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Abstract This thesis reports on frequency comparisons with optical clocks based

on trapped ions, and their application to probing variations of fundamental con-

stants, with a focus on searches for ultralight dark matter (UDM). The work was

carried out at the Physikalisch-Technische Bundesanstalt (PTB).

An existing optical clock based on a single 171Yb+ ion is operated with high availabil-

ity over several years. Two atomic transitions are probed in an interleaved fashion:

An electric octupole (E3) transition, which is highly sensitive to possible variations

of the fine-structure constant, and an electric quadrupole (E2) transition. Including

the resulting measurement data with that previously obtained in our group further

improves the best constraints on a linear drift of the fine-structure constant α to

(1/α)(dα/dt) = 1.8(2.5) × 10−19/yr , and its coupling to the gravitational poten-

tial Φ of the sun to (c2/α)(dα/dΦ) = −2.4(3.0) × 10−9 , reducing uncertainties by

about a factor of four. The same data, along with that from a comparison be-

tween the 171Yb+ E3 clock and a Sr lattice clock, is analysed for the oscillatory

signatures associated with small hypothetical couplings between UDM and normal

matter. Leveraging the high α-sensitivity of both frequency ratios, more than an

order-of-magnitude improvement in limits on a scalar UDM coupling to photons is

achieved over a wide range of dark matter masses. UDM couplings to the nuclear

sector are investigated with optical clocks for the first time, by considering the effect

an oscillating nuclear charge radius would have on the E3/E2 frequency ratio. It

is further demonstrated that space- and time-separated clock comparisons provide

sensitivity to dark matter even for oscillators with identical sensitivities to funda-

mental constants, while also offering access to unique dark matter signatures and

complementary UDM couplings.

A new dual-species apparatus for combining 171Yb+ and 88Sr+ ions enables the re-

alization of a multi-ion clock based on the 2S1/2 → 2D5/2 transition in 88Sr+ with

up to ten ions. A fractional systematic uncertainty of 5.3 × 10−19 is obtained for

the multi-ion clock, comparable to the current best single-ion clocks. A frequency

comparison between the new optical clock based on 88Sr+ and the single-ion 171Yb+

clock operating on the 2S1/2(F = 0) → 2F7/2(F = 3) E3 transition yields an unper-

turbed frequency ratio of 0.6926711632159660399(20). With a fractional uncertainty

of 2.9 × 10−18, this is the most accurate determination of any physical constant to

date. The data obtained with multiple 88Sr+ ions is compatible with that obtained

using a single 88Sr+ ion, but offers a significantly improved instability. This estab-

lishes multi-ion clocks as a robust platform for next-generation tests of fundamental

physics.
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1 Introduction

This work presents high-precision optical frequency comparisons and their use in

searches for variations of fundamental constants. The motivation behind this ap-

proach is explained in section 1.1, followed by a brief introduction to the experi-

mental platform, namely optical clocks based on trapped ions, in section 1.2. An

overview over the results in this thesis can be found in section 1.3.

1.1 Motivation

Fundamental constants are deeply embedded into the formalism we use to describe

nature. At the same time, they remain elusive: While their values can be measured,

they – by definition – cannot be predicted from any more fundamental principles.

What is considered a fundamental constant depends on what is considered a fun-

damental theory. For example, new constants may be added as new phenomena

are discovered, or their number might be reduced if it is found that two distinct

phenomena can be described by a common underlying theory. In this sense, what

we consider fundamental constants is a reflection of our understanding of physics,

and its limitations [1, 2].

This work focuses on experimental searches for variations of fundamental constants.

While the term “variation of constants” is an obvious oxymoron, it may be under-

stood as shorthand for the fact that observing a variation of a parameter that was

previously considered constant indicates the need for new physics, a more funda-

mental theory that includes the observed dynamics. This makes searches for the

variation of fundamental constants important tests of the theories we are currently

using to describe nature. Even if such an experimental search finds no variation

of a constant, it yields information on the domain of validity of our current most

fundamental descriptions of nature, and constrains new theories. A more in-depth

discussion on the role of constants in fundamental physics can be found for example

in [3].

1
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Chapter 1. Introduction

Currently, our best understanding of nature has two main ingredients: general rel-

ativity describes gravity, and the standard model of particle physics categorizes

the known particles and describes their other interactions. Both of these are ex-

tremely well-tested experimentally across a wide range of different length scales [4–

8]. However, there are strong indications that these descriptions are incomplete.

One striking example is the fact that many independent observations point towards

the majority of matter in our universe being so-called “dark” matter. This elusive

type of matter owes its name to the fact that so far no interactions – besides gravity –

between “normal” matter and dark matter have been found. The nature of dark

matter cannot be explained by any of the particles in the standard model, at least

within our current understanding of physics. Some approaches towards solving this

mystery are associated with temporal variations of what are currently considered

fundamental constants [9, 10]. Searches for such signatures of dark matter will be

the focus in chapter 3 of this thesis.

To search for the variation of fundamental constants experimentally, we need to per-

form measurements that are sensitive to their values. Here, dimensionless constants

play an important role, since their values are independent of the chosen units of

measurements. It was realized as early as 1956 that theories predicting a variation

of the fine-structure constant would lead to a variation of atomic spectra [11], which

can be tested experimentally. Broadly speaking, there are two main approaches to

the search for signatures of the variations of fundamental constants in atomic spec-

tra: Astrophysical observations are used to search for variations on a cosmological

time scale, while precision laboratory experiments aim at testing for variations dur-

ing the time spanned by the measurements [12–15]. This work focuses on the latter

approach (see [16] for a review), and more specifically on measurements involving

optical clocks based on trapped ions.

Optical atomic clocks are the most accurate measurement instruments developed

to date, with several systems now featuring fractional systematic uncertainties on

the order of 1 × 10−18 [17–22], which makes them well-suited to investigate tiny,

previously unnoticed effects. Optical clocks based on trapped ions offer a particularly

high degree of control, as a single, trapped ion in vacuum closely resembles the ideal

of an unperturbed reference oscillator. Recently, trapped ion optical clocks have

even reached systematic uncertainties in the mid-10−19 range [23, 24]. However,

the amount of information that can be obtained from a single ion in a given time is

fundamentally limited by quantum projection noise, often making long measurement

times necessary. To overcome this limitation, chapter 5 demonstrates clock operation

2
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1.2. Optical clocks based on trapped ions

with up to 10 ions, and shows that this approach reduces measurement times without

sacrificing precision compared to the best single-ion clocks.

The unparalleled precision of optical atomic clocks can be combined with the use of

atomic transitions that feature high sensitivities to possible variations of a specific

constant. A particular focus in this thesis will be on utilizing their sensitivities to

changes of the fine-structure constant α, which depend on relativistic contributions

to the transition energies [25]. The sensitivity of a specific transition frequency to

small fractional changes of the fine-structure constant can be calculated numeri-

cally with relativistic N-body calculations [26, 27]. The ratio of two optical atomic

frequencies ν1 and ν2 can magnify small fractional changes of the fine-structure

constant according to
∆(ν1/ν2)

ν1/ν2
= −∆Kα

∆α

α
, (1.1)

for a suitable choice of transitions, such that the magnitude of their differential

sensitivity ∆Kα to changes of α is larger than one. This magnification is particularly

large for many frequency ratios involving optical clocks based on 171Yb+, which as

shown in chapter 2, makes this species a compelling choice for improved searches

for variations of the fine-structure constant.

Throughout this thesis, the sensitivities of optical transition frequencies to the vari-

ations of constants and the experimental realizations of these transition frequencies

in optical clocks come together to enable improved searches for signatures of new

physics. To this end, it’s helpful to take a brief look at the basic principles behind

optical atomic clocks, and their relevant properties.

1.2 Optical clocks based on trapped ions

The basic principle of an optical atomic clock is illustrated in Figure 1.1: A laser

is used to periodically interrogate a narrow atomic transition, often called the clock

transition. The laser is pre-stabilized to an optical cavity in order to reduce its

linewidth. This allows for longer coherent interrogation times on the atomic transi-

tion, corresponding to an increased frequency resolution. Based on the interrogation

of the atom(s), a discriminator signal is generated that is fed back to the laser for

closed-loop control of its frequency. This way, the laser is steered to reproduce the

characteristic frequency of the atomic transition.

3
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Chapter 1. Introduction

Figure 1.1: Basic principle of an optical atomic clock. Figure adapted from [30].

As optical signals cannot directly be processed electronically, a frequency comb acts

as a clockwork [28, 29], for example allowing one to produce a one-pulse-per-second

“clock” output derived from the laser radiation. The frequency comb provides a

discrete spectrum of equally spaced frequencies in the optical regime (the comb

“teeth”). The frequencies have a spacing frep and the lowest frequency has an offset

of fCEO to zero. Measuring the beat frequency fbeat between the laser frequency ν0

and the mth comb tooth, the frequency of the laser can be extracted according to

ν0 = fCEO +mfrep + fbeat (1.2)

from the electronically processable radio-frequency signals.

Any high-performance atomic clock is characterized by two main properties: its

systematic uncertainty and its frequency instability. The systematic uncertainty

describes how well the unperturbed atomic transition frequency can be realized.

Since the completely unperturbed atom or ion at rest is an idealization, the measured

frequency of the local oscillator can never perfectly reproduce the shift-free atomic

transition frequency. Frequency shifts affecting an atomic clock need to be assessed

and corrected for. Together with their uncertainties, all relevant frequency shifts

are summarized in an uncertainty budget that provides an estimate for the clock’s

accuracy.

The extremely low fractional systematic uncertainties of optical clocks are partially

due to their large base frequencies: Frequency shifts that are independent of the

4
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1.2. Optical clocks based on trapped ions

transition frequency naturally contribute a smaller fractional amount relative to a

frequency on the order of hundreds of THz, compared to e.g. frequencies in the

GHz range, which are typical for microwave atomic clocks. On the other hand,

there are frequency shifts that do scale with the transition frequency, such as the

Doppler shift, which results from the relative motion of the atomic reference with

respect to the interrogating radiation. Technological advances enabling a high level

of control over external and internal degrees of freedom in atoms and ions, such

as laser cooling and state detection, were therefore crucial for the development of

high-precision optical clocks [31].

Measurements of a clock’s absolute frequency rely on a comparison with a clock

that realizes the SI unit second. The current definition of the second is based on

an atomic hyperfine transition in the microwave regime, and due to technical limi-

tations of microwave atomic clocks, the best realizations of the second [32–34] are

limited to systematic uncertainties of about 1 × 10−16. As optical clocks have now

reached systematic uncertainties more than two orders of magnitude below this level,

a future redefinition of the second will likely be based one one or several optical tran-

sitions [35]. In the meantime, it is particularly attractive to measure dimensionless

frequency ratios of optical clocks, thereby circumventing the limitations currently

imposed on absolute frequency measurements.

Next to its systematic uncertainty, the second important property of an atomic

clock is its frequency instability. It can be obtained from a series of successive

measurements and is typically characterized by the Allan deviation [36]

σy(τ) =

√√√√ 1

2M − 1

M−1∑

k=1

(yk+1 − yk)2 , (1.3)

where yi are measurement results that have been averaged over the duration τ , with

the total dataset consisting of M such measurement results. The behavior of the

Allan deviation can indicate the dominant scaling of the measurement noise. White

frequency noise (frequency-independent power spectrum) results in a σy(τ) ∝ 1/
√
τ

scaling. For an ideal optical atomic clock, this is the typical noise observed on

timescales larger than the time constant associated with the clock’s feedback loop.

Uncertainty and instability are connected insofar as a clock’s instability dictates the

averaging time necessary to achieve a certain statistical uncertainty, for example

equal to its systematic uncertainty, in a measurement. The systematic uncertainty

5
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Chapter 1. Introduction

sets an upper bound for a clock’s expected long-term stability, or reproducibility, if

all relevant effects have been considered correctly. If effects that remain constant

over time contribute to the systematic uncertainty, for example due to limited knowl-

edge of atomic parameters, the reproducibility is even better than the systematic

uncertainty.

A single trapped ion in ultrahigh vacuum is a conceptually simple system that closely

resembles the ideal of an unperturbed reference. Due to their electric charge, ions

can be trapped in radiofrequency traps that provide confinement around a field-

free saddle point of an oscillating potential, ensuring that the transition frequency

is only minimally perturbed by the trap. Laser cooling enables reaching the so-

called Lamb–Dicke regime, where the ion’s motion is constrained to a region smaller

than the laser wavelength used for clock interrogation. In this case, the resulting

spectroscopic line is free of the linear Doppler shift. More information on trapped

ions and associated experimental techniques can for example be found in [37, 38].

Ideally, the instability of a trapped-ion optical clock is limited by quantum projection

noise, leading to a scaling of [39]

σy(τ) =
κ

C

1

ν T

√
T + Td
Nτ

. (1.4)

Here, κ is a constant of order unity that depends on the details of the interrogation

scheme, C denotes the contrast, ν the transition frequency, T the coherent interro-

gation time, Td the dead time spent for example on state preparation and detection,

and N the number of uncorrelated atoms interrogated simultaneously.

The achievable coherent interrogation time T is limited either by the radiative life-

time of the transition’s excited state, or by technical limitations such as finite laser

coherence. Since a single ion remains trapped for many interrogations, there is

typically no dead time associated with ion loading. Efficient state preparation and

detection enable reaching a dead time Td well below the coherent interrogation time

T , such that it does not contribute significantly to the cycle time T + Td. Simul-

taneously interrogating multiple trapped ions instead of just a single one offers an

avenue towards improving the instability of an ion clock: Ideally, one can gain the

same amount of information that is usually obtained through N interrogations of a

single ion, via a single interrogation of N ions. This approach is pursued in chapter 5

of this thesis.

6

https://doi.org/10.7795/110.20260227



1.3. Overview over results in this work

1.3 Overview over results in this work

The work presented here sits at the intersection of fundamental physics and fre-

quency metrology. While the next two chapters steer towards the former, the two

chapters after that focus on advancing optical clocks based on trapped 171Yb+ and
88Sr+ ions further, which paves the path towards even better searches for the varia-

tion of constants. The remainder of this thesis is structured as follows:

Chapter 2: “171Yb+ as a sensor for variations of the fine structure constant” intro-

duces key properties of the 171Yb+ ion, with a focus on the two relevant optical

reference transitions. Experimental techniques for measuring the ratio of the two

transition frequencies, which is highly sensitive to possible variations of the fine-

structure constant, are introduced. The key results are improved limits on local

position invariance from long-term measurements of this optical frequency ratio,

which can also be found in the supplemental material of [40].

Chapter 3: “Searching for ultralight dark matter” discusses different aspects of ul-

tralight dark matter searches with optical frequency comparisons. Ultralight dark

matter describes a well-motivated class of dark matter models consisting of bosons

that are so light they behave like a classical coherent wave. The chapter starts out

with an introduction to relevant aspects of dark matter, and particularly ultralight

dark matter. Since small hypothetical couplings between this type of dark mat-

ter and the standard model content are associated with oscillations of fundamental

constants, measurement data is analysed for such oscillations, considering the sensi-

tivities of the measurements to the fundamental constants. The high fine-structure

sensitivity of the 2S1/2 → 2F7/2 electric-octupole transition in 171Yb+ is leveraged

in two optical clock comparisons that yield improved bounds on the strength of

an ultralight dark matter coupling to photons. Most of these results can also be

found in [40], though additional details are provided here. Additionally, the fact

that optical atomic clock comparisons are sensitive also to couplings of ultralight

dark matter to quarks and gluons is considered and utilized for the first time, us-

ing 171Yb+ as an example. Most of the content of this section is also part of the

publication [41]. Furthermore, the effects of space- and time-separation in optical

frequency comparisons are investigated in an approach that is complementary to the

analysis of typical co-located frequency comparisons and retains sensitivity to dark

matter couplings even for a comparison of equal oscillators. These results are also

published in [42].

7
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Chapter 1. Introduction

Chapter 4: “A new optical clock experiment for 171Yb+ and 88Sr+ ions” describes

the setup and characterization of a new experimental apparatus that combines 88Sr+

and 171Yb+ ions. The motivation behind combining these two ion species towards

improved searches for the variation of fundamental constants is introduced. Key

components are described and characterized, with a focus on properties that are

relevant for the operation of the system as an optical clock.

Chapter 5: “An optical clock based on multiple 88Sr+ ions” contains the first results

obtained with the new experimental apparatus. Some of the work presented in

this chapter builds upon our previous results obtained with a different apparatus,

reported in [43]. An optical clock based on the 2S1/2 → 2D5/2 transition in 88Sr+ is

established, and clock operation with up to 10 ions is achieved. Systematic effects

associated with clock operation based on multiple ions are analysed. The fractional

systematic uncertainty of the multi-ion clock is evaluated as 5.3×10−19. The results

of an optical frequency comparison between this clock and the 171Yb+ single-ion

clock introduced in chapter 2 are presented. The content of this chapter is also

in preparation for a separate publication, titled A multi-ion optical clock with a

5× 10−19 uncertainty.

Chapter 6 summarizes this thesis and discusses implications of the results for future

tests of fundamental physics.

8
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2 171Yb+ as a sensor for

variations of the fine structure

constant

Experiments with trapped 171Yb+ have been pursued since 1982 [44], and at PTB

since the beginning of the 1990s. At first, the focus was precision microwave spec-

troscopy of the ground state hyperfine transition [45, 46], but with the advent of laser

cooling and spectroscopy, its potential as a reference for an optical clock came into

focus [47, 48]. This chapter will introduce the relevant atomic properties of 171Yb+

as well as the key experimental components and techniques we employ to realize

optical clocks based on the 2S1/2(F = 0) → 2D3/2(F = 2) electric quadrupole and
2S1/2(F = 0) → 2F7/2(F = 3) electric octupole transitions with a single trapped ion

to measure the ratio of their frequencies. Combining measurement data obtained

in this fashion with earlier measurements of the same frequency ratio performed

in our group, we are able to improve the previously obtained limits on slow varia-

tions of the fine-structure constant, which may be considered a test of local position

invariance.

2.1 The 171Yb+ ion

There are many reasons that make 171Yb+ a compelling choice for building an op-

tical clock. Its relatively large mass leads to low ion velocities for a given tempera-

ture, corresponding to low motional frequency shifts. The 171Yb+ isotope features

a nuclear spin of 1/2, which results in a simple hyperfine structure and transitions

between mF = 0 Zeeman sublevels that are insensitive to magnetic field fluctuations

at first order. 171Yb+ ions can be stored in a Paul trap for long periods of time,

and we typically keep a single ion for several months. In case of a chemical reaction
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Chapter 2. 171Yb+ as a sensor for variations of the fine structure constant

Figure 2.1: Relevant level scheme of 171Yb+. a) An electric dipole (E1) transition at
370 nm is used for Doppler cooling and detection. An electric quadrupole
(E2) transition at 436 nm and an electric octupole (E3) transition at 467 nm
are used as reference transitions for optical clocks. A repump transition at
935 nm clears out the E2 excited state, also facilitating closed-cycle Doppler
cooling. An electric quadrupole repump transition at 760 nm is used to de-
populate the E3 excited state. b) Cartoon picture of electron orbitals in-
volved in the two clock transitions. While in the E2 transition a valence
electron is excited, in the E3 transition a hole is formed in the low-lying
f -shell, close to the heavy nucleus. The different character of the excited
states can yield an intuitive understanding of the very different properties of
the two transitions.

with a background-gas molecule, the resulting molecule is photodissociated with the

cooling or clock lasers.

Figure 2.1 provides an overview over the relevant optical transitions in 171Yb+.

An electric dipole transition at 370 nm with a natural linewidth of γ = 2π ×
19.60(5)MHz [49] allows for Doppler cooling and state detection at an accessible

wavelength. The hyperfine structure results in coherent population trapping at low

magnetic fields [50], and we typically use magnetic fields of a few hundred µT dur-

ing detection. The ion offers three narrow optical transitions originating from the

ground state, which may each act as the reference transition of an optical clock: Two

electric quadrupole (E2) transitions at 411 nm and 436 nm, as well as an electric oc-

tupole (E3) transition at 467 nm. Since we only employ the latter two in our lab,

the 2S1/2 → 2D5/2 transition at 411 nm is not depicted, and electric quadrupole, or

E2, transition always refers to the 2S1/2 → 2D3/2 transition in the following. A re-

pump transition at 935 nm is used to clear out the 2D3/2 state after excitation, and to
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2.1. The 171Yb+ ion

2S1/2 ↔ 2D3/2
2S1/2 ↔ 2F7/2

Type Electric quadrupole Electric octupole
Excited state lifetime 53(2)ms [51] 1.58(8) yrs [52]
Quadrupole moment 1.95(1) ea20 [56] −0.0297(5) ea20 [56]
2nd-order Zeeman sensitivity 52.10(2)mHz/µT2 [57] −2.082(2)mHz/µT2 [30]
α-sensitivity 1.00 [27] −5.95 [27]

Table 2.1: Selected properties of the employed optical reference transitions in 171Yb+.

facilitate closed-cycle photon scattering during detection. An electric quadrupole re-

pump transition at 760 nm is used to depopulate the E3 excited state. All employed

transitions are at experimentally convenient wavelengths at which diode lasers have

been commercially available for decades.

The two employed transitions in 171Yb+ have different characteristics owing to their

different multiplicity: The E2 transition has an excited state lifetime of 53(2)ms [51],

corresponding to a natural linewidth of 3Hz, while the highly forbidden E3 tran-

sition has a natural lifetime of 1.58(8) years [52], corresponding to a nHz natural

linewidth. For realizing an optical clock, the intermediate E2 excited state lifetime

limits the coherent interrogation time and ultimately the achievable instability in

the case of a single ion. This is not the case for a clock based on the E3 transition,

where the coherent interrogation time is solely determined by technical limitations,

such as finite laser coherence or ion heating. However, the extremely narrow nat-

ural linewidth also brings experimental challenges: A high intensity of hundreds of

W/cm2 is needed to drive Rabi pulses of tens of ms, resulting in AC Stark shifts

of well above 100Hz. Experimental techniques have been developed for control-

ling this shift: Specific pulse sequences such as hyper-Ramsey spectroscopy [53] and

autobalanced Ramsey spectroscopy [54], as well as the excitation in the intensity

minimum of a vortex beam [55] do offer shift suppression and immunity to intensity

fluctuations, but also add experimental complexity.

The excited state electronic structures of the E2 and E3 transitions differ signif-

icantly: They are characterized by a single 6d electron for the 2D3/2 state and a

single hole in the otherwise filled 4f shell for the 2F7/2 state. Consequently, the

excited state lifetime is not the only difference between the two transitions, with

some relevant properties summarized in Table 2.1. The E2 transition is generally

more sensitive to external perturbations. The known relative sensitivities between

the transitions can be used to calculate time-resolved corrections for a clock operat-

ing on the E3 transition based on results from interrogating the E2 transition in the
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same ion. Here, the clock operating on the E2 transition might be seen as ancillary

to the more stable and accurate clock based on the E3 transition.

The heavy nucleus of 171Yb+ makes large relativistic contributions to the transition

energies plausible. In fact, the E3 transition frequency features a sensitivity of

Kα = −5.95 to variations of α [27] – the largest in any currently operational optical

clock, though higher-sensitivity clocks, for example based on neutral ytterbium [58]

are being developed. With a large and opposite-sign sensitivity of Kα = 1.00 [27]

the E2 transition is a suitable partner for optical frequency comparison with high

α-sensitivity.

2.2 The single-ion optical clock experiment Yb1

The experimental apparatus referred to as Yb1 is based on a traditional Paul trap

with a ring and two endcap electrodes, located in a quartz glass cell with Brewster-

cut windows. The trap has been under vacuum since the mid-1990s, with frequent

updates to the surrounding experiment in the subsequent years. A single-layer of

mu-metal around the glass cell provides magnetic shielding. To load an ion, atom

flux is generated from an oven, and a laser beam at 399 nm is used for photoionization

inside the trapping volume. Ion fluorescence is imaged onto either a photomultiplier

tube or an EMCCD camera, depending on the setting of a flip mirror. Typically, a

single ion remains trapped for several months in this apparatus. Excess micromotion

is monitored via the photocorrelation technique, using the photons accumulated for

cooling and detection during clock operation. Every few days, the compensation

field is adjusted manually by minimizing residual changes of the ion position that

are associated with lowering the trap potential. Currently, the system is routinely

running on both the E3 and E2 transitions in an interleaved fashion, with about

75% of the combined cycle time spent on the E3 transition, and 25% on the E2

transition. The system is extremely robust, producing valid data at least 80% of the

time over months. This high availability, together with its demonstrated long-term

stability at the low-10−18 level makes the apparatus an invaluable resource and an

attractive reference for optical clock comparisons at PTB and beyond.

Just within the past few years, the system has acted as a reference for our newer

optical clock setups based on 171Yb+ and 88Sr+ ions, as well as the transportable
171Yb+ optical clock opticlock, and for investigations of the clock transitions in the
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173Yb+ isotope in our group. Within PTB, Yb1 has been compared to the In+-Yb+

Coulomb crystal clock [21], and acted as a reference for investigations of isotope shifts

in Yb+ [59] and Ca14+ [60], as well as for measurements of excited-state magnetic

properties in Ca14+ [61]. Additionally, the system has contributed to international

optical clock comparison campaigns [62].

The systematic uncertainty for Yb1 operating on the E3 transition has previously

been evaluated as 2.7× 10−18 [63], and on the E2 transition as 33× 10−18 [64].

2.3 Measuring the E3/E2 frequency ratio

The frequency ratio νE3/νE2 has been measured in our group since 2016. For most of

this time, two different experimental setups, each based on a single 171Yb+ ion, were

used to realize the frequency ratio: Yb1 was mostly acting as the clock based on

the E2 transition, while the now decommissioned apparatus Yb2 was realizing νE3.

Since autumn of 2020, the frequency ratio has been realized by the single apparatus

Yb1 via the method of interleaved interrogation. Here, a single ion is interrogated

on both the E3 and E2 transitions in an alternating fashion.

Key components involved in this optical frequency comparison are depicted in Fig-

ure 2.2. As described previously in [64], the E2 probe laser frequency is stabilized

with fixed ratio 1/R0 to that of the E3 probe laser at a frequency comb. The servo

running on the E3 transition steers the probe laser directly, while the servo running

on the E2 transition steers a local offset ∆f2 via an AOM close to the ion trap,

which is recorded and can be used to calculate the frequency ratio via

νE3
νE2

= R0

(
1 +

∆f2
νE2

+
∆νE2
νE2

− ∆νE3
νE3

)
, (2.1)

where the systematic frequency corrections ∆νE3 and ∆νE2 can be obtained from

the respective uncertainty budgets. The low-10−18 uncertainty of the clock based on

the E3 transition is negligible for the frequency ratio, since the clock based on the

E2 transition currently has a much higher systematic uncertainty of 33× 10−18.

