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Kurzfassung

Innerhalb dieser kumulativen Dissertation präsentiere ich die Ergebnisse meiner Dok-
torarbeit in Form von drei Publikationen. Im Zusammenhang eines 27Al+/40Ca+ Quan-
tenlogik Uhrenexperiments wurde ein Transferstabilisierungsschema entwickelt und de-
monstriert. Dieses ermöglicht die Phasenstabilität eines ultrastabilen Masterlasers mit
hoher Bandbreite auf Laser unterschiedlicher Wellenlänge mittels eines Frequenzkamms
zu übertragen. Die hohe Bandbreite wird ohne Vorstabilisierung der Laser auf Res-
onatoren bei ihrer jeweiligen Wellenlänge erreicht, indem das intrinsische Phasenrauschen
des Frequenzkamms elektronisch subtrahiert wird. Die erfolgreiche Umsetzung des
Transferstabilisierungsschematas wird anhand von Phasenrauschmessungen mittels eines
Resonators und von Rabi Oszillationen auf dem Logikübergang von 40Ca+ demonstri-
ert, welche von einem auf einen Masterlaser bei 1542 nm stabilisierten Lasers bei 729 nm
getrieben werden.

Durch das Transferstabilisierungsschema sind alle Laser, welche auf denselben Mas-
terlaser phasenstabilisert sind, auch untereinander phasenstabil. Dies ermöglichte die
Umsetzung eines neuartigen Kühlschematas namens Şdouble bright electromagnetically
induced transparency (EIT) KühlenŤ (D-EIT). Es wurde im Rahmen dieser Arbeit
entwickelt und erweitert das konventionelle EIT Kühlenschema zu einer M-förmigen
Niveaustruktur mit drei Grund- und zwei angeregten Zuständen. Im Şdressed statesŤ-
Bild enthält D-EIT einen Dunkelzustand zur Unterdrückung von Trägerstreuung und
zwei individuell verschiebbare Hellzustände. Im Falle eines gefangenen 40Ca+ Ions wer-
den die Hellzustände in Resonanz mit den axialen und radialen Moden gebracht, welche
mehr als 1,6 MHz auseinander liegen. Hierdurch konnte Grundzustandskühlen aller drei
Bewegungsfreiheitsgrade innerhalb eines einzelnen Kühlpulses demonstriert werden. Das
M-Niveau Schema von D-EIT wird durch Laser bei 866 nm und 397 nm gebildet, zwis-
chen denen eine feste Phasenbeziehung bestehen muss, um den Dunkelzustand erzeugen
zu können. Erfolgreiches D-EIT Kühlen stellt demnach einen indirekten Nachweis für
das Funktionieren des Transferstabilisierungsschematas für Laser dar, deren Frequenzen
mehr als eine Oktave auseinander liegen. Die erreichbaren Kühlraten und die mittleren
Gleichgewichts-Bewegungsquantenzahlen nach dem D-EIT Kühlen werden mit denen
von Standard EIT verglichen und deren jeweiligen Limitierungen diskutiert.

Abschließend werden die gewonnenen Erkenntnisse verwendet, um die Uhrenperformance
einer 27Al+ Quantenlogikuhr in Bezug auf die Schwarzkörperverschiebung, die Zeitdilata-
tionsverschiebung, die ac-Stark Verschiebung durch die Kühllaser und der Verschiebung
durch Exzessmikrobewegung abzuschätzen.

Schlagwörter: Uhren, Laserstabilisierung, Transferstabilisierung, Grundzustandskühlen,
Multimodenkühlen, EIT Kühlen, Doppel EIT Kühlen
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Abstract

Within this cumulative thesis I present the results of my work as a PhD student in the
form of three publications. In the context of an 27Al+/40Ca+ ion optical clock experiment
a transfer-locking scheme has been developed and demonstrated. It allows the transfer
of phase stability from an ultra-stable master laser to lasers of different wavelengths via a
frequency comb. The intrinsic noise of the frequency comb is electronically subtracted,
allowing high-bandwidth transfer of the phase stability from the master to the slave
lasers and removing the need for auxiliary reference cavities for laser pre-stabilization
at each slave laserŠs wavelength. The successful implementation of the transfer-locking
scheme is demonstrated by phase-noise measurements on an external cavity of a 729 nm
slave laser locked to a master laser at 1542 nm, and by measurements of Rabi Ćops on
the logic transition in a single 40Ca+ ion, driven by the 729 nm slave laser.

As a consequence of the transfer-locking scheme, all lasers that are phase-locked to
the master laser are also phase-stable with respect to each other. This allowed the
implementation of a novel cooling scheme termed double bright electromagnetically in-
duced transparency (EIT) cooling (D-EIT). It extends conventional EIT cooling to an
M-shaped level-structure with three ground states and two excited states, which has
been developed within this thesis. In the dressed state picture, D-EIT cooling provides
one dark state to suppress carrier scattering and two individually shiftable bright states.
For the case of a trapped single 40Ca+ ion, the two bright states have been shifted into
resonance with the axial and radial modes, being more than 1.6 MHz apart. That way
ground state cooling of all three motional degrees of freedom within a single cooling
pulse has been demonstrated. The M-level system of D-EIT cooling is formed by beams
at 866 nm and 397 nm and requires a stable phase relation between them in order to
create the dark state. This indirectly conĄrms the functioning of the transfer-locking
scheme for lasers with frequencies separated by more than one octave. The achievable
cooling rates and steady-state mean motional quantum numbers after D-EIT cooling
are compared to those of standard single EIT cooling. The limitations of each cooling
scheme are investigated.

Finally, the results are employed to estimate the clock performance of an 27Al+ quantum
logic clock with respect to the black-body radiation shift, the time-dilation shift, the ac-
Stark shift due to cooling lasers, and excess micromotion.

Key words: Clocks, Laser Stabilization, Transfer-Lock, Ground State Cooling, Multi-
mode Ground State Cooling, EIT cooling, Double-Bright EIT cooling

Multi-mode ground state cooling of trapped ions



Declaration

I hereby declare that this thesis is my own work and effort and that it has not been
submitted anywhere for any award. Where other sources of information have been used,
they have been acknowledged.

Braunschweig, 30.11.2017 Nils Scharnhorst





7

Contents

1 Introduction 11

2 Results 15

2.1 High-bandwidth transfer of phase stability through a Ąber frequency comb 16
2.2 Multi-mode double-bright EIT cooling . . . . . . . . . . . . . . . . . . . 20
2.3 Uncertainties in the aluminum clock . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 Black-body radiation shift . . . . . . . . . . . . . . . . . . . . . . 24
2.3.2 Second order Doppler shift due to excess micromotion . . . . . . . 25
2.3.3 ac-Stark shift due to cooling lasers and time-dilation shift . . . . . 27
2.3.4 Error budget contributions of the 27Al+/40Ca+ quantum logic op-

tical clock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Summary and Outlook 33

Bibliography 39

List of Figures 47





9

Acronyms
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1 Introduction

Time is ubiquitous in everyday life. Although intangible, it is essential for the deĄnition
of other metric units. Today, even the unit of length is deĄned via the time light needs
to travel a speciĄc distance [1]. With the upcoming redeĄnition of the international
system of units (SI) the second will become part of the deĄnition of all SI units except
the Mol [2]. Therefore, it is particularly important to make the measurement of time as
practical and as precise as possible. Arthur Schawlow famously put it: ŞNever measure
anything but frequencyŤ [3]. By this he meant that frequency measurements can be
performed with the highest precision of all measurable quantities. Therefore, whenever
possible, experiments should be designed to measure the desired quantity as a frequency
to obtain the lowest possible uncertainty on that quantity. Since time is the inverse of
frequency it becomes immediately clear that time should be determined by a frequency.
Then, the second can be deĄned as the time a speciĄc oscillator needs to undergo a
certain number of oscillations.

