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Abstract

Optical clocks have moved to the forefront of frequency metrology. Their outstanding
performances enable the exploration of new fields of research such as the search for dark
matter and dark energy [1,2], temporal drifts of the fine structure constant « [3-5], vi-
olations of the Einstein equivalence principle (EEP) [6], and new applications such as
chronometric leveling [7]. State-of-the-art optical clocks outperform the current realiza-
tion of the SI-unit “Second” by the '?3cesium fountain clocks, by two orders magnitude
or more in instability and accuracy which triggers a discussion on a re-definition of the
second. In 2016 the Consultative Committee for Time and Frequency (CCTF) of the
International Bureau of Weights and Measures (BIPM) released a roadmap towards a re-
definition of the SI second!. One of the requests is the characterization of the systematic
uncertainty of at least three independent clocks at the level of 1078, In this work, PTB’s
new cryogenic strontium lattice clock, Sr3, operating on the 'Sy — 3Pq clock transition
in neutral 87Sr is described. Its systematic uncertainty has is evaluated to 2.7 - 10718 in
fractional frequency units. This represents an improvement of more than a factor of 5
compared to its predecessor system Srl [8]. In Srl the dominant contribution of frequency
uncertainty was about 1.4- 10717 from the uncertainty of the black-body radiation (BBR)
frequency shift. It arose from temperature gradients across the in-vacuum magnetic field
coils that are placed close to the atoms. Reducing the gradients was not possible which ul-
timately limited the systems achievable systematic uncertainty. Sr3 features an in-vacuum
dual-layer environment, the cryostat, that provides a very homogeneous temperature dis-
tribution for the atoms. This translates to a lower BBR frequency shift uncertainty as
Srl at room temperature operation. The corresponding total systematic uncertainty for
room temperature operation was evaluated to about 3.5-107'®. Furthermore Sr3 features
a closed-cycle pulse tube cooler that allows to operate the cryostat at any temperature
ranging from room temperature to about 80 K to further reduce the BBR frequency shift
and uncertainty where the systematic uncertainty reaches the value of 2.7 -107!® as men-
tioned above.

Sr3 also features an arrangement of electrodes that allow the characterization of the
dc-Stark frequency shift in three dimensional space. In this work the characterization of
the electrode arrangement is described and the determination of the dc Stark shift. In Srl
the this capability was limited to one direction that was pointing along the quantization
magnetic field axis.

During clock operation of Srl, several high-accuracy comparisons to other atomic
clocks have been performed. This includes many absolute frequency measurements yield-
ing in a new record uncertainty in the transition frequency. An absolute frequency of Srl
of vg,1 = 429228 004 229 873.00(7)Hz [8] was measured that is in agreement withe the one
measured of Sr3 of vg,3 = 429228004 229 872.94(19)Hz. The statistical uncertainty the

Thttps://www.bipm.org/documents/20126/35554967 /CCTF-roadmap.jpg,/6338cf4c-59d6-d8ee-6cch-
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measurements was significantly improved by using a H-Maser as a flywheel oscillator to
either extend the dataset or to bridge downtimes of the Sr-clocks [9].

Optical frequency ratio measurements between either of the two strontium clocks and
the on-campus "' Yb* single-ion clock have been carried out [10] for direct determination
of their frequency ratio beyond the limitation of the primary frequency standards repre-
sented by Cs fountain clocks. The ratio measurements involving Srl span over a period of
more than seven years and more than half a year with Sr3. The measurements have also
revealed that the frequency ratio of the clocks, are reproducible within their uncertainties
on short time scales but exhibits unexpected large scatter in the long term. The observed
variations are on the order of several 10~!7 which is beyond any of the clocks reported
systematic uncertainty. Despite an excessive search no uncontrolled frequency shifts were
found.

In the near future the in-vacuum cryostat is supposed to be updated with rotatable
shutters. They will allow to minimize the BBR shift uncertainty during cryogenic opera-
tion. Prospectively a BBR shift uncertainty at the low 107! level can be expected which
paves the way for the system to reach a total systematic uncertainty of below 1 - 10718,

Keywords: Strontium lattice clock, frequency standard, blackbody radiation fre-
quency shift
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1. Introduction

Science, the final frontier. Here I report on recent activities in the field of optical lattice
clocks. An ever ongoing mission to explore the boundaries of physics and create knowl-
edge. To seek out strange effects and describe new fields of research. To boldly measure

what has not been measured before.

In 1955, the first atomic frequency standard based on cesium was presented [11]. A
specific atomic transition represent a universal frequency reference for the same species
since they are all identical. This makes clocks based on atomic transitions excellent
candidates for the definition of the SI unit second. Roughly a decade later, in 1967
the definition of the SI second was changed from the ephemeris time to the microwave
transition in *3Cs. Here the transition between the two hyperfine ground state levels
(65)?S1/2, F =3 — F’' = 4 had been defined to 9192631770 periods per second.
Since then the performance of Cs clocks has greatly improved over the last decades now
demonstrating a systematic uncertainty of app. 1-107'® [12,13]. Today, PTB is operating
four primary frequency standards based on the cesium fountain clocks CSF1 and CFS2
and two beam clocks CS1 and CS2 that contribute regular to the International Atomic
Time (TAI).

Comparing the systematic uncertainty of those systems to clocks that rely on optical
transitions the performance of the best cesium fountain clocks is surpassed by two orders
of magnitude as seen in Fig. 1.1. Indeed, this sparks a discussion on a redefinition of the
SI unit second once again. In 2006, the International Bureau of Weights and Measures
(BIPM) introduces a list of frequencies recommended for secondary representations of
the Second including the rubidium microwave transition and several optical transitions
such as the 'S, — ®Py transition in neutral 87Sr. In 2018 its resonance frequency was
recommended to 429228 004 229 873.0(2) Hz [14].



CHAPTER 1. INTRODUCTION

Compared to cesium fountain clocks, optical clocks achieve significant larger Q) factors
which is Q = m its absolute transition frequency divided by the full with at half
maximum (FWHM) linewidth. The Allan deviation that describes a clocks instability
is proportional to 1/Q) hence a greater Q-facter grants greater stability of the frequency
measurement. As an example, the averaging time required for a cesium fountain clock to
reach a statistical uncertainty of 2-1071¢ [13] is about 3 hours, for a typical optical lattice

clock it is just a matter of minutes to reach a statistical uncertainty in the 10717 range.

Together with instability, a clocks accuracy represents, the most important property
in the performance of a frequency standard. In atomic clocks, the environment surround-
ing the atoms can shift the atoms clock transition frequency. Characterization of the
frequency shifts is crucial to determine the clocks total frequency shift and uncertainty.

All known frequency shift contributions are listed in the clocks uncertainty budget.

High performance frequency standards are required in numerous fields of research and
applications such as the search for new physics beyond the standard model, relativistic

geodesy, timekeeping or global positioning.
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Figure 1.1.: Evolution of accuracy of optical clocks vs. microwave clocks.
Recently the uncertainty of optical clocks surpassed those of microwave stan-
dards by two orders of magnitude raising discussion on a redefinition of the

SI-unit Second. Sources can be found in the appendix in Tab. A.2.




CHAPTER 1. INTRODUCTION

1.1. Outline of the thesis

This manuscript is subject of the description and characterization of the new lattice clock
based on neutral 8Sr denoted as Sr3. The new apparatus aimed for a significant reduc-
tion of the black-body radiation (BBR) induced frequency shift, which poses the leading
uncertainty contribution in room temperature operated Sr lattice clocks. This is achieved
by two main features. First, a good thermal homogeneity and, secondly its capability
of operating at cryogenic temperatures. Apart from the characterization of Sr3, several
measurement results performed with Srl are also included in this manuscript. This ap-
plies to the results discussed in Chapter 5. The measurements of the absolute frequency
and the frequency ratio measurements (chapter 6 and 7) include results mainly obtained
with Srl but also first results that were obtained with Sr3.

Chapter 2, principle of an optical lattice clock

Chapter 2 describes the principle of clock operation and techniques required such as
laser cooling, the principle of a magneto optical trap (MOT) and trapping in an optical
lattice. Further measurement techniques to gain information on atomic properties such
as their temperature are discussed. The chapter continues with the main characteristics
of an optical clock, its accuracy and stability. A description of systematic effects that
cause frequency shifts on the clock transition is given as well as a brief overview on the

factors that influence clock stability.

Chapter 3, the new cryogenic Sr lattice clock Sr3

The setup of the new Sr3 system and the first characterization measurements per-
formed with it are described in this chapter. It gives an overview on the new vacuum
system, optical beam delivery and several other components required to operate the clock.
The chapter continues with focus on the key components that minimizes the BBR fre-
quency shift uncertainty such as the cryostat dual layer design, the temperature acquisi-
tion and its feature to be operated at cryogenics temperatures. Furthermore, the influence

of the missing atomic beam shutters and the hot atomic oven on the BBR shift uncertainty

4
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is discussed. An additional new feature that its predecessor Srl was lacking is the three
dimensional characterization of the residual electric field causing a dc Stark frequency
shift. The determination of the residual electric fields magnitude and the frequency shift
experienced by the atoms is described as well as a detailed derivation of the uncertainty
thereof. The chapter finalizes with in the presentation of the evaluation of the relevant

systematic effects and ends in a preliminary uncertainty budget of Sr3.

Chapter 4, robust laser breadboards

To reduce complexity and improve reliability of the optical beam delivery system
for efficient operation of the red MOT in ®"Sr, a simplified and more robust approach
of generating the required frequencies is presented in this chapter. The relevant transi-
tion frequencies are now addressed by sideband generation in a fiber coupled electro-optic
modulator (EOM) and amplified by a tapered amplifier (TA). The overall optical system

is less complex, more compact and extremely robust compared to the previous system.

Chapter 5, lattice induced photon scattering

The interrogating laser systems become more and more stable thanks to the evolution
the pre-stablizing optical resonators enabling longer interrogation times with the atomic
reference. This raises the question of effects limiting in the duration of the probing time.
In this chapter the investigation of photon scattering due to the optical lattice is described
that opens a loss mechanism for atoms prepared in the 3P, upper clock state to end up in
the 'Sy ground state. Its effect and possible limitations on lattice clocks are investigated.

From the characterization measurements inferred the lifetime of the P, state.

Chapter 6, absolute frequency measurement

This chapter describes the measurement of the 'Sy —3P absolute transition frequency.
Over a time of three years a series of 43 individual measurements have been performed

between between Srl and our local primary cesium fountain clocks CSF1 and CSF2. The

5



CHAPTER 1. INTRODUCTION

measured transition frequency is accurate to the limit ot he current realization of the unit
hertz with a fractional uncertainty of 1.5 - 1071°. To date this poses the most accurate
determination of the clock transition frequency of neutral 8"Sr. Additionally, first results

of similar measurements between the fountain clocks and the new Sr3 clock are presented.

Chapter 7, Yb* /Sr optical frequency ratio

Direct comparisons of optical frequency ratios allow to surpass the limitation of the
current realization of the unit hertz. In this chapter long term measurements of the fre-
quency ratio of PTB’s 87Sr1 lattice clock and "' Yb* single ion clock are described. First
preliminary frequency ratio measurements between Sr3 and the Yb™ clock are presented

in addition.

Chapter 8, Summary and outlook

The manuscript finalizes by giving a summary of the work and main improvements but
also addresses current issues e.g. on the theoretical lattice lightshift model that presently
suffers from a contradiction on the coefficients treating higher order shift contributions.
With an outlook on how the systematic uncertainty of Sr3 can be improved further in the

future the manuscript ends.



1.2. PRINCIPLE OF AN OPTICAL ATOMIC CLOCK
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Figure 1.2.: Principle of optical clock operation. The interrogation laser
system is pre-stabilized to an ultra stable reference cavity. It probes the
atomic clock transition and its frequency is corrected towards resonance by
an electronic feedback loop. A frequency output, stabilized to an atomic ref-
erence is achieved. Via an optical frequency comb the optical frequency can
be scaled down into the radio frequency domain which allows processing by
RF-electronics.

1

1.2. Principle of an optical atomic clock

An ordinary wristwatch is one of the most widespread clocks. Its operating principle is to
count the periods of its internal quartz oscillator that operates typically at a frequency of
32768 Hz. Then the displayed time is incremented by one second. The quality factor (Q
factor) of oscillator is given by the ratio of the transition frequency vy to the line width
Av. Quartz oscillators in watches typically reach Q = 10* and a frequency uncertainty
of about 1-107° in fractional frequency units. The same operating principle holds true
for atomic clocks. Cs-fountain clocks reach Q factors of up to Qcgr ~ 10°. They
are excellent oscillators for applications such as timekeeping. Optical clocks reach lower
fractional uncertainties in part due to their higher transition frequencies. They can reach
Q factors of more than Qpc = 10 which is one reason why these clocks are in discussion

of realizing a future definition of the second.

To probe the atomic transition a pre-stabilized interrogation laser system is typically

required to make use of narrow atomic transitions. Tuneable extended cavity diode lasers

7



CHAPTER 1. INTRODUCTION

(ECDL) have become favorable since they are cheap and can be manufactured to match
nearly every atomic transition frequency?. A common way of pre-stabilization is locking
the laser’s output frequency to a stable reference cavity with the Pound-Drever—Hall [15]
technique. Modern cavities are based on spacer material made from ultra low expansion
glass (ULE) [16] or crystalline silicon [17]. The pre-stabilized laser interrogates an atomic
ensemble that has undergone several steps of preparation. In the case of an optical lattice
clock based on ®7Sr, the ensemble requires two stages of laser cooling (Sec. 2.1) in magneto
optical traps with subsequent trapping in the optical lattice (Sec. 2.2) followed by a state
preparation. For spectroscopy, a Rabi m-pulse interacts with the atoms and subsequent
state detection (Sec. 2.5) determines the ensembles excitation probability. From that an
error signal is derived and fed back to the control loop to correct the clock laser frequency
towards the atomic resonance. This loop locks the interrogating laser to the universal
transition frequency of the atom which makes the setup represent an optical frequency

standard.

Unfortunately, the oscillations of optical frequencies are too fast to be processed by
state of the art electronic devices. Therefore, they are converted into the microwave
regime via an optical frequency comb. The result is stable radio frequency (RF) output
traceable to a universal atomic reference. Frequency combs can also be used to bridge large
gaps in frequency e.g. between pre-stabilization systems at wavelengths other than the
required interrogating laser wavelength (Sec. 3.3). For example, it allows stability transfer
from the ultrastable cryogenic silicon resonator at 1542 nm to the strontium clock laser at
698 nm. Here the comb acts as a transfer oscillator [18,19] where its noise is rejected. The
most relevant properties describing clock performance are their systematic uncertainty
and instability®. The systematic uncertainty describes how well the systematic frequency
shifts Avg,s from the unperturbed clock transition frequency 1 are known. The output

frequency of a clock v can be described by

Vclock(t) = 1) -+ AVsys —+ AV(t) (11)

Systematic frequency shifts Avg,, can be caused by many effects such as the black-body

2In some cases laser diodes cannot provide atomic resonance frequencies directly e.g. when the transition
is in the UV which requires frequency conversion.

3In this manuscript, the uncertainties from Type A and B evaluations [20] are referred to as statistical
and systematic uncertainties, respectively.
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Figure 1.3.: The main properties of an oscillator are described by its accuracy
and instability (also referred to as precision) of an oscillator. Desirable is an
accurate and stable output frequency. Graph taken from [23].

radiation (BBR), residual electric fields, stray magnetic fields and others described in
Sec. 2.6. The performed measurements to characterize the total frequency shift and
uncertainty of Sr3 are found in Sec. 3.5. The frequency corrections due to all known
systematic effects applied to the transition frequency are listed in the clocks uncertainty
budget. The uncertainty budget is a clocks unique data-sheet which is essential for the
interpretation of its frequency output and when comparing its transition frequency to
other clocks e.g. by frequency ratio measurements as described in Sec. 7. The statistical
noise Av(t) of a measurement is typically reduced by averaging, where Allan deviation
(ADEV) [21,22] is used to inspect the noise characteristics and estimate the statistical
uncertainty. For white frequency noise, which is common in atomic clocks, the ADEV is
proportional to 1/4/7 where 7 is the time of averaging. The output of a clock is desired
to be stable and accurate. In Fig. 1.3 the differences of the two properties can be seen

taken an example by a marksman and his or her shooting results on a target.
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Isotope | Natural abundance | Nuclear Spin
84Sy 0.56 % 0
86Sr 9.86 % 0
87Sr 7.00 % 9/2
8y 82.58 % 0

Table 1.1.: Natural abundance of stable Sr isotopes

1.3. Strontium as clock atom

The first element proposed by Hidetoshi Katori for operation in an optical lattice clock was
the alkaline-earth element strontium [24]. Till now it has become the most used element
in optical atomic clocks. Among the alkaline-earth and alkaline-earth-like elements their
electronic configuration is similar to each other and so are their atomic properties which is
one of the reasons why also magnesium and calcium are potential species for use in optical
clocks. All alkaline-earth elements have a closed outer electron shell. The two valence
electrons in strontium, form the outer 5s% closed shell that allow singlet and triplet spin
states. Three of the four stable isotopes of strontium (Tab. 1.1) are bosons and one is a
fermion. 7Sr and ®¥Sr are commonly used in optical clocks. This work concentrates on

87Sr with its relevant energy levels and optical transitions depicted in Fig. 1.4.

The (5s%) 'Sy — (5sbp) Py singlet transition at 461 nm is used for Zeeman slowing
and the first cooling stage (Sec. 2.1). The 'Sy —3P; intercombination transition at 689 nm
is spin forbidden according to the dipole selection rules. But spin-orbit coupling causes
a finite linewidth of app. 7.5kHz. The clock transition at 698 nm, however, is doubly
forbidden due to AS =1 and J = 0 — J' = 0. Hyperfine interaction couples the nuclear
spin I and the total electronic angular momentum J, where the total angular momentum
quantum number F # 0 for the relevant clock states in 87Sr. The 3P state experiences
a small admixture from the fine structure 3P; state which results in a non-zero dipole
matrix element for the 'Sy — 3Py transition. Its line width was recently measured by [25]
to a value of 1.35 (3) mHz. Additionally, the *Py (F' = 9/2) state splits into ten magnetic
substates (mp = —9/2... +9/2).

In contrast, %Sr is lacking nuclear spin which remains the clock transition com-

pletely forbidden. Nevertheless there are techniques to induce the required mixing e.g.
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1.3. STRONTIUM AS CLOCK ATOM

r=134-10's"

461 nm
I'=2n-32 MHz

689 nm
I'=2n-7.5kHz

.
-
Pt
.
.
-
-
.

.
-
-
.
.

.
L*
*
.
-
-
”
.

[=6.6-10"s"

679 nm

(557) 'S,

707 nm

(5s4d) °D,
F'=172
2 A 9/2
1.46 GHz
YL ooun
689 nm 689 nm
cooling "stirring"
laser laser
_V F=9/2

Figure 1.4.: Energy level diagram in strontium. Shown are the relevant tran-
sitions for cooling, repumping and clock operation with their associated wave-
lengths and linewidths. Spectral data is taken from [26]. The most accurate
lifetime measurement of the clock transition today was published by [25].
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CHAPTER 1. INTRODUCTION

by an external magnetic field [27]. Although it is challenging to control the probe light-
shift uncertainty, a 88Sr lattice clock with a systematic uncertainty of 2 - 107'7 has been

demonstrated recently [28].
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2. Strontium optical lattice clock

Strontium is the most widespread clock atom used in an optical lattice clock. As seen
already, the transitions relevant for clock operation (cooling, trapping etc.) are available in
commercial, cost efficient diode lasers or Titanium Sapphire (Ti:Sa) lasers. The following
chapter will describe relevant procedures for preparing the atoms for spectroscopy and
gives a detailed introduction on characterization methods on atomic properties such as
sideband spectroscopy. Furthermore the systematic effects perturbing the clock transition
frequency are discussed. The chapter closes in describing another important property of

a clock, its stability.

2.1. Laser cooling and MOT operation

Spectroscopy of a free atom is subject to the Doppler effect and photon recoil due to the
atomic motion and momentum of the photon. This causes a frequency shift proportional
to the velocity of the atom, which may lead to spectral broadening in combination with
the velocity distribution of the atomic ensemble, and the recoil frequency shift. Due
to the frequency dependence, one must overcome these effects in order to benefit from
the higher frequency of an optical transition in an atomic clock. In single ion clocks
this has been done by a strong confining potential for decades. For neutral atoms, the
concept of optical lattice clocks was first proposed by the group of Katori in Tokyo [24],
recognizing the existence of so called “magic wavelength” at which the effect of the strongly
confining optical potential on the clock transition frequency cancels. An optical lattice
is hereby approximating a harmonic potential formed by a standing wave pattern. If
the confinement of the atom is strong enough so that its spacial extend is smaller than
the wavelenght of the spectroscopy laser they are trapped in the so-called Lamb-Dicke

regime (Sec. 2.4). Here, the atoms internal states and its motional states are sufficiently
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CHAPTER 2. STRONTIUM OPTICAL LATTICE CLOCK

decoupled from each other. The increase in momentum when absorbing a photon (e.g.
from the clock laser) does not apply to the atoms but is absorbed from the lattice. Changes
of the motional quantum number are strongly suppressed. The narrow linewidth of the
1Sy — 3Py clock transition in strontium gives access to resolve the first order sidebands
from the carrier transition. Sideband spectroscopy (Sec. 2.3) is a powerful tool to gather
information on the residual atomic motion which is required for the evaluation of the
lattice lightshift (Sec. 2.6.3).

To make use of such favorable conditions in an optical lattice trap the atoms need to
be cooled and trapped into the optical lattice first. The next sections will introduce the
relevant steps from a free atom to laser cooling and trapping in a potential created by an

optical lattice.

2.1.1. Zeeman slowing

As source of atoms an atomic oven is commonly used at a temperature of typically several
hundred °C. It produces a beam of hot atoms of temperature 7" with corresponding velocity

vp. The most probable velocity in a Maxwell-Boltzmann distribution is

vo(T) =1/ SijbT (2.1)

with kp the Boltzmann constant and m the atomic mass. Typically, vy is in the order

of several hundred of m/s which is well above the velocity capture range of a magneto-
optical trap (MOT) in common Sr lattice clocks. To efficiently capture atoms in the first
stage MOT they must be decelerated. A common way of doing so is by making use of
the radiation pressure force an atom experiences when absorbing a photon. Absorbing a
photon from a resonant laser beam counter propagating to the atoms’ motion transfers the
photon moment of hk to the atom. The subsequent spontaneous emissions is completely
random in direction which on average transfers momentum to the atom opposite to its
traveling direction leading to a deceleration. After a certain deceleration the atoms will be
no longer in resonance with the laser beam, that is typically kept constant in its frequency,
due to the reduction of the Doppler effect. An external magnetic field that introduces a
frequency shift due to the Zeeman effect can be tailored such that the Doppler frequency

shift is compensated. This enables to fulfill the resonance condition over distances of
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2.1. LASER COOLING AND MOT OPERATION

commonly a few tens of cm. Such an arrangement is called Zeeman slower. It offers
efficient deceleration to final velocities at the MOT’s capture velocity. A Zeeman slower

is a well established tool in strontium lattice clocks [28-30].

The force experienced by the atoms can be written as in [31]

F = hkn, (2.2)

with & the wave vector of the incident light and ~, the total scattering rate that is

equal to

B sol'/2
1+ s+ [2(AL 4+ wp) /T]

Tp (2.3)

Here I' is the transition linewidth, Ay the laser frequency detuning from resonance
at rest, wp the Doppler frequency shift. The saturation parameter sqg = I/ is given by
the ratio of the light beam intensity / to the transitions saturation intensity /5. For the
1Sy — 1P, transition where the slower is operated I, ~ 43 mW /cm?. The transitions large

1

scattering rate of approx. 2 - 10® s7! allows efficient deceleration over a length of typical

just a few tens of cm.

The velocity dependent frequency shift due to the linear Zeeman effect in a magnetic
field B(z) is given by

Aei(2) = AL + kv(z) — (/' B(2)/h (2.4)

with  p/B(z) the position dependent linear Zeeman frequency — shift,
1 = (geme — ggmy) g the transition’s magnetic moment with g. 4, the Landé g-factors of
ground and excited state, m, , the magnetic quantum numbers and ;15 the Bohr magne-
ton. For a constant laser frequency detuning A, the magnetic field and the atoms velocity

are related by

W B(z)/h = kv(z) + 1/ Bog /I (2.5)
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CHAPTER 2. STRONTIUM OPTICAL LATTICE CLOCK

The generation of the Doppler shift compensating magnetic field is commonly created

by a tapered solenoid or by commercially available permanent magnets [29, 30, 32, 33].

In general two different magnetic field orientations relative to the atomic beam are
possible. A longitudinal magnetic field orientation requires circular polarized light of the
laser beam, whereas the transverse one requires linear polarization aligned orthogonal to
the magnetic field direction. The linear polarization of a transverse Zeeman slower is
decomposed into o* light where only one of the two circularities can be resonant. This
means a 50% loss of optical power and poses a significant drawback when optical power
is limited. In Sr3 a longitudinal configuration is used which is coil based. It is descried
in Sec. 3.1.6.

2.1.2. Trapping in a magneto-optical trap (MOT)

To further cool the atoms they are trapped in the first of two stages of a magneto-optical
trap (MOT). The first stage is operated at the 'Sy — 'P; singlet transition at around
461 nm. Subsequent the atoms are further cooled by the second stage operated on the

1S, — 3P, transition at around 689 nm.
The lowest achievable temperature? is given by the Doppler limit

hI’

. (2.6)

TD oppler —

so it becomes obvious that cooling on narrow transitions leads to lower achievable tem-
peratures. The first stage MOT operated on the 'Sy — Py transition (commonly referred
to as the blue MOT) captures the atoms decelerated by the Zeeman slower and cools
them to a temperature in the low mK range. The principle of a MOT is well known
and described in various sources such as [31]. A detailed description on the MOT dy-
namics is beyond the scope of this work. Nevertheless it will briefly be discussed the
particular case of 87Sr where necessary. The 'Sy — 'P; transition is not a perfectly closed
cycle transition due to a loss channel into the long living ®P, state of the triplet sys-
tem (Fig. 1.4). To regain these atoms for the cooling cycle two repumpers continuously

redistribute the population by addressing the 3Py — 3S; and Py — 3S; transition. This

4There are techniques to cool the atoms below the Doppler limit but are not applied in Sr3 which is
why a description of them is beyond the scope of this work.
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2.2. TRAPPING IN THE OPTICAL LATTICE

enables the atoms to reach the 'Sy ground state via the 'Sy — 3P; transition and en-

hances the blue MOT lifetime and the number of atoms captured up to a factor of ten.

The second stage MOT operated on the narrow 'Sy, FF = 9/2 — 3Py, F’ = 11/2 inter-
combination line at 689 nm reduces the temperature of the atoms even further to typically
a few pK. In the particular case of 87Sr it is separated into the so called “broadband”

and “single-frequency phase” for maximum trapping efficiency into the optical lattice.

The velocity of the atoms after cooling them in the blue MOT still causes a frequency
broadening of the transition due to the Doppler effect of about 1 MHz. In contrast, the
1Sy —3P; transition only has a linewidth of about 7.5kHz. To cover the Doppler broadened
spectrum during the broadband phase, the frequency of the 689 nm laser is modulated

with a modulation frequency of about 1 MHz and a modulation depth of approx. 40 kHz.

In the single frequency phase, the frequency modulation is switched off, also the
optical power is reduced. Another specialty of the red MOT in 87Sr is the additional
laser resonant with the 'Sy, ' = 9/2 — 3P, I’ = 9/2 transition that is superimposed to
the MOT beams [34]. Due to the large difference of the Landé g-factor of ground and
excited state the cooling laser cannot address all mg sublevels. Due to the MOTs spatial
dynamics of the mp sublevels atoms will at some time end in a non-resonant state and
can escape from the trap. The population dynamics among the mpr magnetic sublevels of
the closed cycle cooling transition is well described in [35] and not discussed here in detail.
The stirring laser continuously redistributes the population among the sublevels such that
atoms do not remain in in-addressable states. The stirring laser concept was developed
in [36]. It is to mentioned that the 3Py, F' = 9/2 — F’ = 11/2 frequency splitting is
approx. 1.46 GHz which can be challenging to bridge. One way is based on an amplified
external cavity diode laser (ECDL) and the creation of sideband in an electro-optical
phase modulater (EOM) near the F' = 9/2 — F' = 11/2 frequency splitting is described
in this work in Chapter 4.

2.2. Trapping in the optical lattice

The optical lattice is an optical standing wave. Due to the ac-Stark effect the atoms

experience a series of potential wells with a spacing of Aj,¢/2 which is half the lattice
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CHAPTER 2. STRONTIUM OPTICAL LATTICE CLOCK

wavelength. Depending on the lattice wavelength the polarizability of the clock states
is either positive (often referred to as red detuned) or negative (blue detuned). The
atoms are trapped at the anti nodes of the standing wave in a red detuned lattice and
in the nodes in a blue detuned lattice. This work will focus on the description of a red
detuned lattice. More information on blue detuned lattices can found in [37,38]. After
the two stage cooling process the atoms reached a temperature of typically a few nK. The
potential the lattice creates in our experiment is typically in the order of U/kp = 25 pK.