The E3 transition is probed using Rabi-controlled hyper-Ramsey spectroscopy [22]

with a dark time of 500ms, while we use standard Rabi interrogation with 42ms long

pulses for the E2 transition, because of its short 53ms excited-state lifetime [51]. The

E2 transition frequency is averaged over three mutually perpendicular directions of
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Chapter 2. 171Yb+ as a sensor for variations of the fine structure constant

Figure 2.2: Key components in the measurement of νE3/νE2 via interleaved interrogation.
Optical paths are depicted by red and blue lines; electric signals by dashed
green lines. The E3 and E2 clock lasers are stabilized to optical cavities
and their light is frequency doubled before being sent to the ion trap. The
short-term stability of an ultrastable silicon cavity (Si) [65] is transferred
via a frequency comb to the E3 clock laser [66]. The E2 laser frequency is
controlled to provide a constant frequency ratio relative to the E3 laser at
a frequency comb via the frequency offset ∆fE2, thereby inheriting the Si
short term stability from the E3 laser. Spectroscopy of the E3 clock transition
steers the corresponding laser frequency via direct digital synthesis (DDS)
generating the frequency offset ∆fE3, while the frequency of the E2 laser is
corrected by an additional offset to ∆f2 directly before the ion trap. For
simplicity, only one frequency comb is depicted, even though recently two
frequency combs are involved in the measurement: one for locking the E3
clock laser to the light from the Si cavity, and a different one for locking of
the E2 laser to the E3 laser. Phase-coherent links between the two frequency
combs are provided by the light from the Si cavity and the E3 clock laser
light. Figure adapted from [64].

the applied magnetic field, which suppresses tensorial shifts such as the quadrupole

shift [67]. While we use the first order Zeeman-insensitive mF = 0 → mF = 0

transitions as the basis for both optical clocks, we periodically probe the mF = 0 →
mF = 2 component of the E2 transition to determine the magnetic field strength

for all three settings using the known linear Zeeman coefficient of 8.388(1) kHz/µT
[57]. The result is used to calculate a time-resolved correction for the second-order

Zeeman shift on the E2 mF = 0 → mF = 0 transition. Similarly, we calculate a

dynamical correction of the shift due to black-body radiation based on measurements

with resistive temperature sensors. Since most other parameters are kept constant

during clock operation, the reproducibility of νE2 is expected to be much smaller than

its uncertainty. The dynamic correction of the second-order Zeeman shift leads to a
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∆νE2/νE2 [64] uE2/νE2 [64] rE2/νE2 [64] rE2/νE2

Effect
(
10−18

) (
10−18

) (
10−18

) (
10−18

)

Blackbody radiation −495 27 3 3

Quadrupole 0 14 14 1

Second-order Zeeman (rf) 0 10 1 1

Second-order Zeeman (dc) 463 6 6 < 1

Second-order Stark −2.0 2 2 2

Second-order Doppler −1.0 1 1 1

Servo 0 1 1 1

Total −35 33 16 4

Table 2.2: Frequency shifts ∆νE2, with corresponding uncertainties uE2 and reproducibil-
ities rE2 for the single-ion clock Yb1 operating on the E2 transition.

reproducibility of < 1×10−18 for this shift. Since the quadrupole shift in our system

remains constant over time at the 1×10−16 level, and as we suppress this shift by at

least a factor of 100 with our averaging scheme [56], we estimate the reproducibility

of the remaining quadrupole shift to 1 × 10−18. We estimate the total fractional

reproducibility of νE2 in our system as 4× 10−18, a significant improvement over the

previously reported value of 16× 10−18 [64].

Table 2.2 summarizes the uncertainty budget, with past and present contributions

to the reproducibility of the Yb1 clock running on the E2 transition. Time-resolved

corrections of the second-order Zeeman shift and the quadrupole shift are calculated

for the clock running on the E3 transition based on the result from the interrogations

of the E2 transition, so that both ∆νE2 and ∆νE3 may be time-dependent. In

practice, the time-resolved corrections of ∆νE3 are so small that we have not used

them in evaluations of optical frequency ratios to date.

Figure 2.3 shows the Allan deviation of 2.03×107 s (235 days) of measurement data

of the frequency ratio νE3/νE2 taken over a period of about 26 months between MJD

59097 (September 5, 2020) and MJD 59900 (November 11, 2022). The fractional

measurement instability of 1.0 × 10−14/
√
τ(s) is limited by the clock running on

the E2 transition. In addition to the limited natural linewidth of this transition,

the much longer interrogation on the E3 transition acts as dead time for the clock

running on the E2 transition. A more equal duty cycle could be obtained by following

each cycle of the clock running on the E3 transition by multiple cycles of the clock

running on the E2 transition, however not without sacrificing the instability of the
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Figure 2.3: Instability of the frequency ratio νE3/νE2, as characterized by the Allan de-
viation. The plot is based on 2.03 × 107 s (or 235 days) of data taken over
a period of about 26 months between MJD 59097 (September 5, 2020) and
MJD 59900 (November 11, 2022). The solid line is a fit with the 1/

√
τ scaling

expected for white noise. The fractional statistical uncertainty obtained from
extrapolating the fit result to the total measurement duration is 2.3× 10−18.

clock running on the E3 transition, which is about 1 × 10−15/
√
τ(s), as obtained

from frequency comparisons with a more stable optical lattice clock [68]. Despite the

limited instability of the measurement in its current configuration, Figure 2.3 shows

that by accumulating enough data we can reach a low-10−18 statistical uncertainty,

demonstrating exceptional long-term stability of our measurements of this frequency

ratio over an order of magnitude below the systematic uncertainty.

2.4 Improved limits on local position invariance

Local position invariance states that the result of any non-gravitational experiment

is independent of the position in space and time [69]. To test this important build-

ing block of the Einstein equivalence principle, we can search for variation in precise

measurements of optical frequency ratios over extended periods of time. In particu-

lar, we can use the large sensitivity of the ratio νE3/νE2 to potential variations of the

fine-structure constant to investigate its constancy. The simplest possible variation

would be a linear drift of the fine structure constant over time. Using the annual

variation of the Sun’s gravitational potential Φ(t) on Earth due to the ellipticity of
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Figure 2.4: Ratio of the frequencies νE3 and νE2 of the E3 and the E2 transition in 171Yb+

measured between MJD 57527 (May 19, 2016) and MJD 59900 (November 11,
2022). The gray error bars show the statistical uncertainties. For the black
error bars, a fractional uncertainty has been added in quadrature to take
into account the reproducibility of systematic shifts over the measurement
period. The dashed red line and the dotted blue line are fits to the data
in search for a linear temporal drift and a dependence on the gravitational
potential, respectively.

the Earth’s orbit enables investigation of a possible coupling of α to gravity, which

would lead to an oscillation with a period of the anomalistic year (≈ 265.25 days).

Previous optical frequency comparisons of νE3 and νE2 in our group found the

strictest limits on a linear temporal variation of the fine-structure constant α and

its coupling to the gravitational potential of the sun [64]. Including the new data in

the same analysis allows us to further improve these limits. Figure 2.4 shows both

the previously published measurement results of the frequency ratio νE3/νE2 between

May 2016 (MJD 57527) and August 2020 (MJD 59081), as well as new measurement

data starting from September 2020. The increased amount of data from 2021 and

2022 compared to earlier years is due to increased measurement activity as well as

improvements in clock availability during measurements. The dashed red line and

the dotted blue line are fits to all data of a linear temporal drift and a sinusoidal

modulation with a period of about 365.25 days respectively. Taking into account

the statistical uncertainties and reproducibility, the fits result in a reduced χ2 of 1.2

and 1.1, respectively. We find a linear drift of

1

νE3/νE2

d(νE3/νE2)

dt
= −1.2(1.8)× 10−18/yr (2.2)
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in our measurements of the frequency ratio νE3/νE2, corresponding to

1

α

dα

dt
= 1.8(2.5)× 10−19/yr . (2.3)

For a possible coupling to the gravitational potential Φ of the sun, the best fit to all

data yields
c2

α

dα

dΦ
= −2.4(3.0)× 10−9 . (2.4)

Both values are compatible with zero and improve the previous best limits [64] by

about a factor of four in the uncertainty.

Notably, the limits presented above encompass only two possible forms of variation

that could be present in the data. It might be worthwhile to also search for other

types of variations, especially if they are theoretically well-motivated. In the next

chapter, we will see that oscillations of the fine-structure constant may be caused

by ultralight dark matter, with the oscillation frequency corresponding to the (un-

known) dark matter mass. This motivates searching not just for sinusoidal variations

of one specific frequency and phase as above, but for oscillations with all possible

frequencies in our recent measurement data of νE3/νE2.
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3 Searching for ultralight dark

matter

The nature of dark matter is one of the biggest open questions in today’s physics.

While there are many well-documented effects dark matter has on “normal” matter

via gravity, non-gravitational interactions with standard model matter remain elu-

sive and are thus likely to be very small. We can search for the effects of such small

interactions with precise measurements, for example comparisons of optical atomic

clocks, in order to improve our understanding of the nature of dark matter.

This chapter starts out with a brief introduction to dark matter, and particularly

ultralight dark matter – consisting of bosons that are so light they behave like a

classical coherent wave – following the excellent reviews [70–73] and theses [74, 75].

I will be focusing on simple examples and those dark matter properties that are

relevant to the experiments considered here.

Then, section 3.3 presents a dark matter search based on two optical frequency com-

parisons involving 171Yb+. By searching for oscillations of fundamental constants

with these precision measurements, we investigate small, hypothetical couplings of

ultralight dark matter to “normal” (i.e. standard model) matter. Leveraging the

large sensitivity of the E3 transition to changes of the fine-structure constant enables

us to improve limits on a scalar dark matter coupling to photons by more than an

order of magnitude over a wide range of dark matter masses.

Section 3.4 extends the usual way of analyzing optical frequency comparisons for

ultralight dark matter couplings by explicitly considering the effect an oscillating

nuclear charge radius would have on the E3/E2 optical frequency ratio in 171Yb+.

This enables us to investigate dark matter couplings with the nuclear sector via a

comparison of electronic transition frequencies for the first time.

In section 3.5 we consider a dark matter search based on frequency comparisons

between oscillators which are far apart – either spatially or temporally – and show
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that this approach not only retains dark matter sensitivity for oscillators with equal

sensitivity to fundamental constants, but also yields unique dark matter signatures

and access to complementary couplings.

Since no dark matter was detected in the scope of this thesis, the key results through-

out this chapter will be exclusion plots - limits on the strengths of ultralight dark

matter couplings derived from experiment.

3.1 Why do we think there is dark matter?

One of the earliest and arguably the most prominent clue towards the existence of

dark matter (DM) came from the measurement of galaxy rotation curves [76, 77] -

the rotational velocity v of stars within a galaxy as a function of their distance r

from its center. These curves allow to deduce information on the mass distribution

within galaxies. For a star orbiting at a radius R larger than the radius containing

most of the luminous matter with a total mass M , its’ centripetal acceleration is

simply given by
v2

R
=
GNM

R2
. (3.1)

One would therefore expect a scaling of v ∝ √
r outside of the radius containing

most luminous matter, if it alone was responsible for the gravitational attraction of

the outermost stars in galaxies. Surprisingly, rotation curves are actually found to

be mostly flat in this region, i.e. the rotational velocity is largely independent of the

distance from the galactic center. This can be explained if the mass distributions

of galaxies are dominated by a spherical halo of dark matter extending far beyond

the luminous matter: For a total mass M(R) ∝ R, which could be obtained if the

mass distribution is dominated by a dark matter density scaling as ρDM(r) ∝ 1/r2,

one indeed obtains v independent of R. However, dark matter is not necessary to

explain the “flat” galaxy rotation curves: The observations can also be explained

by modified Newtonian dynamics (MOND) theories, which are based on modifying

the force of gravitational attraction for very small accelerations [78].

Of course, galaxy rotation curves are not the only type of evidence that point to-

wards the existence of dark matter. On even larger scales, compelling dark matter

evidence comes from studies of gravitational lensing effects, i.e. measuring the dis-

tortion patterns of faraway luminous objects to learn about the mass distribution

in the foreground [80]. Mapping out the mass distribution of the Bullet Cluster, a
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2

Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(
1 + g1 g2

g2 1 − g1

) (
g1,1 + g2,2

g2,1 − g1,2

)
,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,

Figure 3.1: Image of the bullet cluster taken from [79]. The intensity of x-ray emission
from hot gas is shown as the background heatmap, with red indicating higher
emission. The green contour plot depicts the mass distribution as deduced
from gravitational lensing, with the mass increasing from outer to inner con-
tours. The white bar indicates 200 kpc at the distance of the cluster. The
distribution of matter deduced from x-ray emission and that from gravita-
tional lensing are different.

pair of merged clusters of galaxies, via gravitational lensing and comparing it with

the distribution of baryonic matter obtained via x-ray detection showed that the

cluster’s luminous matter is clumped much more closely than its total mass [79].

As illustrated in Figure 3.1, the luminous matter is found concentrated around two

far-apart locations, while the mass distribution inferred via gravitational lensing is

dilute and distributed over a larger volume. The understanding is that as the two

clusters merged, the baryonic matter of each heated up as a result of collisions,

while dark matter passed through largely unaffected. Similar effects have since been

observed for other galaxy clusters [81]. These types of observations allow placing an

upper limit on possible non-gravitational self-interactions of dark matter.

Nowadays a plethora of largely independent observations exist that paint a consistent

picture with dark matter making up more than 80% of matter in the universe.

Together, they offer some constraints on the properties of dark matter:

• Dark matter must be stable, or extremely long-lived, since it has played a role

throughout cosmological history, and is still present today.

• It is not one of the standard model particles, at least not without introducing

some physics beyond the standard model.
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• Self-interactions are small, i.e. dark matter doesn’t scatter. This is needed to

explain the observations from the bullet cluster and similar clusters.

• It is non-relativistic.

• It must be electrically neutral or infinitesimally charged, since otherwise it

would interact electromagnetically.

Additionally, there is a lower limit on the DM mass, depending on its spin statis-

tics:

• For fermionic dark matter models, Fermi statistics demand for only one DM

particle to occupy any quantum state. At the same time, the escape velocity of

a galaxy limits the speed dark matter particles can have while still being bound

in the galactic halo. This sets a lower limit on the mass of any fermionic DM,

if it is to make up a significant fraction of the observed DM density. For our

galaxy, one finds a lower mass limit of about 10 eV (see [72] for a derivation).

In dwarf galaxies, a limit on the order of 100 eV is obtained [82]. Dark matter

with a smaller mass is therefore necessarily bosonic.

• For bosonic dark matter models, a lower limit on the dark matter mass is

obtained when demanding that the deBroglie wavelength of a single particle

is not larger than the size of a small galaxy. Otherwise, the boson can not

account for the observed dark matter structures, if it is to make up all or a sig-

nificant amount of DM. This is the case for a mass on the order of 10−22 eV/c2,

corresponding to a deBroglie wavelength of about 1000 ly. A more quantitative

and slightly tighter limit of 2.2× 10−21 eV/c2 was recently obtained in [83].

The properties of dark matter in our galaxy are particularly important for exper-

imental searches that depend on the local presence of dark matter here on Earth.

Like other spiral galaxies, the milky way displays a flat rotation curve at large

distances. As mentioned above, the simplest way of reproducing this curve is via a

radially symmetric dark matter halo with a density profile that scales as ρ(r) ∝ 1/r2.

For this simple dark matter distribution, also known as the Standard Halo model

(SHM) [84], it can be shown that the velocity distribution is Maxwellian [85], with

a velocity dispersion ∆v ≈ 290 km/s. This velocity distribution is truncated at

the escape velocity vesc ≈ 544 km/s, which is the speed above which objects are no

longer gravitationally bound in the galaxy. Our solar system moves through the dark

matter halo with relative velocity of v ≈ 220 km/s with respect to the galactic rest

22

https://doi.org/10.7795/110.20260227



3.1. Why do we think there is dark matter?

frame. For dark matter sensors on Earth, the dark matter velocity is additionally

modulated by Earth’s rotation about its axis, and its orbit around the sun.

Within the standard halo model, a dark matter energy density of ρDM ≈ (0.3 −
0.4)GeV/cm3 is obtained at the radius of the sun in our galaxy [86–89]. However,

the resolution of this model is not at the level of our solar system, and there are no

measurements of the “local” dark matter density on Earth. While we will assume

the dark matter density from the standard halo model in the dark matter searches

presented here, it is important to keep in mind there might be over- or under-

densities of dark matter in our solar system that lead to different local values of

ρDM. In particular, a gravitationally bound dark matter halo around the sun and/or

the earth could lead to an increased local dark matter density [90–92].

What we don’t know about dark matter is essentially everything else: Possible dark

matter masses span over 40 orders of magnitude. Additionally we are lacking any

information on the microscopic make-up of dark matter such as its spin, and about

any possible non-gravitational interactions with the standard model content. It is

important to note that that dark matter does not need to consist of one thing,

but could be made up of several different types of particles forming a dark sector

analogous to the plethora of particles forming the “light” sector described by the

standard model.

With so many things unknown, where does one best start looking, and what types

of dark matter models make sense to pursue? Broadly speaking, dark matter models

that can solve some other problem in physics, in addition to explaining dark matter,

offer added motivation for their theoretical and experimental pursuit. Furthermore,

certain types of dark matter are popular because they seem plausible to physicists:

In addition to being compatible with astrophysical observations, they might have

a particularly simple theoretical description and a plausible production mechanism.

Arguably these criteria are fulfilled for a class of dark matter models falling within

the umbrella term of ultralight dark matter – meaning they span the very low end

of the range of possible dark matter masses. See [72] for a recent review including

detailed motivations for different types of ultralight dark matter. Within the scope

of this thesis, it is sufficient to note that ultralight dark matter is a relatively simple

and viable explanation for dark matter that we can search for with the type of

experiments we do, namely optical frequency comparisons.
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3.2 Ultralight dark matter

Ultralight dark matter (UDM) concerns dark matter with a mass in the range be-

tween about 1 eV/c2 and 10−23 eV/c2. We have already seen that dark matter in this

mass range is necessarily bosonic (scalar or pseudoscalar). The deBroglie wavelength

λdB = h/mv of a particle with mass m ≲ 1 eV/c2 and velocity v ≈ 10−3c is larger

than about 1mm, meaning that to obtain the observed dark matter energy density

of about 0.4GeV/cm3, more than 105 particles are needed within one deBroglie vol-

ume of λ3dB. A consequence of these high occupation numbers that ultralight dark

matter would need to have in our galaxy is that it makes sense to use a classical,

collective coherent-wave description rather than a description in terms of individual

particles for this type of dark matter. While heavier types of dark matter are often

searched for by aiming to detect the momentum imparted in a collision of individ-

ual DM particles with normal matter, this becomes impossible for ultralight dark

matter. It is therefore both necessary and useful to exploit the coherent, oscillatory

nature of this type of dark matter in any attempts to detect it.

Let’s start by considering a scalar field of mass mϕ, with interactions that are small

enough for it to be described by the classically oscillating, non-relativistic solutions

to the equations of motion for a free massive particle:

ϕ(t,x) = ϕ0 cos (ωt− k · x+ θ) , (3.2)

where ω ≈ 2πmφc
2/h is determined by the Compton frequency, k≈mφv, with

v∼ 10−3 c the dark matter velocity, and θ is an unknown phase that is assumed to

be random.

We will follow the notation from [9, 93] in defining the dimensionless field φ, which

is related to ϕ via

φ ≡
√

4πG

cℏ
ϕ =

√
4π

Mpl

ϕ , (3.3)

where Mpl ≈ 2.18× 10−8 kg ≈ 1.2× 1019GeV/c2 is the Planck mass.

Under the assumption that the field saturates the dark matter, its (dimensionless)

amplitude is

φ0 ≡
√

4πGℏ2
c6

√
2ρDM

mφ

≈ 7× 10−16

(
10−15 eV/c2

mφ

)
(3.4)
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for a local dark matter energy density of ρDM ≈ 0.4GeV/cm3 ≈ 6.4× 10−5 J/m3.

The dark matter particles are assumed to be virialized within the gravitational

potential of the galaxy, leading to a Maxwell distribution of their velocities in the

SHM. The spread ∆v ≈ 10−3c of the dark matter velocity distribution in our galaxy

leads to a spread of the observed energies ∆E ≈ 1/2m∆v2 and correspondingly of

the observed angular frequencies:

∆ω

ω
=

∆E

E
≈ ∆v2

2c2
(3.5)

Here, ∆v2 ≈
(
10−3c

)2
, which means that on the order of 106 oscillations are observ-

able before phase differences between the contributing dark matter particles become

of the order one. This corresponds to a finite coherence time

τcoh ≈ h

mφ∆v2
≈ 106

h

mφc2
, (3.6)

which is important to consider in UDM searches that run for extended periods of

time.

Additionally, within one class of velocities that are reasonably similar, many DM

particles with different random phases θ ∈ [0, 2π), that are assumed to be uniformly

distributed, interfere. Understanding the overall collective field as the sum over all

contributing dark matter particles (assumed to have the same mass), one can obtain

a Rayleigh distribution for the probability to sample a specific amplitude [94]. The

amplitude of the overall (collective) oscillation therefore varies stochastically on the

time scale of the coherence time. For measurements extending over many coherence

times, the time-averaged amplitude of the field corresponds to φ0 ∝ √
ρDM/mφ,

as denoted in Equation 3.4. For times shorter than the coherence length however,

the experiment does not sample the full distribution of possible DM amplitudes. In

this case, the stochasticity needs to be considered when interpreting measurement

results, and leads to a re-scaling of coupling limits compared to those obtained using

the deterministic amplitude φ0 [95].

We have seen that UDM acts as a coherent wave with an oscillation frequency de-

termined by its mass, as well as characteristic coherence and statistical properties.

In the following, we will explore how this type of dark matter can effect experi-

ments, and specifically atomic clocks, by causing minute oscillations of fundamental

constants.
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We can consider some hypothetical (small) linear couplings of UDM to the standard

model fields, adding terms to the Lagrangian density of the form [9, 96]:

Lint = φ


 de
4µ0

FµνF
µν − dg

2g̃3
GaµνGa

µν −
∑

f=e,u,d

(
dmf

+ γqdg

)
mf ψ̄fψf


 . (3.7)

Here, F is the electromagnetic tensor, µ0 the vacuum permeability, Ga is the gluon

tensor, g̃3 is the effective QCD coupling, γq is the anomalous dimension giving the

mass running of QCD-coupled Fermions, and ψf are the electron e and light quark

u, d fields. The d factors are dimensionless coupling constants.

Note that the normalization Equation 3.3 implies that the couplings d are suppressed

by the Planck scale, such that d = 1 implies a small effect compared to the standard

model couplings.

If, following [9], we compare the terms in this interaction Lagrangian with their

corresponding standard model terms, we will see that each coupling imprints the

effect of the oscillating scalar field onto a fundamental constant. Using the electron

mass as an example, we can write down the term containing me from Equation 3.7

together with the standard model term containing the electron mass (−meψ̄eψe),

yielding

−me(1 + φdme)ψ̄eψe , (3.8)

and we can identify me → me(1+φdme) = me(1+dmeφ0 cos(ωt+δ)), where we used

δ to denote the (unknown) overall phase of the collective UDM oscillation at some

point in space. All in all, we obtain oscillations of the following five parameters (see

[9] for details)

α(t) = α
[
1 + deφ0 cos(ωt+ δ)

]

mf (t) = mf

[
1 + dmf

φ0 cos(ωt+ δ)
]
, f = e, u, d

ΛQCD(t) = ΛQCD

[
1 + dgφ0 cos(ωt+ δ)

]
(3.9)

where ΛQCD is the quantum chromodynamics (QCD) mass scale. It can be con-

venient to define the coupling dq to the mean of the up and down quark masses

m̂ = (mu +md)/2, yielding

m̂(t) = m̂
[
1 + dqφ0 cos(ωt+ δ)

]
, (3.10)
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with

dq =
mudmu +mddmd

mu +md

. (3.11)

Oscillations of the heavier quark masses are suppressed at the energy scales of nuclear

physics ∼ 200− 300MeV.

Since these oscillations of fundamental constants would have an effect on experi-

ments, we can search for them with the tools we have available, for example optical

or microwave atomic clocks, but also other oscillators such as lasers locked to ultra-

stable cavities, as well as different types of experiments.

In general, any oscillator frequency ν can be sensitive to several of the oscillating

parameters, leading to variations ∆ν of the form

∆ν

ν
=
∑

X

dXKX φ ≡ deff φ, (3.12)

where KX is the sensitivity of the particular frequency to variation in the funda-

mental constant X ∈ {α,me,mu,md,ΛQCD}, and we defined the effective coupling

deff for convenience.

Which couplings exactly are probed, and with what sensitivities, depends on the

type of experiment. At the simplest level, atomic transition frequencies depend

on the fundamental constants via the Rydberg constant R∞ ∝ α2me, with some

relativistic corrections Frel(Zα), where Z denotes the nuclear charge. With that in

mind, we can write for some optical atomic transition frequency ωopt:

ωopt ∝ R∞Frel(Zα) ∝ α2+Krelme , (3.13)

corresponding to an effective coupling

dopteff = (2 +Krel)de + dme . (3.14)

Here, the relativistic sensitivity coefficient Krel can be obtained from calculations.

Note that, as pointed out in [97], the α sensitivity 2+Krel is unit-dependent, which

however is no longer the case for the differences in sensitivities that are relevant

when considering frequency ratios.

In addition to the sensitivities to α and me, there is also a weaker dependence on

the nuclear degrees of freedom via the dependence of the transition frequency on

the nuclear charge radius and nuclear mass, i.e. the field shift and mass shift. This
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dependence is usually neglected, and we will explore its significance and magnitude

in more detail in section 3.4 for the example of 171Yb+.

For hyperfine transition frequencies ωMW, which result from the interaction of the

electron magnetic moment with the field generated by a nuclear spin, and typically

lie in the microwave range, the dependence is as follows [98, 99]

ωMW ∝ R∞
[
α2Frel(Zα)

](
µ
mp

me

)
, (3.15)

where µ is the dimensionless magnetic moment. The proton mass mainly depends on

the nuclear binding energy and therefore ΛQCD, with the quark masses contributing

less than 1%, which means it is justified to write mp → mp(1 + dgφ). The nu-

clear magnetic moment however, depends on m̂/ΛQCD, so that we obtain an overall

effective coupling of

dMW
eff = (4 +Krel) de + 2dme − dg + κq(dq − dg) , (3.16)

where the coefficient κq depends on the specific nucleus and can be obtained from

calculations [98, 99].

The lengths of solid bodies depend on the fine-structure constant and electron mass

via the Bohr radius aB [100, 101]. When stabilizing a laser to an optical cavity,

length changes of the cavity spacer are translated into frequency changes of the

laser, which can be measured with high precision in optical frequency comparisons.

For a laser stabilized to an optical cavity, we thus obtain

ωcav ∝ 1/aB ∝ meα , (3.17)

and the corresponding effective coupling

dcaveff = dme + de . (3.18)

Note that the frequency ratio between two of these oscillators, A and B, typically

only retains sensitivity to the dark matter field, if the oscillators depend differ-

ently on the fundamental constants and therefore feature different effective field

couplings

∆(νA/νB)

νA/νB
= φ0∆d cos(ωt+ δ), (3.19)
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where ∆d= dAeff− dBeff. From this, it follows immediately that

• Any sensitivity to variations of the electron mass cancels completely when

comparing two oscillators of the same type.

• When comparing a hyperfine transition frequency to an optical transition fre-

quency, dme appears in the combination
∣∣dme − dg

∣∣. The effects of these two

couplings may cancel each other if they are of equal magnitude.

• When comparing two optical clocks (i.e. two clocks based on transitions be-

tween states of the gross electronic structure), only the difference in the rela-

tivistic sensitivity coefficient Krel between the two transitions determines the

sensitivity of the measurement to variations of the fine-structure constant.

We will see in section 3.5 how sensitivity can be retained even for equal effective

couplings in the case of large space- or time separation between the oscillators, and

in particular how this enables to circumvent the first two points and find limits on

dme alone.

For now, let’s focus on the last point and remember from chapter 2 that the
2S1/2(F = 0) ↔ 2F7/2(F = 3) electric-octupole (E3) optical clock transition in
171Yb+ features large relativistic sensitivity Krel, making many frequency ratios in-

volving this transition very sensitive to variations of α. Searching for oscillations

in these frequency ratios therefore corresponds to searching for the UDM coupling

de with high sensitivity. With this in mind, it makes sense to analyse such highly

sensitive measurements for oscillations as a search for ultralight dark matter.

This type of analysis can also be recast in terms of quadratic couplings of scalar or

pseudoscalar (axion-like) UDM [41, 102, 103]. Here, we focus on scalar dark matter

and the linear couplings introduced above for simplicity and conciseness.