An oscillator is called a frequency standard if its frequency is stable and can be traced
back to the deĄnition of the second. If a frequency standard can additionally display
its measured time, it is called a clock. Clocks continuously count the number of evolved
cycles from a well-deĄned starting time. To understand this deĄnition, the term Şstable
oscillatorŤ has to be speciĄed further. In order to quantify the performance of an oscil-
lator, its frequency has to be compared to a reference which, for the sake of argument, is
assumed to have a constant and known frequency. An oscillator is called the more stable

the smaller the variations of its frequency around its average value are. The difference
between the expected and the measured frequency is called accuracy.

The SI second itself should be determined by the best performing clock. Ideally, the
oscillator of the clock has a constant frequency and that frequency is counted with
minimal error. From the medieval era up to 1967, time was related to astronomical events
and the last astronomical deĄnition of the second read Şthe fraction 1/31,556,925.9747 of
the tropical year for 1900 January 0 at 12 hours ephemeris timeŤ using the periodicity of
the earthŠs orbit around the sun as oscillator. In terms of practicability, this deĄnition
is inconvenient since it cannot be reproduced and the precision of this astronomical
clock is questionable due to the changing earthŠs orbital period. Therefore, in 1967 the
SI second was redeĄned to be Şthe duration of 9,192,631,770 periods of the radiation
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corresponding to the transition between the two hyperĄne levels of the ground state of
the cesium-133 atomŤ which is still the valid deĄnition of the second at the time of this
thesis. The common way to realize the second according to that deĄnition is to use a
microwave-oscillator whose frequency is regularly compared to the reference transition
in 133Cs in spectroscopy experiments. The difference between the oscillatorŠs frequency
and the reference transition frequency is used as a feedback signal for the stabilization
of the oscillatorŠs frequency to that reference transition frequency.

The maximum achievable stability of an atomic clock is limited by the linewidth of
the reference transition and its absolute frequency. Given similar linewidths, optical
reference transitions Ű accessible by lasers instead of microwave oscillators Ű have 104 to
105 times more cycles per second compared to microwave atomic transitions and thus
potentially provide better stability. With the invention of the frequency comb [3], it
became possible to downscale optical frequencies to the radio frequency range, where
they can be further processed and counted electronically, allowing the construction of
optical clocks. Apart from using an optical instead of a microwave transition, the working
principle of optical clocks is the same as that of microwave clocks. Nowadays, optical
clocks have surpassed microwave clocks in terms of stability and accuracy by more than
one order of magnitude, see e.g. [4Ű6].

Optical frequency standards and clocks can be used for tests of new physics such as
the variation of fundamental constants in time [7Ű12], studies of many-body quantum
systems [13, 14], and the search for cosmic domain wall dark matter [15]. Clocks play
an important role in global navigation satellite systems (GNSS) [16,17], and relativistic
geodesy [18Ű20]. All these applications beneĄt from more stable and more accurate
clocks.

As a consequence of the development of optical frequency standards, a redeĄnition of
the SI second is currently under discussion [2, 4]. Different atomic species and clock
types are being considered to replace the cesium clock as the primary standard for the
second. Amongst these candidates are clocks based on a transition in aluminum ions
(27Al+). Ions in general have the advantage that they can be trapped and stored via
electromagnetic Ąelds, which do not couple to the ionŠs internal degrees of freedom.
This allows to isolate trapped ions from the environment, and thus rendering them a
highly accurate reference for the oscillator of the clock. Aluminum in particular is a
promising clock ion since its clock transition at 267 nm has a high absolute frequency
and is narrow (2π×8 mHz), thus providing a high quality factor. Additionally, the 27Al+

clock transition has the smallest known blackbody shift amongst all considered elements,
and a negligible quadrupole shift [21]. Unfortunately, the transition that would normally
be used for Doppler cooling and state read-out is at 167 nm, which is in the deep ultra-
violet (UV) and inaccessible to currently available lasers. As a solution, aluminum

Multi-mode ground state cooling of trapped ions
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is stored together with a second, so-called spectroscopy or logic ion, which possesses
an amenable cooling transition and whose states can be used for state discrimination.
If both ions are stored together in the same trapping potential, cooling of the logic ion
sympathetically cools the aluminum ion via the Coulomb interaction. Via quantum logic
spectroscopy [22], the internal state of the aluminum clock ion can be transferred to the
logic ion using their shared vibrational modes. Different species fulĄll the requirements
for a logic ion and in our setup calcium (40Ca+) has been chosen [23].

In order to convert the clock laser frequency down to a countable radio frequency, the
experimental clock setup includes a frequency comb with outputs at the wavelengths of
all lasers required for spectroscopy of calcium and aluminum ions. A frequency comb
itself is a pulsed laser that can be stabilized to an ultra-stable optical reference (master).
Within this thesis, a transfer-locking schemes has been developed [24], see Sec. 2.1, to
phase-stabilize the other continuous wave (CW) lasers in the experiment to the same
master. The frequency comb serves as a gear box to bridge the frequency difference
between master and slave lasers, while intrinsic noise of the frequency comb is removed
up to high bandwidths. For this, the lasers themselves do not need to be pre-stabilized
by external cavities. Since all transfer-locked lasers are phase stable to the same mas-
ter, they are also phase stable with respect to each other, even though the wavelength
differences among them exceeds one octave. Relative phase stability over such large
wavelength differences cannot be achieve by previous techniques such as e.g. transfer
cavities [25,26] due to the limited spectral bandwidth of one cavity mirror set.

Perturbations of the clock transition induced by external Ąelds and motion have to be
either suppressed or evaluated and corrected in order to achieve the desired accuracy
and stability of the frequency standard. Due to the weak coupling of the 27Al+ clock
transition to the environment [21], motion-induced shifts dominate the error budget for
an 27Al+ clock [27]. Motion of the ion leads to a second order Doppler shift Ű also known
as time-dilation shift Ű of the clock transition frequency as a result of the mismatch
between the moving ionŠs proper time and the lab-frame time. Thus, uncertainty in
the motion decreases the clockŠs accuracy and imposes a limitation of the Ądelity of the
quantum logic spectroscopy scheme. Therefore, it is preferable to cool the ionsŠ motion
close to the motional ground state Ű ideally for all six motional degrees of the two ion
crystal.

Thanks to the transfer-locking scheme, it became possible to develop double-bright elec-
tromagnetically induced transparency (D-EIT) cooling [28, 29] within this thesis as a
novel scalable variation of standard electromagnetically induced transparency (EIT)
cooling. D-EIT extends the usual EIT Λ level scheme by one additional ground and one
excited state. D-EIT allows simultaneous ground state cooling (GSC) of modes around
two separated frequencies. In this thesis, this capability is used for the Ąrst experimental

Multi-mode ground state cooling of trapped ions
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demonstration of GSC of all three motional degrees of freedom of a trapped ion within
a single cooling pulse. For D-EIT cooling, three ground states and two excited states
are coherently connected in a double-Λ level scheme by lasers at 397 nm and 866 nm,
a scheme made possible by the transfer-locking technique described above. The D-EIT
scheme enables cooling of spectrally separated modes and may allow simultaneous GSC
of all six modes of the 27Al+/40Ca+ ion crystal.

