7: Transitions between different motional states of a trapped atom in
the Lamb-Dicke regime. The atom is excited from the 'Sy ground state to the 3P
excited state.

the thermal distribution of atoms inside the lattice. Unfortunately, the low signal
to noise ratio doesn’t allow us to obtain an exact temperature from the sideband
amplitudes. However, the close amplitudes of both peaks indicate a temperature on
the order of hundreds of uK. Moreover, by measuring the distance between the blue
sideband and the carrier, the vibrational frequency of the atoms inside the lattice
can be obtained. In addition to that, the width of the sideband is related to the
anharmonicity of the lattice potential. From the measurement shown here, the vi-
brational frequency was found to be approximately 50 kHz. The 100 kHz seperation
between both sidebands indicates a lattice depth of approximately 50 pK, which is
about one fourth of what was expected.

In an attempt to study the reasons behind the linewidth broadening of the car-
rier peak beyond the Fourier limit, the effects of the saturation broadening and the
magnetic shift were examined. The linewidth broadening due to the short pulses
(500 s pulse length) is calculated to be 1 kHz, which is one third of the total broad-
ening. The method shown here still employs the chopped-lattice technique. Thus,
for the measurements done at this stage, the probed atoms were still exposed to the
magnetic field gradient for the MOT. Considering our magnetic field gradient of 40
G/cm, the trapped atoms along a length of 200 pm perceive a maximum magnetic
field difference of 0.8 G. This corresponds to a contribution of the first order Zeeman
shift to the total line broadening of 1 kHz (see section 2.5).

The third effect is saturation broadening. When probing the atoms with relatively
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high intensities, the pumping rate becomes higher than the relaxation rate leading to
a line broadening of the atomic transition, which is proportional to the ratio of the
laser intensity to the saturation intensity of the transition [25]. The relation between
the linewidth and the intensity of the probing laser was examined by taking spec-
troscopy measurements of the carrier peak for different laser intensities. The plots
shown in figure 6.5 demonstrate this relationship for laser powers between 7 yW and
230 W, which correspond to calculated peak intensities between 0.06 mW /mm?
and 1.9 mW/mm?. The corresponding linewidths related to the minimum and the
maximum intensities were measured to differ by several kHz, as shown in figure 6.6.
At low intensities, the fit indicates a residual linewidth of approximately 1.5 kHz.

While the observed broadening may be explained by the Fourier-, Zeeman- and
saturation-broadening, other residual broadening effects may also have contributed
to the total broadening of the carrier linewidth. Those factors have still to be checked
and controlled appropriately. This includes a possible deviation of the lattice wave-
length from the magic wavelength [13], and the residual magnetic field at the position
of the probed atoms.

6.3.2 Spectroscopy in the Optical Lattice

As already mentioned previously in this chapter, the main purpose of the spec-
troscopy measurements using the chopped-MOT method is to obtain a rough value
for the transition frequency. After this was achieved, the experimental sequence de-
scribed in figure 6.1 was applied for direct spectroscopy on atoms trapped in the
optical lattice. After the ultracold atoms are prepared in the green MOT, the green
laser is switched off by an AOM and the residual light is blocked by a shutter. Thus,
the atoms are fully trapped in the optical lattice. At this stage, the atoms are only
exposed to the lattice light source at 759 nm. The magnetic fields are ramped down
as the last step before doing spectroscopy on the 1.Sy-3 P, clock transition. The yellow
light at 578 nm is then switched on for 30 ms. The detection is done by using the
electron-shelving technique. The number of atoms that are still in the 1Sy ground
state is detected after exposing the atoms to the probe laser, thus giving the number
of atoms that was transferred to the P, excited state. This is achieved by setting
the experimental parameters back to the blue MOT phase (see figure 6.1), exciting
the strong 'Sy-!P; transition and measuring the number of atoms that is captured
in the blue MOT.

The spectroscopy measurement done on the clock transition for atoms trapped in the
optical lattice can be seen in figure 6.9. Due to the single laser pulse per experimental
loop and the random spin of trapped atoms, only 25% of the initial population can be
excited to the 3Py state. A maximum excitation probability of 50% would have been
possible in the case of spin polarized atoms. All four Zeeman sub-states appear in this
spectroscopic measurement even though no intentional constant magnetic field was
applied. The coils responsible for creating the MOT quadrupole field were turned off
during the probing time. The four peaks are due to a constant magnetic field inter-
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acting with the ground state and the excited state. What we see are the transitions
between the m; = 1/2,-1/2 substates of the 'Sy and ®P, states. The strength of the
constant magnetic field can be obtained from the splitting of the Zeeman sub-states.
The shift coefficients were calculated to be £940 Hz/G and +200 Hz/G for the o
and the 7 transitions, respectively [91]. Taking the measurement in figure 6.9 into
account, the magnetic field obtained from the 0. and the 7 transitions appear to be
inconsistent by a factor of 2. The value of the magnetic field obtained from the o
transitions is 1.7 G. Therefore, the peaks of the 7 transitions are expected to have a
seperation of 650 Hz instead of 1.3 kHz, as marked by the dashed lines in figure 6.9.
The linewidth of the clock transition for measurements done on trapped atoms in
the optical lattice is signifcantly smaller than that measured in a chopped-lattice. A
linewidth of approximately 200 Hz was measured when exposing the atoms to about
5mW /em? of yellow light, which is still saturation-limited [1]. But the affect of the
saturation broadening on the linewidth was not further investigated here, knowing
that the linewidth is dominated by other residual effects that have to be controlled
in the first line, such as the Zeeman effect and the deviation of the lattice laser from
the magic-wavelength.