3.3 Data analysis and results

We have seen that we can search for ultralight dark matter couplings by analyzing

the data from optical frequency comparisons for oscillations. Here, we use two

frequency comparisons for such a search: We start out by analyzing the recent

νE3/νE2 measurement data presented in section 2.3. Additionally, we analyse a

measurement of the ratio νE3/νSr between the E3 transition frequency and the 1S0 ↔
3P0 transition frequency in 87Sr, which we obtained by comparing the Yb+ single-ion
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clock running on the E3 transition to the Sr3 lattice clock at PTB. Ignoring – for

now – a weak dependence on nuclear UDM couplings, we have ∆d = ∆Kα de and

we can see that the two frequency ratios act as probes for oscillations of the fine

structure constant and therefore a coupling de to photons:

∆(νE3/νX)

νE3/νX
= φ0∆Kα de cos(ωt+ δ) , (3.20)

where X ∈ {E2, Sr} and the differential sensitivity ∆Kα has been calculated to be

6.95 for νE3/νE2 and 6.01 for νE3/νSr [27].

3.3.1 Analysis of νE3/νE2 measurement data

We analyse about 20 × 106 s (or 235 days) of data of the frequency ratio νE3/νE2

taken over a period of about 26 months between MJD 59097 (September 5, 2020)

and MJD 59900 (November 11, 2022). More specifically, we analyse the local offset

δνE2/νE2, which contains contributions from local frequency steering, but we neglect

small time-resolved shift corrections on νE2. These are the only time-dependent

contributions to νE3/νE2 (c.f. section 2.3) via Equation 2.1. The raw data used in

the analysis is shown in Figure 3.2.

Figure 3.2: Raw data used to search for oscillations in νE3/νE2. A total of about 2.03×
107 s (235 days) of data taken over a period of about 26 months is analysed.
The sampling period is 10 s, and an overall offset is subtracted. The data
corresponds to that shown in Figure 2.4 for this time period.
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We are looking for oscillations of the form

Sω sin(ωt) + Cω cos(ωt) . (3.21)

Since we do not know the dark matter mass, and therefore the corresponding oscil-

lation frequency, we are interested in performing a broadband search, extracting the

amplitude Aω ≡
√
S2
ω + C2

ω for the widest possible range of angular frequencies ω.

The analysis follows closely the approach detailed in [93, 104].

To handle the gapped experimental data, we first estimate the power at different

frequencies using the Lomb-Scargle formalism, a method for the spectral analysis

of unevenly sampled data [105, 106]. This approach is equivalent to fitting the

model Equation 3.21 explicitly to the data for each frequency and constructing a

periodogram from the χ2 goodness of fit:

Pω =
1

2

[
χ2
0 − χ2(ω)

]
, (3.22)

where χ2
0 is obtained from the non-varying reference model (S ≡ C ≡ 0). Using the

Lomb-Scargle formalism as implemented in the astropy python package [107] instead

of standard fitting routines speeds up the computation significantly. For evenly

sampled data, the periodogram Pω reduces to that obtained from a standard discrete

Fourier transform. We extract the modulation amplitude from the periodogram

via

Aω =
√

4Pω/N0 , (3.23)

with N0 the number of datapoints.

The highest frequency in our analysis is 0.005Hz, limited by the ≈ 200 s servo

time of the optical clocks: For shorter times the laser frequencies are not yet fully

determined by the atomic reference, and their stabilization to the same ultrastable

optical cavity leads to common-mode rejection of signals. This time scale is also

visible as a characteristic “servo bump” in the Allan deviation, c.f. Figure 3.5.

For a dataset with T the time between the beginning of the first measurement and the

end of the last measurement, the Lomb-Scargle statistics are not valid for frequencies

around 1/T and below, i.e. when signals no longer complete a whole oscillation

cycle within the range of the data. Since we do not know the phase of an expected

signal, we cannot rule out being close to an antinode of the oscillation. In this

case, the amplitude increases with 1/ω2 going to lower frequencies. To realize this

31

https://doi.org/10.7795/110.20260227



Chapter 3. Searching for ultralight dark matter

10−8 10−7

Frequency (Hz)

10−19

10−18

10−17

10−16

A
m

p
li

tu
d

e

Fits

Lomb-Scargle

Figure 3.3: Comparison of oscillation amplitudes extracted from the dataset shown
in Figure 3.2 with least-square fits (dashed grey) and the Lomb-Scargle peri-
odogram (dark red) for small frequencies. The dotted vertical line denotes the
inverse of the total measurement period. We use the fit results for frequencies
below 10−7Hz, and the Lomb-Scargle periodogram for larger frequencies.

consideration in our analysis, we extract the oscillation amplitude using a standard

least-square fit of Equation 3.21 in this frequency range, additionally allowing a

constant offset for each frequency. We check the agreement of both methods in a

frequency range around 1/T ≈ 1.4× 10−8Hz. The amplitudes extracted from both

methods in this frequency range are depicted in Figure 3.3. While both methods

agree very well for frequencies ≳ 1/T , they diverge for smaller frequencies, with the

fit results showing the 1/ω2 scaling that is wanted in a reasonable approach, while

the Lomb-Scargle result remains flat. We use the fit results for frequencies below

10−7Hz, and the Lomb-Scargle results for larger frequencies. The pronounced dips

visible in the amplitude spectrum are stochastic fluctuations that are compatible

with white noise. We verify that both types of analysis reproduce the amplitudes of

known test signals.

After having obtained the spectrum of our data, it is time to asses the statistical

significance of any peaks it may contain. In other words, we need to ask: At

which magnitude (power or amplitude) do we consider a peak a detection, and are

there any such detections present in our spectrum, or is it fully explained by the

expected measurement noise? It is common to answer this question based on a 5%

detection threshold. When finding a peak above this threshold, and interpreting it

as a detection, the probability of it being a false detection is less than p0 = 5%.

Here, we need to account for the fact that extreme values become more likely as
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one considers a larger number of independent samples (look-elsewhere effect) [105,

108].

The probability for a number of independent events to occur results from multipli-

cation of the events’ individual probabilities. It follows that for nind independent

sample frequencies in our spectrum the detection threshold Pth we are looking for

has to fulfill:

Prob(Pω < Pth) = (1− p0)
1/nind ∀ω (3.24)

We estimate the number of independent frequencies to be nind ≈ fmaxT , where

fmax = 1/(200 s) = 0.005Hz, and obtain nind ≈ 3.5 × 105. For ω/2π ≫ 1/T and

pure Gaussian white noise, the power at a given frequency follows an exponential

probability distribution [105] with the corresponding cumulative distribution

Prob(Pω ≤ P ) = 1− e−P/σ2

, (3.25)

where σ is the standard deviation of the (Gaussian) noise distribution. From this,

together with Equation 3.24, the analytic expression for the detection threshold

Pth = −ln
(
1− (1− p0)

1/nind

)
σ2 (3.26)

follows directly, and we use p0 = 5%, as is convention. To obtain the standard

deviation σ for our data, we extrapolate the fit to the Allan deviation to our sampling

time of 10 s and obtain σ(τ = 10 s) ≈ 3.3× 10−15. Note that in principle, we could

also choose a detection threshold that is not frequency-independent, yet still fulfills

Equation 3.24. However, in the case of white noise we have no reason to treat the

different sample frequencies differently, except for the expected Pω ∝ 1/ω2 scaling

when ω/2π < 1/T . Details on the extraction of the detection threshold for these

small frequencies will be left to the next section, for now it’s sufficient to note that

the detection threshold shows the same 1/ω2 scaling as the spectrum itself.

We do not find any peaks exceeding the detection threshold and conclude that there

is no statistically significant sinusoidal modulation present in our measurement.

It is useful to find an upper bound on the extracted amplitudes. Commonly, the

upper bound at 95% confidence is employed. We obtain this bound on the oscillation

amplitude at each frequency by assuming the extracted amplitude is a real signal and

generating 1000 datasets by adding a randomly generated offset to each datapoint.

The offset is drawn from a Gaussian distribution according to the observed white
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Figure 3.4: Amplitude spectrum of the νE3/νE2 measurement data with the correspond-
ing upper 95% confidence level and 5% detection threshold. See text for
details.

noise. These datasets are then evaluated as described above, and taking the 95th

percentile of the resulting distribution yields the upper 95% confidence level [93,

104, 109]. Due to the large amount of data, these computations were performed on

the PTB high-performance-computing cluster.

The results of this analysis for the νE3/νE2 measurement data, including the am-

plitude spectrum, detection threshold, and 95% confidence level, are presented in

Figure 3.4. Our analysis yields largely frequency-independent amplitude constraints

below 2× 10−17 for frequencies > 1/T .

We have seen in section 2.3 that our measurement instability of the frequency ratio

νE3/νE2 in
171Yb+ was limited by the short interrogation time on the E2 transition,

and the limited duty cycle of the corresponding clock during interleaved interro-

gation. The clock running on the E3 transition is much more stable due to its

500ms interrogation time and more favourable duty cycle. It therefore makes sense

to investigate the full potential of the 171Yb+ E3 clock to search for oscillations

of the fine-structure constant by comparing it to a more stable clock with suitable

α-sensitivity. A good candidate is an optical lattice clock based on the 1S0 ↔ 3P0

transition in 87Sr.
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3.3.2 Comparison with Sr lattice clock

We analyse data from a short measurement campaign comparing the 171Yb+ E3

single-ion clock to the Sr3 lattice clock at PTB in the spring of 2022. Details on the

lattice clock apparatus can be found in [110]. The measurement setup used for the

comparison is described in [68]. The α-sensitivity of the the 1S0 ↔ 3P0 transition in
87Sr is close to zero [27], yielding a differential sensitivity of 6.01 for νE3/νSr, which

is only slightly smaller that of νE3/νE2.
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Figure 3.5: Instability of both frequency ratio measurements as characterized by the
Allan deviation. The solid lines are fits to the Allan deviation with the 1/

√
τ

scaling expected for white noise. Deviations from this scaling are apparent
for the νE3/νSr measurements at long averaging times, see text for details.

The measurement features a fractional instability of 1.1× 10−15 /
√
τ(s), limited by

the quantum projection noise of the single-ion clock. The instability as characterized

by the Allan deviation is shown in Figure 3.5, with that of the νE3/νE2 data anal-

ysed in the previous section included for comparison. Deviation from the expected

white noise behaviour is visible for averaging times above about 105 s. We include

this behaviour in the data analysis: While we assumed pure white noise with an

amplitude extracted from the fit to the Allan deviation for the νE3/νE2 data, for

the νE3/νSr data we additionally add random walk noise (1/ω2 power spectrum)

with an amplitude of 9 × 10−18, reproducing the increase of the Allan deviation

we observe at long averaging intervals. From the measurements presented so far,

the cause of this excess noise cannot be identified. Even though the ratio νE3/νE2
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Figure 3.6: Raw data used to search for oscillations in νE3/νSr. A total of about 1.2×106 s
(14.2 days) of data taken over a period of about 41 days is analysed. The
sampling period is 1 s, and an overall offset is subtracted. Note the factor 10
increased scale of the y-axis compared to Figure 3.2

shows white-noise behavior over very long averaging times, the effects of technical

problems could theoretically be common-mode suppressed by the fact that the same

ion is interrogated for both clocks involved, and the laser for interrogation of the

E2 transition is frequency-stabilized to that used for the E3 transition. However,

repeated comparisons of both the 171Yb+ E3 clock and the Sr lattice clock with a

third independent clock based on 115In+ ions paint a clearer picture [21]: Compar-

isons of 171Yb+ E3 with the In+ clock have demonstrated a repeatability at the low

10−18 level over more than two years, while comparisons of both clocks with the

Sr lattice clock show excess scatter at long times. This makes it plausible that the

excess noise observed here can also be attributed to the lattice clock.

In total, we evaluate about 343 hours, or 14.2 days, of measurement data of νE3/νSr

taken over a period of about T = 41 days. The raw data at a 1 s sampling is depicted

in Figure 3.6. We follow almost exactly the analysis detailed in the previous section,

with the only exception caused by the slightly more complicated noise model: Due to

the additional noise, the probability distribution of the estimated power spectrum,

and the corresponding detection threshold, are no longer known analytically. The

detection threshold can in principle be obtained directly from Monte-Carlo (MC)

sampling of noise, similar ot the 95% confidence levels, but without including the

real signal. However, this would require an extremely large number of samples that
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Figure 3.7: Determination of detection threshold for ω/2π = 1×10−6Hz. The histogram
shows the cumulative probability distribution of the power obtained from
1000 Monte-Carlo samples. The dashed line shows the result of a fit of 1 −
e−a(P−P0), which allows extracting a detection threshold of Pth = 8.8×10−29,
corresponding to an amplitude of 1.7× 10−17. Since this detection threshold
corresponds to the 1− (3× 10−6)th percentile of the distribution, it cannot
be accessed directly from a computationally feasible number of Monte-Carlo
samples.

is not computationally feasible: Even for the comparatively short data set of νE3/νSr,

0.951/nind ≈ 1−(3×10−6), with nind = 1.8×103 estimated as before, meaning that on

the order of 106 Monte-Carlo samples are necessary to obtain the detection threshold

directly from the corresponding percentile of the probability distribution. A variety

of approaches to this problem have been developed in different fields and for different

statistics [111–113]. Here, we make use of the fact that an exponential distribution

still yields a good fit to the probability distribution of the estimated power at a given

frequency, when allowing for a constant offset, and extract the threshold based on

such a fit for a smaller number of MC samples. Convergence of the obtained results

is at the few-percent-level already for N = 1000 MC samples, and the quality

of the fit to the results of the MC sampling is good throughout the parameter

space considered, even for small frequencies and including the random-walk noise

component. To determine the detection threshold, we thus fit the cumulative of

an exponential distribution to a histogram of the cumulative extracted power P ,

and determine the detection threshold based on the resulting fit parameters, then

calculate the corresponding amplitude.

As an example, Figure 3.7 depicts the cumulative sum of the power histogram result-

ing from sinusoidal fits to N = 1000 datasets of pure noise for ω/2π = 1.0×10−6Hz.
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Figure 3.8: Amplitude spectrum of the νE3/νSr measurement data with the correspond-
ing upper 95% confidence level and 5% detection threshold. See text for
details.

The detection threshold is extracted from the depicted fit of the form 1− e−a(P−P0),

and yields Pth = 8.8 × 10−29, or equivalently a threshold amplitude of 1.7 × 10−17.

Note that the histogram alone (without the fit) would not allow to access the de-

tection threshold for this number of samples.

We confirm the agreement of this method with the analytical detection threshold

(c.f. Equation 3.24) for intermediate frequencies, and rely on the analytic result for

large frequencies ≫ 1/T , also in the case of νE3/νE2. For νE3/νSr, we rely on the

analytic result only for frequencies larger than 4 × 10−5Hz, where the 1/ω2 noise

component is negligible and the measurement is dominated by white noise. For

determination of both the 95% confidence levels and the detection threshold, the

random walk noise component is generated on a continuous dataset first, which is

then gapped in accordance with the timestamps of our measurement.

The full amplitude spectrum with the corresponding 95% confidence level and the

detection threshold is shown in Figure 3.8. The random walk noise leads to an

1/ω scaling visible in the amplitude spectrum at intermediate frequencies between

approximately 10−5 − 10−6 s, which corresponds to the deviation from white noise

visible in the Allan deviation (Figure 3.5). For even smaller frequencies < 1/T ≈
3 × 10−7Hz, we additionally see the expected 1/ω2 scaling. The visible structure

of the detection threshold at low frequencies results from the specific distribution
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of sampling gaps in our data. The νE3/νSr amplitude spectrum does not show any

statistically significant peaks. The corresponding 95% confidence level offers almost

a factor 3 stricter amplitude constraints than that of the νE3/νE2 data for frequencies

above the mid-10−6 Hz range due to the better instability of this measurement.

It is important to note that the limits on oscillation amplitudes depicted in Figure 3.4

and Figure 3.8, though they are presented in the context of ultralight dark matter

here, are purely a result of data analysis and therefore model-independent. The

amplitude limits can be used to constrain any model that predicts oscillations of

the analysed optical frequency ratios. Keeping that in mind, let’s take a look at the

specific implications these results have for a coupling de of UDM to photons.

3.3.3 Coupling limits

Assuming the field φ with one specific mass mφ comprises all of the dark matter,

we can translate our limits on the amplitude Aω of a sinusoidal modulation with

frequency ω/2π in our data to limits on the absolute value of the scalar coupling de

by combining Equation 3.4 and Equation 3.20:

|de| =
ωAω

∆Krel

√
c2

8πGρDM

. (3.27)

The limits deduced from the 95% confidence levels shown in Figure 3.4 and Fig-

ure 3.8 are depicted in the exclusion plot Figure 3.9. We reproduce previous limits

in this mass range from the literature for reference. The total time spanned by our

measurements of νE3/νE2 is T ≈ 2 years, while the shortest coherence time, cor-

responding to the largest investigated mass mφ ≈ 2 × 10−17 eV, is about 6 years.

Therefore, we do not account for finite coherence. We incorporate the effect of

stochastic fluctuations of the dark matter amplitude by re-scaling our limits with a

factor of 1/3 (c.f. section 3.2). This factor has also been applied to all data shown

in Figure 3.9 that originally neglected stochastic fluctuations. The slope visible in

many of the depicted limits from atomic clock comparisons results from the pro-

portionality to ω and therefore the dark matter mass (c.f. Equation 3.27) that is

obtained for frequency-independent amplitude limits. A characteristic change in

slope happens for dark matter masses corresponding to the inverse of the total du-

ration spanned by a measurement, with amplitude limits scaling as 1/ω2 for small

frequencies, yielding coupling limits that scale as 1/ω.
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Figure 3.9: Exclusion plot for the coupling of ultralight bosonic dark matter to photons.
The limits deduced from our measurements of νE3/νE2 (νE3/νSr) are shown
in light pink (light blue) based on the 95% confidence levels in Figure 3.4
(Figure 3.8). Also included are previous limits reproduced from the litera-
ture: Those based on tests of the Equivalence Principle (EP test) [114, 115],
the radiofrequency spectroscopy of different isotopes of dysprosium (Dy/Dy)
[104], the frequency comparison of microwave atomic clocks with rubidium
and cesium (Rb/Cs) [93], the comparison of a strontium lattice clock and a
silicon cavity (Sr/Si) [109], several optical clock comparisons from the Boul-
der atomic clock optical network (BACON) [116], as well as the comparison
of an Yb lattice clock with a Cs fountain (Yb/Cs) [117].

Our constraints of |de| based on the measurements of νE3/νSr are about a factor

of 3 more stringent than those based on νE3/νE2 for masses above 10−20 eV/c2.

For smaller masses, the long-term measurement of νE3/νE2 yields tighter limits.

Our combined results yield more than an order of magnitude improvement over

all previous bounds for masses ranging from the mid-10−23 to the mid-10−18 eV/c2

range.

As discussed in section 3.2, the assumption that the field of mass mφ makes up all of

the dark matter needs to be relaxed for masses below ≈ 10−22 eV/c2, corresponding

to a de Broglie-wavelength the size of a small galaxy, which is not considered in any

of the depicted limits. This is why we only show limits for masses above 10−23 eV/c2,

even though our amplitude limits extend to smaller frequencies. Note also that we

assumed the ambient dark matter energy density of ρDM ≈ 0.4GeV/cm3 predicted

by the standard halo model, but local over- or underdensities are theoretically pos-

sible. Of the depicted limits, only those based on tests of the equivalence principle

do not depend on the local dark matter density.
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In summary, we have utilized the high sensitivity of the 171Yb+ E3 transition to

variations of the fine structure constant in two optical clock comparisons to sub-

stantially improve constraints on the coupling of ultralight bosonic dark matter to

photons. While the E3 transition offers the highest sensitivity to α variations in

currently operational optical clocks, a potential future nuclear optical clock based

on thorium [118, 119], would offer much higher sensitivity, and could potentially

investigate a coupling several orders of magnitude below the limits presented here.

A clock based on neutral ytterbium [58], as well as certain species of highly charged

ions [120, 121] could also offer improved sensitivity. On the other hand, already

with the sensitivities employed in this work, improved searches can be conducted,

for example with a yearslong frequency comparison between a clock based on the E3

transition and a highly stable partner clock that features a small or opposite-sign

sensitivity to α-variations. Additionally, the stability of the clock based on the E3

transition can be improved by achieving longer coherent interrogation times and/or

interrogating multiple ions simultaneously. Experimental steps towards these im-

provements are realized within a new optical clock apparatus and will be discussed

in chapter 4.
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3.4 Effects of nuclear couplings

So far, we have considered comparisons between two optical clocks to be only sen-

sitive to variations of the fine-structure constant. However, optical atomic transi-

tion frequencies do depend on the nucleus. In the simplest picture, the electronic

transitions are affected by the finite mass of the nucleus (mass shift) and its finite

charge radius rN (field shift). It therefore makes sense to ask ourselves if we can

utilize these effects and investigate couplings of UDM to quarks and gluons with

optical clock comparisons. Typically, these couplings are investigated using mea-

surements involving atomic hyperfine transitions [93, 109, 117, 122] or molecular

vibrational transitions [123]. In comparison, we expect smaller contributions of nu-

clear effects to the involved transition frequencies in our case, and therefore lower

sensitivities to UDM-nuclear couplings. However, the exquisite precision and ongo-

ing improvements in optical clock comparisons make it worthwile to consider dark

matter searches even via sub-leading effects.

Investigating the effects of the nucleus on optical atomic transitions is well-established

in the context of King plots [124]. There, changes in the frequencies of several nar-

row optical transitions between different isotopes are analysed for deviations from

the standard scaling of the mass and field shifts. This approach has yielded fruitful

results for the understanding of nuclear effects and set bounds on a hypothetical

boson coupling neutrons and electrons [59, 125–128]. While electronic transitions

typically change by several GHz when going from one isotope to another, the effects

we consider here are for a single isotope and therefore much smaller. Also, while we

know that electronic frequencies change between isotopes, their oscillation due to

dark matter couplings is hypothetical and depends on the local presence of ultralight

dark matter with specific interactions.

To demonstrate this new approach, we will use our previously presented measure-

ments of νE3/νE2 in 171Yb+ (c.f. section 2.3) as an example, and derive limits on

UDM-nuclear couplings from the limits on oscillation amplitudes in Figure 3.4. To

obtain the sensivity of this frequency ratio to the UDM-nuclear couplings, we need

to know the sensitivites of the involved transitions on changes to the nuclear charge

radius and mass, and we need to know how these nuclear properties depend on

changes of the fundamental constants (the quark masses and QCD mass scale). The

main ideas and overall results will be outlined in the following, with details on the

calculations, which were performed by others, left to the original publication [129].
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The total electronic energy Etot of an atomic state contain the energies associated

with the mass shift (MS) and the field shift (FS). They can be parameterized as

EMS ≃ KMS
1

mA

∝ 1

A
and EFS ≃ KFS

〈
r2N
〉
∝ A2/3 , (3.28)

where KMS and KFS are the mass-shift and field-shift constants and the mass mA of

an atom with atomic mass number A is largely determined by the mass mN of the

nucleus.

The variation of the total electronic energy associated with the nuclear degrees of

freedom can be written as [130]:

∆Etot

Etot

∣∣∣∣
nuc

≃ −EMS

Etot

∆mN

mN

+
EFS

Etot

∆
〈
r2N
〉

〈
r2N
〉 . (3.29)

For heavy nuclei, the second term dominates, as is the case for 171Yb+ considered

here. Calculations show that the MS is 30 times smaller than the FS for the E3 tran-

sition and 300 times smaller for the E2 transition. For this reason, we concentrate

on the field shift in the following.

Then, by comparing two electronic transition frequencies νA and νB of a heavy atom,

we obtain

∆(νA/νB)

(νA/νB)
= KA,B

∆
〈
r2N
〉

〈
r2N
〉 , (3.30)

where we defined

KA,B ≡ KνA
FS ⟨r2N⟩
νA

− KνB
FS ⟨r2N⟩
νB

. (3.31)

This discussion can be extended to transitions in two different atomic species when

allowing for two different charge radii.

The FS coefficients KFS are calculated for the E2 and E3 transitions in a state-of-

the-art variational approach to be KνE2
FS = −15GHz/fm2 and KνE3

FS = 40GHz/fm2,

with an estimated uncertainty of 12−15%. Using the calculated FS coefficients and

⟨rN⟩ ≈ 5.3 fm [131], we obtain

KE3,E2 =

(
KνE3

FS

νE3
− KνE2

FS

νE2

)
⟨r2N⟩ ≃ 2.4× 10−3 . (3.32)
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When considering the dependence of the nuclear charge radius on the oscillating

fundamental constants, it is useful to first note that the mean squared nuclear charge

radius of heavy elements is dominated by the distribution of protons within the

nucleus rather than the charge structure of individual nucleons [132] (see also [133]

and references therein). The distribution of protons is characterized by two effects

that control the typical internucleon distance scale: The first is associated with the

finite size of individual nucleons, while the second results from the internucleon-

interactions, which are related to pion-exchange processes. Taking both effects into

account, we can parametrize the dependence of
〈
r2N
〉
as

∆
〈
r2N
〉

〈
r2N
〉 ≈ α

∆ΛQCD

ΛQCD

+ β
∆m2

π

m2
π

, (3.33)

where we introduced the coefficients α and β, which are of order unity, and mπ

denotes the pion mass. The variation of m2
π ∝ ΛQCDm̂ [134] can be related to dg

and dm̂ as
∆m2

π

m2
π

=
(
dg + dm̂

)
φ(t) . (3.34)

We obtain the following overall dependence of an optical frequency ratio in a heavy

atom or ion on the scalar UDM-nuclear couplings:

∆(νA/νB)

(νA/νB)
= KA,B

[
(α + β)dg + βdm̂

]
φ(t) (3.35)

Values of α ≈ −1.1 and β ≈ −0.34 are obtained from a mean-field approach with

an estimated uncertainty of 30%.

The exclusion plots for the scalar UDM couplings dg to gluons and dm̂ to the quark

masses resulting from the amplitude limits found for νE3/νE2 (c.f. Figure 3.4) and

the considerations outlined above are shown in Figure 3.10. For reference, we repro-

duce other limits in this mass range from the literature. Our limits are competitive

compared to other spectroscopic limits [93, 109, 117], but importantly rely on a com-

pletely different effect, which makes our search complementary to previous results.

For reference, we also plot the much weaker limits derived from the mass shift. This

effect is suppressed here, but it can be used instead of the field shift to probe the

nuclear degrees of freedom with optical clocks based on light elements.

Note that in [136] a slightly larger and positive value of β is obtained from extend-

ing the previously calculated dependence of the charge radius on the fundamental
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Figure 3.10: Exclusion plot for the linear scalar dark matter coupling a) to the gluons
dg and b) to the quark masses dm̂ as a function of mass mφ. Using the field
shift effect, limits at the 95% confidence level from our measurements of the
frequency ratio νE3/νE2 are shown in dark red. Based on the same data, the
much weaker limit from the mass shift is shown for reference. The dashed
line shows a projection assuming amplitude limits at the 1 × 10−18-level.
The grey and the blue lines depict the strongest EP bound [114, 115] and
the bound from various fifth force searches [135], respectively. Bounds from
existing spectroscopy experiments are also shown: Rb/Cs [93] (turquoise),
Yb/Cs [117] (orange), H/Si cavity [109] (purple).
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constants in light nuclei to heavy nuclei, assuming a universal scaling of the charge

radius as rN = A3 rN,0.

The dependence on the nuclear couplings discussed here is additional to the depen-

dence on de discussed previously, so the full differential effective coupling probed by

measurements of νE3/νE2 is

∆deff = ∆Krel de +KE3,E2

[
(α + β) dg + β dm̂

]

≈ −6.95 de − 3.5× 10−3dg − 0.8× 10−3dm̂ . (3.36)

The considerations for 171Yb+ outlined here are proof-of-principle and the depen-

dence on nuclear couplings via the mass shift and/or field shift plays a role in other

optical frequency comparisons, including those presented in this thesis. However,

the corresponding sensitivities have not been calculated yet.

Independent of considerations in the context of ultralight dark matter, the depen-

dence of the frequency ratio on the nuclear fundamental constants can also be used

to derive limits on e.g. a linear drift of the mean of the light quark masses from our

measurements, as pointed out and calculated in [136]. Using our limit on a linear

drift of νE3/νE2 presented in section 2.4 and the sensitivity above (Equation 3.36),

we obtain
1

m̂

dm̂

dt
= 1.5(2.2)× 10−15/yr . (3.37)

This value has more than an order of magnitude higher uncertainty than the best

published limit of 1.36(0.91)× 10−16/yr based on the comparison of Rb and Cs hy-

perfine transition frequencies over 12 years, which features a much larger sensitivity

of −21× 10−3 to variations of m̂ [137].