Two established techniques for ground state cooling of ions are sideband cooling (SBC)
and EIT cooling. The Ąrst of these can only cool one mode at a time while the latter
is capable of cooling modes within a narrow frequency range. Cooling of several modes
within one EIT pulse has been demonstrated experimentally [30]. EIT cooling is fast
compared to sideband cooling since carrier scattering is suppressed by a dark resonance.
For both cooling schemes, the cooling rate scales with the intensity of the cooling lasers.
However, increasing intensities lead to power-broadening of the cooling resonance, which
results in increased off-resonant carrier-scattering. Carrier transitions do not contribute
to cooling and if the system is close to its motional ground state carrier transitions lead
to heating since a decay on the blue motional sideband becomes more likely than on the
red motional sideband. This reduces the cooling rate and limits the achievable minimum
temperature of the system. As a consequence, in sideband cooling the intensities of the
cooling lasers has to be limited to curb the effect of off-resonant carrier scattering. By
notching out the scattering spectrum at the carrier, EIT cooling can tolerate power-
broadening of the cooling resonance and thereby allows higher cooling rates compared
to sideband cooling. Therefore, the work within this thesis focuses on EIT-like cooling
and provides an in-depth analysis and comparison between single EIT and double-bright
EIT cooling, see Sec. 2.2. The detrimental effect of excited spectator modes in standard
EIT cooling is investigated. This effect is avoided in the D-EIT cooling scheme due
to the simultaneous cooling of all motional modes of a single 40Ca+ ion. Furthermore,
D-EIT cooling overcomes the limitation of off-resonant excitation from superĆuous P
states in standard EIT cooling by incorporating all relevant electronic excited states
in the cooling level scheme. In comparison to standard EIT cooling, this will enable
higher cooling rates for systems that operate deep in the Lamb-Dicke regime. The GSC
performance, both in cooling rate and steady-state temperature, for D-EIT cooling is
investigated and compared with standard EIT cooling. By enabling fast ground state
cooling of all six modes of the 27Al+/40Ca+ ion crystal, the D-EIT cooling scheme
will allow a reduction of motion-induced shifts of the 27Al+ clock, while limiting the
experimental dead-time due to cooling to a minimum.

The experimental results of this work can be used to predict parts of the error budget
of the 27Al+/40Ca+ quantum logic clock. Amongst the largest contributions for clock
uncertainties are the black-body radiation shift, the second order Doppler shift due to
micromotion and secular motion, and the ac Stark shift caused by lasers cooling the ions
during the clock interrogation. In Sec. 2.3, the magnitudes of these shifts are estimated
and discussed.

Multi-mode ground state cooling of trapped ions
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2 Results

This chapter presents the results of this work. Sections 2.1 and 2.2 present the results
of the transfer-locking scheme [24] and double-bright EIT cooling [28, 29], respectively,
and put them into broader scientiĄc context. These three publications form this cumu-
lative thesis, the author contributions are listed at the end of each of the two section.
Finally, Sec. 2.3 presents estimates for systematic effects and their uncertainties for a
27Al+/40Ca+ quantum logic clock, based on the measurements obtained during this
work.
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2.1 High-bandwidth transfer of phase stability through a

fiber frequency comb

Optics Express Vol. 23, Issue 15, pp. 19771-19776 (2015)

A frequency comb is an integral part of every optical clock experiment, used to measure
absolute (optical) frequencies and convert them into the easier-to-process microwave
regime [31]. Consequently, the setup of the 27Al+/40Ca+ quantum logic clock experi-
ment, with which the experiments of this thesis have been conducted, includes a fre-
quency comb with optical outputs covering the spectral range of all lasers necessary to
operate the clock. The repetition rate of our frequency comb itself is locked to the same
master laser used for the transfer-locking scheme and the offset beat is stabilized to a
radio frequency (RF) reference, which is derived from the primary frequency standards
at Physikalisch-Technische Bundesanstalt (PTB). Hence, the regularly-spaced teeth of a
frequency comb serve as reference to which to stabilize a laser. Figure 2.1 compares the
phase noise spectral density (PSD) Ű after removal of the carrier-envelope-offset noise Ű
of a comb tooth at 729 nm (a) to the PSD of a free-running external-cavity diode lasera

(ECDL) (b). The PSD of the comb tooth exceeds that of the free-running ECDL for fre-
quencies above 20 kHz, so that locking the ECDL to the comb tooth (c) cannot suppress
laser noise past a Fourier frequency of 20 kHz. Hence, the combŠs high-frequency noise
limits the bandwidth in which it can serve as a useful reference, so that phase-locking of
the ECDL to the comb tooth generally requires pre-stabilization to a separate reference
cavity

The high-bandwidth transfer-oscillator feed-forward scheme developed in this thesis sup-
presses the effect of comb noise in an unprecedented 1.8 MHz bandwidth. The suppres-
sion is achieved by synthesizing a virtual beat signal between a 1542 nm ultra-stable
master laser and the 729 nm diode laser (slave), in which the effect of the comb noise
is suppressed by microwave feed-forward electronics. This is a high-bandwidth imple-
mentation of the so-called transfer-oscillator lock [32], which circumvents the necessity
for a tight comb lock. The result of the phase-lock of the slave via the virtual beat
with the master laser is shown in Figure 2.1(d). The transfer-locking scheme suppresses
the phase-noise of the ECDL below the free-running level for frequencies up to 200 kHz.
Compared to the direct lock to the comb (Figure 2.1(c)), the virtual beat improves the
useful locking bandwidth by an order of magnitude.

The practical impact of the transfer-locking scheme is illustrated by carrying out coher-
ent manipulations of a trapped calcium ion with 99 % Ądelity even at few-microsecond

aIn the setup, DLpro lasers from Toptica are used, with a specified line-width of around 60-100 kHz.
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Figure 2.1: Phase noise power spectral density of (a) a comb tooth at 729 nm (after removal of

carrier envelope noise) (b) the free-running ECDL, for reference (c) the ECDL locked directly to

the 729 nm comb tooth (d) the ECDL locked to the virtual beat with the 1542 nm master laser.

The dashed line indicates the measurement noise floor for curves (b-d) due to laser intensity noise.

Note the additional noise suppression bandwidth of spectrum (d) compared to that of spectrum

(c).

timescales. This shows that the transfer-oscillator locking can provide sufficient phase
stability for high-Ądelity quantum logic manipulation even without pre-stabilization
of the slave diode laser. By eliminating the need for auxiliary reference cavities for
laser pre-stabilization at each wavelength, this capability allows a substantial simpli-
Ącation of experimental setups requiring multiple stable lasers, such as high-accuracy
frequency standards based on quantum logic spectroscopy [10], experiments in Rydberg
spectroscopy [33], or coherent photo-association and control of molecules with Raman
pulses [34]. The option to use a single transportable reference cavity [35, 36] for all
lasers in a setup potentially will also reduce bulk and weight in proposed portable or
space-based optical clocks [37] for tests of fundamental physics [10Ű12] or relativistic
geodesy [18Ű20].

A beat between the transfer-locked 729 nm laser and an independently cavity-locked
729 nm laser [38] revealed a beat line-width of <160 Hz, while the master laser is ex-
pected to have an effective line-width of around 1-10 Hzb. The slave laser linewidth
is thus not limited by the master laser, but rather by residual comb noise beyond the
suppression bandwidth of the transfer-lock feed-forward scheme. The comb noise sup-
pression bandwidth is limited by relative time delays between the different signal paths

bGesine Grosche, private communication. Limited by uncanceled fiber noise in the optical path.
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that are subtracted from each other in the transfer-locking scheme, while the overall
loop delay limits the feedback bandwidth for the laser lock. Here, the overall loop delay
is caused by electronic Ąlters in the feedback electronics, necessary to remove or sup-
press unwanted signals from the error signal. As well as extending the bandwidth of
the feed-forward noise subtraction, one might also improve the systemŠs performance
by lowering the overall level of comb noise so that there was less of it to subtract in
the Ąrst place. Intrinsic comb noise is caused by electronic noise as well as external
noise, coupling to the free-space optics part of the frequency combŠs oscillator. It can
be reduced by a tighter comb lock or by protecting the oscillator from environmental
perturbations. The former is limited by electronic resonances at around 900 kHz in the
intra-cavity electro-optical modulator used for fast locking feedback, while the latter can
for example be achieved by a fully Ąberized optical comb, i.e. without any free-space
optics.