Atoms with a lower temperature cannot leave the potential and are trapped.

Following the description by [39], the optical dipole potential near the lattice waist

of a vertical lattice propagating along the z-axis is typically given by

U(z,1) = Uy cos®(kz)e 2"/ (2.7)

where p = /22 + y2 denotes the distance from the optical axis and wy its 1/e* waist

radius.

The lattice potential depth Uy in Eq. 2.7 is typically given in units of the lattice recoil
energy Free = hiee = h?/2mA2 .. Tt describes the recoil energy that the atoms experiences
when absorbing one photon of the lattice light. For 8"Sr and a lattice operated near the

magic wavelength of \;,; = 813nm and v,.. ~ 3.47 kHz.

To describe the potential including the effect of gravity which is more realistic for an
experiment placed on Earth, the potential described by Eq. 2.7 is modified with the term
mgz cos () leading to

U(z,7) = —Upcos®(kz)e™ 2"/ 4 mgz cos (6) (2.8)

Here m is the mass of the particle (m(3"Sr) = 1.44 - 107 kg), g the gravitational
acceleration of ~ 9.81m/s? and # the angle enclosed by gravity and the optical axis.
For a vertical lattice, the gravitational energy shift is Avg.,, = mgA/2h = 869 Hz
which breaks the potentials translational symmetry and strongly suppressing intersite

tunneling [40]. More information about the tunneling effect can be found in Sec. 3.5.10.

There is no analytic solution to the Schrodinger equation with the potential from

Eq. 2.7, which is not separable into independent radial and axial trapping potentials.
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2.3. SIDEBAND SPECTROSCOPY

As discussed in [39] an approximation of the spatial dependent potential, provides an
expression that allows the description of the energy spectrum of the atoms axial and radial
states of motion. The axial potential is approximated in a single lattice site as a one-
dimensional harmonic oscillator and the radial potential as a two-dimensional harmonic

oscillator.

The respective axial and radial trap frequencies are [39]

U
z = 2 rec 2.9
. . thec ( )
Uo
= 2.10
g mm2w3 (2.10)

Including the first anharmonic terms of the trapping potential, eigenenergies in first

order perturbation theory are given by Eq. (3) in [39].

The number of bound axial N, and radial N, states is best by solving the band
structure of the one dimensional potential along the z direction. As seen in Fig. 2.1
the sideband transition is broadened towards the carrier indicating that the atoms have
different sideband frequency which is due to the coupling of the axial and radial degrees
of freedom. The weak radial confinement of the 1-D lattice allows radial state occupancy
to very high numbers compared to the axial ones. But the trapping potential reduces

with increasing radial excitation leading to an asymmetric lineshape of the sideband.

When the lattice beam waist wy is known, v, can be estimated. A typical condition
is v, > v, with 1, being at the order of a few hundred Hz and v, at the level of tens of
kHz.

2.3. Sideband spectroscopy

Sideband spectroscopy provides a valuable tool to gather various information about the
trap and properties of the confined atoms. From sideband spectroscopy as seen in Fig. 2.1

the lattice trapping potential can be read and from the shape of the sidebands the atoms
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CHAPTER 2. STRONTIUM OPTICAL LATTICE CLOCK

axial and radial temperature can be estimated. Such properties are relevant to determine

the lattice frequency shift in the clocks uncertainty budget.

The blue (red) sideband is generated by the atoms that change their axial state of
motion by +1 (—1) when undergoing the clock transition 'Sy — 3Py. The shape of the
sidebands is smeared out towards the carrier due to the coupling between the longitudinal
and transverse motion of the atoms. From the sidebands lineshape several properties
of the atoms can be inferred. The sideband corner frequency is differs from the axial
trapping frequency v, by one recoil frequency due to the trap anharmonicity. It can
be read directly from the plot (Fig 2.1). The sideband corner frequency in Fig. 2.1 is
identified by the high frequency edge of the blue sideband. According to Eq. 2.9 the axial
trap frequency is related to the lattice potential depth which is a crucial contribution of
the lattice frequency shift. From the enclosed area and the shape of the sidebands the
axial and radial temperature T, and 7T, can be determined following the model developed
in [39]. Here the strong confinement in the axial direction allows quantum treatment
for the estimation of the axial temperature whereas the radial component can be treated

classically by a Boltzmann distribution.

2.4. Lamb-Dicke Regime

In 1953 R. H. Dicke postulated recoil-free spectroscopy for atoms being tightly confined
to a spatial extent that is smaller than the wavelength of the probe laser [41]. Atoms
trapped in the Lamb-Dicke regime, e.g. in an optical lattice, the recoil due to absorption
and re-emission of a lattice photon is absorbed by the potential and not by the atom
itself. Excitation of external atomic states of motion is suppressed. For completeness a
brief overview is presented following the description given in [39,42]. For atoms trapped

in a one dimensional (1-D) harmonic potential the trap energy levels are described by

E, = hu, (n + %) (2.11)

with v, the axial trap frequency (Eq. 2.9) and n an integer value.
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2.4. LAMB-DICKE REGIME
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Figure 2.1.: Longitudinal sideband spectroscopy on the 'Sy — 3Py clock tran-
sition. The corner frequency can be directly read from the plot (vertical black
dashed line). From the ratio of the area enclosed by the sidebands the ax-
ial /radial temperature T, of the trapped atoms can be estimated following the
model developed in [39]. The radial temperature T, is derived from a function
fitting to the shape of the sideband. Details in the text. The “dents” in the
sidebands seen predominantly at frequencies close to the edges arise from the
anharmonicity of the trap [39].
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The Lamb-Dicke parameter is defined as 7, = k.2, with wave vector lgz = 21/, the

wave vector of the probe laser, m the atoms mass and the oscillator length 2, that can be

[ h
= 2.12
=0 drmu, ( )

The axial Lamb-Dicke parameter can thus also be described as

0. — %F (2.13)

The lightfield of the interrogation laser system is described classically as a traveling

described as

plane wave along the z-direction Ag-e**:*. The atom light interaction for a transition from
the initial state i to final state j is described by the dipole matrix element (n;|e’*=%|n;).
The Lamb-Dicke parameter can be found by expanding the exponential to first order and
using the usual raising (a) and lowering operators (a) and considering z to be 2y to

ik, z

(njle™*n;) = (n;[1ng) + (n;lik.z|n;)

= Opin; + k.20 ((ngla + a'|n;))
= Opyn; + ik:20 (VNiOnysy iy + Vi + 105, 0,)  (2.14)

When squaring the matrix element one finds three terms remaining giving

| (njle™*In

D7 =02, 2 (md2 o, + (i DI ) (2.15)

A more general expression can be found in Eq. 3.16 in [35]. The conclusion from Eq. 2.15
is that in the Lamb-Dicke regime there are three cases for the dipole matrix operator to be
non-zero, or in other words when absorption is allowed. Considering a single atom in the
electronic ground state 'Sy and motional state n; in a harmonic potential. When operating
the potential at the magic wavelength the potential is the same for the excited state 3Py
For excitation where the motional state remains unchanged An = 0 only the first delta
function in Eq. 2.15 is non-zero. This transition is known as the carrier transition at
frequency vy. For An = 41 the transition frequency is shifted by +v, representing

sideband transitions which are often referred to as the red (An = —1, vy — v,) and blue
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2.5. PRECISION SPECTROSCOPY AND LOCK TO THE CLOCK TRANSITION

(An = +1, vy + v,) sideband. The sideband frequency v, scales with the potential depth
to v/U and are at a high frequency detuning compared to the width of the transition. The
relative strength of the side bands compared to the carrier transition is given by n%(n;+1)
thus strongly suppressing even the first order sidebands already. For typical experimental
conditions used in the Sr3 clock v, is approximately 55 kHz leading to an oscillator length
of zp = 33nm and a Lamb-Dicke parameter of ., = 0.3 with A\, = 698.45nm. This
confirms confinement within the Lamb-Dicke regime for the Sr3 clock. Additionally the
Fourier limited linewidth is typically very narrow (in the order of Hz) compared to v,
which is often refereed to the resolved sideband regime that allows sideband spectroscopy.
Sideband spectroscopy allows to gather various information on the trapped atoms, such
as the axial and radial temperature and the trap frequency v, (Sec. 2.3). In a 1-D lattice
the confinement in radial direction is a lot weaker compared to along the axial direction

(v, > v,). For a Gaussian beam the radial Lamb-Dicke parameter [39] is

A0 [Th
"=

2.16
p V 2muy, ( )

with Af the angle between probe and lattice laser. Even small amounts of beam
misalignment will result in a significant contribution to the carrier line shape. So great

care has to be taken in aligning clock and lattice beam co linear.

2.5. Precision spectroscopy and lock to the clock

transition

During the red MOT, the atoms are loaded into the optical lattice at the maximum
potential depth the setup can deliver of approx. 150 E,.... According to Eq. 3 in [39] this
allows for atoms occupying a axial quantum number of approx. v = 6 to be trapped. To
select the coldest atoms form the ensemble the potential is lowered to approx. 26 FE,..
for about 40 ms. This procedure is called “spilling” where the number of bound states is
limited to v, < 2 and atoms occupying higher lying states become untrapped. This results
in a more defined, less energetic distribution of the atomic ensemble in the vibrational

states.
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State preparation

The remaining atoms are then prepared in either of the mp +9/2 stretched magnetic
sublevels by optical pumping on the 'So(F = 9/2) —3 Py (F’ = 9/2) “stirring” transition
called spin polarization. In an unpolarized atomic ensemble all mp = —9/2... +9/2 mag-
netic sublevels are equally populated. By optical pumping, the distribution is transfers

to the outermost mpr = £9/2 states that are probed during clock spectroscopy.

Population in neighboring mpg states is causing frequency shifts, namely the line
pulling effect (Sec. 3.5.9). To remove such residual population, the ensemble will be puri-
fied in the next step. Therefore a bias magnetic field is applied that separates neighboring
mp states on the order of approx. 1 kHz due to the Zeeman effect. A Rabi m-pulse resonant
on the 'So(mp = +£9/2) — 3Pg(m) = £9/2) transition with a Fourier-limited linewidth
of about 16 Hz only excites those atoms in the m/, = £9/2 state. The frequency of this
pulse is several linewidth detuned from a neighboring mp state ensuring that no other
mp state is addressed. Atoms populating mp # +9/2 states remain in the ground state

and are heated out of the trap by applying a pulse resonant on the 'Sy — 'P; transition.

When performing clock spectroscopy, a Rabi 7-pulse de-excites the atoms from the
3Py state to the 'Sy state. The bias magnetic field is chosen such that the Zeeman
frequency splitting between the outermost mp = +9/2 is approx. 580 Hz. After clock
interrogation, the fraction of excited/de-excited atoms by destructive fluorescence state
detection. Applying a short (5ms, 80 pW) laser pulse resonant to the 'Sy — 'P; transition
atoms in the ground state scatter photons. The fluorescence signal strength is proportional
to the number of atoms in the ground state. The scattered light is imaged onto a photo
multiplier (PMT) where it is converted into an electronic current. The signal is amplified

to be processed by the experiment control system.

To determine the excitation probability of the clock spectroscopy, from which the
frequency correction is derived, a total of three detection pulses are applied. As already
described the first pulse detects the number atoms that have been de-excited to the 'Sy
ground state. The number of atoms that remained in the excited state is detected by
repumping them to the 'Sy ground state first, and subsequently apply a detection pulse.
Repumping is done by two repump lasers (Fig. 1.4). The third detection pulse determines

the background signal for offset correction.
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2.5.1. Lock to the atoms

In order to distinguish the frequency correction from the excitation probability and to
remain in resonance with the atoms, each of the four locking points at the full width half
maximum (FWHM) points are probed (Fig. 2.2). The Fourier limited linewidth of the
Rabi fringe is related to laser pulse duration by FWHM = 0.8/t,use [43]. The measured
excitation probability is the frequency discriminator from which the error signal for the
clock laser is derived. The steeper the slope of the fringes the higher the frequency
sensitivity. Steeper slopes can be achieved by longer interrogation times. The sequence
described above is referred to as the single-cycle operation which is the normal mode of
clock operation. For self evaluation of certain frequency shifts, the frequency correction of
two independent locks is compared where the parameter of interested is altered between

the two cycles. This is refereed to as interleaved measurement.

The effect of the spin polarization on the can be seen in Fig. 3.33 where an excitation
probability of about 80% was reached for the desired mp = £9/2 states.
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Figure 2.2.: Principle of interrogation of the clock transition. From the four
interrogations at the two mp = £9/2 Zeeman sublevels (blue dots) a frequency
offset Av is derived to correct the clock laser frequency to resonance (solid
vertical line). At the full width half maximum points of the fringe the slope is
steepest and the frequency sensitivity highest.



2.6. SYSTEMATIC FREQUENCY SHIFTS ON THE CLOCK TRANSITION

2.6. Systematic frequency shifts on the clock transition

The following subsections are presenting an overview about the relevant systematic fre-
quency shifts in a strontium optical lattice clock. All the effects are listed in the clock’s
uncertainty budget. For a preliminary uncertainty budget of the cryogenic Sr3 system

please refer to chapter 3.5. The uncertainty budget is found in Tab. 3.4.

2.6.1. Stark-effect

In the presence of an electric field the energy splitting of atomic levels is shifted according
to

1

AI/Stark = - 2%

<AaDCE§ + Aaac(w)(E? (w)>) (2.17)

with E the static and E (w) dynamic component of frequency w of the electric field.
Furthermore, Aapec and Aaac(w) are the corresponding differential polarizabilities of
the involved atomic states. In a static electric field the frequency shift experienced by the

atoms can therefore be written as

1 B}
Avstar, = =5 (AaDCEg) (2.18)

The ac-Stark frequency shift arises from the interaction between the atoms and al-
ternating electric fields such as the optical lattice (Sec. 2.6.3) or with the probe light
(Sec. 2.6.5). The most relevant frequency shift for strontium lattice clocks, the black
body radiation shift is also an ac-Stark shift and is discussed in the following section in

more detail.

2.6.2. Black body radiation frequency shift

In state-of-the art strontium optical lattice clocks operated at room temperature, the
black body radiation (BBR) shift is the dominant source of frequency shift and shift

uncertainty. The frequency shift is about 2.1 Hz or 5- 107! in fractional units. The
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shift uncertainty is currently limited to approx. 2-107!® by the knowledge of the atomic
response [44]. At temperature T the spectral density of the BBR is described by Planck’s
law b3
1
plw,T) = Am3c2 ehw/kT _ |

(2.19)

with &k, being the Boltzmann constant, 7' the absolute temperature in Kelvin and A
the reduced Planck constant. The time average of the square of the electric field can be

written as

87ky 4

E?p = —-2_
(I 15€9h3¢3

(2.20)

The atomic interaction with the BBR-field leads to a differential energy shift on the
clock states. The resulting frequency shift on the 'Sy and 2Py clock transition resulting

from the BBR-spectrum integrated over all frequencies can be written as

1 e w3dw
AFE = —4h607T3C3 /0 A@(w)—e(w/kBT) — (2.21)

with Aa(w) being the differential polarizability of the clock states.

The resulting frequency shift on the clock transition as described in [45]

7\° 7\°
- o) =
<T0> i <T0>
with Avge: = —2.13023(6) Hz [45] and Avg,, = —148.7(7) mHz [44] being the static
and dynamic coefficient at T, = 300 K

T 4
Avppr(T) = Avsiau (T) + Agyn (2.22)
0

Recently, our group investigated the theoretical treatment of the BBR shift and found
a significant deviation in Avgy,, [46] to the published value in [44] that manifests in a BBR
frequency shift difference of about 4-107!8 for room temperature operated Sr-lattice clocks.
The reported value in [46] for the dynamic contribution is Avg,, = —150.51(43) mHz.
In the temperature range from 50K to 350K the dynamic shift can be written as a

polynomial

7\ 7\ 8 7\ 10
Avgyn (T') = 1 (To) + 78 (To) + Tho (To) (2.23)
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which covers the range relevant in this work. The approximation in Eq. 2.23 is
accurate to the 1 - 107! level to the calculated Avgy, at room temperature a far below
that level at cryogenic temperatures (Fig. 3 in [46]). Any BBR shift evaluation in this
work relating Sr3 will use the formalism presented above with the updated value on the

dynamic coefficient based on the work in [46].

The previous value of Avgy, from [44] deviates by about 1-107'® to the reevaluated
at room temperature (293K). This is quite significant considering the 1o systematic
uncertainty of the most accurate Sr-lattice clocks [44,47] of about 2 - 1078, Especially
for inter species frequency comparisons that are not limited to the accuracy of current
primary standards, the cesium fountain clocks, this is of importance. Such measurements

performed in the past may be considered to undergo a reevaluation.

The evaluation of the BBR frequency shift and its uncertainty is derived from the
temperature readings of the temperature sensors. The temperature readings of the differ-
ent sensors is modeled as a rectangular probability distribution between the highest T},

and lowest T},;, reading to a representative temperature

Tma:v Tmzn
T = Zmaz + Lmin (2.24)
2
with an uncertainty of - T
U<Trep> _ max — Lmin (225)

V12

This method follows the recommendation of [48] in determining a representative tem-

perature.

2.6.3. Lattice light shift

A deep understanding of the interaction between the lattice and the atom is essential once
clock uncertainty surpasses the 10717 level. Here higher-order lightshift contributions such
as hyperpolarizability and multipole atom-light interaction become relevant and must be

considered.
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In state-of-the-art strontium lattice clocks, the lattice induced light shift can be the
leading contribution in the uncertainty budget apart from the BBR shift uncertainty. In
a red detuned lattice, which is the case as for most strontium lattice clocks, the atoms are
trapped in the anti-nodes of the interference pattern. In the presence of such an electric
field, the neutral strontium atom will be polarized and respond with a change in transition

frequency.

1 2
Av = —%Aai|E| (2.26)

with «; the polarizability of the corresponding state |i) and E the external electric field.
The sign of « is given by the frequency detuning of the trapping laser relative to the
atomic transition. A smaller laser frequency (red detuned) leads to a positive sign and
the atoms will be trapped in the anti-nodes of the electric field while the opposite case
gives a blue detuned lattice with atoms captured in the nodes. Trapping atoms therefore
requires inducing a non-zero polarizability by the lattice light field for each of the two
clock states. The wavelength and polarization of the lattice laser can be chosen such
that the differential polarizability & = a. — a4 of excited- and ground state vanishes
resulting in an intensity independent frequency shift of zero of the clock transition. This

is the concept of the so called “magic wavelength” [49]. More details can also be found
in [37,42,50].

Considering the electric dipole (E1) interaction as described in [51], the frequency
shift AvF? can be decomposed into scalar (Av*¢), vector (Ar¥*¢) and tensor (Av'")
shift contributions where Ar¥¢ and Av'®" are sensitive to the lattice polarization. For
common orientations of a linear polarized lattice either perpendicular or parallel to the

ten

bias magnetic field, Av'" is always non zero. Typically Av*¢ is adjusted by the lattice
frequency such that it balances Av*" to Av®¢ + Av'® = (. This operating condition
where AvF! = 0 is called the “Stark-cancellation wavelength”. For lattice polarization as

discussed above the vector shift cancels.

To reach a systematic uncertainty of below 107'7, this concept must be expanded
to deal with higher-order light shift contributions such as the electric-quadrupole (E2)
and magnetic-dipole (M1) polarizabilities (E2M1) and the hyperpolarizability. In a 1D
lattice along the z-axis the E2M1 shift @9 (n,) introduces a lightshift dependence of the
vibrational state n,. The hyperpolarizability B(w, () that depends on the lattice frequency
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and degree of circular polarization (. In ytterbium and mercury based clocks there exists
a “magic polarization” [52] where the hyperpolarizability can be canceled by tailoring a
certain degree of circularity. The hyperpolarizability for linear ' and circular 3¢ light then
cancels. However this is not possible for strontium since the ' and ¢ require opposite

signs.

For all of PTB’s Sr-lattice clocks, we follow the concept of the “operational magic
wavelength” (opMWL) presented by the group of Prof. Katori [52]. This concept is taking
higher order shift contributions, the E2M1 polarizablity and the hyperpolarizablity into
account that the E1 magic wavelenght protocol is neglecting. The idea of the opMWL is
to operate the lattice frequency detuned from the E1 magic wavelength (by a few MHz as
proposed in [53]) at the benefit of achieving a lightshift that remains insensitive to trap
depth variations for a certain range. In the following the notation from [53] will be used.
The full description of the frequency shift of the clock transition taking all the mentioned

perturbations into account is given as

hév(u,dp,n,) ~ (2.27)

(25225, — @) (. + 3) w2 = [525, + 35 (2 + ne + )] w2 (s + 3) w2 fu?

with the differential hyperpolarizability coefficient B = —458(414) - 107 Hz which
is the weighted mean of the values published in [44,53-55]. For the coefficient of the
E2M1 polarizability, significantly disagreeing values are published in [51,53,55,56]%. In
the following the weighted mean of the values published in [51,53,55] is used which is
Q™ = —369.5(£456.8) - 107% Hz. In Eq. 2.27 the radial states of motion n, are taken into

account in
u = Uo — kBTrad/Vrech (228)

which is a thermally averaged potential of the peak potential U, determined by side-
band spectroscopy (Sec. 2.3).

5 [56] without uncertainty
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2.6.4. First- and second-order Zeeman effect

The atoms are not only sensitive to electric fields but also to magnetic fields. The Zeeman-
effect is used in the interrogation sequence and essential for the general clock operation (see
2.5). Also to compensate for Earth’s magnetic field (and any other stray magnetic field
from the laboratory environment of course) at the location of the atoms, their responds

due to the Zeeman-Effect is used.

In 87Sr the difference in Landé g-factors of the ground- and excited clock state lead

to a non zero frequency shift. The first order (linear) Zeeman shift can be written as

AV = SgupmpB/h (2.29)

with dg the difference in Landé g-factors and mp the magnetic sublevel (mp = £9/2)
of the clock states and B the (applied) magnetic field.

pup = eh/2mec (2.30)

where pp the Bohr magneton, m, the electron mass. The linear Zeeman effect as a
source of a systematic frequency shift can be neglected, since it averages to zero in the

interrogation sequence described in 2.5.

The second-order Zeeman effect however does not cancel since both mp = £9/2
states are shifted in the same direction. This shifts the center frequency which leads to a
frequency shift depending on the magnitude of the applied spectroscopy magnetic field.
Typically the Zeeman splitting frequency of the stretched magnetic substates (mp =
+9/2) is a few hundred Hz. The frequency splitting can be written as

AV = aB? (2.31)

where the coupling coefficient a is an atomic property of the relevant states. Since the
knowledge of the absolute magnetic field is typically not of interest because the Zeeman
frequency splitting of the involved magnetic sublevels is the relevant information and
obtained during a clock interrogation cycle (Sec. 2.5), it is more convenient to write the

parameter « in units of Hz/Hz?. The frequency shift with respect to the splitting frequency
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of the mp = £9/2 can be written as AV(ZQe)e = S(AV(Zle)e)Q. Measurements in Srl resulted
in a value of £ = —2.40(2)Hz/Hz? [57] was found which is in agreement with previous
measurements [42, 58 59]. The JILA group published a measurement with improved
accuracy yielding & = —2.456(3)Hz/Hz* [47]. Since it is the most accurate measurement
to date the coefficient from [47] will be used in the evaluation of the second-order Zeeman
shift throughout this manuscript. The values published in [60] have confirmed the value
published in [47].

2.6.5. Clock laser AC-Stark shift

When interrogating the atoms with the clock laser, coupling of the clock transition to
other states causes a frequency shift thereof. The typical Rabi-m-pulse duration is about
700 ms for the Srl and Sr3 clocks.

The reduced matrix element can be deduced from the lifetime of the P, state as
measured in [25] and used to determine the required intensity of a Rabi m-pulse with the
duration given above (I = 2.9 - 1077 W/cm?). With respect to the shift coefficient of
—28(2) Hz/ (Wem™2) [61] a frequency shift of —1.9(19) - 107" is expected.

2.6.6. Other sources of frequency shifts

This section briefly discusses other systematic frequency shifts that also needs to be
considered to the ones mentioned above. We identified several technical sources that can

cause a frequency shift on the clock transition.

Line pulling
For spectroscopy, the atoms are prepared in either of the mp = £9/2 Zeeman sub levels of
the P state. The line-pulling frequency shift can arise due to two different aspects. First,
a residual population in neighboring mp states, predominantly the mp = 47/2 states,
can be (de)excited off-resonantly by the clock pulse causing an asymmetric background
for the mp = £9/2 —m/, = £9/2 clock transition and shifting the line center. To prevent
such parasitic population in other Zeeman states we use a technique called ”clean-up” as
already described in 2.5. The remaining population is measured experimentally by scan-

ning the expected frequency with the clock laser and measure the excitation probability.
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From the Zeeman splitting of the sub levels and the experimentally measured population

the frequency shift can be determined.

The second aspect that contributes to the line pulling effect arises from imperfect
polarization of the clock laser at the position of the atoms. When its polarization is not
purely linear along the quantization axis defined by the magnetic field, the atoms can
get (de)excited on mp = £9/2 — m/, = £7/2 oF-transitions. A potential cause is either
misalignment of the clock lasers polarization axis (set by e.g. a polarizing beam splitter) or
due to stress induced birefringence of optical transmitting elements (e.g. viewports). As a
consequence the an admixture of o-polarisation is present that allows coherent transition

to neighboring mp states causing frequency shifts by line pulling.

A maximum population of 10% for atoms in other states was seen experimentally. An
approximation on this effect can be done by numerically integrated the time-dependent

Schrodinger equation [62] to estimate an upper limit for the frequency shift.

Optical path length error
The new clock system Sr3 is placed in the same laboratory as its predecessor Srl. Its
interrogation laser system [16,63] is in the neighboring room requiring light transport to

the clock via a 15m long optical fiber (single mode, polarization maintaining).

Any kind of disturbance acting on the fiber (vibration or temperature change) or a
chirp on the AOMs RF-power result in a change of laser phase. During interrogation those
phase changes will affect the excitation probability of the atomic ensemble resulting in a
frequency shift. To prevent such phase changes an optical path length stabilization was
implemented ensuring stable laser phase delivered to the atoms. More details can be found
in [64]. For common experimental parameters used in this experiment its contributions

is added as an uncertainty of 1 - 107 only.

Servo error
Narrow linewidth spectroscopy on the 'Sy — 3P clock transition requires sufficient pre-
stabilization of the interrogating laser system. Therefore it is locked to a room temper-
ature ultrastable reference cavity made from ultra low expansion (ULE) glass [16]. The
stability of the laser system is improved further by stability transfer from a cryogenic
silicon cavity [17] via a frequency comb (Sec. 3.3). Such cavities always suffer from fre-
quency drifts due to e.g. aging of the spacer material. Linear drift rates reported in [17]

are 15 mHz/s for the ULE cavity and about 100 nHz/s for the cryogenic Si-cavity. In the
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clock measurement cycle, the linear drift rate is measured and compensated by a feed
forward after every interrogation of the four locking points. Nevertheless a second order
drift rate remains and can lead to an offset frequency relative to the constant atomic
resonance frequency. Typical a single interrogation cycles takes approx. 1.55s requiring
6.2s (12.4s) for an entire single lock (interleaved) measurement. According to [59] the
calculated time constant for the second order drift rate to settle is 124 s (with drift gain
f = 0.05 and lock gain G = 0.5). The observed second order drift of the Si cavity Ve,
is about 77 nHz/s* which is added as an upper limit uncertainty estimated for the servo

error of 0.5 - 10718,

Gravitational redshift
When comparing the transition frequency of atomic clocks such as PTBs Sr and Yb™
clock, the relativistic redshift due to a difference in gravity potential at the position of
the atoms must be considered [65,66]. In the case of stationary clocks that are co-rotating
with Earth, the gravitational redshift difference of an electromagnetic wave traveling from

the position A to position B is given by

AW

c2

+0(c™) (2.32)

Y —Ya =

with W the geopotential of the individual clock. Here y4 p are the fractional frequency
shifts due to the potential difference. The redshift becomes positive when the potential at
point B is larger (typically greater geometric height) than at point A. For two oscillators
of equal frequency and the observer placed in point B, the oscillator in point A appears

to run at a lower frequency of approx. 1-107'® cm™! of height difference.

