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Abstract

The primary frequency and time standard, defined via a transition frequency
of caesium-133, is realized by microwave clocks reaching relative uncertainties
in the 10−16 level. This performance has been surpassed by state-of-the-art
lattice clocks, with transition frequencies in the optical regime, leading to two
orders of magnitude lower uncertainties. The key to this performance is the
confinement in the Lamb-Dicke regime at the magic wavelength enabling a
Doppler- and recoil-free spectroscopy with a first-order suppressed AC Stark
shift.
In atomic clocks, several effects contribute to the uncertainty of the transition
frequency. Through continuous global characterization efforts, the individual
uncertainty of these effects have been subsequently reduced. Yet one effect,
namely the frequency shift induced by blackbody radiation has been identified
as a dominant contribution which is difficult to overcome by technical means.
In this regard, magnesium-24 excels as a species of choice as its blackbody ra-
diation sensitivity is one order of magnitude lower than in the most frequently
used atomic clock species. Furthermore, magnesium offers a relatively simple
electronic structure which enables theoretical support through high-precision
calculations.
This thesis features the first characterization of a magnesium optical lattice
clock operating at the magic wavelength. The characterization of the mag-
nesium frequency standard presented in this thesis depends essentially on the
resolution of the transition linewidth, which could be reduced from kHz range
to 51(3)Hz in a complementing work. The realization of a transition linewidth
with a quality factor of Q = 1.3× 1013 has contributed to an improved determi-
nation of the magic wavelength within this thesis to 468.4106(2) nm. Compared
to earlier work, this represents an improvement of two orders of magnitude.
Furthermore, the lower transition linewidth also allowed the first observation
of the probe AC Stark shift and thus the first characterization of effects in the
lattice that falsify the frequency of the trapped magnesium atoms. Overall,
the relative uncertainty of the frequency-related effects influencing the clock
transition could be determined to be 7.1× 10−15. The dominant contributions
can be assigned to tunneling broadening and the lattice and probe AC Stark
effects, induced by the probe and lattice light. All these effects can be traced
back to technical limitations and are part of future work.
Following the characterization, a first frequency comparison between the mag-
nesium lattice clock against the primary frequency standard as well as the yt-
terbium ion clock at the PTB has been performed and thus a first realization of
a lattice based frequency standard with magnesium atoms was demonstrated.
The determined transition frequency of 655 058 646 681 864.1(5.3)Hz complies
with former measurements.

Key words: optical frequency standard, precision spectroscopy, frequency
comparison





Zusammenfassung
Der primäre Frequenz- und Zeitstandard, definiert über eine Übergangsfrequenz
des Cäsium-133 Atoms, wird anhand Mikrowellenuhren realisiert, die relative Un-
sicherheiten im Bereich von 10−16 erreichen. Diese Performance wurde durch mo-
dernste Gitteruhren mit Übergangsfrequenzen im optischen Bereich, um eine um
zwei Größenordnungen geringere Unsicherheit übertroffen. Im Falle sogenannter
Neutralatomuhren, wird die Speicherung von Atomen in einem optischen Gitter
im Lamb-Dicke Regime bei der magischen Wellenlänge ausgenutzt, welche eine
Doppler- und Rückstoßfreie Spektroskopie mit einer unterdrückten AC Stark Ver-
schiebung in erster Ordnung erlaubt.
In Atomuhren tragen mehrere Effekte zur Unsicherheit der Übergangsfrequenz bei.
Eine weltweit kontinuierliche Weiterentwicklung optischer Gitteruhren konnte die
Unsicherheit dieser frequenzverschiebenden Effekte reduzieren und ermöglichte ei-
ne genauere bestimmung der Übergangsfrequenz. Ein Effekt, nämlich die durch
die Schwarzkörperstrahlung induzierte Frequenzverschiebung, wurde als dominan-
ter Beitrag identifiziert und ist anhand von technischen Maßnahmen nur schwer
zu überwinden. In dieser Hinsicht zeichnet sich Mg dadurch aus, dass seine Sen-
sitivität auf Schwarzkörperstrahlung um eine Größenordnung geringer ist als bei
den am häufigsten verwendeten Uhrenelementen. Darüber hinaus bietet Mg eine
relativ einfache elektronische Struktur, welche eine Validierung von hochpräzisen
theoretischen Berechnungen ermöglicht.
In dieser Arbeit wurde die erste Charakterisierung einer optischen Gitteruhr basie-
rend auf Magnesium bei der magischen Wellenlänge durchgeführt. Die Characte-
rizierung hängt im Wesentlichen von der Übergangslinienbreite ab, welche in einer
komplementären Arbeiten vom kHz-Bereich auf 51(3)Hz reduziert werden konn-
te. Die Realisierung einer Übergangslinienbreite von nur 51(3)Hz mit einen Gü-
tefaktor von Q = 1, 3× 1013 hat zu einer um zwei Größenordnungen verbesserten
Bestimmung der magischen Wellenlänge, verglichen mit der vorhergehenden Mes-
sung, beigetragen. Die verminderte Linienbreite ermöglichte des Weiteren die erste
Beobachtung einer AC Stark Verschiebung induziert durch das Spektroskopielicht
und ermöglichte somit die erste Charakterisierung von Effekten im Gitter, wel-
che die Frequenz der gefangenen Magnesium Atomen verfälschen können. Die hier
erreichte relative Unsicherheit frequenzverschiebender Effekte beträgt 7 × 10−15.
Die dominierenden Limitierungen können auf eine Tunnelverbreiterung und die
AC Stark Verschiebung, induziert durch den Spektroskopielaser und das optische
Gitter, zurückgeführt werden, welche sich wiederrum auf technische Probleme zu-
rück führen lassen. Diese stellen die Themen zukünftiger Arbeit dar.
Die erste vollständige Charakterisierung erlaubte einen Frequenzvergleich zwi-
schen der gitterbasierten Magnesium Uhr und dem primären Zeitstandard sowie
der Ytterbium Uhr an der PTB und somit die erste Realisierung eines Frequenz-
standards basierend auf einer Magnesium- Gitteruhr. Die hier ermittelte Über-
gangsfrequenz von 655 058 646 681 864.1(5.3)Hz stimmt mit früheren indirekten
Messungen überein.

Schlüsselwörter: Optischer Frequenzstandard, hoch präzise Spektroskopie, Fre-
quenzvergleich
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Chapter 1

Introduction

Never measure anything but
frequencies

Arthur Schawlow [1]

Units serve to contextualize a value and are firmly integrated into our daily
lives. Because of their great importance, they must be
[...] readily available to all, are constant throughout time and space, and are easy
to realize with high accuracy.

- Bureau Internaional des Poids et Mesures, The International System of Units
(SI) [2]

This is realized with the help of the international system of units SI1, which is
the most widely used unit system. It derives all physical units from seven basic
units: length (meter), mass (kilogram), time (second), electric current (ampere),
temperature (kelvin), amount of matter (mole) and the intensity (candela).
Through further technical development, clocks, the measuring instruments for
elapsed time, were realized more and more precisely. The unit second became
due to this the unit which could be determined with the highest accuracy and
is today the most exactly measurable physical unit. Its current definition was
determined by the redefinition during the 13th General Conference on Weights

1Système international (d’unités).

3
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and Measures (GCPM1) in 1967 2. Accordingly, the second is determined by the
duration of 9 192 631 770 periods of radiation between the transition between the
two hyperfine levels of the ground state of the caesium-133 atom [3]. As a con-
sequence, atomic clocks referencing the caesium microwave transition have been
setup in national metrology institutes all around the world.
The impressive accuracy that the realization of the second achieved led to the fact
that further units were gradually referred to the second by a redefinition. The first
of these re-definition was decided during the 17th General Conference on Weights
and Measures in 1983, where the meter has been defined3 to be "the length of
the path traveled by light in vacuum during a time interval of 1/299 792 458 of a
second" [3].

Figure 1.1: Base units of the
SI system after the latest re-
definition. Source: [4]

Another milestone, demonstrating the impact
of the second is the redefinition of the base units
during the 26th Conférence Générale des Poids
et Mesures which came into force on 20 May
2019. The units kilogram, ampere, kelvin, and
mole have been redefined in terms of the Planck
constant (h), elementary charge (e), Boltzmann
constant (kB) and Avogadro constant (NA), re-
spectively. With the exception of the Avogadro
constant, these constants refer to the second.
Due to the new definition, 6 of 7 SI base units
are now defined in relation to the second and
thus also in relation to the frequency of the pri-
mary clock [5, 6]. Therefore, frequency mea-
surements constitute the foundation of virtually
all physical science.

Optical Atomic Clocks
The unit second is realized by counting periodic events. Counting many cycles
increases the accuracy of the frequency measurement. Therefore, higher cycle
rates allow in principle faster and more accurate frequency measurements. This

2 French: Conférence générale des poids et mesures
3The definition of the meter from 1889, based on the international prototype of platinum-

iridium, was replaced in 1960 using a definition based on the wavelength of krypton-86 radiation.
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Figure 1.2:
Principle of an optical atomic clock. An interrogation laser is pre-stabilized to an
ultra-stable cavity, imprinting its low-noise characteristic on the laser. A further
stabilization to an atomic transition enables a long term stability. This stabiliza-
tion is based on the interrogation of an atomic transition with a narrow linewidth.
A detection of the absorption signal can be converted electronically into an error
signal offering a correction of the laser frequency within a servo loop. A frequency
comb translates the optical laser frequency into a radio frequency.

behaviour can be expressed in terms of the instability of an atomic clock which is
given by the Allan deviation [7, 8]

σ(τ) ≈ ∆ν

ν0

1

(S/N)

√
Tc

τ
, (1.1)

with the atomic transition frequency ν0 and the resolved linewidth ∆ν. Here,
S/N denotes the signal-to-noise ratio, τ the averaging time and Tc the clocks cycle
time. The first term in this equation is called the line quality factor Q = ∆ν/ν0.
According to the Allan deviation, the instability gets reduced for higher transition
frequencies and/or a reduced resolved linewidth.
Frequencies of forbidden (1S0 → 3P1) and strictly forbidden intercombination tran-
sition (1S0 → 3P0) in alkaline earth metals with frequencies in the optical range
are up to five orders of magnitude higher than those of the clock transition used in
caesium clocks. This enables them to outperform the performance of microwave
clocks.

Initially, optical clocks were implemented using Ramsey-Bordé schemes on free-
falling atoms, which extend a Ramsey sequence to compensate for the photon
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recoil. Since the spectroscopy was performed on a freely expanding atomic en-
semble, the residual velocity of the atomic cloud led to a first-order Doppler shift,
limiting the performance of such clocks. At that time, this effect was largely
suppressed in ion-based optical clocks trapped in so-called Paul traps. In these
traps ions are confined in a variating electromagnetic quadrupole potential via the
Coulomb force in a volume with an expansion smaller than half of the transition
wavelength in the presence of a nearly negligible trapping-field [9, 10, 11]. Both
are the main requirements for Lamb-Dicke spectroscopy, where a Doppler- and
recoil-free interrogation is enabled [12].
In 2005 H. Katori proposed a technique enabling Lamb-Dicke spectroscopy also
with neutral atoms [13]. In order to capture the atoms in a sufficiently small area,
he suggested using an optical lattice confinement generated by a retro-reflected
laser beam. In order to minimize AC Stark shifts induced by the trapping laser
during spectroscopy, this laser has to be operated at the magic wavelength4. This
technique enabled optical lattice clocks based on neutral atoms to overcome the
limitations imposed by Doppler broadening for the first time.
By now, optical lattice clocks are operating on the strictly forbidden clock tran-
sition 1S0 → 3P0 of alkaline earth(-like) elements with natural linewidth in the
sub-Hertz regime. Among various frequency shifting effects such as the Zeeman
effect, density dependent effects and the AC Stark effect, the shift induced by
blackbody radiation (BBR) is the most important contribution to the uncertainty
of state-of-the-art clocks. Nevertheless, an impressive improvement on the control
of these effects led to the realization of optical lattice clocks reaching relative ac-
curacies in the low 10−18 [14, 15].

Motivation for a Lattice Clock Based on Magnesium
Optical lattice clocks based on elements such as strontium (Sr), ytterbium (Yb),
mercury (Hg) and also magnesium (Mg) are set up all around the world. Com-
pared to ytterbium or strontium, magnesium features an one order of magnitude
smaller sensitivity to frequency shifts induced by the blackbody radiation [16, 17].
Additionally, the relative simple electronic structure of Mg allows the development
of a high-precision relativistic model, leading to more accurate values for the black-
body radiation shift compared to the theoretical predictions of other clock species.

4The magic wavelength is defined as the wavelength where the differential polarizability of
both involved atomic states vanish in first order.
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A further remarkable feature of the bosonic isotope of magnesium is the strictly
forbidden clock transition 1S0 → 3P0. An interrogation of this transition becomes
possible by magnetic field induced spectroscopy [18]. Here, a magnetic field en-
ables the clock transition via state mixing. The resulting adjustable transition
linewidth can be arbitrary small such as a few tens of µHz, representing the small-
est clock transition among the above mentioned clock species. A drawback of this
method is an additional second-order Zeeman frequency shift. The realization of a
lattice clock based on magnesium also entails challenges such as the lack of suitable
sub-Doppler cooling techniques, ionization processes occurring while operating the
MOT and the magic wavelength lattice, and its low mass demanding a high trap
depth for sufficient suppression of tunneling effects in the lattice environment.
Nevertheless, in 2011, the first magnesium optical frequency standard with a
Ramsey-Bordé scheme on free-falling atoms was demonstrated, reaching an ac-
curacy of 7× 10−14. In order to avoid limitations by the first-order Doppler-effect,
an optical lattice was set up within the scope of the work of [19] and [20] in which
magnesium atoms could be captured for the first time. The resolution of the
linewidth has been treated in [21] and [22], whereby finally a linewidth of 51 Hz
could be realized representing the starting point of this work.

Outline of This Thesis
The highest line quality factor Q = ν/∆ν observed with magnesium atoms is
approximately 1.3 × 1013 and was realized within [22]. This paved the way for
the achievement of two important milestone for an optical lattice clock based on
magnesium atoms within this thesis: (i) the first fully systematic evaluation of
the magnesium lattice clock and (ii) the first frequency comparison of a magne-
sium lattice clock. Hereby, the frequency of the strictly forbidden clock transition
1S0 → 3P0 was absolutely measured for the first time resulting in an accuracy
improved by one order of magnitude compared to former measurements on the
1S0 → 3P1 transition.
This thesis is organized as follows: In Chapter 2, the apparatus for trapping
magnesium in the magic lattice is presented. Chapter 3 focuses on the charac-
terization of the lattice clock and gives a detailed description of effects to which
the clock is sensitive. Chapter 4 describes the remote frequency comparison and
the achieved total uncertainty of the clock. Chapter 5 finally gives an outlook on
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future perspectives of the magnesium lattice clock on how to make Mg competitive
with state-of-the-art devices.