In general, the comb noise suppression bandwidth imposes a limit on the ability to
reduce the PSD of a slave laser with the transfer-locking scheme. For noisier lasers than
reported here, the achievable locking bandwidth is reduced and laser stabilization to
a cavity [39Ű41] might outweigh the advantages of the transfer-locking scheme. It is
to be noted that, whatever the choice of reference, the stabilization feedback typically
imprints servo-bumps onto the spectrum of the stabilized laser.c This is true for both,
the transfer-locking scheme, as well as for the stabilization to a cavity. These servo-
bumps may cause unintentional off-resonant excitation of electronic or vibrational levels,
which is especially critical for the interrogation of the logic transitions in aluminium and
calcium. These stabilization artifacts could be removed by injection locking a slave laser
to the stabilized laser [42] and using the output of the slave laser for the interrogation
of the logic transitions.

At the time of writing, the transfer-locking scheme is implemented to phase-lock four
different lasers (729 nm 40Ca+ logic laser, 267 nm 27Al+ logic laser, 866 nm 40Ca+ re-
pumper, and 397 nm 40Ca+ cooling and detection laser), as well as the repetition rate of
the frequency comb itself, to the ultra-stable master laser at 1542 nm. Being phase-locked
to the same master laser, all lasers are also phase-stable with respect to each other, inde-
pendent of the frequency gap between them. This is an advantage over the use of cavities
for phase-stability transfer between lasers of different wavelengths [25, 26]. There, the
maximum possible spectral gap between the lasers is limited by the spectral bandwidth
of the cavityŠs mirror coatings for optical wavelengths, which usually covers less than
an octave. High-contrast dark resonances between the 866 nm 40Ca+ repumper and the
397 nm 40Ca+ cooling and detection laser demonstrate high-bandwidth mutual phase-
stability between the lasers, being spectrally separated by more than one octave [29].
This facilitates the implementation of D-EIT cooling (see Section 2.2).

cIn our setup, servo-bumps are found roughly 500 kHz around the carrier.
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2.2 Multi-mode double-bright EIT cooling

Multi-mode double-bright EIT cooling, arXiv:1711.00738 (2017)

Experimental and theoretical comparison of the cooling performance between standard

and double-bright EIT cooling, arXiv:1711.00732 (2017)

Ground-state cooling (GSC) of ions and atoms is an essential prerequisite for many
experiments in quantum optics, optical spectroscopy and clocks, quantum simulations,
and quantum information processing. Sideband cooling (SBC) [43Ű48] and cooling via
electromagnetically induced transparency (EIT) [30, 49Ű52] are the most common tech-
niques to achieve ground state cooling. Cooling performance is characterized by the
cooling rate, the minimal achievable kinetic energy, and how many motional modes are
cooled simultaneously.

SBC works in the resolved sideband regime, where carrier and motional resonances
are spectrally separated. Here, cooling of a particular mode is achieved by tuning a
laser into resonance with the corresponding red sideband (RSB). This way, a mode
far above its ground state most likely scatters a photon on the RSB, which removes a
quantum of motion from the respective mode such that cooling takes place. However,
RSB scattering events become less probable the closer the mode gets to its ground state
and carrier scattering becomes the dominant scattering event. Carrier scattering does
not reduce the motional energy and thus does not contribute to cooling. Moreover, in
this regime, carrier scattering effectively limits the minimum steady-state temperature,
since the most likely decay channels after a carrier excitation are the carrier itself, and
the blue sideband (BSB). BSB scattering adds a quantum of motion to the system and
heats the mode up, which limits the possible minimum steady-state temperature of the
system.

EIT cooling improves upon the limitations of SBC by suppressing carrier scattering.
This is achieved by tuning two mutually phase-stable lasers from two ground states into
resonance on one virtual excited state, which is blue detuned with respect to an electronic
excited state. The new eigenstates of the combined system are described in the dressed-
state picture. In the described Λ-conĄguration, carrier scattering is suppressed by a dark
state. In addition, a bright state is created, which can be shifted into resonance with a
motional RSB via the Stark-shifts of the two cooling lasers. Effectively, EIT cooling can
be thought of as SBC but without the disadvantages of carrier scattering and therefore
leads to higher cooling rates for a given steady-state temperature close to the motional
ground state, as illustrated in Figure 2.2, which compares the mean motional quantum
number during SBC and single EIT cooling. However, it is not possible to implement EIT
cooling in arbitrary systems, because off-resonant coupling to or decay into electronic
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Figure 2.2: Cooling performance comparison of the axial mode of a single 40Ca+ ion between stan-

dard EIT (measured, blue data points and line) and sideband cooling (red dashed and dotted lines).

The lines are generated via the following model: T (t) = Toffset + (TDoppler − Toffset)exp(−t/τ),

where a Doppler temperature TDoppler = 500 µK was assumed, Toffset = 8.4(8) µK was fitted to

the data, and τ is the exponential decay constant. The red dashed line represents the fastest

SBC realized in the setup with τ ≈ 500µs (taken from [53]), the dashed dotted red line represents

the fastest SBC to the motional ground state (τ ≈ 200µs) reported in the literature for a 40Ca+

ion [54]. For EIT cooling τ = 28.8(2.8)µs is obtained from the fit of the measured data with the

above mentioned model.

states outside the Λ-conĄguration might lead to a decay of the dark state. Another
requirement for the successful implementation of EIT cooling are cooling lasers that are
phase-stable with respect to each other. Decoherence between the cooling lasers also
limits the lifetime of the dark state, thus allowing carrier scattering.

Due to their narrow cooling resonance, both sideband and EIT cooling restrict cooling to
a narrow frequency range. However, to scale up the number of ions in quantum systems
and to control all relevant (motional) degrees of freedom in such large atomic ensembles
demands for novel cooling approaches, such as the capability to cool several motional
modes simultaneously.

Within this work, double-bright EIT (D-EIT) cooling has been developed as an extension
of standard EIT cooling by adding one additional ground and one excited state to
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Table 2.2: Comparison of experimental values for single EIT, concatenated single EIT cooling

pulses (3D single EIT, the pulse ordering is given in parenthesis), and D-EIT cooling, each starting

from Doppler cooling temperatures and optimized for minimum n̄ at ∆ = 71.5 MHz.

EIT Method nss,a nss,r tss (µs)

Single EIT ax. 0.10 ≈7 720
3D Single EIT (Ąrst radial, second axial EIT pulse) 0.04 0.20 640a

Single EIT rad. ≈1.3 0.10 490
3D Single EIT (Ąrst axial, second radial EIT pulse) ≈1 0.10 700
D-EIT 0.11 0.14 670

a Smaller than the sum of tss, since the axial mode is pre-cooled by the radial pre-
cooling pulse.

the cooling level scheme. It allows simultaneous GSC of modes around two separated
frequencies. In this thesis this capability is used for the Ąrst experimental demonstration
of ground state cooling of all three motional degrees of freedom of a trapped ion within
a single cooling pulse.