2.7. Stability of optical clocks

2.7.1. Quantum projection noise

Besides the systematic uncertainty of an atomic clock, another main property is its insta-
bility. The output frequency of an atomic clock always comprises noise caused by different
sources. Theses are either related to the quantum nature of the experiment, the quan-

tum projection noise (QPN), or to technical sources such as electronic noise or frequency
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fluctuations of the interrogating laser system. Laser frequency noise in combination with
the non continuous interrogation of the atomic transition is referred to as the Dick effect
(sec. 2.7.2). A common measure to estimate the instability (= the statistic significance
of a measurement) of a given time 7 is the Allan deviation (ADEV) o,(7) [21,67,68]. It

is given by

_Av 1 T.

oy(1) = V_OK—\/N — (2.33)

where for Rabi excitation of pulse duration 7T, Av is the Fourier limited line width of
approx. 0.8/T, of the 'Sy — 3Py «clock transition frequency of
Vo = 429228 004 229 873.0(2) Hz [69]. The parameter K accounts for the observed transi-
tion line shape. It is in the order of &~ 1 for Rabi spectroscopy. T, is the single interrogation
cycle time (Sec. 2.5, T, = Ty + T}rep) and N the signal to noise ratio at the quantum pro-
jection noise limit which is equal to the number of atoms for an excitation fraction of
p.=0.5. QPN is a fundamental quantum mechanical property related to the interrogation
of the atoms. It arises when the atoms are in a superposition state of ground |g) and
excited state |e). Detecting the atomic state will collapse the superposition into either of
the states. The excitation probability is estimated by the number of detected atoms in

lg) and [e).

_ N.—-N,
~ N.+ N, —2N,

Pe (2.34)
where N, is the measurement offset. For many atoms the variance of Eq. 2.34 can be

written as

U(pe> - Npe(l _pe) (235)

with IV the number of clock atoms. Eq. 2.35 has a peak uncertainty at the clocks operating
point p. = 0.5. Since the excitation probability of a single particle is binary several
measurements are required to precisely determine its excitation probability. This features
a major advantage of lattice clocks compared to ion clocks where in a single interrogation
cycle many atoms contribute to the spectroscopic signal. This leads to a huge advantage

in instability over Ion clocks were only one particle is available.
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Nevertheless in some aspects Ion clocks are favorable over lattice clocks e.g. due
to lower vulnerability of certain systematic effects. Combining the benefits with larger
particle number triggered the development of multi Ion clocks to close the gap in instability

of such systems to lattice clocks.

2.7.2. Dick Effect

As discussed in Sec. 2.5 every clock cycle consists of three different steps. Preparation
of the atomic ensemble, performing clock spectroscopy (interrogation) and state readout.
During preparation and readout the interrogation laser’s frequency is not observed by the
atoms. in this so called “dead-time” aliasing of laser frequency noise leads to a phantom
frequency offset known as the Dick effect [43] that degrades clock stability. Interrogation
lasers with low noise characteristics such as system that are prestabilized to ultra stable
cavityies [17,63] allow longer probing duration that reduces the Dick effect to a certain
extend. But for a single clock dead-time will always be present so as the Dick effect. The
influence of the Dick effect on the Srl clock was discussed in great detail in [57,70]. Since
the same interrogation system is now in use in Sr3 the previous characterization is still

applicable and will not discussed here again.

37
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The Sr-lattice clock at PTB has a history of about two decades where it contributed
high quality scientific results in various fields of research such as the search for dark
matter [71], relativistic geodesy [72], temporal variation of fundamental constants [§]
and more. The characterization of systematic effects on the Sr atoms was successfully

published in numerous publications [45,57,70].

In the characterization of the most important frequency shift in Sr-lattice clocks,
the black body radiation (BBR) shift, Srl contributed valuable experimental results [45].
Even today, nearly a decade later the determined static coefficient Avg,,; of the total BBR

frequency shift is still the most accurate value available.

The dynamic contribution Avg,, published in [45] was updated with lower uncertainty
a few years later in [44] but both values are in agreement within their uncertainties.
Recently the evaluation of Avg,, was revised in our group [46] which lead to a correction
of approx. 1-107'® in the total BBR frequency shift . The total systematic uncertainty of
PTB’s Sr-lattice clock Srl operated at room temperature is at the level of approx. 2-10717,
dominated by the uncertainty of the BBR shift. The limitation arises due to temperature
differences across the chamber. From the highest T,,.. and lowest T),;, temperature
measured the representative temperature and uncertainty (T),q: + Tonin)/2 are estimated
with an uncertainty of (Tae — Timin)/V/12. This procedure is in accordance to BIPM “s
“GUM: guide to the Expression of Uncertainty in Measurements” [48]. The Srl vacuum
chamber does not allow a reduction of the temperature differences due to its design.
Even with extremely well controlled temperature of the apparatus as presented in [47], a
fractional uncertainty of about 1.4 1078 remains” due to the uncertainty of the dynamic

coefficient. In other words without better knowledge of the dynamic coefficient a Sr-lattice

6At a temperature of 293 K
70.9 - 10718 after the revision of [46]
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clock operated at room temperature can not surpass a total systematic uncertainty below
about 0.9 - 10718, To improve the BBR shift uncertainty, either the uncertainty of the
dynamic coefficient must be lowered or performing clock operation at lower temperatures.
Lower operation temperatures relax the requirements on the knowledge of the coefficients
inherently as demonstrated in Fig. 3.8 already. In the design of the new Sr3 clock we
follow that approach and operated it at around 80 K. In the following chapter the new
physics package is described with a focus on its impact on the BBR shift and the overall

clock performance.

3.1. The new physics package

The new vacuum system features a significantly different approach as the Srl clock. The
design of Sr1 was a rather simple large sphere and not optimized for homogeneous temper-
ature distribution that minimizes the BBR shift uncertainty. The main improvement in
Sr3 is a three layer design to shield the atoms in the inner layer best from room tempera-
ture BBR. The first layer is basically the vacuum chamber itself made from stainless steel.
Inside the vacuum system a dual layer cryostat (Figs. 3.1, 3.3 3.9) made from oxygen-free
high thermal conductivity copper (OFHC) is attached to a cooling engine that supports
cryogenic operation. The dual layer design of the cryostat shields the atoms best from
black-body radiation and the inner layer provides excellent temperature homogeneity. A
detailed description of the cryostat can be found in Sec. 3.2.1. In the following sections

the Sr3 systems is described in further detail.

3.1.1. Vacuum chamber

The Sr3 vacuum chamber is fabricated from low magnetic stainless steel 1.4404 (316L).
Their CF-flanges are made from a steel alloy (1.4429, 316LN ESR) that offers an even
lower magnetic permeability (approx. 1.005Vs/Am compared to 1.1 Vs/Am of 316L).
After machining low hydrogen annealing at a temperature of approx. 950 °C in vacuum
was applied, to minimize the diffusion of hydrogen into the chamber. This may degrade
the systems vacuum pressure. The vacuum chamber and the relevant attachments are

mounted into a lightweight aluminum framework. At the bottom a 400 L/s Ion pump with
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Figure 3.1.: Physics package of Sr3. The optical beams are delivered via FC-
APC optical fiber to the vacuum chamber. The superimposed MOT beams
at 461 nm and 689 nm are delivered from the bottom (b and c¢) at an angle of
about 45° towards gravity. The vertical lattice is inserted horizontally through
a CF-40 viewport at the front and reflected upwards by an in-vacuum mirror.
The clock laser is counter propagating to it. The MOT coils are not shown
here. They are placed in the 140 mm diameter viewport next to the trap center
where the detection and horizontal MOT beams (not shown) are delivered.
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an additional titanium sublimation pump (Gamma Vacuum 400LX TiTan Ion Pump) is
installed (Fig. 3.1). Close to the elbow that holds this ion pump, at a CF-40 T-piece
a Bayard-Alpert vacuum meter (BARION pro from Vacom) is installed that allows to
measure the vacuum pressure ranging from 1- 1072 mbar down to 3 - 107! mbar. At
the other port of the T-piece, opposite to the vacuum meter, a residual gas analyzer
(PrismaPro QMG 250 F1) is installed to measure the residual gas composition in the
vacuum system. Its covers a detectable mass range of 1-100 atomic mass units (amu) with
a detection threshold of 4-107! mbar. Knowledge about the background gas composition

is essential for the estimation of the induced frequency shift (Sec. 3.5.4).

The strontium oven section is separated by a gate valve from a 40cm long tube
attached to the main chamber. Around the tube the tapered solenoid Zeeman slower is
assembled. The gate valve allows to seal the oven part from the main vacuum chamber

when the oven gets refilled.

In between the oven and the valve, a 6-way cross is installed. Through a CF-40
viewport it allows observation of fluorescence from the atomic beam when the Zeeman
slower laser is active. This is a quick and easy way to verifying if the Zeeman laser works
properly or if the atomic beam is present. Two other ports of the 6-way cross hold the
atomic beam shutter and its heat shield (Sec. 3.2.7. On the last port a 45 L/s ion pump is
installed for differential pumping. The gasket at the oven/6-way connection has a 2mm
diameter aperture only to minimize strontium vapor deposition into the vacuum system.
The gasket between the gate valve and the 6-way cross has a 10 mm diameter aperture
and protects the gate valve from pollution with strontium vapor. The oven is mounted
into a port aligner (Hositrad HMC1000) with XY manipulator allowing a travel range of
+12.5mm and a tip-tilt range of 4-2°.

At the top of the main chamber two CF16 ports are designated to implement the
cryogenic atomic beam shutters. The cryogenic atomic beam shutters block any direct line
of sight from the atoms to the oven or outside room temperature BBR. Thus suppressing
the BBR shift during spectroscopy. They are part of the cryostats concept to minimize
the BBR shift uncertainty but at the time this manuscript was written they have not
been implemented. More about the influence of the missing cryogenic beam shutters on
the BBR shift uncertainty can be read in Sec. 3.2.6.

To compensate for any stray magnetic field either from earth or from laboratory equip-
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ment a set of three orthogonal pairs of magnetic field coils in Helmholtz configuration is
installed at the experiments framework. Each pair consists of two identical coils, electri-
cally connected in series and can be separately addressed via a current sink controlled by
a ramp generator that can be programmed by the experimental control program. The
Helmholtz field of every coil can be varied in every individual step of the experimental

cycle pattern.

Pulse tube cooler
To cool the cyrostat to its operational temperature to about 77K a closed cycle pulse
tube cooler (PTC) is installed near the vacuum system (Thales cryogenics LPT9710 with
Chroma 61602 AC power supply) into the framework. The feed trough for the cold
finger of the PTC required a Helicoflex seal (supplied by Technetics Group) instead of a
copper gasket. It never turned out to be a limitation in achievable vacuum pressure at
any operational temperature. The pulse tube cooler is actively water cooled by copper
pipes winded around its heat dissipating parts. A flow sensor in the water cooling circuit
monitors the water flow and will switch off the pulse tube coolers power supply in case
of cooling water flow failure to prevent the pulse tube cooler from taking damage from

overheating.

Optical access
The vacuum system offers several viewports for optical access for all relevant laser beams.
All relevant beams apart from the horizontal MOT beams are depicted in Fig. 3.1. The
Zeeman slower beam is implemented counter propagating to the atomic beam at the
opposite side of the oven. Two of the three MOT beams are fed in from the bottom at an
angle of 45° against gravity and are retro reflected at the opposite side of the chamber.
The third beam is directed trough the MOT coils at the front CF-160 flange. Their free
aperture of about 18 cm is quite large but severely shaded by the inner aperture of the
MOT coils of only about 20 mm. The retro reflected detection beam and the beams for

spin polarization are passing trough them at a slight angle of approx. 15° to the coils axis.

Close to the retro-reflector of one of the MOT beams the repump laser beams enter
the chamber. The beams of both lasers are coupled into the same FC-APC fiber by
superimposing them with a polarizing beam splitter on a compact distribution board
similar to the one described in Sec. 4. At the opposite side of the chamber a mirror allows

to retro reflection the beams.
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Fiber output coupler '
60CF-4-M5-10 Clock retroreflector for fiber noise cancellation
T 698nm=5%

-17 dB optical attenuator
Thorlabs NE520B

Lattice retro reflector
HR 813 nm, AR 698 nm

Achromatic doublet
Thorlabs AC254-400-B-ML
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Figure 3.2.: Schematic of the lattice and clock laser propagation. Both beams
are delivered via FC/APC fiber and form 1/e? focus radii of 75 pm (lattice)
and 215um (clock) at the position of the atoms. The parallelism between
lattice and clock laser beam is better than 0.3 mrad.

3.1.2. Lattice and clock laser beam delivery

In Sr3, the orientation of the lattice was chosen vertical. This greatly suppresses tunneling
as discussed in Sec. 3.5.10 and allows to operated at lower potential depth that in turn
reduces the lattice light shift uncertainty. The light from the lattice laser is transported
via a 10m long polarization maintaining large-Mode-Area Photonic Crystal Fiber (AL-
PhANOV LMA-PM-15) to the vacuum chamber. A robust cage system is attached to
the vacuum chamber that holds several optomechanics for beam shaping and polarization

control (Fig. 3.2).

After the lattice fiber an f = 40 mm lens collimates the lattice beam to a diameter of
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approx. 2.8 mm and passes a rotatable waveplate that aligns the polarization of the lattice
to that of the PBS. To create a diffraction-limited focus with minimal optical aberrations
a pair of achromatic doublets (Thorlabs AC254-500-B-ML, AC254-400-B-ML) are used

to form the lattice focus where the atoms will be trapped into.

After the first doublet, the lattice beam enters the chamber through a CF-40 viewport
at the front of the chamber and is reflected upwards by an in-vacuum fold mirror. The
beam propagates vertically thorough the cryostat and exits the vacuum chamber through
a CF-40 viewport at the top CF-200 flange. There another cage systems is mounted to
the vacuum chamber. It holds the relevant optics for lattice retro reflection and for the

alignment of the clock laser beam and its polarization control.

The lattice laser is re-collimated by the other doublet (Thorlabs AC254-400-B-ML)
retro reflected by a highly reflective (HR) mirror. This mirror is also highly transmissive
for clock laser light at 698 nm. The clock laser light is delivered by an polarization
maintaining single mode fiber from the clock laser in the neighboring laboratory. The
output coupler collimates the clock beam to diameter of approx. 1 mm. A retro reflector
with only 5% transmission at 698 nm reflects most of the light back trough the fiber which
forms one arm of an interferometer that is used to stabilize the optical phase of during
spectroscopy [64]. After the clock laser retro reflector the optical power is reduced by
a gray filter with an optical attenuation of approx. —17dB. The aromatic doublet then
focuses the clock laser to the same position as the lattice. The foci were measured with a
beam profiler camera (Cinogy, CMOS-1201-Pico (1/2.5”)). The clock laser waist radius is
measured to wo e9s nm = 215 pm which is about four times larger than the lattice focus of
Wo 813nm = 7o nm. This minimizes inhomogeneities of the Gaussian probe beam intensity

profile that the atoms experience.

Both foci overlap with a displacement better than 10 pm and a parallelism below 0.3 mrad.
Great care must be taken in the beams parallelism otherwise the line contrast will degrade
as described in [35,39]. This effect increases with stronger misalignment of the probe with
respect to the lattice axis. The polarization of the lattice and the clock laser are aligned
nearly parallel in the horizontal plane and pointing along the quantization axis given by

the magnetic field of the MOT coils.

Two enhancement cavities are foreseen for potential future installation. The first

one inside the cryostat (Fig. 3.2) that allows the study of higher order lattice light shifts
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Figure 3.3.: View on the inside of the Sr3 physics package. Due to the fold
mirror for the lattice that is placed between two lenses that collect fluorescence
signal for the state detection the detection beam has a dark spot in the middle.
The optical enhancement cavity is not in use yet.

as well as a non destructive detection [73,74]. Another one outside the vacuum system
enhances the vertical lattice and allows the study of higher order light shifts such has the
E2/M1 shift and hyperpolarizability.

3.1.3. State detection optical imaging system

To detect the atomic state, Sr3 relies on the same destructive fluorescence state detection
scheme as Sr1 [62]. Three consecutive pulses resonant to the 'Sq—!P; transition determine
the number of atoms in the ground- |g) and excited state |e) followed by a background
signal calibration. The light scattered from the atoms (Fig. 3.3) is collected and collimated
by an in-vacuum customized AR coated spherical lens (50.8 mm diameter, 100 mm) with
a central hole of 10 mm diameter. The central hole is required for the lattice laser beam

to pass trough. The collected light from fluorescence is thus shaped like a ring looking
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similar to a LGg; mode or “doughnut-mode”. An additional in-vacuum f=400 mm lens
focuses the light that is exiting the vacuum system trough the bottom CF-63 viewport. An
adjustable fold mirror directs the light towards the gated photo multiplier tube (PMT).
By an additional f=50 mm lens the images on the PMTs active detector surface was
optimized. An optical bandpass filter (Thorlabs FL460-10) that has a passband around
460 +2nm and a transmission window of width FWHM = 10 4+ 2 nm blocks any parasitic
radiation in the range of 200 nm — 1100 nm. This minimizes the background signal from
e.g. stray light. Within this imaging system, several apertures reduce stray light that
is contributing to the background signal. On the entire optical path, all components
are colored in varnish black where possible. The PMT produces an output current of
L0 = 100 pA that is amplified to a voltage ranging from 0—10V for typical experimental
conditions. The output signal of the amplifier is connected to one of the analog input
channels of the experimental control system where it is processed and converted into and

arbitrary number of “counts”.

3.1.4. Experiment control system

The experimental control program is based on the commercially available software LAB-
VIEW. It was adopted from the team operating the Sr2 transportable clock where my
college Stefan Vogt did a great job in further developing the software that was initially
developed from the group of Carsten Klempt at the university of Hannover. He described
it in great detail in his work [33]. With the FPGB (field-programmable gate array) based
hardware the experimental control system enables a large variety of functionality. A
serial port interfaces allow communication with external devices such as Direct Digital

Synthesizers (DDS) and ramp generators.

In total 80 individually programmable transistor-transistor logic (TTL) output chan-
nels as well as eight analog input and eight analog output channels are available for com-
munication with external devices. At the moment approximately half of the TTL output
channels are used to run the clock. The integrator error signal of the frequency lock of the
lattice-, 461 nm- and 689 nm laser are connected to analog input channel to monitor their
status online for potential user intervention. The detected signal of the PMT is connected
to an analog input channel. The experimental control program converts its voltage signal

to the arbitrary unit “counts” that is proportional (but not yet calibrated) to the number
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of detected atoms. For each channel a pre- and post delay can be programmed which is
very convenient to account for time delays in the addressed devices such as a mechanical
beam shutter. In our experiment the control system addresses six ramp generators to
steer the current in the compensation magnetic coils, the spectroscopy lattice depth of
an interleaved measurement and the bias magnetic field forming the quantization axis for

the atoms.

3.1.5. MOT coils

The magnetic required during the two MO'T stages, state preparation and spectroscopy is
generated by a pair of custom build coils. Its design was adapted from our transportable
clock Sr2 [33] which proved to be reliable even during field operation. They are installed
outside the vacuum system in two 140 mm diameter viewports of a CF-160 flange (Fig. 3.1
and Fig. 3.5). The TTL addressable electric circuit design allows to operate the coils
either in Helmholtz or anti-Helmholtz configuration. During the MOT stages the coils are
operated in anti-Helmholtz configuration to provide a field gradient at the center. During
state preparation and spectroscopy (Sec. 2.5) it is operated in Helmholtz configuration
producing a homogenious field at the place of the atoms that establishes the quantization

axis.

Generating the required magnetic field during the blue MOT phase requires the largest
current the system requires of 50 A. The coils electrical resistance was measured to be
24.4mf) and 25.6 m{2 resulting in an electrical average power consumption of 125 W. Even
at a duty cycle below 50%, which is typical during clock operation, their thermal load is
still high and causes severe heating of the coils and their surroundings. To dissipate the
heat efficiently water cooling is required. Considering to place the coils as close as possible
to the atoms at the inside of the cryostat to reduce the heat dissipation, any heating of the
coils will be a handicap for cryogenic operation and of course introduce a BBR frequency
shift on the atoms. Placing the coils outside of the vacuum chamber circumvents this
problem and allows a non vacuum compatible design which reduces complexity. In Sr3
this approach was followed. The coils are made of hollow wire for cooling water flow.
The winding scheme directs the cold water intake to supply such windings first that are
closest to the vacuum chamber. In that way, heat transfer from the coils to the vacuum

chamber is minimized.
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To measure the coils magnetic field they have been operated at a test bench. They
were placed at a distance of 86 mm which is equal to their final distance when assembled
to the Sr3 vacuum system. The coils axial magnetic field, denoted as the z-axis, was
measured with an axial hall probe (Magnet-Physik HS-AGB5-4805). They were tested in
anti-Helmholtz configuration at 20% of the design current since no water cooling was
available at that time. According to the Biot—Savart law the on-axis magnetic field
depends linear on the electric current, thus one can expect a 5 fold increase in the magnetic
field when operated at the design current of 50 A. Fig. 3.4 shows the measured magnetic
field recorded at a current of 10 A multiplied by a factor of 5 to estimate the magnetic
field at the design current of 50 A.

The center field gradient is about 0.1 mT/cm, which is only 75% of the gradient
compared to [33]. It is likely that our coils suffer from a short circuit occurred during the
manual manufacturing process, effectively reducing the number of coil windings and thus
the maximum magnetic field. The electrical resistance of the identical reference coils from
the transportable clock are approx. 30mS) which is significantly higher. This supports

the theory of reduced windings due to short circuits.
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Figure 3.4.: Axial magnetic field generated by the MOT coils in anti-
Helmholtz configuration. The measurement was performed at an electrical
current of 10 A and up scaled to estimate the magnetic field at the design cur-
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Figure 3.5.: Photograph of one of the MOT coils (left) installed in Sr3. The
aluminum mounting plate holds the fiber output coupler and beam delivery
mirrors for the detection beam and the output coupler of the superimposed
horizontal blue and red MOT beam and aligner. For the Zeeman slower beam
an alignment tool similar to a conventional mirror mount is installed directly
to the CF-40 flange. It allows full beam alignment (lateral and tip-tilt) as
well as full polarisation control via rotation of the fiber end and a rotatable
A/4 waveplate. The f=40mm collimation lens can be adjusted in the beam
propagation direction for optimizing the beam diameter with respect to the
atomic beam size.
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3.1.6. Zeeman slower

The first step in the process of preparing the atoms for spectroscopy is to capture them
from the oven into a 3D magneto optical trap (MOT). The most common way is to use an
evaporative oven as atomic source and decelerating the atoms by using a Zeeman slower.
A different technique is laser ablative loading [75,76], which is not part of this work. The

principle of decelerating atoms with a Zeeman slower has been discussed in Sec. 2.1.1.

In Sr3 at an oven temperature of approx. 500 °C the included strontium is evaporated.
Capillaries at the oven’s exit form an atomic beam. An additional aperture of 2mm
diameter in approx. 23 cm distance from the oven, reduces the divergence of the atomic

beam.

Light from a frequency stabilized ECDL is delivered through an FC-APC fiber from a
laser distribution board to the experiment. In the distribution board a fraction of the light
from the ECDL is rerouted and used for frequency control and frequency monitoring. The
laser is operating near the 'So(F = 9/2) —' P;(F’ = 11/2) transition at 461 nm is coupled
into the vacuum chamber opposite to the oven, counter propagating to the traveling atoms
(Fig. 3.1 right). A mechanical mount at the CF-40 flange allows transverse and angular
alignment of the optical beam (Fig. 3.5). The required optics are mounted into a robust

short lens tube system.

After the fiber the beam diverges to 6 mm in diameter before it is collimated by an
adjustable f=40 mm lens. An f = 1500 mm lens focuses the beam all along the Zeeman
slower to a diameter of approx. 2w(z = 1065mm) = 2mm at the capillaries of the atomic
oven. For fine adjustment of the overlap between the optical- and the atomic beam
the collimation lens is adjustable along the propagation axis which influences the beams
caustic. The fiber holder and a following A/4 plate are rotatable offering full polarization

control.

The first approach for a Zeeman slower was based on a longitudinal field design based
on spherical permanent magnets [77]. Measurements of the longitudinal magnetic field
profile along the Zeeman slower axis turned out to be not ideal which is why we did not
continued to follow such a concept. We decided to go the more flexible way for Sr3 and use
a coil based slower that delivers a longitudinal magnetic field. For the lab based system

it was not difficult to construct a water cooling system. It was shared with that of the
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MOT coils.

Target parameters

At a typical oven temperature of about 500 °C the most probable velocity of the atoms
is approx. 450m/s (Eq. 2.1). This corresponds to a Doppler frequency shift of Avpppier =
—977 MHz from the atomic 'Sy — 'P; transition frequency at rest. To compensate the

Doppler shift with the Zeeman effect, a magnetic field of approx. By = 70mT is required.

In our design, we requested a final velocity of the atoms v, = 50 m/s which is typically

slow enough to capture the atoms in the first MOT stage.

The full extend of the slowing length is 253 mm given by the available length of the
vacuum tube. An offset magnetic field of approx. B,sy = —38mT was introduced that
corresponds to a frequency detuning of the unperturbed transition frequency of —535 MHz
which is easier to bridge by frequency shifting acousto optical modulators (AOM). But
this leads to a zero crossing of B(z) (Fig. 3.6) and a change in sign. To remain B(z)
following the target field an additional coil is required that is called “auxiliary” in the
following. The other is denoted as “main”-coil. The design currents are 6.2 A and 2.7 A
for the main and auxiliary coil which causes a thermal heat load of 66 W in total that is

dissipated by the same water cooling cycle of the MOT coils.

Slower’s magnetic field, Doppler spectra

At the electrical design currents given above the slower’s longitudinal field B(z) was
measured with the same longitudinal hall probe as that of the MOT coils. The result
can be seen in Fig. 3.6. The measured magnetic field is in excellent agreement with the

simulation and matches the target field.

To test how the Zeeman slower performs in the deceleration of atoms, their velocity
distribution is measured using Doppler spectroscopy. Therefore, an additional probe beam
is fed into one of the available MOT viewports (Fig. 3.1) to probe the traveling atoms at
the position of the MOT. The angle between the atomic beam and the probe beam is 61.5°,
which allows to determine the Doppler shifted resonance frequency of the atoms in the
atomic beam. The radial velocity of the atoms in the collimated atomic beam is expected
to be close to 0 m/s so an additional laser beam probing the atoms perpendicular to their

direction of travel can determine its resonance frequency at rest as a reference. Due to the
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Figure 3.6.: Measured magnetic field (black dots) along the Zeeman slower’s
z-axis. The target field (blue solid line) and the simulated field of the design
(red solid line) described in the text are in good agreement. The measured
magnetic field is slightly deviation at the extremes of the target field, but apart
from that in excellent agreement.
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known angle of the probe beam fed into the MOT viewport, the resonance frequency can
simply be corrected for the Doppler effect without the need of the perpendicular probing
beam. All further results in the text are corrected for the corresponding Doppler shift.
The fluorescence signal of the atoms is detected by the state detection system (Sec. 3.1.3).
Since the PMT was not available at the time of the measurement a CCD-Camera was
used instead. It produced a signal in the arbitrary unit “counts”, proportional to the

fluorescence signal of the atoms.

The laser beams for the Zeeman slower and the probe beam are delivered from two
different ECDL’s. The Zeeman laser is frequency stabilized to a cavity-stabilized laser that
only serves that purpose. To monitor the frequency detuning between the Zeeman laser
and the probe laser, a fraction of their power is used to create a beat note on an avalanche
photo detector (APD, Thorlabs APD210). Their beat note is monitored on a spectrum
analyzer while the probe beam was scanned. Its scanning range was approx. 1.4 GHz to
cover the full velocity distribution of the atomic beam. From the frequency of the beat

note the axial velocity of the atoms is derived.

The measurement result is shown in Fig. 3.7. The reference measurement without
active Zeeman slower (without light and without magnetic field) serves as reference. Its
peak velocity is at about 435 m/s, which is in good agreement to the expected 450 m/s
calculated with Eq. 2.1. The slight deviation is suspected to be caused by a temper-
ature offset between the temperature sensor and the strontium inside the oven. The
colored measured velocity distributions in Fig. 3.7 represent measurements at different
laser frequency detunings from resonance ranging from —793 MHz to —632 MHz. Atoms
can be decelerated velocities ranging from approx. 700 m/s to about 50 m/s (see inset in
Fig. 3.7). At all detuning frequencies measured (colored lines in Fig. 3.7) deceleration was
observed, where larger frequency detunings produce greater signals at the corresponding

peak velocity.

Since the probe laser is not frequency stabilized during every frequency scan its fre-
quency drift leads to a offset that transfers to an error in the determination of the velocity
distribution of the atoms. The error bars for the peak velocity in the inset in Fig. 3.7
attribute this issue. The error was obtained by observing the probe laser frequency dif-
ference before and after such a frequency scan. The frequency detuning of the Zeeman

slower laser has been determined by the frequency of the beat note and the frequency of
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the probe laser read from a wavemeter. The width of the beat note was about 5 MHz
which is attributed as the uncertainty in the frequency detuning of the Zeeman slower

laser.

