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ABSTRACT

State-of-the-art optical clocks have instabilities and systematic uncertainties better by
more than two orders of magnitude than atomic clocks operating on a microwave transition
frequency, which raises the discussion of the redefinition of the SI second. With the unrivaled
performance, optical clocks have a wide range of potential applications, from metrology to
fundamental physics, geodesy to astronomy, etc. Relativistic geodesy measurements based
on frequency comparisons of optical clocks were demonstrated by several groups. In the
framework of the DFG-funded research unit "Clock Metrology: A Novel Approach to TIME
in Geodesy", the time comparison of optical clocks via the Atomic Clock Ensemble in Space
(ACES) is proposed to demonstrate relativistic geodesy. To this end, a transportable optical
clock will be integrated, operated at Geodétisches Observatorium Wettzell (GOW).

In this dissertation, a transportable one-dimensional (1-D) optical lattice clock (SOC2)
based on strontium-88 neutral atoms is described, which is planned to be transported to
Wettzell. The clock has a compact physics package and compact, modular-designed laser

systems, which make the clock easy to operate and transport.

The noise contributions from various sources to the clock instability were analyzed in
this dissertation. The instability of the SOC2 clock against the PTB stationary optical lattice
clock (Sr3) is ~ 5.7 x 107'%/\/7, where 7 is the averaging time in seconds. The frequency
shifts due to all relevant effects were carefully characterized. The systematic uncertainty of
the clock is 6.2 x 1077 at low atom number (~ 240), and the main contribution is from the
quadratic Zeeman shift; however, at high atom number (~ 2250), the systematic uncertainty
is 1.26 x 10716 with a high contribution from the lattice AC Stark shifts.

The isotope shift between strontium-88 and -87 was measured by comparing the fre-
quency of the SOC2 and Sr3 clocks. The isotope shift is measured to be 62 188 134.032(35) Hz,
which agrees well with the recently reported values. The isotope shift is also obtained by
frequency comparison with the transportable optical lattice clock (Sr4) of PTB. This dis-
sertation also describes direct measurements of the ®Sr frequency ratio with respect to the
indium ion clock (*°In™) and the electric octupole transition (£3) in the ytterbium ion clock
(*""YbT) at PTB, which are, to our knowledge, reported for the first time.

In order to further improve clock performance, some potential optimizations of the
SOC2 clock are discussed, which could be implemented to meet the project goals. The
achievable uncertainty of the SOC2 clock is less than 5.4 x 10718 if all effects are carefully
controlled. Based on the performance described above, SOC2 will be an enabling element

for time transfer between GOW and Potsdam to investigate relativistic geodesy via ACES.
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Chapter 1

Introduction

1.1 Optical Clock

1.1.1 SI second and atomic clock

The definition of ST (International System of Units) second has evolved rapidly over the last
century [1][2]|3]. It was initially defined in astronomy as the fraction 1/86400 of a mean
solar day. However, the Earth’s rotation rate was observed to have unpredictable variations.
Thus, the definition was revised in 1960 to be based on the motion of the Earth around the

Sun, which is more stable.

Thanks to the microwave technology, which was invented and improved rapidly in the
early 20th century, Louis Essen and Jack Parry invented the first cesium beam clock working
in the microwave regime at National Physical Laboratory (NPL, United Kingdom) in 1955,
which provided a more accurate and stable frequency [4]. Therefore, in the 13th General
Conference on Weights and Measures (CGPM), 1967-1968, the definition of the SI second
was referenced to the frequency of the ground state hyperfine transition in the caesium-133
atom. This is a historic step: the SI second entered quantum physics from astronomy. The SI
second was initially linked to the motion of the Earth in astronomy, but is now determined
by the frequency in quantum physics. The Standard Model holds that atomic resonance

frequencies are universal and constant in time and space.

Since the late 20th century, techniques for laser cooling and trapping have been de-
veloped and rapidly improved. The atomic clocks that operate in optical frequency regimes,
known as optical clocks, have been developed. Optical clocks have more than two orders
of magnitude higher stability than clocks operating at the microwave transition frequency.
Although the SI second is currently defined in the microwave regime, the redefinition of
the SI second using optical clocks is being discussed, and a redefinition roadmap has been
launched [3][5].

Apart from the potential redefinition of the SI second, due to their unrivaled per-

formance, optical clocks have a wide range of applications, from metrology to fundamental

physics, geodesy to astronomy, etc. (see Section 1.1.4).
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Ultra —stable Diode laser Ultra-cold
Cavity atoms OR ion

Optical
frequency Applications
comb

Figure 1.1: The principle of optical clocks. The clocks typically have two main parts: one
periodic oscillator and one counter. For optical clocks, the ultra-narrow optical transitions of
the ultra-cold neutral atoms or ions serve as the periodic oscillator and the optical frequency
comb as the counter. The clock enables several applications via the comb. BS: beam splitter.

1.1.2 The principle of optical clocks

Usually, a clock comprises a periodic oscillator and a counter'. The microwave atomic
clock utilizes a stable atomic hyperfine radio frequency (RF) transition as the oscillator and
microwave counter to count time. However, in the optical clock, the electronic transition
with optical frequency, called the clock transition, replaces the hyperfine RF transition as
a periodic oscillator. The optical transition frequency, which is approximately hundreds of
terahertz, was measured using complicated harmonic frequency chains before the invention
of the optical comb. Since 1998, the frequency comb, a mode-locked femtosecond laser,
has been used as a counter to measure optical transitions instead of harmonic frequency

chains [6]. See Figure1.1.

In order to excite the optical clock transition of cold atoms or ions, one ultra-narrow
linewidth laser is employed as a local oscillator, which is first pre-stabilized to an ultra-stable
cavity based on a spacer with ultra-low thermal expansion material, e.g., ULE (ultra-low
expansion glass), crystalline silicon, sapphire, NEXCERA, and a pair of ultra-high finesse
mirrors. Ultra-stable lasers typically have instabilities of < 1 x 107'% at averaging time
1 —10s. The best ultra-stable stationary laser worldwide, based on crystalline silicon spacer
and dielectric mirror coating, has an instability of 4 x 10717 at the averaging time 1 — 100s,
operating in a cryogenic environment [7]. The instability of the best transportable ultra-

stable laser worldwide, based on the ULE spacer and the crystalline mirror coating, reaches

'This dissertation only discusses passive atomic clocks.
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Figure 1.2: The comparison of shooting results and temporal output frequency to understand
accuracy and stability properties. (a)-(d) show the shooting results with (a) precise but not
accurate, (b) accurate and precise, (¢) not accurate and not precise, and (d) accurate but
not precise. (e)-(h) are corresponding temporal output frequency curves with (e) stable but
not accurate, (f) stable and accurate, (g) not stable and not accurate, and (h) accurate but
not stable. Building a highly accurate and stable clock is an ultimate goal. vq is the true
value of the output frequency.