In the publications presented in this section, details on the experimental apparatus are
provided, and more importantly, an in-depth analysis and comparison between single
EIT and double-bright EIT cooling is given. The detrimental effect of hot spectator
modes in standard EIT cooling is investigated. This effect is avoided in the D-EIT
cooling scheme due to the simultaneous cooling of all motional modes of a single 40Ca+

ion. Furthermore, it is shown that off-resonant excitation is a limitation in standard
EIT cooling that is overcome in D-EIT cooling enabling higher cooling rates for systems
that operate in the Lamb-Dicke regime. Finally, the GSC performance both in cooling
rate and steady-state temperature of D-EIT cooling, standard EIT cooling, and concate-
nated standard EIT cooling pulses are investigated and compared. The results of the
comparison are shown in Table 2.2, listing values for the Ąnal steady-state mean motional
quantum number nss and the time tss needed to reach nss between the different cooling
schemes. These results were obtained for a single-photon blue detuning of ∆ = 71.5MHz,
which is the maximum blue detuning that could be achieved for both single and D-EIT
cooling given the available acousto-optical modulator (AOM) bandwidth.

On the theory side, a detailed thermodynamic interpretation of laser cooling is presented
based on an analogy between linear response theory and the Lamb-Dicke regime. Within
the Lamb-Dicke regime, a detailed description of the system in the form of an analytical
theory for both single EIT and D-EIT cooling is given. A theory for time-dependent
rates has been developed to describe the system beyond the Lamb-Dicke regime and this
theory has been compared to the measured data.
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Contributions

Table 2.3: Author contributions, which are the same for both publications presented in this section.

Name Research Conducting Evaluation Preparation of
question/plan experiments of results the manuscript

Nils Scharnhorst X X X X

Javier Cerrillo Morenoa X X X

Johannes Kramer X X

Ian D. Leroux X X

Jannes B. Wübbena X X

Alex Retzker X

Piet O. Schmidt X X X

a Contributed the theoretical analysis and simulation of the experimental data.
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2.3 Uncertainties in the aluminum clock

The experimental results obtained in the course of this work lead to estimates of some
systematic effects that shift the 27Al+ clock transition from its ideal unperturbed fre-
quency and thus contribute to the error budget of an 27Al+/40Ca+ quantum logic
clock.

2.3.1 Black-body radiation shift

The experiment is conducted at room temperature. As a consequence, thermal black-
body radiation (BBR) couples to the electronic level-structure of trapped ions. In par-
ticular, BBR shifts the ground (1S0) and excited state (3P0) of the clock transition in
27Al+ differently, thus making the clock transition frequency depend on the temperature
of the environment as seen by the clock ion.

Rosenband at al. [55] give the derivation for the calculation of the BBR shift as a function
of the temperature T ±∆T , where T is the temperature seen by the trapped clock ion
and ∆T the uncertainty on that temperature. Following [55], the fractional BBR shift
is calculated as

∆νBBR
ν

=
π(kBT )4

∆α(0)
60ϵ0~

4c3ν
, (2.1)

where kB is the Boltzmann constant, ϵ0 the vacuum permittivity, c the vacuum speed of
light, and ∆α(0) the static differential polarizability of the 1S0 to 3P0 clock transition in
27Al+. In principle, the BBR shift depends on the average of the dynamic polarizability,
weighted by the blackbody spectrum. But in 27Al+, all relevant transitions are in the
deep UV such that the differential polarizability at infrared wavelengths that make up
the room-temperature BBR spectrum are close to the DC (static) value. Making this
approximation is justiĄed by our limited knowledge of the differential polarizability and
thus, the static differential polarizability may be used without loss of accuracy. For
∆α(0) a value of (0.82 ± 0.08) × 10−41 J m2 V−2 has been calculated by Safronova et
al. [56]. Assuming a room temperature of (300.0 ± 0.5) K, the BBR shift is calculated
to be (−3.8 ± 0.4) × 10−18.

Figure 2.3 displays the uncertainty of the fractional BBR shift as a function of ∆T .
The main contribution to ∆T arises from insufficient knowledge of the BBR emitted
from the surfaces of the trap toward the position of the clock ion. Typically, the trap
surfaces are heated above room temperature by the rf power applied to the rf electrodes
for the generation of the radial conĄnement of the ion. As shown in [57], ∆T for the
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Figure 2.3: Uncertainty of the fractional BBR shift as a function of the uncertainty ∆T of

the temperature seen by the clock ion (solid line). The dashed lines show the measured case of

∆T = 0.5K, while the dotted lines indicate ∆T = 18.2K, for which the uncertainty of the fractional

BBR shift crosses 1 × 10−18. The uncertainty of the BBR shift at ∆T = 0 K results from the

uncertainty attributed to the differential scalar polarizability [56].

trap geometry used in this work has been evaluated to be 0.5 K at the position of the
trapped ion. The uncertainty of the BBR shift is dominated by the uncertainty of the
differential polarizability such that the contribution of ∆T is negligible.

2.3.2 Second order Doppler shift due to excess micromotion

A displacement of a trapped ion from the rf node of a Paul trap or a phase difference
between the ac potentials on the electrodes results in a driven motion of the ion due
to the ac-Ąeld at the ionŠs location. This motion is called excess micromotion (EMM).
EMM due to a displacement of the ion can be compensated by applying static electric
Ąelds that push the ion back onto the rf node. In the case of a phase difference between
the ac potentials, a fraction of the ac potential can be fed to the direct current (DC)
electrodes of the trap, in order to compensate the EMM. Residual EMM causes a second
order Doppler shift, which contributes to the error budget of the clock. Following [58],
the second order fractional Doppler shift ∆νEMM

ν on the 27Al+ clock transition ν due to
EMM can be expressed as

∆νEMM(z)
ν

= −
1

2c2

∑

i=x,y,z

v2

i (z), (2.2)

where c is the vacuum speed of light, and vi(z) the EMM induced velocity of the ion
along axis i at location z on the trap axis. The velocities vi can be calculated from the
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Figure 2.4: Fractional second order Doppler shift on the 27Al+ clock ion caused by residual EMM

as a function of the location of the clock ion on the trap axis z. (Top panel) The solid line represents

the overall fractional shift and the dashed line corresponds to 65 % of the fractional shift, which

is the attributed uncertainty due to measurement uncertainties of the Rabi frequency of carrier

and EMM sideband Rabi flops. (Bottom panel) Fractional EMM shifts along the individual axis,

which together result in the 3D EMM shift shown in the top panel. The shaded areas represent the

uncertainty, dominated by the measurement uncertainty of the Rabi frequency on the micromotion

sideband. z: horizontal trap axis, x: horizontal and perpendicular to the trap axis, and y: vertical

and perpendicular to the trap axis.

measured Rabi frequencies of a Rabi Ćop on a carrier transition fCar(z) and micromotion
sideband fMM(z) as

vi(z) =

√
2Ω

k729

fMM,i(z)
fCar,i(z)

mCa

mAl
, (2.3)

where Ω = 28.209 MHz is the frequency of the radially conĄning rf quadrupole Ąeld,
and k729 is the wave vector of the 2S1/2 to 2D5/2 logic transition in 40Ca+. The ratio
of the masses of the calcium mCa and aluminum ion mAl in Equation 2.3 extrapolates
the velocities obtained from measurements of fMM(z) and fCar(z) on a 40Ca+ ion to the
velocities of the 27Al+ ion at position z on the trap axis.