In summary, even though the dependence of optical clock comparisons on the nu-

clear fundamental constants is generally smaller than that of frequency comparisons

involving hyperfine transitions, we obtained competitive limits on UDM-nuclear cou-

plings. The effect of the mass and/or field shifts on optical clock transitions should

therefore not be neglected when searching for variations of fundamental constants,

and could improve dark matter searches as optical clocks continue to develop.
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3.5 The case of equal sensitivities - effects of

space- and time separation

In section 3.2, we have seen that for typical experiments measuring the frequency

ratio of a pair of co-located oscillators A and B, the ratio will only contain a field-

induced contribution if the oscillators have different effective field couplings (i.e. if

they depend differently on the fundamental constants). As a consequence, for co-

located comparisons at low frequency, terms containing dme never appear alone, but

rather in some relative combination [97, 138] (see Refs. [101, 139] for discussions

on high-frequency comparisons). Hyperfine transitions depend on the electron-to-

proton mass ratio me/mp, and consequently comparing an optical to a microwave

transition leads to effective couplings including |dme − dg| [98, 99]. This is important

since in the simplest models dme and dg may be similar or equal [9], leading to a

cancellation of signals.

A pair of space-time separated oscillators, on the other hand, will experience a

different local value of the scalar field due to its oscillations. In this case, the

frequency ratio for a pair of oscillators with identical effective couplings will gain

the field-induced shift

∆(νA/νB)

νA/νB
= φ0 deff

[
cos(ωt)− cos(ωt− δ)

]

≈ φ0 deff sin(ωt) δ, (3.38)

where we used |δ|≪ 1 for the scalar field phase difference between the two oscillators

and ignored the overall, common phase of the field.

Two terms contribute to the phase difference δ: the time delay ∆t due to the signal

propagation between the two oscillators, and a term due to the spatial separation

δ = ω∆t− k ·∆x, (3.39)

where ∆x = Dn, withD the linear distance between the oscillators, and n the sepa-

ration unit vector. In the considered mass rangemφ≲ 10−14 eV, we have λφ=2π/k ≳

108 km≫D, so the field can be considered coherent across all oscillators. Notice that

kD/(ω∆t) ≈ v/c ≈ 10−3. Therefore, the contribution of the spatial phase difference

can be neglected, unless the contribution of the temporal term is experimentally

suppressed.
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For a dark matter interpretation, φ0∝ 1/mφ, while ω ∝ mφ. At the same time,

both terms in the phase shift (3.39) are linear in mφ. Therefore, the signal ampli-

tude (3.38) would be independent of the dark matter mass. This is in contrast to

most dark matter searches, where the signal amplitude would scale inversely with

the mass (c.f. subsection 3.3.3).

The signal (3.38) has a linear scaling with the effective distance (D or ∆t/c) be-

tween the oscillators, which offers a method to enhance the sensitivity with spatially

separated sensors. Crucially, the dependence on distance may also act as a key dark

matter signature: A network of comparisons with multiple distances could be used

to exclude spurious terrestrial sources for the oscillations.

The network of optical fiber-linked atomic clocks and cavities located at PTB in

Germany, LNE-SYRTE in France, INRIM in Italy, and NPL in the United King-

dom [140–145] is particularly suitable for precision frequency comparisons over large

distances. The fiber links allow state-of-the-art comparisons of optical frequencies

over ∼ 103 km distances with ≲ 10−17 precision [143, 146]. The network has been em-

ployed previously for tests of fundamental physics [147], and to search for transient

variations in fundamental constants and dark matter [148].

As an initial search demonstrating our method, we analyse publicly available data

from a pair of ultra-stable lasers located at NPL and PTB [146, 149]. The frequencies

of the cavity-stabilized lasers are compared via the optical fiber links, and have been

measured to achieve a fractional frequency instability as low as 7× 10−17 [146].

The fiber-link distance L between the cavities is 2220 km [146], corresponding to a

delay time of ≈ 10ms. However, due to the active noise cancellation employed, the

time delay contribution leads to no observable effects in the frequency comparisons.

The noise cancellation works by sending a frequency signal from one oscillator to

the other, reflecting it, and comparing to its source [143]. Any phase shift between

the sent and received signals is assumed to be noise introduced on the fiber link and

actively suppressed. Since the test signal traverses the fiber length twice, half the

observed phase shift is subtracted from the signal. In the presence of the dark matter

field, the test signal would gain a dark-matter–induced shift in comparison to its

source [Eq. (3.38)] due to the time delay between the sent and received signals with

δ = 2ω∆t (where ∆t = nL/c is the one-way time delay with the fiber’s refractive

index n). The noise-correction signal would thus contain a component exactly equal

to the time-delay contribution to the dark matter signal. As such, any signal caused

by a time delay would be interpreted as noise, and removed. Since the considered
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Figure 3.11: Expected daily modulation of dark matter signal according to n · n⊙ =
cos γ(t), where n is the separation unit vector between the cavities located
at NPL and PTB, and n⊙ is the direction of Earth’s motion through the
dark matter halo. The solid line shows the observation period for the con-
sidered data [146].

dark-matter oscillation period is much larger than the fiber delay time, any signals

originating from dark-matter–induced modifications to the length and refractive

index of the fiber [138] are also removed by the noise cancellation.

On the other hand, the signal coming from the spatial separation is not removed.

This provides a unique opportunity to probe the spatial fluctuations of scalar dark

matter, with induced signal

∆(νA/νB)

νA/νB
= φ0 (dme + de)

ωDn · v
c2

sin(ωt). (3.40)

To determine the signal strength, we average Equation 3.40 over the dark matter

velocity distribution f(v). In the galactic rest frame, the average would be zero. In

the Earth frame, however, it is non-zero due to Earth’s motion through the galaxy

with speed v⊙≈ 220 km/s (roughly towards the Cygnus constellation). We have

∫
d3v f(v)v · n = v⊙ · n = v⊙ cos γ(t), (3.41)

where γ is the angle between the laboratory separation and the direction of Earth’s

galactic motion, which we compute using Ref. [150]. This exhibits a strong sidereal

modulation due to Earth’s rotation, as shown in Figure 3.11.

In general, this modulation would present a key dark matter observable. For the

present data set, however, there is less than one full day of data [149]. As such,

we do not search for the daily modulation, but rather average the expected signal

amplitude over the observation period, finding ⟨cos γ⟩ T ≈ −0.41 [151].
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Figure 3.12: Amplitude spectrum of the NPL/PTB cavity- cavity comparison, and GPS
microwave clock data, showing the upper 95% confidence levels and detec-
tion threshold.

We search for oscillations in the data following exactly the approach detailed for

the optical clock comparison data in section 3.3. The resulting spectrum is shown

in Figure 3.12. To obtain the 95% confidence level and the detection threshold with

Monte-Carlo sampling, we implemented the full noise model as given in Table 1

of Ref. [149] using the colorednoise python package, and verified that our imple-

mentation of the model yields a similar Allan deviation compared to the original

data.

The high-frequency bound of our analysis is 0.5Hz, limited by the 1Hz sampling rate,

while the low-frequency bound is determined by the total measurement duration of

4.1× 104 s. (Unlike for the data in section 3.3, we do not extend the limits to lower

frequencies with individual fits here.) For frequencies f =ω/(2π)< 1Hz, the dark

matter coherence time is τc> 106 s, well above the total measurement duration.

We find no statistically significant oscillations in the data given the available noise

model, and therefore place constraints on the magnitude of |de+dme|. By combining

with the existing constraints on |de| [40, 117, 122, 152, 153] , c.f. section 3.3, which

are at least an order of magnitude tighter, we place the first constraints on |dme|
alone in this mass range, which we present in Figure 3.13. The previous experiments

in this range probe combinations including |dme − dg|. In the analysis, we account

for the stochastic nature of the scalar fields by re-scaling our limits by a factor of

1/3, as discussed in section 3.2.
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Figure 3.13: Constraints on effective couplings deff involving dme (95% confidence level)
as a function of the dark matter mass mϕ and corresponding oscillation
frequency ω/2π. Shown in blue are existing constraints on |dme − dg|
from local clock and oscillator comparisons (Yb/Cs [117], H/Si [109],
H/Quartz/Sapphire [154], and Rb/Quartz [122]; the Ref. [154] constraint
has been rescaled by 3.0 to account for the stochasticity [95], which is al-
ready included in the other constraints). The gray band shows constraints
on |dme − dg| from equivalence principle (EP) tests by the MICROSCOPE
mission [7, 114, 115]. The constraints from this work are the only con-
straints on dme alone in this mass range.

As a complementary example, we also consider data from the Rb microwave clocks

on board the GPS satellites, as compared to an Earth-based hydrogen maser. The

GPS data have previously been used for dark matter and cosmic field searches [10,

155, 156]. The GPS comparisons are made with a one-way microwave link, and the

type of noise cancellation as employed in the fiber network is not possible. Therefore,

this search is sensitive to the phase difference caused by the signal time delay:

∆(νA/νB)

νA/νB
= φ0 d

mw
eff

ωD

c
sin(ωt). (3.42)

The GPS constellation consists of approximately 30 satellites in orbit at a radius of

D ≈ 26 000 km. Signals driven by an onboard Rb microwave atomic clock are broad-

cast from each of the satellites. The time differences between the satellite clocks and

a ground-based hydrogen maser are determined, and made publicly available [157,

158]. From these, we derive the fractional frequency differences averaged over the

30 s sampling period [155].
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Relativistic Doppler shift effects cause periodic variations in the clock timings that

oscillate at the ∼ 12 hr orbital period. These are modeled and removed [159]. Due

to the imperfect nature of the modeling, residual effects are present in the data, and

consequently, we do not search for oscillations at or below this frequency.

Since the scalar field is coherent across the network, and the time delay between each

of the satellites and the Earth-based receiver station is roughly the same, the dark

matter signal should be approximately equal for each GPS satellite clock. Therefore,

for each day of data, we form a weighted average of the frequency comparisons for

each of the Rb satellite clocks in the network, compared to the common ground-based

H-maser. We then form the amplitude spectrum for each day of data. Since we only

use clocks for which there are no missing data points, we use the standard Fourier

method. We repeat the process for the most recent 34 weeks of data (up to May

11, 2024), resulting in 238 spectra. We take the average as the best-fit amplitude

spectrum, and use the spread in amplitudes at each frequency to determine the

maximum spectrum at the 95% confidence level. Due to the large number of spectra,

this is very close to the average, as shown in Figure 3.12. We have made our code

for this analysis public [151].

There are several large peaks in the GPS amplitude spectrum, which are likely

caused by the satellite operation and signal processing. Without a full noise model

for these clocks, we cannot define a detection threshold. From the analysis, we

place constraints on the combination of couplings in Equation 3.16. By combining

with existing constraints on |de| [40, 117, 122, 152, 153], |dme − dg| [109, 117, 122,

154], and |dmq − dg| [93, 117], we constrain dme alone. The constraints at the 95%

confidence level are shown in Figure 3.13.

In Figure 3.13, we also present projections of future sensitivities. The “Space Clocks”

projections are based on a future network of clocks showing white frequency noise

with an amplitude of 10−18, and a separation equal to the GPS diameter [92, 160–

163]. We show this both for the spatial term [Equation 3.40], and the temporal term

[Equation 3.42], which would apply only if the noise cancellation does not remove

the time-delay contribution signal.

In conclusion, we present a method to search for ultralight dark matter with space-

time separated atomic clocks and cavities. We demonstrate this method by searching

for oscillations with periods ranging from 2 s to 105 s using frequency ratio measure-

ments of lasers stabilized to optical cavities, and the microwave clocks on board

the GPS satellites. We placed constraints on the coupling of scalar dark matter to
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electrons in the mass range (10−19 – 2×10−15 eV/c2.) These are the only constraints

on dme alone at low frequencies < 1Hz.

Searching for ultralight dark matter with space-time separated oscillators uniquely

enables probing the spatial fluctuations of scalar dark matter, and features key

signatures to distinguish a dark matter signal from a spurious signal in case of a de-

tection, namely the scaling with the effective distance, and the sidereal modulation.

The method also circumvents the need for the oscillators to feature a differential

sensitivity to the considered dark matter coupling. Without the need to optimize

for large differential sensitivities, future comparisons between space-time separated

oscillators are free to focus on utilizing the full potential of the available sensor

types to investigate different frequency ranges. This is particularly relevant for fu-

ture measurement campaigns involving long fiber links, and for future fundamental

physics investigations in space.

3.6 Summary and outlook

This chapter has presented different aspects of searches for ultralight dark mat-

ter with optical frequency comparisons. In section 3.3 we leveraged the high fine-

structure sensitivity of the 171Yb+ E3 transition in two optical clock comparisons.

An analysis of the resulting data for oscillations acts as a broadband search for a

coupling de of scalar ultralight dark matter to photons. In the absence of statisti-

cally significant oscillations, we were able to place improved bounds on the strength

of this coupling over a wide range of possible dark matter masses.

Section 3.4 demonstrates how optical atomic clock comparisons are sensitive to nu-

clear UDM couplings via the mass and field shifts, using the νE3/νE2 frequency ratio

as an example. Even though the corresponding sensitivities are three orders of mag-

nitude smaller than that to variations of the fine-structure constant, the obtained

limits are competitive with those from comparisons of microwave clocks based on

hyperfine transitions.

In section 3.5 we have investigated how space- and time-separation of the two os-

cillators in an optical frequency comparison can retain sensitivity to dark matter

couplings even for equal oscillators. As an example, we have presented an analysis

of available data from the comparison of lasers locked to ultrastable cavities across

the European fiber network, and from microwave clocks aboard the GPS satellites.
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This complementary approach allows accessing unique combinations of dark matter

couplings, and in the case of detection, experimental signatures allowing to distin-

guish noise from a dark matter signal.

How can we improve our experiments to perform even better UDM searches in the

future? One answer is to use clocks based on transitions with increased sensitivity

to the constant under investigation, since the sensitivity contributes linearly to the

coupling strength that can be probed. Regarding α-sensitivity, an optical lattice

clock based on neutral ytterbium [58], as well as certain species of highly charged

ions [120, 121] would be advantageous. A potential future nuclear optical clock based

on thorium [118, 119, 164, 165], would offer even higher sensitivity, and could poten-

tially investigate a coupling several orders of magnitude below the limits presented

here.

For a given sensitivity, the amplitude level of the measurement noise at a specific

frequency limits the search. This relates to the properties of the measurement:

The measurement instability determines what amplitude levels can be probed for a

given averaging time, with a 1/
√
τ scaling in the case of white noise. What level can

ultimately be reached depends on the long-term stability, or reproducibility, of the

involved systems. While the systematic uncertainty of a clock may be an indicator

of its expected long-term stability, we have shown that in the case of the Yb1

clock operating on the E2 transition a reproducibility well below the systematic

uncertainty is obtained. We will see in chapter 5 that the same holds true for

the Yb1 clock operating on the E3 transition. Although it is harder to quantify,

experimental robustness is also an important factor, not just because a lack of it

might cause characteristic gaps in the data, e.g. over night, but also through the

feasibility to accumulate a large amount of data with reasonable effort and within

an accessible time frame.

The investigated range of dark matter masses was limited by the ≈ 200 s time

constant of the servo to below 2 × 10−17 eV in our optical frequency comparisons.

Slightly higher masses can be probed by comparing other types of oscillators, e.g.

optical cavities. It would be interesting, however, to apply the high α-sensitivity

of the E3 transition to larger dark matter masses around 10−16 eV/c2 and beyond.

To achieve this without being limited by the typical servo time constants in optical

clocks, dynamical decoupling sequences, which offer increased sensitivity to varia-

tions at particular frequencies, specifically frequencies even larger than the inverse

total interrogation time, could be employed [109, 166, 167].
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To utilize the high α-sensitivity of the E3 transitions for improved measurements

in the current frequency range, one approach could be to perform a yearslong opti-

cal frequency comparison between a clock based on the 171Yb+ E3 transition, and

a suitable partner clock that is more stable than that based on the E2 transition.

Furthermore, the instability of the clock running on the E3 transition could be

improved, for example with longer coherent interrogation times or simultaneous in-

terrogation of multiple ions. First experimental steps towards these goals were taken

in the scope of this thesis with the construction of a new optical clock apparatus

that combines 171Yb+ and 88Sr+ ions.
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4 A new optical clock experiment

for 171Yb+ and 88Sr+ ions

We have seen in previous chapters that the electric quadrupole, or E2, transition in
171Yb+ can be used to characterize shift effects for the clock based on the less sen-

sitive electric octupole, or E3, transition, and also as a suitable partner for optical

frequency comparisons with high differential α-sensitivity. The “toolbox” of avail-

able transitions can be extended further by co-trapping 171Yb+ ions with a different

ion species that offers a clock transition with useful complementary characteristics.

The 2S1/2 → 2D5/2 electric quadrupole transition in 88Sr+ is a particularly attractive

candidate for several reasons:

First, the differential static scalar polarizability, which determines the sensitivity to

thermal radiation, is very well known for this transition [168, 169]. In 171Yb+, lim-

ited knowledge of the same atomic parameter corresponds to a fractional frequency

uncertainty of 1.3 × 10−18 for a clock operating on the E3 transition at room tem-

perature [22]. By subjecting both ion species to the same perturbing radiation, for

example infrared laser light, and measuring the effect on the respective clock transi-

tions, the 45 times lower uncertainty of the polarizability in 88Sr+ can be transferred

to 171Yb+. This will enable the possibility of room-temperature 171Yb+ ion clocks

with systematic uncertainties well below 1× 10−18.

Second, the 674 nm wavelength used to drive this transition in 88Sr+ is close to the

magic wavelength of the 171Yb+ E3 transition [30]. Therefore, sideband cooling of

a 88Sr+ ancillary ion could be performed during clock operation on a co-trapped
171Yb+ ion, without the clock operating on the E3 transition being limited by the

associated light shift. Then, interrogation of the sympathetically cooled 171Yb+ ion

is no longer compromised by motional heating, enabling extended coherent interro-

gation times on the E3 transition.
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Figure 4.1: Relevant level scheme of 88Sr+. a) An electric dipole transition at 422 nm is
used for Doppler cooling and detection. An electric quadrupole transition at
674 nm can be used for precision spectroscopy, as well as for resolved sideband
cooling. A repump transition at 1092 nm facilitates closed-cycle Doppler
cooling. Another repump transition at 1033 nm is used to depopulate the
2D5/2 excited state. b) The 2S1/2 → 2D5/2 clock transition is split into ten
Zeeman components in an external magnetic field.

Finally, we have seen in chapter 2 that the instability of a single-ion 171Yb+ clock

running on the E2 transition is limited by the short (53ms [51]) excited-state life-

time. And while interleaved interrogation of both the E2 and E3 transitions in a

single 171Yb+ ion offers many advantages and has proven to be extremely robust

and long-term stable, the reduced duty cycle of each clock further deteriorates the

measurement instability of the frequency ratio. A frequency comparison between a

clock operating on the 88Sr+ 2S1/2 → 2D5/2 transition and a clock running on the
171Yb+ E3 transition, both realized within the same experimental apparatus, might

offer similar advantages to interleaved interrogation, but vastly improved instability.

The sensitivity of the 88Sr+ clock frequency νSr+ to variations of the fine-structure

constant is Kα = 0.43 [27], yielding a differential sensitivity ∆Kα = 6.38 for the

frequency ratio νSr+/νE3, only slightly smaller than the differential sensitivity of

6.95 for νE3/νE2. This makes improved searches for variations of the fine-structure

constant with this frequency ratio feasible.

With this in mind, let’s take a first look at some of the properties of 88Sr+ ions.

The relevant level scheme of 88Sr+ is depicted in Figure 4.1. An electric dipole

transition at 422 nm can be used for Doppler cooling and detection. A repump

transition at 1092 nm facilitates closed-cycle Doppler cooling, and another one at

1033 nm is used to depopulate the 2D5/2 state after successful clock excitation [170].

In contrast to 171Yb+, with its mF = 0 → mF = 0 transitions, 88Sr+ offers no first-

order Zeeman insensitive transitions. Instead, an external magnetic field splits the
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2S1/2 → 2D5/2 clock transition into ten first-order Zeeman sensitive components.

The 2D5/2 excited state has a natural lifetime of 391ms [171], which allows for

longer coherent interrogation times than that of 171Yb+ E2 transition, but without

the technical challenges associated with clock operation on the ultra-narrow E3

transition.

A first dual-species optical clock experiment co-trapping 88Sr+ and 171Yb+ ions in

a linear ion trap has previously been set up in our group, with first results reported

in [43]. That experimental apparatus is currently used to improve the knowledge

of the dynamical polarizability in 171Yb+, as outlined above, and the results will

be reported in detail in Martin Steinel’s dissertation, and corresponding publica-

tions. Clock performance in this system is limited by the prototype ion trap made

from printed-circuit polymer material (Rogers 4350B). In the scope of this thesis,

a second-generation dual-species apparatus was developed. The biggest improve-

ments are the high-performance ion trap constructed from alumium-nitride wafers,

increased optical access, and the implementation of camera-based, ion-resolved state

detection. This chapter describes and characterizes the newly constructed experi-

mental apparatus, setting the stage for the results obtained in chapter 5, as well as

future measurements involving this system.

A first overview of key experimental components is provided in Figure 4.2, with fur-

ther details discussed throughout the remainder of this chapter: Section 4.1 contains

information on the vacuum system and a characterization of the residual background

pressure based on the reordering of a mixed-species ion crystal. Section 4.2 describes

the intra-vacuum assembly including the ion trap, the electrical connections, and the

atom sources. Section 4.3 gives an overview over the optical access provided by the

system, as well as current and planned laser beam paths for both ion species. Sec-

tion 4.4 describes and characterizes an imaging system that is designed to combine

the fluorescence of both ion species onto a single EMCCD camera for site-resolved

state detection in single- or mixed-species ion crystals. Section 4.5 concerns the

magnetic field control, including the coil geometry and magnetic field stability. Sec-

tion 4.6 contains measurements characterizing the relevant properties of the ion

trap, including excess micromotion, ion heating, and the oscillating magnetic field

from the trap drive. Section 4.7 discusses temperature measurements around the

ion trap and the associated uncertainty of the temperature at the position of the

ions. This is important to characterize the frequency shift from thermal radiation.

All ion-based measurements throughout were performed with 88Sr+, as trapping of
171Yb+ has not yet been attempted in this apparatus.
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Figure 4.2: Overview over key experimental components. The vacuum system is con-
structed from conflat components which are almost exclusively made of tita-
nium, with the exception of the valve and pumps, which are made of stain-
less steel. All intra-vacuum components are assembled on a large DN200
CF flange with a coaxial feedthrough for the radiofrequency (RF) trap drive
and two 37 pin D-Sub feedthroughs for DC voltages and temperature read-
out. A segmented linear ion trap made from aluminum nitride (AlN) wafers
with structured gold coatings is glued to a ceramic carrier board sitting on
four feet machined from a copper alloy. Two targets for laser ablation are
mounted with titanium components and act as atom sources. A large re-
entrant viewport provides high-NA optical access. Calibrated temperature
sensors are integrated on two of the trap wafers and distributed on the out-
side of the vacuum chamber. Two 3mm thick layers of mu-metal provide
magnetic shielding.
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4.1 Vacuum system and residual pressure

Great care is taken to avoid the use of materials that can be magnetized in the

vacuum system. Except for the valve and the pumps, the vacuum components are

made from titanium, with most pieces being custom designs. All bolts are grade V

titanium. Standard ConFlat (CF) flanges and copper gaskets are used throughout.

The vacuum chamber consists of a DN200CF (10 in) spherical dodecahedron with

11 DN40CF ports and one pumping port with a DN63CF flange. Connected to the

pumping port is a custom T-piece offering access to a DN40CF standard stainless-

steel all-metal angle valve for closing off the system after initial pumping, and an

ion-getter pump (SAES NexTorr Z200). The port opposite the pumping port holds

an additional small getter pump (SAES CapaciTorr Z16). All viewports are fused

silica with titanium flanges and a custom antireflection coating for all wavelengths

used in 171Yb+ or 88Sr+. The lowest wavelength is 370 nm, used for Doppler cooling

of 171Yb+, and the highest is 1092 nm, used for repumping in 88Sr+. A custom

DN200CF re-entrant viewport offers high-NA optical access for imaging through a

6.4mm thick window of 68mm diameter, and 8 threaded holes on its outside are used

to mount the vacuum system on the optical table. All intra-vacuum components are

mounted to the inside of a single DN200CF flange via threaded holes. Welded to

this flange are three DN40CF half-nipples to provide optical access, as well as two

non-magnetic titanium 37-pin Sub-D electrical feedthroughs (Allectra 218-D37-TI).

A coaxial feedthrough with a single copper pin in a DN16CF titanium flange (Kurt

J Lesker EFT-SPL407) is used for the RF voltage supplied to the ion trap.

Vacuum components were assembled as supplied by the companies, i.e. without

further cleaning. Intra-vacuum components were largely machined in-house and

cleaned in an ultrasonic bath using first acetone, then isopropanol, and finally de-

ionized water. Since the vacuum system contains only small amounts of stainless

steel, no specific measures to reduce hydrogen outgassing were performed. After

assembly of the full system including all viewports and intra-vacuum components,

the system was baked once to about 140 °C for about two weeks in an oven while

being pumped with a turbomolecular pump. During cooldown of the system after

baking and pump activation, the controller of the ion-getter pump showed its lowest

current reading already at an elevated temperature of about 50 °C, indicating a final

pressure below 1 nPa at the position of the pump.

To investigate the background pressure at the position of the trapped ions, we
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measure the reorder rate Γ of a linear ion crystal consisting of 88Sr+ ions as well

as another Sr isotope, most likely 87Sr+ or 86Sr+, which does not fluoresce at our

usual laser wavelengths. To this end, we continuously cool the 88Sr+ ions on the
2S1/2 → 2P1/2 transition and track their centroid positions using images taken with

an EMCCD at an exposure time of 100ms over several hours. We determine reorder

events in a time series of the bright ions’ position sampled at 1 s by counting the

number of times any of the recorded z-positions change by more than 7 pixels.

We need to account for the fact that not every crystal melting is detected as a

reordering:

Γ = Γdet
ntot

nvis

, (4.1)

where Γdet is the detected reorder rate, and Γ is the corrected reorder rate. Under

the assumption that all crystal configurations are equally likely, one can determine

the ratio of total reordering events to detected events, ntot/nvis, with combinatorics.

In the case of two ions the probability would be 50% to end up in the original con-

figuration, so only half of the melting events would be detected. More generally, for

chains of N ions, withM bright and N−M dark, there are N ! initial configurations,

and N ! possible reorderings per configuration. Thus the number of total possible

reorderings is ntot = (N !)2. The number of visible reorderings is nvis = N !(N !− k),

where k is the number of invisible reorderings of each of the initial N ! configurations.

k is calculated from generating all possible reorderings and counting the number of

indistinguishable reorderings. This yields a corrected reorder rate of

Γ = Γdet
1

N
(
1− M !(N−M)!

N !

) . (4.2)

We perform the measurement with low axial confinement and calculate the two-ion

reordering energy barrier following [172] to be below kB×1K. This means that only a

neglegible fraction of collisions with the room-temperature background gas does not

provide enough energy for crystal reordering. In a 54 000 s long measurement with

a linear crystal of four bright and two dark ions, we detect a total of 349 reordering

events. A fit to the exponential distribution of the time between collisions yields a

corrected reorder rate of Γ = 1.13(8)× 10−3/s/ion. A second, shorter measurement

with one bright and two dark ions yields a corrected rate of Γ = 1.5(3)×10−3/s/ion.

The weighted mean is Γ = 1.16(7)× 10−3/s/ion.