Since the atomic beam ends at the viewport where the Zeeman slower laser beam
is entering the chamber, a certain amount of Sr atoms will hit the optical surface and
stick to it. After build up of a layer of deposited strontium on the optical surface, it will
become opaque. This has been experimentally investigated by [78]. Based on their results
the atomic flux in Sr3 is estimated to be 1.9- 10" atoms/s cm? at an oven Temp of 500 °C.
The resulting growth rate is 0.38 nm/h. We define the “lifetime” of the viewport as time
elapsed for a loss in transmission of 50% at a given growth rate. For our case it is expected
to be about 1800h (77 days) of continuous operation. The lifetime also scales inverse
with the vacuum pressure. The lower the residual gas pressure the shorter the lifetime
will be. The presence of water in the residual gas will counteract the buildup of strontium
by reacting to Sr(OH,) which is transparent at 461nm. In Sr3 this problem occurred
already. A layer of deposited strontium was clearly visible and had a strong negative
effect on Zeeman slowing of the atoms which exhibited in a poor loading efficiency into
the blue MOT. The layer was obviously thick enough to decrease the optical transmission.
The viewport used here is an AR coated sapphire window that minimizes strontium vapor
deposition. It was exchanged and the loading efficiency of the blue MOT was recovered.
The observed lifetime cannot be states with certainty since this is not a documented
parameter but from personal feeling it is in marginal agreement with the predicted lifetime.
The deposited strontium on the exchanged viewport could be removed by cleaning the

surface with deionized water.
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Figure 3.7.: Measured Doppler spectra with Zeeman slower at different laser
detunings (colored lines) and without (black). Atoms with velocities of up to
approx. 700 m/s can be decelerated with our Zeeman slower to final velocities
ranging from 90 m/s down to about 40m/s. The inset shows the peak of the
velocity distribution of the decelerated atoms at the given detuning. The ex-
periment was performed by using ®Sr due to the greater the natural abundance
of that isotope that gives a greater measurement signal. The results can be
adapted directly to 87Sr since their properties regarding laser cooling is similar.
Error bars in the inset attribute the laser frequency drift that translates into
an error in the determination of the atomic velocity. The uncertainty of the
detuning arizes due to the uncertainty of the Zeeman slower lasers frequency
which has been determined by the frequency of the beat note that has a width
of approx. 5 MHz.



3.2. REDUCING THE BLACK BODY RADIATION SHIFT UNCERTAINTY

3.2. Reducing the black body radiation shift uncertainty

Operating a Sr-lattice clock at cryogenic temperatures substantially relaxes the require-
ments on the exact knowledge of the representative temperature and the resulting fre-
quency shift of the clock transition. This is a common approach to tackle the black
body radiation shift uncertainty in lattice clocks [57,79,80]. In Fig. 3.8 the relationship
between operating temperature and BBR shift uncertainty for different uncertainties is
shown. Decreasing the operational temperature results in a dramatic improvement in
shift uncertainty even if one has to accept higher uncertainty (e.g. due to decreasing
temperature homogeneity) of the temperature to a certain extent. When operating a Sr-
lattice clock at room temperature the knowledge of the atomic response to the BBR field
is the limiting the fractional uncertainty of the BBR shift to approx. 1-107'® [46]. The
commercial availability of closed cycle coolers (e.g. pulse tube coolers) allow operational
temperatures of approx. 77 K. A cryogenic clock without the need for refilling liquid ni-
trogen and the required supply logistics is hereby an advantage. In the following sections
the cryogenic environment, the dual layer cryostat that represents the core of the new Sr3

clock, and its impact on the BBR frequency shift uncertainty is described.

3.2.1. Cryostat

Previous attempts to reduce the BBR shift uncertainty in Sr1 relied upon atomic transport
into a liquid nitrogen cooled environment [57]. Therefor the optics forming the optical
lattice were placed on translation stages to transport [81] the ultracold spin polarized
ensemble for about 45 mm into the coldfinger for spectroscopy under cryogenic tempera-
ture conditions. The duration for the atomic transport was about 350 ms and lead to a
loss of atoms of about 10%. Additionally the transport induced vibrations resulted in an
additional first order Doppler frequency shift of 5.5(8) - 1077 [57]. To circumvent theses
issues, Sr3 features an all cryogenic design based on a dual layer cryostat that offers good
temperature homogeneity and thereby enables a BBR shift uncertainty in the low 10718
range even when operated at room temperature. The core design of Sr3 is based on an
in-vacuum dual layer cryostat made of OFHC copper (Fig. 3.9). This material offers good
thermal- and electric conductivity which makes it a suitable candidate for applications

at cryogenic temperatures. The temperature of the cryostat can be lowered ranging from
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Figure 3.8.: Fractional uncertainty of the BBR frequency shift due to the
uncertainty of the representative temperature T and the atomic response co-
efficients Avg,, and Avyy, as a function of absolute Temperature. Operation
near room temperature with an uncertainty of 20 mK of the representative
temperature the limiting factor is the knowledge of the dynamic coefficient
Ql4yn in the atomic response to the BBR field. During clock operation at room
temperature an uncertainty of approx. 20 mK of the representative tempera-
ture was achieved, and approx. 150 mK when operating near 80 K. This figure
includes the revised contribution of Avy,, from [46].
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Figure 3.9.: Dual layer in-vacuum cryostat. The design shields the atoms
greatly from BBR and offers excellent temperature homogeneity offering a BBR
uncertainty at the low 1078 level at room temperature and about an order of
magnitude better at cryogenic temperature. The inner shield is painted black
(not shown) to prevent the build up of a BBR field. During cryogenic operation
at approx. 80 K the atomic beam shutters (not installed yet) block the direct
line of sight from the atoms to the outside. This prevents intruding room
temperature BBR to cause a frequency shift and an uncertainty contribution.
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room temperature to below approx. 70 K by the closed cycle pulse-tube cooler. The cryo-
stat also works as a Faraday cage to protect the atoms from outside electric fields. The
surface of the cryostat is reflecting thus owing a small emissivity factor that minimizes
absorption of thermal photons. Before installation it was stored in a sealed environment
filled with nitrogen to prevent oxidation and maintain its surface reflectivity. Intruding
BBR is therefore mostly reflected by the surface. The inside of the inner shield is coated
with several layers of Aquadag. A special dispersion of colloidal graphite in purest wa-
ter with a very high emission factor. Any BBR photon that enters the inner shield will
mostly be absorbed by this surface. To date the cryogenic atomic beam shutters are miss-
ing. They are supposed to be implemented through the hollow nacelle structure at both
sides of the cryostat (Fig. 3.9). Two CF-16 flanges at the top of the vacuum chamber
are foreseen to mount them on rotatable feed throughs. This allows to alter the shutters
state. Without physical contact to the body of the cryostat, the shutters temperature
follows that of the cryostat due to radiative coupling. nevertheless the structure will be
mounted on rotatable rods at the top CF-16 flanges of the vacuum chamber causing a
certainty heat intake. This will be investigated when the shutters are being assembled
into the clock. It is expected that their temperature deviates from that of the cryostat
at cryogenic temperatures. In a thermal simulation, the shutters reached a temperature
of 130K at a cryostat temperature of about 80 K. Once the shutters are installed their
temperature has to be verified in the running experiment. The influence on the BBR shift

uncertainty is discussed in Sec. 3.2.6 and can also be seen in Fig. 3.25 in Sec. 3.5.3.

Since an optical enhancement cavity is not implemented in the inner shield yet, its
hollow mounting structure is sealed with copper covers that are coated with Aquadag too.

This prevents additional leakage from outside room temperature BBR during operation.

As partially depicted in Fig. 3.9, a symmetric arrangement of two ceramic ring struc-
tures (one not shown) are mounted in the inner shield close to the atoms. These are
holding the electrodes for the dc Stark shift measurements. A more detailed description
of them as well as the determination of the dc Stark frequency shift and its uncertainty

can be found in Sec. 3.4.

During the blue MOT phase, by far the largest current is switched on to the MOT coils
to create the magnetic field gradient necessary. The switching of such large current induces

eddy currents into the electrically conducting cryostat. After the relatively fast switch-off
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of the MOT coils current (5ms), the eddy current in the cryostat will start to decay
over time. This causes unstable conditions for the splitting frequency of the outermost
mp = 19/2 magnetic sublevels. To prevent this a slit in both layers of the cryostat
(Fig. 3.9) suppresses the buildup and decay of such currents. To minimize intruding BBR

the slits are displaced to each other.

61



CHAPTER 3. THE ALL CRYOGENIC SR-LATTICE CLOCK SR3

Optical access and BBR absorption characteristics of N-BK7 windows

The two cryostat layers feature a total of 16 windows for optical access of the relevant
laser beams (Fig. 3.9). The windows are fabricated from N-BK7 and received a dielectric
AR-coating for the particular laser wavelengths. The two apertures for loading the atoms
and the Zeeman slower do not have such windows. The apertures that let the counter
Zeeman slower laser beam enter the chamber are not covered by a window since any
deposition of strontium vapor there would require to remove the cryostat from the main

chamber for cleaning which is quite complex.

The optics are attached to the cryostat with a 2 mm thick ring of indium. It provides
sufficient adhesion when the optics are squeezed to the surface of the cryostat. Any glue
would most likely outgas which is extremely unwanted this close to the atoms since the
residual gas can cause frequency shifts (Sec. 3.5.4). Typically, baking of adhesives reduces
their final outgasing rates. But in order to maintain the highly reflecting unoxidized sur-
face of the cryostat, baking would require to happen which is not possible in Sr3. Indium
on the other hand does not affect the vacuum pressure and is an approved material to
contact optics to metals such as aluminum or copper. Despite the difference in thermal
expansion coefficients of the copper/indium/BK7 combination (17/44/7 -107¢/K) dur-
ing all performed temperature cycles no failure was observed proving this is a reliable

approach.
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The main purpose of the windows assembled to the cryostats outer- and inner shield
(Fig. 3.9), is to absorb room temperature BBR and prevent it from entering the inner
shield. The windows are made of N-BK7 that combines transparency at the frequency
range relevant for laser cooling and trapping, as well as absorption characteristics in
the spectral range of room temperature black body radiation. The advantage of N-
BKY7 is a significantly lower transmission at frequencies below 1THz compared to e.g.
fused silica that is often used for similar optics [82]. Based on the work presented in
[57] the transmission through 12.7mm of N-BK7 is calculated. In Fig. 3.10 the BBR
spectral density at a temperature of 20°C (gray semicolon line) and its transmission
through 12.7mm of N-BK7 (red solid line) as a function of frequency is shown. In the
determination of the frequency shift the polarizability of the three lowest lying transitions
(552)1Sp— (5s5p) Py, (5s5d)3Po— (554d)*D; and (5s55p)3P1 —(5565)3S; (see also Fig. 1.4) is
considered where the 3Py —3D; transition contributes by far the most due to its resonance
around a frequency (wavelength) around 115 THz (2.6 um). Integrating the transmitted
BBR spectral density over the relevant frequency range (0-200 THz) the BBR frequency
shift is calculated to 0.9(9) - 107! and added to the Sr3 uncertainty budget (Tab. 3.4) at

cryogenic operation.
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Figure 3.10.: Spectral density of black body radiation at a temperature
of 293K (gray semicolon line) including the residual transmission through
12.7mm of N-BK7 (red solid line) as a function of radiation frequency. The
BBR suppression due to absorption occurs over a wide frequency range of the
BBR spectrum at room temperature. The transmission window at frequen-
cies above 110 THz leads to poor suppression of the high frequency tail. The
leakage of BBR around the 3Py —3D; resonance causes the dominant shift con-

tribution of a total shift of 0.9(9) - 107! from the leakage through the N-BK?7
windows.
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Figure 3.11.: Simulation of the temperature homogeneity of the cryostat
when operated at cryogenic temperature. The mean temperature in the inner
shield is about 80.53 K in the simulation. The peak temperature deviations are
—3.53K and 4+21.5 K over the shown parts of the cryostat. The temperature
homogeneity of the inner chamber is considerably better, predicting a homo-
geneity of approx. 20 mK which translates to a frequency shift uncertainty of
below 1 - 1020,

3.2.2. Expected frequency shift uncertainty from BBR

Placed in the middle of the inner shield, the atoms are excellently shielded from room
temperature BBR. The 35 mm diameter pylon of the cryostat connects the outer shield
and the cold finger of the pulse tube cooler. To allow access for the lattice- and clock laser
the pylon is hollow featuring a 20 mm diameter hole. Results from a thermal simulation
performed with the program ” Comsol Multiphysics”, indicate that the temperature of the
cryostat ranges from the temperature of the cold finger of about 77K to a maximum of

approx. 102K (Fig. 3.11) at the far end of the outer shield of the cryostat.

The temperature that the atoms experiences is the relevant parameter for the deter-
mination of the BBR shift which is that of the inner shield. Its temperature homogeneity
is approx. 20mK at 77K in the simulation. According to Eq. 2.25 this leads to a 1-0
temperature uncertainty of 5.8 mK and a frequency shift uncertainty of below 1072° in

fractional frequency units.
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3.2.3. Temperature acquisition

To measure the temperature of the cryostat during clock operation, eleven platinum re-
sistance thermometers with a nominal resistance of 1002 at 0°C (Pt100) are assembled
to it. Ten of the sensors are supplied and calibrated by Sensing Devices Inc. (A2485)
and the remaining one is from a different source (RS-Components, Order No. 293-8480).
More details about their calibration can be found in Sec. 3.2.4. Five of the sensors are
attached to the inner shield from where the temperature is directly processed to deter-
mine the clocks BBR shift. The outer shield holds four sensors and the pylon that is
the connection to the cryocooler is equipped with two sensors. All sensors come with
four wires that support the four-terminal sensing method (4T sensing). This technique
increases the measurement accuracy by eliminating the lead and contact resistance from
the measurement. All sensors are glued to the copper cryostat using the UV curable
adhesive Optocast 3410 Gen.2. The glue was cured with an UV lamp at an optical in-
tensity of approx. 40 mW /cm? for about 20 minutes. No additional high temperature
bake out process was done to prevent the unprotected copper surface of the cryostat from

oxidization.

The sensors are electrically connected to the CF-63 flange at the vacuum chamber
that supports a Sub-D feedtrough. The pin assignment and sensor positions can be found
in the appendix (Fig. A.3 and Fig. A.1). From the Sub-D connector the sensors are
connected to a multiplexer (Fluke 1586-2588 DAQ-STAQ) and read out sequentially by a
precision temperature scanner (Fluke 1586A Super-DAQ) where for each sensor the [a5]
and [b5] coefficients and the resistance at the triple point of water (R(TPW)) (Sec. 3.2.3)
is programmed to convert the sensors resistance into temperature according to the IT'S90

temperature scale [83].

The readout interval of the temperature measurement bridge is typically once per
minute. The measured temperature values are linearly interpolated to the 1s grid used
by the frequency counters. Automated real time BBR frequency shift corrections® are
generated from these data during clock comparisons e.g. with the transportable clock
Sr2 or the Yb™ single on clock. Srl relied on a manual BBR shift evaluation. Especially

temperature drifts of the system made the data evaluation tedious because long data

8This includes the correction to the thermodynamic temperature scale and corrections due to the un-
blocked apertures of the cryostat.

66



3.2. REDUCING THE BLACK BODY RADIATION SHIFT UNCERTAINTY

sets required separation in order to keep the systematic BBR correction and uncertainty

reasonably low.

3.2.4. Calibration of Pt100 Temperature sensors

The ten Pt100 temperature sensors purchased from Sensing Devices Inc. have been cali-
brated by the supplier based on the “Guidelines for Realizing the International Temper-
ature Scale of 1990 (ITS-90)” with trace ability to the National Institute for Standards
and Technology (NIST).

The manufacturer states an uncertainty (k=2) of 20mK, 5mK and 10mK at tem-
peratures of —196°C, 0°C and 30 °C respectively. Provided with each sensor are three
individual coefficients: The electrical resistance at the triple point of water (R(TPW)),
and the a[5] and b[5] coefficients that are experimentally found at the fix points defined
in [83].

To verify that the calibration is still valid after shipment and storing the sensors for
approx. 2 years, they were measured against a Pt25 platinum reference thermometer at

our site.
Calibration at 0°C to 50°C:

For the calibration measurement, a home build test environment was used that is
temperature controlled and well shielding the sensors under test from outside room tem-
perature fluctuations. It consisted of a massive copper block (referred to as the test
chamber) where the sensors are put into deep holes. Due to its size, the copper block is
thermally very stable and rather insensitive to temperature fluctuations. Additionally, it
is embedded into two layers of Styrofoam filled with buffer material for optimum shielding
against the outside room temperature. The test chamber’s temperature is controlled by
a bath thermostat that provides a stable temperature within the range of approx. 0°C
to 50°C. Four sensors can be tested simultaneously in the chamber where one was al-
ways the Fluke 5699 Pt25 reference thermometer. The measurement bridge that measures
the sensors electrical resistance was a Fluke 1594A Super-Thermometer is referenced to

an external resistance normal (Fluke 742A-100) with a nominal resistance of 1002 at a

9https://nvlpubs.nist.gov /nistpubs/Legacy /TN /nbstechnicalnote1265.pdf, Link last checked Sept. 2021
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Figure 3.12.: Experimental results from the calibration of the Pt100 temper-
ature sensors. Shown is the deviation of the temperature calculated with the
[a5] and [b5] coefficients from the measured resistance according to ITS90 [83]
with respect to the Pt25 reference platinum thermometer. The gray shaded
area is the estimated systematic uncertainty of the calibration environment
and the sensors (details in the text) which spans symmetrically around zero.
Error bars are statistical uncertainties by the standard deviation. The results
are corrected for self heating of the sensors in the environment (details in text).
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Figure 3.13.: Experimental results from the calibration of the Pt100 temper-
ature sensors performed in liquid nitrogen at approx. 77 K. Shown here is the
deviation of the calculated temperature from the measured resistance accord-
ing to ITS90 [83] with respect to the sensor 1. Error bars are the statistical
uncertainties represented by the standard deviation of the measurement.
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temperature of 20°C. All sensors have been measured using the four terminal sensing
method. In each measurement batch, three Pt100 sensors are measured against the Pt25
reference thermometer at temperatures of 0, 10, 20, 30,40 and 50 °C. Each temperature
was held for at least six hours after a 30 minute ramping from the previous temperature
at a data recording interval of 30s. The order of the aforementioned test temperatures

were chosen random to avoid unnoticed systematic changes of the calibration unit.

All tested Pt100 sensors are in agreement with the Pt25 within the measurement
uncertainty as seen in Fig. 3.12. For all sensors the manufacturer calibration uncertainty
is confirmed at 0 °C and 30 °C within the uncertainties of the measurement. Unfortunately
during handling two sensors (No.5 and No.7) got damaged and clearly show false readings
different to the others by several tens of mK. These sensors are installed at the cryostat
anyway and serve as auxiliary sensors only and are not considered for the evaluation
of the BBR frequency shift. The total systematic uncertainty of the measurement is
estimated to 8.8 mK!. It is depicted as the gray shaded area in Fig. 3.12. Since
sensor 1 has been measured in two different batches (batch 1: black squares, and batch
4: orange pentagons) it allows for an estimation of the systematic reproduceability of
the temperature measurements. The deviation of the measurement results of this sensor
is approx. 3mK and included in the total systematic uncertainty of the measurement

environment.

The electrical sensing current applied to the sensors during the calibration measure-
ment is typically regulated to constant 1 mA. This leads to parasitic heating of the sensors
which affects the temperature measurement in the form of an offset. To correct for it, the
measurement was repeated with two times the electrical power. The measured tempera-
ture deviation is then extrapolated to a sensing current of [=0 mA for all sensors. The

results in Fig. 3.12 this correction is applied.

Calibration at liquid Nitrogen temperature: To verify the calibration of the
sensors at liquid nitrogen temperature (LNy) of approx. 77K, a Dewar was used since
the test environment used for the previous calibration is not capable for testing at such
temperature. The Dewar was filled with LNy and three Pt100 sensors immersed into it.

The Pt25 was separately immersed, but unfortunately it prove to be not suitable for an

10Uncertainty contributions are: 4 mK measurement uncertainty of the setup, 4 mK heat conduction
through wires, temperature gradients and heat resistance, 6 mK calibration uncertainty of the sensors,
3mK uncertainty of the Pt25 reference thermometer.
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accurate comparison. Due to its very long probe compared to the Pt100 sensors its tem-
perature reading differed to those of Pt100 sensors was several K and strongly dependent
on the depth of the immersion into the bath. Therefore one of the Pt100 sensors 1 was
chosen as reference sensor and the temperature deviation of the other sensors measured
against it. This procedure automatically removes temperature drift of the bath since they
are common mode rejected. Of course the calibration of the supplier cannot be verified
by this procedure but still allows to identify sensors that produce unreliable results at
77 K. In Fig. 3.13 the remaining sensors agree within a range of 100 mK. This is far away
from the 20 mK of calibration uncertainty claimed by the supplier. But the setup used
to test the sensors was rather provisional. Potential errors such as parasitic heat intake
trough the wires of each sensor are likely to have happened during the measurement. Such
calibration measurements at liquid nitrogen temperatures are typically performed with
the sensors mounted into a massive copper block to ensure temperature homogeneity and
careful immersing it into the bath. The bath itself should under optimal conditions be
non boiling which takes about two days in a well isolated Dewar. In our case the sensors
were put into a little mount consisting of two copper plates to simply hold the sensors
in place. The LNy was able to flow around the sensors potentially causing temperature
gradients along the sensor. The temperature measurement was started a few hours after
the LNy was filled into the Dewar, having the LNy still boiling. Additionally a com-
mercially available Pt100 sensor from RS-Components (Order No. 293-8480, accuracy
class 1/10 B) was tested using standard coefficients according to DIN IEC 751 for the
resistance /temperature conversion. As seen in Fig 3.13 the temperature deviation of this
“general purpose” sensor is surprisingly small compared to some of the other sensors which
is why it was assemble onto the cryostats pylon. A complete overview of the position of

cach sensor at the cryostat can be found in the appendix (A.3).
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3.2.5. Cooling the cryostat

With the vacuum system set up and the cryostat installed, a first test was performed to
cool it to cryogenic temperature. The electric power of the pulse tube cooler was increased
step wise to prevent high cooling rates that may induce thermal stress especially on the
indium /window connection. A falling off window would be a total failure. After approx.
one day of cooling, cryogenic temperatures of about —190 °C have been reached (Fig. 3.14).
After another day the temperature of the cryostat is stable to the mK level with negligible
remaining settling rate of below 100mK/d. The temperature instability after reaching
stable conditions (starting after approx. 2 days in Fig. 3.14) is at the low mK level or
even below 1mK, as seen in Fig. 3.15. This is below the calibration uncertainty of the

individual sensors.

In Fig. 3.14 the sensor I3 shows significantly higher temperature readings of several
Kelvin compared to the other sensors at the inner shield I1, 12, 14, and I5. This behavior
is also observed at room temperature so that parasitic heating of this sensor from the
environment can be ruled out. It is considered broken and unreliable. Its readings will
not be considered for BBR shift evaluation. The readings of I1, 12, I4 and I5 are in
good agreement where 14 is showing a slightly higher reading. I4 is mounted on the lid
of the inner shield and shows an approx. 400 mK higher reading compared to I1, 12 and
I5. Those sensors are in agreement of approx. 20 mK verifying the expected temperature
homogeneity of the simulation (Fig. 3.11). The higher reading of 14 is likely caused by a
non ideal thermal contact between the lid and the main body of the inner shield which was
not included of the thermal simulation. For the evaluation of the BBR shift its readings
will be considered. The measured temperature homogeneity of the inner layer of the
cryostat, facilitates in a BBR shift uncertainty of about 2 - 107 in fractional frequency

units.

As expected the outer shield is slightly colder than the inner one due to its direct
connection to the cold finger of the pulse tube cooler (Fig. 3.9) via the pylon. The pylon
therefore has the lowest temperature of the entire cryostat. The electrical output power of
the pulse tube cooler was approx. 80 W to maintain a mean temperature of about —190 °C
of the cryostat. This is only about 50% of its maximum allowed power input. At such

electric drive power, its cooling power is about 5 W according to the devices data sheet.
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Figure 3.14.: Course of one temperature during the first cooldown experi-
ments of the cryostat. The temperature readings shown are from all in vac-
uum sensors. The sensor I3 shows a significant offset to the other sensors of
the inner shield for unknown reason and is considered damaged during assem-
bly. The other sensors of the inner- and outer shield are in good agreement
among each other. The secondary axis shows the temperature variation of the
mean inner- and outer shield temperature. After approx. one day of cooling a
mean temperature about —190 °C was reached whereas temperature stability
at the mK level requires another day to settle. For a period of several days
the cryostat was operated at stable cryogenic temperature conditions.
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Figure 3.15.: Allan Deviation of the temperature variation of the inner shield
after reaching stable conditions seen in Fig. 3.14. The temperature instability
reaches a level of below 10~* which is below the calibration uncertainty of the

SEensors.
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3.2.6. The missing cryogenic atomic beam shutters

The demonstrated temperature homogeneity of the inner shield of the cryostat leads to
a BBR shift uncertainty at a level of about 2 - 107!, However this exclusively refers to
the cryostat and neglects the influence of the cryogenic atomic beam shutters (and the
leakage through the installed N-BK7 windows) that are yet not installed. Their purpose
is to allow loading from the atomic beam into the MOT and prevent any BBR, either
from the hot atomic oven or outside room temperature to enter the inner shield during
spectroscopy and causing a frequency shift. At the present stage of the Sr3 clock, during
spectroscopy there is a direct line of sight between the atoms and room temperature
BBR through the unblocked apertures. The geometry on both sides of the cryostat is
named “atom injection tube” (AIT). Therefore the absent shutters must be included as
an additional source of uncertainty into the clocks uncertainty budget. In the following

an estimation of their uncertainty contribution to the total BBR shift is given.

The amount of room temperature BBR the atoms experienced can be described by
the solid angle the apertures allow for a direct line of sight between the atoms and the
room temperature environment of the laboratory. The center of the two 10 mm diameter
apertures are located 72.5mm/ cos?(15°) = 77.7 mm away from the atoms. For the deter-
mination of the solid angle the apertures are assumed circular for simplicity neglecting
their ellipticity. The solid angle €2 for one aperture with respect to the 47 full sphere is

calculated to

5mm

_1 _ -3
Q= 5 (1 cos <arctan (W))) =1.023(51) - 107" / 4w (3.1)

The uncertainty is related to 5% due to manufacturing tolerances. Additionally in-
truding BBR may reach the atoms by residual reflection from the surface of the inner
chamber although three layers of Aquadaq strongly suppress this. To account for imper-
fection of the Aquadaq layer, a minimum absorption coefficient of a;,;,, = 0.8 is assumed
conservatively. Following the description in [84] this can be interpreted as an enhancement

of the apertures solid angle by a factor of

Qeff max 1
Q (1= 0/ amm T Qjan (3:2)
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Here we continue with the mean solid angle
Qett mean/S2 = (1 + Qe max/Q2) /2 = 1.124(72) (3.3)

with an attributed uncertainty of ©(Qegt mean/2) = (Qeoftmax/2—1)/ V12 according to [85].

The total frequency shift Avarr due to the two missing shutters can be described by
the difference between the external frequency shift Avgpp e, that takes the solid angle

into account, and an internal BBR shift Avgpp i of the cryostat

Avprr = 2 (AVBBR,ext - AVBBR,int) Qeff,mean/47T (3-4)

with Avppgrext being the BBR induced frequency shift of the intruding BBR which
is in principle that of the laboratory of a temperature of 293(2)K.

At the experimental conditions during the first cool down described in Sec. 3.2.5,
one finds a frequency shift contribution of Avyr = —11.02(95) - 1078 that is added
to the clocks uncertainty budget in Tab. 3.4. The uncertainty was determined with
Gaussian error propagation (GEP) of Eq. 3.4. At cryogenic operation, the uncertainty
contribution of the missing beam shutters is dominating the total BBR shift uncertainty as
seen in Tab. 3.4. The laboratory temperature is stabilized by an active air conditioning
to approx. 20 °C with fluctuations observed that typically do not exceed +0.5K. Also
it is rather unlikely that parts of the steel chamber get significantly warmer than the
environment. All potential sources for heat intake into the steel chamber (Zeeman slower,
MOT coils and PT-cooler) are actively water cooled or do not have a direct line of sight
to the atoms. In that sense attributing an uncertainty of 2K to the temperature of the
external BBR contribution is rather conservative. In the method described above, both
apertures are being treated equally regarding the BBR field that is assumed to enter the
cryostat. Although one aperture is pointing to the hot atomic oven. This is addressed by
a separate steerable shutter close to the oven. It blocks the line of sight between the oven

and the atoms during spectroscopy. This will be described in the next section.
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Figure 3.16.: Picture of the OFHC-shield that protects the shutter from
radiative heating by the hot atomic oven. The shutter can be moved sideways

3.2.7. Oven shutter

A direct line of sight from the hot atomic oven to the atoms undergoing spectroscopy,
can lead to a BBR frequency shift. Therefore a shutter is installed close to the oven to
block the line of sight from the oven to the atoms during spectroscopy to suppresses a
BBR shift contribution from the hot atomic source. The shutters is steered by a brushless
servo motor (Savox SB-2272MG) which is controlled by a microprocessor that enables
to steer the shutters state by a TTL signal from the experiment control program. It
is mounted in one of the CF-40 ports at the vacuum cross between oven and Zeeman
slower. The distance from the oven is approx. 7cm. The shutter blade which is the part
of the shutter that effectively blocks the line of sight, is made from stainless steel (SST)
and approx. 8mm X 16 mm in dimension. To prevent the shutter from being heated by
the emitted radiation from oven, a heat shield with a center aperture of 5 mm is installed
approx. 1 cm before the shutter (Fig. 3.16). It is fabricated from 2 mm thick OFHC copper
and has a highly polished surface facing the oven to reflect most of its radiation. The
backside is fabricated rough to prevent BBR reflecting to the atoms. Due to the copper
heat shield, the shutter has a line of sight to the oven only when closed and is completely
hidden behind it in the open state. In this way the radiative heat intake from the oven is

minimized. Assuming a worst case emissivity of the oven of €,,., = 1 and a temperature
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of T,penn = 800K, according to the Stefan-Boltzmann law the maximum radiation power
of the oven is about 20 W. For an upper limit estimate, here we assume all the radiative
power to be directed exclusively towards the heat shield. The emissivity of the polished
copper shield is very high and estimated to €gpieiq = 0.05, thus it cannot absorb more
than 1 W in this worst case scenario. In reality the oven can be expected to radiate in
all spatial directions which will reduce the thermal load on the heat shield. The thermal
resistance to the CF-40 mounting surface of the heat shield is estimated to be 1 W/K
which is rather poor but serves once again as an upper limit since no grease or foil was
used to improve the thermal conductivity. The shields maximum temperature deviation

AT to ambient temperature is calculated by Fourier’s Law of Heat Conduction

. A

Q= )\OFHCTAT (3.5)
where @ is the heating power, Aorpc > 350 W/mK the heat conductivity of OFHC copper
and A = 3-107°m?,[ = 0.1m the geometric cross section and length of the heat shields
post. According to Eq. 3.5 and taking into account the thermal resistance of the mounting
surface one finds a maximum temperature difference of AT < 10 K. This corresponds to

a maximum emission of the heat shield of ~ 50 mW only. This is the maximum power

the shutter can be heated with which can be neglected.