Chapter 2

Description of the Magnesium
Lattice Clock at the Magic

Wavelength

Before exploring effects that have an impact on a clock’s transition frequency and
therefore influencing the accuracy of a clock, I will discuss the experimental real-
ization of a lattice clock based on the bosonic isotope of magnesium in this chapter.
The main characteristics of alkaline-earth (-like) elements will be explained first,
followed by the most important devices as well as steps for the realization of a
magnesium lattice clock. At the end of this chapter, I will present the result of
this apparatus with the smallest transition linewidth achieved so far with magne-
sium, yielding to the highest line quality factor of ≈ 1, 3× 1013.

2.1 Clock Operation with Magnesium
Magnesium exists in three stable Isotopes, the bosonic isotope 24Mg with a abun-
dance of 78.99%, the fermionic isotope 25Mg with a natural abundance of 10.00%
and a second bosonic isotope 26Mg with a natural abundance of 11.01% [23]. Due
to the lower abundance, the second bosonic isotope 26Mg will not be further dis-
cussed in this thesis.

9
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Figure 2.1:
Extract of the relevant level scheme of 24Mg with cooling and repumping
transitions (magenta), intercombination transition (blue) and the 1S0 → 3P0

clock transition (cyan). All transitions are given in Γ/2π and are addressed
by laser.

Both remaining isotopes provide two strong transition lines for cooling, shown in
figure 2.1. The cooling transition in the singlet system 1S0 → 1P1 is 78MHz broad,
the second one is 26MHz broad and can be found in the triplet manifold at the
3P2 → 3D3 transition. The intercombination transition 1S0 → 3P1 is only 36Hz

narrow. This transition rate does not provide enough scattering processes to trap
atoms against gravity. The triplet system provides a fine structure resulting in a
splitting of the triplet ground state 3P into three states 3P0, 3P1 and 3P2. These
states are called metastable due to their lifetime of 4.4ms [24] for the 3P1 state
and 38min [25] for the 3P2 state.
After magnesium atoms are cooled by a two-stage MOT, the atoms need to be
transferred to the optical lattice. To avoid light shifts induced by the trapping
field, light at the magic wavelength has to be used which was predicted for mag-
nesium to be at 468.45(23) nm by M. Safronova [26].
Alkaline earth metals such as magnesium have an even atomic number Z. For
bosonic isotopes, the atomic number and also the mass number are even, which
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leads to a spinless nuclear momentum I. Therefore hyperfine splitting (F = I+J),
only emerge in fermionic alkaline earth metals. The resulting hyperfine mixing
couples the 3P0 to the 3P1 state, leading to a non-vanishing transition probability
for the1S0 → 3P0 transition and a linewidth of the order of µHz. For bosons, this
intercombination transition stays strongly forbidden due to the absence of a nu-
clear spin. The clock transition of the bosonic magnesium 1S0 → 3P0 is therefore
strongly forbidden.
Nevertheless, applying an external homogeneous magnetic field will mix the 3P1

to the lower clock state 3P0 and introduce an adjustable transition rate, proposed
by Taichenachev [18]. The drawback of this is a Zeeman shift, which needs to be
controlled. This will be further discussed in chapter 3. This work was performed
with the bosonic isotope, even if clock operation with the bosonic isotope involves
the control of a magnetic field applied during spectroscopy resulting in an addi-
tional systematic and uncertainty contribution. Cooling of the fermionic isotope
leads to more stringent requirements for the cooling laser.

2.2 Experimental Apparatus

In this section I will at first discuss the main devices necessary for the operation
of a bosonic magnesium lattice clock, like for example the science chamber or coils
used for generating magnetic fields. Later on I will present the laser sources used in
our experiment together with the implemented improvements of the overall system.

2.2.1 Vacuum Chamber and Atomic Source

Experiments based on cooled atoms are performed in vacuum chambers to mini-
mize collisions between trapped and cooled atoms and background gas particles.
Collisions can lead to losses by kicking out trapped atoms and induce frequency
shifts. The requirements on the gas pressure in the chamber are given by the
application.
In the Magnesium experiment the vacuum chamber consists of two chambers, the
source chamber and the main chamber, connected via a 5mm diameter aperture,
allowing to have a high vapor pressure on the source side and a high vacuum in
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Figure 2.2:
View from top on the main science chamber with viewports denoted by their
application. For Zeeman slowing only a beam is applied exploiting the field gra-
dient created by the MOT coils. The beams used for both MOT’s are overlapped
by means of dichroic mirrors and are using the same viewport except for the 3P0

repumper. The lattice is contrary overlapped with the ODT and clock laser.
Apart from the spectroscopy signal a Camera is used for imaging. The PMT
is optimized for low noise detection of the spectroscopic signal. Not shown is a
Kapton film shutter placed inside the chamber in front of the oven for reduction
of collisions between atoms from the thermal atom beam and the atoms in the
center of the chamber.
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the main chamber. The source chamber is basically a DN63CF T-piece adapter,
pumped via a turbomolecular pump1 with a pumping speed of 60 l/s connected
via a DN40CF flange.
The main chamber, showed in figure 2.2, is basically a 210mm diameter stain-
less steel cylinder sealed with DN200CF flange with viewports for optical access.
Opposite the source chamber a DN63Cf flange connects the main chamber to a
cross, connecting a turbomolecular pump2 with a pumping speed of 200 l/s and
an ion getter pump3 with a pumping speed of 120 l/s, a vacuum sensor4 and an
optical viewport for irradiating light used for Zeeman slowing. Additionally ten
hollow cylinders are mounted to the vacuum chamber, with eight optical viewports
connected via a DN40CF flange and two DN63CF flanges with two additional view-
ports for optical access.
The oven inside the source chamber is made of a cylindrical steel reservoir, closed
by a drilled-out M8×10 screw and heated up to 440 degrees by a heating cartridge
[27, 28]. A miniaturized atomic source was developed in [29] with a distance to
the center of the main chamber of 165mm in order to increase the solid angle for
a sufficient loading of the MOT.

2.2.2 Magnetic Fields

In atomic experiments magnetic fields are applied in different configurations for
different applications. For MOT cooling for example a quadrupole field is needed
for local spacial enclosure whereas during magnetic field induced spectroscopy
homogeneous fields are required. On the other side, additional stray fields like
the earth-magnetic field or fields arising by the ion getter pump interfere with the
well designed quadrupole or homogeneous field, which needs to be minimized. The
undesired magnetic fields can be reduced by utilizing compensation coils.

Quadrupole Field
As a consequence of the Earnshaw’s Theorem for trapping atoms in a magneto
optical trap, a quadrupole field is required, where the minimum of the magnetic
field is overlapped with the crossed cooling lasers [30]. Magnetic fields can be

1TMU 071 P, Pfeiffer
2TMU 260, Pfeiffer
3StarCell, VacIon Pump, Varian
4Balzer
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Figure 2.3:
Homogeneous magnetic field applied for state mixing resulting from the MOT coils
(left) and the new pair of coils being optimized for a homogeneous field (right). A
distance of 1 cm away from the center is shown via the gray bar. The red dashed line
indicates the distance of the coils in respect to the center. Source: [22].

generated by current flow through two parallel coils. In the Anti-Helmholtz config-
uration, where the current flow is counter-propagating and the distance between
the coils is equal to the coil radius, the generated magnetic field will have a zero
field strength in the center between the coils. In case where the current flow direc-
tion is some for both coils, a homogeneous magnetic field can be generated. This
configuration is called Helmholtz configuration.
The quadrupole coils are placed close to the view ports mounted in the DN200CF
flange. This flange is embedded in the main chamber where a distance between
the coils and the minimum of the magnetic field of only 4 cm has been achieved.
The coils are wounded by 33 layer and are connected to a power supply delivering
maximum 200A resulting in a 500G magnetic field in the strong direction and
250G in the weak direction. Since the magnetic field has a linear increase over an
area of around 4 cm, consequently a magnetic field gradient of 131.5G/cm results
at zero position [27]. Because current flow heats up the coils, tubular cooper wire
are used for water cooling. The applied water pressure is around 10Bar reducing
the final temperature to 55 ◦C during continuous operation at 200A.

Homogeneous Magnetic Fields
For many applications like measurements of the second order Zeeman shift, ho-
mogeneous magnetic fields are necessary. In the magnesium experiment this can
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be generated by switching the current flow of one coil, used for the quadrupole
field, from Anti-Helmholtz to Helmholtz configuration. For this purpose four IGBT
(Insulated Gate Bipolar Transistor) are connected in a so-called H-bridge circuit
where the current flow in either direction can be created. The IGBT enables a
switching within 30µs. Nevertheless, eddy currents created by fast switching off
limit the coil regulation to 2ms [7].
The main application of this coil pair is the trapping within the MOT and therefore
the coils were optimized for the magnetic field gradient by means of the distance of
the coils and not for a homogeneous magnetic field, where they generate 2.49G/A

measured by Zeeman spectroscopy of the 1S0(mJ = 0) → 3P1(mJ = ±1).
Since the spectroscopy of the atoms is performed within the optical lattice, which
itself is loaded from a dipole trap at 1064 nm, the atoms can be distributed within
the Rayleigh range of the dipole trap of more than 2.5 cm. This requires a mag-
netic field with a homogeneity of at least the same area. Therefore a new pair of
coils has been set up consisting of a copper band measuring 15mm× 0.3mm. The
copper band can be operated with a maximal current of 30A. The coils are placed
around the main science chamber leading to a diameter of 253mm with a distance
of 134mm and a thickness of 4mm. The coils have also been characterized via the
magnetic sub- levels mJ = 0,±1 of the 1S0 → 3P1 transition, giving a magnetic
field strength of 0.6569(2)G/A [22].

Homogeneous Magnetic Field for Stray Field Compensation
As mentioned before, stray magnetic fields can manipulate well designed magnetic
fields or influence atomic spectra. Therefore three additional coil pairs are placed
around the vacuum chamber in all three dimensions.
The coils are made of 25 windings per each dimension around a cage with a size
of 30.5 cm. By applying a current of 1.5A a magnetic field strength of 1G can
be created with a homogeneity better than 25% in an area of ±5mm. The coil
current has been optimized within this thesis for canceling the earth magnetic field
measured via the 1S0 → 3P1, mF = ±1 magnetic field sensitive transition. Also a
stabilization was developed to ensure a stable and drift free magnetic field.

2.2.3 Detection

Detection of atoms can be performed by either a fluorescence or by absorption de-
tection. In the later an atomic cloud is illuminated by a detection beam creating
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a shadow through absorption which is detected on a CCD camera. For this detec-
tion method, a sufficient dense cloud is required. Whereas, fluorescence detection
is based on displaying emitted photons traveling in the direction of the imaging
system which can be used also with dilute gases.

Detection via a CCD Camera
In the magnesium experiment detuned light is already used for MOT cooling,
thus only detecting the emitted photons has to be performed. The implemented
imaging system is creating a 1:1 display on a CCD chip of an ultraviolet (UV)
sensitive CCD camera5.
The required light power for detection can be estimated by the photon scattering
rate γsc and the saturation parameter s [31]. In steady state the number of excited
state atoms in a two level system is given by

ρe =
s/2

1 + s+ (2∆/Γ)2
, (2.1)

with ∆ = 2π(νLaser − νAtom) the detuning, Γ the linewidth and the saturation
parameter s = I/Is given by the intensity of light I and the saturation Intensity
Is =

πhc
3τeλ3 with τe = 1/Γ the life time of the excited state. The photon scattering

rate results from the excited state population times the linewidth

γsc = Γρe =
sΓ/2

1 + s+ (2∆/Γ)2
. (2.2)

In the case where s � 1 most atoms will be found in the ground state. Whereas,
both states are equally filled if s � 1. Varying the saturation parameter in equa-
tion 2.2 and letting it evolve to infinite, one will find the photon scattering rate is
limited by the lifetime of the atomic state γs→inf

sc = γ
2

leading to saturation broad-
ening for intensities higher than the saturation intensity.

Fluorescence Detection via a PMT
In clock spectroscopy shot to shot fluctuation of the atom number during detection
reduces signal-to-noise ratio (SNR) of the detected signal. Detecting both, the ex-
ited atomic fraction and also the fraction remained in the ground state, the signals

5MaxCam, Finger Lakes Instrumentation combined with a "back-thinned" CCD47-10 Chip,
Marconi
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can be normalized to improve the signal to noise ration. The CCD camera used
in our experiment can not shoot fast enough in order to detect the ground state
and the excited atoms without increasing the time of the experimental sequence.
Instead, we set up a photo-multiplier tube (PMT) for detecting the spectroscopic
signal. For reduction of stray light the scattered detection light is collimated at
first by a lens with a focal length of f = 75mm and afterwards passing an aperture
at the position of the focus.

2.2.4 Singlet MOT

Cooling of magnesium is performed at first on a strong transition in the singlet
system 1S0 → 1P1, called singlet-MOT or S-MOT. This transition has a linewidth
of 78MHz corresponding to a Doppler-limit of 1.9mK. In the fermionic isotopes
where a hyperfine structure is present, temperatures below the Doppler- limit are
observable.
The singlet-MOT is operated at 285 nm. With adequate diode laser sources un-
available, we are using a commercial laser unit generating light at 1140 nm by an
ECDL (External Cavity Diode Laser) amplified by a Raman fiber amplifier (RFA)
and frequency doubled to 570 nm6 [19]. Finally, we are using a self-built bow-
tie SHG (second harmonic generation) to further frequency double the light to
285 nm. Typically, the commercial unit is operated at powers below 3W. A small
amount of light is fiber guided trough a polarization maintaining (PM) fiber to an
iodine spectroscopy cell in order to stabilize the unit by means of a Doppler-free
polarization spectroscopy, set up by M. Riedmann [32]. The linewidth achieved by
the stabilization is a few MHz narrow, sufficient for cooling on the 78MHz broad
transition.
The maximum generated UV light at 3W amplifier power is around 350mW in
the UV. At first, this amount of power is not necessary for operating the MOT in
the singlet system. The second, UV radiation acts aggressivly on coated surface
leading to faster degradation of the generated power. Therefore in order to oper-
ate the experiment with stable conditions, the amplifier power is leveled to a SHG
output power of 100mW.
The generated UV light is split by an accusto-optical modulator (AOM) into two
parts. The 0th diffraction order is used for Zeeman slowing. It is guided to a

6DL-RFA-SHG Pro, Toptica
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second AOM, detuned by −220MHz and further guided through a viewport into
the chamber, counter propagating the atomic beam. The −1st diffraction order is
frequency shifted by −78MHz corresponding to γ and splitted into 6 beams by
polarizing beam splitters (PBS) and further guided to the science chamber in three
dimensions counter propagating respectively. With this configuration we are able
to trap and cool down 109 atoms to temperature of 3mK.