1.6 x 10716 at the averaging time 1 — 10s|8].

The pre-stabilized laser light, called the clock laser, is delivered to the science chamber
and probes the ultra-narrow clock transition of the ultra-cold neutral atoms or ions to have
the frequency correction. The correction is usually sent to the laser via a double-pass AOM
(Acousto-Optic Modulator) to keep the laser following the clock transition frequency, shown
in Figure 1.1. For instance, the clock transition (5s%)1Sy <+ (5s5p)3 Py of neutral strontium-
87 has a linewidth of ~1 mHz. Thus, the clock laser frequency ideally has the same linewidth
as the ultra-narrow clock transition. Additionally, an optical frequency comb is employed to
measure the clock laser frequency, to implement frequency comparisons with other optical

clocks, or to down-convert to microwave frequency for RF applications.

The frequency oscillation sources, e.g. quartz crystal oscillators and atomic clocks,
can be characterized by the following two properties: accuracy and stability. To easily
understand both properties, a marksman’s shooting results on a target are compared with
the temporal output of a frequency oscillator [9], shown in Figure 1.2. The fewer scatterers
there are, the better the stability. Ideally, developing a clock with highly accurate and stable
output frequencies is the ultimate goal. However, in reality, the clock with low accuracy
but high stability is acceptable if the frequency offset between the true frequency vy and

measured value v is well known, shown in Figure 1.2(e).
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1.1.3 The state of the art of strontium optical lattice clocks

Generally, optical clocks are divided into two groups based on the particles that provide
narrow-linewidth transitions: optical lattice clocks, which use neutral atoms, and optical ion
clocks, which use charged ions. After approximately two decades of development since the
early 2000s, optical clocks have shown unparalleled performance, reaching the 107! regime.
For example, the strontium lattice clock from Jun Ye’s group at JILA recently reached a
systematic uncertainty of 8 x 10719 [10]. David Leibrandt et al. from NIST demonstrated a
2TAI* single-ion clock with a systematic uncertainty of 5.5 x 1071 in 2025 [11].

Strontium optical lattice clocks with excellent performance have been set up in several
national metrology laboratories and universities. Examples are JILA, NPL, LNE-SYRTE,
PTB, NIM, RIKEN, USTC, NTSC, UoB, HHU, etc., as shown in Table1.1. Most are
stationary clocks for the SI second redefinition or fundamental research. Another avenue has
been to develop transportable optical clocks that can be transported to various locations or
laboratories to conduct frequency campaigns. PTB team implemented a trailer-based 37Sr
(strontium-87) transportable clock with a systematic uncertainty of 7.7 x 10717 and used it
successfully in several frequency campaigns [12][13], starting with one in Modane in France
and Turin in Italy [12]. Now, the PTB team is operating their second-generation strontium
transportable clock with a Pyramid MOT and a cryogenic BBR (Blackbody Radiation)
shield [14], and also carried out several inter-institute frequency campaigns, for example, the
ICON campaign [15]. A ®8Sr (strontium-88) transportable clock was built by a team from
HHU, PTB, UoB, et al. with a systematic uncertainty of 2 x 10717 in 2018 [16], which was
aimed for space application. A pair of "Sr transportable clocks was developed by Katori’s
group at RIKEN and University of Tokyo, each with a systematic uncertainty of 5.5 x 10718
in 2020 [17]. They were implemented in Tokyo Skytree to measure the gravitational red
shift. One of them was transported to Europe to join the ICON frequency campaign [15].
Chang’s team from NTSC reported on a transportable 87Sr optical lattice clock aimed at
space applications [18], which was already launched to the China Space Station in 2022, but

is not running as a clock at the moment.
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Institute Uncertainty Instability Transported | Reference

PTR 2.7x 1071 2.1 x 1071/ /7 No [19]
21x 107 | 5x1071//7 2 Yes [14]
NPL 1.4 x 10°Y7 4x10716/\/73 No [15]
LNE-SYRTE | 2.1 x 1077 7x 10716/ /71 No [20]

Iifil.{ETl:kfjo 5.5 x 10718 9 x 1071¢//7 5 Yes [17] [21]
NICT 5.4 x 10717 7x 1071 //T 6 No [22]
NMIJ 1.1 x 10716 / No [23]
JILA 8.1x 107" / No [10]
NIM 72x107%® 1.18 x 10713 //7 No [24]
NTSC 2.0 x 10718 3.6 x 1071/\/7 No [25]
USTC 9.2 x 10719 2.3 x 1071 /\/7 No [26]
UMK 4.6 x 1071 / No [27]
IE?EJEZ% 201077 411078/ T clock IZEZI only [16]

Table 1.1: Latest progress of strontium optical lattice clocks.

All clocks use strontium-

87 (except UMK and HHU et al., which use strontium-88). Instabilities are obtained by
interleaved self-comparison (unless otherwise specified). Full institute names are listed in
the footnote. The averaging time 7 is in seconds.

1.1.4 Applications of optical clocks

Due to their unparalleled performance, optical clocks have numerous potential practical

applications. The redefinition of the seconds using optical clocks has been discussed. In

2Compared with stationary optical lattice clock at PTB
3Compared with RIKEN transportable clock at NPL.
4Compared with SrB at LNE-SYRTE
®Comparison between a pair of clocks
6The reference source is unclear.
"Compared with old stationary clock (Srl, non-fuctional) at PTB.
8PTB: Physikalisch Technische Bundesanstalt, Braunschweig (DE); NPL: National Physical Laboratory,

Teddington (UK); LNE: Laboratoire national de métrologie et d’essais, Paris (FR); SYRTE: SYstémes de
Reéférence Temps Espace (Observatoire de Paris), Paris (FR); RIKEN: Institute of physical and chemical
research, Saitama (JPN); NICT: National Institute of Information and Communications Technology, Tokyo
(JPN); NMLJ: National Metrology Institute of Japan, Tsukuba (JPN); JILA: Joint Institute for Laboratory
Astrophysics, Boulder (USA); NIM: National Institute of Metrology, Beijing (CHN); NTSC: National Time
Service Center, Xi’an (CHN); USTC: University of Science and Technology of China, Hefei (CHN); UMK:
Uniwersytet Mikotaja Kopernika w Toruniu, Torun (PL); HHU: Heinrich-Heine-Universitéit, Diisseldorf (DE);
UoB: University of Birmingham, Birmingham (UK).
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Figure 1.3: Clock application in relativistic geodesy and general relativity, adapted from
Figure 1.4 in Ref.[29]. The frequency or time comparison can be implemented via optical
fiber or satellite links.