The various shifts that were discussed in section 2.5 have been mentioned and
maybe observed in some measurements. However, no detailed investigation of the
shifts has been done in the scope of this thesis. A rough estimation of the shifts has
been sketched in the masters thesis of Tobias Franzen [1]. Moreover, recent exper-
imental results for optical atomic clocks with neutral Yb as a reference have been
discussed in chapter 2. But the aim of presenting the spectroscopy measurements in
this work is mainly to demonstrate the experimental status of the Yb atomic source,
which has been built during my thesis. A more thorough investigation of the clock
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FIGURE 6.9: A spectroscopy measurement of the clock transition for ' Yb, trapped
inside the optical lattice. The plot shows the four transitions for the possible Zeeman
sub-states. The dashed black lines indicate the positions at which the 7 transitions
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transition has been done by Gregor Mura [5]. An in-depth study of the systematic
errors have still to be done for a better understanding of the experimental setup and
for possible elimination of the broadening sources.
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Chapter 7

Conclusion and Next Steps

In the frame of this thesis, a source of ultracold Yb atoms for a compact optical clock
based on neutral Yb was built and characterized. The first sprectroscopy measure-
ments using this apparatus were also demonstrated. The optical and opto-mechanical
setup of the ultracold source is fully contained on a 2x1 m? transportable table. The
electronics for the experiment control are contained in two racks. The slowing and
pre-cooling stages were done using the strong 1S;-!P; transition at 339 nm. The
atoms were afterwards further cooled from a few mK to several tens of uK through
the narrow 'Sy-2 P, transition at 556 nm. Finally, the atoms are loaded into the 1-D
optical lattice, which gives us access to trapped atoms for around 65 ms. The clock
transition was probed for atoms trapped inside the lattice, yielding a spectroscopy
peak with a linewidth of 200 Hz.

The most time consuming tasks through-out this work were the attempts to im-
prove the stability of the laser systems and to reduce the atom-number-fluctuations
inside the post-cooling MOT and the optical lattice. The blue laser diode, which was
chosen for its compactness, is extremely sensitive to temperature changes inside the
laboratory. Thus, locking the laser on the right frequency for a longer time was a
challenge, in particular during times when significant changes in the laboratory tem-
perature were observed. In addition, the stabilization system for the green laser was
far away from being perfect due to the very small spectroscopy signal we had. The
spectroscopy’s low signal-to-noise resulted in short-term fluctuations in the locking
signal. The lack of stability in the laser systems may be one of the main reasons
behind the fluctuations in the atom-number that had its clear fingerprints on our
measurements. Whether the large fluctuations in the atom-number inside the op-
tical lattice is mainly due to the instability of the MOT’s laser systems or not, is
something that we still don’t know. After completion of the experimental work of
this thesis, the blue as well as the green laser system have been replaced and a new
spectroscopy setup has been built in the scope of the thesis of Gregor Mura [5] to
improve the stability of the system.
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FIGURE 7.1: New 399 nm laser system. The whole system fits into a 19 inch,
fiber-coupled, rack shelf [89].

Next steps...

The results that have been shown in this work go back to the year 2013. For profes-
sional reasons, finalizing the thesis took me around two years after the experimental
measurements have been taken. In the meanwhile, a lot of changes and modifications
have been done to the experiment by my colleagues, in particular by Gregor Mura.

In the frame of Gregor Mura’s Ph.D. thesis, the concentration was put on further
development of the experiment by improving the existing setup and implementing
new parts in the experiment to enhance the long-term, as well as the shot-to-shot
stability of the experiment. Therefore, a new laser-setup at 399 nm was built (see
figure 7.1). The new setup is contained in a box and blue light is out-coupled using
optical fibers. This new construction is more compact than the old setup and is
better isolated from the laboratory environment, which makes the diode lasers less
sensitive to temperature fluctuations inside the laboratory. In addition to that, the
source for the laser radiation for the green MOT was replaced by a new one from
MenloSystems. The new laser has a higher output power and a better stability.

Moreover, a new fiber-based spectroscopy cell was designed and integrated in the
experiment. This spectroscopy cell has several advantages over the one that was
shown in this work. The new setup is not attached to the main vaccum chamber.
Thus, the Yb oven for spectroscopy can be re-filled without having to open the main
vacuum chamber. Moreover, the spectroscopy setup can be independently moved to
the position where it is most convenient. But more importantly, the locking scheme
of the green laser has changed with the implementation of the new setup. No direct
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detection of green fluorescence is essential anymore. The blue and the green lasers
are both locked by detecting the blue signal from the spectroscopy cell. By having
both laser beams overlapped at the position of the atoms, the blue signal would drop
when the green laser is at resonance with the atoms. This is due to the excitation
of atoms to the long-living 3P, state. This difference in the blue signal is then used
to lock the green laser.

Recently, new spectroscopy measurements on the clock transition have been done.
The transition have been observed with a linewidth that is one order of magnitude
better than what was obtained using the old experimental setup. In addition to that,
the signal-to-noise ratio has been improved by using a re-pumper at 1388 nm. The
results will be demonstrated in Gregor Mura’s Ph.D. thesis [5].

Several weeks ago, the experiment has been transported to INRIM - Turin, success-
fully demonstrating the transportability of the setup. The next big step is comparing
our Yb optical clock with the Yb optical clock present at INRIM. A new characteri-
zation of the clock will help understand better the shifts on the clock transition and
the respective uncertainties. A lot of work has been invested in building the clock
and a lot is still to be done in terms of characterizing and optimizing the setup.
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