2.2.5 Intercombination Transition

The intercombination transition is only 36Hz broad and thus is not sufficient for
laser cooling or narrow line transition cooling. This transition is only used to
drive atoms to the triplet manifold, where they are further cooled down. This
transition is driven by a Toptica unit7 consisting of an ECDL at 914 nm and a
frequency doubling stage to generate light at 457 nm. The typical output power
is 200mW. The available light is splitted by the means of a PBS, where one part
is at first guided through a double pass AOM and subsequently fiber guided to
an Utra Low Expansion (ULE) glass cavity. The special feature of ULE is its
low thermal expansion at room temperature and therefore a reduced sensitivity
to length changes for temperature fluctuations. By stabilizing the frequency of
the 457 nm laser via the Pound-Drever-Hall (PDH) technique the laser linewidth
can be reduced to approximately 30Hz. The second part, splitted at the PBS,
passes an AOM operated at −79MHz and is then fiber guided to the experimental
chamber. Finally 30mW are available for optically pumping the atoms from the
singlet manifold into the triplet manifold.

2.2.6 Triplet MOT

To further cool down the atoms a second cooling stage is applied in the triplet
manifold at the 3P2 → 3D3 transition. The Doppler-limit for this transition is
with 616µK slightly below the first cooling stage. Nevertheless, the size of the
triplet-MOT is 500 µm. This is 5 times smaller compared to the singlet-MOT and
is therefore more suitable for loading of follow-up optical traps, which is in our
case an optical dipole trap.

7TA-SHG-110, Toptica Photonics
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Figure 2.4:
Level scheme of the triplet system with laser driven transitions (solid line)
and decay channel (dashed line). Transition frequencies are given in THz
while transition linewidth γ = Γ/2π are given in MHz placed on the transi-
tion lines [7]. The finestructure splitting is given on the right side depicted
by dotted lines.

Once atoms are transferred to the triplet manifold, one cooling laser and two re-
pumper are applied. The cooling transition 3P2 → 3D3 in the triplet manifold is a
closed transition, but at high detuning off-resonant excitation to the 3D1 and 3D2

state is possible [32]. To avoid atoms decaying into the states 3P1 and 3P0 and
getting lost out of the cooling cycle, both repumper are irradiated to bring these
atoms back into the cooling cycle.
The energy spacing between the transitions in the triplet states is shown in figure
2.4, whereas the necessary light can not be provided by one laser. The Laser sys-
tem for the T-MOT was build in [33, 34] and consists of three master ECDL at
766 nm injecting taperad amplifier (TA). The laser are based on a grating creating
a cavity with some light fed back to the optical medium in the laser diode and
the first diffraction order to couple out of the resonator, in the so-called Littrow
design. The frequency can be aligned by the angle of the grating respectively to
the laser diode. For this purpose a fine-thread screws are implemented to tilt the
grating combined with a stack piezo driven by a high voltage piezo driver. To
avoid damage of the laser diode by back- reflections, an optical isolator is placed
directly behind the laser. The generated light injects a tapered amplifier to en-
hance the light from 50mW to around 1W. The light is further frequency doubled
via a frequency doubling stage built and described by [33] and [34]. The power
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enhancement necessary for efficient frequency doubling is provided by a bow-tie-
cavity avoiding a standing wave in the crystal. The nonlinear medium generating
the frequency doubled light is a LBO crystal. The LBO is biaxial crystal, where
phase matching is ensured by the crystals angle and temperature, regulated by a
temperature controller and a peltier element.
Light at 383 nm generated by the SHG is coupled through an AOM for optical
switching purpose, splitted after the AOM into six beams for MOT cooling and
fiber guided to the vacuum chamber. With this setup we are finally able to trap
around 108 atoms at 1mK.

2.2.7 Continuous Loading of a Dipole Trap at 1064nm

The lack of sub-Doppler cooling in the MOT, ionization of the upper 3D states
in the presence of light at the magic wavelength and also density limitations by
light-assisted two-body collisions in the T-MOT gives strong challenges for a suf-
ficient loading of an optical dipole trap at the magic wavelength. A continuous
loading scheme of a dipole trap at 1064 nm developed by M. Riedmann [32, 35]
overcomes this limitations and enables a transfer of 105 atoms into the dipole trap
which allows for the subsequent loading of 104 atoms into the magic wavelength
lattice.
The dipole trap is realized by an ytterbium doped fiber laser (YLM, IPG Pho-
tonics) with 48W maximum output power at 1064 nm, fiber guided to the sci-
ence chamber and focused down to 72µm, yielding a maximum trap depth of
U0/kb = −142 µK. The optical dipole trap sequentially separates the laser light
from the T-MOT and the lattice phase and thus avoids the temporal overlap of
both and therefore ionization. For the continuous loading of the dipole trap, the
Zeeman-slower, S-MOT, intercombination laser and T-MOT are driven simulta-
neously, but without the 3P0 repumper. The lack of the repumper creates a loss
channel in the T-MOT, whereby a quasi continuously loading of the 3P0 atoms is
achieved and overcomes the density limit, yielding around 105 at atoms at 100 µK
trapped in the ODT.
A spectroscopy of the clock transition where atoms get excited from the ground

state has the advantage of a better signal to noise ratio. Therefore, atoms cap-
tured in the ODT in the 3P0 are transferred previous to the spectroscopy into the
3DJ - states where they further decay to the ground state via the intercombination
transition.
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Figure 2.5:
Axial lattice potential with pe-
riodicity of λ/2 and n vibra-
tional bands (blue-shaded).

2.2.8 1D Optical Lattice at the Magic Wavelength

Atoms trapped in an optical lattice experience a trapping force resulting from the
optical potential given by the dipole trap. The potential U(r, z) created by an
optical lattice and hence by a retro-reflected laser beam can be described by

U(r, z) ≈ −U0 e
(−2r2/w2(z)) cos(kLz) +mgh, (2.3)

with the trap depth U0, the Gaussian dependence on the radial distance to the
lattice axis r =

√
x2 + y2 and the beam waist w(z) = w0

√
1 + ( z

z0
)2 , as well as the

periodicity in the z-direction depending on the lattice wave number (kL = 2π/λ),
given by the interference pattern. The standing wave forms nodes and potentials.
Atoms are trapped in the antinodes which can have different height and hence
different gravitational potential, described by the last term in the equation. The
effect of the polarizability on the trap depth is U0 = 4Pαi/(πcε0w(z)

2)).
The atoms experience a potential, created by the optical lattice which is leading to
a tight confinement along the direction of the axis, whereas a weak confinement in
the radial direction. In the case where the confinement in the axis direction fulfills
the Lamb-Dicke criterion η =

√
wR

wz
� 1 a Doppler- and recoil-free spectroscopy

can be performed. This is the case, when the axial trap frequency ωz is bigger
than the recoil frequency ωR. The first spectroscopy of magnesium atoms in the
Lamb-Dicke regime was performed by T. Wübenna [19]. Further investigations
performed by A. Kulosa have been directed to tunneling effects in shallow lattices
and their influence on the carrier line-shape [21].
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Figure 2.6:
Schematic of the enhancement cavity set up for the magic lattice. The enhancement cavity
is realized within a folded design outside the chamber. Between the science chamber
viewports and the enhancement cavity, dichroic mirrors are placed for overlapping the
optical lattice and the ODT at 1064 nm. The clock laser is pointing opposite to the lattice
laser and was supposed to be fully transmitted through the folding mirror, which however
turned out to be not the case. A deeper discussion on the implications can be found in
section 3.1.3.

Magnesium’s low atomic mass and short magic wavelength requires strong trap
depths of the optical lattice for sufficient suppression of tunneling and the resulting
broadening of the transition linewidth [21]. A high power laser source is generating
light at the magic wavelength by means of a frequency doubled titanium-sapphire8

(Ti:Sa) laser pumped by a Verdi G129, providing 12W at 532 nm. The Ti:Sa pro-
vides roughly 1W at 936 nm which is further frequency doubled by a SHG10 to
400mW at 468 nm. After passing an AOM for intensity modulation and an EOM
for sideband modulation for a later stabilization, it is fiber guided to the science
chamber, where 240mW are available for the generation of an optical lattice.

The frequency of the Ti:Sa laser itself is stabilized to the clock laser via a transfer
cavity with a mode spacing of around 100MHz [36]. The frequency selection of the
Ti:Sa laser is limited according to this spacing. The implementation of an AOM
in double-pass configuration in the near future will enable to tune the frequency
of the system closer to the magic wavelength.

8TIS-SF-07, Tekhnoscan
9Verdi G12, Coherent

10SHG Pro, Toptica
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Figure 2.7:
Experimental sequence of the
preparation of magnesium atoms,
clock spectroscopy and detection.
Zones: 1. Continuous loading to
the ODT at 1064 nm 2. Optical
pumping to the 1S0 ground state.
3. Transfer to the optical lat-
tice at 468 nm and release of hot
atoms by trap depth variation. 4.
Interrogation pulse and homoge-
neous magnetic field applied. 5.
Transfer to the ODT at 1064 nm
and 5. detection of excited atoms
via T-MOT.

The easiest way to generate an optical lattice is to retro- reflect laser light whereby
the counter propagating waves create an interference pattern with potential min-
ima and maxima. Depending on the detuning of the trapping wavelength atoms
can be captured either in blue or red detuned traps. The trapping force the atoms
experience is proportional to the lattice power.
An optical lattice for magnesium generated only by back-reflection is not sufficient

for Lamb-Dicke spectroscopy of magnesium at the available laser power. But with
the addition of a cavity utilized for enhancement of the in-coupled light to higher
circulating intracavity powers, sufficient high trap depths have been realized. The
enhancement cavity was set up and is described in more detail by [20] and [19]. To
summarize both, a horizontal 1D optical lattice placed around the science cham-
ber shown in figure 2.6 is created within a folded cavity design. The folded design
enables an enhancement of the lattice light at 468mn and was supposed to couple
out the probe light at 458 nm by a dichroic mirrors coated highly reflective for
468 nm and highly transmitted for light at 458 nm. Since the lattice is loaded from
the ODT, a spatial overlap between both needs to be ensured, which is realized
by dichroic mirrors placed inside the cavity.
The stabilization of the lattice to the enhancement cavity is performed by the
PDH technique using sidebands generated by the EOM, mentioned above. The
highest circulating power reached with this setup was roughly 8W. Unfortunately,
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the transmission of the viewports is degrading by applying such high laser powers,
leading to decreased enhancement given by the cavity. The reason for this is not
fully understood until now, but we could observe coating damage on the inside of
the vacuum windows. One explanation can be light enhanced deposition of mag-
nesium on the viewport surface. Nevertheless, the enhancement factor during the
measurements of this thesis was typically 25.
The transfer of atoms from the ODT into the magic lattice is performed within an
overlapping time of 50ms between both. The whole loading sequence is shown in
2.7. After the dipole trap is switched off, the hottest atoms trapped in the lattice
get released by adiabatically ramping down the trap in 100ms to 1.5W circulating
power and up again to the operating power resulting in 1000 atoms [21] and en-
sure the same atomic temperature and the same atomic condition for subsequent
experiments.
After the spectroscopy pulse the atoms get transferred back into the ODT. By ap-
plying the triplet MOT, excited atoms get detected. A subsequent resonant blow
away pulse now clears the atoms on the excited states. The remaining ground state
atoms get optically pumped back to the triplet manifold via the intercombination
transition and are also detected for normalization purpose. After another blow
away pulse a third detection is applied for a background detection [22].

2.2.9 Ultra Stable Laser for Clock Spectroscopy

The laser system used for probing the clock transition is operated at 916 nm which
is generated via an ECDL in Littman design.The output power of the laser is
enhanced by a tapered amplifier, where one part is fiber guided for stabilization
purpose to the ultra stable resonator, consisting of a 10 cm long mushroom design
cavity made of ULE glass with a finesse F ≈ 600, 000, shown in figure 2.8. The
laser is stabilized via the Pound-Drever-Hall (PDH) technique yielding an insta-
bility of σy(1s) = 5×10−16. Two identical system have been set up for the purpose
of comparison by A. Pape [37] and further improved by S. Rühmann [38] in terms
of stability.
The second part of the enhanced light is fiber guided via a 30m long polarization
maintaining fiber to the lab where the science chamber is placed and is again en-
hanced in term of power via a tapered amplifier yielding ∼ 800mW at 916 nm. The
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Figure 2.8:
Schematic Scheme of the clock laser setup including the ULE Resonator in mushroom
design and commercial frequency doubling stage. The light is fiber guided between two
laboratories from the cavity to the SHG via a 30m long PM fiber and amplified by
means of an tapered amplifier.

ultra stable light is frequency doubled via a commercial SHG11 in bow-tie configu-
ration using a KNbO3 crystal. This system generates ∼ 120mW at 458 nm which
is again fiber guided to the science chamber, where it is used for spectroscopy.
Both, the fiber between the labs and the following to the science chamber are
stabilized based on a heterodyne detection [22].

2.3 Magnetic Field Induced Spectroscopy

Optical dipole excitation of the strictly forbidden clock transition in bosons can be
enabled by mixing the states 3P1 and 3P0 via an applied homogeneous magnetic
field inducing a Rabi frequency ΩB.
The coupling between both clock states leads to a partially allowed state |2′〉

|2′〉 = |2〉+ ΩB

∆2
32

|3〉 , (2.4)

with ΩB being the magnetic coupling matrix element and ∆32 the splitting between
|2〉 and |3〉. Applying a probe beam with ω ≈ ω21 allows to observe the transition

11SHG pro, Toptica
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Figure 2.9:
Scheme of the magnetic field induced
spectroscopy of the 1S0 → 3P0 clock
transition. A magnetic field B induces
a coupling between states |2〉 (3P0) and
|3〉 (3P1) which enables a transition be-
tween 1S0 and 3P0 Source: [18].

|1〉
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|3〉
3P1

|2〉
3P0

ω, ΩL ω21

∆32ΩBγ

|1〉 → |2′〉 with a Rabi frequency Ω12 of

Ω12 =
ΩL ΩB

∆2
32

= α
√
I |B| cos θ. (2.5)

All the constants of both relations are combined via α, I is the intensity of the probe
beam and |B| the magnetic field. Taking γ(1S0 → 3P1) = 36Hz into account, one
can calculate α to be α = 69.0Hz/T

√
mW/cm2.