2016, Consultative Committee for Time and Frequency (CCTF) established the first version
of a roadmap to achieve this goal. A dedicated CCTF task force updated the roadmap in
2020 [3]. According to the roadmap, the redefinition is expected to be implemented by 2030.
Meanwhile, optical clocks are already used to calibrate the TAI (International Atomic Time)
scale [28].

Relativistic geodesy and general relativity are also studied using optical clocks, as
shown in Figure 1.3. For example, the PTB group implemented long-distance chronometric
leveling using a ®7Sr transportable optical clock, with the uncertainty of the geopotential
difference equivalent to an height uncertainty of 27 cm [13]. A test of general relativity was
conducted by the RIKEN group using a pair of transportable optical lattice clocks seperated
by a height difference of 450m[17]. An international frequency comparison using state-of-
the-art transportable optical clocks from Japan and Europe determined geopotential height
differences between NPL and PTB at the 4 cm level [15].

Recently, the constraints on the coupling of ultralight bosonic dark matter to photons
are tightened by long-term comparisons of 87Sr optical lattice clock and "'Yb" ion clock

which operate at electric-octupole (E3) and electric-quadrupole (E£2) transitions [30].
Apart from the above applications, optical clocks could also be applied to GNSS

systems, astronomy, space exploration, testing quantum mechanics, and other fields.
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Items Research topics
Project 1 Galileo pseudolite calibration target used to
J consolidate time between space geodetic techniques
. Accurate active (and passive) time transfer from ground
Project 2 . o
to ground via satellite link
Project 3 Integration, operation, and performance optimization of
] the optical clock "SOC2" at Wettzell and test of fundamental physics
Project 4 General Relativity and coherent time definition
Project 5 Determination of physical heights via time transfer
Proiect 6 Time as observable in integrated ground- and
] space-based GNSS analysis
. The application of time in closure as a novel
Project 7 . .
strategy towards error-free space geodetic observations
. Specifying the atmospheric delay by means of
Project 8 :
accurate measurements of the atmospheric state
. Novel clock technologies for combination on
Project 9 . . . .
ground and in space: operation and simulation
Project 10 | Common treatment of clock ties and atmospheric ties in space geodesy

Table 1.2: Projects in the research unit of Clock Metrology [31]

1.2 Clock Metrology (FOR 5456)

FOR 5456 is a DFG-funded research unit "Clock Metrology: A Novel Approach to TIME
in Geodesy" (https://clockmetrology.de/en/). This research unit was launched in 2023 and
is coordinated by Prof. U. Schreiber (Geodétisches Observatorium Wettzell, Technische
Universitat Miinchen), Prof. S. Schiller (Heinrich-Heine-Universitit Diisseldorf), and Dr. M.
Seitz (Deutsches Geodétisches Forschungsinstitut, Technische Universitdt Miinchen). This
unit aims to develop a new method for a highly accurate and long-term stable realization
of geodetic reference systems by linking all space geodetic techniques to a common time

system [31]. Ten projects operate under this research unit, listed in Table 1.2.

1.2.1 Introduction of Project 3

Background [32]

Project 3 is titled "Integration, operation, and performance optimization of the optical
clock "SOC2" at Wettzell and test of fundamental physics". Prof. S. Schiller from Heinrich-

Heine-Universitét Diisseldorf is the principal investigator (PI) of this project.

The goal is to introduce the highly accurate optical clock ’SOC2’ to the Geodétisches
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Figure 1.4: Accurate optical free-space and microwave time transfers via ACES. The SOC2
lattice clock will be relocated to GOW (Wettzell) in 2025. See the text for details. ACES:
Atomic Clock Ensemble in Space; SLR: Satellite Laser Ranging; ELT: European Laser Time
transfer link; MWL: MicroWave Link; ELSTAB: ELectronically STABilized fiber optic time
and frequency distribution system.

Observatorium Wettzell (GOW). The initial phase will improve clock’s performance, relia-
bility, and robustness over two years. Subsequently, the clock will be relocated to GOW and
integrated with the Satellite Laser Ranging (SLR) system to implement optical time transfer
to ACES (Atomic Clock Ensemble in Space) via the European Laser Time Transfer (ELT)
link. It will also be integrated with the GOW timing system and the ACES microwave link.
This will be the first time an optical clock is available to a major geodetic observatory. With
these facilities, this project will demonstrate accurate time transfer applications in geodesy
and relativistic geodesy through repeated comparisons with the optical clocks at PTB and

validating the universality of gravitational time dilation (GTD) (see Figure 1.4).

Scientific objectives [32]

This project will contribute to relativistic geodesy via time transfer (see Figure 1.4).
At GOW, we will use an optical clock to apply the ELT technique for comparisons with
other optical clocks. We will compare in common-view with PTB clocks via Potsdam and
the ELSTAB link (Potsdam-Braunschweig), and in non-common-view with more distant Eu-

ropean clocks and clocks on other continents (e.g., Tokyo, Washington, D.C.), provided that
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appropriate SLR ground stations with ELT electronics are available by 2025. In addition,
GOW will host an ESA (European Space Agency)-provided microwave link (MWL) termi-
nal, allowing us to verify the consistency of results obtained using fundamentally different

time and frequency transfer methods—optical and microwave.

This project will contribute to measurements of gravitational time dilation in the
fields of Earth, Moon, and Sun. This consists of three main parts:

e The GTD in the gravitational field of the Earth will be investigated by comparisons
between ground clocks, e.g., the SOC2 clock at GOW and stationary clocks of metrol-
ogy labs (e.g., PTB), and the cold Cs atom clock on board the ISS (International Space
Station) during the ACES mission.

e The GTD due to the Sun and the Moon will be tested by the comparison of the SOC2
clock at GOW with clocks on other continents to determine whether the GTD from
the Sun and the Moon follows the same law as Earth’s GTD. By long measurement
intervals and repeat measurements, the obtained frequency comparison data can then
be analyzed for the presence of a daily and near-daily modulation. A non-observation
of modulations would allow us to set limits for a hypothetical dependence of GTD on

the nuclear composition of the body (Moon/Sun/Earth) generateing the GTD.

e Closure tests of Earth’s GTD will be performed by simultaneously comparing three
or more different ground stations. According to the theory, the sum of the fractional
frequency differences caused by Einstein’s gravitational time dilation must sum to zero,

since the sum of the gravitational potential differences is zero.