In this experiment, EMM is Ąrst coarsely minimized with the correlation technique
[58, 59]. In a second step, the resolved sideband method [58, 59] is iteratively employed
on three non-coplanar directions for further minimization. Here, the EMM is measured
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and minimized on the 729 nm logic transition of a single trapped 40Ca+ ion. After
optimization, the measurements of the residual EMM are combined and converted to an
overall EMM induced second order Doppler shift for a 40Ca+ ion as a function of the ionŠs
position around the EMM minimum along the trap axis. By weighting the results from
the single 40Ca+ ion measurements with the mass ratio between 40Ca+ and 27Al+, one
obtains the EMM-caused second order Doppler shift of the 27Al+ clock ion. A typical
experimental result of such a measurement run is displayed in Figure 2.4. The top
panel shows the overall fractional EMM shift, together with an attributed measurement
uncertainty of 65 % based on the uncertainty of the Rabi frequencies fCar(z) and fMM(z).
Here, the uncertainty of fMM(z) dominates the uncertainty of the EMM shift. Rabi
Ćops on micromotion sidebands have smaller Rabi frequencies than carrier Rabi Ćops
and therefore a lower contrast due to dephasing effects from external Ąelds and phase
noise of the interrogating laser. As a consequence, the uncertainty of fMM(z) is large
compared to fCar(z). The bottom panel of Figure 2.4 shows the EMM shift along
individual Cartesian axes, which together result in the overall EMM shift displayed in
the top panel.

At the location of minimum EMM, the resulting shift is (−5.1 ± 3.3) × 10−18. For the
motional trap frequencies in the setup, the ion-to-ion distance in a 27Al+/40Ca+ two-ion
crystal oriented along the trap axis is around 4 µm. As can be seen from Figure 2.4, the
curvature of the shift around its minimum is small enough that displacing the ion a few
micrometers away from the trap center will not increase the uncertainty of the shift by
more than 2 × 10−19.

2.3.3 ac-Stark shift due to cooling lasers and time-dilation shift

The Ąnite temperature of a trapped ion is associated with non-zero kinetic energy Ek

and the ionŠs motion results in a second order Doppler shift, referred to as time-dilation
shift. It has to be noted, that this shift never vanishes for a trapped particle, even at
100 % motional ground state population, due to the zero-point energy.

Time-dilation shift

The derivation of the time-dilation shift ∆νsec
ν presented in this subsection follows [23]. It

is simulated for a 27Al+ clock ion in an 27Al+/40Ca+ two-ion crystal and can be written
as

∆νsec
ν

= −
~(n̄ + 1/2)

2mAlc2

∑

i

ωi(1 + Si), (2.4)
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where n̄ is the mean-motional quantum number. ωi is the frequency of mode i, mAl

the mass of an aluminum ion, and Si is a scaling factor representing the contribution
of intrinsic micromotion [58] to the time-dilation shift. The numerator in Equation 2.4
Ű including the sum Ű is the total energy in the set of harmonic oscillators. By the
equipartition theorem, half of the total energy corresponds to the kinetic energy of the
trapped 27Al+ ion, resulting in the factor two in the denominator of Equation 2.4 to get
the kinetic energy, which is then compared to the the rest energy mAlc

2. For the radial
modes, the scaling factor is calculated as

Si =
2ϵ2/µ

2ϵ2/µ − 2α − (1 − √
µbCa/bAl)

, (2.5)

and for the axial modes as Si = b2
Al. Here, 0 ≤ α ≤ 1 is a unitless radial geometry factor.

For the simulation α is set to 1/2, corresponding to perfect symmetry of the radial
trapping potential, which is justiĄed by the almost degenerate radial mode frequencies.
µ = mAl/mCa is the mass ratio of the clock and logic ion and

ϵ =

√

ω2
radial +

ω2

axial
2

ωaxial
(2.6)

corresponds to the ratio of the ponderomotive and axial mode frequency. The motional
amplitudes bAl of the 27Al+ clock and bCa of the 40Ca+ logic ion are given as

bCa =

√

µ − µ2 + ϵ2(µ2 − 1) + a

2a
, bAl =

√

1 − b2
Ca, (2.7)

with

a =
√

ϵ4(µ2 − 1) − 2ϵ2(µ − 1)2µ(1 + µ) + µ2(1 + (1 − µ)µ). (2.8)

It is assumed that all motional modes are cooled to the same mean-motional quantum
number n̄. In the following, the results are simulated for two different sets of motional
mode frequencies of the two-ion crystal. One set describes the settings that have been
used in the experimental setup up to the time of writing (ŞCurrentŤ), the other set of
mode frequencies corresponds to experimental trapping parameters, for which all six
modes bunch around two frequencies (ŞBunchingŤ). Table 2.4 lists the mode frequencies
within each set. Figure 2.5 displays the time-dilation shift as a function of n̄ of the
six modes of a 27Al+/40Ca+ two-ion crystal. The n̄ has an attributed measurement
uncertainty of 10 % and which is assumed to be the same for all modes. For the ŞBunch-
ingŤ(ŞCurrentŤ) mode frequency set, an n̄ = 7.8 (n̄ = 5) results in an uncertainty of
the time-dilation shift of 1 × 10−18. For both mode frequency sets, the contribution of
the intrinsic micromotion to the time-dilation shift is about equal to the contribution
of the kinetic energy. Due to the zero-point energy, the time-dilation shift is non-zero
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Table 2.4: Sets of mode frequencies used to simulate time-dilation shifts.

Mode i ωBunching,i in (MHz) ωCurrent,i in (MHz)

Axial in-phase 0.925 0.978
Axial out-of-phase 1.775 1.762
Radial in-phase 1 0.925 2.458
Radial in-phase 2 0.925 2.458
Radial out-of-phase 1 1.775 3.743
Radial out-of-phase 2 1.775 3.743
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Figure 2.5: Time-dilation shift as a function of n̄ of the six modes of a 27Al+/40Ca+ two-ion

crystal. All modes are assumed to have the same n̄. Solid lines represent the time-dilation shift and

the dashed lines the corresponding uncertainties, which are dominated by the 10 % measurement

uncertainty for the n̄. The blue lines show the results for the set of “Current” and the black lines

those of the “Bunching” mode frequencies.

at n̄ = 0 and is simulated to 6 × 10−19 (1 × 10−18) for the ŞBunchingŤ(ŞCurrentŤ) mode
frequency set, with negligible uncertainty.

It is worth pointing out that the time-dilation shift depends only on the velocity, i.e.
the kinetic energy of the ion in the lab frame, which is equivalent to the thermal energy
Eth of the ion. For a given Eth, the conserved quantity is Eth ∝ ωn̄ up to constant
scaling factors. Therefore, for the same Eth, the larger ŞCurrentŤ mode frequencies
yield a lower n̄ compared to the smaller ŞBunchingŤ mode frequencies. If Figure 2.5 was
plotted against Eth rather than n̄, the curves would collapse into a single line independent
of trap parameters. In any case, as mentioned in [53], Doppler cooling is insufficient to
reach those temperatures.

In order to achieve sub-Doppler temperatures, GSC has to applied to the logic ion. Here,
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there are two options, GSC of the ion during the clock interrogation, and GSC before
the clock interrogation.