Following [173], we estimate the background pressure p corresponding to the mea-
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sured re-order rate: The pressure is obtained from the ideal gas law p = ρkBT

by eliminating the density via the Langevin rate γL = 2πρ
√
C4/µ with µ the re-

duced mass between the trapped ion and the average mass of the background gas,

and where the C4 parameter can be obtained from the static polarizability of the

background gas. This yields

p =
ΓkBT

√
µ

2π
√
C4

(4.3)

We estimate the pressure assuming the background gas is air (C4 ≈ 2.65×10−57Jm4,

µ ≈ 3.6×10−26 kg), and obtain p ≈ 2.8 nPa. Alternatively, the background gas might

consist of molecular hydrogen (C4 = 9.16×10−59Jm4, µ ≈ 3.3×10−27 kg), for which

the observed collision rate would yield a pressure of p ≈ 4.5 nPa. Without knowledge

of the background gas composition, these values can only serve as a rough estimate

for the true background pressure. In particular, there is a possibility of significant

outgassing from the solder or glue used on the ion trap.

4.2 Intra-vacuum assembly

To ease the assembly process, all intra-vacuum components were assembled onto

the same DN200CF flange, which also contains all electrical feedthroughs. The seg-

mented linear ion trap is based on the design in [174]. It consists of four precision

machined aluminium-nitride (AlN) wafers with structured gold coating and was as-

sembled largely following the procedures developed for this trap design in the group

of Prof.Mehlstäubler, see e.g. [175] for details. A picture of the final intra-vacuum

assembly is shown in Figure 4.3. Low-pass filtering of the supplied DC voltages

with a cutoff-frequency of 1.6 kHz is implemented via SMD components soldered

directly onto the trap wafers. The two inner wafers additionally feature calibrated

Pt1000 sensors, which are shielded from RF-pickoff with capacitors. The ion trap

is glued onto an AlN carrier board, which is mounted to the flange with four feet

machined from Copper Chromium Zirconium. RF and ground connections between

the trap and the carrier board are made with 5mm wide and 0.1mm thick copper

strips which are soldered onto the trap chips by hand. From there, a broad, laser-cut

copper strip connects the RF side of the carrier board to the RF feedthrough, while

a solid copper piece connects the ground side to the vacuum chamber. All other

electrical connections from the trap onto the carrier board are made with wirebonds.

In total there are 40 independent connections for DC voltages (10 trap segments × 4
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Figure 4.3: Photograph of ion-trap assembly taken through the re-entrant viewport. The
linear, segmented ion trap consists of four precision machined aluminium-
nitride (AlN) wafers with structured gold coating. The ion trap is glued
onto an AlN carrier board. The connections for radiofrequency (RF)-voltages
and ground (GND) are made via copper strips. All other connections are
made with wirebonds, and then connected via two flexible PCB ribbons to
UHV-compatible Sub-D connectors at the corresponding feedthroughs. All
DC voltages applied to the trap are low-pass filtered with RC filters soldered
onto the trap chips. Two of the four trap chips additionally carry calibrated
Pt1000 resistive temperature sensors. Inset: The segmented trap offers eight
zones for ion trapping and an additional two endcap segments.

trap wafers) + 8 connections for the two four-wire temperature measurements. The

connection to the pins of the two 39-pin Sub-D feedthroughs are made with flexible

PCB ribbons, which are pressure-connected to the carrier board with a clamp as-

sembly. On the other side, copper pins are soldered onto both sides of the flexible

PCB, which are in turn crimped to nonmagnetic single-pin push-on connectors. The

individual connectors are filled into a ceramic insulation piece matching the D-Sub

geometry of the feedthrough.

The assembly contains one target each to generate Yb and Sr atoms with laser

ablation. For Yb, a piece of solid ytterbium is used, while for Sr we used single-

crystal SrTiO3 based on the results in [176], which found reliable loading of Sr+ over

many iterations with this target compared to other materials. Indeed, we obtained

robust loading of 88Sr+ without ever having to move the position of the ablation

laser on the target during the year the experiment has been in operation. Figure 4.4

shows a schematic overview over the atom source geometry. All components used

for mounting the ablation targets are made from titanium. The base plate of the
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Figure 4.4: Overview over atom source geometry. a) Model of intra-vacuum assembly
with laser ablation targets and mounting components, oriented as in the final
assembly with gravity pointing downwards along the −x-direction. b) Cut
through plane of the ions illustrating geometric considerations. The ablation
targets and their apertures are aligned for loading into trap segment 1, while
the longer “spectroscopy” trap segment 7 is shielded from atom flux. Care is
taken not to limit the optical access for these two segments. Laser beams for
photo-ionization are aligned to segment 1 along the +y-direction, orthogonal
to the directions of atom flux.

assembly determines the alignment with respect to the trap. The ablation targets

are positioned for maximum atom flux towards trap segment 1. Laser beams for

photo-ionization enter this segment orthogonal to the atom flux in order to avoid

large Doppler shifts. Thin titanium sheets with apertures of 1.2mm diameter shield

the other trap segments from atom deposition. In particular, segment 7, which is

twice as long as the other segments to avoid distortion of the RF field from edge

effects, is as far away from the segment chosen for ion loading as possible. Care is

taken to preserve the optical access for these two segments.

4.3 Optical access and laser beam paths

The optical setups around the vacuum chamber are organized on three separate lev-

els, with the complete apparatus designed to take up half of a standard optical table:

The chamber with the mu-metal shielding is sitting on titanium feet, elevated about

20 cm from a 120 cm x 120 cm honeycomb breadboard which is used for optical ac-

cess from the bottom via the re-entrant viewport. A second honeycomb breadboard
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of similar size sits about 16 cm above the first one and features a custom keyhole

cutout for the chamber and magnetic shielding. On top of this central breadboard

in turn an aluminium breadboard is mounted vertically for optical access via the

three top viewports.

The central horizontal breadboard offers optical access via ten DN40CF viewports.

A schematic overview over laser beams on this breadboard is shown in Figure 4.5.

The geometry of the vacuum system was chosen specifically to maximize optical

access given the constraints of the ion trap design: The four spacers between the

individual trap wafers are placed at the corners of the square trap chips, blocking

access at 45° with respect to the trap axis, while the dodecahedral chamber offers

optical access under multiples of 30°. All depicted beams pass horizontally through

the trap center, except for the laser ablation beams, which are oriented upwards onto

their respective targets. The ablation laser (CNI Laser EL-532), which features a

repetition rate of 10 kHz, pulse length of 2 ns, and pulse energy of 150 µJ, is mounted

directly onto the optical breadboard. An automated flip mirror allows switching

between the respective beam paths for the two atom species. All other laser light

is brought onto the main optical table from separate light distribution breadboards

with polarization-maintaining optical fibres. The vertical NA of the beams passing

through the trap is limited by the 50mm× 50mm trap chips to at most NA ≈ 0.02.

Laser beams on this breadboard used for clock operation are planned such that they

fulfill the respective selection rules for a single, common magnetic field orientation

of θ ≈ 54.7° with respect to the trap axis in the horizontal, which suppresses the

variation of the quadrupole shift along chains of ions (c.f subsection 5.2.3). Beams

for optical repumping from excited states are set up such that they can be used in

all trap segments. Beams for photoionization are aligned to trap segment 1.

Figure 4.6 shows a vertical cut through the system, with a schematic depiction of

relevant laser beam paths. The central top viewport allows an NA of about 0.2 for

the central trap segments, and might be used for single-ion addressing in the future.

The two ports at 45° offer a NA of 0.09, limited by the distance of the DN40CF

viewports. They are used for a variety of cooling beams, since these directions have

good overlap with all trap axes. Some of the cooling beams feature an elliptical cross-

section for homogeneous addressing of ion chains. In particular, the 674 nm beam

used for fast optical pumping and sideband cooling of 88Sr+ ions is expanded strongly

orthogonal to the trap axis before focusing to enable both high Rabi frequencies and

relatively homogeneous addressing of up to 100µm long ion chains. The angle of its

linear polarization is optimized experimentally to drive transitions with ∆m = 2 at
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Figure 4.5: Overview over beam geometry in the horizontal plane. The trap axis is
aligned along the z-direction. Optical access is available in ten directions.
The numerical aperture for addressing trapped ions from any of these di-
rections is limited by the trap chips to about NA=0.02 in the vertical (x)
direction. Solid lines depict implemented beam paths, while dashed lines
stand for planned beams. All laser light except for the laser ablation beams
is brought onto the main optical table with polarization-maintaining optical
fibres. Laser light of different wavelengths shown in the same color originates
from the same fiber. Otherwise, beams of different wavelength are overlapped
with dichroic long-pass filters. The depicted cylindrical lenses are focusing
in the vertical direction to enable homogeneous addressing of ion chains.
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Figure 4.6: Overview over beam geometry in the vertical plane. Solid lines depict im-
plemented beam paths, while dashed lines stand for planned beams. The
Doppler cooling beams coming from the left side are round before being fo-
cused in only the y-direction with a cylindrical lens to enable homogeneous
addressing of ion chains, which are oriented along the z-axis. The beams
coming from the right side are focused in both directions. The 674 nm beam
used for pumping and sideband cooling is expanded in the y-direction be-
fore being focused to achieve high Rabi frequencies that are homogeneous
for chains of ions. The top central port features an NA of about 0.2. Beams
entering the chamber from any of the top three viewports exit via the large-re-
entrant viewport on the bottom, which also features high-NA optical access
for imaging. Sending in beams from the bottom instead of the top is also
possible.

the typical magnetic field direction. For both ion species, three mutually orthogonal

Doppler cooling beams are implemented, which enables convenient determination of

all micromotion components via photon-correlation.

The bottom breadboard currently holds only the imaging system, which is described

in section 4.4, but optics for additional laser beams at 45° with respect to the

horizontal may be set up there in the future, as well as optics for fibre length

stabilization of a future vertical 467 nm clock beam that passes the first lenses of

the imaging system before being separated from the ion fluorescence with a dichroic

beamsplitter. All in all, much of the optical access the system offers is currently

still unused. This is by design, to enable flexible new optical setups for a variety of

future experiments involving both ion species as well as multiple trap segments.
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4.4 Imaging and state detection

An optical system for collection and imaging of both the 370 nm fluorescence from
171Yb+ and the 422 nm fluorescence from 88Sr+ ions was constructed. Compared to

other experiments in our group, which all rely on photomultiplier tubes (PMTs) for

state detection, here, both species are imaged onto a shared EMCCD camera which

can be used for site-resolved state-detection when working with chains of multiple

ions. Additionally, the fluorescence from both species can be sent to individual

PMTs.

The entire imaging system is constructed from standard off-the-shelf optical com-

ponents, and mostly standard SM1 optomechanical components. An overview and

description is provided in Figure 4.7. Though a higher NA would be possible with

larger diameter lenses, we chose a 25mm diameter as not to block laser beams

passing the ion trap under 45° (c.f. Figure 4.6). The imaging system is set up in

two stages, to provide the option of spatial filtering in the first focus for each ion

species. Since the system is not designed to be achromatic, the 422 nm and 370 nm

fluorescence are split with a dichroic longpass filter and pass independent second

imaging stages before being recombined. The fluorescence can be sent to either

the shared EMCCD camera or to individual photomultiplier tubes (Hamamatsu

H10682-210//001) for each species, depending on the settings of two electronically

controlled flip mirrors.

The first imaging stage offers a magnification of about 15 for 370 nm and 18 for

422 nm, and the difference is largely compensated by slightly different magnifications

between two and three in the second stage. We obtain an overall magnification of

38 for 422 nm and 41 for 370 nm. This was measured in a test setup imaging the

transmission of 370 nm and 422 nm light through a 1µm pinhole: A small change in

the position of the pinhole and the first-stage imaging components, as indicated by

the reading of a micrometer screw, was compared to the distance the image moved

on the camera chip for the respective wavelength. The EMCCD camera (Princeton

Instruments ProEM HS) has 512×512 pixels of size 16µm× 16 µm, meaning we can

image about 250µm× 250 µm onto the camera chip with this magnification.

We do not expect diffraction limited performance with this imaging system, since

the standard asphere was designed without taking into account the vacuum window.

Instead, our design objectives were to image both species with a similar magnifica-

tion and resolution, to be able to resolve individual ions in a chain with negligible
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Figure 4.7: Overview over dual-species imaging setup (not to scale). All lenses have a
25mm diameter. a) First-stage imaging. The ions sit 14.6mm away from
the 6.4mm thick fused silica viewport. A standard asphere (asphericon AFL
25-30, NA=0.38) is used as a first lens, followed by a standard spherical
singlet lens with 750mm nominal focal length. A dichroic longpass filter
reflects the fluorescence of both species, but transmitts 476 nm light used
for excitation of the 171Yb+ E3 transition, which might prove useful in the
future for individual addressing of ions at this wavelength. The optical com-
ponents can be moved with respect to the vacuum chamber using a three-axis
translation stage. The differential focal shift between the two wavelengths is
about 126mm. b) Second-stage imaging. To counter differential focal shifts,
the two wavelengths are split and later recombined before a shared EMCCD
camera. The focus of the 422 nm path can be adjusted independently using
two mirrors on a translation stage. Spatial filtering is implemented with an
aperture in each of the respective first image planes. The different magni-
fications of the two paths counter the magnification difference of the first
stage, and we measure an overall magnification of 38 for 422 nm and 41 for
370 nm. The fluorescence can be sent to either the EMCCD camera or to
a photomultiplier tube (PMT) for each species, depending on the settings
of two electronic flip mirrors. Narrow-band optical filters (not depicted) for
each wavelength are installed before the flip mirrors. The components are
pre-assembled on an optical breadboard which can be moved with respect to
the first-stage imaging objective.

70

https://doi.org/10.7795/110.20260227



4.4. Imaging and state detection

Figure 4.8: Image of a single Sr+ ion a) and residual with respect to a fit of a 2D Airy
function b). Spherical aberrations are clearly visible, with signs of oblique
astigmatism close to the center of the image. The fit yields a radius (first
zero of the Airy disk) of 3.88(4) pixels, corresponding to about 1.6 µm in the
ion plane, and to an effective NA of 0.16.

crosstalk, to collect sufficient fluorescence for detection within a few ms, and to

achieve a field of view that allows detection for ≈100 µm long ion chains. We analyse

the image quality and implement camera detection using 88Sr+. An image of a single
88Sr+ ion is depicted in Figure 4.8. A fit of a two-dimensional Airy function to the

image yields a radius at the first zero of 3.88(4) pixels, corresponding to about 1.6 µm
in the ion plane. This means that ions in a crystal with typical ion-ion distances of

3-6 µm are well-resolved. The fit residual makes aberrations apparent: While coma

was overcome by alignment of the first- and second stage imaging systems with re-

spect to each other, signs of spherical aberrations and oblique astigmatism remain

visible. These do however not lead to significant cross-talk during detection, since

they are about an order of magnitude weaker than the central maximum.

Figure 4.9 shows a linear chain of 16 ions. The ions are clearly resolved, and the

field of view is sufficient to perform state detection on ion chains of this size.

Figure 4.9: Camera image of a linear Coulomb crystal with 16 88Sr+ ions. A 2×2 binning
has been used. The total length of the depicted ion chain is about 80 µm.
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Figure 4.10: Histogram for the state detection of 88Sr+. The data is obtained for typical
experimental parameters: A saturation parameter s ≈ 0.7 with the 422 nm
laser frequency stabilized to the half-maximum of the resonance, a detection
time of 7ms, an EM gain of 200, 2 × 2 binning, and a region of interest
consisting of the four brightest (binned) pixels. Solid lines are Gaussian fits
to the distributions.

The maximum observable number of counts for a fully saturated 88Sr+ ion is given

by the product of the 1/4 relative occupation of the excited state [177], the natural

linewidth of the transition 2π × 21.6MHz [178], and the ≈ 40% quantum efficiency

of the PMT, yielding about 13.6× 106 counts/s. We observe a maximum of 0.12×
106 counts/s, indicating an effective NA close to 0.2.

Camera-based state detection provides scalability to many ions, as well as site-

resolved information. Typical camera settings we employ for state detection are a 2×
2 binning and an EM gain of 200. Detection is implemented using a simple threshold

on a region of interest (ROI) consisting of the four brightest pixels belonging to each

ion. A corresponding histogram for a typical saturation parameter s ≈ 0.7 and a

detection time of 7ms is shown in Figure 4.10. Gaussian fits to the distributions

for the dark and bright states indicate an infidelity below 0.02%. The infidelity in

state preparation and the loss of contrast from finite ion temperature are at the few-

percent level each. The obtained detection fidelity is therefore more than sufficient

to not affect the clock’s instability via a loss of contrast.

The number of ions and their approximate positions are detected automatically

based on a simple centroid method, and the pixels used as ROI are selected, also

automatically, from the 8× 8 pixels around each ion position. This function is also
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called during clock operation with multiple ions whenever several consecutive invalid

clock cycles occur, making the clock robust against the occasional loss of an ion.

Our experimental control system consists of the open-source software and open hard-

ware of the “Advanced Real-Time Infrastructure for Quantum Physics” (ARTIQ).

We integrate camera-based detection into the experimental sequences using an ex-

ternal trigger generated in ARTIQ to synchronize the camera acquisition with the

corresponding laser pulses for detection. Two images are evaluated together outside

of the real-time environment: One taken after clock excitation, and one taken after

repumping from the excited state. A callback function evaluates both images, once

they become available, extracting the total number of counts in each of the ROIs.

The resulting two one-dimensional arrays are passed as datasets into ARTIQ. This

takes about 12-15ms, and currently the experimental sequence only continues once

new datasets are available. Which of the ions were excited, and if all ions were

bright again after repumping, indicating a valid clock cycle, is then decided within

ARTIQ.

4.5 Magnetic field control

Three orthogonal sets of coils are used to define the quantization axis during clock

operation. The coils were designed to provide a field of a few µT for a maximal

current of 20mA that can be obtained from operational amplifiers in home-built,

low-noise current sources. The currents are provided by a three-channel source that

is controlled via DAC voltages generated within the ARTIQ-based experimental

control system. An existing routine for magnetic field calibration and compensation

of background fields based on the Zeeman-sensitive components of the 171Yb+ E2

transition has been adapted for use with 88Sr+, and allows convenient and repeatable

setting of magnetic field directions and strengths.

An overview over the coil geometry is provided in Figure 4.11. In addition to the

main coils, each direction also features an independent set of coils (in the same

coil holders) that could be used for active magnetic field stabilization in the future,

if needed. Along the x-axis an additional larger set of coils is used to generate a

field of a few hundred µT to prevent coherent population trapping in 171Yb+ during

Doppler cooling and detection [50]. This coil pair generates a field of 1.7 µT/mA at

the position of the ions and has a combined resistance of 7Ω, meaning about 0.6W
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Figure 4.11: Overview over magnetic field coil geometry. 3D-printed coil holders are
shown in red, with the vacuum chamber depicted for reference. Three or-
thogonal sets of coils are used to define the quantization axis with a field of
a few µT during clock operation. Along the x-axis an additional larger set
of coils is used to generate a field of a few hundred µT to impede coherent
population trapping in 171Yb+ during detection. Due to geometric con-
straints, the coils (not shown) were wound by hand around the assembled
vacuum system.

of power are dissipated when generating a field of 500µT. To avoid inhomogeneously

heating up the vacuum chamber, which could impede a precise characterization of

the ions’ thermal environment, copper tubing for water cooling is set up in the center

of the coils. All coil pairs are connected in series, except for the large coils which

are connected in parallel so that charges can flow off them faster.

Along the z-axis, an additional, independent coil pair is connected to provide a mag-

netic field gradient at the position of the ions. We use this set of coils to compensate

small magnetic field gradients on the order of 0.1 nT/100 µm along chains of trapped

ions with currents on the order of 1mA.

A low-noise magnetic field is particularly important for clock operation based on
88Sr+, which, in contrast to 171Yb+, does not offer a first-order Zeeman insensitive

clock transition. We were able to extend initial coherence times of a few tens of ms

to over 100ms on even the most sensitive Zeeman components of the 2S1/2 → 2D5/2

clock transition in 88Sr+. Initially, ground loops from connections between ion trap

regions that were already grounded to the vacuum chamber and the ground of the DC

voltage supply via the carrier board, feedthrough, and a 2m long cable, were limiting
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Figure 4.12: Typical day-to-day variation of the magnetic field, obtained from clock
operation with a single 88Sr+ ion. a) Magnetic field during approximately
115 hours of clock operation. b) Instability of the magnetic field data in a)
as characterized by the Allan deviation.

the coherence. After interrupting these connections on the outside of the chamber,

the next limiting factor was the resolution of the digital-to-analog conversion, which

was contributing to the noise of the voltage-controlled current source. This effect was

reduced by adapting the voltage-to-current conversion factor of the current source

to only cover the necessary magnetic field range of a few µT. So far, we were unable

to fully extend the coherence on the 88Sr+ clock transition to a level limited only by

the 391ms excited state lifetime. One difference between our current experimental

configuration and the ideal ground configuration shown in [179] is the fact that the

ARTIQ DAC output used to provide DC voltages to the trap electrodes is not purely

differential, and grounding of the ARTIQ crate could not be avoided.

To analyse slow variations of the magnetic field, we extract its magnitude from

clock operation with 88Sr+, as described in chapter 5, using the known first-order

magnetic field sensitivities. An example for magnetic field variation during several

days of clock operation is shown in Figure 4.12. Typical variations are below the nT-

level over days, unless physical changes are made to the experimental apparatus.
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4.6 Ion trap characterization

The ion trap is arguably the most important experimental component in any trapped-

ion experiment, and in optical clocks based on trapped ions its properties, such as

excess micromotion or ion heating, can easily prohibit fractional systematic uncer-

tainties at the 10−18 level. We use a linear, segmented ion trap based on the design

in [174], which was developed in Prof.Mehlstäubler’s group at PTB. The properties

of this trap design, in particular with respect to the use for optical clocks based on

trapped ions, have been analysed in detail in several publications [174, 180–182] and

theses [175, 183, 184]. Here, we forego a detailed analysis of the trap properties and

focus only on those that might differ from one implementation to another, and that

are directly relevant to the clock performance.

Figure 4.13: Schematic depiction of ion trap geometry. a) Frontal view showing the
trapping segments 1-8. Ions are loaded into segment 1, and all character-
ization measurements and spectroscopy reported here is also performed in
this segment. b) Cut through the radial plane. The voltage Ue, applied to
neighboring segments, is used for axial confinement. The angle α of the ra-
dial trap axes with respect to the trap wafers is determined by the voltages
Ue and Ut. The voltages Uec and Utc are used to compensate stray fields in
the radial plane within one segment.

A schematic overview over the trap geometry is depicted in Figure 4.13. Four

precision machined aluminium-nitride (AlN) wafers with structured gold coating

are stacked with AlN spacers and aligned to within about 2 µm with respect to each

other. The inner two wafers carry the RF and DC voltages required for ion trapping,

while the outer wafers offer additional degrees of freedom for compensation of stray

electric fields and rotation of the trap axes. Even though the trap offers eight distinct

trapping zones, so far all measurements have been performed in the trap segment

labeled 1 in Figure 4.13, which is used for ion loading.
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All voltages applied to the ion trap are generated within our experimental control

system based on ARTIQ. The trap drive RF voltage at 14.242MHz is generated with

direct digital synthesis, amplified with a standard 2W amplifier, and applied to the

trap via a helical resonator with a quality factor of about 500, which was constructed

following the design in [185]. The DC voltages are generated using digital-to-analog

conversion, and are amplified to a maximum of 85V.

4.6.1 Excess micromotion

We compensate for stray electric fields, thereby minimizing excess micromotion,

using the photon-correlation technique [186] with three mutually orthogonal cool-

ing laser beams. This typically yields a residual rf field close to zero in the radial

directions, however we do observe some excess axial micromotion that cannot be

compensated. For a given trap drive voltage, the amount of axial micromotion re-

mains constant over time. We measure the residual field for a variety of ion positions

along the trap axis, with the results shown in Figure 4.14 , and find no significant

changes within a few tens of µm. We observe a single coherent photoncorrelation

signal from chains of up to ten ions, and micromotion monitoring and compensation

is routinely performed also with chains of ions.

Figure 4.14: Residual field amplitude due to excess micromotion at different positions
along the trap axis. A single 88Sr+ ion was confined with a mean radial
secular frequency of about 630 kHz and, after compensation of stray fields,
moved along the trap axis with a varying differential voltage between the
electrodes used for DC confinement. Error bars are based on the uncer-
tainties of the fits to the photoncorrelation signals. Within the uncertainty,
the micromotion remains the same for the different ion positions. A small
amount of residual axial micromotion that cannot be compensated is visi-
ble.
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While the radial excess micromotion in the x-direction increases slowly and mono-

tonically on a timescale of days to weeks, we see non-monotonic changes in the y-

direction, sometimes on a timescale of hours. We attribute these changes to charges

on the re-entrant viewport, since the direction does not match that of any of the

trap electrodes. To control frequency shifts associated with excess micromotion,

discussed in subsection 5.3.3, we have implemented regular automatic micromotion

monitoring and, if necessary, compensation during clock operation with 88Sr+.

4.6.2 Ion heating

In the absence of cooling, the temperature of trapped ions increases over time due

to electric field noise that couples to their motion. This effect needs to be con-

sidered when assessing frequency shifts resulting from the finite ion temperature.

Large heating rates lead to an increased temperature uncertainty and accordingly

to an increased uncertainty of the second-order Doppler shift and the quadratic

DC Stark shift from the finite mean-squared trap field that is sampled by the ions

(c.f. subsection 5.3.2).

We measure the heating rate of each of the three motional modes of a single trapped
88Sr+ ion. To this end, we first perform continuous resolved sideband cooling on

the cycling mJ = −1/2 → mJ = −5/2 component of the 2S1/2 → 2D5/2 clock

transition, bringing the ion close to its motional ground state. For each mode we

then measure the relative excitation probabilities Prsb/Pbsb of first-order red and

blue motional sidebands of the same Zeeman component. We ensure that both

sidebands are resonantly probed, with interrogation times much shorter than those

corresponding to maximum population transfer. The mean phonon number n̄ is

extracted via [187]

n̄ =
Prsb/Pbsb

1− Prsb/Pbsb

. (4.4)

The heating rate is obtained from measurements with a variable wait time between

sideband cooling and temperature determination, and the results are depicted in Fig-

ure 4.15. Linear fits to the mean phonon number yield the following heating rates:

Mode Secular frequency ˙̄n (phonons/s) ℏω ˙̄n/kB (mK/s)

Lower radial 2π × 1060 kHz 0.3(1) 0.016(6)

Higher radial 2π × 1080 kHz 0.7(1) 0.038(4)

Axial 2π × 220 kHz 3.6(3) 0.038(3)
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Figure 4.15: Mean thermal occupation numbers n̄ of a single 88Sr+ ion for different wait
times after sideband cooling. Error bars are statistical, assuming a Poisson
distribution for the total number of excitations on each sideband. Solid
lines correspond to linear fits.

The confinement conditions used in this measurement are those employed for clock

operation with multiple 88Sr+ ions (c.f. chapter 5). An independent measurement

with the higher axial secular frequency of ωz ≈ 2π× 670 kHz used during single-ion

clock operation yielded an even lower axial heating rate of 0.52(3) phonons/s, or

0.017(1)mK/s.

Low heating rates on the order of 1 phonon/s are typical for this type of ion trap [174,

184, 188], due to the relatively large distance of the ion from the gold-coated trap

electrodes and the low-pass filtering that is implemented directly on the trap wafers.

For clock operation with Doppler-cooled 88Sr+ ions, and a coherent interrogation

time limited to a few hundred ms, these heating rates are completely negligible in

the determination of frequency shifts.

4.6.3 Oscillating magnetic field from trap drive

Small unbalanced currents result in a magnetic field that oscillates at the frequency

of the trap drive. Since this field may shift transition frequencies at a level that is

relevant for optical clocks, its magnitude and direction need to be assessed [189–

191]. We follow the approach developed in [190]: When the energy difference be-

tween two Zeeman levels is brought close to resonance with the trap drive frequency,
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the coupling of the two levels by the oscillating magnetic field perpendicular to the

quantization axis leads to an Autler-Townes splitting. Measuring the resonant fre-

quency splitting between the dressed states allows assessing the amplitude BRF,⊥ of

the oscillating field for a given RF voltage applied to the trap.