The finite lifetime induced by the magnetic field results from atoms transferred to
state |3〉 and decays with the decay rate γ

γ12 ≈ γ

Ω2
L

4
+ Ω2

B

∆2
32

. (2.6)

In addition, the intensity of the probe laser leads to a saturation broadening

γs = γ12
√

1 + I/Is, (2.7)

described by the saturation intensity Is. For our experimental values this effect is
negligible with respect to the tunneling broadening [22].
Compared to the fermionic isotopes with a natural transition linewidth in the or-
der of mHz, we expect in magnesium an induced natural linewidth in the µHz
regime with an applied magnetic field of a few Gauss and probe intensities of a
few watts per square centimeter.
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Figure 2.10:
First observed clock transition of magnesium
with a linewidth of 51(3)Hz and a line quality
factor of 1, 3 × 10−13. The plotted data is
averaged across four data sets at trap depth
of 36.7ER.

2.4 Highest Line Q Value for the Magnesium
Clock Transition

After implementing partially new and partially cleaned viewports in the path of
the optical lattice, a circulating lattice power of 8W was realized for the first time
with this setup. In a first step, further measurements of the magic wavelength
have been performed which are discussed in chapter 3. Due to the reduced tunnel-
ing rate and additionally operation of the lattice closer to the magic wavelength,
smaller transition linewidths have been realized, which paved the way for the re-
duction of the clock laser intensity and the magnetic field. The dependence of
the transition linewidth on both was studied by K. Zipfel and is described in his
thesis [22]. A further improvement implemented in the experiment are the already
described new homogeneous coils.
All in all, the enhanced trap depth, an optical lattice only a few MHz detuned from
the magic wavelength, reduced clock laser intensity and magnetic field and also an
optimized homogeneous magnetic field lead to a spectroscopy signal with a clock
laser pulse of 650ms of only 51(3)Hz, which is shown in figure 2.10. Compared
to the previous measurements with a linewidth in the tens of kHz, the transition
linewidth could be reduced by more than two orders of magnitude leading to the
highest line quality factor of Q = ν/∆ν ≈ 1, 3 × 1013 achieved with magnesium
atoms so far.
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Figure 2.11:
The stabilization points at ν = ν0±δ
of the clock laser to the atomic tran-
sition in the case where the clock
laser is slightly off resonance. This
behaviour is indicated by different
signal amplitude. The clock laser fre-
quency is corrected after each stabi-
lization sequence.
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2.5 Clock Operation
In order to quantify the impact of various effects on the frequency measurement, we
lock the frequency of the spectroscopy laser to the atomic transition and measure
the frequency shift of the resonance in dependence of the corresponding parameter
values. The lock on the resonance is realized by tuning the laser resonance on both
edges of the probe freqquency curve. The detected number of atoms at both slopes
can be used in order to calculate the center transition frequency and based on this
to generate a correction to steer the laser, allowing for a compensation of a laser
drift. In respect to a scan across the atomic transition this technique requires only
two experimental cycles for the determination of the transition frequency leading
to an improvement of the stability.
Unfortunately, the lock of the laser on the atomic transition was not working re-
liably in the case of large cavity drift rates, leading to increased uncertainties of
the measurements. Therefore a drift pre-compensation was realized via a beat
measurement to an optical frequency comb being referenced to a maser.



Chapter 3

Systematic Evaluation of the
1S0 → 3P0 Transition

Spectroscopy in 24Mg

This chapter discusses effects contributing to the uncertainty budget of the fre-
quency measurement and the methods employed for quantifying their impact. Po-
larizability related effects like the AC Stark shifts induced by applied laser light or
the blackbody radiation as well as the second order Zeeman shift, Doppler shifts
and also the collisional and gravitational red shift will be discussed.
The analysis on the magic wavelength and the frequency shift due to the Zeeman
effect is based on a work by A. Kulosa, who performed experiments in a shallower
magic wavelength lattice and therefore observed a larger linewidth due to stronger
tunneling [21]. These effects have been studied in this thesis with a higher resolu-
tion due to a higher lattice trap depth and hence reduced tunneling. The resulting
narrower transition linewidth paved the way to a reduction of the uncertainty of
these effects to the low 10−15 regime and also to the first direct observation of the
probe AC Stark shift.
Nevertheless, the two main contributions to the resulting uncertainty budget are

still the tunneling enlarged line width of the transition and at a similar level, the
AC Stark effect induced by the lattice light in combination with the associated
uncertainty of this frequency of the order of 5.4 × 10−15. Table 3.10 summerizes
the role of these effects for the frequency evaluation of the 1S0 → 3P0 transition in
magnesium.

29
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3.1 The Influence of the Polarizability

The shift of electronic energies due to an external electric field E is known as the
Stark effect and is given by

δEi = −1

2
αi 〈E2〉 − 1

24
γi〈E4〉 − · · · (3.1)

where αi and γi are the polarizability and hyperpolarizability of the state |i〉 [8].
The interaction energy between the atom and the external field is in general small
with respect to the Coulomb interaction of the electron with the nucleus. There-
fore, the Stark effect is calculated by employing the perturbation theory [8]:

δEi(ω) =
1

2~
∑
k 6=i

ωik |〈i| e~r ~E |k〉|2

ω2
ik − ω2

, (3.2)

where the coupling between the states |i〉 and |k〉 is given by the angular frequency
of the external electrical field ωik and the dipole momentum e · ~r with e being the
elementary charge and ~r the position operator.
The electric field might have a DC as well as AC components. Therefore a case
analysis needs to be done for different field frequencies in respect to the transition
frequency and the linewidth [39]:
Case I: Quasistatic field. If the frequency of the external electric field is much
smaller with respect to the natural transition linewidth, the atoms will follow the
field adiabatically. Hence, the effect can be treated as static.
Case II: Slowly oscillating field. In the case where the atoms are exposed to a
slowly varying electric field with a frequency larger than the natural linewidth,
but much less than the transition frequency, the atoms can no longer follow the
variation of the perturbation. In this case the energy of the electronic states will
be shifted according to 3.1.
Case III: Rapidly oscillating nonresonant field. The frequency dependence of the
polarizability αi = αi(ω) and the hyperpolarizability γi = γi(ω) needs to be taken
into account for frequencies of the applied electric field being much larger than the
natural linewidth and in the order of the transition frequency.
Case IV: Resonant field. Equation 3.2 shows a singularity in the case of an applied
resonant electric field. The interaction between a two-level system and a resonant
electric field can be treated with the rotating-wave approximation, leading to the
Rabi frequency.
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Equating the coefficients of equation 3.1 and 3.2 one can find the scalar polariz-
ability to be

αs,i(ω) ≈
2

~
∑
k

ωik d
2
ik

ω2
ik − ω2

. (3.3)

or in the case of a DC field
αi =

2

~
∑
k

d2ik
ωik

. (3.4)

According to equation 3.1 the AC Stark shift is also influenced by the hyperpolariz-
ability γi which is related to two-photon-processes. Even if the hyperpolarizability
is having a smaller impact on the energy of the electronic state with respect to
the polarizability, it has to be considered in applications with high laser intensities
and high resolutions [40]. The hyperpolarizability related frequency shift belongs
to the higher order frequency shifts, and will be discussed in 3.1.2.

3.1.1 Polarizability Effects I: The Magic Wavelength
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Figure 3.1: Polarizabilities of the clock
states of Mg calculated by M. S. Safronova.

The frequency dependence of the polariz-
ability of the electronic states allows to op-
erate the optical lattice at the so called
magic wavelength. Here, the differential
polarizability of both clock states 1S0 and
3P0 vanish in first order ∆α(ωmag) = 0.
The polarizabilities for both clock states
of magnesium-24 have been calculated by
M. S. Safronova, shown in figure 3.1.
The crossing point between both is in-
dicating the magic wavelength to be at
468.45(23) nm [26].

Measurement of the Magic Wavelength
The first measurement of the magic wavelength for the 1S0 → 3P0 transition in
magnesium was performed by A. Kulosa [26, 21] in a shallow lattice with a maxi-
mum trap depth of 14.5ER and a resulting linewidth on the order of tens of kHz,
which allowed to evaluate the λmag to be 468.46(21) nm.



32 Chapter 3. Systematic Evaluation of the 1S0 → 3P0 Transition Spectroscopy

0 10 20 30 40 50
−600

−400

−200

0

200

400

640
.008

TH
z

640.0184THz

640.0227THz640.0340THz640.0406THz

Trap depth [E
R
]

L
ig
h
t
sh
if
t
[H

z]

0 10 20 30 40 50

−20

0

20

Trap depth [E
R
]

L
ig
h
t
sh
if
t
[H

z]

Figure 3.2:
(Left) Eight measurements of the AC Stark shift with different lattice frequencies and
(Right) two additional measurements at 640.02054(1)THz close to the magic frequency
of 640.02071(29)THz. The sample data counts more than 250 data points per trap
depth and each frequency value averages down to the low 10−15 regime.
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Figure 3.3: Determined values and un-
certainties for the magic wavelength.

In the scope of [22] and this work, line width
as small as 51(3)Hz have been achieved permit-
ting a more precise determination of systematic
shifts. The re-determination of the magic wave-
length was performed at eight different wave-
lengths of the optical lattice with lattice inten-
sities varying between 34ER and 48ER. The re-
sulting AC Stark shift was determined by lock-
ing the laser to the atomic resonance and mea-
suring the frequency shift in respect to the trap
depth. For each wavelength, the linear coeffi-
cient of the Stark shift was determined, see fig-
ure 3.2. With this, the magic wavelength was estimated with improved precision
to be 468.4106(2) nm complying with the values of M. Safronova and A. Kulosa.
The current precision is still limited by the transition linewidth and hence, the
trap depth of the horizontally oriented lattice, and also the lattice light frequency.
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Day 06/23 06/26 06/27 06/28 06/29 06/30 07/07

∆νm,lat[MHz] 32 48 100 96 52 94 32

∆νlat [Hz] 0.4 0.6 1.2 1.2 0.6 1.1 0.4

Table 3.1: Detuning of the lattice frequency in MHz with respect to the magic frequency
and the resulting frequency shift of the 1S0 → 3P0 clock transition of magnesium.

During the frequency measurement campaign, described in the next chapter (chap-
ter 4), the optical lattice was operated at a circulating power of 2.80(1)W cor-
responding to a trap depth of 22.9(3) ER. The frequency of the lattice was set
between 640.02062(6)THz and 640.02070(6)THz, with the fundamental of the
frequency doubled light being characterized against a wavemeter1 with 30MHz

accuracy, referenced to the 36Hz narrow intercombination transition. The de-
tuning of the lattice with respect to the magic wavelength has been 32(60)MHz

minimum and maximum of 100(60)MHz, depending on the choice of the transfer
resonator mode used to stabilize the laser (see section 2.2.8). This resulted in an
AC Stark frequency shift of 0.4Hz in the case of minimum frequency detuning and
1.2Hz in the case of maximum detuning. Due to the changing frequency during
the campaign, the lattice induced light shift was post corrected for every day, re-
spectively and thus does not contribute to the total frequency shift in the error
budget. The resulting uncertainty of the lattice AC Stark shift, is composed of
the uncertainty of the magic wavelength, the lattice laser frequency and the trap
depth and contributes to the total uncertainty.

ν [Hz] ∆ν [Hz] ν [10−15] ∆ν [10−15]

Lattice AC Stark 0.0 3.5 0.0 5.4

Table 3.2: Frequency shift and uncertainty contribution to the error
budget of the magnesium lattice clock induced by the lattice potential.

1WSU30, HighFinesse
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Figure 3.4:
(Left) Measurement of a lattice power dependent frequency shift at high trap depths.
Since higher order frequency shifts would lead to a non-linear behaviour a linear (red)
and a quadratic (green) fit have been performed. At a trap depth of 22.9ER (dashed line)
the difference of both fits results in a frequency shift of −0.025Hz. (Right) Associated
data after a post correction of the clock laser drift. Non-linear changes of the clock laser
frequency drift led to oscillations induced by the lock on the transition which are reflected
in enlarged error bars.

3.1.2 Polarizability Effects II: Hyperpolarizability

The hyperpolarizability depends on the square of the lattice trap depth and the
lattice frequency. In the case of the strontium clock, for example, the value of
the lattice wavelength of 813.428 nm is close to the one of the 5s5p 3P0 − 3s4f 3F2

transition of 818.57 nm. This causes a frequency shift of several kHz at trap depths
above 125ER.
In magnesium, states coupling to the clock levels via two-photon processes have
a much higher difference in frequency and should therefore have less influence.
However, ionization processes2 which also contribute to the hyperpolarizability,
are larger than for other earth alkalis.
In order to estimate the influence of the hyperpolarizability on the clock transition,
we performed measurements at the highest trap depth feasible at this time, shown
in figure 3.4 with 4 different lattice parameters from 32.6ER up to 44.9ER with
287 data points per trap depth. The difference between two fit functions, a linear
and a quadratic one, results in a relative frequency difference of −3.9×10−17 for a

2In magnesium the closest transitions to the clock transition which are leading to ionization
have transition wavelength of 202 nm and 255 nm.
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Figure 3.5:
Scheme of the lattice setup as well as the optics to control the light intensity of the probe
laser. At first, a fraction of the clock laser light is coupled out in front off the enhancement
cavity, which is used for intensity stabilization. The main part of the clock laser is coupled
into the resonator via the enhancement mirror on the left but is not completely coupled
out by the folding mirror on the right side. Due to technical limitations the required angle
on the dichroic mirror could not be maintained which is leading to parasitic reflections
and a standing wave arises.

lattice trap depth of 22.9ER which was applied during the frequency comparison.
This effect can therefore be neglected at the accuracy level of our clock. Hyperpo-
larizability and other higher order effects [41] have to be considered with narrower
linewidth and are discussed in the outlook (5.3).

3.1.3 Polarizability Effects III: The Probe AC Stark Shift

During the magnetic field enhanced spectroscopy [18], both the intensity of the
probe beam and the magnetic quench field cause frequency shifts. They can be
chosen in a way where the total uncertainty gets minimized. In our case, the main
uncertainty is given by the probe AC Stark shift due to parasitic reflection of the
probe light at the cavity mirrors, shown in figure 3.5, which is leading to a standing
wave with fluctuating amplitudes rather than a single travelling wave. Since both
standing waves, those of the lattice and those of the clock laser, have different
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Figure 3.6:
Measurement of the probe AC Stark
shift on the clock transition of
magnesium-24 in dependence of the
clock laser power measured outside
the enhancement cavity. Variations
in the intra-cavity probe intensity are
leading to an AC Stark slope varia-
tions beyond the error bars of each
measurement.
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periodicities, the overlap of the maxima varies from potential to potential. This
finally leads to a reduction of the atomic excitation probability.
Additionally, the fraction of the clock laser used for intensity stabilization is sam-
pled outside the cavity, the intra-cavity intensity depending on the length of the
enhancement cavity can not be controlled sufficiently. This behaviour was revealed
by a measurement of the AC Stark shift coefficient κ, shown in figure 3.6. There,
each linear fit represents one AC Stark shift measurement that was repeted six
times in a row, comprising nine different intensities, which were measured outside
of the cavity. As the intracavity probe intensity did not directly corresponds to
the intensity measurement outside the cavity the slope differs for different mea-
surements sets which in turn resulted in a higher total uncertainty for the probe
AC Stark shift in the transition frequency of magnesium.