Technical requirements of the SOC2 clock [32]

1. Establish systematic uncertainty < 1x10~!7, instability < 1x107'* at 100s, < 1x10716
at 1h, <1 x 107! at 2d integration time.

The links (ELT, ELSTAB, MWL) have timing errors of a few picoseconds (ps) after
100 s of integration time (contact time with ISS). Assuming that this is the only limi-
tation of the timing errors, SOC2 must maintain an instability of less than 1 x 10~
at 100s. After 1 hour (approximately half the orbital period of ISS), the timing error
of the links remains within a few ps. Therefore, SOC2 should achieve an instability of
less than 1 x 10716 at 1 hour. Given the necessity for repeated clock comparisons over
at least a few days to allow an overall uncertainty of 1 x 10717, SOC2 is expected to
achieve an instability of less than 1 x 107'7 at two days. In conjunction with this, the
uncertainty of SOC2 shall be less than 1 x 1077 at all time scales.
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2. Achieve nearly uninterrupted operation for at least 1 week.

More precisely, our preliminary analysis indicates that the 8 ps goal accuracy for a
1 week (=~ 10°s) long time transfer via ELT is reachable: (1) if the clock laser is nearly
always locked (2-second loss of lock at most every quarter-hour) and stable at 1 x 1075
level, we can tolerate a Tj,ss = 2s loss of atomic signal quite frequently (e.g., every 10

s). (2) But if Tios is larger, the tolerable mean time between loss events will increase

as T2

loss- However, as we also want to be able to make comparisons via MWL, the

requirement is more stringent. In order to take advantage of the MWL performance
(better than ELT over day-long intervals), we aim to reach 1 ps uncertainty over 1 day.

Laser lock loss is tolerable once every 2 hours if the dead time is 2s.

We need to ensure almost continuous clock operation for periods of up to 1 week, several
times over a 2-year period, during clear weather. This will allow ELT time-transfer
experiments with PTB and other stations worldwide via ACES.

3. Establish a robust optical-to-microwave frequency conversion at GOW, which will be

the reference for GOW’s time-and-frequency distribution system [33].

1.2.2 Outline of the thesis

In this dissertation, I will discuss the optimization, performance analysis, and potential im-
provements of the SOC2 clock, which will be transported and installed in Wettzell within the
FOR 5456 framework. Chapter 2 will cover the principle of optical lattice clocks, specifically
the strontium lattice clock. Chapter 3 will detail all components of the SOC2 apparatus,
experimental methods, and results. Chapter 4 will analyze the contributions to clock insta-
bility from different noise sources, such as magnetic bias fields, probe light power, quantum
projection noise (QPN), Dick effect, and others. Chapter 5 will evaluate the systematic un-
certainty of the clock and present isotop shifts and frequency ratios relative to other atomic
species, while Chapter 6 will discuss the potential improvements to the SOC2 clock. The

conclusion will be presented in Chapter 7.
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Chapter 2

Strontium Optical Lattice Clock

2.1 Atoms with two valence electrons and strontium atom

The alkaline-earth(-like) atoms

The alkaline-earth(-like) atoms have two valence electrons in the outer shell, e.g., beryllium
(Be), magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), radium (Ra), mercury
(Hg), cadmium (Cd), and ytterbium (Yb). Consequently, the total spin could be zero,
corresponding to a singlet state, or one, corresponding to a triplet state. According to the
selection rule for electric dipole transition (£1), transitions between the singlet and triplet
states are forbidden. For example, transitions from the ground state 1S to the excited state
3P, are forbidden by spin conservation (AS = 0). Another example is transitions from the
ground state 1S, to the excited state 3P, which are doubly forbidden by spin conservation
(AS = 0) and total angular momentum requirements (J = 0 # J = 0). Nevertheless,
the forbidden’ does not mean thoroughly impossible. The E1 transitions of 1S, to 3P, are
weakly allowed via spin-orbit interaction between ' P, and 3P;. These transitions are called
intercombination transitions and are used in the second-stage cooling of alkaline-earth(-like)
atoms (see next section). The doubly forbidden transitions from 'Sy to 3Py are partially
allowed through nuclear and spin-orbit mixing in fermionic isotope atoms, providing ultra-
narrow spectrum linewidth (~mHz), typically used for optical clocks—hence called clock
transition. Thanks to this property, alkaline-earth(-like) atoms are widely utilized in optical
clocks, atomic interferometers, dark matter searches, and studies of new physics, among
other applications. The properties of these two types of forbidden’ transitions are listed in
Table2.1.

11
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Intercombination transition Clock transition
) 3 X 5 Reference
Sy to °P; So to °Fy
Elements | Wavelength Linewidth Wavelength  Linewidth

Mg 457.1 nm 36 Hz 458 nm - [34]
0Ca 657 nm 374 Hz - -9 [35]
87Sr 689.2585 nm 7.5kHz 698.4457nm  1.35(3) mHz [36]
88Sr 689.2585 nm 7.5kHz 698.4457nm 5.5 x 107'2/s | [37][38]
19Hg 253.7nm 1.3 MHz 265.6 nm 100 mHz [39]
cd 326 nm 66.6 kHz 332nm 7.0mHz [40]
1Yh 556 nm 182.4kHz 578 nm 10mHz [41]

Table 2.1: The properties of the transitions between the singlet and triplet states of the
alkaline-earth(-like) atoms, commonly used to build optical clocks.

Strontium atom

Strontium is one of the favored elements for building optical lattice clocks (see Chapter 1).
Most major national metrology institutes worldwide are developing strontium optical lattice
clocks. The reasons are: 1) Due to its two valence electrons, strontium has a transition
with an ultra-narrow natural linewidth as its clock transition, and a laser system for this
transition (/698 nm) is readily available. 2) All the lasers used for cooling and trapping
strontium atoms operate at visible-light wavelengths and can be easily constructed using

external cavity diode lasers.