Interrogation time limit due to background heating rates

To avoid any inĆuence of the cooling lasers on the clock transition, the ions can be
cooled close to the motional ground state before the clock interrogation. Here, based
on [28, 29], D-EIT should allow all modes of the 27Al+/40Ca+ two-ion crystal to be
prepared with n̄ ≤ 0.2. Switching off the cooling lasers during the clock interrogation
avoids any laser-induced ac-Stark shift. However, without cooling, the background heat-
ing rate will heat the modes up, which increases the time-dilation shift and limits the
maximum interrogation time. In the setup, a radial heating rate of (28.2 ± 3.4) s−1, and
an axial heating rate of (45.0 ± 2.8) s−1 are typically observed for a single 40Ca+ ion with
radial mode frequencies at 2.552 MHz and 2.540 MHz, and an axial mode frequency of
904.6 kHz. The simulation assumes the measured background heating rate for both sets
of mode frequencies. However, due to electronic Ćicker and random walk frequency noise
in the setup, the background heating rate is likely to increase with smaller mode frequen-
cies. As a result, higher heating rates are expected for the ŞBunchingŤ mode frequencies
compared to the single 40Ca+ ion and ŞCurrentŤ set of mode frequencies. Figure 2.6
illustrates the effect of that background heating rate by showing the time-dilation shift
as a function of the clock interrogation time. With the measured uncertainties of the
heating rates, an uncertainty on the time-dilation shift of 1 × 10−18 is reached at 0.16 s
(0.29 s) for the ŞCurrentŤ (ŞBunchingŤ) set of mode frequencies. This time can be ex-
tended by measuring the heating rate more precisely to allow a better prediction of the
evolving ion temperature and time-dilation shift during the interrogation.

ac-Stark shift of cooling lasers

The alternative to GSC prior to the clock interrogation is GSC during the clock interro-
gation. This has the advantage of a constant temperature of the ion and the interrogation
time is not limited due to background heating rates. However, the cooling lasers cause
an ac-Stark shift of the clock transition and therefore contribute to the error budget of
the clock. Assuming GSC via D-EIT cooling (see Section 2.2), the main contribution to
the ac-Stark shift is caused by the pump lasers. For a chosen blue detuning ∆, the Rabi
frequency of the pump laser is Ąxed by the requirement to Stark-shift the cooling bright
state into resonance with the motional RSB. Consequently, the highest mode frequency
of a set of modes determines the dominant intensity and therefore the ac-Stark shift
on the clock transition. The required Rabi frequency of the pump laser decreases with
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Figure 2.6: Time-dilation shift as a function of the clock interrogation time for the measured

background heating rates of (28.2 ± 3.4) s−1 in the radial, and (45.0 ± 2.8) s−1 in the axial direction

and an initial n̄(0) = 0.2. For both mode frequency sets, the solid lines give the time-dilation shift

and the dashed lines the corresponding uncertainty, which is dominated by the uncertainty of the

heating rates. For each set the dashed lines mark the clock interrogation time for which the

uncertainty of the time-dilation shift is 1 × 10−18.

Table 2.5: Fractional ac-Stark shift induced by D-EIT cooling beams during clock interrogation.

For two different blue detunings ∆, the corresponding Rabi frequencies of the cooling beams are

given and the resulting ac-Stark shift.

Detuning ∆ (MHz) Ω866 (MHz) Ωσ (MHz) Ωπ (MHz) ac-Stark shift (10−18)

11.3 2 9.34 1.58 −0.2 ± 0.4
72.3 24.5 18.5 8.39 −1.1 ± 5.3

smaller ∆, which also result in higher n̄ [29]. This can be tolerated as long as n̄ ≤ 7.8
(n̄ ≤ 5) for the ŞBunchingŤ(ŞCurrentŤ) mode frequency set.

Table 2.5 shows the fractional ac-Stark shift induced by D-EIT cooling beams during
clock interrogation. The ac-Stark shift is calculated for ∆ = 11.3 MHz and ∆ = 72.3 MHz.
The former is the smallest ∆ measured within this work and resulted in n̄ < 5 for
all modes of a trapped single 40Ca+ ion with 904.6 kHz axial, and around 2.55 MHz
radial mode frequencies. The latter is measured for the largest ∆ during D-EIT cooling
investigated within this work and resulted in n̄ < 0.2 for all modes.

The simulation of the ac-Stark shift follows [55] and the data for the oscillator strengths
and transition frequencies is obtained from [60]. The transition dipole matrix element
from [61] is used for conversion of the 397 nm Rabi frequencies into the electric Ąeld
amplitude. In case of the 866 nm, the dipole matrix element is calculated from the
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Table 2.6: Error budget contributions of the 27Al+/40Ca+ quantum logic optical clock due to

systematic effects discussed in this section. The values represent the case of D-EIT cooling of

all “Bunching” modes during the clock interrogation at a blue detuning of 11.3 MHz. Shifts and

uncertainties are given in fractional frequency units.

Effect Shift (10−18) Uncertainty (10−18)

Black-body radiation shift -3.8 0.4
Excess micromotion shift -5.1 3.3
Time-dilation shifta -4.2 0.4
ac-Stark shift -0.2 0.4

a Assuming D-EIT cooling of all modes to n̄ =3.0 ± 0.3 during the clock interrogation.

Einstein A coefficient given in [60]. For all measured Rabi frequencies an uncertainty of
30 % is assumed. In all cases, the shift uncertainty is larger than the shift itself, because
the oscillator strengths for the relevant transitions in 27Al+ are not yet accurately known
[55]. According to the simulations, D-EIT cooling at small ∆ is tolerable during clock
operation.

2.3.4 Error budget contributions of the 27Al+/40Ca+ quantum logic

optical clock

The results of this section form part of the error budget of an 27Al+/40Ca+ quantum
logic optical clock. Table 2.6 summarizes the shift and its associated uncertainty of the
27Al+ clock transition from its ideal unperturbed frequency for the effects discussed in
this section. The values represent the case of D-EIT cooling of all ŞBunchingŤ modes
(see Table 2.4) to n̄ = 3 during the clock interrogation at a blue detuning of 11.3 MHz.
Due to the cooling, the maximum clock interrogation time is not limited by background
heating rates. Longer clock interrogation times potentially yield a higher clock stability,
which is the advantage of this conĄguration.
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3 Summary and Outlook

Summary

Within this thesis, a high-bandwidth transfer-lock scheme has been developed and
demonstrated, which is capable of transferring short-term stability from a stable master
laser to a laser at 729 nm with no pre-stabilization, via a frequency comb [24]. The
scheme synthesizes a virtual beat signal between the 729 nm and a stable master laser,
suppressing the effect of the comb noise by microwave feed-forward electronics. Such a
transfer-oscillator lock [32] relaxes the requirements for the comb lock. By eliminating
the need for auxiliary reference cavities for laser pre-stabilization at each wavelength, this
capability allows a substantial simpliĄcation of experimental setups requiring multiple
stable lasers.

The transfer-locking scheme allows one to phase-lock lasers at different wavelengths to
the same master laser. As a consequence, all those lasers are also phase-stable with
respect to each other. Standard techniques for phase-locks, such as transfer cavities,
cannot bridge large wavelength differences due to limited bandwidth of mirror coatings.
The novel ability to phase-lock spectrally separated lasers is particularly important for
the Doppler cooling laser at 397 nm and its repumper at 866 nm - phase stability between
them is critical for the realization of the double bright EIT cooling scheme described
in [28,29].

The transfer-locking scheme enabled the Ąrst experimental implementation of a variant
of double EIT cooling [28, 29]. Double bright EIT cooling (D-EIT) has been developed
in the context of this thesis as an approach for fast, multi-mode ground state cooling for
well-separated motional frequencies. Standard single EIT cooling only allows for ground
state cooling of modes within the the narrow frequency range of its cooling resonance.
Furthermore, for high cooling rates it suffers from off-resonant excitation via unused
excited states and the detrimental effect of hot spectator modes, which increase the
minimum achievable mean motional quantum number with increasing cooling rate [29].
In contrast to the original theory proposals for double EIT [62], the D-EIT scheme in-
corporates all relevant excited states in its level scheme and therefore solves the problem
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of off-resonant scattering. Applying the repumper and Doppler cooling lasers in D-EIT
conĄguration, one dark state and two individually shiftable bright dressed states are
created. The bright states can be brought into resonance with different RSB of different
motional mode frequencies of a trapped ion. This allows ground state cooling of all
three motional degrees of freedom of a single 40Ca+ ion within a single cooling pulse, as
demonstrated in [28].