3.1.4 In Situ Measurement of the Probe AC Stark Shift

In order to avoid a dominant uncertainty or even a wrong estimate of the probe
AC Stark frequency shift, we decided to track the induced frequency shift during
the frequency comparison within an in situ measurement. For this purpose, we
performed an interleaved measurement of the frequency with a probe beam power
of 3mW and 20mW 3. During the whole frequency measurement only the error
signal generated during the measurement with 3mW probe laser power was used

3Since, besides the clock sequence a further sequence is applied, the clock’s instability grows
by

√
2.
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Figure 3.7:
The blue graph is representing the data of the 24Mg frequency measurement compared
against the H10 maser at PTB and the change in frequency due to the probe AC Stark
inferred from the in situ measurement (red). The frequency correction due to probe AC
stark shift is approximately between −10Hz and −20Hz. The data was taken at seven
days during the frequency comparison against PTB in the period between June the 23rd,
2017 and July the 7th, 2017.

to correct the clock laser frequency and will be referred to as the clock sequence
in the following.
For the evaluation of the frequency difference between both sequences, both sig-
nals have been fitted using a smoothing spline. Linear fits to any point of both
splines results in a time-depended AC Stark frequency shift measurement shown
in figure 3.7. The induced probe AC Stark shift is fluctuating between roughly
−10Hz and −20Hz and was finally post-corrected from the frequency data. The
uncertainty of the probe induced AC Stark frequency shift was estimated by the
standard deviation of the residual fluctuations to be 2.2Hz.

ν [Hz] ∆ν [Hz] νrel [10
−15] ∆νrel [10

−15]

Probe AC Stark 0.0 2.2 0.0 3.4

Table 3.3: The contribution of the probe AC Stark shift to the uncertainty budget. The
Frequency shift of the probe AC Stark shift is post-corrected but still contribut via the
uncertainty.
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3.1.5 Polarizability Effects IV: Blackbody Radiation In-
duced Shifts

Next to the lattice and probe light, also the blackbody radiation (BBR) causes a
coupling the clock states with other electronic states. The impact off the thermal
blackbody radiation on the atoms can also be described by equation (3.1), the
polarizability (3.3) and by the power spectral density ρ(ω, T ) described by

ρ(ω, T ) =
~

π2c3
ω3

ehν/kBT − 1
dω. (3.5)

The average energy field being present in equation (3.1) can be obtained by in-
tegrating over a continuous spectrum of frequencies of the spectral distribution
〈E2〉 = 1/ε0

∫∞
0

dω ρ(ω, T ). The frequency shift of the clock transition induced by
blackbody radiation then becomes

∆E = − ~
2ε0π2c3

∫ ∞

0

dω∆α(ω)
ω3

ehν/kBT − 1
, (3.6)

where ∆α(ω) denotes the differential frequency dependent polarizability between
the ground and the excited state. The resulting energy change can be split into a
static and a dynamic contribution:

∆E = ∆E(stat) +∆E(dyn), (3.7)

where the static contribution can be assigned to the low frequency part of the
blackbody radiation which can be calculated by applying the static polarizability
with α(ω → 0)

αi =
2

~
∑
k

dik
ωik

(3.8)

on the Stark shift
δE

(stat)
i = −1

2
αi 〈E2〉. (3.9)

The dynamic correction results by subtracting equation (3.9) from the total energy
shift (3.6). Consequently, the frequency shift can be given by

∆νBBR = − 1

2h
∆α 〈E2〉T +∆νdyn(T ). (3.10)
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Figure 3.8:
(Left) Spectral density described by Plank’s law at 310K (blue) and 95K (red). The
dashed line indicates the 3P0 → 3D1 transition of strontium at 115THz coupling to the
BBR. (Right) Level scheme of magnesium with the clock states 1S0 and 3P0 and all
adjacent states.

The full discussion on the theory can be found in [8, 39, 42].

Theoretical Prediction
The most recent calculations of the polarizability for 24Mg of [26] and [43] are re-
sulting in α(1S0) = 71.251(6) a.u. and α(3P0) = 100.922(110) a.u.4, for the ground
and the excited clock state, respectively. The uncertainty was estimated by the
difference between a CI+ all order model (all-order linearized coupled-cluster meth-
ods) and a CI+MBPT (many body perturbation theories), which does not include
all corrections to the effective Hamiltonian. Both methods differ by an uncertainty
of the calculated BBR frequency shift of less than 1% and representing the limit
for the uncertainty.
The dynamic contribution of the blackbody frequency shift is based on calcula-

tions and lifetime measurements of the 3D1 state. S. G. Porsev [43] determined the
dynamic correction for the 3P0 to be 0.1 a.u. Comparing the differential dynamic
correction and the differential static polarizability of 29.671 a.u. one will find the
dynamic polarizability having an amount of less than one percent and hence, can
be neglected at our accuracy level.

4Atomic units (a.u.) having the dimension of volume in units of a30 with a0 being the Bohr
radius. The conversion to SI units is given by the factor 4πε0a

3 [44]
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Figure 3.9:
Science chamber and
the positions of the
temperature sensors
implemented in [45].
The sensors were
placed at the hottest
and coldest positions
and also the positions
in between to get a
full expression of the
temperature gradient.
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The dynamic contribution of the polarizability depends on the frequency spec-
trum of the radiation, which is shown in figure 3.8 for a temperature of 310K and
95K. For higher temperature, the BBR spectrum involves higher frequency com-
ponents coupling stronger to electronic states. The dashed line at 115THz corre-
sponds to the 2.6 µm 3P0 → 3D1 transition in strontium, indicating a contribution
to the dynamic correction at room temperature. In magnesium the transitions
with the lowest frequency coupling direct to one of the both clock states is the
3s3p 3P0 → 3s4s 3S transition at ∼ 580THz (∼ 517 nm), shown in figure 3.8 on
the right panel. This is the reason why the dynamic polarizability in magnesium
is one order of magnitude smaller than in ytterbium (1.86 a.u.) and two orders of
magnitude smaller than in strontium (12.37 a.u.).

Uncertainty of the BBR Shift of the Mg Lattice Clock
Besides the uncertainty of the computation of the polarizability and hence of the
BBR shift, also the uncertainty in modeling the radiation emitted by the sur-
rounding environment, i.e., its spectral emission and temperature, needs to be
considered.
In order to estimate the radiation field at the position of the atoms, one has to
consider the radiation of the emitters near by, like the oven or MOT coils to-
gether with the geometry of the science chamber. For this purpose D. Holtzwart
performed within his bachelor thesis [45] temperature measurements at seven po-
sitions across one side of the science chamber to determine temperature gradients,
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shown in figure 3.9 . The temperature values were read out by an analog digital
converter5 evaluated via LabView and are given in table 3.4. The uncertainty of
each temperature value was estimated to be 2.3 ◦C, respectively.
Based on these temperature values, the mean ambient temperature at the posi-
tion of the atoms was estimated to be 38.3 ◦C. The assumed error is derived from
the difference between the mean temperature and the maximum/minimum tem-
perature. This results in a frequency shift induced by the blackbody radiation of
−0.297(60)Hz.

Sensor I II III IV V VI VII
Temperature 51.9 28.7 31.9 26.0 28.4 24.7 42.5

Uncertainty 2.3 2.3 2.3 2.3 2.3 2.3 2.3

Table 3.4: PT sensors placed at the science chamber with the positions
shown in figure served to estimate the temperature. 2.2

In addition to this frequency shift, the influence of the oven was also taken into
account. The thermal radiation of the oven heated up to 440 ◦C inside the science
chamber is transported to the atoms via direct line of sight and multiple reflections
from the science chamber walls. In our experiment we therefore use a mechanical
shutter, made of Kapton film, which is placed in the main chamber close to the
oven aperture in order to screen the atomic sample from this radiation.
During the frequency comparison it was used to partially screen the radiation of
the oven propagating in the direction of the atoms. In some groups, the oven con-
tribution was neglected when a shutter was used [46]. Since we can not verify an
influence of the oven temperature with the performance of our clock, we made a
worst case assumption and included the oven contribution in the estimated uncer-
tainty. The radiation emitted by the oven passes through a 5mm [28] aperture and
its transmitted fraction is assumed to be reflected infinite times by the chamber
walls with a reflectivity of 0.81% for steel. In total the summed up radiation can
lead to a frequency shift of −0.061Hz and will be treated as uncertainty. All in
all, both, the ambient temperature and the oven temperature lead to a frequency
shift of −0.3(1)Hz.

5Meilhaus Ekectronic, RedLab 1608FS
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ν [Hz] ∆ν [Hz] ν [10−15] ∆ν [10−15]

BBR ambient -0.3 0.1 -0.5 0.1
BBR oven 0.0 0.1 0.0 0.1
BBR total -0.3 0.1 -0.5 0.1

Table 3.5: Frequency shift and uncertainty induced by the blackbody
radiation on the magnesium lattice clock.

3.2 2nd Order Zeeman Shift

In the case of bosonic magnesium, both electronic states, the 1S0 and the 3P0, do
not provide a permanent magnetic dipole moment. However, other states couple
to the clock states and induce a second order Zeeman shift which can be written
as

∆B = βB2, (3.11)

with β being the Zeeman shift coefficient, calculated for magnesium by Taichenachev
et al. to −217MHz/T2 [18].

Measurement of the Magnetic Coefficient β

In this thesis the measurement of the quadratic Zeeman shift has been performed
by generating a magnetic field with coils optimized for a better homogeneity field
at the position of the atoms. The current coil stabilization described in the the-
sis of K. Zipfel [22] was verified by a high precision multi-meter6. The magnetic
field strength of a given current has been measured using the 1S0(mJ = 0) →
3P1(mJ = ±1) transition resulting in a sensitivity of 0.6569(2)G/A. A detailed
description can be found in the previous section 2.2.2.
The measurement of the second order Zeeman shift has been performed at four
different current values. In each case the frequency shift was measured for both
directions of the current, i.e. both field directions. The measurement of the Zee-
man shift has been repeated five times resulting in a shift coefficient of β =

200.3(7.8)MHz/T2, which slightly differs from the value of an earlier measure-
ment performed by A. Kulosa [21] to be −206.6(2.2)MHz/T2. There the magnetic
field was created by the MOT coils, which could be rapidly switched between the

634461, Agilent
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Figure 3.10:
(Left) Shown is the data measured by A. Kulosa. The blue graph is a fit to the data
without an offset field. In comparison also a fit routine allowing for offsets fields (red
fit). (Right) Measurement of the second order Zeeman shift coefficient β within this
thesis. The blue line represents the mean value, the fit and the error bars. The negative
values given for the magnetic field represent the change of the current direction in the
coils.

Anti-Helmholtz configuration providing a quadropole field or the Helmholtz con-
figuration for a homogeneous field with 2.49G/A. The low uncertainty in the
previous measurement of β can be assigned to an incomplete fit model, which was
not allowing for an additional offset field. In fact, on the data obtained during the
measurements of A. Kulosa, and is shown in figure 3.10 (left panel), a quadratic fit
that allows an offset field, leads to β = −200.1(26.4)MHz/T2. For the new data,
taken within this thesis both fitting routines are giving the same results.
The estimate of the quadratic Zeeman frequency shift is not affected by the dis-
crepancy of the sensitivity coefficient β or the knowledge of its absolute value.
During the frequency comparison a constant magnetic field of 6.66(7)G has been
applied in order to enhance the strongly forbidden clock transition leading to a fre-
quency shift of −85.85(1.52)Hz. The uncertainty is composed of the uncertainty
of the sensitivity parameter β and the uncertainty of the coil current creating the
magnetic field.



44 Chapter 3. Systematic Evaluation of the 1S0 → 3P0 Transition Spectroscopy

ν [Hz] ∆ν [Hz] ν [10−15] ∆ν [10−15]

Second order Zeeman -85.6 1.52 -130.7 2.3

Table 3.6: Frequency shift and uncertainty contribution of the magnetic field on the
clock transition of magnesium.

3.3 Other Lattice Related Effects
Transitions between bands of different index
Even if spectroscopy in the Lamb-Dicke regime enables a Doppler- and recoil-free
interrogation of atoms, a residual first-order Doppler shift can be induced by dif-
ferent effects, such as the excitation of several nearby transitions which is the case
when atoms occupying higher bands in the optical lattice being not exactly at
the magic frequency. The excitation probability of these atoms depends on the
bandwidth and hence on the Rabi-frequency and is therefore reduced compared
to the carrier transition. However, this effect can shift the transition frequency,
shown in figure 3.11, and act like a residual Doppler shift of first order.

Higher-Order AC Stark Frequency Shift
For higher accuracies of the lattice AC Stark shift, it is no longer sufficient to
consider only the first order AC Stark shift but also higher order frequency shifts
resulting from the contribution of the electric quadrupole (αE2) and the magnetic
dipole (αM1) polarizability and also the polarization dependent hyper-polarizability
(βl,c) for linear and circular polarized light. The total lattice AC Stark shift in-
cluding higher order effects can be written as

δνc(I, n, δν, ξ) ≈
(
∂∆αE1

∂ν
δν −∆αqm

)
(2n+ 1)

√
ER

4αE1
I1/2

−
[
∂∆αE1

∂ν
δν +∆β(ξ)

(
2n2 + 2n+ 1

) 3ER

4αE1

]
I

+∆β(ξ) (2n+ 1)

√
ER

4αE1
I3/2 −∆β(ξ)I2,

(3.12)

with n the band index, the slope of the differential polarizability times the detun-
ing from the magic wavelength ∂∆αE1

∂ν
δν, the E2-M1 polarizability αqm = αE2+αM1

and the hyperpolarizability effect βI [41].



3.3. Other Lattice Related Effects 45

n=2
n=1
n=0

n=2
n=1
n=0

Frequency

S
ig

n
al

 A
m

p
lit

u
d

e 
[a

.u
.] 1

0.8

0.6

0.4

0.2

-2 0 2
4

. 10

-2 0 2 104
0

0.2

0.4

0.6

0.8

1

Frequency ω/2π [Hz]
Si

gn
al

A
m

pl
itu

de
[a

.u
.]