When the shutter is in the closed state, the heating power from the stainless steel

(essT = 0.6) oven is at maximum Qnomsle = 1.5 W.

To estimate the BBR shift from the shutter it is required to know its temperature.
Continuing on assumptions about the shutters steady state temperature as before, is not
feasible since the heat transport into the shutters support structure and into the CF-40
flange is hard to estimate since the thermal resistance of the interconnection is hard to

estimate.

Therefore the temperature of the shutter was measured with a thermal camera (Testo
875-1i). A viewport at the CF-40 six-way-cross allows to observe the shutter blade. It
holds a window made from zinc selenide (ZnSn) that is transparent for infrared radiation.
After a few days of clock operation, all the relevant vacuum components are considered
thermally stable. The shutter was kept closed for several hours to maximize heating from
the 500 °C hot oven. In clock operation the shutter is in either state for approx. half of the

cycle duration, which reduces also the heat intake by 50%. The stainless steel six-way-
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cross directed to the oven had a temperature of 84 °C. In contrast the temperature of the
closed shutter was measured to Tyuter = 28 °C only which was below of our expectations
and is considered neglectable. In addition the 2 mm aperture of the copper gasket between
the gate valve and the Zeeman slower tube (Fig. 3.1), allows only a tiny solid angle of
Qpinhole = 8.55 - 1077 / 471 seen from the atoms. Given by the tiny solid angle the
shutter blades BBR shift and uncertainty contribution is below the 1072 level even for
an unrealistic temperature of the blade of 100 °C. Therefore the BBR shift contribution

of the atomic beam shutter can be neglected.

Additionally an interleaved measurement, alternating between open and closed shut-
ter was performed to study the BBR frequency shift the hot oven induces. The measure-
ment revealed a zero compatible frequency of 8(117)-1072°. This implies that the shutter

is not crucial for operation.
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3.3. Stability transfer from a cryogenic Si resonator

Ultra stable laser systems are essential tools for narrow line spectroscopy. As mentioned
before the Sr3 interrogation laser system is pre-stabilized to a 48 cm-long ULE cavity [63]
that provides a frequency instability of about 4.7-107'6 771/2 [70] for an interleaved clock
measurement with 7 the measurement time in seconds. The total Allan deviation of such
a measurement can seen in Fig. 3.17. The clock instability can be reduced further by pre-
stabilizing the interrogating laser system to a cryogenic silicone resonator. This improves
the clocks instability to approx. 1.5 - 1076 7=1/2. To reach a statistical uncertainty of
1-107* a clock measurement time of about 61 h is required when using the ULE cavity.
In contrast the measurement time reduces by about a factor of 10, when stabilizing the
clock laser to the cryogenic silicon cavity, to about 6h. This enables high precision
measurements at the low 1071 level on a daily bases. The ULE cavity is specially designed
to operate at the clock laser wavelength of 698 nm. In contrast the cryogenic silicone
cavity is operated at a wavelength of 1542nm due to the transmission properties of the
silicone mirror substrates. To transfer the frequency instabilities of the silicone laser to
the 698 nm laser, the large frequency gap between the two systems is bridged using an
optical frequency comb as a transfer oscillator [19,86]. The noise contribution of the
optical frequency comb is below the thermal noise floor of any of the cavity stabilized
lasers and is therefore negligible. Additional noise arising from disturbances acting on the
optical fibers connecting the lasers and the frequency comb, is suppressed by an active

path-length stabilization [64].

For some of the measurements even two crystalline silicone cavities were available.
By stabilizing the clock laser to the average frequency of the two silicone cavities, the
clock instability improved to about ¢, = 1.2-1071¢/,/7 for interleaved measurements. To
infer a single-cycle instability from this an instability contribution from the Dick effect of
4.7-107'7//7 is added in quadrature [70]. This leads to a n instability of 03 = 5-107""/\/7

which is at the same level as the best instability of an optical clock reported so far [87].

80



3.3. STABILITY TRANSFER FROM A CRYOGENIC SI RESONATOR

107 b ———rrr ——e— ULE, self comparison
[~ —=— Si-2, self comparison
L NN . .
[ TG —— Avg. Si 2+3, self comparison
\. —— Avg. Si 2+3, Inferred Single-Cycle
‘ ]
b; 1077 | " \\.\ §
g RN
? %
I
g
109 | o
-.I " " PR | " " P 1 1

10 100 1000 10000

Measurment time T [9]

Figure 3.17.: Frequency instability of Srl with the interrogation laser system
pre-stabilized to different cavities. As reported in [70] the ULE cavity provides
an instability of approx. 4.7 1076 771/2 (black dashed line) in a self compar-
ison measurements. In contrast the observed frequency instability using one
cryogenic silicone cavity (red dashed line) reduces to approx. 1.5 - 10716 7=1/2
which reduces the measurement time by about a factor of 10 to reach the same
statistical uncertainty. When using the averaged signal of two cryogenic sili-
cone cavities an ultimate instability of 5 - 1077 772 is inferred for a single
cycle stabilization measurement.
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3.4. Electrodes and dc Stark shift measurements

Static electric fields are also subject of systematic frequency shifts in lattice clocks [62,
88,89]. Unlike the ac Stark shift that arises due to the light field of the optical lattice,
the dc Stark shift is caused by static electric fields. Such fields can arise from potential
differences of the surrounding surfaces or buildup of charges on insulating materials. The

dc Stark shift is proportional to the square of the electric field.

The atoms are trapped and interrogated inside the cryostat made of highly electrically
conducting copper described in chapter 3.2.1. The cryostat is electrically grounded sharing
the same potential as the vacuum chamber and any electric device connected to it. In
this way potential differences among surrounding surfaces are minimized. The vacuum
chamber itself is grounded to the laboratory power grid. To prevent ground loops the
vacuum chamber and the power supplies of connected devices such as ion pump controllers,
vacuum gauge meters and the temperature measurement bridge share the same multi-
pole socket and thus the same ground potential. The conducting steel vacuum chamber
represents a Faraday cage, effectively shielding the atoms from outer electric fields. The
optical windows in the cryostat however are coated with dielectric material to minimize
optical transmission losses for the required laser beams. The coated areas are not in
electrical contact with the cryostat and may allow charge build up. In that consequence

a dc Stark shift can arise that needs to be characterized.

In the presence of an electric field the dc Stark frequency shift can be described by
Eq. 2.17 with the frequency dependent contribution to

]_ —
AI/DC = —%AaDcEg (36)

Here EO is the residual electric field. With an additional user-applied field E one can

write a frequency shift in the form

Av =T (E — Ey)? (3.7)

Such an additional field is generated by applying a voltage U to one of the electrode
pairs. The electric field is connected to the applied voltage by the known relation £ o« U.

The parameter T includes relevant atomic properties such as the polarizability. Precise
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knowledge about it is not required which becomes clearer in the following development
of the formalism that mainly relies on measurable frequency shifts. It is to be mentioned

that higher order shift contributions are neglected in this evaluation.

The residual field can be decomposed into parallel and perpendicular contribution to

the field direction addresses by the electrode pair

Ef = Ej +E; | (3.8)
resulting in a voltage dependent differential frequency shift of

Av(U) =T [(EU) — Ey))* + E; | =T [(E*(U) — 2EE, ) + Ej] (3.9)

In a clock interleaved measurement, opposite but equal voltages are applied to the
electrodes of one pair in one cycle and the electrodes set to a common-ground potential

otherwise leads to

Av(U) — Av(U =0) =T [E(U)* = 2E(U)Ey + Ej — E(0)*> + E(0)Eo — Ej] (3.10)

Assuming that the field £(0) = 0 Eq. 3.10 becomes

Av(U) — Av(U =0) =TE(U) (E(U) — 2Ey)) (3.11)
Defining
VYE(U)=UV—-A (3.12)
VY Ey =BV-A (3.13)
Eq. 3.11 becomes
Av(U) — Av(U = 0) = AU(U — 2B) (3.14)
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which is the vertex shape of a parabola developing from the origin and is centered
around —B. It is interpreted as an offset voltage denoted Uj in units of V in the following.
The parameter A describes the opening of the parabola. It is related to the geometric

proprieties of the electrode and comes in units of V2.

The result of an interleaved measurement is a frequency difference Av between the two
measurement cycles. Leaving A and B as free parameters in Eq. 3.14 for a parabola fitting
function, they are obtained from at least three interleaved measurements. By definition
the parabola must cross the origin, because an interleaved measurement with identical

applied voltages in both cycles must lead to a zero frequency shift (zero measurement).

So far only a two dimensional problem is discussed. But in fact the unknown back-
ground field, named Ebgr in the following, is pointing arbitrarily in the three dimensional
space. With the present description only the projection of it on the applied field of the
respective electrode pair can be characterized. To find out its total magnitude a three
dimensional analysis is required and thus at least three pairs of independent electrodes are
required that are able to produce electric field in different directions. In the following the

electrode array that allows to apply electric field in three dimensions will be described.

The ring electrode array
Two ring structures holding a symmetric arrangement of one electrode per quadrant were
installed into the inner shield of the cryostat (Fig. 3.18 and Fig. A.2)). The rings are
made of aluminum-Nitrate (ALN 180) with an outer/inner diameter of 45mm / 25 mm
and a thickness of 1 mm. The distance between opposite electrode pair is approx. 22 mm.
Each ring holds four electrically separated quadrants that represent the electrode. They
are made of a 20 pm layer of an electrically conducting, vacuum compatible alloy of Silver
and Palladium (AgPd). Special wires suitable for cryogenic ultra high vacuum operation
(Lakeshore WQL Phosphor bronze wire, Non-ferromagnetic, AWG 36) are soldered to the
electrodes (soldering paste: Kester EM 907) and connect each electrode to the Sub-D feed
trough of the chamber. A scetch of the assembly and the pin assignment can be found
in the appendix in Fig. A.2 and Fig. A.3. Each electrode can be addressed individually.
In the process of the evaluation this either by a selected voltage or being put to the

vacuum systems common ground potential. The DC voltage was supplied by a Fluke
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S_===_> Applyable electric fields

Figure 3.18.: CAD image (left) of the electrode denoted “Alfa” installed in
the inner shield of the cryostat. The compass in the upper left indicates the
naming of the individual quadrants. The right sketch explicitly states the
naming of each electrode to avoid confusion. For the characterization of the
residual dc Stark shift the applied electric fields are highlighted by gray arrows.

415B high voltage power supply that provides stable output voltage below the %-level.
In the measurement series described in the following electric fields are applied in a way
as shown in Fig. 3.18. The two ALN-rings are denoted “Alfa” and “Bravo” and their
electrodes denoted by cardinal directions. The atomic oven is hereby in the direction of
the eastern quadrant. In the following a “pair” of electrodes will always refer to an applied
electric field between kitty-corner positions. The notation “Alfa-North” — “Bravo-South”
(“ANBS”) for example, indicates an applied voltage between the electrodes “Alfa-North”
and “Bravo-South”. In the following only the following short notations “ANBS” (“Alfa-
North” — “Bravo-South”), “ASBN” (“Alfa-South” — “Bravo-North”), “AEBW” (“Alfa-
East” — “Bravo-West”) and “AWBE” (“Alfa-West” — “Bravo-East”) are used. The
arrangement of the electrodes allows determination of the residual electric field direction
and magnitude at the position of the atoms. The geometrical characterization of the
electric fields generated by the electrode arrangement and the atoms react to by a dc Stark
frequency shift must be done experimentally. This will be describe further on in the text.
It is not sufficient to simply use geometric properties (e.g. extracted from CAD-model or

measured at the assembled cryostat) since the nozzle-like structure inside the inner shield
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as well as soldering points break symmetry and may distort the applied electric field.

In the first series of measurements a DC voltage was applied to one of the electrode
pairs in one of the two interleaved measurements cycles. The total applied DC voltage
was typically 40 V (e.g. in an “ANBS”-measurement) separated to —20V to one electrode
and 20V to the other electrode of the pair. In the follwing this will be denoted as £20V
as this refers to the electric field the atoms experiments (apart from the background
shift) during one cycle of the measurement. In the second clock measurement cycle these
electrodes were put to ground potential like the other ones to ensure they cannot cause an
additional frequency shift apart from the background field Ebgr. The measured frequency
shift between the two cycles is then attributed to the user-applied electric field and a
contribution of Ebgr parallel to the addressed electrode pair (Fig. 3.19). This will also be

called projection of Ebgr.

Nevertheless the background field Ebgr is not likely to point parallel to any pair of
electrodes by coincidence. it is more likely to point arbitrarily in the tree dimensional
space. In an interleaved measurement as described above, it is only possible to determine
the projection of Ebgr on the respective direction of the electrode pair (see Fig. 3.19). The
angle between Ebgr and the field directions given by the electrode pairs is not known yet
and cannot be determined by the interleaved measurements described above. Thus one
has to extend the description of Zfo by a constant user applied contribution and the contri-
bution of the background field Ebgr. This leads to an additional series of characterization
measurements different from the one described above. To differentiate between the two
different kinds of measurements those described above with an applied field in one of the
two cycles of an interleaved measurement will be denoted “Series 1.)” in the following.
Those measurements with an additional constant field in both cycles are denoted “Series

2.)". Fig. 3.19 illustrates the difference between the two measurement series.

In this series of measurements a constant field is applied in both cycles of the same
interleaved measurements performed before. The additional electric field is generated by
an applied DC voltage of £20V.

The constant field is applied to the opposites side of the interleaved field (blue and
green arrows Fig. 3.19 right).

The differential frequency shift measured in a measurement of Series 2.) now origi-

nates from the user-applied field and the projection of Ebgr onto the applied field. The
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Series 1.) Series 2.)

Alfa Bravo Alfa Bravo

Applied interleaved field E
Applied constant field E,

Background field E:,gr

-

Projection of E:,gron E
E'’, Projection of E/on E

LIS

Figure 3.19.: Principle sketch of the applied electric fields during the two
different measurement series. In Series 1.) the applied electric field in one cycle
of the interleaved measurement includes the projection of the background field
Ebgr that is the dc Stark shift in the clocks uncertainty budget. The magnitude
and direction of Ebgr can only be determined by additional measurements with
a constant electric field on opposite electrodes (Series 2.) in both cycles of an
interleaved measurement). Those measurements allow the determination of the
angles between the applied fields which is required for a full characterization
of the electrode configuration.
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constant field adds the constant projection £’ to the parallel component of the background
field Eo — Eo + £'. Also B is now modified to B’ to

B'=\/T/A (Ey +E')=B+ Y/AF (3.15)

due to the additional applied constant voltage as well as 3.14 becomes

Av(U) — Av(0) = AU (U 2B+ MT/A)E’) (3.16)

The differential frequency shift of a measurement of Series 2.) and Series 1.) leads to

the relation

[Av(UY — Av(0Y] — [Av(U) — Av(0)] = 6Av (3.17)

with 0 Av the differential frequency shift obtained from the clock measurement. This can

be rewritten as

AUE'
VA

where E’ is the projection of the applied constant field to the applied field of the

§Ay = (3.18)

interleaved measurement (Fig. 3.19). The angle « enclosed by E’ an Ej is given by

E/

cos(ar) = I
0

(3.19)

Such measurements with a constant applied field in both cycles are denoted e.g.

—~——

“ANBS” /“ASBN”. Here the direction denoted with a tilde e.g. “ASBN” is the direction
where the constant field is applied to. Corresponding to this direction its parameters are

denoted with tildes, such as Aor B as well.

With the known relation from Eq. 3.18 and E| = \/Zﬁ the angle in Eq. 3.19 can be

written as

cos(a) = _hav (3.20)

WUV AA
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where A is the fit parameter in the direction of the applied constant voltage U. Since
Eq. 3.20 consists of user applied voltages and frequency shifts or parameters related to
performed frequency shift measurements (A and ,Z[) knowledge of the atomic properties
that were included in T is not required. Also the geometry of the electrode arrangement
is determined by evaluating frequency shift measurements and does not require geometric
measurements. To calculation the angles between the other field directions one proceeds
analogously using the corresponding parameters in Eq. 3.20. The found angles between
the field directions in Sr3 can be found in Tab. 3.2.

Performing the two described measurement series in at least three directions of the
available four (where the forth serves as consistency check) the angles of the respective
field of each electrode pair enclosed with the background field Ebgrcan be determined.

The setting up of the coordinate system can be found in the appendix (Sec. A.7).
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3.5. Systematic frequency shift evaluation measurements

In the following sections the first measurements performed with Sr3 are described. This
includes characterization measurements at room temperature that are relevant to deter-
mine the clocks total frequency shift as well as measurements at cryogenic temperature.
The uncertainty budget can be found in Tab. 3.4. This chapter directly continues with

the results of the dec Stark shift measurements which have been described above.

3.5.1. DC-Stark shift results

The measurements required to characterize the the electrode configuration and the re-
sulting dc Stark frequency shift, were performed in January 2021. To evaluate temporal
variations of the dc Stark shift measurements were performed regularly until mid of July
2021. In Fig. 3.20 the measured frequency shift is presented as a function of the applied
voltage in one of the two cycles of an interleaved measurement. The parameters A and B

obtained from the fit function (Eq. 3.14) are listed in Tab. 3.1.

With the additional constant field Ej, applied to the opposite pair of electrodes (Series
2.)) the offset voltage B is affected due to the projection E’ on the respective direction.
A typical result of such a measurement is shown in Fig. 3.21. Here the parameter A of

the direction “ANBS” was obtained from the respective measurement of Series 1.).

With the fit parameters A and B obtained by the characterization measurements the
angles between the applied fields can be calculated with Eq. 3.20. The results are shown
in Tab. 3.2.

Direction | A /107.V=2| B /V
ANBS 188 (0.6) | 4.29 (26)
ASBN 219 (1) | 9.93 (25)
AEBW 128 (2) | 2.89 (39)
AWBE 149 (2) | 7.63 (39)

Table 3.1.: Parameters A and B derived from the fit function (Eq. 3.14)
applied to the experimental results from January 2021. The uncertainties of A
are the standard errors given by the fit function. The uncertainty of the offset
voltage B is determined by using Gaussian error propagation of Eq. 3.14. The
fits to the results given in this table are illustrated in Fig. 3.20.
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-1x107°

-2x1076 -

-3x1076 -

-4x10™® ~

Fractional frequency shift

-5x1076 4

-6x106 T . T . T . T . T
-40 -20 0 20 40

Applied voltage [V]

Figure 3.20.: Results of the first series of characterization measurements
where in one of the two cycles of an interleaved measurement a voltage of
applied (colored dots). The data is fitted using Eq. 3.14 (colored lines) with
parameter A and B as free parameters and the restriction Av(U =0V) = 0.
The parameter A is related to the geometric properties of the electrode ar-
rangement, whereas B is the offset voltage at the parabolas zenith.

Electrodes angle
<{ANBS, ASBN 133.6° (:|:1,4°)
<anBs, AEBW | 68.8° (£1.9%)
<ASBN, AEBW | 94.9° (£2.2°)
<anBs, awsg | 90.9° (£2.3°)
<asBw, awBe | 69.0° (£1.6%)

Table 3.2.: Angles between the direction of the respective electrode pairs.
From the results of the two measurement series the angles have been deter-
mined using Eq. 3.20. Their uncertainties are estimated by Gaussian error
propagation (Eq.3.21).
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92

1x10°%6

-1x10°%6

-2x1016

-3x1016

-4x10°%6

Fractional frequency shift

-5x10'16

-6x10°16

ANBS
ANBS+ AEBW (perm. +20 V)
ANBS+ AEBBW (perm. -+20 V)

\ |

-40

-20

0

Applied voltage [V]

20

40

Figure 3.21.: Measurement results of a typical Series 2.) measurement. The
electrode pair “ANBS” without a constant applied field on AEBW (black)
is shown as reference. The blue (red) data are measurement result with an
applied constant field of 40V (F40V) at the electrode pair “AEBW”. Solid
lines are fits obtained from Eq. 3.14. The additional field affects the offset
voltage B is affected due to the projection £’ on “ANBS” which shift the
parabolas accordingly.
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~/
€3

1(0) [ -0.678 (18) | 0.3663(31) -0.015 (40)
0 (0) | 0.735 (17) | 0.224 (51) | 0.474 (45)
0 (0

(
)| 0(0) |0.903 (18) | 0.881 (24)

L a | &

o T o

Table 3.3.: Projections of the field vectors towards the reference direction
“ANBS”. The vector éj can be used as a consistency check.

As mentioned previously defining é; along the “ANBS” direction as the first base
vector, the parameters a, b and ¢ can be calculated by the equations A.2, A.4, A.6. The

projection of the individual vectors towards é; can be seen in Tab. 3.3.

The field in the a given direction is described by Eq. 3.13. Again one does not
require knowledge about atomic properties or the geometry of the electrode configurations.
Eq. 3.13 directly gives the product /T - E, for this. It is the product that is important

to know not the factors.

The field vectors are than constructed from the fields and the corresponding vectors

given in Tab. 3.3.

From the latest measurement taken in mid of July 2021 a dc Stark shift of Avgcstark =
—1.8(16) - 10~'® was found which is added to the clocks uncertainty budget (Tab. 3.4).

3.5.2. Shift uncertainty estimation

The errors for certain parameters have already been given in he previous section without
describing how those errors have been obtained to not disturb readability. In this section
the description on how they have been obtained is given. To determine the uncertainty of
found dc Stark shift Avgesiark several sources of potential uncertainties are investigated.
Uncertainties related to the experimental setup are basically found in the uncertainty of
the applied voltage U since this is the only systematic effect that is not common mode
rejected in the two interleaved cycles. Additionally the uncertainties of the measurement
results e.g. the parabola fit parameters A and B, are considered in the calculation of
the uncertainty of Avgesiark. A step-by-step analysis will be presented yielding in an
estimation for the uncertainty of Avgcsiark. For the sake of simplicity, correlations are not

considered.
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The applied voltage was measured with a calibrated Agilent 34401A digital multime-
ter allowing a measurement uncertainty of 0.0015% for DC voltages. Typical variations
in the output voltage of the power supply units during each clock measurement were
observed to be below 10mV. A significant drift during the measurements does therefore
not occur. The uncertainty on the applied voltages throughout each measurement are
therefore assumed to be not greater than £5mV. Its impact on the resulting angle is

negligible.

To obtain the geometric parameter A and the offset voltage B from the fit function
Eq. 3.14 for the individual directions of the electrode pairs, three interleaved measurements
have been performed. These measurements were performed in a straight consecutive way
to minimize an influence of a potential time dependency of the background field Ebgr on the

results.
Uncertainties of the angles

The uncertainty of the angles between any of the applied fields (denoted a in the
following equation) e.g. “ANBS” and “ASBN” is estimated by GEP of Eq. 3.20.

For using GEP to estimate the error in the angles all five parameters in Eq. 3.20 need
to be derived. Since the uncertainties of U and U are equal as well as the uncertainties
of A and A are similar enough to be considered equal, the derivatives shorten to and one

term clearly dominating the uncertainty, § cos(«) reduces to

) 2
dcos(ar) ~ — . g(0AV 3.21
() ( AT ( )) (3.21)

with o(0Av) the statistical uncertainty of the corresponding interleaved clock mea-
surement of Series 2.) For completeness, the complete formula can be found in the ap-
pendix (Sec. A.7.2, Eq. A.14). From Eq. 3.21 one can see that to reduce the uncertainty
on a one can either apply larger voltages U, U or by reducing the statistical uncertainty

of the interleaved measurement (e.g. by increasing the measurement duration).

Determining the uncertainty of the vectors is analog. In the chain of the evaluation

of the uncertainties of the following parameters it turned out that the uncertainties of the
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vectors do not contribute significantly to the total uncertainty of EbgT. They are mostly
included in terms that can be neglected because of little contribution. In this process only
dé3. and éé3 . enter in the uncertainty of F3 and Ej. The derivation can be found in the

appendix.
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Uncertainties of the offset voltage B

The uncertainty of the offset voltage B is estimated by GEP on Eq. 3.14.

5B — 05\/(% - U(Ay)>2 + (—AAQ”U -5A)2 + <(—AAU”2 - 1) -5U)2 (3.22)

with o(Av) the statistical uncertainty of the corresponding interleaved measurement,
0 A the uncertainty of the fit parameter given in 3.1 and 60U the uncertainty of the applied
voltage. It turns out that the first term dominates the uncertainty 0B since it is three

(fife) orders of magnitude larger than the second (third) term. So Eq. 3.22 simplifies to

5B - 0.5\/ (% - U(Au)>2 (3.23)

Uncertainties of the fields
The uncertainty of the fields § (\/T E07||> are estimated by GEP on Eq. 3.13. The deriva-

tive

d (ﬁEo,n) = \/(% : 5A)2 + (\/Z-(SB)z (3.24)

can be reduced to

5 (\/TEO,\O =VA B (3.25)

since the first therm is small enough to be negligible. This expression is valid for all di-

rections and is therefore written without corresponding indices.
Uncertainties of the field vectors

The error on the field vectors follow the same approach but is more complicated for
directions other than “ASBN” since the expressions are long-drawn-out. The full deriva-
tives of the GEP of Eq. A.9 and Eq. A.11 are given in the appendix (Eq. A.21, Eq. A.22).
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Again some therms insignificantly contribute to the uncertainty and are neglected, sim-

plifying the expressions to
651 = 8 (VT Eo . axms (3.26)

1 ? 2.0 ’
SEy = \/<A— . 5(\/TE0,|,ASBN)) + (-e?’ -(5E1> (3.27)

€2.p €2.b

1 2 é 2 E 2
SEy = ( .5(\/TE0,H,AEBW)) + (- S8 ~§E1) + (—A ! ~6é37a> (3.28)

€3,c €3,c €3,c
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Uncertainty of the dc Stark shift

Finally the uncertainty on Avgcsiark can be given as:

0AVdcstark = 2\/<E1 : 5(\/TE§7|1|\IBS)>2 - <E2 : 5(\/TE§EBN))2 + <E3 . 5(\/TEOA’ﬁJBW)>2
(3.29)

Since the direction “AWBE” serves as a consistency check, replacing the last therm
in Eq. 3.29 by (E§,5 (\/T Eé\fVBE>>2 attributes its contribution to the frequency shift
uncertainty dAV,-_g- As seen in Fig. 3.22 both give consistent results that agree
within their uncertainty. The final frequency shift presented in this work is given by the

weighted average of the two calculated values.

98



3.5. SYSTEMATIC FREQUENCY SHIFT EVALUATION MEASUREMENTS

Time dependence of the dc Stark shift
Apart from the characterization measurements, regular measurements were performed
to investigate on a temporal variation in the offset field (fit parameter B). Throughout
the year 2021 several of those measurements revealed that the offset voltages along the
individual directions are changing (lower panel in Fig. 3.22). Nevertheless the offset
voltage appears to cease and scatter around zero. For the direction “ANBS” (black trace
in Fig. 3.22) it switched sign over time, which emphasis the necessity for regular validation
measurements. The total frequency shift Avgcsiark 18 evolving similarly (upper panel in
Fig. 3.22). From a frequency shift of about —7-107!" in January 2021 in reduced by more

than an order of magnitude to —1.8 - 107,

The observed temporal variation of the offset voltage can be caused by a build-up of
charges on non conduction surfaces. Such surfaces are e.g. dielectric coatings on windows
on the windows of the cryostat. The inner shield has a total of eight windows with such

coatings and their distance to the atoms is a few centimeter only.
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Figure 3.22.: Time evolution of the offset voltage —B for each electrode pair
and the resulting frequency shift experienced by the Sr-atoms. The observed
time variance of the offset voltage may be caused by a build of charges on non
conducting surfaces. The dc Stark shift appeared to stabilize around —2-10717
in the first half of 2021 but significantly decreased to approx. —1.8(5)-107!8
in July 2021. Notably the offset voltages of trace “ANBS” switched sign over
time, which even more underlines the necessity for regular validation measure-

ments.
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3.5.3. Clock operation at cryogenic temperature

The first successful test of cooling the cryostat to cryogenic temperatures described in
Sec. 3.2.5, demonstrated a homogeneous temperature distribution of the dual layer cryo-
stat at either room- or cryogenic temperature. Cooling the environment is more or less
“turn-key operation” since it only requires to run the pulse tube cooler. For the inner
layer of the cryostat it takes about two days to reach a temperature of below —185°C
cryogenic temperatures and about half a day more for its temperature to reached stable
conditions (Fig. 3.14). In this chapter first results of Sr3 operated at room- and cryogenic

temperature are presented.