There are four stable and naturally existing isotopes: #4Sr, 8Sr, 87Sr, ®Sr. However,
they have different natural abundances, shown in Table2.2. Since %Sr has the highest
natural abundance (~82.58 %), it can provide a high atomic flux for experiments. Due to
the lack of nuclear spin (I = 0), there is no hyperfine structure for the ®¥Sr atoms. Thus,
laser cooling and trapping for the ®Sr atoms is straightforward and robust. The ®8Sr atoms
are also insensitive to vector and tensor light shifts. Therefore, the 3Sr atom is an excellent
choice for optical clocks due to its simplicity and robustness. Nevertheless, Sr optical
lattice clocks have two drawbacks: 1) The clock transition 'Sy <> 3Py cannot be directly
probed, and the lifetime of 3P is approximately 5800 years due to the E'1 transition being
doubly forbidden and lacking nuclear-spin-orbit interaction. To excite the clock transition,
auxiliary techniques are required, such as electromagnetically induced transparency (EIT),
magnetic-field-induced spectroscopy, or three-photon excitations (see Section 2.4). However,

these techniques induce additional effects, including high probe light shifts and quadratic

9The intercombination transition 1Sy to 2P; is used as clock transition in °Ca.
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Isotope Atomic Mass Natural Abundance Spin

BSr 83.913425 0.56(1)% 0
86Sr  85.909 260 9.86(1)% 0
7Sr 86.908877 7.00(1)% 9/2
8Sr  87.905612 82.58(1)% 0

Table 2.2: Properties of the stable and natural isotopes of stontium [42].

Zeeman shifts from magnetic-field-induced spectroscopy (see Chapter5). 2) #Sr optical
lattice clocks usually suffer from high collision shifts due to s-wave collisions between bosonic
atoms. Although ®8Sr has these limitations, its simplicity, robustness, and transportability
make it ideal for developing transportable ®8Sr optical lattice clocks. New techniques can

also mitigate these drawbacks (see Chapter 6).

2.2 Laser cooling and trapping of strontium-88 atoms

Theory of laser cooling and trapping

The laser cooling and trapping technique was invented in the late 1970s and is a powerful
tool for high-resolution spectroscopy [43](44][45]. Doppler cooling, a widely used laser cooling
technique, relies on the Doppler effect: an atom moving with velocity V7 in the ground state
absorbs a photon with wave vector k£ from a counterpropagating laser, exciting it to an
excited state via stimulated absorption. The atom then spontaneously decays to the ground
state through spontaneous emission. Since the atom absorbs photons from a specific direction
but emits photons randomly, momentum conservation dictates that the atom experiences a

net force opposing its motion (see Egs. 2.1 and 2.2).

_>
mv, +n-hk =muj (2.1)
muv; — nhk = muy (2.2)

where m is the atom mass; A is the reduced Planck constant; @ is the final velocity of
the atom after n times absorption and spontaneous cycles. Eq. 2.2 applies only for counter-
propagating laser beams relative to atomic motion. However, this technique provides only
a scattering force and cannot confine atoms. Typically, magnetic fields are combined with
optical fields to cool and trap cold atoms, such as Zeeman slowers, magneto-optical trap
(MOT).

Zeeman slowers are powerful tool to slow atoms from typically ~ 400m/s to a few
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m/s. They are commonly used after the atomic oven which provides a hot atom beam by
heating to ~ 450 °C for strontium atoms. Several methods exist for using Zeeman slowers,
but here we consider using a fixed-frequency laser and a non-uniform magnetic field to
maintain atomic resonance with the laser, thereby slowing atoms to the target velocity. The
relation among the atomic transition frequency, the laser frequency, the magnetic field, and

the atom velocity is expressed as
wo = wr, + kv(2) — (geMe — g, M) pupB(2)/h (2.3)

where wy is the unperturbed transition frequency between the ground state and the excited
state, wy, is the counterpropagating laser frequency, v(z) is the atom velocity along atomic
beam axis z, g, 4 is the Landé g-factor, M, , is the magnetic quantum number (the subscripts
g and e denote ground and excited states), up is the Bohr magneton and B(z) is the position-
dependent magnetic field along z axis. The second term on the right-hand side represents
the Doppler shift, and the third term denotes the Zeeman shift due to the magnetic field.

A Magneto-Optical Trap (MOT) consists of three orthogonal pairs of o*- o~ laser
beams with circular polarization and a pair of magnetic field coils with anti-Helmholtz con-
figuration (see Figure2.1(a)). To explain the MOT mechanism, consider a transition from
total angular momentum J = 0 to J = 1. The excited state J = 1 splits into three sub-levels
with M; = 0, £1 due to the Zeeman effect. Since J = 0, the ground state has a single
sub-level (J =0, M; = 0). Atoms resonate with counterpropagating ¢ (or o~ ) laser beams
viaJ =0, M;=0<J=1M;=+1(or J=0, M; =0+« J =1, M; = —1) transitions.
Each atom experiences a cooling force and a position-dependent restoring force, trapping it
at the MOT center [46]:

FMOT = —QU — a—kﬁz (24)
where I 26T
— Bk 2.
= AR T 20/ )P (25)
_ gspp dB
B = o (2.6)

Here, I,,; and I are the saturation and laser intensities, respectively. ¢ is the frequency
detuning from resonance (6 = wy — wp + kv). I' is the natural linewidth of the atomic
transition. ¢y is the Landé g-factor. The first term on the right-hand side in Eq.2.4 is a
damping force (« is the damping coefficient) due to the Doppler shift. The second term is a
restoring force with spring constant a3 /k from the Zeeman effect. Thus, the MOT cools and
traps atoms at the center. It can cool and trap strontium atoms to a few uK after two-stage
MOTs, as detailed later.
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(b)

Figure 2.1: Magneto-Optical Trap (MOT). (a) The configuration of 3-D MOT. (b) The
mechanism of the MOT. More details in the text.

Doppler cooling cannot cool atoms below the Doppler limit, where equilibrium be-

tween cooling and heating mechanisms sets the minimum temperature [46]:

r
kpTp = % (2.7)

where Tp is the Doppler limit and kg is the Boltzmann constant. For strontium atoms, the

Doppler limits of the cooling transitions are listed in Table 2.3.

When an atom emits (or absorbs) a single photon, the atom loses (or gains) momen-

tum hk due to momentum conservation, which sets a laser cooling limit, the recoil limit.

(k)*

kT, = (2.8)

where T, is the recoil limit temperature. For the strontium atoms, the recoil limits of the

cooling transitions are shown in Table 2.3.