Figure 3.11:
(Left) Carrier transition of several bands in an optical lattice. (Right) Inhomogeneous
broadening due to the excitation of multiple frequency shifted vibrational states of the
carrier in a "non-magic" optical lattice. Source [47, 21]

Consequently, the influence of atoms located in higher bands will show not only
a linear but also a non-linear behaviour. A nonlinear frequency shift of the clock
transition was a already investigated within the fitting routine shown in figure 3.4
in section 3.1.2. It was found that the amount of a nonlinear contribution results
in a negligible frequency shift.

Residual First Order Doppler Shift
In the case of a non-homogeneous filling of the quasi-momentum band, tunneling
between lattice sites can also introduce a residual first-order Doppler shift. The
frequency shift of the carrier can be in this case in the order of the band structure
[48]. However, 100 µK hot magnesium atoms will equally populate the lowest band
quasi momenta according to the Maxwell-Boltzmann distribution, if considering
an optical lattice operated with our lattice parameters. This leads to a line-shape
broadening instead of a frequency shift, which is described in more detail in [22].
The width of the second band is much broader compared to the first band. How-
ever, Line-pulling coming from population of higher bands can be neglected at our
uncertainty level.
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Relative motion of the lattice with respect to the spectroscopy light
A residual first order Doppler effect can also be caused by a longitudinal jitter
between the clock laser and the lattice potential. A common method to reduce
this effect evoked by a relative motion between both field along the propagation
axis is to reference the clock laser to the lattice. In order to reduce this effect a
fiber stabilization of the clock laser being referenced to to the outcoupling mirror
of the optical lattice has been implemented and characterized in [22].

3.4 Second Order Doppler Shift
Even if the Doppler shift, discussed on the previous section, is suppressed in first
order, higher order corrections of the Taylor expansion need to be taken into
account. The second order Doppler effect is given by [49]

∆ν2ndDoppler =
1

2
β2ωL, (3.13)

with the velocity v dependent coefficient β = v/c and the laser frequency ωL.
The optical lattice is loaded from the optical dipole trap (ODT) with 100 µK
hot atoms [26]. The atomic temperature within the lattice was estimated to be
roughly 40 µK. However, the atomic velocity of 100µK hot magnesium atoms is
v3D =

√
3v1D = 32.2 cm/s leading to a second order Doppler shift of approximately

2.4mHz. This very low frequency shift can be neglected at accuracies in the 10−15

level.

3.5 Collisional Frequency Shift
The frequency shift given by elastic collisions of atoms in the ground state can be
described by [50, 51]

δν =
4π~2ρ ascat

M
. (3.14)

Here, ρ is the atomic density and ascat the scattering length. The latter can be
related to the scattering cross section. For bosons the cross section is given by

σl = (2l + 1)
8π

k2
sin2 δl(k), (3.15)
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with the partial wave number l, the 1Σ+
g phase shift for l-wave collisions and the

relative wave number k =
√
2mE/~.

g-wave

1

g-wave

d-wave

s-wave

Figure 3.12: Cross section of ground
state Mg+Mg collisions. Source:
[52].

At low atomic temperatures only s-wave col-
lisions are likely and p-wave collisions are re-
duced due to the centrifugal barrier which is
∝ l. Tiesinga et al. calculated the scattering
length for collisions between two ground state
magnesium atoms to be 1.4(5) nm using exper-
imental data from ab initio results from the lit-
erature, as well as C6, C8, C10 long-range co-
efficients [52], with the resulting cross section
shown in figure 3.12. A later fourier- transform
spectroscopy performed by H. Knöckel et al. re-
sults in more accurate data yielding a scatter-
ing length of a = 1.5(3) nm and agrees with the former determination by Tiesinga
[53, 54].
However, the density of the atoms trapped in the lattice cannot yet be measured
with a sufficient accuracy in our experiment. Also our knowledge about collisional
properties and related effects like a lifetime reduction, density-dependent broad-
ening and a frequency shift are too low to simply calculate this systematic.

Measurement of the Collisional Frequency Shift
In our experiment, the density shift induced by atomic collisions can only be mea-
sured in dependence of the lattice loading time, by which atomic densities can
be adjusted. In order to measure the atom number, a fluorescence detection of
the atoms while captured in the T-MOT has been performed by the means of a
photo multiplier (PMT ). The optically pumped clock states could be successively
detected, resulting in a the signal shown in Figure 3.13.
Unfortunately, one pair of the vacuum chamber viewports does not provide an
adequate anti-reflex coating for the light of the T-MOT at 383 nm. Therefore,
heating processes caused by the MOT coils cause slow polarization variations.
Also heating effects at the AOM, which is used to switch the light, and on the
fibers that guide the light of the T-MOT are leading to polarization variations.
These thermal effects and also a detection noise cause to variations in the loading
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Figure 3.13:
(Left) The plot shows the change of the PMT counts during the measurement of the
density shift, induced by polarization effects due to insufficient coatings on the viewports
on the vertical T-MOT beam used for detection. The data sample between 30 s up to
1400 s and from 3000 s up to 4500 s have been used for two individual evaluations. (Right)
Frequency dependence of the first data sample shown on the left in respect to the number
of atoms being detected by the PMT. Here, the PMT counts corresponds to a dipole trap
loading time of 300, 1000 and 1500 s.

efficiency, resulting in a drift and shot-to-shot fluctuations.
The density shift measurement was performed alternating by operating the clock
with different loading times. The frequency dependence for three different lattice
loading times and therefore three different PMT signal is shown in figure 3.13 with
a slow change in the number of atoms over time (left panel). Therefore, the total
measurement was split into three parts, where only parts without a drift in the
number of atoms have been evaluated, separately. In total three data samples
with around 100, 115 and 80 data points have been used to calculate a dependence
of −6.245 × 10−4 Hz/PMT counts. During the frequency comparison an average
PMT signal of 3067 was observed, with a minimum of 1008 and a maximum at
6423. This results in a frequency shift of −1.9(2.1)Hz.

ν [Hz] ∆ν [Hz] ν [10−15] ∆ν [10−15]

Cold collisions −1.9 2.1 −2.9 3.2

Table 3.7: Frequency shift and uncertainty contribution due to
collisions at in magnesium lattice clock.
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Ocean

Reference 
ellipsoid

Figure 3.14:
(Left and right) The geoid is a physical surface used as a reference of equal gravitational
potential for clocks, approximating the mean sea level. It’s characteristic shape is given
by the distribution of mass, due to the presence of oceans, mountains and inhomogeneities
inside the earth, estimated by satellites. Source: Deutsches Geoforschungszentrum (GFZ).
Comparing the frequency of two clocks at different heights leads to a direct measurement
of the gravitational potential.

3.6 Gravitational Redshift

The last systematic shift considered in this thesis is the gravitational redshift being
due to the gravitational potential at the position of the clock. The respective,
relative frequency correction that has to be applied is given by

f0 − fclock
f0

=
∆f

f0
=

Uclock − U0

c2
≈ 1.09× 10−16m−1, (3.16)

with the speed of light c and the gravitational potential Uclock,0 = gh at the geoid,
being valid only for small differences in altitude [55, 56, 57].

Figure 3.15: Picture of the refer-
ence Point of the LUH in respect
to the geoid. Source: [58].

In order to estimate the height of our magne-
sium lattice clock in respect to the geoid we per-
formed a measurement of the height between a ref-
erence point and the science chamber. The ref-
erence point, shown in figure 3.15, is mounted to
the left of the west entrance next to the main en-
trance of the Leibniz University Hannover, repre-
sented graphically in figure 3.16. The height of the
reference point in respect to the geoid estimated in
1992 to be 56.304m above the geoid and was pro-
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Reference Point

Figure 3.16: Position of the reference point at the LUH [58].

vided by H. Denker from the Institut für Erdvermessung (IFE) [58]. The height
between the reference point and the magnesium clock is estimated in this thesis to
7.14m with an uncertainty of 0.5m leading to a total height of 63.304m± 0.5m.
As a consequence, a frequency correction of 4.5(4)Hz has to be applied to the
transition frequency of the magnesium lattice clock.

ν [Hz] ∆ν [Hz] ν [10−15] ∆ν [10−15]

Grav. red shift 4.5 0.4 6.9 0.5

Table 3.8: Frequency shift and uncertainty contribution given by
the gravitational potential for the magnesium lattice clock.

3.7 Summary

This chapter reported the determination of the influence of frequency shifting
effects on the 1S0 − 3P0 transition frequency as summarized in table 3.10. All
measurements are limited by the tunnel-limited resolution of the carrier. The un-
certainty of the density shift is also influenced by the T-MOT. There, thermal
effects and detection noise are leading to variations in the loading efficiency. The
uncertainties of the determination of the density and AC Stark induced shifts
would benefit from longer averaging times combined with a larger range of param-
eter values.
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Table 3.9: Error budget of the 24Mg lattice clock

ν [Hz] ∆ν [Hz] νrel [10
−15] ∆νrel [10

−15]

Lattice AC Stark shift ∗ 3.5 ∗ 5.4
Probe AC Stark ∗ 2.2 ∗ 3.4
Cold collisions -1.9 2.1 -2.9 3.2
Second order Zeeman -85.6 1.5 -130.7 2.3
BBR total -0.3 0.1 -0.5 0.1

Systematic total -87.8 4.6 -134.0 7.0

Grav. red shift 4.5 0.4 6.9 0.5

Mg Total -83.3 4.6 -127.1 7.1

Table 3.10: Summary of the error budget of the magnesium clock at the IQ at the
Leibniz University Hannover. All systematics shifts and uncertainties are based on the
parameter used during the frequency comparison. A post-correction was been performed
at the lattice and probe AC Stark frequency shift which is marked by an asterisk symbol
(∗).

The blackbody radiation shift is one of the most crucial and fundamental uncer-
tainties in state-of-the-art lattice clocks, which have already reached inaccuracies
of 10−17 and below, like for example the strontium lattice clocks. The contribution
to the blackbody radiation is due to the low sensitivity of magnesium to BBR and
accurate calculations performed by M. S. Safronova and S. G. Porsev not limiting
our clock at the present uncertainty level.
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Chapter 4

Measurement of the 1S0 → 3P0

Transition Frequency in
Magnesium

Atomic transition frequencies have to be measured with respect to secondary or
primary1 frequency standards. The later one is defined since 1967 on a caesium-
133 transition. The primary frequency standards at the PTB in Braunschweig
are based on caesium-133 fountain clocks. A magnesium clock realized with a
Ramsey-Bordé interferometer on the intercombination transition (1S0 → 3P1) was
already compared against a hydrogen maser (H5) being referenced to a caesium
fountain clock (CSF1) at the PTB via a 73 km long optical fiber link. The transi-
tion frequency of the intercombination transition was determined at this time with
an uncertainty of 7× 10−14 [59].
This chapter presents the first frequency measurement with lattice trapped mag-
nesium atoms and also the first direct frequency measurement of the strictly for-
bidden 1S0 → 3P0 transition. The magnesium lattice clock was compared to the
CSF2 primary standard and also the ytterbium-171 ion clock. The total measure-
ment time of the magnesium clock was more than 48 hours.
The determined absolute frequency of the magnesium lattice clock against the cae-
sium fountain clock complies within the uncertainties to the sum of the frequency
values of the 1S0 → 3P1 intercombination transition [59, 60] and the 3P1 → 3P0

transition [61] obtained in former measurements.
1A primary frequency standard is utilized for the realisation of the SI second with the lowest

possible uncertainty. 53
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Figure 4.1:
Setup of the the trans-
fer beat at our experiment
[38] . The beat between
the CEO and the probe/
link laser are mixed with
the CEO frequency of the
comb. The transfer beat
at the IQ was set up by S.
Rühmann [38].
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4.1 The Comparison of Remote Clocks

4.1.1 The Transfer Beat

The frequency comparison of the clocks was realized by means of frequency combs
providing a spectrum of equally spaced comb modes separated by the repetition
rate2 (frep) and shifted in respect to zero frequency by the CEO frequency3 (fCEO).
The frequency of the kth mode can be determined from the product of the mode
number k and the repetition rate plus the CEO frequency. In our case, the CEO
frequency and the repetition rate are referenced using a maser4. Since the rep-
etition rate is up-scaled with the mode number, the noise of the maser would
also be up-scaled and hence, would limit the statistical uncertainty. However, the
frequency noise of the repetition frequency can be suppressed by a transfer beat
measurement proposed by H.R. Telle [62] by measuring the frequency ratios in-
stead of the differences.
Both beat-notes fn and fm are mixed with the CEO frequency resulting in

νn = fCEO + fn (4.1)

2The repetition rate is associated to the rate between the train of ultrashort pulses. The
frequency offset results from the intracavity dispersion leading to a difference between the phase
and the group velocity

3The CEO frequency is the Carrier-envelope offset.
4VCH-1006, VREMYA-CH, provided by A. Bauch, PTB
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and
νm =

kn
km

(fCEO + fm), (4.2)

whereas one signal (νm) is processed with a direct-digital sysnthesis IC (DDS).
With this the transfer beat

νTr = νn − νm = νn −
kn
km

νm (4.3)

inherits only the ratio between the mode numbers and the beat- notes.

The complete setup with all components which were used for the transfer beats at
the IQ and the PTB during the frequency comparison is shown in figure 4.2. The
absolute frequency of the magnesium clock could thus be determined by following
transfer beats:

νMg,Cs = νTr(MgClock,Link) + νTr(Link,MNPQ) + νTr(MNPQ,H10). (4.4)

Whereas, the frequency of the magnesium lattice clock in respect to the ytterbium
ion clock could be determined by

νMg,Yb = νTr(MgClock,Link) + νTr(Link,MNPQ) + νTr(MNPQ,NIRP) + νTr(NIRP,Yb). (4.5)

4.1.2 Remote Frequency Transfer

Frequency comparison between remote clocks can either be performed via an op-
tical fiber link [63] or satellite based signal transfer. A clock comparison on a
global scale is today only possible via satellite based techniques, but is limited
at instability levels of ∼ 10−16. Whereas, a distribution of frequency signals via
optical fiber links is limited in the distance between the laboratories and requires
set-up of individual fiber connections but in turn provides lower instabilities, faster
averaging and unprecedented accuracy.
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Figure 4.2:
Scheme of the link between the magnesium lattice clock at the Institut für Quantenop-
tik, LUH and the clocks at the PTB in Braunschweig via 73 km long telecommunication
fiber link.
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Optical Fiber Network

Today Telekom fiber networks allow to distribute ultra stable frequencies thou-
sands of kilometers. Already previous measurement between the IQ and the PTB
employed an optical link cover an distance of 73 km [60].
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Figure 4.3:
Optical fiber networks in Europe. Fre-
quency links are shown in green, fre-
quency links commissioned in yellow and
time links in blue [64].