Compared to our usual operating conditions, achieving a Zeeman splitting close

to our trap drive frequeny of ΩRF = 2π × 14.242MHz requires a rather large static

magnetic field. We choose to perform this measurement with 88Sr+, since the Zeeman

splitting of ωZ = 2π × 28 kHz/µTB between its ground state sublevels 2S1/2,mJ =

±1/2 is twice as large as than available in the 171Yb+ ground state for a given

magnetic field strength B. The necessary field of 508.6 µT can be obtained by

applying a current of about 303mA to the pair of large magnetic field coils. We

optically drive the 2S1/2,mJ = −1/2 → 2D5/2,mJ = −5/2 transition to observe

the ground state avoided crossing, since it is conveniently free of a second-order

Zeeman shift. The measurement is performed with a single 88Sr+ ion under typical

trapping conditions (radial trapping frequencies of 1052 kHz and 862 kHz). Excess

micromotion is minimized before the measurement and monitored intermittently

between frequency scans.

Figure 4.16 shows the resulting data: Spectra showing the Autler-Townes splitting

are recorded for different amplitudes of the static magnetic field across the resonance.

The frequency splitting is obtained from fits to the two peaks. Changing the current

supplied to the coils and therefore the magnitude of the static magnetic field leads to

a change in detuning δ = ωZ−ΩRF , with the splitting given by
√
δ2 + Ω2. A fit with

Ω and the current-to-field conversion factor of the coils as free parameters yields a

resonant Rabi frequency of Ω = 2π× 19.716(22) kHz. We extract the corresponding

magnetic field causing this coupling via

Ω =
gJµB

ℏ
BRF,⊥ (4.5)

and obtain BRF,⊥ = 1.4073(16) µT.

We observe excess scatter of the splittings when assuming the uncertainty of each

splitting corresponds to only that of the fit result. The residuals are correlated with

the order in which the scans were taken, and are explained by variation of the RF

voltage on the trap, as evident from variation of the radial secular frequencies on

the order of 1 kHz during the measurement period. The uncertainty of the fit used

to extract Ω incorporates the excess scatter of the data to fulfill χ2
red = 1. This
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Figure 4.16: Measurement of Autler-Townes splitting between the 2S1/2,mJ = ±1/2
states in 88Sr+ caused by the oscillating magnetic field from the trap drive.
a) Typical spectrum taken on the 2S1/2,mJ = −1/2 → 2D5/2,mJ = −5/2
transition at a a static magnetic field strength B close to resonance of the
ground state Zeeman splitting and the trap drive frequency: 14.242MHz =
28 kHz/µTB. A fit is used to extract the frequency splitting between
the two peaks. b) Spectra are taking for different currents applied to
a pair of magnetic field coils, i.e. different values of B across the reso-
nance. The quantization axis is vertical (along the x-direction). Error bars
are obtained from the uncertainties of the fits. The minimal splitting of
19.716(22) kHz corresponds to an oscillating magnetic field of amplitude
BRF,⊥ = 1.4073(16) µT perpendicular to the quantization axis. Excess
scatter is caused by variations of the trap drive voltage and accounted for
in the uncertainty of the fit result Ω.

treatment also pays tribute to the fact that the same variations of the RF voltage

that limit the determination of the AC magnetic field are also expected during clock

operation. Implementing active stabilization of the RF power, e.g. as described

in [192], is expected to significantly reduce these variations. This will allow both

more precise determination of the oscillating magnetic field, as well as reduce the

variation of its amplitude during clock operation.

The most straightforward way to assess the oscillating field in all three dimensions

would be to repeat the measurement above with two orthogonal orientations of

the static magnetic field. However, the experimental apparatus only features one

pair of coils that allows for large enough currents to produce the required field

(c.f. section 4.5), oriented along the vertical direction. We therefore resort to tilting

the angle of the quantization axis with a smaller field produced via the available

orthogonal sets of coils. The results are shown in Figure 4.17. We find BRF,⊥ =

2.0769(30)µT with a tilt of the quantization axis by 9.9° orthogonal to the trap
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Figure 4.17: Measurement of Autler-Townes splitting due to oscillating magnetic field as
above, but with the quantization axis tilted from the vertical (x) orientation
by a) 9.9° orthogonal to the trap axis (y-direction) and b) by 7.7° along the
trap axis (z-direction). We find a) Ω = 2π × 29.096(42) kHz and b) Ω =
2π×25.561(35) kHz, corresponding to orthogonal magnetic field amplitudes
of BRF,⊥ = 2.0769(30) µT and BRF,⊥ = 1.8246(25) µT respectively.

axis and BRF,⊥ = 1.8246(25)µT with a tilt of 7.7° in the direction of the trap

axis. The increased amplitude for a tilt in both directions compared to the original

measurement immediately shows that the largest oscillating field component must

be along the vertical direction, corresponding to the quantization axis of the first

measurement.

From geometric considerations, and with an uncertainty of 0.1° for both tilting

angles, we find the three components of the oscillating magnetic field amplitude

as

BRF =
[
6.091(55), 0.834(10), 1.1333(75)

]
µT , (4.6)

which corresponds to a total mean amplitude of 6.252(54) µT. The uncertainty of

around 1% is limited by the variations of the oscillating field during the measure-

ment. The field is significantly larger than that measured in our group for an earlier

trap based on the same design in a different experimental apparatus, which had

an amplitude well below 1 µT. The cause of the comparatively large amplitude, in

particular in the x-direction, is not immediately obvious. Further investigations

are necessary to enable 171Yb+ clocks with lowest uncertainties: For the 171Yb+ E3

transition with a sensitivity of 2.28mHz/µT2 [190] (averaged over three interroga-

tion directions), the current measurement result would yield a 2 × 10−18 fractional

frequency uncertainty.
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4.7 Temperature management

The uncertainty associated with the Stark shift induced by thermal radiation is a

major contribution to the overall systematic uncertainty of many state-of-the-art

optical atomic clocks, in particular those operating in a room-temperature environ-

ment. To characterize the thermal environment of the ions, we employ six resistive

temperature sensors, which have been calibrated with a k = 2 uncertainty of 37mK

at PTB, corresponding to a 1σ-uncertainty of σTsensor = 18.5mK. Two of the sensors

are soldered directly onto the RF-carrying inner trap wafers, while the remaining

four are distributed on the outside of the vacuum chamber (c.f. Figure 5.10). A

linear fit to each sensor’s calibration points is used to interpolate the temperature

readings. We pre-selected sensors for calibration that showed no relevant variation of

the measured temperatures after heating and cooling processes, which is important

since the calibration was performed before soldering the sensors to the trap chips.

When applying a radiofrequency voltage to the trap, the temperatures of the trap

increases with respect to the background temperature of the chamber Tch. Addi-

tionally, the temperature sensor on the outside of the RF feedthrough also shows

an elevated temperature, leading to increased inhomogeneity between the four tem-

perature sensors on the outside of the chamber. When no RF power is supplied to

the ion trap and the system is in thermal equilibrium, the readings from all sensors

agree to within less than 35mK.

During clock operation, the temperature rise of the trap electrodes due to the applied

RF power has to be considered, since they make up a significant fraction of the solid

angle around the ions. The ion trap we employ has been specifically designed to

provide a low temperature rise under RF, and extensive thermal modeling for this

trap geometry has been developed [182].

The effective temperature experienced by the ions

Tions = Tch +∆Tions (4.7)

is extracted from the temperature of the chamber Tch, which we obtain as the mean of

the four temperature sensors on the vacuum chamber, and the effective temperature

increase ∆Tions experienced by the ions inside the trap, which can be obtained from

the average [182]:

∆Tions =
α∆T1 + β∆T2

2
, (4.8)
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with α = 0.43(10), β = 0.32(10), and ∆T1,2 = T1,2−Tch the temperature differences

between T1 and T2 read out from the sensors on the trap wafers and the vacuum

chamber temperature. Here, T1 denotes the sensor closer to the carrier board, and

T2 that further away from it.

The overall resulting uncertainty the temperature experienced by the ions is then

σTions
=

[(
1

2
∆T1 σα

)2

+

(
1

2
∆T2 σβ

)2

+

((
1− α

2
− β

2

)
σTch

)2

+

(
1

2
ασT1

)2

+

(
1

2
β σT2

)2
]1/2

.

(4.9)

The uncertainty of the chamber temperature is given by

σTch
=
√
σ2
Tch,stat

+ σ2
Tsensor

(4.10)

where the uncertainty due to its inhomogeneity is

σTch,stat
=
(
max({Ti})−min({Ti})

)
/
√
12 , (4.11)

with {Ti} = {T3, ..., T6}.

For the work presented here, we typically employ an RF power that yields radial

secular frequencies around 1MHz for a single 88Sr+ ion. Under these operating con-

ditions, we find
(
max({Ti})−min({Ti})

)
≤ 150mK and therefore σTch = 47mK.

Using the observed upper bounds of ∆T1 ≈ 570mK and ∆T2 ≈ 590mK yields

an overall temperature uncertainty of σTions
= 50.7mK. Here, the first three terms

in Equation 4.9 dominate, each contributing close to 1/3 of the uncertainty. The

temperature uncertainty could be drastically reduced by actively cooling the RF

feedthrough and/or the connected ion trap, thereby reducing the RF-induced tem-

perature increases ∆T1,2, as well as the inhomogeneity of the chamber temperature,

which is currently dominated by the temperature increase around the feedthrough.

Since the radial trapping frequencies scale inversely with the ion mass, an increase

of the RF power might be beneficial for future work with 171Yb+. For an increase

close to 3 dB, we find ∆T1 ≈ 1040mK and ∆T2 ≈ 1080mK, as well as an increased

temperature inhomogeneity of the vacuum chamber
(
max({Ti})−min({Ti})

)
≈

280mK. This corresponds to an overall temperature uncertainty of 91mK. The
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temperature increase for a given RF voltage is significantly higher in our system

than those observed in [182], which might be caused by worse heat-sinking of the

ion trap to the chamber in our setup.

Under current operating conditions the temperature experienced by the ions varies

around a mean value of about 23.6 ◦C with the room temperature of the laboratory.

All temperature sensors are automatically read out every second, and the results are

logged in a database and can be used to calculate a time-resolved correction of the

frequency shift from thermal radiation for each clock transition. The timescales of

the laboratory temperature variations are slow enough not to cause additional tem-

perature uncertainties, since the time-resolved correction of the associated frequency

shift is applied with a temporal resolution of 10 s.

4.8 Implications for clock operation with 171Yb+

This chapter has, after briefly introducing the motivation for combining 88Sr+ and
171Yb+ ions, focused on describing the new experimental apparatus and some of the

considerations that went into its construction. First characterization measurements

were presented, the results of which will become important for the discussions of

frequency shifts on the 88Sr+ clock transition in the next chapter.

The system was set up with the goal of enabling a systematic uncertainty in the

mid-10−19-range for a clock operating on the 171Yb+ E3 transition, as well as sta-

ble and robust clock operation for improved tests of fundamental physics. Before

focusing in detail on a 88Sr+ clock that has been implemented with this apparatus

(c.f. chapter 5), I’d therefore like to briefly comment on the prospects for optical

clock operation with 171Yb+ based on the current state and knowledge of the exper-

iment.

The very low heating rates found with trapped 88Sr+ ions are promising for extended

coherent interrogation of the 171Yb+ E3 transition. In a single-ion trap in our group,

a coherent interrogation time of 2 s has enabled an instability of 5 × 10−16/
√
τ(s).

Interrogating nine ions simultaneously in the linear trap of the new apparatus could

reduce this instability by up to a factor of 3. This would in turn enable reaching

a fractional statistical uncertainty below 1 × 10−18 within a day. The trap also

seems very well-suited for experiments towards minute-scale coherence between two
171Yb+ ions, aided by sympathetic cooling with a 88Sr+ ion.
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For the clock based on 88Sr+, the two frequency shifts associated with excess mi-

cromotion largely cancel at our trap drive frequency [168]. Excess micromotion

will become more relevant for future clock operation with 171Yb+, which does not

provide this cancellation. The presence of a moderate amount of incompensable

axial micromotion, and some excess variation of one of the radial components will

make a careful and time-resolved characterization necessary. Compensation of the

varying field component experienced by the ion to a maximal amplitude of about

50V/m, characterized to within 5V/m, seems feasible with regular monitoring, for

example every hour. Together with a constant axial contribution of 90V/m, deter-

mined to within 5V/m, this would correspond to a fractional frequency uncertainty

of 6 × 10−19 for a clock operating on the E2 transition and 3 × 10−19 for a clock

based on the E3 transition.

As discussed in more detail in the next chapter, the 51mK uncertainty of the temper-

ature experienced by the ions corresponds to a fractional uncertainty of 3.7× 10−19

for the 88Sr+ clock. Even though clock operation with 171Yb+ will likely require a

higher RF power, leading to a larger temperature uncertainty in the current configu-

ration of the experiment, the sensitivity to thermal radiation is more than five times

smaller for the E3 transition [193]. A temperature uncertainty of 100mK would

therefore lead to a fractional frequency uncertainty of only about 1× 10−19.

To summarize, even though clock operation with 171Yb+ has not been implemented

yet, things look promising for a clock based on the E3 transition, and the properties

of the experimental apparatus should not impede state-of-the art systematic un-

certainties well below 1 × 10−18. The instabilities of frequency ratio measurements

involving 171Yb+ and 88Sr+ can be improved with this system compared to those

obtained to date: via extended coherent interrogation times on the E3 transition,

and, as demonstrated in the following, by simultaneously interrogating multiple ions

in a linear Coulomb crystal.
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5 An optical clock based on

multiple 88Sr+ ions

An optical clock based on the 2S1/2 → 2D5/2 transition in 88Sr+ was realized with

the experimental apparatus introduced in the previous chapter. Simultaneously in-

terrogating multiple ions in a linear Coulomb crystal offers a straightforward avenue

towards an improved frequency instability and therefore reduced measurement times.

However, differences in frequency shifts for the different positions in an ion chain

need to be considered carefully. So far, clock operation with three 88Sr+ ions [43]

and four 115In+ ions [21] has been demonstrated, though not with fully evaluated

systematic uncertainties.

In the scope of this work, a robust and accurate clock with up to 10 88Sr+ ions was

implemented. Scaling to multiple ions is particularly helpful for a 88Sr+ clock, as

the instability for a single ion is limited by the Hz-level natural linewidth [170] and

magnetic field fluctuations. Even though the employed transition is rather sensitive

to external fields, we show that the frequency shifts from variations of external

perturbations along the ion chain can be suppressed to a level that does not limit

the systematic uncertainty. Systematic frequency shifts and their uncertainties are

evaluated for both operation with a single ion and multiple ions.

The chapter starts out by introducing the experimental parameters and interrogation

sequence used for clock operation with 88Sr+ in section 5.1. Effects related to multi-

ion clock operation are discussed in section 5.2, starting with the consequences of

the coupled ion motion. Then, a technique for obtaining ion-resolved information on

frequency shifts even in the case of global clock interrogation with a single laser beam

is introduced. This technique is applied to analyse the variation of the quadrupole

shift from ion-ion Coulomb interactions, as well as a magnetic field gradient. Both

effects are suppressed experimentally, and the resulting residual clock shifts are

analysed.
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Section 5.3 discusses systematic effects relevant to both operation with a single and

multiple ions, with a preliminary uncertainty budget as a key result. We obtain a

systematic uncertainty of 5.3× 10−19 for the clock operating with eight to ten ions.

In fact, multi-ion operation reduces the systematic uncertainty from 6.5× 10−19 for

a single ion, since melting of the Coulomb crystal reduces the number of undetected

background gas collisions.

Section 5.4 contains results from an optical frequency comparison between the

new optical clock and the single-ion 171Yb+ clock operating on the E3 transition

(c.f. chapter 2). We obtain a combined fractional uncertainty of 2.9× 10−18 on the

resulting frequency ratio, the lowest reported on any frequency comparison between

different transitions to date. Measurement results obtained with a single 88Sr+ ion

are compatible with those obtained with eight to ten ions, and multi-ion operation

leads to a significantly improved measurement instability.

5.1 Experimental parameters and interrogation

sequence

A single 88Sr+ ion or a linear Coulomb crystal of eight to ten 88Sr+ ions is confined in

one segment of the linear, segmented ion trap. An overview over the measurement

geometry is shown in Figure 5.1. Laser beams with broad elliptical cross-sections

are employed for cooling, repumping, and state preparation to address all ions in

a chain with similar intensities. Residual fluorescence variations between ions in

the center of the chain and its edges are typically limited to about 5%. The beam

used for clock interrogation is aligned along the axis of the ion chain, yielding the

same Rabi frequency for all ions (within the ≈ 1% resolution obtained in typical

measurements).

During clock operation, the same experimental sequence, largely following that de-

veloped by Martin Steinel for the work reported in [43], is repeated periodically:

Laser cooling on the dipole-allowed 2S1/2 → 2P1/2 transition at 422 nm for 5ms re-

duces residual thermal motion close to the Doppler limit, with laser light at 1092 nm

preventing population trapping in the 2D3/2 state. For multiple ions, we addition-

ally perform resolved sideband cooling of the axial centre-of-mass (COM) motional

mode (c.f. subsection 5.3.2). Subsequent preparation in the 2S1/2,mJ = −1/2 (+1/2)

sublevel with a fidelity of about 95% is achieved with multiple fast pulses on the

88

https://doi.org/10.7795/110.20260227



5.1. Experimental parameters and interrogation sequence

Figure 5.1: Overview over measurement geometry for clock operation with 88Sr+ ions.
Chains of up to ten ions are trapped in a single segment of the linear ra-
diofrequency trap. The ions are addressed collectively: laser beams with
elliptical cross-section are used for Doppler cooling and state detection
(422 nm), state preparation and sideband cooling (674 nm), and repump-
ing (1033 nm and 1092 nm). For clock operation, the ions are interrogated
on the 2S1/2 → 2D5/2 transition with a 674 nm laser beam propagating along
the trap axis. The magnetic field defining the quantization axis is precisely
adjusted to provide an angle of 54.7° w.r.t. the trap axis, thereby suppressing
the effect of varying electric field gradients along the ion chain.

2S1/2,mJ = +1/2 (−1/2) → 2D5/2,mJ = −3/2 (+3/2) transition respectively, with

repumping from the 2D5/2 state after each pulse. After mechanical shutters block

the light used for cooling and preparation, Rabi interrogation of the clock transition

is performed using a single rectangular laser pulse. A successful excitation is indi-

cated by absence of fluorescence at the beginning of the subsequent cooling cycle.

After fluorescence detection, laser light at 1033 nm enables fast depletion of the ex-

cited clock state via the 2P3/2 state back to the ground state. A clock interrogation

cycle is valid (i.e. used for steering of the clock) if the fluorescence signal reappears

within the subsequent cooling period. An invalid cycle is repeated, and lack of fluo-

rescence over several cycles triggers a “rescue” sequence that involves reducing the

trap confinement and illuminating the ion(s) with strong, red-detuned 422 nm laser

light. While we use a photomultiplier tube for state detection of a single ion, an

EMCCD camera is employed for detection during multi-ion operation.

The 2S1/2 → 2D5/2 transition is split into ten first-order Zeeman-sensitive compo-

nents via a static external magnetic field of about 3 µT, as illustrated in Figure 5.2.

We interrogate pairs of transitions with opposite sensitivity, and use the resulting

average, which is free of the first-order Zeeman shift. Additionally, we construct a

weighted average of two such transition pairs to suppress tensorial frequency shifts
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Figure 5.2: Zeeman components of the 2S1/2 → 2D5/2 transition in 88Sr+ for an exter-
nal magnetic field of 3 µT. The relative transition strengths are given by the
square of the Clebsch-Gordan coefficients. The Zeeman components high-
lighted in blue are interrogated during optical clock operation.

such as the quadrupole shift [194]. Magnetic field noise limits the coherence in our

setup, and consequently we scale the interrogation time t inversely with the Zee-

man sensitivity of each transition pair. 250ms long interrogation pulses are used

on each of the 2S1/2,mJ = ±1/2 → 2D5/2,mJ = ±3/2 transitions, and 100ms

long pulses on the 2S1/2,mJ = ±1/2 → 2D5/2,mJ = ±5/2 transitions. For these

interrogation times, we observe Fourier-limited linewidths and maximum excitation

probabilities of about 67% and 80% respectively, with the difference resulting from

the 391ms [171] excited-state lifetime.

We use the combination of Zeeman pairs we have previously found to yield the best

instability of a 88Sr+ clock limited by magnetic field noise [43]: The 2S1/2,mJ =

±1/2 → 2D5/2,mJ = ±3/2 transition pair is interrogated twice as often as the
2S1/2,mJ = ±1/2 → 2D5/2,mJ = ±5/2 transition pair, and they are averaged with

respective weights of 5/6 and 1/6.

Each Zeeman component is interrogated with detunings ±∆ν = ±0.4/t from its

center frequency, such that the excitation probability is 50% of the maximum. After

completing a measurement cycle, the corresponding servo shifts the center frequency

by
(
0.15 (n+ − n−)/N

)
∆ν, with n+(n−) the total number of successful excitations

at positive (negative) detuning after two interrogations each, performed in the order

[−∆ν, +∆ν, +∆ν, −∆ν], and where N denotes the number of ions.

When operating the clock with a single ion, we typically employ secular trapping
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frequencies of about ωrad 1,2 = 2π × {840, 1030} kHz in the radial directions and

ωz = 2π × 720 kHz in the axial direction. We choose the RF power providing

the radial confinement such that the resulting temperature increase of the ion trap

does not limit the clock’s systematic uncertainty. For a given radial confinement,

trapping linear Coulomb crystals of multiple ions along the direction of null RF

field requires relaxing the DC confinement. Requiring that all motional modes are

well-separated from the carrier transitions, with the outermost transitions Zeeman-

shifted by about 117 kHz from the line center, sets a lower limit on the axial

confinement and therefore the number of ions that can be held in a linear chain.

We work with centre-of-mass secular frequencies of ωax, COM = 2π × 220 kHz, and

ωrad COM 1,2 = 2π × {1080, 1100} kHz, which enables us to hold up to 10 ions in a

linear chain. The same confinement was chosen regardless of the exact number of

ions.

5.2 Considerations for working with multiple ions

For the simultaneous interrogation of N uncorrelated ions, the frequency instability

of the clock is expected to scale as 1/
√
N . This reduces the measurement time to

achieve a given statistical uncertainty by a factor of N . However, interrogating a

linear Coulomb crystal of N ions is not the same as interrogating a single ion N

times: The ions do not sit at the same point in space, and consequently they may

be subject to different external perturbations. Additionally, they interact via their

mutual Coulomb-repulsion, leading to coupled collective motion in the shared trap-

ping potential, as well as different electric field gradients at the different positions

of the ions in the chain. These effects, and their consequences for a multi-ion clock,

will be discussed in the following.

5.2.1 Effects of collective ion motion

The thermal motion of N trapped ions in a linear Coulomb crystal can be described

by N eigenmodes for each of the three spatial dimensions. The derivation of the

eigenfrequencies ωα and corresponding eigenvectors βα can be found e.g. in [195,

196]. In case of a single ion species, a mode in which all ions participate equally and

oscillate in phase with the single-ion secular frequency, called centre-of-mass (COM)

mode, exists for each dimension. The COM mode is the lowest frequency mode for
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Figure 5.3: Motional mode spectrum for 10 88Sr+ ions under our typical trapping con-
ditions. The frequencies of the centre-of-mass motional modes are 220 kHz
in the axial direction and 1080 kHz, 1100 kHz in the radial directions. The
relative participation of the ions in selected modes are shown pictorially, with
the axial motion projected orthogonal to the trap axis for clarity. Calculated
using a numerical method provided by Tabea Nordmann [184].

the axial direction, and the highest frequency mode for the radial directions. The

calculated motional mode spectrum for a linear chain of 10 88Sr+ ions under the

typical confinement during clock operation is shown in Figure 5.3.

The relevant frequency shifts associated with thermal ion motion are from the

second-order Doppler and DC Stark effects. For 88Sr+, these two shifts partially

cancel at our trap drive frequency, leading to a combined fractional frequency shift

on the order of only 1×10−18 after Doppler cooling (c.f. subsection 5.3.2). This makes

more precise control over the ion temperature, for example via resolved sideband

cooling, unnecessary in the context of the systematic uncertainty of the clock.

In the context of the clock’s instability, the Debye-Waller effect – the dependence of

the Rabi frequency on the motional state [37], needs to be considered. Especially for

clock operation with multiple ions, this effect can lead to a degradation of contrast

resulting from the finite ion temperatures, as discussed in the following.

When performing laser interrogation of a two-level system with a chain of ions,

the carrier Rabi frequency associated with motional quantum number n for ion i

participating in m relevant motional modes is [197]

Ωi,n = Ω0

m∏

α=1

Ln(η
2
α,i) e

−η2α,i/2 (5.1)
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where Ω0 denotes the Rabi frequency, Ln are the Laguerre polynomials, and ηα,i is

the Lamb-Dicke parameter given by

ηα,i = kαβα,i

√
ℏ

2miωα

. (5.2)

Here, mi denotes the mass of the ion and kα the projection of the wave-vector onto

the mode’s axis. The probability of ion i to be in the excited state after interacting

with the laser for a time t is then [198]

Pi =
∑

{nα}

(
m∏

α=1

pn(α)

)
1

2
(1− cos(2Ωnαt)) , (5.3)

where pn(α) denotes the occupation probability of motional state n, which might be

different for different modes α, and the first sum is an m-fold summation over all

relevant quantum numbers for each mode. This expression can be hard to evaluate,

even numerically, but it may be simplified to

Pi = 1/2

(
1− cos(2Ω0t) + 2Ω0t

∑
α η

2
αn̄α sin(2Ω0t)

1 + (2Ω0t
∑

α η
2
αn̄α)2

)
, (5.4)

assuming thermal states for all modes, with mean occupation number n̄α for mode α,

expanding to second order in η, and under the approximation 2Ω0t(n̄η
2
α,i/2)

2 ≪
1 [197]. This is however not always the case for all modes, especially for many

ions.

Qualitatively, the dependence on the ions’ motional states leads to thermal dephas-

ing of the Rabi oscillation, with the largest effect associated with modes that have

a broad distribution pn(α). For a given temperature after Doppler cooling, these

are the low-frequency modes. The reduced maximal excitation probability leads to

a reduced contrast, which degrades the clock instability with a linear dependence

(c.f. Equation 1.4).

For our current clock configuration, all ions are interrogated with the same Rabi

frequency Ω0, and the servo feedback is based on the sum over the excitations of all

ions after a π-pulse. Since ion heating plays a negligible role (c.f. section 4.6), it is

safe to assume that for each trap axis all modes have the same temperature after

Doppler cooling.

93

https://doi.org/10.7795/110.20260227



Chapter 5. An optical clock based on multiple 88Sr+ ions

Since only those modes that have a projection along the propagation direction of

the probing laser beam are relevant, the choice of this direction with respect to

the trap axes becomes important. Trapping multiple ions in a linear Coulomb

crystal along the null of micromotion in a linear trap requires relaxation of the axial

confinement w.r.t. the radial confinement, which might make interrogation along a

radial direction seem attractive. However, when increasing the number of ions for

a given external confinement, the additional radial motional modes are at the low

end of the spectrum, making scaling to many ions unfavorable, while axial modes

are added at higher motional frequencies. We therefore perform axial interrogation,

and aim to use as many ions as possible for a given confinement.

To overcome the reduction of carrier excitation probability associated with the

lowest-frequency axial motional modes, we employ resolved sideband cooling. Typi-

cal results are shown in Figure 5.4 for a chain of eight ions. While without sideband

cooling thermal dephasing limits the overall excitation probability at the first max-

imum of the Rabi oscillation to about 65%, it is increased to 85% after sideband

cooling of the COM mode. Additionally cooling the second-lowest motional mode,

which has the strongest involvement of the outermost ions, only offers a modest

increase well below 1% for excitation with a π-pulse, though the effect, in particular

on the outer ions, becomes visible for longer pulses. This shows that thermal de-

phasing common to all ions dominates the reduction of excitation probability, while

the impact from averaging over slightly different effective Rabi frequencies Ωi is less

pronounced.