First stage cooling and trapping of strontium atoms

The 5s%1Sy <+ 5s5p ! Py transition in the strontium atoms has 5ns lifetime (corresponding to
32 MHz of linewidth), and a wavelength of 461 nm. Its Doppler limit temperature is 768 nk
and the recoil limit is 1.03 pK (see Table2.3). These properties make it suitable for laser
cooling and trapping. We use it for the first-stage cooling and trapping, known as a blue
MOT.

There is a decay channel from 5s5p ! P, state to 5s5d ! Dy state, then atoms decay to
5s5p 3 Py and 5s5p 3 Py states via 5s5d ! D, state. Atoms in the 5s5p3 P; state (lifetime of 21 ps)

can spontaneously decay to the ground state 5s2 1Sy, returning to the cooling cycle. However,
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Figure 2.2: The relevant energy levels for strontium optical lattice clock, data from [3]

136] [38] [42).
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First Stage Second Stage
Cooling and Trapping Cooling and Trapping
Transition 55218y <+ 5shplP 55215y < 5shp? P,
Wavelength A 460.73310(15) nm 689.2585(2) nm
Einstein A coefficient 2.01(3) x 108571 4.69(11) x 10*s71
Lifetime 7 5.0(1) ns 21.3(5) ps
Linewidth I'/27 32.0(5) MHz 7.5(2) kHz
Saturation intensity 5. 42.8(6) mW /cm? 2.98(7) pW /em?
Doppler limit Theppier 768(11) pK 179(4) nK
Recoil limit T ecoi 1.03 pK 0.46 nK
Maximum acceleration apa,  9.9(1) x 10°m/s” 154(4) m/s?

Table 2.3: The cooling transition parameters for two-stage MOTs. The data in this table is
sourced from or based on [42].

atoms in the 5s5p 3 P state (lifetime of 520's) cannot spontaneously decay to the ground state
5515, within typical clock cycle times (~ seconds) [47]. To pump the atoms from this dark
state back to the cooling cycle, we apply 707 nm and 679 nm lasers corresponding to 5s5p 3P,
< 556535, and 5shp3 Py «+ 5s6s3S5; transitions, respectively. These lasers repump atoms
back to the cooling cycle via 5s5p 3P, state. Ultimately, the atoms can be cooled to ~1-2mK
in the blue MOT.

Second stage cooling and trapping of strontium atoms

For the second stage cooling and trapping, we use the intercombination transition 5s? 1Sy <
5s5p 3 Py which has 21 ps of lifetime, corresponding to 7.5 kHz of linewidth and wavelength at
689 nm. Its Doppler limit temperature is 179 nK, and the recoil limit temperature is 0.46 pnK
(see Table2.3). These properties make it suitable for laser cooling and trapping. We use it

for the second stage cooling and trapping, known as a red MOT.

After the first cooling stage, atoms have a temperature of approximately a few mK.
To cover atoms with a range of velocities, the red MOT beam is modulated to broaden its
laser linewidth (known as broadband cooling). The atoms are then cooled to approximately
100 pK. Subsequently, the modulation is turned off, and the red MOT transitions to single-
frequency cooling and trapping to obtain even colder atoms at a few pK, called a single-

frequency MOT.

Other cooling schemes

For the SOC2 setup, the repumping scheme with 5s5p3 P, <+ 55653S; (707 nm) and 5s5p 3 P
+ 5s6s3S) (679nm) transitions is applied to pump atoms out of the dark states, since

the diode lasers at these wavelengths are readily available. Besides this scheme, single-
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repumping schemes through the 3D, states are implemented in other groups[48][49]. The
555p 3 Py <+ 5s54d 3 D, transition is addressed by 3.0 pm laser and atoms decay into the 5s5p 3P
state to ultimately reach the ground state 5s%1S,. Similarly, 5s5d 3Dy and 5s6d 3D, can be
used, though with different laser wavelengths (497 nm and 403 nm, respectively). Recently,
repumping has also been demonstrated via the 5s5p3 Py <+ 5p? 3P, (481 nm) transition [50].

In addition to the two-stage MOTs (blue and red MOTs) mentioned above, which are
applied in the SOC2 apparatus, different-colour MOTs have also been proposed and imple-
mented in other groups, for example, infrared MOT [51][52] and green MOT [52]. Hobson et
al. [51] conducted an infrared MOT operation on 5s5p3P, <+ 5s4d 3D transition (2.9 1m)
and directly transferred the atomic cloud from the blue MOT to the infrared MOT, cooling
it to a final temperature of 6 nK. Akatsuka et al. [52] implemented three-stage MOTs using
55215y <> 5sbp' Py (461 nm, blue MOT), 5s5p3 P, <+ 5s5d 3 D3 transition (496 nm, green
MOT) and 5s5p3 Py <+ 5s4d? D5 transition (2.9 um, infrared MOT), achieving a cold atomic
cloud at a temperature of 2.5(2) nK. Both groups used ®7Sr atoms to demonstrate the MOT

schemes.

2.3 Optical lattice and magic wavelength

2.3.1 Introduction of the optical lattice: Geometry and trap prop-

erties

After the two stages of cooling and trapping of the strontium atoms, the cold atoms are
loaded into an optical lattice. The optical lattice is a periodic optical potential composed
of a pair of overlapping counter-propagating beams, which can easily produced by a single

beam with its retro-reflection beam [53|[54]. The electric fields for these beams are
Eysin(kz — wt + ¢1) (2.9)

and
Eysin(kz 4+ wt — ¢9) (2.10)

where Ej is the electric field amplitude. The resulting electric field for the optical lattice is

E(z,t) = 2Eysin(kz — @) cos(wt — ) (2.11)
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where ® = (¢3 — ¢1)/2 and ¢ = (¢1 + ¢2)/2. If the origin phase is chosen such that & = 7/2,
the time-averaged periodic potential is

U(z) = —Uycos®(kz)
a(w)

= _T(2|EO|)2 cos?(kz) (2.12)

I
= —4&(w)é cos?(kz)

where Uy is the amplitude of the periodic potential, a(w) is the polarizability, Iy = cgo(2|Ep|)?/2
is the intensity corresponding to Fj, ¢ is the speed of light in vacuum, and &( is the permit-

tivity of free space.