Before the latest comparison, the fiber link
operating at 1542 nm was rebuild and im-
proved within a collaboration by the group
of G. Grosche5 from the PTB. It enables an
accurate dissemination of frequencies with in-
stabilities below 1 × 10−19 via optical fibers
[65] to many long- distance places simultane-
ously [66, 67], see figure 4.4 left panel.
The fiber path can be described by an asym-
metric Michelson interferometer where all
phase fluctuation are accumulated along the
path. Finally, this phase fluctuations are
compensated by AOM1 placed at the front
of the link up to the limit set by the prop-
agation delay of the light [68]. In order to
distinguish between the light being reflected
anywhere along the link and the light be-
ing reflected at the end of the link a second
AOM2 is placed at the end of the fiber. This AOM is used to shift the frequency
of the link light which is in general a couple of tens of MHz. At any point along
the optical fiber, here point B, the counter propagating light fields can be partially
extracted, superimposed and detected. The obtained beat signal is divided by two
and imprinted on the forward propagating light in order to get a stable signal νB.
Due to this, the additional phase φBC between point B and the end, point C, is
detected and added, whereby the phase at this point is behaving like the phase at
the end of the link.
This method was recently implemented and results in an instability and uncer-
tainty below 5 × 10−17(1s) and is two orders of magnitude lower than the uncer-

5Optical link: T. Waterholter and A. Kuhl
Data analysis: S. Koke
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Figure 4.4:
Setup of the fiber stabi-
lization scheme between
the PTB and IQ. Points
A and C are placed at
the PTB, whereas point
B is placed at the IQ, for
testing purpose.
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tainty of our lattice clock [66]. The accuracy of the link was verified within a loop
measurement at the remote detector by the comparison of the direct light of the
link laser utilized for stabilization and the light of the link laser which was send
there and back.

4.2 Absolute Frequency Measurement of the Mag-
nesium Lattice Clock

The absolute frequency measurement was performed against the PTB hydrogen
maser H10 being referenced to the fountain clock CSF2. The clock’s systematic
uncertainty is determined to 1.7× 10−16 with an effective frequency instability of
1.5 × 10−13 (τ/s)−1/2 [69, 70, 71, 72], shown by the ADEV (Allan deviation) in
figure 4.5.
During the frequency measurement the CSF2 has been in a non-regular operation
mode, which was leading to an increased instability at shorter timescales. How-
ever, the instabilities of both, that one of the H10 Maser itself and that of the H10
Maser, corrected by the 133Cs signal, approach each other at averaging times above
103 s. The increased systematic uncertainty of the CSF2 clock was estimated by
S. Weyers to 1× 10−15 with an instability of 1.1× 10−13 (τ/s)−1/2 [73].
The measurement against the caesium fountain corrected maser clock yields 83037
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CSF2 - F01
CSF2 - F02

Figure 4.5:
Allan standard deviation of the fre-
quency comparison of the CSF2 at
the PTB and the SYRTE-FOx, at
the LNE-SYRTE, Observatoire de
Paris, Source: [71]. The caesium-
133 clock reaches an instability of
1 × 10−15 at an averaging times of
around 3× 104 seconds.

data points, which results in an overlap of about 23.07 hours between both clocks.
With this, we were able to reach a statistical uncertainty of 7.6×10−15 without the
in situ correction and 3.9× 10−15 after post-correction (figure 4.6) of the variating
probe AC Stark shift resulting from the in situ measurement described in section
3.1.4.
After the application of post-corrections given by the in situ measurement, by
the lattice AC Stark shift and the remaining systematics we can determine the
absolute frequency of the 1S0 → 3P0 clock transition of the 24Mg lattice clock to
655 058 646 681 864.1(5.3)Hz. All effects contributing to the uncertainty of the
knowledge of the transition frequency can be found in table 4.1.
From earlier frequency measurements of the intercombination transition 1S0 → 3P1

(655 659 923 839 769 (47)Hz) and the transition 3P1 → 3P0 (601 277 157 860 (20)Hz)
in magnesium-24 [7, 61], the clock transition frequency can be determined to be
655 058 646 681 870 (51)Hz. The transition frequency measured with the direct
measurement of the clock transition lies within the uncertainty of the previous in-
direct measurement with an uncertainty improvement of approximately one order
of magnitude.
The overall uncertainty of the magnesium-24 frequency determination is limited
by the systematic uncertainty of the magnesium clock. As already discussed in
the previous chapter, ongoing work on improvements on the lattice power and the
enhancement factor of the lattice cavity will lead to higher trap depth. This will
allow a reduction of the uncertainties being limited by the current tunnel-limited
resolution and thus will improve the systematic uncertainty of magnesium.
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Figure 4.6:
Allan deviation of the 24Mg lat-
tice clock versus the CSF2 at
the PTB. After removing the
correction corresponding to the
changing probe AC Stark shift
the stability could significantly
be improved for higher averag-
ing times. The full discussion
on the stability of the 24Mg lat-
tice clock can be found in [22].
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Effect ∆νrel [10
−15]

24Mg systematic uncertainty 7.0
CSF2 systematic uncertainty 1.0

Gravitational red shift: 24Mg 0.5
Gravitational red shift: CSF2 0.0

Statistical uncertainty: CSF2 and 24Mg comparison 3.9
Transfer scheme 0.0
Link 6 0.0

Total uncertainty 8.1

Table 4.1: Uncertainty budget of the absolute frequency measurement of the
24Mg lattice clock versus the CSF2. The uncertainties being related to the
transfer scheme, the Link and also the Gravitational red shift are in the range
of 10−17 and below and do not contribute significantly to the total uncertainty.
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Figure 4.7:
Allan deviation of the fre-
quency comparison between the
magnesium-24 lattice clock and
the ytterbium-171 ion clock at
the PTB. The achieved in-
stability at longer averaging
times comply with the stability
achieved with caesium clock,
indicating magnesium as the
limiting factor.

4.3 171Yb+/24Mg Optical Frequency Measurement

Optical lattice clocks have already reached uncertainties in the low 10−18 regime
[15]. Hence, absolute frequency measurements of these clocks are limited by the
primary frequency standards. In order to overcome this limitation a unit-less fre-
quency ratio of two optical frequency standards can be determined.
One of the optical frequency standards at the PTB is the Ytterbium-171 ion clock
with two transitions being suitable for clock operation. The quadrupole (E2) tran-
sition 2S1/2(F = 0) − 2D3/2(F = 2) with a lifetime of 53ms with a recommended
frequency value of 688 358 979 309 307.8(36)Hz. The second transition is based
on the octupole (E3) transition 2S1/2(F = 0)− 2F7/2(F = 3) with a transition fre-
quency of 642 121 496 772 645.0(6)Hz [74]. The lifetime of the excited state of the
octupole transition is in the order of several years inferring a linewidth in the nHz
range. This transition is almost unaffected by spontaneous decay leading to an in-
stability of 5.3×10−15/

√
τ(s) [75, 76, 77]. The biggest uncertainty contribution of

the ytterbium ion clock is given by the residual motion of the ion. Nevertheless, to
reduce probe induced frequency shifts this clock was operated during a frequency
comparison versus caesium fountain clock with the generalized hyper-Ramsey ex-
citation scheme leading to a total uncertainty of 3.2× 10−18 [78, 79].
The overlap between the magnesium lattice clock and the ytterbium clock offers
91770 data points with a total overlap time of 25.49 hours. The statistical uncer-
tainty of the comparison is given by the achieved instability of 1.5 × 10−15 after
post correction of the in situ frequency shift and is limited by the magnesium
lattice clock. All the effects contributing to the total uncertainty are shown in
table.4.2.
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Within this thesis the frequency ratio between the 24Mg lattice clock and the 171Yb
ion clock was determined to 171Yb+/24Mg = 0.980 250 394 411 629(7), being limited
by the magnesium clock. Together with the frequency value of the 171Yb ion clock
of 642 121 496 772 645.0Hz with an uncertainty of 6×10−16 [74] we could determine
the absolute frequency of the 24Mg clock after consideration off all post-corrections
to 655 058 646 681 864.0(4.7)Hz.

Effect ∆νrel [10
−15]

24Mg systematic uncertainty 7.0
171Yb+ systematic uncertainty <0.1

Gravitational red shift: 24Mg 0.5
Gravitational red shift: 171Yb+ 0.0

Statistical uncertainty: 171Yb+ and 24Mg comparison 1.5
Transfer scheme 0.0
Link 0.0

Total uncertainty 7.2

Table 4.2: Uncertainty budget of the frequency measurement of the 24Mg
lattice clock against the 171Yb+ clock. Here again, the uncertainties being
related to the transfer scheme, the Link and also the Gravitational red shift
are in the range of 10−17 and below, and do not contribute significantly to
the total uncertainty.

4.4 Summary
Within this thesis a first full characterization of a lattice clock based on bosonic
magnesium has been demonstrated. Furthermore, the first frequency measurement
of lattice trapped magnesium atoms and the first absolute frequency determina-
tion of the strictly forbidden 1S0 → 3P0 clock transition of the bosonic magnesium
has been performed. A performance of more than seven hours of up-time per day
on average could be demonstrated.
The frequency measurement was performed via a 73 km optical link between the
LUH, Hannover and the PTB, Braunschweig which has been set up by the group
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Figure 4.8:
Results of the previous indirect measure-
ments of the clock transition performed by
Friebe and Godone and the measurement
of the 1S0 → 3P0 clock transition of 24Mg
performed within this thesis. All measure-
ments comply within the uncertainty.

of G. Grosche (T. Waterholter, A. Kuhl and S. Koke). The transfer beat at the
Institute of Quantum optics was set up by S. Rühmann.
The absolute frequency of magnesium-24 was determined against the caesium foun-
tain clock (CSF2) operating with a frequency uncertainty of 1×10−15 with a total
overlap time of 23.07 hours. The total uncertainty of the measurement was lim-
ited by the systematic uncertainty of the magnesium clock of 7.0 × 10−15 and
led to a total uncertainty of 8.1 × 10−15. The determined absolute frequency of
655 058 646 681 864.1(5.3)Hz lies within the error bars of the combination of ear-
lier measurements of the 1S0 → 3P1 and 3P1 → 3P0 transitions [61, 7, 59]. It’s
uncertainty has been reduced by approximately one order of magnitude.
Within this frequency measurement campaign also the first measurement of
the frequency ratio between the magnesium clock and a ytterbium-171 ion
clock has been performed. The determined frequency ratio ia 171Yb+/24Mg =

0.980 250 394 411 629(7).
All in all, the first optical lattice clock based on magnesium has been demon-
strated within this thesis. All leading dominant effects in the uncertainty budget
of magnesium are of technical nature. The instability of the magnesium clock of
1.5 × 10−15 was influenced by the additional spectroscopy sequence, within the
in situ measurement. The system was recently upgraded to primarily address the
technical limitations of this work, paving the way for reduced uncertainty in future
frequency measurement campaigns.
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Chapter 5

Outlook

Concluding this thesis, I will discuss the next steps necessary for improving the
accuracy of the magnesium lattice clock. For an evaluation of systematic effects
with high accuracies still the broad transition linewidth is the main hindrance.
The linewidth of 51(3)Hz was an important milestone, but needs to be further re-
duced to the sub-Hz regime by enhancing the trap depth or lifting the degeneracy
of adjacent lattice sites within an accelerated lattice e.g. by gravity.
However, deeper trapping potentials involve in principle larger Stark shifts and
also higher order frequency shifts will become relevant at a level of 10−16. Those
compensate each other in the case of magnesium and others at a so called opera-
tional magic wavelength, to be distinguished from the first order magic wavelength.
It will be necessary to study the interplay of these effects in magnesium.

5.1 Reducing the Resolvable Transition Linewidth
Further Reduction of the Linewidth I: Increase the Trap Depth
Broadening due to tunneling in the optical lattices are related to the energy quasi-
moments. In the case of equally populated quasimomentums, this is given by

∆E0 ≈ ER

(
U0

ER

)3/4

. (5.1)
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Since, this expression is related to the recoil energy ER = ~2k2/(2m), both, a short
magic wavelength and also a small mass are liable for a higher energy width and
therefore a broader transition linewidth of the resonance curve. Unfortunately,
both criteria are met for magnesium. In order to reduce broadening of the transi-
tion linewidth by tunneling effects, the trap depth can be further increased with
respect to equation 5.1. In the case of a horizontally oriented optical lattice in-
tensities of 488.8 kW/cm2 are required for a transition linewidth resolution of one
Hz.
Such deep lattices can be achieved by a combination of several measures. A Verdi
G 12W pumping a Tekhnoscan Ti:Sa (Tis-SF-07) for generating the lattice light
has to be upgraded to 18W. The Ti:Sa was also operated at the edge of its
wavelength range and also required very high maintenance. For a more accurate
characterization of the clock, it was necessary to replace it with a system adapted
to our requirements, which has been recently done by N. Jha. In a next step also
the finesse of the lattice enhancement cavity should be further increased by the
implementing new viewports of the vacuum chamber, causing less losses inside
the resonator. The targeted intensity which can be achieved with both implemen-
tations is about 430 kW/cm2 and corresponds to a bandwidth of approximately
2Hz. This is one order of magnitude lower, compared to the resolved linewidth
within [22] and this thesis and two orders of magnitude compared to the achieved
linewidth during the frequency comparison.

Further Reduction of the Linewidth II: Tilting the Lattice
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Figure 5.1:
At low bandwidth already a small tilt of the
optical lattice can be sufficient in order to lift
the degeneracy of neighbouring lattice sites.

Tunnel effects can also be reduced by lift-
ing the degeneration between different lat-
tice sites of a vertically aligned lattice, like
depicted in figure 5.1. In this case, lat-
tice intensities of only 214 kW/cm2 would
be required for a resolution of one Hz of
the carrier for magnesium. This is about
half the resolution of a horizontally aligned
lattice. But a change of the orientation of
the lattice requires extensive modifications
of the setup. However, an experimentally
feasible tilting of the lattice by only 5 de-
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grees can lift the degeneracy by 12Hz. This would slightly relax the stringent
lattice power requirement from 488.8 kW/cm2 to 410 kW/cm2.

5.2 Improvement of Systematic Uncertainties

The Probe AC Stark shift
This thesis is a first analysis of possible effects modifying the transition frequency,
given in Table 3.10. The experiments revealed, that in our current setup parasitic
reflections of the spectroscopy light resulted in a standing wave and hence an in-
homogeneous and varying light shift. In order to increase the out-coupling of the
probe light, dichroic mirrors being highly reflective for the probe light and highly
transmitive for the lattice light should be installed in the near future. The probe
light passing the science chamber will at first pass these dichroic mirror, next the
folding mirror and finally the out-couple mirror of the enhancement cavity and
vice versa, figure 3.5. This additional loss channel, which will be passed twice,
should reduced the dependency of the AC Stark frequency shift on the enhance-
ment cavity dramatically. Also a redesign of the enhancement cavity from a folded
into a linear design would lead to a reduction of parasitic reflections resulting and
a more simple setup.