We therefore employ sideband cooling on only the axial COM mode during clock op-

eration. This has the added advantages that the kinetic energy of all ions is reduced

equally, and that the COM mode is well-resolved in the mode spectrum (c.f. Fig-

ure 5.3), so that accidental cooling of other modes is avoided. The effect of perform-

ing sideband cooling on one out of 3N motional modes on the temperature-related

frequency shifts is very small since we use at least eight ions during clock opera-

tion.

With a typical axial temperature of 0.57mK after Doppler cooling, n̄COM ≈ 54.

We use the strong, elliptical beam under 45° with respect to the trap axis and

perform continuous resolved sideband cooling using the red sidebands of the cycling

mJ = −1/2 → mJ = −5/2 transition. The transition is weakly broadened with

the 1033 nm repumping laser, which is frequency-stabilized on resonance to avoid

light shifts. The obtainable cooling speed is limited by the red sidebands of the
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Figure 5.4: Rabi oscillations on the 2S1/2,mJ = −1/2 → 2D5/2,mJ = −5/2 transition
taken with eight ions, interrogated with a laser beam propagating along the
trap axis. a) After homogeneous Doppler cooling of all ions, without resolved
sideband cooling. b) With sideband cooling of the lowest-frequency axial
motional mode (centre-of-mass mode) at about 220 kHz. c) With sideband
cooling of the centre-of-mass mode and the next higher motional mode (tilt
mode) at about 380 kHz. Each point is the average of 50 interrogations, error
bars are statistical. The solid lines are fits of the simplified form Equation 5.4.
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−1/3 → −3/2 transition, which are about 50 kHz away. The experimental sequence

is optimized for speed and robustness. We start out with 5ms of cooling on the

second-order sideband, followed by 10ms on the first-order sideband, and another

3ms on the same sideband with the 1033 nm laser power further reduced by 3 dB.

We reliably obtain n̄COM ≈ 0.3 based on the relative excitation strengths of the red

and blue sidebands.

5.2.2 Ion-resolved information with global addressing

To realize a clock based on the interrogation of multiple ions with a common laser

beam, their resonant transition frequencies need to be similar enough for all ions to

contribute to the clock signal. This means that differential shifts between the ions

need to be smaller than the linewidth. There are two main effects that affect the ions

differently depending on their position in the Coulomb crystal: First, a variation of

the magnetic field along the ion chain leads to different first-order Zeeman shifts.

Second, the ion-ion Coulomb interactions are stronger in the center of the chain

than on its edges, leading to position-dependent electric field gradients and resulting

quadrupole shifts.

Each of these effects can be overcome experimentally, as discussed in detail below.

Typical resulting spectra are shown in Figure 5.5: For our usual interrogation times

of 100ms on the mJ = ±1/2 → mJ = ±5/2 components and 250ms on the mJ =

±1/2 → mJ = ±3/2 components, the individual center frequencies of all ions agree

within the given resolution and we obtain Fourier-limited collective linewidths.

While a linear variation of a shift along the ion chain primarily causes broadening,

leading to reduced instability, shifts that vary nonlinearly from one ion to another

distort the collective line asymmetrically and lead to a systematic offset between the

frequency realized by the servo and the true average over all ions. To investigate

these systematic effects with a higher resolution than that obtained from individual

frequency scans, we developed a method to extract ion-resolved frequency shifts

directly from the information obtained during clock operation.

Recall that each Zeeman component is interrogated at detunings ±∆ν, selected to

provide 50% of the maximum excitation probability for the Fourier-limited line, and

the corresponding servo is steered with the feedback signal
(
0.15 (n+ − n−)/N

)
∆ν,
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Figure 5.5: Spectra taken with an approximately 55 µm long chain of 10 88Sr+ ions on
selected Zeeman components of the 2S1/2 → 2D5/2 transition with the in-
terrogation times used during clock operation. a) Spectrum taken on the
mJ = −1/2 → mJ = −5/2 component with a 100ms long π-pulse. b) Spec-
trum taken on the mJ = −1/2 → mJ = −3/2 component with a 250ms
long π-pulse. The difference in excitation probability is due to the radiative
decay from the excited state. Each point is the average of 50 repetitions,
and the error bars are statistical. The solid line in each case corresponds to
a fit of a Fourier-limited line (Equation 5.5) to the average of all ions, with
the amplitude and center frequency as free parameters.
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Figure 5.6: Principle of extracting frequency offsets from population imbalances. During
the clock sequence, each Zeeman component is probed on the left and right
side of the line center, ideally at the half-maximum, and the servo adjusts
the center frequency to minimize the imbalance of the excitation probability.
A residual average population imbalance ∆P ̸= 0 signals an offset ∆ν of the
line center with respect to the frequency realized by the servo. For a known
lineshape, ∆ν can be calculated from an observed ∆P .

with n+(n−) the total number of successful excitations at positive (negative) detun-

ing. To retain site-resolved information during multi-ion operation, we record the

individual excitation imbalances (n+ − n−)i for each ion i and each clock cycle. We

can translate a time-averaged excitation imbalance ∆Pi = ⟨(n+ − n−)i⟩t to a fre-

quency offset with respect to the line center according to the servo based on all ions,

using the known lineshape. The principle is illustrated in Figure 5.6. We employ

this technique to investigate shift effects in an ion-resolved fashion and with high

frequency resolution.

This approach depends on reliable knowledge of the lineshape of the individual ions,

and the differential shifts across the ion chain being constant over the averaging time.

We use the analytic description of the excited state probability P for a coupled two-

level system (see e.g. [199])

P = Pmax
Ω2

Ω2 +∆2
sin2

(
1

2

√
Ω2 +∆2 t

)
, (5.5)

where ∆ denotes the detuning from resonance, and we assume a perfect π-pulse, i.e.

Ω = π/t for a specific interrogation time t. The maximal excitation probability Pmax

is approximated by twice the excitation probability found at the interrogation points

for each ion, which is valid as long as the frequency shifts between the ions are small

compared to the linewidth. Numerically solving the associated master equation us-

ing the python package qutip shows that the effect the 391ms excited state lifetime
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has on the line shape (except for a reduction of the excitation probability) is negli-

gible for our maximal interrogation time of 250ms. The same holds true for small

deviations from the ideal π-pulse condition. We have not observed any variations of

the line shape over time based on regular frequency scans. The recorded single-ion

excitation imbalances display white-noise behavior based on the analysis of their

Allan deviation, indicating that the shifts we investigate remain constant on the

timescales of typical measurement runs (a few days). The same holds true for the

overall excitation probabilities.

The results obtained with this method will be presented in the context of the fre-

quency shifts that made it necessary in the first place: the quadrupole shift and the

first-order Zeeman shift.

5.2.3 Quadrupole shift and its variation along the ion chain

The quadrupole shift results from the interaction of an electric quadrupole moment

Θ(2) with an electric field gradient ∇E(2), corresponding to a Hamiltonian:

HQS = ∇E(2) ·Θ(2) =
2∑

q=−2

(−1)q∇E(2)
q Θ

(2)
−q (5.6)

with the components in the spherical basis [67]

∇E(2)
0 = −1

2

∂Ez

∂z
, (5.7)

∇E(2)
±1 = ±

√
6

6

∂E±
∂z

= ±
√
6

6
∂±Ez , (5.8)

∇E(2)
±2 = −

√
6

12
∂±E± , (5.9)

where E± ≡ Ex ± iEy, ∂± ≡ ∂/∂x± i∂/∂y , and Ex, Ey, Ez denote the components

of the electric field.

As the electron distribution of the ground state is spherically symmetric, the rel-

evant quadrupole moment is that of the excited clock state. For the 2D5/2 state

in 88Sr+, the matrix element Θ ≡ ⟨J,mj = J |Θ(2)
0 |J,mJ = J⟩ has been measured

to be 2.6(3) ea20 [200], which is significantly larger than those associated with the

relevant clock transitions in 171Yb+ (c.f. section 2.1). The clock transitions in In+

and Al+ feature over five and six orders of magnitude smaller quadrupole moments
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respectively [201]. In fact, the comparatively large quadrupole moment, and the

first-order Zeeman sensitivity, might make 88Sr+ seem like an unattractive candi-

date for a multi-ion clock at first glance, at least without employing dynamical

decoupling schemes for shift suppression [202].

While in a spherically symmetric single-ion trap electric field gradients stem only

from stray fields, the harmonic DC confinement of a linear ion trap leads to a

comparatively large electric field gradient, which for our configuration can lead to

a quadrupole shift of several Hz, depending on the magnetic field orientation. For

a chain of ions, the electric field gradients due to their mutual Coulomb interaction

are of the same order of magnitude and have to be considered additionally. This

warrants taking a closer look at the details of this effect, and the consequences for

a multi-ion optical clock.

We start by deriving relevant electric field gradients for an ion chain in a linear Paul

trap, based on the treatment in [174]. The potential due to the static voltage used

for axial confinement is given by

Φdc =
mω2

z

2e

[
z2 − αx2 − (1− α)y2

]
, (5.10)

with the single-ion axial secular frequency ωz and the factor α ≈ 1/2, the exact

value of which depends on the trap geometry and the voltage Ut. The resulting

electric field gradients are

∂Etrap

∂x, y
=

mω2
z

2e

[
1± (2α− 1)

]
ex,y , (5.11)

∂Etrap

∂z
=

mω2
z

e
ez , (5.12)

where ei, i ∈ {x, y, z} denote the unit vectors.

Next, let’s consider the effect of the ions in a linear crystal have on each other.

Starting from the potential of a singly-charged point-like ion j some distance zj

along the trap axis away

Φion =
e

4πϵ0(z − zj)
, (5.13)

we can see that the z-component of the contribution from other ions to the electric

field gradient experienced by ion i is
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∂Eions,i

∂z
=
∑

j ̸=i

2e

4πϵ0
∣∣zi − zj

∣∣3 ez =
2mω2

z

e

∑

j ̸=i

1∣∣ui − uj
∣∣3 ez , (5.14)

where the ion positions zi are given by the equilibrium positions in the harmonic

potential, and ui = zi/l are dimensionless, rescaled with [195]

l3 =
e2

4πϵ0mω2
z

, (5.15)

such that they depend only on the number of ions and not the the ion mass or

secular frequency. Due to the Laplace condition and cylindrical symmetry

∂Eions,i,x

∂x
=
∂Eions,i,y

∂y
= −1

2

∂Eions,i,z

∂z
. (5.16)

Combining the contributions from the confining voltage and the other ions, one

obtains the following components of ∇E(2)
i acting on ion i:

(
∇E(2)

i

)
0

=
mω2

z

e


1

2
+
∑

j ̸=i

1∣∣ui − uj
∣∣3


 , (5.17)

(
∇E(2)

i

)
±1

= 0 , (5.18)

(
∇E(2)

i

)
±2

=
1√
6

mω2
z

e

(
1

2
− α

)
. (5.19)

Finally, we need to transform the coordinate system from one where z is along

the ion chain, to one where z′ is parallel to the magnetic field B and therefore

the quantization axis. Using the transformation matrices for rotating the rank 2

spherical tensors, which are for example given in [203], one can obtain this by a

rotation by Φ around z, which leaves
(
∇E(2)

i

)
0
unchanged, followed by a rotation

by θ around the new y′-axis, yielding

(
∇E(2)

i

)′′
0
=

√
3

8
sin2 θ

((
∇E(2)

i

)′
+2

+
(
∇E(2)

i

)′
−2

)
+

1

2

(
3 cos2 θ − 1

) (
∇E(2)

i

)
0

=
mω2

z

e


sin

2 θ cos 2ϕ

2

(
1

2
− α

)
+

3 cos2 θ − 1

2


1

2
+
∑

j ̸=i

1∣∣ui − uj
∣∣3





 .

(5.20)

The first term is the same for all ions, while the second term leads to a different
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quadrupole shift depending on the ion position in the linear Coulomb crystal. While

a constant quadrupole shift cancels perfectly in our averaging scheme, this is no

longer the case for the contribution that varies along the ion chain: The nonlinear

variation leads not only to line broadening, but also to a frequency offset due to the

asymmetry of the resulting collective line.

Taking into account the scaling of the quadrupole matrix element with the quantum

number mJ as

Θ(J,mJ) =
3m2

J − J(J + 1)

J(2J − 1)
Θ(J,mJ = J) , (5.21)

we can conveniently parametrize the quadrupole shift for ion i resulting from ion-ion

interactions (i.e. the second term in Equation 5.20) as

∆νQS,i = ∆νQS(θ, J) (m
2
J − J(J + 1)/3)


∑

j ̸=i

1

|ui − uj|3


 , (5.22)

where the second term evaluates as -2/3 for mJ = 3/2 and +10/3 for mJ = 5/2.

Here, we have defined

∆νQS(θ, J) =
2mω2

z

h e

3 cos2 θ − 1

2

3

J(2J − 1)
Θ , (5.23)

which is independent of mJ , i, and the total number of ions. This factor sets the

scaling for the amount of quadrupole shift variation (in Hz) across the ion chain at

a specific magnetic field angle θ.

We set the magnetic field direction such that its angle with respect to the trap

axis is close to θ = arccos(1/
√
3) ≈ 54.7 ◦ for clock operation with multiple ions,

thereby minimizing ∆νQS and suppressing the variation of the quadrupole shift

between the different ions. The result is depicted in Figure 5.7. The overall ten-

sor shift is extracted from the respective mean frequencies ν5/2 and ν3/2 of the

±1/2 → ±3/2 and ±1/2 → ±5/2 Zeeman pairs during clock operation according

to (3/10)(5/6)(ν5/2 − ν3/2). Small imbalances of the excitation probabilites of the

individual ions are translated into frequency offsets from the centre of each servo

as explained in subsection 5.2.2. We find a permanent offset of about 0.2◦ between

the z-axis of the coordinate system defined by the magnetic field coils and the trap

axis, leading to ∆νQS = 4.2(3)mHz. After adjusting the magnetic field setting to

account for this offset, we typically find values of ∆νQS that are compatible with

zero within the resolution obtained in a typical clock run of a few days. Note that
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Figure 5.7: Ion-resolved investigation of quadrupole shift variation. Data points are ex-
tracted from data accumulated during clock operation with the method in-
troduced in subsection 5.2.2. Error bars correspond to statistical uncertain-
ties, obtained from extrapolating fits to the Allan deviations of the respective
population imbalances to the full measurement time. The results of two mea-
surement runs are shown: One for typical magnetic field orientation close to
the optimum, with about 4.8× 104 s of data, and one for an initial misalign-
ment of the magnetic field angle by about 0.2° with about 11.6 × 104 s of
data. Crosses are the result of a discrete fit of Equation 5.22 to the data,
yielding ∆νQS = 0.3(4)mHz and ∆νQS = 4.2(3)mHz, respectively. Average
quadrupole shifts of 101mHz and 201mHz respectively have been subtracted
for clarity. Lines are to guide the eye.

the ion-ion quadrupole shift also contributes an average term to the quadrupole

shift, i.e.
∑

i ∆νQS,i ̸= 0, that has been subtracted in the figure. Note also that a

positive value of ∆νQS, as obtained for θ < arccos(1/
√
3), corresponds to a negative

curvature across the ion chain, as the effect is largest in its center.

For each of the Zeeman components interrogated during the clock sequence, the

distorted lineshape results in an offset between the frequency realized by our servo

sequence, i.e. the frequency minimizing the population imbalance for interrogation

at equal frequency offsets to its left and right, and the true average over all line

centers. Some degree of cancellation is obtained for the overall clock output, i.e.

the weighted mean of the two Zeeman pairs. However, as the frequency offset on an

individual component scales nonlinearly with both the sensitivity to the quadrupole

shift and the interrogation time, the amount of suppression, or conversely the resid-

ual effect on the overall clock output is not obvious.
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Figure 5.8: Frequency shift due to line pulling as a function of the ion-ion quadrupole
shift scaling factor ∆νQS . Each point corresponds to a Monte-Carlo simu-
lation of the clock servo with the same interrogation times and weights as
in the experiment. Error bars correspond to statistical uncertainties due to
the finite number of simulated clock cycles. Negative values of ∆νQS (not
shown) lead to corresponding negative frequency shifts. The solid lines are
fits of ax2 + bx4. The green and red dashed vertical lines and shaded areas
correspond to the experimental examples shown in Figure 5.7: Nine ions and
∆νQS = 0.3(4)mHz and ∆νQS = 4.2(3)mHz respectively. The latter corre-
sponds to a clock shift of 0.038(5)× 10−19.

We investigate the residual frequency shift using Monte-Carlo simulations of the

clock servo with the same interrogation times and weights used in the experiment

for different amounts of ion-ion quadrupole shift. The results are depicted in Fig-

ure 5.8. The dependence of the overall frequency offset on ∆νQS is well-described by

combining a quadratic and a quartic term. The simulations are performed for eight

to ten ions. The frequency shifts for the example measurement runs depicted in Fig-

ure 5.7 are obtained: For nine ions with ∆νQS = 0.3(4)mHz and ∆νQS = 4.2(3)mHz

respectively, fractional clock shifts of 0.0002(5)× 10−19 and 0.038(5)× 10−19 are ob-

tained. The magnetic field angle is passively much more stable than the initial

misalignment of 0.2°, which, even with ten ions, would lead to a frequency shift

below 0.1× 10−19. Even without the detailed analysis of this effect for every future

measurement run, we have thus suppressed the maximal resulting frequency shift

to a level that is irrelevant compared to the leading frequency shifts, which will be

discussed in section 5.3.
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5.2.4 Magnetic field gradient

We observe a linear magnetic field gradient on the order of 0.1 nT/100 µm along the

ion chain, leading to differential first-order Zeeman shifts of up to a few Hz between

the leftmost and rightmost ions in a Coulomb crystal. When actively setting different

magnetic field orientations, the gradient changes as different sets of coils contribute

to the overall magnetic field. We use a dedicated set of magnetic field coils connected

in an anti-Helmholtz configuration to compensate for this gradient and avoid the

associated line broadening.

The local magnetic field strength is obtained from the splitting frequencies of the

different Zeeman components using their known first-order sensitivities. Its variation

along the trap axis can be measured in different ways: By moving a single ion along

the trap axis and performing clock operation at each position, by performing a

frequency scan on any one of the Zeeman components and determining the line

centers for different ions in a Coulomb-crystal, or by analysing the ion-resolved

population imbalances recorded during clock operation (c.f. subsection 5.2.2). The

last option is the most precise, and even allows for real-time monitoring during clock

operation.

We observe that the residual magnetic field gradient stays constant during our mea-

surement runs and leads to a variation at or below about 10−11T across the ≈ 50 µm
long ion chain. As we do not observe any non-linear variation along the ion chain,

there are no line pulling effects that would lead to frequency offsets.

5.3 Preliminary shift and uncertainty evaluation

To assess the accuracy of the newly established optical clock, all effects that could

lead to a shift of the local oscillator frequency with respect to the ideal, unperturbed

transition frequency have to be evaluated carefully. We have already seen that the

effects of shift variation along the ion chain are suppressed to well below 0.1×10−19.

In the following, remaining relevant frequency shifts and their associated systematic

uncertainties are discussed. Their determination largely follows well-established

methods. In particular, a detailed discussion of different frequency shifts in 88Sr+

clocks can be found in [43, 194]. The preliminary uncertainty budget summarizing

all relevant shifts and uncertainty contributions can be found at the end of this
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section. We obtain an overall fractional frequency uncertainty of 5.3× 10−19 for the

clock operating with eight to ten ions, and 6.5× 10−19 for the clock operating with

a single ion. The difference is caused by a mitigation of collisional shifts through

the detection of crystal melting.

5.3.1 Blackbody-radiation shift

By far the largest frequency shift results from the thermal radiation of the room-

temperature environment. It is one example of a quadratic Stark shift, a shift due to

interaction of the atomic dipole operator d with an electric fieldE. An expression for

this shift can be obtained from the Hamiltonian −dE in second-order perturbation

theory, yielding, for a single atomic level characterized by the quantum numbers

J,mJ [67]

∆νStark2 = −|E|
2

h

(
αS

2
+
αT

4

3m2
J − J(J + 1)

J(2J − 1)
(3 cos2 β − 1)

)
. (5.24)

Here, αS and αT denote the scalar and tensor polarizabilities, which depend on

the wavelength of the perturbing radiation, and β denotes the angle between the

quantization axis and the electric field vector.

The perturbation from the blackbody radiation (BBR) of the environment is typi-

cally assumed to be isotropic, so that the tensorial term can be neglected. At room

temperature, close to 300K, the BBR shift for an atomic transition can then be

approximated by [168, 204]

∆νBBR ≈ − 1

2h

〈
E2
〉
T
∆α0 (1 + η) , (5.25)

with the mean square field

〈
E2
〉
T
=

(
831.94

V

m

)2 (
T

300K

)4

. (5.26)

Here, ∆α0 denotes the DC-value of the differential scalar polarizability, and η is a

small correction that accounts for the response of the atomic levels to the spectrum

of the thermal radiation.

Recent measurements [169] have further reduced the uncertainty of the static dif-

ferential scalar polarizability in 88Sr+ by a factor of 3.5 from that in [168], obtain-
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ing ∆α0 = −4.8314(20) × 10−40 Jm2/V2, and we use the fixed correction factor

η = −0.00951(15) [168]. The uncertainty of the DC polarizability contributes a

fractional uncertainty of 2.23 × 10−19 to the BBR shift for our observed average

temperature of 296.75K, and the correction contributes 0.82× 10−19.

The temperature at the position of the ions is evaluated in a time-resolved fashion

as described in section 4.7. The average BBR shift is about 240mHz, or in fractional

units 5.38×10−16. The temperature uncertainty of 50.7mK contributes a fractional

frequency uncertainty of 3.68 × 10−19. The overall uncertainty of the BBR shift is

then 4.4× 10−19.

5.3.2 Thermal ion motion

There are two relevant frequency shifts related to thermal ion motion: the second-

order Doppler shift and the quadratic DC Stark shift. The second-order Doppler

shift can be written as
∆νDop2

ν0
= −1

2

⟨v2⟩
c2

, (5.27)

where ν0 is used to denote the optical transition frequency. The average squared

velocity can be related to the ion temperature: A contribution of 1/2kBT , with kB

the Boltzmann constant, is associated with the secular motion in each of the three

directions, and, in a linear trap under the pseudopotential approximation, with each

of the two radial directions that are affected by intrinsic micromotion, yielding

∆νDop2

ν0
= −3

2

kBTavg
mc2

− 2

2

kBTrad
mc2

, (5.28)

where we have introduced the ion temperature Tavg averaged over all three directions,

and Trad averaged over the two radial directions. The quadratic DC Stark shift

results from the finite mean squared trap field ⟨E2⟩ that is sampled by the ions due

to their motion in the trap. It is given by

∆νStark2
ν0

= −∆α0

hν0

2

2
kBTrad

mΩ2
RF

e2
(5.29)

Due to the negative sign of the static scalar polarizability ∆α0, a degree of mutual

cancellation of these two shifts is obtained for a suitable trap drive frequency.

To accurately determine the temperature of the ions after laser cooling, we need to

know the geometric projections of the probing beams onto the trap axes. Assuming
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negligible variation of the residual ion motion after Doppler cooling from shot to

shot, we can measure the sideband/carrier excitation ratios using laser beams from

different directions, and solve for the angle of interest. Laser beams passing through

the ion trap in the horizontal are very tightly constrained in the vertical by the

50mm long trap wafers that are 1mm apart, so we assume their angle with respect

to the horizontal (yz-plane) to be 0°. Additionally, the axial clock laser beam has

been aligned to provide similar Rabi frequencies for chains of up to 16 ions, and is

found not to excite the radial sidebands, so that it is justified to assume its alignment

along the z-axis.

We determine the angle ϕ between the beam used for optical pumping of 88Sr+

and the horizontal (c.f. Figure 4.6) by measuring the excitation fractions rax of the

horizontal clock beam and rpump of the pump beam, which relate to the angle as

cos(ϕ) =

√
rpump

rax
. (5.30)

We obtain ϕ =44(2)◦, compatible with the planned angle of 45°.

We determine the angles of the radial trap axes with respect to the horizontal by

comparing the excitation fractions of the pump beam and an auxiliary, purely radial

spectroscopy beam set up for this purpose in the horizontal, along the y-axis. We

denote the angle between the radial axis with the smaller trapping frequency ωr1 and

the horizontal as α (c.f. Figure 4.13), meaning the angle between the other radial

trap axis and the horizontal is 90◦−α. From geometric considerations we obtain

tan(α) =

√
rpump, ωr1

rrad, ωr2 sin
2(ϕ)

=

√
rrad, ωr2 sin

2(ϕ)

rpump, ωr2

, (5.31)

where rrad denotes the excitation fractions of the radial, horizontal beam. We per-

form independent measurements for each of the two trapping frequencies ωr1 and

ωr2. By averaging the compatible results, we obtain an angle of α =56(2)◦. This is

compatible with an angle of 57.1◦ predicted by modeling of the trapping potential

in [175]. Note that this angle is modified by the interplay of the DC voltages applied

to the trap segment and the neighboring segments. The measured value corresponds

to a dominating axial confining voltage, with Ue = Ut = 0V within the segment.

We measure the temperature of a single ion after Doppler cooling in all three di-

rections using the relative excitation probability of the carrier and corresponding

sideband transitions [197]. Here, the mean thermal excitation quantum number n̄
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is given by n̄ = r/η2, where r denotes the ratio of excitations on a red sideband

to its carrier, and the Lamb-Dicke factor η contains the geometric projections of

the probing beam onto the relevant trap axis. We ensure to use weak pulses with

less than 20% excitation on the carrier transition. We choose the employed Zeeman

components such that the probed sidebands are not close to any other carrier or side-

band transitions, and obtain n̄ax = 16.0(0.5), n̄rad1 = 16.5(1.2), n̄rad2 = 22.9(2.3).

Here, the uncertainties correspond to statistical measurement uncertainties, limited

by the number of excitations on the red sideband, and are calculated assuming a

Poissonian distribution of the number of excitations. With the trapping frequencies

ωz = 2π×717 kHz and ωrad 1,2 = 2π×{821, 1086} kHz at the time of the measurement

we obtain the corresponding temperatures Tax = 0.57(2)mK, Trad, 1 = 0.67(5)mK

and Trad, 2 =1.15(11)mK. The difference between these temperatures is due to the

different projections of the laser beam used for Doppler cooling onto the trap axes.

In the overall uncertainty of the average radial and average total temperatures, we

additionally include the uncertainties of the projection angles, as well as a 15%

uncertainty based on observed variations of ion fluorescence over the almost year-

long measurement period. We obtain Trad = 0.91(22)mK and Tavg = 0.80(16)mK.

These temperatures are compatible with those obtained from the analysis of thermal

dephasing when performing Rabi flops on a carrier transition.

Light for Doppler cooling homogeneously addresses all ions in the linear chain, with

variations of fluorescence between the ions around 5%. It is therefore adequate to

assume each ion has the same temperatures we have determined for a single ion after

Doppler cooling, given their uncertainties of over 20%, which include an uncertainty

associated with much larger variations of fluorescence. The motion of a chain of N

ions can be described by 3N eigenmodes, and we perform sideband cooling of the

axial COM mode during clock operation with multiple ions (c.f. subsection 5.3.2).

To assess frequency shifts resulting from thermal motion, we assume this mode is

cooled completely, i.e. the temperature of all N ions is reduced by a factor of

(3N − 1)/(3N). Assigning the entire initial temperature of the sideband-cooled

mode as an additional uncertainty to include the possibility of residual population

in high-lying motional states as well as slight variations in cooling efficiency does

not significantly contribute to the overall temperature uncertainty.