During one of the first attempts to cool the system to cryogenic temperature of about
80 K, the transportable clock, Sr2 was operated simultaneously. This allowed to observe
the change in the Sr3 clock laser frequency due to the varying BBR induced frequency shift
in a direct frequency comparison of the two clocks. Via a beat note the frequency difference
of the Sr2 and Sr3 clock lasers are recorded by dead time free counters. Throughout the
measurement the temperature of Sr2 was about 22 °C and fairly constant. Fig. 3.23 shows
the time evolution of the frequency difference (vs;2 — vg3) of the two clocks while Sr3
was cooled down (purple). The temperature of Sr2 remained close to room temperature
(green) throughout the measurement. With the theoretical model described in Sec. 2.6.2,
the frequency shift with respect to the measured temperature in Sr3 was calculated (blue)

and shows good agreement with the recorded frequency difference between the two clocks
(black).

Several characterization measurements have already been performed at room temper-
ature operation such as finding the operational magic wavelength, density shift or the dc
Stark shift measurements. At cryogenic temperature a magic wavelength measurement
was performed in March 2021 resulting in a frequency shift of 4.4(33) - 107*® between
the two cycles of the interleaved measurement. This is in marginal agreement with the
measurements presented below (Sec. 3.5.6). The temperature evolution and BBR shift
uncertainty during the measurement can be seen in Fig. 3.24 (right). For comparison
the left panel shows the same parameters at room temperature operation. Despite the
uncertainty of the representative temperature is about a factor of 8 larger at cryogenic
temperature compared to room temperature operation, the total BBR shift uncertainty
reduces from 1.55-107!® to about 1-107!® at cryogenic temperature. The total BBR shift
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Figure 3.23.: Frequency difference between the transportable Sr-lattice clock
Sr2 and Sr3 throughout one of the first attempts to cool Sr3 to cryogenic tem-
perature. The temperature of Sr2 was kept constant, whereas the temperature
of Sr3 dropped (purple line) from room temperature of about 18 °C to —18°C.
The frequency difference among the clocks changes due to the ceasing BBR
shift in Sr3 (black line with rolling avg. in red). The change in transition
frequency of Sr3 agrees to the calculation (blue line) from Eq. 2.22.
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Figure 3.24.: Temperature measurement of the inner shield of the cryostat
during clock operation at room temperature (left) and at cryogenic temper-
ature of approx. 84 K (right). The temperature span of the inner shield is
approx. 50 mK /450 mK at room/cryogenic temperature corresponding to a fre-
quency shift uncertainty of ~ 1.55-10718/< 1-107'8. The BBR uncertainty
includes an operating temperature depending calibration uncertainty of the
Pt100 sensors of 6 mK/20mK, and a calibration uncertainty of 6 mK of the
temperature measurement bridge. The total BBR uncertainty at cryogenic
temperature is dominated by the BBR shift uncertainty contribution of the
missing atomic beam shutters. With the shutters installed the total BBR shift
uncertainty is expected to be below 3 - 1071,

uncertainty at cryogenic temperature is dominated by the uncertainty contribution due
to the missing atomic beam shutters (Sec. 3.2.6). With the shutters installed the total
BBR shift uncertainty is expected to be below 3 - 1071,

In Fig. 3.25 the total BBR shift uncertainty (red solid line) as a function of the
cryostats inner shields temperature is visualized. It consists of the uncertainty contribu-
tions from the cryostat itself (black solid line) and from the unblocked holes due to the
missing beam shutters (blue solid line). The intruding room temperature BBR of 293 K
is attributed an uncertainty of 2 K which is a rather conservative estimation based on
data from the laboratory climate control system that show temperature variation at the

level of below 0.5°C. Below a temperature of 40 °C of the cryostat, the uncertainty con-
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tribution from the unblocked holes is dominating and further reduction of the cryostats
temperature does not reduce the total BBR uncertainty below a level of about 0.95-1071%,

This is expected to change dramatically when the shutters are installed.

To estimate the total BBR uncertainty with installed shutters, their BBR shift un-
certainty contribution is calculated based on an estimate of the shutters temperature.
Compared to the situation without the shutters, where the intruding leakage was con-
stant at room temperature for all cryostat temperatures, now the holes are covered by the
shutters. Their temperature is coupled to the cryostats one. With decreasing temperature
of the cryostat the shutters are temperature will follow due to radiative heat exchange into
the support structure of the cryostat (sec. 3.2.1). From a thermal simulation a shutter
temperature of approx. 130 K at a cryostat inner shield temperature of approx. 80K is
assumed. Additionally, at room temperature the cryostat and the shutters temperature

are equal of course.

Based on that, the shutters temperature is linearly interpolated by Tiwutter = f(Zeryostat) =

0.756 Teryostat +68.86 K. The shutter temperature uncertainty is attributed an uncertainty
of 2K which is the same as for the case without shutters. At the current state without
the cryogenic shutters the clocks uncertainty reduces with decreasing temperature of the
cryostat as seen in Fig. 3.25!1. These assumptions lead to a temperature dependent BBR
uncertainty contributions as depicted in Fig. 3.25. Although the temperature of the shut-
ters is expected to be about 50 K warmer compared to that of the cryostat at 80 K, its
uncertainty contribution (blue semicolon line) is never as dominant as without shutters.
To reach the projected BBR uncertainty in the low 107! range the shutters must be
installed. At present there is little necessity to work at cryogenic temperature since the
uncertainty is only improving by about < 1- 1078, Nevertheless, in the previous discus-
sion the uncertainty on the representative temperature of the cryostat is assumed to be
18 mK and constant for all temperatures. Its dependence on the cryostats temperature

must be considered and measured experimentally.

" The temperature uncertainty of the cryostat in this model is const. = 18 mK
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Figure 3.25.: BBR shift uncertainty contributions of the current Sr3 sys-
tem at the present state without the cryogenic shutters (solid lines) and their
estimated contribution with installed shutters (semicolon lines). At room tem-
perature operation the uncertainty contribution of the missing shutters (blue
solid line) is not relevant for the total BBR uncertainty (red solid line) since
it is completely dominated by the cryostat. At this configuration a minimum
uncertainty of about 0.85-107' is expected for operation around —60 °C. Sur-
passing this limit with installed shutters can be expected below an operating
temperature of the cryostat of about —30°C (red semicolon line) where the
shutter contribution is not dominating at any temperature.
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3.5.4. Background gas collision shift

In an optical lattice clock the atoms can only be trapped for a finite time commonly
referred to as the lifetime in the optical lattice or in short “lifetime”. It is defined as
the 1/e decay time of a falling exponential function. In every vacuum chamber a non
zero residual vacuum pressure exists. Atoms or molecules from the background gas can
collide with the strontium atoms in the optical lattice eventually removing them from
the trap. This leads to a reduction of the spectroscopic signal and may limit the probing
duration which in turn degrades the clocks stability. Apart from that, background gas
collisions can also cause a frequency shift on the clock transition commonly referred to
as the “background gas collisional frequency shift” which contributes to the clocks total

uncertainty. It can be determined by measuring the lifetime in the optical lattice.

For Srl an upper limit for the frequency shift has been estimated in [62] based on the
procedure in [90]. This theoretical model relies on the determination of a phase changes
due to scattering of clock atoms with most common background gas species (H, He, H2,
Sr and Xe) found in ultra high vacuum applications. Recently the first experimental
evaluation of the background gas collisional frequency shift was presented [91]. In the
measurement the authors compared the transition frequency of two 87Sr-lattice clocks
where one serves as a stable frequency anchor. The other clock was operated at different
hydrogen dominated background gas pressures with a corresponding lifetime of the atoms
in the optical lattice. By comparing the clocks differential frequency for different lifetimes,
a background gas collision frequency shift coefficient of —30(3) - 1078, for a lifetime of
1s, was found. For the determination of this frequency shift in Sr3, we rely on the model
described above which requires to analyze the background gas composition first, to ensure

the model can be applied here.

Residual gas analysis

For stainless steel vacuum chambers such as the Sr3 system the largest residual partial
pressure is typically from hydrogen. To verify this assumption a residual gas analysis was
performed using the PrismaPro QMG 250 F1 quadrupole mass spectrometer attached to
the vacuum chamber (Fig. 3.1). It measures in a mass range from 1 to 100 atomic mass

units with a detection threshold of 4 - 1073 mbar. With the pressure in the Sr3 vacuum
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Figure 3.26.: Residual gas analysis of the Sr3 clock. Besides little contribu-
tion from several gases from atmosphere Hydrogen is the dominant component.

chamber is typically in the range of 1..10 - 10~ %mbar therefore the quadrupole mass
spectrometer is a suitable analyzer for the background gas composition. The measurement
result seen in Fig. 3.26 reveals that the partial pressure from hydrogen (H and Hy) is by
far the most dominant gas species of the total pressure that was about 1-10"?mbar at the
time of the measurement. Therefore it is legit to rely on the frequency shift evaluation
based on the work of [91] described above. The determination of the lifetime in the optical

lattice is described in the next section.

107



CHAPTER 3. THE ALL CRYOGENIC SR-LATTICE CLOCK SR3

Lifetime in the optical lattice

The residual gas analysis described in the previous section revealed a gas composition
dominated by Hydrogen by far which allows to evaluation of the background gas collisional
shift based on the work of [91] which additionally requires to know the lifetime in the
optical lattice. To measure the lifetime atoms are loaded into the optical lattice and are
hold there for variable times with subsequent detection of the remaining fraction. The
lattice potential depth is hereby identically to that of common clock operation which
is the shallow potential depth (77FE,..). Considering a constant loss of atoms from the
lattice over time, an exponential decay can be expected with its 1/e-value derived as the

lifetime.

The measurement results in Fig. 3.27 show the remaining populations as a function
of holding time in the optical lattice. The pressure in the chamber throughout the mea-

surements was about 5 - 10~ mbar.

In total three different measurements were conducted. Two with the cryostat operated
at room temperature and one at cryogenic temperature. The two measurements at room
temperature have been performed with different number of trapped atoms. One with the
highest number of trappable atoms (red dots) the other with about 30% (black dots) of
that. The measurement at cryogenic temperature (green dots) was performed with the
maximum number of atoms that could have been trapped which was still lower than the
measurement at room temperature with reduced number of atoms. The solid lines in
Fig. 3.27 correspond to 1/e fit functions. The expected population dynamic follows an

exponential decay of the form
N(t) = No-exp(—t/7) + N, (3.30)

with Ny the initial number of atoms at ¢ = 0s, 7 the 1/e lifetime in seconds and Nyip
an offset parameter to force the fit to converge to an atom number of zero at infinite
hold time. However, for the measurements performed only that at room temperature (red
in Fig. 3.27) with a reduced number of atoms shows a 1/e decay (linear progress in the
logarithmic plot). For the measurement with the maximum number of atoms, a 1/e fit

(black dotted line in Fig. 3.27) clearly does not match the measurement data.
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Therefore the fit function is modified to attribute an additional loss factor ¢ in units
of 1/8 to

exp(—t/7)
Nol + 7aNy(1 — exp(—t/T))

N(t) = + Nog (3.31)

The results when using Eq. 3.31 as fit function are listed in Tab. 3.5.4. For the
measurement with high atom number (black) using Eq. 3.31 as fit function, leads to a
lifetime of approx. 9.1(32)s including a two body loss rate of —3.8(5)-107° 1/s%. Apart for
the atom number the measurement with reduced atom number (red) is performed under
the same conditions. Here arr 0% is a positive value which is unphysical since it represents
a growth. So a will be restricted to values below or equal to zero. Then the fit resulted in a
lifetime of about 7.8(4)s which is the lowest of all the measurements. The measurement at
cryogenic temperature was held about a month later and featured a fresh setting up of the
clock. This includes a realignment of the two MOT's and the lattice laser beam, as well as
a new set of parameters for the magnetic field compensation. This was necessary because
when reducing the temperature of the cryostat the number of trapped atoms continuously
decreased with temperature to finally zero. After reaching a temperature of about 80 K
trapping atoms required the steps described above. The maximum number of captured
atoms in the lattice (green) was significantly lower compared to the one performed at room
temperature with reduced number of atoms (red). Surprisingly one finds a two body loss
rate more than eight times larger and a comparatively large lifetime of 14.6(22)s. A
longer lifetime at cryogenic temperature was expected due to the better background gas
pressure in the inner shield of the cryostat. The origin of the significantly larger two body
losses has not been resolved yet but has to be considered for future determination of the
collisional shift by measuring the lifetime in the optical lattice. All measurements share
the non 1/e decay and are suspected to suffer additional loss from a source other than
background gas collisions. Whereas the data at room temperature with reduced number
of atoms (red) is closest to it. Considering a global increase in atom number throughout

this measurement series may explain the tendency towards a positive value of agr 30%.

Until now the atoms have not been spin polarized in the measurement. A high
lattice site occupation may occur and potentially introduce severe in-site collisional losses.
Therefore measuring the population dynamics with spin polarized atoms was performed

(purple in Fig. 3.27) to suppress multiple atomic occupation per lattice site. The fit reveals
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Op. Temp. Color | Atom No. T [s] Frequency shift [107%] | a [107°/s?]
Room Temp. black Max. 9.1(32) -3.3(4) -3.8(5)
Room Temp. red 30% 7.8(4) -3.8(4) 0(8)

Cryogenic green Max. 14.6(22) -2.1(4) -32(7)

RT (Spin polarized) | purple Max. 8.2(3) -3.7(4) -8.7(14)

a similar two body decay rate as for the black data points that is suspected to have had a
higher atomic density. Additionally the number of spin polarized atoms was comparable
to the measurement with a reduced number of atoms (red) which is supposed to have
had a lower atomic density compared to the measurement with a maximum number of
atoms (black). In therms of atom density in the lattice, it is likely that the spin polarized
ensemble (purple) is comparable to that of the measurement with a reduced number of
atoms (red). In terms of lifetime their results are comparable. However for the spin
polarized sample, in-site collisional losses can be ruled out. If this is the origin for the

additional loss therm, arr s, would be compatible with zero which is not the case.

The measurement conducted at cryogenic temperature (green) revealed a high two-
body loss compared to those at room temperature. For further investigating it is plausible
to perform a measurement at cryogenic temperature with a spin polarized atomic ensem-
ble. Unfortunately the atom number of the spin polarized ensemble was insufficient at

that time.

The background gas collision shift at room temperature was determined to —3.8(4) -
10718 based on the shortest lifetime measured of 7.8(4)s. At cryogenic temperature the
lifetime was determined to 14.6(22)s which corresponds to frequency shift of —2.1(4)-10718.
The difference in the resulting frequency shift of whether cryogenic or room temperature

operation is about 1.7 - 107 and is added in the clocks uncertainty budget in Tab. 3.4.

The large discrepancy in the frequency shifts at the two different operating temper-
atures requires mandatory measurements of the lifetime, especially when changing from

one operational temperature to the other.

For future evaluation of the background gas collisional shift by measuring the lifetime
in the optical lattice, a protocol on how to treat the two-body losses and what their origin
is must be worked out. Otherwise it may become a significant contribution in the clocks

total uncertainty.
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Figure 3.27.: Population of atoms trapped in the optical lattice as a function
of holding time. The development of the atom number is expected to follow a
1/e decay over time, which is clearly not the case for most of the measurements
(black, green, purple). Such measurements suffer from an additional loss where
the origin is unclear. The measurements performed at a cryostat temperature
equal to room temperature (dots in black, red, purple where black data points
are fitted by a 1/e fit function shown as dotted line). The solid lines are fits
using Eq. 3.31 to obtain 7 and a. From the measurements a lifetime is derived
of approx. 7.8(4)s for room temperature operation and 14.6(22)s at cryogenic
temperature. The vacuum pressure in the chamber during the measurements
was about 5 - 1071° mbar measured with the vacuum meter.
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3.5.5. Sideband spectroscopy

To determine the lattice light shift and its uncertainty, the axial 7, and radial 7, tem-
perature of the atoms trapped in the optical lattice must be determined. They can be
estimated by sideband spectroscopy on the 'Sy — 3Py clock transition. The evaluation is
based on the model developed in [39] and is described in Sec. 2.3. Sideband spectroscopy
in Sr3 is performed at the spectroscopy lattice depth. Hereby an axial frequency of ap-
prox. v, = 61 kHz was found. (red curve in Fig. 3.28) which corresponds to a lattice
potential depth of approx. U = (v, /2Vpec)’ = T6F,ee. From the model in [39] one obtains
an axial temperature of 7, = 5.2 1K and a radial temperature of T, = 8.7 pK.To reduce
the temperature further, a technique called “spilling” (Sec. 2.5) was used. Here the poten-
tial depth is lowered adiabatically to approx. 22F,.. for 40 ms and subsequently ramped to
the spectroscopy depth. Atoms occupying a vibrational state of v, < 2 and therefore have
a high temperature become untrapped due to the low potential depth during “spilling”.
This results in lower temperature of the remaining ensemble. This was verified in an addi-
tional measurement (blue curve in Fig. 3.28) where a temperatures of about 7, = 2.2 pK
and T, = 4.5pK have been determined. The same measurement was performed at the
deep lattice depth in the magic wavelength characterization measurements. The axial and
radial temperatures at the deep lattice potential 77 and 7 are relevant parameters in the
evaluation of the lattice light shift. From such a sideband spectroscopy measurements one
finds 77 = 5.2pK and 7 = 5.8 uK as well as an axial frequency of approx. v, = 86kHz
which corresponds to a potential depth of U" = (v,/ 2yrec)2 = 148F,..

Compared to the results obtained without “spilling’ the lattice light shift changes
from 15.6(212) - 1078 to —3.7(20) - 10~'® which is a huge improvement in its uncertainty.
Further use of “spilling” to even lower potential depths e.g. of approx. 10FE,... leads to even
lower temperatures of T, = 0.9 uK and 7, = 2.9 pnK which results in a lattice light shift of
—3.4(26)-107'8. The uncertainty thereof is now dominated by the large uncertainty of the
differential E2/M1 coefficient a?™ our group uses which stems from how we account for
the large discrepancy in the reported values published in [51,53,55]. This will be discussed
below in more detail. Unfortunately “spilling” to a potential depths of approx. 10E,..
reduces the number of atoms too severe for clock operation. Other techniques are required
to reduce the atoms temperature such as sideband cooling. Axial sideband cooling has

been investigated recently and successfully tested in our group, but is beyond the scope
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Figure 3.28.: Longitudinal sideband spectroscopy on the 'Sy — *Py clock
transition without (red) and with (blue) “spilling” (described in the text) the
atoms before spectroscopy. The “spilling” technique reduces the temperatures
from T, = 5.2pK, T, = 8.7pK to about T, = 2.6 pK, 7, = 5.8 pK and greatly
improves the lattice light shift uncertainty to about 2 - 10718,

of this work.
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3.5.6. Lattice light shift

To determine the effective detuning from the “operational magic wavelength”, several
interleaved measurement have been performed. The lattice potential depth during spec-
troscopy was altered between approx. Uy = 122 E,.. (deep lattice) and approx. Uy =
64 E,.. (shallow lattice) in the two interrogation cycles. This type of measurements
are commonly called magic wavelength (MWL) measurements. For frequency stabiliza-
tion the lattice laser was locked to the frequency comb at a constant offset frequency.
Throughout December 2020 and February 2021 several magic wavelength measurements
haven been performed where the clock was operated at either room temperature or cryo-
genic. Fig. 3.29 shows the measured frequency shifts. Except for one measurement they
agree within 7 - 107!® with day-to-day variations of typically well below that level. Com-
bining all the measurement performed with the clock operated at room temperature (red
shaded area) the total measurement duration reaches approx. 60 h. The average light shift
obtained from this extended dataset is about +1.6 - 10718 as seen as the first red dot in
Fig. 3.29. The total Allan deviation of the combined data set is depicted in Fig. 3.30 show-
ing an instability of 2.1-107'¢ / /7. This leads to a statistical measurement uncertainty
of 4.5 - 107, Following the evaluation of the “operational magic wavelength” protocol
described in [53] the lattice light shift at its operational depth of about Uy = 64 E,. is
calculated to —3.8(20) - 107*® and added to the clocks uncertainty budget. The required
axial /radial temperatures for the determination of the light shift have been presented in

the previous section (Sec. 3.5.5).

MWL measurements have also been performed at cryogenic operation. Here from the
two measurements performed, as seen in Fig. 3.29 in the blue shaded area, an average
light shift of 8.4(22)-107'® was obtained (red dot in between the two measurements). The
two measurement results obtained are in marginal agreement within their uncertainty.
Although the are covered within the scatter of the frequency shift results obtained at
room temperature their weighted average values (red dots) differ significantly and are not

in agreement within a 30 uncertainty.

The discrepancy among the average results may be due to a lack of measurements
performed at cryogenic temperature. Nevertheless there are potential circumstances under
which the lattice light shift can be different among the two operational temperatures which

is investigated in the following.
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Figure 3.29.: Time evolution of the frequency shift obtained in magic wave-
length measurements. The optical lattice was operated near the magic wave-
length with the potential depth alternating between U, = 122 FE,.. (deep) and
Uy = 64 E,.. (shallow). Its frequency has not been changed throughout all
measurements. The measurements have been performed with the clock being
operated at room temperature (red shaded area) and cryogenic temperature
(blue shaded area). Red data point represent the average frequency shift for
either room temperature- or cryogenic clock operational temperature. Uncer-
tainties are given by the total Allan deviation.
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When operating the cryostat at cryogenic temperature, stress induced birefringence in
the windows attached to the cryostat may occur due to the difference in thermal expansion
coefficients of the copper/indium /N-BK7 material combination (CTE = 17/44/7-107%/K).
In Sr3 a polarizing beam splitter (PBS) with an extinction ratio of 1:10000 is installed
behind the fiber that delivers the light from the Ti:Sa lattice laser to the vacuum chamber.
This ensures best linear polarization which is ideally aligned along the bias magnetic field
direction applied during spectroscopy. Nevertheless uncontrolled changes of the lattice

polarization can lead to significant frequency shifts.

Considering the electric dipole (E1) interaction as described in [51], the frequency
shift AvE? can be decomposed into scalar (Av*¢), vector (Av¥*®) and tensor (Avte") shift

contributions where Ar¥¢¢ and Avte™

are sensitive to the lattice polarization. The vec-
tor shift vanishes if at least one of the following conditions are met: i) the lattice beam
polarization is perfectly linear, or ii) the bias magnetic field direction is perfectly orthog-
onal to the lattice beam propagation direction. Therefore such conditions are favorable
operational parameters for clock operation. In fact those ideal conditions are difficult to
fulfill. In a typical magic wavelenght measurement performed with Sr3 so far, a differ-
ential vector shift dvY*“ between the two interrogation cycles have always been observed.
The vector shift dependents linear on the lattice potential depth Uy. Thus in a MWL
measurement it appears as a difference in magnetic field splitting B, of the Zeeman
components used for spectroscopy (mg £ 9/2 in this case) between the two interrogation

cycles. In the following the vector shift is determined by 00" = Byt (Uj) — Bipiit(Uo)-

The MWL-measurement at cryogenic temperature on the 25 of February (Fig. 3.29,
was performed during the cooldown of the cryostat and did not have had stable tempera-
ture conditions as seen in Fig. 3.31. The cryostats inner shield temperature was declining
from —135°C to about —170 °C in approx. 4.5 h. Over the course of the measurement the
differential vector shift »¥*¢ changed from about 100 mHz to —250 mHz between the two
cycles of the interleaved measurement with a change in sign at a temperature of about
133 K.

While operating the cryostat at stable room temperature conditions, the differential
vector shift was observed to be always negative (red shaded area in the upper panel

of Fig. 3.31). At cryogenic clock operation however (blue shaded area in Fig. 3.31), the
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vector shift turned positive. This indicates a change in the orientation between the lattice

polarization and the bias magnetic field.

Beneficial about the vector shift is, that during clock interrogation of the mg 4+ 9/2
Zeeman substates it cancels similar to the linear Zeeman shift. Nevertheless the observed
change of the vector shift induced by the cryostats temperature does imply non stable be-
havior either of the lattice polarization or of the bias magnetic field orientation. The latter
is very unlikely since the magnetic field generating coils are mounted outside the vacuum
chamber and therefore their temperature is not affected by the cryostats temperature. A
variation of the lattice polarization is most likely originated by temperature dependent

mechanical stress induced birefringence of the windows attached to the cryostat.

ten cannot be observed in the running

In contrast variations in the tensor shift Av
experiment like the vector shift. But it can also be subject to a frequency shift on the
clock transition. For common orientations of a linear polarized lattice either perpendicular

ten s always non zero. Typically Av*¢ is adjusted

or parallel to the bias magnetic field, Av
by the lattice frequency such that it balances Av'" to Av*¢ + Av'®® = (. This operating

condition where AvF! = 0 is called the “Stark-cancellation wavelength”.

Following up on the idea that an uncontrolled change in the angle between the lattice
polarization and the bias magnetic field can cause an unnoticed frequency shift, lets discuss
a gedankenexperiment. Assuming the lattice polarization to be ideally linear but the angle
to the bias magnetic field vector free of choice. As already discussed the deviation in the
measured frequency shifts of the MWL measurements between room temperature- and
cryogenic operation (red squares in Fig. 3.29) is about 7 - 107'8. The difference in the
potential depth between the two cycles is hereby about 58 FE,... An equal light shift
exclusively originated from the tensor shift contribution, would require a change in the
angle between the linear polarization of the lattice and the bias magnetic field from 0° to
about 5° at the typical spectroscopy potential depth of 76 E,.... As already mentioned,
stress induced birefringence is likely to happen when optical elements are changing its
temperature which are bonded to materials with different thermal expansion coefficients
which is the case here!?. Here, for simplicity it is further assumed that the change in angle
due to stress induced birefringence is induced by such windows attached to the cryostat,

that the lattice passes before impinging the atoms, (Fig. 3.9) only. After the lattice light

12Thermal expansion coefficients of the copper/indium/BK7 combination is 17/44/7 -1075/K
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is retro reflected it double passing these windows. This effectively doubles the angle but

it happens behind the atoms so the tensor shift results from the single angle only.

A change in the lattice polarization’s angle will affect the transmission of the retro
reflected light passing through the PBS that is mounted after the lattice fiber (Fig. 3.2).
After double passing the birefringent element(s) the transmission would remain at cos?(2-
5°) = 0.97 which is likely to be undetected during clock operation. The power stabilization
loop of the lattice laser will compensated the power drop which increases the in optical
power delivered to the atoms and raising the potential by about 1.45F,... This trans-
lates to an increase in the axial sideband frequency of well below 1kHz for the common
lattice potential of about 76 F,... This variation is too small to be detected by sideband
spectroscopy. To compensate the change in the tensor shift with an equal but opposite
in sign scalar contribution, the lattice frequency requires to be adapted by about 2 MHz.
In conclusion regular characterization measurements are compulsory to verify that the
total lattice light shift have not changed, especially when the operational temperature of
the clock is changed. Regarding this it is not a surprise that the last measurement in
Fig. 3.31 shows a significant different differential vector shift as those observed at room

temperature.

Treatment of the E2/M1 polarizability and outlook

Unfortunately there is a huge discrepancy in the value of the E2/M1 polarizability o/?™
published in recent literature!®. To attribute this discrepancy the weighted mean values
are applied leading to a?"/h = —369.5(+456.8) pHz. The uncertainty is given by the
standard error of the weighted mean. Unfortunately its uncertainty u(a™) dramatically
increases by approx. an order of magnitude compared to the most recent value published
in [53].

Neglecting the present conflict and evaluating the light shift in Sr3 based upon the
value presented in [53] one can expect a fractional light shift near zero. But the un-
certainty will be larger as before due to the current axial state population distribution.
Since the atoms occupy higher axial states this is currently limiting the lattice light shift

uncertainty (besides the mentioned inconsistency in a?™). By reducing the higher axial

13Values have been published in [44,51,53,55]. An overview is given in Fig. 5 in [53]
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Figure 3.31.: Upper Fig.: Measured differential vector shifts dv"*¢ during
magic wavelength interleaved measurements for either room temperature (red
shaded region) or cryogenic operation (blue shaded). The potential depth
in the two cycles was altered between Uy and Uj. Lower Fig.: Throughout
the measurement the temperature of the cryostats inner shield (red line) was
radically changed by about —25K. The differential vector shift between the
two interleaved cycles of the magic wavelength measurement reveal a similar
course. It changes by about —350 mHz and even changes sign.
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state population (e.g. by sideband cooling) controlling of the light shift uncertainty below
the 10718 level is possible.