Relation between the Magnetic Field and the Probe Beam
Once the intensity fluctuations are under control, the uncertainty of the probe AC
Stark shift is reduced. The uncertainty of both, the AC Stark shift and the Zeeman
shift, then needs to be balanced. Since both shift coefficients are not known, a
contribution to a future error budget by the induced frequency shift can only be
estimated, respectively. The high second-order Zeeman shift in magnesium can be
reduced by lowering the magnetic field and enhancing the probe beam intensity.
According to equation 2.5, applying a magnetic field of 4.5G and a probe intensity
of 20 kW/cm2, a Rabi frequency of approximately 4.5Hz can be inferred, which is
resulting in a Zeeman frequency shift of 40.6Hz and an AC Stark frequency shift
of 42Hz. Within a sufficient long average time the uncertainty of both values can
finally be averaged down to sub-hertz regime.
With the lattice clock based on bosonic strontium presented in [46], a second
order Zeeman shift of only 0.9Hz and a shift of 0.4Hz due to the probe laser was
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Effect α [Hz/(T
√

(mW/cm2)] β [MHz/T2] κ [mHz/(mW/cm2)]

Sr 198 -23.3 -18
Mg 98 -217 -0.5

Table 5.1: Values for the coupling coefficient α, the 2nd order Zeeman shift
coefficient β and the AC Stark shift coefficient α given in [18].

observed on the basis of a 4ms long probe pulse and a transition line width of
220mHz. From the coefficients given in table 5.1, with α being related to the
Rabi frequency ( ΩR/2π = α

√
I |B| ), β to the second-order Zeeman shift and κ

to AC Stark shift, similar frequency shifts can be achieved for magnesium as for
strontium, once similar line width and spectroscopy times can be realized.

Blackbody Induced Frequency Shift
The uncertainty the blackbody induced frequency shift is on one hand given by
the uncertainty of the polarizability and on the other hand on the knowledge of
the temperature. The first again splits in an contribution of the static and dy-
namic part of the polarizability. The static polarizability of magnesium is given
to be 29.671(116) a.u. leading to an uncertainty of the frequency correction of
1.8× 10−18. The dynamic polarizability is less than 1% of the static polarizability
and can therefore be neglected. However, currently the uncertainty of the black-
body radiation frequency shift is 8.5 × 10−17. This is caused by the uncertainty
about the knowledge of the temperature to which the atoms are exposed to.
The temperature was estimated by means of temperature sensors which had been
attached to the vacuum chamber. Since this measurement could be not performed
in real time during the frequency comparison, the uncertainty in temperature was
estimated by the difference between the mean temperature and the maximum
temperature. In order to reduce the uncertainty due to BBR, the temperature
measurement should be performed in real time. For this purpose, the temperature
sensors must be recalibrated and reattached to the chamber. The electronics and
software set up in [45] only needs small modifications.
Once the temperature can be monitored in real time, the uncertainty can be es-
timated relating to the convention of systematic errors given in [80]. In the case
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where only the determination of the upper and lower limit is possible, the assump-
tion can be made that the probability density is constant within the interval and
vanishes outside the interval. This means that the spectrum of the temperature
radiation can be described with a temperature which lies in the middle between
the two limit temperatures Ti = (Tmax + Tmin)/2. The associated variance of the
temperature is (δT)2 = (Tmax − Tmin)

2/12. The uncertainty of the temperature
can be decreased with this procedure from 13.6 ◦C to 7.85 ◦C. Thus the uncertainty
due to the BBR induced frequency shift can be further decreased from 8.5× 10−17

to 4.8× 10−17. A further reduction requires a better cooling of the MOT coils and
less heat conduction between the oven and the science chamber or cooling of the
science chamber at the position of the oven.

Collisional Frequency Shift
Collisions between magnesium atoms in the lattice haven’t been investigated in
detail yet. However, three effects can be related to collisions: lifetime reduction,
density dependent broadening and also a frequency shift.
The frequency shift induced by collisions have been already discussed in section
3.5. The performed measurement unfortunately had to be split into time slots
because of a drift in the PMT signal caused by a change in the atom number de-
tected by the T-MOT. This led to a smaller amount of data and thus to a shorter
averaging time for each measured value.
Since the atoms are detected by the triplet MOT a robust operation of this trap
needs to be ensured. The intensity of the MOT beams is controlled directly behind
the laser system by means of a stabilization scheme. But variations of the polariza-
tion caused by thermal effects on the optical fibers, an AOM and viewports with
an inadequate coating in the z-direction have been limiting this measurement to
1400 s. However, a replacement of the viewports will involve a disassembly of the
optics of the science chamber. Therefore, a first step is to reduce the transition
linewidth, which also reduces the uncertainty of this measurement, and a second
step is to investigate the polarization changes behind the optical fibers.
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Figure 5.2:
Operational magic wavelength for mer-
cury. Besides the lattice detuning the
degree of polarization can be used in or-
der to reduce the sensitivity to intensity
gradients and also in order to reduce the
AC Stark light shift for a desired lattice
intensity. Source: [81].
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5.3 Operational Magic Wavelength

Higher order AC Stark shifts like shifts resulting from the electric quadrupole and
the magnetic dipole polarizability and also the hyper-polarizability can be used
to operate the optical lattice in a regime called the operational magic wavelength
[81, 82] allowing to control the lattice AC Stark shift within the 10−18 regime. The
lattice AC Stark shift was already discussed in section 3.3, equation 3.12, but is
given here again for clarity1

δνc(I, n, δν, ξ) ≈
(
∂∆αE1

∂ν
δν −∆αqm

)
(2n+ 1)

√
ER

4αE1
I1/2

−
[
∂∆αE1

∂ν
δν +∆β(ξ)

(
2n2 + 2n+ 1

) 3ER

4αE1

]
I

+∆β(ξ) (2n+ 1)

√
ER

4αE1
I3/2 −∆β(ξ)I2.

(5.2)

In ytterbium and mercury the hyperpolarizability effect has an opposite sign for
linear and circular polarized light. This can be utilized to tune the light shift
close to zero by tuning the degree of polarization ( ξ = 1/

√
(1 − ∆βc/∆βl with

∆βl,c = βl,c
e − βl,c

g ). In addition, all parameters can be selected to minimize the
sensitivity of the frequency shift to intensity gradients, as shown in 5.2.

1Here, n is describing the band index, the slope of the differential polarizability times the
detuning from the magic wavelength is given by ∂∆αE1

∂ν δν, the E2-M1 polarizability is αqm =
αE2 + αM1 and the polarization dependent hyper-polarizability (βl,c) for linear and circular
polarized light.
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Figure 5.3:
Graph (a): Operational magic wavelength for magnesium atoms with an average band
occupation of 2.5 in dependence of the lattice intensity and detuning of the lattice wave-
length in respect to the magic wavelength. The dotted lines represent the calculated
intensity needed for a bandwidth of one Hz of the lowest band in the case of verti-
cal/modulated lattice (∼ 214 kW/cm2) orc a horizontal aligned (∼ 489 kW/cm2).
Graphs (b) and (c): Zoom into the upper picture to the maxima for the case of a verti-
cally aligned lattice (b) with a detuning in respect to the magic wavelength of ∼ 21MHz
and a horizontally aligned lattice (c) with an detuning of ∼ 45MHz. The range of the
x-axis is indicating an intensity variation of 1% of the applied intensity.
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In strontium and magnesium the hyperpolarizability for both, linear and circular
light polarization, has the same sign, therefore ξ can not be used for manipula-
tion of the lattice light shift. The only remaining parameter is the detuning of
the lattice frequency with respect to the magic wavelength. Simulations of the
operational magic wavelength for magnesium based on the values given in [41] and
shown in table 5.2 are shown in figure 5.3. The dotted lines in figure 5.3(a) denote
the required intensities for a tunneling limited one Hz resolution of the carrier for
a vertical and a horizontal orientated lattice, respectively. For both intensities,
the lattice detuning can be chosen in such a way, that the function describing the
frequency shift has a maxima.

Mg

αE1[ kHz
kW/cm2 ] 17.5

∆αqm[ 10−9

kW/cm2 ] 5.48

∆βl[ µHz
(kW/cm2)2

] 111 + 5.88i

∆βc[ µHz
(kW/cm2)2

] 1735 + 8.69i

∂(∆αE1)
∂ν

[ 10−9

kW/cm2 ] 0.420

ER[kHz] 37.9

Table 5.2: Frequency shift coeffi-
cients for 24Mg calculated by V. D.
Ovsiannikov [41].

The plot on the left side (b) of figure 5.3
shows the result of the simulations with
parameters optimized for a vertical/acceler-
ated lattice whereas the plot (c) are opti-
mized for a horizontal lattice. As can be
seen from these calculations, operating in
such a regime, the lattice AC Stark shift
is reduced to mHz regime for a 1% change
in light intensity. This can be even re-
duced to approximately 100µHz for a ver-
tical orientated lattice with a detuning of
−20.84MHz, in respect to the magic wave-
length.

5.4 Cooling of Magnesium

Lowering the temperature of the atomic ensemble is crucial once the clock reach a
lower uncertainty as many effects altering the resonance frequency depend on this
feature. Examples are the energy dispersion due to occupation of different quasi
momenta and bands as well as the spatially inhomogeneous higher order dynamic
AC Stark effects.
The reduction of the population of atoms of higher-order vibrational states is al-
ready implemented by a reduction of the trap depth by variation of the lattice
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Figure 5.5:
Simulations of the ultracold atomic fraction in sub-Doppler cooling of magnesium. (Left)
Ultracold fraction in the σ+σ− configuration at detuning of δ = −5Γ ≈ −2π × 130MHz.
The dashed line represents the semi classical approach, whereas the solid line the full
quantum simulation reprents. (Right) Ultracold fraction in the lin ⊥ lin configuration in
the full quantum simulation at detunings of δ = −2Γ (dashed line) and δ = −5Γ (solid
line). Soure: [84]

intensity, described in 2.2.8, which is leading to a mean population of n = 2.4

bands with ∼ 103 atoms. However, this method involves a loss of trapped atoms.
Instead of releasing the hottest atoms it would be more advantageous to cool the
atoms down to the ground band and hence improve the signal to noise ratio.

457 nm1S0

3P0

Figure 5.4:
Scheme of sideband cooling. The in-
terrogation laser is applied on the
clock transition ν0 detuned by the
trap frequency νz. Due to sponta-
neous emission the atoms emit on av-
erage the energy of ν0.

One possible scheme is given by sideband-resolved
laser cooling [83]. Here the interrogation laser
of the clock transition 1S0 → 3P0 is detuned by
the trap frequency νz towards the frequency of
the first red sideband hνL = h(ν0 − νz). The
atomic energy is then reduced by an average of
νz by spontaneous photon emission. Basically,
atoms are optically pumped by this scheme to
the vibrational ground state of the trap. How-
ever, considering the long life time of the meta
stable state 3P0 the limits on the applicability
get obvious.
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Cooling of atoms can even be performed before atoms are transferred into the
optical lattice. O. N. Prudnikov and colleagues performed simulations on deep2

sub-Doppler laser cooling schemes for magnesium with different laser field con-
figurations [84]. Since, sub- Doppler laser cooling is performed in general at low
saturation values, in general, an approximation of the density matrix is used. Prud-
nikov instead performed his simulations taking all quantum effects into account,
the detuning, the optical depth and also the recoil effect.

δ/Γ kBT [~Γ] I[mW/cm2]

−0.5 0.167 70

−1.0 0.078 80

−2.0 0.070 150

−5.0 0.064 300

Table 5.3: Optimal parameter
for sub-Doppler cooling of Mg in
lin ⊥ lin configuration.

It turned out that laser cooling in σ+σ− light
configuration, like it is used at magneto-optical
trapping, seems to be less efficient due to quan-
tum recoil effects in respect to the results
achieved with the semiclassical approach. Fig-
ure 5.5 shows in the left panel both simulations,
where the ultracold fraction drops from 60% to
40% when taking all quantum effects into ac-
count. However, the simulations for laser cool-
ing in the lin ⊥ lin configuration seems to be
more efficient as shown in figure 5.5 in the right
panel. Laser cooling with this light configura-
tion can be applied on magnesium in the absence of the dipole trap, but with the
presence of the MOT beams at 383 nm. Parameters being optimal at different
detuning are shown in table 5.3.
Applying the cooling scheme in our experiment would imply at first loading 3P2

atoms in the dipole trap at 1064 nm. After switching off the dipole trap the atoms
would be exposed by the cooling laser and finally recaptured in the dipole trap
and further transfer into the optical lattice.

2A deep potential is in this case achieved by a small detuning
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5.5 Priority recommendation of new implemen-
tations at the magnesium experiment

Finally, I would like to advise an order for implementing the further steps discussed
in this chapter. It is based on best ratio between effort and possible impact on
the experimental operation or characterization of the clock respectively. The ones
with lowest effort are as follows:

• A good control of the probe AC Stark shift will reduce the instability by a
factor of

√
2 by dropping the additional in-situ measurement. As described,

only the implementation of a dichroic mirror is necessary, which can be done
without any great effort.

• An upgrade of the grating laser system to get higher power and also an
upgrade of the cavity optics to improve the fineness which was recently done
by N. Jha.

• The knowledge in frequency of the lattice laser is limited by the Wavemeter.
A beat- measurement against the optical frequency comb can be realized via
an optical fiber, guiding the light to the resonator lab.

Since tilting the lattice or increasing the finesse has little effect on the linewidth,
replacing the Ti:Sa is more promising, even though this step is more expensive
and labour-intensive. Nevertheless, this step would enhance the lattice power to
a regime, which would not only allow to further reduce the transition line width
but also would allow to perform a higher order AC Stark shift characterization.
Real-time measurement of temperature at the PT sensors is easy to implement,
but need not be realized before the BBR-induced frequency shift becomes notice-
able.
Once a smaller uncertainty contribution of the probe and lattice AC Stark shift is
achieved investigations can be made on the apparatus to make it more robust and
reduce atomic fluctuations which are necessary for characterization of a collisional
frequency shift.
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Figure 5.6: Extenden 25Mg- Level scheme
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Figure 5.8:
Difference of both data sets sampled at the frequency comparison with probe beam inten-
sities of 3mW and 20mW (blue) and the fitted smoothing spline (red) used for correction
of the AC Stark frequency shift.
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