With the ion temperatures determined above, and a trap drive frequency of ΩRF =

2π × 14.242MHz, we obtain a second-order Doppler shift of −2.21 × 10−18 and a

Stark shift of 0.94×10−18 for a single ion. The combined shift due to thermal motion

is −1.27× 10−18, with an uncertainty of 2.6× 10−19. For eight to ten ions, with the
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energy of one motional mode removed via sideband cooling as discussed above, the

combined shift is −1.24× 10−18, also with an uncertainty of 2.6× 10−19.

5.3.3 Excess micromotion

The net shift from excess micromotion to first order in the trap drive frequency is

given by [168, 194]:

∆νEMM

ν0
= −1

2

[
∆α0

hν0
+

(
e

mΩRFc

)2
]
⟨E2⟩ (5.32)

Here, the first term is the scalar Stark shift, and the second term the second-order

Doppler shift. Our trap drive frequency is close to the “magic” RF frequency of

14.39MHz [169], where these two shifts cancel completely. Contributions from

higher-order trap drive harmonics are neglected since they are suppressed by al-

most three orders of magnitude for our trapping parameters. The tensor Stark shift

is canceled by our averaging scheme, since it has the same mJ -dependence as the

quadrupole shift.

We determine the residual RF field amplitude experienced by the ions due to ex-

cess micromotion using the photon-correlation technique [186] with three mutually

orthogonal laser beams. We find a field amplitude due to excess axial micromotion

of 65(10)V/m. The amount of axial micromotion is constant over time within the

given uncertainty, which results from long-term variations of the intensity from the

probing laser beams. In the other two directions, micromotion compensation gen-

erally yields an RF field amplitude close to zero at the beginning of a measurement

run. With measurement runs of up to several days and only intermittent monitoring

of excess micromotion during these measurements, we use the maximum value of the

field amplitudes observed after any measurement, in each of the two orthogonal di-

rections, to determine the uncertainty of the shift. We obtain 58V/m in x-direction

and 90V/m in y-direction from the maximum observed modulation, leading to a

maximal radial field amplitude of 107V/m.

We obtain a shift of −0.3 × 10−19 (from the constant axial micromotion) and an

uncertainty of 0.9 × 10−19 (from the maximal observed amount of micromotion).

Recently, we have implemented regular automatic monitoring and compensation of

excess micromotion, which further reduces this frequeny shift and its uncertainty.
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5.3.4 Collisions

Collisions of the ions with background gas atoms or molecules may lead to frequency

shifts via two effects: First, heating of the ion results in an additional contribution

to the second-order Doppler shift. Second, the superposition of ground and excited

clock state may be perturbed with a phase shift.

An elaborate model taking both effects into account has been developed for the Al+

ion clock at NIST [172]. An estimate for other ion species is also provided. Second-

order Doppler shifts are found to be very small in 88Sr+ due to its relatively large

mass. An estimate for phase shifts in 88Sr+ yields ±11.9 × 10−19 for a background

pressure of 16 nPa. Re-scaling the given value to the background pressure of 4.5 nPa

we obtained from our measured crystal reorder rate assuming H2 background gas,

we would obtain a fractional frequency uncertainty of 3.3 × 10−19. However, the

dependence on different experimental parameters is not provided in [172], since

results are obtained with Monte-Carlo simulations.

Here, we therefore make use of the simple worst-case estimate in [205], where a

frequency shift of 0.15Γ is obtained for a π/2 phase shift in each collision. Since

this phase change would be random in each collision and cannot be determined ex-

perimentally, the associated worst-case frequency shift has to be fully considered as

the uncertainty. With a measured collision rate of Γ ≈ 1.16× 10−3 /s/ion (c.f. sec-

tion 4.1), we obtain a fractional uncertainty of 3.9× 10−19.

Part of the possible shift due to collisions is mitigated through a protective mecha-

nism in the control sequence: A valid interrogation cycle that contributes to steering

of the clock requires all ions to be detected as bright after re-pumping from the 2D5/2

excited state. If this is not the case, for example due to crystal melting or an in-

creased ion temperature after a collision, the control system continues to iterate

cooling cycles, and after 50 unsuccessful cooling cycles triggers a “rescue” sequence

that reduces the trap confinement and illuminates the ions with strong, red-detuned

cooling laser light.

We find that for a single ion, close to all clock cycles are valid, and consequently

collisions remain generally undetected. In the case of multiple ions, we expect close

to all collisions to lead to crystal melting at our trapping conditions (c.f. section 4.1).

The crystal may however be recovered during the cooling/detection period, in which

case the clock cycle may be registered as valid, if enough fluorescence is collected

from each ion. Almost all failed cooling cycles eventually lead to triggering of the
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Figure 5.9: Comparison of detected and total collision rates for different numbers of
ions. The red line corresponds to the total collision rate of 1.16×10−3/s/ion
(c.f. section 4.1). Points correspond to measured rates of re-cooling events
that are triggered by consecutive invalid clock cycles. Fits are linear, as-
suming a fixed fraction of collisions leads to re-cooling. The results indicate
a fraction of about 86% during clock operation with 5, 7, or 9 ions, and a
slighty lower fraction of 78% during clock operation for 6, 8, or 10 ions. For
a single ion, there are no re-cooling events.

re-cooling or “rescue” sequence. We investigate the fraction of re-cooling events

with respect to the expected collisions for different numbers of ions confined under

the same trapping conditions. The results are shown in Figure 5.9. Interestingly,

odd ion numbers seem to lead to a slightly higher fraction of re-cooling events. For

five or more ions, at least 78% of collision events lead to re-cooling. This reduces

the fractional systematic uncertainty associated with undetected phase shifts from

collision events to 0.9× 10−19.

5.3.5 Second-order Zeeman shifts

At our current operating conditions, the oscillating magnetic field from the trap

drive (c.f. subsection 4.6.3) contributes the largest second-order Zeeman shift. For
88Sr+, there is no dependence of this shift on the direction of the quantization axis

due to our averaging scheme canceling the tensor term. With the average second-

order Zeeman sensitivity of 3.122µHz/µT2 [194], we obtain a frequency shift of

122(2) µHz, or 2.74(5) × 10−19 in fractional units, from the oscillating magnetic

field.
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The static magnetic field of about 3µT used to define the quantization axis is deter-

mined in a time-resolved fashion from the servos running on the individual Zeeman

components and their respective first-order Zeeman sensitivities. The correspond-

ing second-order Zeeman shift is then also calculated and applied in a time-resolved

fashion, with an average correction of 0.63× 10−19 and a negligible uncertainty.

Additionally, the magnetic field from the blackbody radiation of the environment,

the root-mean-square value of which is given by [206]

Brms = 2.775 µT
(
T (K)

300K

)2

, (5.33)

has to be considered. The associated second-order Zeeman shift is influenced by the

coupling of the radiation to the 2D5/2 ↔ 2D3/2 fine-structure transition, and has been

calculated to be −0.11 × 10−19 at room temperature in [207]. The corresponding

correction is currently not applied in a time-resolved fashion. Variations of the

laboratory temperature of up to±1K over the course of the year yield an uncertainty

below 10−21.

5.3.6 AC Stark shift from clock interrogation

All laser beams except for the 674 nm clock beam are blocked by mechanical shutters

during clock interrogation. Therefore, we only need to consider the Stark shift, of

the form Equation 5.24, caused by the field of the interrogating laser itself.

To assess the shift on the 2S1/2 → 2D5/2 clock transition frequency, the differential

scalar and tensor polarizabilities ∆αS,T (λ = 674 nm) = αS,T (D5/2, λ = 674 nm) −
αS,T (S1/2, λ = 674 nm) are relevant. The S1/2 state has zero tensorial polarizability,

and consequently only the D5/2 state contributes to the tensor part. For the D5/2

state, the tensorial contribution would cancel analogously to the quadrupole shift,

if we interrogated all transitions with the same laser light intensity. However, this

is not the case since we scale the interrogation time inversely with the first-order

Zeeman sensitivity, and adjust the intensity accordingly.

We obtain the relevant diffential polarizabilities from [208] with an estimated un-

certainty of 25%, yielding a convenient expression for the AC Stark shift from the

interrogation laser in terms of the intensity I0 at the position of the ion(s):
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∆ν674 nm = I0

(
0.525 + 0.064 (3 cos2 β − 1)

3m2
J − J(J + 1)

J(2J + 1)

)
mHz/(W/m2) .

(5.34)

The intensity is obtained by measuring the laser power before and after the vacuum

chamber for different intermediate powers and extrapolating to the (very small)

powers used during the clock sequence. From measuring the beam diameter at two

positions outside the vacuum chamber, we extract an estimated beam waist radius

at the ion position of 100(10) µm. We obtain intensities of I0(±5/2) ≈ 0.031W/m2

and I0(±3/2) ≈ 0.011W/m2 during the interrogation pulses for the ±1/2 → ±5/2

and ±1/2 → ±3/2 Zeeman pairs, respectively.

In our configuration, the clock beam is aligned along the trap axis and horizontally

polarized, so that typically β ≈ 90◦ − 54.7◦ = 35.3◦, and for some of the single-ion

measurements we used β ≈ 90◦ − 61.4◦ = 28.6◦. We calculate the total shift for

each of the two relevant Zeeman pairs, and perform a weighted average according

to our determination of the center frequency (weight 5/6 for ±1/2 → ±3/2 and 1/6

for ±1/2 → ±5/2). We obtain a fractional frequency shift of about 0.17 × 10−19

for β = 35.3◦ and 0.18× 10−19 for β = 28.6◦, each with an estimated uncertainty of

30%, meaning the difference between the two cases is negligible.

5.3.7 Servo error

Systematic frequency offsets can arise if the clock servo fails to predict the correct

center frequency for the subsequent interrogation cycle. For example, a linear drift

between the atomic transition and the interrogation laser leads to a constant offset

in a single-integrating servo [39].

The clock laser we use for interrogation inherits its instability from the 171Yb+

single-ion clock whenever it is operating on the E3 transition, and otherwise from

the ultrastable silicon cavity [65] at PTB (c.f Figure 5.10). During operation of the
171Yb+ clock, there is no drift of the laser frequency, and consequently no corre-

sponding servo errors. For other time intervals, the effects of a small residual drift

of the silicon cavity have to be corrected for.

As we do not observe any variation of tensor shifts during measurement runs, mag-

netic field variations are the leading remaining possible cause of servo errors. This
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error would lead to an imperfect cancellation of the first order Zeeman shift in the

center frequency resulting from all servos. The effect is suppressed at multiple lev-

els: Firstly, each Zeeman component is interrogated in a [−∆ν,+∆ν,+∆ν,−∆ν]

pattern, instead of e.g. always interrogating the left side of the line before the

right [209]. Secondly, the order of interrogating the different Zeeman components

during one clock cycle yields a further non-trivial suppression.

We simulate the effect a linear magnetic field drift has on our specific servo sequence,

including the employed interrogation times, order of interrogation, as well as the

dead time, and find a fractional frequency offset of about 1.0×10−5/[(∆B/∆t)(T/s)],

depending on the drift rate ∆B/∆t. Experimentally, we typically do not observe a

long-term drift of the magnetic field, but rather noise that shows are more complex

behavior (c.f. Figure 4.12). To estimate the overall effect of the observed noise,

we numerically calculate the first derivative of the observed magnetic field on 200 s

time steps and integrate the accumulated error over the time steps for a selection of

typical measurement runs. We obtain fractional frequency shifts below 0.1× 10−19.

Additional offsets due to nonlinearities on these timescales are expected to be even

smaller. A more extensive treatment of servo errors resulting from noise with a zero

mean can be found in [210].

One effect that would not be included in our treatment are cycle-synchronous mag-

netic field changes. However, since we do not switch the magnitude or direction of

the applied static field during the clock sequence, and also do not employ any me-

chanically changing components in the vicinity of the ions, we do not see a possible

source of this effect.

As an additional cross-check, we search for imbalances of the overall collective ex-

citation probability on the left and right sides of the resonance in our data, which

would correspond to a frequency shift of the atomic transition frequency with re-

spect to the frequency realized by the servo sequence (c.f. subsection 5.2.2). We do

not find statistically significant imbalances.

5.3.8 AOM phase chirp

The acousto-optic modulator (AOM) used for clock interrogation is repeatedly

switched on and off during the experimental sequence. This leads to temperature

changes in the AOM crystal, which in turn cause optical path length changes [211].
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We actively stabilize the optical path length between the clock laser system and

a point about 15 cm from the vacuum chamber based on interferometry with the

retroreflected 0th diffraction order of the AOM used for clock interrogation. The

bandwidth of this stabilization is about 10 kHz, and consequently any AOM phase

chirp that is common mode to both diffraction orders will be suppressed by a factor

of about 1000 for an integrating servo.

At full power, the observed phase error due to AOM chirp in [211] is 9mrad for an

“off” time of 2ms. This means that for typical “off” times of 40ms in our experiment,

and with a similar duty cycle, we expect 180mrad at full power, corresponding to a

fractional frequency offset of 6× 10−16. We use the AOM at more than 40 dB below

full diffraction efficiency, corresponding to a factor 10 000 in power. Linear scaling

yields an estimated fractional shift below 6 × 10−20, even without considering the

additional suppression from the fiber length stabilization.
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5.3.9 Uncertainty budget

The considerations detailed above are summarized in the preliminary uncertainty

budget Table 5.1 for clock operations with eight to ten ions. We obtain a system-

atic uncertainty of 5.3 × 10−19. This value is slightly below the lowest systematic

uncertainty published to date, 5.5× 10−19, of the aluminum ion clock at NIST [23].

Recently, an even lower value of 4.6×10−19 has been reported for a clock based on a

single calcium ion that is trapped in a liquid nitrogen cryogenic environment [24].

Effect shift uncertainty(
10−19

) (
10−19

)

Blackbody radiation1 5379.1 4.4

Thermal ion motion −12.4 2.6

Excess micromotion −0.3 0.9

Collisions 0 0.9

Servo error (Residual 1st order Zeeman) 0 0.1

2nd-order Zeeman (static B-field)2 0.6 <0.1

2nd-order Zeeman (BBR) −0.1 <0.1

2nd-order Zeeman (trap drive) 2.7 <0.1

AC Stark (674 nm) 0.2 <0.1

Residual shift inhomogeneity 0 <0.1

Total 5369.8 5.3

Table 5.1: Preliminary uncertainty budget for the 88Sr+ clock operating with eight to ten
ions. Single-ion operation yields a higher systematic uncertainty of 6.5×10−19

due to a 3.9× 10−19 uncertainty of the collisional shift.
1Time-resolved correction based on resistive temperature sensors. Value given
is for a typical temperature of 296.75K.
2Time-resolved correction based on servo results. Value given is for a typical
magnetic field strength of 3.0 µT.
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5.4 Comparison with 171Yb+ single-ion clock

We compare the new optical clock based on 88Sr+ to the established single-ion clock

(c.f. chapter 2) based on the E3 transition in 171Yb+. As a reminder, the latter

clock has previously been evaluated with a fractional systematic uncertainty of 2.7×
10−18 [63] and has demonstrated a fractional instability of 1.0 × 10−15/

√
τ(s) [63,

68].

Key components involved in this optical frequency comparison are depicted in Fig-

ure 5.10. Similar to measurements of the E3/E2 frequency ratio (c.f. section 2.3),

the Sr+ probe laser frequency is stabilized with fixed ratio R0 to that of the E3

probe laser at a frequency comb. The servo running on the E3 transition steers the

probe laser directly, while the servo of the Sr+ clock steers a local offset ∆f2 via

an AOM close to the ion trap, which is recorded and can be used to calculate the

frequency ratio via

νSr+

νE3
= R0

(
1− ∆f2

νSr+
− ∆νSr+

νSr+
+

∆νE3
νE3

)
, (5.35)

where the frequency offsets ∆νE3 and ∆νSr+ can be obtained from the respective

uncertainty budgets. For the 88Sr+ clock, time-resolved corrections for the BBR

shift and second-order Zeeman shift were applied as discussed in section 5.3, so that

∆νSr+ and ∆f2 are both time-dependent.

The resulting data, including measurements taken with a single, and eight to ten
88Sr+ ions, is shown in Figure 5.11. The fractional statistical uncertainty from all

data is 9.1× 10−19, and we find a reduced Chi square of 1.1, compatible with white

frequency noise. This demonstrates a long-term stability, or reproducibility, of the
171Yb+ clock well below its systematic uncertainty. The frequency ratio νSr+/νE3 of

the two transitions is found to be

0.6926711632159660399(20) ,

where a gravitational redshift of −2.620(31) × 10−17 between the two clocks has

been taken into account. With an overall fractional uncertainty of 2.9 × 10−18 this

is the most accurate determination of any frequency ratio involving different atomic

transitions to date. Lower uncertainties have only been reported for differential

measurements involving multiple samples of the same atomic species in the same

apparatus [19, 212–214].
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Figure 5.10: Key components in the measurement of νSr+/νE3. Yb1 refers to the single-
ion clock introduced in chapter 2, while YbSr2 refers to the new apparatus
described in chapter 4. Optical paths are depicted by red and blue lines;
electric signals by dashed green lines. The E3 and Sr+ clock lasers are
stabilized to optical cavities, and the E3 laser light is frequency doubled
before being sent to the ion trap. The short-term stability of an ultrastable
silicon cavity (Si) [65] is transferred via a frequency comb to the E3 clock
laser [66]. The Sr+ laser frequency is controlled to provide a constant
frequency ratio relative to the E3 laser at the a frequency comb via the
frequency offset ∆fSr+ and the cavity length, thereby inheriting the Si short
term stability from the E3 laser. Spectroscopy of the E3 clock transition
steers the corresponding laser frequency via direct digital synthesis (DDS)
generating the frequency offset ∆fE3, while the frequency of the Sr+ laser
is corrected by an additional offset to ∆f2 directly before the ion trap.
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Figure 5.11: Measurements of the ratio between the frequencies νSr+ of the 2S1/2 →
2D5/2 transition in 88Sr+ and νE3 of the
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Data points shown in blue were obtained with a single 88Sr+ ion, while data
points shown in red correspond to measurements with eight to ten 88Sr+

ions. Error bars correspond to the statistical uncertainties of the individual
measurements, obtained from extrapolating a fit to the Allan deviation
to the measurement time. We find χ2

red ≈ 1.1 and an overall statistical
uncertainty of 0.9 × 10−18. The dashed line corresponds to the weighted
average of all measurements and the grey shaded area depicts the combined
systematic uncertainty of 2.8× 10−18.

This measurement constitutes a significant step towards a future redefinition of the

SI unit second, since it is only the second frequency ratio measured between different

atomic transitions that fulfills the criterion of an overall fractional uncertainty at

or below 5 × 10−18 [35]. The first frequency ratio to fulfill this criterion, with an

overall uncertainty of 4.4 × 10−18, was that measured between the same 171Yb+

single-ion clock running on the E3 transition, and the 115In+ Coulomb crystal clock

at PTB [21].

Our result is compatible at the 1σ-level with that previously obtained in our group

[43], when accounting for the different value of the dyamical polarizability that was

used in the correction of the BBR shift, and reduces the uncertainty of νSr+/νE3 by

almost an order of magnitude.

The instability of these measurements, as characterized by the Allan deviation, is

shown in Figure 5.12. With a single 88Sr+ ion, we find a measurement instability
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5.4. Comparison with 171Yb+ single-ion clock
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Figure 5.12: Measurement instability of the frequency ratio νSr+/νYb+ as characterized
by the Allan deviation for operation of the 88Sr+ clock with a single ion
(shown in blue) and eight to ten ions (shown in red). The solid lines depict
fits according to the 1/

√
τ scaling for white frequency noise.

of 2.6 × 10−15/
√
τ(s) for an averaging time τ , indicating an instability of 2.4 ×

10−15/
√
τ(s) of the 88Sr+ clock. For N ions, one would expect a reduction of the

clock’s instability by a factor of 1/
√
N . While all ions contribute to the clock signal

with the same excitation probabilities, we find that the dead time associated with

frequent re-cooling after crystal melting limits the instability of the 88Sr+ clock

operating with eight to ten ions to about 1.1× 10−15/
√
τ(s). While this is not the

ideal improvement by
√
N , it still reduces the measurement time by more than a

factor of four compared to single-ion operation. Currently, re-cooling of the crystal

takes about 4 s, and the instability could be improved further by making this process

more efficient. Lower collision rates in a cryogenic environment would also contribute

to an improved instability.
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6 Conclusion and Outlook

This thesis has reported on optical frequency comparisons and their application

to probing variations of fundamental constants. Key experimental results in chap-

ter 2 and chapter 3 were based on data obtained with an existing optical clock

setup based on a single 171Yb+ ion. Interleaved interrogation of both an elec-

tric octupole (E3) transition and an electric quadrupole (E2) transition enables

a high level of experimental robustness in realizing the frequency ratio νE3/νE2,

which is highly sensitive to variations of the fine-structure constant. The long-

term reproducibility of this measurement was demonstrated to be at the low-10−18

level. Including the resulting data with that previously obtained in our group im-

proved the best constraints on a linear drift of the fine-structure constant α to

(1/α)(dα/dt) = 1.8(2.5) × 10−19/yr and its coupling to the gravitational potential

Φ of the sun to (c2/α)(dα/dΦ) = −2.4(3.0)×10−9 , reducing uncertainties by about

a factor of four.

Frequency comparisons for the search of new physics are an ongoing long-term

project. Specifically the analysis of a frequency ratio with respect to slow temporal

changes of fundamental constants improves as the time spanned by individual mea-

surements increases. The measurement data of the E3/E2 frequency ratio presented

in chapter 2 ends in November 2022. In the almost three years since, measurements

have continued with further improved experimental availability. Evaluation of the

data is ongoing, and is expected to offer a further improved reach compared to the

results presented in this thesis.

In chapter 3 the νE3/νE2 measurement data, along with that from a comparison

between the 171Yb+ E3 clock and a Sr lattice clock, was analysed for oscillations in

the context of a broadband search for signatures of ultralight dark matter (UDM).

By searching for oscillations of fundamental constants, we investigated small, hy-

pothetical couplings between ultralight dark matter and standard model matter.

Leveraging the high α-sensitivity of both measured frequency ratios, more than an
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Chapter 6. Conclusion and Outlook

order-of-magnitude improvement in limits on a scalar UDM coupling to photons was

obtained over a wide range of dark matter masses.

Two additional aspects of searching for ultralight dark matter were investigated:

First, UDM couplings to the nuclear sector, which are commonly probed using

clocks based on hyperfine transitions, were investigated with optical clocks for the

first time. This was done by considering the influence that small oscillations of the

nuclear charge radius would have on the E3/E2 frequency ratio. Second, compar-

isons between space- and time-separated oscillators were analysed. It was shown

that this approach preserves sensitivity to dark matter even for the case of identical

sensitivities to fundamental constants, and also offers access to complementary dark

matter signatures and couplings.

A new optical clock apparatus, aimed at mid-10−19-level systematic uncertainties

and robust clock operation for improved tests of fundamental physics, was devel-

oped and constructed in the scope of this thesis. Key elements of this dual-species

experimental apparatus, designed for use with 88Sr+ and 171Yb+ ions, were pre-

sented in chapter 4. Initial characterizations, relevant for the discussion of 88Sr+

clock frequency shifts in chapter 5, were carried out. Low heating rates of trapped
88Sr+ ions suggest the potential for long coherent interrogation on the 171Yb+ E3

transition, with projected frequency instabilities at the low 10−16/
√
τ -level. Micro-

motion effects, which are suppressed for 88Sr+, require careful monitoring for 171Yb+

but remain compatible with low-10−19 uncertainties. Time-resolved monitoring of

the system’s temperature with calibrated resistive temperature sensors, combined

with existing modeling, enables a precise characterization of the ions’ thermal envi-

ronment. Overall, the apparatus supports the prospect of improved 171Yb+ clocks

and highly stable 171Yb+/88Sr+ frequency ratio measurements.

Chapter 5 has presented an optical clock based on the 2S1/2 → 2D5/2 transition

in 88Sr+, realized with the experimental apparatus introduced in chapter 4. To

overcome the limited instability of the clock based on a single 88Sr+ ion, robust

clock operation with linear Coulomb crystals of eight to ten ions was implemented.

Effects related to multi-ion clock operation, such as the coupled ion motion, were

analysed. A technique for obtaining ion-resolved information on frequency shifts

even in the case of global interrogation with a single laser beam was introduced,

and applied to analyse the variation of electric field gradients and the magnetic field

strength along the ion chain.
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Systematic effects relevant to both operation with a single and multiple ions were

analysed, and we obtained a fractional systematic uncertainty of 5.3 × 10−19 for

the clock operating with eight to ten ions, and 6.5 × 10−19 for a single ion. The

difference is due to the fact that melting of the Coulomb crystal reduces the number

of undetected background gas collisions.

We compared the new optical clock with the single-ion 171Yb+ clock operating on the
2S1/2(F = 0) → 2F7/2(F = 3) E3 transition and obtained an unperturbed frequency

ratio of νSr+/νE3 = 0.6926711632159660399(20). The combined fractional uncer-

tainty of 2.9 × 10−18 is the lowest reported on any frequency comparison involving

different atomic transitions to date. Measurement results obtained with a single
88Sr+ ion are compatible with those obtained with eight to ten ions, and multi-ion

operation leads to a significantly improved measurement instability.

The measurement of this frequency ratio, particularly when performed with multiple
88Sr+ ions, overcomes some of the limitations of those used in searches for ultralight

dark matter in chapter 3: Its instability is lower by a factor of about 6.7 than that

obtained in the measurement of νE3/νE2. Additionally, the measurement already

demonstrates an exceptional long-term stability without the excess noise observed

in the comparison with the Sr lattice clock.

These improvements become apparent in the exclusion plot Figure 6.1. The same

data evaluation explained in detail in section 3.3 was applied to the multi-ion mea-

surement data of νSr+/νE3 shown in Figure 5.11. In the absence of statistically

significant oscillations, and using the α-sensitivity of 6.38 [27], we obtain limits on

the scalar UDM coupling de. Even though only 1.0 × 106 s (11 days) of data are

analysed, the limits are already slightly tighter than those obtained from evaluating

20×106 s (235 days) of νE3/νE2 data over most of the investigated mass range, due to

the improved measurement instability. The projection shows the expected reach if

the larger amount of data (20×106 s) was available for the frequency ratio νSr+/νE3,

obtained with an instability of 1× 10−15/
√
τ(s).

Currently, the 88Sr+ multi-ion clock and the 171Yb+ single-ion clock contribute about

equally to the measurement instability of νSr+/νE3. Realizing a clock based on the
171Yb+ E3 transition within the same apparatus as the 88Sr+ clock, for example

in a separate trap segment, will offer further improvements. The 171Yb+ clock is

expected to become more stable than the current single-ion clock for two reasons:

The small heating rate will enable increased coherent interrogation times on the E3

transition, and scaling to multiple ions is possible in the linear trap. The frequency
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Figure 6.1: Comparison of limits on the scalar UDM coupling de, obtained from measure-
ments of the frequency ratio νE3/νE2 (235 days of data), the frequency ratio
νE3/νSr (14 days of data), and the frequency ratio νSr+/νE3 (11 days of data,
obtained with 8 to 10 88Sr+ ions). The dashed line indicates the expected
reach for 235 days of νSr+/νE3 measurement data with a 1.0× 10−15/

√
τ(s)

instability.

ratio realized in this fashion will then not only offer common-mode suppression of

certain external perturbations such as temperature fluctuations, but also feature an

instability at or below the 1 × 10−15/
√
τ(s) level, limited by the 88Sr+ multi-ion

clock. The achieved and expected experimental progress thus makes it plausible

for the frequency ratio νSr+/νE3 to yield the best searches for variations of the fine-

structure constant within the near future. In this context, the investigation of fast

variations with dynamical decoupling techniques [109, 167, 215] seems particularly

promising.

Of course the results in this work represent only one contribution to the rapidly

evolving field of high-precision frequency comparisons and their application to search-

es for variations of fundamental constants. Significant advances are reported across

a wide range of systems, such as highly-charged ions, neutral atoms in optical lat-

tices or tweezers, and the thorium nuclear transition. As the performance of optical

clocks is improved, and new platforms with enhanced sensitivities to variations of

fundamental constants are developed, these systems will continue providing signifi-

cant contributions to tests of fundamental physics.
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