3.5.7. Density shift

As described in Sec. 3.5.7 the density of atoms trapped in the optical lattice is subject to a
frequency shift. To investigate the effect of density related frequency shift an interleaved
measurement was performed with different number of atoms among the two cycles. During
loading into the blue MOT the optical shutter blocking the Zeeman slower beam was closed
after alternating duration. This effectively varies the loading time from the decelerated
atomic beam into the blue MOT and thus the number of trapped atoms. Other systematic
effects are equal in both cycles and therefore common mode rejected. Typically the
difference in the number of atoms was about a factor of 2. The number of trapped atoms
was related to the arbitrary unit counts that the experimental control program generates
from the output voltage of the PMT. It has not been calibrated to the number of atoms
yet but is linear proportional to it. With 400..600 counts in the low-atom-number cycle,
the measurement was performed at a deep lattice potential of about 122 F,.. during
spectroscopy thus maximizing the number of atoms and therefore the measurements lever
arm. Similar to the lattice light shift measurement several density shift measurements
have been performed and combined into one data set to reduce the uncertainty. Here a
zero compatible frequency shift of —4.5(65) - 107! (few minus many counts) was found
which corresponds to a fractional shift of 1.2(19) - 1072! /count. The typical lattice depth
during spectroscopy is about half the depth of that the density shift measurement was
performed with. As an upper limit the values above are used where a higher atomic
density is expected than in the shallow lattice that is commonly used for spectroscopy.
For lattice configurations that provoke density shifts much more than in our experiment,
zero compatible density shifts have been reported at lattice depth of more than 1000E, [53]

underlining the assumption state above as valid.

3.5.8. Other sources of frequency shifts

Frequency shifts on the clock transition can also arise due to effects such as line pulling,

imperfect switching of the clock light due to non ideal switching characteristics of the clock
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instabilities are 2 - 107¢/\/7 and 5 - 107'?/y/7. The density shift found is
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AOM, lock error of the electronic servo or optical path length error. Typically these effects
contribute to a negligible level to the total clock uncertainty and are therefore summed

up as "other”. For completeness these effects are discussed briefly in the following.

3.5.9. Line pulling effect

The line pulling effect arises from either unwanted excitation of neighboring Zeeman
sublevels (mp = £7/2) or by o=+ transitions caused by imperfect polarization of the clock
laser as discussed in 2.6.6. During spectroscopy the frequency splitting of the outermost
mp = +9/2 Zeeman sublevels is approx. 560 Hz corresponding to a frequency separation'*
of approx. 62.2 Hz to neighboring mp states. The typical line width of the clock transition
used during spectroscopy is approx. 1.14 Hz which corresponds to a separation of the states
of approx. 55 line widths. This is sufficient far detuned to no excite the neighboring mp =
+7/2 states. Additionally we do not observe population of those states of more than 5%
after spin polarizing the ensemble (Fig.3.33). The subsequent purification step (discussed
in Sec. 2.5) reduces such parasitic population even further. From this we conclude a
negligible frequency shift contribution from mp = £7/2 — m/, = £7/2 transitions due to

population of neighboring Zeeman states.

Additionally coherent excitation via o+-transitions can also cause a frequency shift.
At the splitting of the magnetic sublevels given above the 3Py, mp = £9/2 — Sy, m/, =
+7/2-0~ transition is expected at a frequency detuning of £650Hz. A frequency scan
covering the possible o® transitions of the outer stretched states does not show any
significant population (Fig. 3.33) that may indicate a mentioned o+-transition. Therefore
the line pulling effect is attributed an uncertainty of 1072 which makes its frequency shift

contribution negligible.

3.5.10. Tunneling

In a horizontal optical lattice arrangement adjacent lattice sites are degenerate. This
allows trapped atoms to tunnel between the lattice sites that causes a frequency shift

[40]. In a pure horizontal lattice the frequency shift is at the order of the bandwidth.

M Neglecting the quadratic Zeeman effect
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Figure 3.33.: Left: Frequency scans over the mp = £9/2 clock transition of
a spin polarized ensemble. Neither excitation in a neighboring mp sublevel
are observed nor any o transition (mp = 9/2 — myp = 7/2). This observation
justifies a neglecting frequency shift contribution due to the line pulling effect.
Right: Detailed plot of the observed lineshape for the mp = £9/2 stretched
magnetic sublevels of the 'Sy —3P clock transitions. At a Rabi m-pulse probing
duration of 700 ms, a Fourier limited linewidth of about 1.1 Hz was observed.
Both plots were recorded with active pulse tube cooler to study the influence
of its vibration on the spectroscopy signal. Still good excitation probabilities
of more than 80% are observed.
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For example in a pure horizontal lattice of depth 90F, the tunneling frequency shift is
about 5mHz or 1-107'7. To suppress intersite tunneling, adjacent lattice sites can be
shifted in energy by a constant acceleration which can be Earth’s gravity. In this way
the atoms become strongly localized to a single lattice site which suppresses tunneling
induced frequency shifts. For a vertical lattice used in Sr3 the frequency shift is zero since

there simply is no tunneling possible at timescales of the probing duration.
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Other frequency shifts

Frequency shifts due to technical imperfections such as the optical path length fluc-
tuations and the clocks servo lock error must also be considered. They have already been
discussed in Sec. 2.6.6 where the servo error uncertainty was updated with latest observed
second order drift rates of the ultra stable silicon cavity. The optical path length error as
well as the AOM efficiency uncertainty contribution due to imperfect switching behavior
have been adapted from the uncertainty budget of Srl. Since no major changes regarding

those systems have been done, it is justified to adapt those values.
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3.6. Preliminary uncertainty budget

All frequency shifts and uncertainties that are known either from measurements or from
technical sources are listed in the clocks uncertainty budget in Tab. 3.4. The uncertainty
budget of Sr3 is the result of the analysis of the investigated systematic frequency shifts
presented in the previous sections. The frequency shift and total uncertainty, are given
for two operational temperatures where operation at cryogenic temperatures leads to
the lowest uncertainty possible at the moment. As we learned in Sec. 3.5.3 (Fig. 3.25
in particular) reducing the temperature of the cryostat below —60°C does improve the
BBR uncertainty further at the current stage of the experiment. To improve the BBR

uncertainty further, the cryogenic beam shutter are necessary.

Apart from that the two largest contributions of uncertainty are stemming from the
lattice and the BBR shift from the oven. The latter will drop out automatically when the

cryogenic beam shutters are installed.

The lattice light shift uncertainty of about 2 - 1078 is stemming from the residual
temperature of the atoms. As discussed in Sec. 3.5.6 the large uncertainty on the multi
polar shift coefficient o™ prevents uncertainties below about 1 - 107 even with much

colder atoms.

Compared to its predecessor Srl, Sr3 offers a significant lower uncertainty. Due to
the better temperature homogeneity the new apparatus allows the reduced BBR shift
uncertainty was reduced significantly. The systematic uncertainty gets even lower when
operating at cryogenic temperature. Installing the missing atomic beam shutters will

reduce the corresponding uncertainty contribution to below 3 - 10719,
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Effect Fractional frequency shift | Uncertainty
/ 10718 / 10718
Lattice light -3.73 2.03
Tunneling 0.00 0.00
Probe light -0.02 0.02
Second-order Zeeman -187.2 0.44
Cold collisions -0.37 0.61
dc Stark -1.79 0.36
BBR, oven -0.08 1.17
Other 0.00 0.2
Cryogenic operation
Ambient -31.30 0.21
Atom injection tube -11.02 0.95
Windows -0.09 0.09
Background gas collisions -2.05 0.37
Room temperature operation
Ambient -4759.05 2.21
Atom injection tube -0.13 0.30
Background gas collisions -3.85 0.43
Total cryogenic operation -239.5 2.73
Total room temperature operation -4956.24 3.43

Table 3.4.: Preliminary uncertainty budget of Sr3 when operated at ap-
prox. 80K or at room temperature. At either temperature Sr3 surpassed an
uncertainty of 4-107!%. At room temperature operation the uncertainty of Sr3
is limited by the contribution of the black body radiation shift closely followed
by the contribution of the lattice light shift (details in text) that becomes the
leading uncertainty contribution at cryogenic temperatures. Frequency shifts
included in ”Other” are line pulling effect, error of the electronic servo loop,
optical path length error and the AOM efficiency.



4. Robust laser breadboards

Operating an optical clock based on atomic transitions requires several laser system for
preparation and spectroscopy. For Sr-lattice clock Sr3 describe in this work, six lasers
are required to address the relevant transitions. To enable long uninterrupted periods
of operation all laser system must be reliable. Especially operation in the field e.g. in
transportable [72,92-94] or space born optical clocks [95,96] the requirements on laser
systems are more stringent compared to those operated in a well controlled environment
such as a state-of-the-art laboratory. In the Srl clock a complex and fault-prone laser
cooling system consisting of three separate diode lasers was operated for the red MOT [59].
A frequency stabilized ECDL master laser was injection-locked into a diode laser for power
amplification at the 'Sy, F' = 9/2 — 3P, [’ = 11/2 cooling transition at 689 nm. A third
ECDL was phase-locked to the master laser at an offset frequency of about 1.46 GHz to
address the 'Sy, FF = 9/2 — 3Py, F' = 9/2 “stirring” frequency. About once per day this
lock tended to fail. Additionally the setup required frequent realignment due to the long

free space beam paths and the many optics that were required.

As a test bed for PTB’s transportable optical clock, a new design based on com-
mercially available laser systems and a fiber coupled EOM has been developed described
in [34]. In the following the principle and benefits of the new setup will be discussed
as well as the main results. In the new system the ECDL is operated at the 'Sy, F' =
9/2—3Py, F' = 9/2 “stirring” frequency and locked to the same reference cavity as the pre-
vious system. The F' =9/2 — F' = 11/2 frequency difference is provided by a first order
sideband generated in an EOM driven by a radio frequency input. One of the sidebands
is addressing the 'Sy, F' = 9/2 — 3Py, F’ = 11/2 cooling transition. This approach reduces
the complexity dramatically compared to the previous system. The separate “stirring”
laser and its fault-prone phase lock to the master laser are no longer required. After
the fiber coupled EOM the light is amplified by a tapered amplifier system (TOPTICA
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BoosTA) and feed into the custom made beam distribution board where the light for the
red MOT and the spin polarization can be switched on demand. For spin polarization
the atomic ensemble into either of the mp = £9/2 stretched magnetic substates. Also
its footprint and weight is greatly lower than its predecessor. The previous optical free
space setup required space of a few square meters. Now the footprint is reduced to below
1 m? with the potential of being further miniaturized e.g. by using integrated optics. The
weight reduction is predominantly achieved by less required laser drivers of the separate

“stirring” laser. More details of the setup can be found in [34].

Characterization of the sidebands

The ratio of the carrier and sideband frequencies as a function of applied voltage
on the EOM is related to the square of the Bessel functions of order n [J,(U)]?. In the
previous system the ratio of optical power between the “stirring” and the cooling laser
was 1:2. This corresponds to a modulation index of app. 8 = 1.7 considering the ratio of

the amplitudes of the carrier and the first order sideband as can be seen in Fig. 4.1.

To characterize the sideband amplitudes as a function of RF drive power a scanning
Fabry-Pérot with a free spectral range of 3 GHz was used. The sideband amplitudes
are than measured with an oscilloscope. At a modulation frequency of 1.46 GHz the
amplitudes of the carrier and the first four sidebands as a function of the EOMs drive RF
power are measured and plotted in Fig. 4.1. An U, of 4.8V was found where U, is the
EOM’s half-wave voltage at the given modulation frequency. This is slightly higher than
the specification of 3.5V. The deviation is attributed to the far off operating conditions
compared to those of the specification provided by the manufacturer (center wavelength
= 705 nm, modulation frequency = 1kHz). The RF-power of the EOM is controlled by
an amplified tabletop signal generator (Marconi 2024) that can produce any modulation
index that is relevant for the experiment, without getting close to its damage threshold
of app. 8 = 13. To characterize its ability to laser cool Sr the atoms are loaded into
the optical lattice and their temperature estimated by performing sideband spectroscopy
(Sec. 2.3). The system was first used and characterized in Srl that has a nearly horizontal
lattice. The radial and axial temperatures was measured to be T, g1 ~ T}, 5,1 ~ 2pK

without “spilling” (Sec. 2.5) of the atoms that occupy higher axial vibrational states.
When operated in the vertical optical lattice of the new Sr3 system, a modulation
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index of app. [ = 1.4 provided best results in terms of maximum number of trapped
atoms. However, sideband spectroscopy revealed that the temperature of the atoms is
higher compared to those mentioned above in Srl. With a sideband spectroscopy measure-
ment described in Sec. 2.3 and following the model developed in [39] the axial and radial
temperatures measured in the shallow lattice in Sr3, have been found to be T, ;3 ~ 5.2 mK
and T} g3 ~ 8.7nK under similar conditions. Only after using “spilling” to a potential
depth of app. 22 E,.. the temperature of the atoms is sufficiently low and the lattice light

shift uncertainty contribution gets minimal as discussed in Sec. 3.5.6.

After “spilling” the temperature of the atoms reduce to approx. T g 3 = 2.9 pK and
T, g3 = 0.9 nK. Overall the cooling performance in the axial direction after “spilling” is
comparable to that in Srl, where an axial temperature of (7] g, > 1pK was published
in [62]. The “spilling” depth applied there was similar to that in Sr3. In contrast the radial
temperature of the atoms is significantly higher in Sr3 compared to Srl (T}g,, ~ 2nK).
The reason is not clear and has not been investigated in detail yet. It may be possible that
the arrangement of the MOT beams in Sr3 compared to Srl is less efficient for cooling in
the radial direction. Due to a fiber cluster used it is not possible to change the ratio in
optical power among the three MOT beams. As a result there is an imbalance in power of
approximately 1:1.5:3.7 during the red MOT phases along the a:b:c axis. Here the a-axis
is pointing along the bias magnetic field, b and ¢ are the diagonal MOT beams as seen in
Fig. 3.1. That mismatch in optical power especially along the diagonal MOT beams may

be the reason for the lower radial cooling efficiency of the atoms. To verify this theory

the optical power ratio must be changed which has not been tested yet.

The two clocks (Srl first, and then implemented into Sr3) were operated with the new
cooling system for several years now. No substantial degradation in optical power have
been observed yet, despite operating the system continuously during several measurement
campaigns that span over several weeks. Realignment of optical components is required
only once in a blue moon. For our transportable optical clock the requirements on the
laser system’s weight and size are more stringent. Additionally its heat dissipation must
be considered which is rather irrelevant for the lab-based system. The transportable
optical clock has installed a similar laser cooling system that provided the described
benefits. Although the predecessor system in the transportable clock was not as bulky
as the lab-based system, the concept relying on three separate lasers was the same. The

new laser cooling system still offers a reduction in size and mass that strongly matters for
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the transportable clock Sr2. Additionally the separate but now needles “stirring” laser

including its control electronics, set free valuable space and reduce the mass of the trailer.
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5. Lattice induced photon scattering

As described in Sec. 2.7 the instability of a clock is one of its key performance factors,
desired to be as low as possible. One of the strategies to improve a single clocks instability
is to improve the clocks duty cycle by increasing the probing duration (by keeping the
preparation time unchanged or decreased). Since the development of ultra stable lasers is
ongoing and coherence times of up to several tens of seconds have been reported [17] an
increase of probing duration to gain in clock instability is a logical consequence. However
when atoms are trapped in the optical lattice, several loss mechanism can occur e.g.
collisions with the background gas. Apart from that atoms prepared in the 3P, excited
state experience different scattering channels as the 'Sy ground state atoms. It can be
observed as an additional decay rate where atoms emerge from P, to the 'Sy ground
state. The scattering process depends on the number of photons and therefore scales with
the lattice potential depth. It is attributed to different types of off-resonant scattering
induced by the intense optical lattice [97]. This chapter describes the photon scattering
processes, the characterization measurements and discusses the consequences for clock

operation.

5.1. Scattering processes

The scattering of photons can be separated into two different ones. Inelastic Rayleigh
scattering [98] that leaves the internal electric atomic state unchanged and elastic Raman
scattering that changes the atoms state. For Raman scattering, atoms in the 3P state will
enter the *P; manifold predominantly via the intermediate (5s65)3S; state due to lattice
photon scattering. When they end in the long living 3P, state they are shelved and lost
for any kind of clock relevant operation. Atoms scattered into 3Py state (7 = 21 ps) will

quickly decay into the ground state. In Fig. 5.1 the dominant scattering processes are
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Figure 5.1.: Schematics of the photon scattering and branching ratios induced
by the magic wavelength optical lattice near 368.6 THz in the mp = 9/2 mag-
netic substate of ground- and excited state. The dominant scattering channels
are depicted by colored arrows together with their decay rates normalized to
the lattice potential depth in recoil energy E,. The natural decay from *P; to
the 'Sy ground state is shown in orange.

shown emerging from either the 'Sy state or the *Pg state. Determining the off-resonant
scattering rate I';_,y of an atom from its initial state ¢ to a final state f for incoming
linear polarized light is done by Kramers-Heisenberg formula leading to a relation that
is proportional to the Einstein coefficient A;;. A detailed theoretical treatment was done
in our group and can be found in [97]. The population dynamics among the involved
states of the hyperfine structure are described by a pair of coupled rate equations. In
Fig. 5.2 the analytic solution of the rate equations (dashed and solid lines) fits well to the

experimental data proving the theory to agree excellent with the experimental results.
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5.2. Measurements of the decay rates

The measurement has been performed in Srl similar to a lifetime measurement described
in Sec. 3.5.4 but with the atoms being prepared in the 3Py excited state. The atoms are
cooled to a temperature of T' ~ 2 pK by the two stage MOT (Sec. 2.1) and loaded into the
optical lattice. To remove atoms from the trap that occupy axial vibrational states n, > 1
“spilling” was used for 40 ms (Sec. 2.5). Subsequently the ensemble was spin polarized to
enhance the population in the mp = 9/2 stretched magnetic substate. Atoms in magnetic
substates other than that are removed by the “clean-up” sequence (Sec. 2.5) that also puts
the atoms in the desired 3P, excited state. The sample is than kept for a variable hold
time ¢, of up to 25s in the optical lattice. Such a series of measurements were performed
at five different lattice depths. Subsequently the atoms state is read out by the detection
sequence. For each hold time at the individual lattice depth, a sample size of app. 30
to 40 measurements was collected. From that the average number of ground- (N,) and
excited state atoms (NN, ) is determined. To account for long term atom number fluctuation
throughout the measurement the population was normalized to the average count number
found in the measurement series at t;, = 1s. This reference measurement was performed
before and after each series of measurement. It is to be mentioned that the state detection
cannot resolve magnetic substates or hyperfine levels of a certain 3P state nor distinguish
between atoms in the states 3Py and 3Py due to the repumping process. Thus Rayleigh
and Raman scattering into the 3P, state cannot be investigated experimentally and are
treated theoretically. To compare the results to the observed >Py—1'S, decay an additional
measurement where the atoms are prepared in the 'Sy ground state has been performed
as reference. The experimental results are shown in Fig. 5.2. Comparing the decay rates

reveals a clear decay 3Py — S, that increases for deeper lattice potentials.

From the measurement a decay rate of
v = 556(15) - 107 %1 E

due to off resonant inelastic scattering of the lattice laser is inferred. The loss rate due to

other sources such as spontaneous decay was found to be

[y =52(12) - 107371
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Figure 5.2.: Measured population dynamics of atoms initially prepared in the
3Py state as a function of holding time ¢, (colored data). For reference the
decay rate for atoms prepared in the ground state (black points) is show and
clearly revealing a potential depth depending loss of excited state atoms. The
lines are fits originate from the rate equations from [97].

5.3. Effects on lattice clocks

The described off-resonant scattering processes of the magic wavelength optical lattice
is affecting clock operation in several ways. The good news first: Systematic frequency
shifts from either Ramsey- or Raman scattering are expected to occur. Rayleigh scatter-
ing appears not to change the electronic state of the atom. But it is in discussion weather
it influences the coherence of the atomic superposition state. As discussed in [99, 100]
inelastic scattering dampens the coherence if the scattering amplitudes of the involved
states differ. The scattering amplitudes are proportional to the differential dynamic po-
larizability. For a magic wavelength lattice this difference is zero by definition. Therefore,
Rayleigh scattering in our experiment will not degrade atomic coherence on a relevant

scale.
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The two Raman scattering processes are more subtle. They result in decoherence of
the atomic superposition state and depopulation of the P, excited state. This degrades
the fringe contrast in Ramsey spectroscopy and results in a degraded clock stability.
In a Rabi spectroscopy experiment the transition lineshape is broadened but remains
symmetric effectively causing no frequency shift. Additionally atoms that have been
scattered into either 'Sy or 3P, are still being detected resulting in a noise contribution
of the detected population. Avoiding this for the *P, state requires a different repumping
process that allows to distinguish between atoms in in 3Py and 3P, e.g. by selective
repumping on the 3Py — 3D; transition as demonstrated in ytterbium lattice clocks [101,
102].

The growth of population in the 'Sy state induced by the photon scattering process,
is highly sensitive to clock laser radiation since it is in resonance. As calculations in [97]
show, atoms predominantly return to the mp = +9/2 state with similar consequences
as discussed above. The result is degraded clock stability due to loss of fringe contrast
(Ramsey spectroscopy) or the lineshape is modified but remaining symmetric (Rabi spec-
troscopy) and not causing a systematic frequency shift. Considering the branching ratios
of all possible transitions, the atoms can decay to the 'Sy ground state into the mp = 47/2
and mp = £5/2 Zeeman magnetic sublevel. As discussed in Sec. 3.5.8 population in Zee-
man sublevels other than mp = +9/2 gives rise to the line pulling effect. But due to
symmetry reasons it only affects the frequency splitting of the Zeeman substates and not

the transitions center frequency.

5.4. First direct lifetime measurement of the P, state

From the data obtained from the measurements, the lattice intensity independent loss rate
Iy has been determined. It includes spontaneous decay of the 3Py — 1S, clock transition
from which the lifetime of the 3P, state can be calculated. The dominant contribution
in [y is from optical pumping on the 3Py, — 3D; transition due to blackbody radiation.
The pumped atoms end up in the 3P; state and spontaneously decay to the ground
state. By estimating the BBR-induced quenching rate [103] and the branching ratio
of the spontaneous decay of the 3D; — 3P transitions one can express Iy as the sum

of a BBR induced loss rate and spontaneous decay from the upper clock state. One
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finds a spontaneous decay rate of 'y = 3.0(13) - 1073s™! corresponding to a lifetime of
7(®Pg) = 330(140)s. This result is within marginal agreement of 20 with the values
published in [25,44]. Nevertheless is represents the first ever published experimental

determination of the Py state lifetime.
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6. Absolute frequency measurement

In 2019 several units of the International System of Units (SI) have been revised and are
now based upon fundamental constants. However this was not the case for the most pre-
cisely measurable unit the Second. It was last defined in 1967 by the Bureau International
des Poids et Mesures (BIPM) as 9192631 770 periods of the radiation corresponding to the
transition between the two hyperfine levels of the unperturbed ground state of the ¥3Cs

1 Modern optical clocks either based on optical lattice clocks or single ion clocks

atom
have surpassed the systematic uncertainty of the fountain clocks by orders of magnitude
that raises the discussions on a redefinition of the Second for which the BIPM released
several requirements?. One is the determination of the clocks frequency with a fractional
uncertainty of below 3-1071¢ by comparing its frequency to a Cs primary standard. In this
chapter T will present the results of the absolute frequency of 87Sr (5s5?)'Sy — (5s5p)3Py
transition in Srl and the new cryogenic clock Sr3. The measurements with Srl were
performed from 2017 to 2019 against PTB’s primary frequency standards, the cesium
fountain clocks CSF1 and CSF2. The measured frequency yield in a new record with
respect to the uncertainty of the average frequency of 1.5- 1071 and have been published

in [8].

Frequency standards
The frequency standards involved, are PTB’s primary frequency standards, the cesium
fountain clocks CSF1 and CSF2 where the absolute frequency of Srl and Sr3 has been

determined with.

The CSF1/2 clocks are contributing data regularly to steer the International atomic
Time (TAI). Therefore their specific mode of operation is denoted “primary frequency

standard” (PFS) that allows the highest clock accuracy of about gy, csri 2 = 1.3 —

lwww.BIPM.org
2(https:/ /www.bipm.org/utils/en/img/CCTF-roadmap.jpg)
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2.3 - 10716 . The instability of the fountain clocks is about three orders of magnitude
worse compared to state of the art lattice clocks. Their individual instability is o, csr1 =
3.3-10713//7 and 0, csra = 1.6 - 1071%/{/7. A detailed description of the Cs clocks was
published in [13].

The Srl clock was described in many previous publications [9, 59,62, 70]. Since the
latest evaluation in [9] it now features a more stringent evaluation on the BBR shift
resulting from the strontium oven with a fractional frequency uncertainty of about 1.5 -
107! as described in [8]. Also the protocol for the determination of the lattice induced
frequency shift, now follows the “operational magic wavelenght” [53] protocol described
in Sec. 2.6.3 for Sr1 and Sr3.

The strontium clocks feature in principle two mode of operation. The already de-
scribed interleaved measurement for self evaluation and the single cycle single-cycle op-
eration where the measurement cycle repeats after four interrogations. Srl was operated
most of the time mostly for self-evaluation then in single-cycle operation since it was not

primarily intended to gather data for absolute frequency measurement.

In single-cycle operation, the systematic uncertainty of Srl is slightly higher than it is
during interleaved measurements. Due to a second of waiting time after each clock inter-
rogation, the time average thermal load on the MOT coils and therefore their temperature
is lower compared to an interleave measurement where no waiting time is included. This
reduces the BBR shift uncertainty in single cycle operation. In self-evaluation operation
this is not a problem since it is common mode in both cycles of the interleaved mea-
surement. But for frequency comparisons the higher thermal load on the coils degrades
the uncertainty by about 1-107!7. The systematic uncertainty of Srl was not exceeding

Usys = 3 - 10717 [8] for any of the individual measurements.

The instability of Srl and Sr3 is described in Sec. 3.3. The lock of the clock laser
to an ultra stable crystalline Si cavity operated at cryogenic temperature [17] greatly im-
proved the clock instability. Taken into account the introduced dead time of 1 s the clock
instability is slightly degraded to about 2-1071¢/,/7.

Measurement time intervals
For the CSF1/2 clocks only such uptimes have been considered when they were operating

in PFS-mode to ensure the highest available accuracy. Measurement data from Srl was
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obtained mainly from measurement campaigns or from various self evaluation measure-
ments. From the latter the measurement duration is typically at the order of a few hours,
sometimes a day and include gaps where the clock was not locked to the atoms. With
respect to the instability of CSF1/2, the statistical uncertainty of such measurements
would not be sufficient. To bridge down times of the Sr clock the technique described
in [9] was applied where a Hydrogen Maser (H-maser) was used as a flywheel oscillator.
Compared to the Cs clocks, H-masers have are lower frequency instability on timescales
of below 10°s. They are highly reliable and continuously operated. By using the flywheel
oscillator technique the up-time of the Sr clock enlarges from 59 days to about 120 days
but restrict the bridgeable gaps in downtime to be smaller than 1 day.

Evaluation
To compare the Sr clocks against either CSF1/2 microwave clocks, the optical frequency
of the Sr clocklaser is converted into the radio frequency domain via a frequency comb.
Preferably the signal is transported among the buildings in the optical domain via phase
stabilized optical fibers rather than cable guided radio frequency signal where noise can-
cellation is not possible. Active fiber noise cancellation [64] eliminates environmental
noise such as vibrations or acoustic noise acting on the optical fiber and allows to deliver
phase stable light. Therefore the optical to radio frequency conversion was preferred to

be performed as close as possible to the fountain clocks.

To benefit from the Maser as a flywheel oscillator a noise model was created based
on a long measurement of the Srl clock against the respective H-maser as a reference.
At PTB several Maser (VREMYA-CH VCH-1003M) are continuously providing the radio
frequency reference. It offers a stability better than those of the Cs fountain clocks on
timescales of up to 10°s. This allows to bridge downtimes in the optical lattice clocks
availability of up to 1 day. The Masers noise model obtained from long term measure-
ments take into account its white frequency noise, white phase noise and flicker floor noise
contribution that is converted into the corresponding spectral power densities relying on
Parseval s theorem. From weighting functions g;(¢) that represent the uptimes of the in-
dividual clock, an uncertainty related to the extrapolation wu.,; can be described as in [9].
This approach is insensitive to the masers linear drift, but only if the centers of gravity
of both weighting functions coincide. For some of the measurements in [8] the center of
gravity deviates by a few hours, but due to the small maser drift of 1.1 -107!¢/day, this

contribution is negligible.
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Measurement results with Srl

Form the measurement data an absolute frequency of Srl can be determined against
against the individual Cs fountain clock. The statistical uncertainty of Srl and the individ-
ual fountain clock are treated as uncorrelated as well as the extrapolation uncertainty te,;.
One finds weighted average frequency values of vg,1 csp1 = 429228004229 872.92(11) Hz
and vg csre = 429228004229 873.05(8) Hz with respect to CSF1/2. This results in
a weighted mean absolute frequency of vg,1 = 429228004 229873.00(7) Hz. Here the
systematic uncertainty of the individual fountains was treated uncorrelated. For time
windows where both fountains have been operated, u.,; introduces a correlation between
the systematic uncertainties of the fountains. This contribution is small enough to be

neglected.