2.3.2 Energy band structure and sideband spectroscopy in the op-

tical lattice

Bloch theorem
The Bloch theorem is a powerful tool for studying a quantum particle in a periodic poten-

tial [55]. In this theorem, the wavefunction of the particle in a 1-D lattice can be expressed

as
Ve(2) = uy(2)e'* (2.13)
where u, is periodic over the lattice in real space, and ¢ is the quasi-momentum belonging
to the reciprocal lattice.
Since it is periodic over the lattice with period A1 /2 (where A\ is lattice laser wave-

length), u, can be expanded into a Fourier series [55]:

47rZ

nlz) = 3 e

_ Z C%)eikaz <214>
thus the wavefunction becomes
a(z) = 3 dpeiarman: 215)

which is a series of plane waves with momenta fi(q + m2k), m € Z.
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The Schrédinger equation for 1,(2) is

~2
p A
o7 TUQG) | ¥q(z) = E(q)¢(2) (2.16)
2M

where p is the momentum operator p = —ih%, Zz is the position operator, M is the particle

mass, and E(q) is the eigenenergy of 1,(z). The Schrédinger equation can be rewritten

without dimensions:

5~ wocos? ()| ) = () (217)

dz?
where all quantities are dimensionless: the position z; = kz, the lattice depth uy = Uy/E,,

and the eigenenergy €(q) = E(q)/FE,. E, is the recoil energy corresponding to the lattice

laser.

Using the wavefunction in Eq. 2.15, the Schodinger equation Eq.2.17 can be numeri-
cally solved; the spectrum of the eigenenergies €,(q) = E,(q)/FE, is shown in Figure 2.3 with
different lattice potentials. The above description is in the first Brillouin zone ¢ € [—k, k].
The energy interval spanned by E,(q) for ¢ in the first Brillouin zone is called the n'* energy
band.

Energy bands

The energy spectrum is the usual parabola folded within the first Brillouin zone for a free
particle. In the shallow trap potential, Uy < F,., the energy bands are close to that of a free
particle. However, in the deep lattice, the energy bands are almost independent of ¢, and

the energy spectrum resembles that of a harmonic oscillator due to the strong confinement.
E.(q) ~ (n+1/2)hw (2.18)
where wy is the harmonic frequency along the z axis.

D) 2
Wy = (j\[}k (2'19>

For the intermediate lattice depth, e.g., 25 F,., the energy bands are close to the harmonic

energy for deeply bound particles; however, unbound particles are close to the free particles.
Figure 2.3 shows the band structure of the lattice at different trap potentials. Our optical
clock typically operates at Uy > E,; thus, the harmonic oscillator approximation is valid for
deeply bound bands.

20



Strontium Optical Lattice Clock

80 - - - - 80
60 - - - L - 60
A A G
“ 40- E- E. B 40 @
="} 1 f====-
20 L N e . - 20
-/\ ——————
0=+ o === . . . 0
1 0 1 -1 0 1 -1 0 1 -1 0 1
dx (K)

Figure 2.3: Band structure at different lattice potentials. Different color lines show different
energy bands; for example, the black, red, green, blue, and cyan lines are n = 0,1,2,3,4
bands, respectively. The dashed lines correspond to the energy bands of the harmonic
oscillator. All the energies are in units of recoil energy E,: the lattice depth uy = Uy/E;,
and the eigenenergy €,(q) = E,(q)/E,. The quasi-momentum is in units of k: ¢, = ¢/k. In
the deep bound band, the eigenenergy can be expressed by the energy band in the harmonic
oscillator.

21



Strontium Optical Lattice Clock

Lamb-Dicke regime

Clock laser Lattice laser
Wavelength Ap = 698.445 61 nm A, —813.427 57 nm
Wave number £, =8995955.063 m~t kp =T7724332.859m !
Recoil energy  E,  —=3.083x1073°] E,=2.273x1073]J

T—p

Recoil frequency v, , =4.653kHz v, = 3.430 kHz

Table 2.4: Property clock and lattice lights based on ®8Sr.

For optical lattice clocks, to eliminate the Doppler effect of the atom’s motion, the atoms
are confined in the Lamb-Dicke regime, where the atom’s motion is confined to a region
much smaller than the wavelength of the probe light [56][57]. The degree of confinement is
quantified by the Lamb-Dicke parameter 7,

n. = kpzo (2.20)

where k, is the wave vector of the probe light (clock laser), and z, is the extension of the

wave function along the z axis
ky, = — (2.21)

| h
= 2.22
=0 dmmu, (222)

where m is the atom mass and v, = wy/27 is the trap frequency along z axis (see Eq.2.19).

For the strontium-88 optical lattice clock, the wavelengths, the wave numbers, and
the recoil-related quantities of clock and lattice lasers are listed in Table 2.4. The axial trap
frequency v, = 53.14kHz when lattice depth Uy = 60F, and corresponding wave function
extension zg = 32.9nm. Thus, the parameter 7, is ~ 0.3, which is much less than 1 and

satisfies the Lamb-Dicke regime condition:
20 K A\ (2.23)

and
Vr_p L Uz (2.24)

where v, _, = hk, /m is the recoil velocity of the probe light. In the Lamb-Dicke regime,
the probe light would not cause Doppler broadening because of strong spatial confinement

of the atoms.

The transitions between the initial state ¢ and the final state j are illustrated in

Figure2.4. The dipole matrix element for the transition is (n;|e’*»*|n;), when the probe
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Figure 2.4: The schematic of lattice spectroscopy and the relative transition strength. The
transitions with motional states An = 0, An = —1, and An = +1 correspond to carrier,

red sideband, and blue sideband in (b), respectively. Compared to carrier transition, the red
sideband and blue sideband are suppressed by nn? and (n + 1)n?, respectively. In (b), the
effect of radial motion is not considered.

light field is described by a traveling plane wave. Here, n denotes the motional state. Using
the raising and lowering operators, the exponential at z; can be expanded, and the matrix

element becomes [19]

<nj‘€ikpz

na) & (nj|1na) + (nglikyz|ni)
iy ikpzo((nyla + a'lng)) (2.25)

M + ikp20<\/n_i5ni+1,nj +Vn; + 15711‘—1771]')

On
On

Only three terms remain when squaring the matrix element:

[(nyle™*n,)[> = on . +n2(nds,, .+ (i + 1800 (2.26)

The strongest transition occurs when the motional state remains unchanged (An = 0),
called the carrier transition with Rabi frequency Q. The transitions where An = —1 (from
n to n’ — 1) are the first red sideband, suppressed by nn? relative to the carrier transition.
The transitions where An = +1 (from n to n’ + 1) are the first blue sideband, suppressed by
(n+ 1)n?. In optical lattice clocks, these three transitions are typically probed via sideband

spectroscopy, as illustrated in Fiugre 2.4.