A comparison between the results of D-EIT cooling and simulations [29] also serves as a
benchmark of the quality of the transfer-locking scheme. Decoherence between repumper
and the Doppler cooling beams would limit the lifetime of the dark state during D-
EIT cooling and allow for carrier scattering and consequent recoil heating. However,
the measured temperatures in D-EIT agree with the simulations which assume perfect
coherence between the laser Ąelds, indicating a high mutual phase-stability between the
866 nm and 397 nm lasers.

Finally, estimates of the fractional systematic shifts and their uncertainties for a pro-
jected 27Al+/40Ca+ quantum logic clock are given, based on measurement results ob-
tained in the course of this thesis. It is shown that the BBR shift of (−3.8±0.4)×10−18

will not impose any limitation on the error budget for an 27Al+/40Ca+ quantum logic
clock. The shift due to EMM of (−5.1±3.3)×10−18 as well as its uncertainty might be
reduced in further optimization runs. Since the EMM is relatively uniform around the
location of its minimum along the trap axis, a two-ion crystal is not expected to expe-
rience signiĄcantly more EMM than a single ion. The uncertainty of time-dilation shift
due to residual motion of the clock ion stays below −1 × 10−18 as long as the motional
modes are cooled to n̄ < 5, which requires cooling below the Doppler cooling limit. GSC
with D-EIT cooling during the clock interrogation is expected to result in a fractional
ac-Stark shift of (−0.2 ± 0.4) × 10−18 for a small blue detuning, where all modes are
expected to fulĄll n̄ < 5. Alternatively, if all six modes of the two-ion crystal are cooled
to n̄ = 0.2 before the clock interrogation with no cooling during the interrogation itself,
the maximum clock time is limited by the background heating rate, whose uncertainty
dominates the time-dilation shift. With the measured values of the heating rates, the
clock interrogation time is limited to <300 ms if the uncertainty of the time-dilation shift
is required to be below −1 × 10−18.

Outlook for future work

In contrast to a single trapped ion, a 27Al+/40Ca+ crystal has six motional degrees
of freedom. Due to the mass ratio of 27Al+ to 40Ca+, an amplitude of the trapping
quadrupole Ąeld can be identiĄed for which all six modes bunch around just two fre-
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quencies. Providing two individually shiftable bright states, the D-EIT scheme allows
cooling of all modes of the two-ion crystal within a single cooling pulse. This requires,
however, that every D-EIT cooling beam has a projection on the axial and both radial
modes. This is not the case in the current beam geometry [29], but may be achieved,
e.g. by rotating the trap by 45◦ in the horizontal plane with respect to the laser beams
and magnetic Ąeld. Furthermore, the D-EIT cooling scheme allows even triple-EIT cool-
ing [62], where a second dark state at the position of a motional blue sideband (BSB)
suppresses all leading-order heating processes on that mode. Triple-EIT cooling of a cer-
tain mode can be attained, if the magnetic Ąeld strength is chosen such that the 866 nm
σ± polarized laser is red detuned by the respective mode frequency from a transition
connecting an additional 2D3/2 sublevel to the Pv

± virtual level.

D-EIT cooling relies on the relative phase stability among the cooling lasers which is
realized by the transfer-locking scheme [24]. The maximum bandwidth for relative phase-
stability is limited by the intrinsic noise of the frequency comb, whose reduction would
thus result in a longer lived dark state, higher cooling rates, and lower steady-state mean
motional quantum numbers after D-EIT cooling. Thanks to continued progress in the
development of frequency combs, all-Ąber master oscillators are now available, which
have been reported to be quieter than master oscillator in the frequency comb used in
this work. Thus, a replacement of the current master oscillator might improve D-EIT
cooling as well as reduce the phase noise of the transfer-locked lasers.

Apart from laser phase noise, external magnetic Ąeld noise has a detrimental effect on
the coherence between atomic transitions of the ion and the interrogating laser Ąeld(s).
External magnetic Ąeld noise is suppressed by an active magnetic Ąeld compensation in
the setup [29]. However, its suppression bandwidth is limited to <100 Hz due to the
inductance of the compensation coils. An (additional) passive shield made of µ-metal
and aluminum around the vacuum chamber would yield a overall better suppression of
external magnetic Ąeld noise.

The typical lifetime of an 27Al+/40Ca+ crystal in the setup is less than Ąve hours. It
is mainly limited by the reaction of the trapped 27Al+ with residual hydrogen in the
vacuum chamber to form AlH+. For longer measurement campaigns of the 27Al+/40Ca+

quantum logic optical clock it would be beneĄcial to either improve the lifetime of
the two-ion crystal by reducing the amount of reactive background gas in the vacuum
chamber, or to be able to re-load a new 27Al+/40Ca+ crystal with minimum dead-time for
the experiment. Prolonging the lifetime requires extensive work on the vacuum system.
Loading of an 27Al+ ion in the setup commonly takes 2−20 min. The dead time due
to re-loading of an 27Al+/40Ca+ crystal in our setup is limited by the time required to
sympathetically cool the 27Al+ ion after ablation loading. The neutral aluminum atoms
have large residual velocities after being ablated and ionized, which renders sympathetic
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cooling inefficient due to the initially small motional coupling between the 40Ca+ logic
and 27Al+ clock ion [63]. A reduction of this dead-time could be achieved by selective
ionization only of the lowest velocity class in the aluminum atom beam. The atom beam
is generated underneath the trap center by an ablation laser from an aluminum target
[29], while the ionization laser beam currently runs along the trap axis, perpendicular
to the neutral atom beam. In this geometry, a spectral selection of a velocity class
by tuning the frequency of the ionization laser is almost impossible. If instead the
ionization laser were to be aligned parallel to the atom beam the frequency of the
ionization resonance would be maximally sensitive to atomic velocity, allowing selective
ionization of low-energy atoms. This preferable geometry may be e.g. approximated by
sending the aluminum ionization laser from above the trap through the imaging optics
for Ćuorescence detection. Alternatively, a temporal delay between the ablation pulse
and switching on of the ionization pulse can help to select slower atoms. However, given
the short distance of approximately 2 cm between the aluminum ablation target and
the trap center and the large thermal velocities around 5 km s−1 [63], such time-of-Ćight
discrimination requires a control of the delay on the level of nanoseconds which is similar
to the pulse length of the ablation laser.

During the work for this thesis preliminary experiments toward quantum-logic spec-
troscopy of 27Al+/40Ca+ crystals were conducted. Fig. 3.1 shows the results of Ąrst
spectroscopy experiments on the 1S0 to 3P1 logic transition in aluminum. Once stable
laser power at 267 nm is available, all ingredients for the aluminum clock will be at hand.
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Figure 3.1: Excitation probability on the axial red side band (RSB) of the out-of-phase (OOP)

mode of an 27Al+/40Ca+ crystal after ground state cooling followed by 1 ms of illumination with

either the aluminum logic π beam (red data points) or the combined π and σ− beams (blue data

points). The logic σ− beam is tuned to the unperturbed 1S0 →3 P1 resonance (dashed vertical

line). Solid vertical lines indicate theoretical transition frequencies accessible with the logic π beam,

for the measured magnetic field of 4.165 G. When the strong aluminum logic beams are in resonance

with a logic transition, they heat the aluminum ion, which in turn sympathetically heats the calcium

ion via the Coulomb coupling. Directly after ground state cooling the RSB excitation probability

of that mode is close to zero. Due to the heating of the logic beams the OOP mode becomes

hotter and scattering on its RSB increases with its temperature. Just applying the logic π beam

results in a symmetric RSB excitation with respect to zero detuning. After applying the logic π and

σ− laser together, the excitation spectrum becomes asymmetric. This indicates, that population is

transferred from positive (red area) to negative (blue area) Zeeman states, demonstrating optical

pumping on the aluminum logic transition by the logic σ− beam.
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