Further use of the dataset can be made to test the validity of the Einstein equivalence
principle (EEP). A violation of it could manifest itself as a drift or modulation of the Sr/Cs
frequency ratio which can be caused by e.g. a temporal variation of fundamental constants
such as the proton-electron mass ratio p or their coupling to a gravitational potential such

as the Sun’s.

A potential violation of the EEP was investigated by analyzing the dataset for periodic
variations of the Sr/Cs frequency ratio with a periodicity of the anomalistic year. The
findings are compatible with zero thus no violation of the EEP was found [8]. This is in
agreement with the results of [104,105]. Furthermore a more stringent coupling parameter
for the coupling of the Sr/Cs frequency ratio to the proton-electron mass ratio of k, =
35(590) - 1072 was found. In the consequence a temporal variation ji/pu = —6.9(6.5) - 10717
was found. This value is in agreement with the one published in [106]. Further details

can be found in [8].
Absolute frequency measurement of Sr3

The absolute frequency of Sr3 has also been measured in the same way as de-
scribed above. During characterization of the clock several interleaved measurements
were performed with a frequency shift in the 107!® range among the two clock cycles
such as magic wavelength measurements or density shift measurements. In Fig. 7?7
the result of the absolute frequency of Sr3 is shown. Considering the systematic un-

certainty of the fountain clocks as uncorrelated a weighted average frequency of vg3 =
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429288 004 229 872.94(19) Hz is obtained. The result can be seen in comparison to other
published values in Fig. 6.1. It is in agreement with recent absolute frequency measured
with Sr1 (PTB 20 in Fig. 6.1), the current recommendation by the BIPM and many others
published by other research institutes. The measurement labeled “cold operation” was
supposed to take part during cooldown from room temperature to app. 80 K. Unfortu-
nately the number of atoms decreased rapidly during cooldown for an unknown reason.

A final temperature of —16 °C was reached before clock operation failed.

Further analysis e.g. to validate the EEP have not been performed yet since the

dataset is quite short and does not even cover a full period of the anomalistic year.
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7. Frequency ratio of PTB’s °'Sr lattice
clock and !"Yb™ single-ion clock

As seen in the previous chapter, the knowledge in the absolute frequency of the strontium
optical lattice clock is typically limited by the accuracy of today’s primary frequency
standards realized by 1?3Cs fountain clocks. State of the art optical atomic clocks have
outperformed the cesium fountain clocks by two orders of magnitude in accuracy and insta-
bility which is why the International Committee for Weights and Measures (BIPM) have
announced several atomic transitions [122] as Secondary Representations of the Second
(SRS) [123]. The most accurate absolute frequency of an optical frequency standard re-
ported to date is of the 2S; ,—2F7 5 electric octupole (E3) transition in '™ Ytterbium™ [124]
with a fractional uncertainty of 1.3 - 107¢. Compared to the determination of the abso-
lute frequency of the 'Sy — 3P transition in neutral 87Sr of 1.5- 10716 described in Sec. 6,
the measurement uncertainty is slightly larger but comparable. Both clocks share the
problem of being limited in achieving lower measurement uncertainties of their absolute
frequencies by the 33Cs clocks. For instance the systematic uncertainty of Srl from self
evaluation is reported an order of magnitude lower (1.5-107'7 [8]). Similar holds true
for the Yb™ clock of a reported systematic uncertainty of 2.7 - 107® [10]. However direct
comparisons of optical transition frequencies is free of such a limitation since the determi-
nation of a frequency ratio v, /v, is a universal dimensionless quantity and the accuracy

of the Cs clocks drops out.

Within the BIPMs road map towards a redefinition of the second based on an optical
transition, the measurement of at least 5 optical frequency standards is requested. Each
ratio measurement is at least twice to be performed by independent labs and must be in
agreement within Av/v < 5-1071%, Additionally direct comparison of optical clocks is a

useful tool in fundamental research when it comes to applications such as chronometric
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leveling [125,126], the search for dark matter [71] or the search for variations of funda-
mental constants [5,127]. The frequency ratios determined by different institutes can be
compared to evaluate local clock performance. Moreover pairwise ratios between three or
more clocks allow reproducibility tests for laboratories that have access to only one pair
of clocks. In this chapter the results of a series of frequency ratio measurement between
PTB’s '"'Yb™ single-ion clock and the Sr-lattice clock Srl as well as first measurements

performed with Sr3 is presented.

Setup
The setup used for the evaluation of the frequency ratios of the individual Sr clock (Srl or
Sr3) and the Yb™ clock is well described in [10]. Here only a brief summary is given. The
three clocks are operated separately in two different buildings on the PTB compound. To
compare their transition frequencies, two optical frequency combs (each in every building)
are used. On every individual comb an rf-beat signal is generated by the corresponding
local oscillator of 194 THz (Sr clock location) and 344 THz (Yb™ clock location). To
enable a phase coherent link among the combs, a transfer laser at 194 THz is send from
the Sr-comb to the Yb™ comb. A second transfer in opposite direction is used to evaluate
the link performance. All optical fiber paths that are relevant for the determination of
the frequency ratio are actively stabilized. All frequencies relevant for the evaluation of
the ratio p = vyp+ /v, are counted by dead time free counters. The frequency ratio is
determined by analyzing the rf-beat signals created at the individual combs with respect

to the transfer link lasers frequency.

For a detailed description of the Yb™ and Srl clock the reader may refer to [10]. The

description of Sr3 is found in this manuscript.

The gravitational redshift between the clocks was determined in a series of leveling
measurements and corrected for Srl and Yb*. The redshift correction for Sr3 was based
upon a measured height difference to Srl which is assumed to be accurate to the 1cm

level or 1-10717/p in fractional units.

Frequency ratio, Srl
Yb™ /Srl frequency ratio measurements range from 2013 to 2019. Each measurement is

attributed an uncertainty ;40

Uratio = \/ (usys,Sr + Ufys,Yb+)p2 + Ut (7.1)
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consisting of the systematic clock uncertainties ugyg (sr,yn+), the statistical uncertainty
Ustas and the frequency ratio p = v(Yb™) /v (Sr) &~ 1.495991619. The short therm scatter of
the ratio measurements was typically at the order of a few 10~7. But on longer timescales
of about half a year, variations in the frequency ratio at the order of about 1-10—16 have
been observed which are beyond any of the clocks claimed 1-¢ systematic uncertainty. The
reason remained unclear although detailed investigations on all the frequency sensitive and
relevant components have been performed (optical clocks, fiber links, frequency combs).
The origin of the discrepancy is either due to an error in the evaluation of at least one
systematic frequency shift or resulting from a yet unknown systematic effect. From the
computed Allan deviations of the individual ratio measurements, no significant deviation
from white frequency noise is observed!®. In contrast for the full dataset long-term scatter
is larger than expected from the uncertainties of the individual measurements. For a data
set where the results are normally distribution one would expect to find a reduced chi-
square of x2 4 of 1. However for the whole dataset of the ratio measurements one finds a
reduced chi-square y2,; = 1.9 with respect to the total uncertainties. This indicates that
the long therm scatter observed in the dataset is beyond uncertainties of the individual

measurements

To attribute for the variations in the frequency ratio, a constant “dark-uncertainty”
uq is introduced. To meet the requirement of a reduced chi-square of 2, = 1 for the

entire data set one finds a “dark-uncertainty” of uqyp+ g1 = 1810718 - p.

In the process a weighted mean frequency ratio of ' vyy+ /87vg, = 1.495991 618 544 900 537(38)
from the whole dataset has been determined. This is one of the lowest reported uncertain-
ties reported so for the comparison of different clock species. Compared to other reported
non inter-species frequency ratios reported in [4,96,128-132] only the one in [132] has a

lower uncertainty.

Frequency ratio, Sr3
As Sr3 started measurement operation, frequency ratio measurements against the Yb™
clock were performed in the same way as described with Srl. The total uncertainty of the
frequency ratio measurements undoubtedly benefits from the lower systematic uncertainty
of Sr3 (Tab. 3.4). For example consider a measurement with a statistical uncertainty of

Ustat = 10+ 1078, tUgys g1 = 15+ 107" and wugyyp+ = 3.2 - 10718 result in a total measure-

15Beyond the servo attack time
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ment uncertainty of Upatio yb+ /s = 25 - 10718 (Eq. 7.1). By exchanging the systematic
uncertainty of Srl by that of Sr3 of ugyss = 3.5 10~'® the uncertainty in the ratio
reduces by more than a factor of two to Uatio yp+/sr3 = 12 - 107'® for the same statistical

uncertainty of the dataset.

In 2021, ratio measurement data was collected spanning for about half a year. The in-
dividual results of the frequency ratio measurements can be seen in Fig. 7.1. The measure-
ments at MJD 59270 was performed with Sr3 operated at cryogenic temperature, all others
at room temperature. Sr3 was operated mostly in self evaluation mode running MWL
measurements mostly to uncover potential variations in the lattice lightshift. Only the last
measurement was performed in single cycle operation. For Sr3 the two different modes of
operation do not affect the systematic uncertainty compared to Srl where the effect was
significant. As seen in Fig. ?? the Yb™ /Sr3 ratios are significantly higher compared to
those obtained from the Sr1/Yb™ frequency ratio and are not in agreement within the 1-o
uncertainty. The reason is yet unclear. Following the same evaluation method as for the
YbT /Srl ratio yields in a frequency ratio of ™ vy+ /37vg3 = 1.495 991 618 544 900 658(22)
including a “dark uncertainty” of uqyu+ g3 = 13- 107! - p. However the original dataset
without the “dark uncertainty” is not statistically well behaved which is indicated by a
reduced chi-square of x2, = 4. When restricting the reduced chi-square to %, = 1 and
allowing a contribution from the “dark uncertainty” in the same way as for the evalua-
tion of the dataset obtained with Srl, one finds the value reported above which is about

5-10718 . p lower than Ud,Yb+ Srl * P-

The measurements at MJD 59408 and 59411 (cycles in Fig.7.1) have been performed
with significantly hotter atoms (77 = 5uK instead of about 7, = 1pK in the optical
lattice). From the higher temperature a frequency shift of about +3 - 10718 is expected.
After correcting for the higher atomic temperature using the evaluation method describe

in this manuscript, the measured frequency ratio is in good agreement with the others.

Conclusion

The presented average Yb™/Sr3 frequency ratio is in clear disagreement to those

measurements performed with Sr1. The difference in the average ™ uyy,+ /% vg, ratios is

17111 1711/ . . . .
about dp = 87;5“1* — 87;;? = 12-107'7 which is not covered by the combined systematic

uncertainty of the involved clocks.
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Hypothetically, considering the output frequency of the vyt single ion clock as
constant and stable over all times for reference, the discrepancy in the average frequency
ratios would then exclusively be caused from a frequency difference between Srl and Sr3.
The different frequency ratios translates to a difference in the frequency of the Sr clocks to
AV g3 = Vsy1 — Va3 = 0p/p = 8-10717. This is far beyond the systematic uncertainty of
any of the two Sr clocks. In fact this is more than a factor of 5 larger than the systematic
uncertainty of Srl (1.5 - 107'7) and more than an order of magnitude apart from that of
Sr3. Still the cause of such a large frequency shift is unknown. From the measurements of
the absolute frequency presented in the previous chapter (Cha. 6) the average frequency
difference between Srl and Sr3 can be calculated. The average frequencies found for the
two clocks differ by about 60 mHz or Avg,; g3 = 1.4(7) - 107'¢ which covers the deviation
seen in the different frequency ratios against the Yb™ clock. But the measurement of
the absolute frequencies is not accurate enough. Furthermore the absolute frequencies of
Srl and Sr3 are in agreement within the measurement uncertainty. Concluding that Srl
and Sr3 produce different output frequencies after correcting for the known systematic
frequency shifts, can only be seen as an indication not as a proof. The “dark uncertainty”
of ug yp+ g3 = 13- 10718. p found in the Yb™ /Sr3 ratio, is also larger than any of the clocks
systematic uncertainty. This indicates that a similar long-term effect as in the Yb*/Srl
ratio measurements occur. As Sr3 is based uppon an entirely new vacuum system and
but still a “dark uncertainty” is present, one can argue to exclude the Sr3 vacuum system
as a potential source of it. We have not found a distinct source for the different frequency
ratios in the involved systems. No uncorrected frequency shift was found. This underlines
even more the necessity of regular frequency comparison measurements of optical clocks

over longer periods of time.
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Figure 7.1.: First frequency ratio measurements between PTB’s new Sr3 clock
and the on campus Yb™ single Ion clock throughout the first half of 2021. The
Yb™ clock is the same as Srl was compared to in [10]. The blue dashed line
and shaded area illustrate the Yb™ /Srl ratio and 1-o uncertainty obtained
in [10]. The measured Yb™/Sr3 ratios (black dots) are significantly higher and
yield in a weighted mean of 1.495991 618 544 900 658(22) (red). The reason
remains unclear and will be investigated. Two measurements were performed
with significantly hotter atoms in Sr3 (black open circles).



8. Summary and outlook

8.1. Summary

In this work the setup of the new cryogenic Sr-lattice clock, Sr3 was described in detail.
The experiment was successfully operated from decelerating the atoms in the atomic
beam by using a Zeeman slower, capturing and cooling them in the two different MOT
stages and transfer to the vertical optical lattice. Preparation of the atomic ensemble
for spectroscopy in the outermost my = +9/2 magnetic sublevels of the 3Py upper clock
state was demonstrated. Finally, Fourier limited transition linewidth on the 'Sy — 3Pq
clock transition was achieved at both operational temperatures, ambient- and cryogenic
temperature of the cryostat and clock operation was demonstrated. It was found that the
vibrations induced by the pulse tube cooler do not pose a limitation for clock operation.
Its key ability to operate at either room temperature or cryogenic temperature of about
80K has been demonstrated. Operating Sr3 at either temperature reduces the black-
body radiation frequency shift uncertainty by more than a factor of 5 compared to its
predecessor system Srl. In addition a full characterization of all relevant systematic effects
causing frequency shifts on the clock transition has been presented and finalized in a
complete uncertainty budget in Tab. 3.4. Furthermore first measurements of the absolute
frequency of Sr3 have been presented (Sec. 6) in addition to the long therm measurements
performed with Srl that have been published in [8]. The absolute frequency obtained with
Sr3 are in agreement with previous publications from our group (Fig.6.1) and meet the
recommendation by the BIPM [69]. In addition measurements of the frequency ratio of
both Srl or Sr3 with the on campus "' Ytterbium single Ion clock have been performed.
These measurements are spanning over several years with Srl and were published in [10].
First measurements of the Yb™ /Sr3 frequency ratio revealed a significant different ratio

compared to the YbT/Srl frequency ratio. On average a deviation of about 1210717 was
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found. The discrepancy in the average Yb™/Srl and Yb™ /Sr3 ratios is far beyond any
of the involved clocks systematic uncertainty. The origin of the large deviation is unclear

and under future investigation.

8.2. Outlook

To improve the Sr3 system further in its systematic uncertainty to the level of 1 -107!8
and below the uncertainty of several effects must me reduced. In the following some ap-
proaches will be discussed to minimize the uncertainty of the leading contributions in the

Sr3 uncertainty budget presented in Sec. 3.6.

Installing the atomic beam shutters

As already discussed the open apertures that are required for loading Sr atoms into
the MOT an uncertainty contribution by intruding BBR of about 1-107!® is present during
cryogenic operation. Installing the rotateable shutters to suppress the influence of BBR
during spectroscopy will reduce this contribution drastically. The remaining uncertainty
is predicted to be at the level of below 1 - 107!, Hereby it is assumed that the shutters
reach a temperature of 130 K as a computer simulation predicts for a cryostat tempera-

ture of 80 K. This would reduce the total systematic uncertainty of Sr3 to about 1.9-1071%,

Reducing the lattice lightshift uncertainty

As the lattice lightshift is the leading uncertainty contribution during cryogenic op-
eration its reduction poses a big leap in reducing Sr3’s total uncertainty. In detail the un-
certainty arises due to the axial temperature of the atoms in the lattice (7, = 2 pK/(5 pK)
in the shallow/deep lattice) although spilling is already in use. Recently preliminary tests
of axial sideband cooling were performed on Sr3 in combination to spilling. The axial
temperature was reduced significantly. Using the model described in [53] the lattice light-
shift uncertainty does not react as hoped for. To further reduce the uncertainty better
knowledge of the E2M1 lightsift coefficient a?™ is required. At present its uncertainty
is fairly large to attribute the discrepancy in published values as discussed in Sec. 2.6.3
and 3.5.6. Without solving this issue it will be fairly difficult to surpass a systematic

uncertainty of 107 even with shallow lattices.
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Further reduction of measurement uncertainty

Two further uncertainty contributions arise from the statistical uncertainties of in-
terleaved measurements in the characterization of the BBR shift from the oven and the
collisional frequency shift. Extending the measurement duration will also reduce the un-

certainties on these contributions.

Improving the vacuum pressure

To date the vacuum pressure at the 107mbar level in the main chamber. During
operation it gets degraded by app. a factor of two when the oven has reached its typical
operation temperature of about 500 °C. An additional differential pumping stage between
the oven and the Zeeman slower can help to prevent vacuum pressure increase in the main
chamber which will have a positive effect on the atoms lifetime in the optical lattice. An

increase in lifetime will reduce the background collisional frequency shift and uncertainty.

Further Yb" /Sr frequency ratio measurements

Since the discrepancy in the Yb* /Sr frequency ratio is yet unsolved and not covered
in magnitude by any of the clocks systematic uncertainty further measurements should to
be conducted. It is yet unclear whether there is an unknown systematic effect acting any
of the involved clocks. Adding another clock at comparable level of systematic uncertainty

(low 107! or below) might reveal if a single clock causes variations in the frequency ratio.

Regular contributions to TAI

As the clock is operated frequently its output frequency data can be used to contribute
to TAI regularly which is an additional requirement by the BIPM’s road map towards a

redefinition of the second.
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A. Appendix

A.1. Abbreviations

Sr Strontium
Yb Ytterbium
MOT Magneto-optical trapp
H-maser Hydrogen maser
NMI National Metrology Institute

PTB Physikalisch-Technische Bundesanstalt
BIPM | Bureau International des Poids et Mesures

TAI International Atomic Time
GPS Global Positioning System
TTL Transistor—transistor logic
CSF Cesium fountain clock
BBR Black-body radiation
AOM Acousto-optic modulator

Table A.1l.: Table of abbreviations used in this work.
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A.2. SOURCES FOR FIG. 77

A.2. Sources for Fig. 1.1
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APPENDIX A. APPENDIX

Microwave clocks / Year | Frac. unc. Description Source
1955 1.06E-10 Essen’s Clock [133]
1991 5E-15 First Cs fountain clocks [134]
1995 - SYRTE preliminary [135]
1998 TE-15 PTB CS1 [136]
1999 1.8E-15 NIST F1 [137]
2001 1.2E-15 PTB CSF1 [138]
2001 1.1E-15 - [139]
2002 8E-16 PTB CSF1 [140]
2002 9.9E-16 NIST F1 [137]
2005 5.3E-16 NIST F1 [141]
2005 3.3E-16 NIST F1 [142,143]
2006 8E-16 IEN CSF 1 [144]
2010 3.4E-16 NIST F1 [145]
2010 4E-16 NPL-CsF1 [146]
2012 4.1E-16 PTB CSF2 [147]
2013 2.6E-16 SYRTE FO2 [54]
2014 1E-16 NIST-F2 [12]
2018 1.71E-16 PTB CSF2 [13]

Optical clocks / Year | Frac. unc. Species Source
1996 1E-12 Ca [148]
1997 3.4E-13 H [149]
2000 1.8E-14 H [150]
2001 9.5E-15 Hg+ [151]
2003 1E-15 Hg+ [152]
2004 3.4E-15 Sr+ [153]
2006 9.1E-16 Hg+ [154]
2008 2.3E-17 Al+ [4]
2008 1.9E-17 Hg+ 4]
2008 1.5E-16 Sr [155]
2009 4.5E-16 Yb+ [156]
2009 3.4E-16 Yb [102]
2010 8.6E-18 Al+ [157]
2011 TE-17 Yb+ (E3) [158]
2012 2E-17 Sr-+ [159]
2013 3E-17 Sr [62]
2014 6E-18 Sr 38
2014 3E-18 Yb+ (E3) PTB unpublished
2015 2E-18 Sr [44]
2016 3E-18 Yb+ [160]
2016 1.7E-16 Hg [161]
2018 1.4E-18 Yb [162]
2019 9.5E-19 Al+ [163]
2019 2E-18 Sr [47]

158 2021 3E-18 Ca+ [164]
2021 2.7E-18 St This work




A.3. ASSEMBLY OF PT100 SENSORS AT THE CRYOSTAT

A.3. Assembly of Pt100 sensors at the cryostat

P1 Pylon RS (293-8480)
01 OuterShield (north) 8
02 OuterShield (east) 6
03 OuterShield (south) 9
04 :);;t;)r Shield Lid 10
n InnerShield (north) 1
12 InnerShield (west) 2
13 InnerShield (south) 3
a InnerShield Lid "
(east)
P2 Pylon Auxiliary 7

E ; w
15 InnerShield Auxiliary 5
(south)

Figure A.1.: Pt100 Sensor positions at the cryostat.
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A.4. Assembly of the electrodes in the cryostat

E1: InnerShield

North

Electrode Resistance /
Ohm

EL 8.7 E2 (Lid) North 9.3
*Measured from connetor Pin to the )
EL 85 farest spot on the ceramic Pad E2(tid) 9.2
E2 (Lid]
£ 87 Measured with Voltcraft VC 220 (Lid) 9.2

Handheld Multimeter E2 (Lid) - 9.5

9.0

Figure A.2.: Assembly and electrical connection of electrodes installed inside
the inner shield of the cryostat.
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A.5. PIN ASSIGNMENT

A.5. Pin assighment

Port Alfa (upper) Port Bravo (lower)

1 2 3 4 5 6 7 8 9 10 11 12 13
OO0 O0OJdboo0odldoodgo O
00 0 O

14 15 16 17 18 19 20 21 22 23 24 25

1 2 3 4 5 6 7 8 9 10 11 12 13
Dooolbooaqo O O

14 15 16 17 18 19 20 21 22 23 24 25

rrs [ somors | coor [ eon | semsos [ color [ ent [ sonert [ tor [ eoe | semot coler |
1 E1 1 8

4 Black 14 10 Black 14 Black
2 4 15 E1 East (Black) 2 10 15 8
3 4 Red 16 E1 South (Green) 3 10 Red 16 8 Red
4 4 Green 17 E1l West (Red) 4 10 Green 17 8 Green
5 3 Black 18 1 Black 5 6 Black 18 RS Black
6 3 19 1 6 6 19 RS
7 3 Red 20 1 Red 7 6 Red 20 RS Red
8 3 Green 21 1 Green 8 6 Green 21 RS Green
9 5 Black 22 9 Black 9 2 Black 22 E2 (Lid)  North (Black)
10 5 23 9 10 2 23 E2 (Lid)
11 5 Red 24 9 Red 11 2 Red 24 E2 (Lid)  South (Green)
12 5 Green 25 9 Green 12 2 Green 25 E2 (Lid) West (Red)
13 13

Figure A.3.: Pin assignment of the Pt100 Sensors and the electrodes installed
at the cryostat.
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A.6. Uncertainty contribution of the missing cryogenic
beam shutters

The uncertainty of the frequency shift contribution due to the missing cryogenic beam
shutters discussed in Sec. 3.2.6 is given by Gaussian error propagation:

U(AVAIT) - 2\/(Q Qeff,mean U(Ayezt))2 + <_Q Qeff,mean U(Ayint))2+

2 2
(A”é‘” U(Q)) + (QA”i u(Qeff,mm)> (A.1)
ef f,mean

A.7. DC-Stark shift evaluation

A.7.1. Constructing the coordinate system

To calculate the angles between the different field vectors a set of three geometrically
independent base vectors €1, é5 and é3 must be constructed. In this case the base vectors
are NOT orthogonal since they originate from the non orthogonal arrangement of the
fields the electrodes produce. The derivation of the base vectors can be found in the
appendix

The direction “ANBS” is chosen as reference for the first base vector

Here the angle between the applied electric fields on “ANBS” and “ASBN” (denoted
<ANBS, ASBN) is denoted as « in Eq. 3.20. The second unit vector is defined as

cos(av)
éy = sin(a)
0

Constituting of the third base vector é3 is more complicated. To shorten its expression
the following definition is introduced



A.7. DC-STARK SHIFT EVALUATION

1
a=éég=-cos(f)= 10 b (A.2)
0

the first parameter a is found wit S being the angle <ANBS, AEBW. Proceeding
analogously with b

cos() a
€93 = sinéa) b | =a cos(a)+ b sin(a) = cos(I") (A.3)
b — cos(y) — cos(B) cos(a) (A)

sin(a)

and ¢ with ' the angle <ASBN, AEBW . Since the angles between é3 and é;(és)

are known and its length must be one, the components a, b, ¢ can be derived using the
following equations:

a4+ +E=1 (A.5)

2

el =V1—a2—b2= \/1 —cos?(f) — [cos(y) = cos(5) cos(a)] (A.6)

sin?(a)

From the quantity of interest Ebgr the projections onto the applied fields’ direction
is known so far. To determine its magnitude a set of parameters similar to the previous
ones is chosen

with Epg, - & = Ei.

Together with E; = —v/—A;(—B;) where E; is proportional to the square root of the
measured frequency shift. The parabola fit parameter A; is always negative.

Defining the electric field component along our base vectors Ebgr é; = E; the param-
eters

Ebgrél = CL/ == E1 (AS)
. a’ cos()
Epgrés = Ey= [V sin(a) | = a’ cos(a) + b’ sin(a) (A.9)
d 0
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, By —ad cos(a)

Y ==~ 7 A.10
sin(av) ( )

. a a
Ebgrég = E3 = b b = CL,(I3 + b/bg + 6,03 (A]_]_)

c c

hence . .
C,:Eg—aag—bbg <A12)
C3 '

As mentioned in the previous section defining é; along the “ANBS” direction, the
projection of the other base vectors to it is calculated. The final frequency shift Avgcstark
is the quadratic sum of the squares of the fieldvectors E;, Fy and E5. FEj3 allows for
a consistency check when replacing the corresponding parameters of direction “AEBW”
with those of direction “AWBE”, denoting Ej.

Avyestark = — (B} + E3 + E3) (A.13)

A.7.2. DC-Stark shift uncertainty evaluation

Calculation of the uncertainty of the angle a:

2 2 2
1 OAv ~ O0Av ~
d cos(a) = —————0(0AV) | +|(2————0A| +|2—F———-0U
< vVAA UU 2VA*AUU vV AA U2U

(A.14)
Uncertainties of the vectors

5é1,a - 5é1,b - 5é1,c = 5é2,c =0 (A15)

~ . 2
0624 = \/(— sin(<tanss, AsBN) - 0(<TANBS, ASBN)) (A.16)

5 2

dégp = \/(COS(<ANBS, ASBN) - 5(<ANBS, ASBN)) (A.17)

. ] 5
0634 = \/(— sin(<anBs, AEBW) - 0(<{aNBS, AEBW)) (A.18)
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désp = \/(— Sin(<IASBN, AEBW) * 5(<ASBN, AEBW))2

<COS(<IANBS, AEBW)

2
: - 0(<TANBS,ASBN )
sin? (<IANBS,ASBN) ( )

(Siﬂ(<1ANBs, AEBW)
tan(<angs, ASBN)

A 2 ~ 2
o (22 (-2 a0
€3,c €3,c

The determination of the uncertainties of the vector €5 used for consistency check
is carried out analog to é3 simply by replacing the parameters involving the direction
“AEBW?” with the corresponding parameters of the direction “AWBE”.

P
- 0(<aNBS, AEBW)) (A.19)

The error on the field vector follows the same approach but is more complicated
for directions other than “ASBN” since the expressions are long-drawn-out. The full
derivatives of the GEP for equations A.9 and A.11 are given in the appendix. Again
some therms insignificantly contribute to the error and are neglected, simplifying the
expressions to

1 2 (). By —VTE ?
0E, = (A— : 5(ﬁE0,||,ASBN)> + ( a1 0.l ASBN ~(5é2,b>

€2b (é2,b)2
E 2 ~ . 2
+(—%-5é2,a) +(—(f2’ -5E1) (A.21)
€2,b €2,b

€3.c

é 2 E 2 P 2 E 2
+ (— a ~5E1) + (— ! -5é3,a) + (— 3 -5E2) + (— - -5é3,b> (A.22)
€3.c €3.c €3,c €3.c

2
1 2 Eiés, + Eyés, —VYE
0F3 = (A . 5(‘/TE07||7 )> ( 1€3, 2€3, 0,|,AEBW 5é3,c>
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