Resolved and unresolved sideband spectroscopy

Whether the sidebands are resolved depends on the linewidth I' of the electronic transition
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lg) — |e) and the trap frequency v, of the potential. When I" > v,, the sidebands overlap
and are unresolved. Conversely, when I' < v, the sidebands are resolved. See Figure2.4.
For our strontium-88 optical lattice clock, the linewidth of the clock transition 'Sy < 3P,
is ~ 1Hz, while the axial trap frequency is a few tens of kHz, satisfying the condition of

resolved sideband spectroscopy.

Sideband spectroscopy in the Lamb-Dicke regime with resolved sidebands is a powerful

tool for evaluating lattice properties (see the next chapter).

The confinement in the radial axis

We also need to consider the Gaussian beam’s transverse profile in a 1-D lattice, which

provides the confinement in the radial direction [19][58]. Thus, the potential becomes

1
Ulr,z) = —4oz(w)ée_%2/w2(z) cos®(kz) (2.27)

where w(z) is the beam radius at a longitudinal distance z from the beam focus, and r is

the radial distance from the beam center.

In radial confinement, the Lamb-Dicke parameter is [58|

80, [ h

Ap V 2muy,

" (2:28)
where v, is the radial trap frequency and 66,, is the misalignment angle between the probe
and the lattice lights. In the 1-D optical lattice, the radial confinement is much weaker than

axial confinement (v, > v,.).

For low atom temperatures and small misalignment between the probe and the lattice
lights, the excitation probability from the ground state to the excited state is approximated

as [58|
11—z 2 cos[p(l —n?)] — cos ¢

(1) ~ = 2.29
pe(t) SR 1+ 22 — 2z, cos(¢n?) (2.29)

where z, = e~"r/(EsT) and ¢ = 27tQge /2 2/2, ¢ is the probe pulse length, Q) is the Rabi
frequency in units of Hz, and 7, is the radial temperature. At zero misalignment (56, = 0),
the excitation probability can be reduced to sin®(¢/2), as shown in Figure2.5. Oscillation
dephases more rapidly as the misalignment angle §6,, increases. Minimizing §6,, (typically
30, < 0.1mrad in SOC2 clock, as shown in Section 3.4.6) is essential.
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Figure 2.5: Effect of radial motion on Rabi oscillations. The oscillation is dephasing faster as
the misalignment angle 66,, increases. The simulation condition is based on the experimental
result in Figure 3.33: the lattice depth 101 E,., the longitudinal trap frequency v, = 69 kHz,
the radial temperature T, = 4.8 nK. The simulation shows 66,, < 1mrad is desirable.

2.3.3 A vertical optical lattice

The orientation of the 1-D optical lattice axis is crucial for the tunneling effect between
adjacent lattice sites[19][59]. In a horizontal lattice, adjacent lattice sites have degenerate
energy levels, causing wavefunctions to delocalized and extend over the entire lattice. Atoms
could tunnel between lattice sites and the tunneling rate causes a frequency shift; for ex-
ample, in a horizontal optical lattice with a depth of 50 E,., the tunneling frequency shift
is approximately 0.42 Hz, corresponding to 1.0 x 107'® in fractional units for the strontium
clock transition [60]. However, in a vertically oriented optical lattice, tunneling is suppressed
by gravity, lifting the degeneracy between lattice sites by mg\;/2 (Wannier-Stark ladder),
as illustrated in Figure2.6, where A\; is the lattice laser wavelength. The lattice potential
becomes

1
Ulr,z) = —4a(w)c—;e_27°2/w2(2) cos®(kz) + mgz (2.30)

As a consequence of the vertical orientation, the maximum tunneling-induced frequency at

a lattice depth of 50 E, is approximately 0.41Hz , corresponding to 9 x 10722 in fractional
units for the strontium clock transition [59]. Compared to other contributions (shown in
Chapter 5), this shift is negligible.
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Figure 2.6: (a) The configuration of vertical optical lattice: ’pancake’. (b) The external
potential seen by the atoms in the vertical optical lattice which is aligned with respect
to local gravitational acceleration g. The different-colored arrows indicate the transitions
between different orders of Wannier-Stark sidebands.
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Figure 2.7: Lattice light AC Stark shifts of clock states 1Sy and 3P, of strontium atoms.
The red far-detuned magic wavelength of the clock transition 1Sy <+ 3P, of strontium-88 is
813.42757(62) nm [63]. The level shift data is taken from [64].

2.3.4 Magic wavelength of optical lattice for the clock transition

The laser light modifies the energy levels of atoms compared to unperturbed levels, a phe-
nomenon known as the AC Stark shift, especially in deep optical lattices. The AC Stark
shift for the clock transition 'Sy +» 2Py due to the lattice light is [29][61]

4AOJ()\L>

I I? 2.31
ey ToOUI) (2:31)

Welock = —
where Aa(\r) = asp, (A1) — aug, (M) is the differential AC Stark polarizability of the %S,
and 3P, states, which depends on the lattice wavelength \;, and is independent of the light
polarizability due to J = 0 which exhibits a scalar light shift.

To eliminate the lattice light shift, Katori et al. proposed operating a neutral stron-
tium optical lattice clock at a 'magic’ wavelength in 2003 [62]. At this wavelength, Aa(Ar) =
0, which is independent of the intensity of lattice light. The lattice AC Stark shift of the
clock transition 1Sy < 3Py is eliminated by adjusting the lattice light to this wavelength, if
the higher-order corrections O(I2) are negligible. The AC Stark shifts of the 'Sy and 3B,

states of strontium atoms are shown in Figure 2.7, and the red far-detuned magic wavelength
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of the clock transition 'Sy <+ 3P of strontium-88 is 813.42757(62) nm [63].

2.4 Excitation of clock transition of the bosonic strontium-

88 atom

The singlet to triplet transitions of alkaline-earth(-like) atoms, i.e., 1Sy <+ 3P, are of interest
for metrology and new physics research, e.g., optical lattice clocks, atomic interferometers,

gravitational wave detectors, dark matter searches.

For fermionic isotopes, the 1S, ¢+ 3P, transition is weakly dipole-allowed through
hyperfine interaction of the nuclear spin. However, for bosonic isotopes, the transition is
double-forbidden (AS =1 and AJ = 0 with J = 0 <» J = 0). Several methods have been
proposed to excite the transition of the bosonic isotopes, such as the magnetic-field-induced

spectroscopy, the three-photon excitation, and the electromagnetically induced transparency.

2.4.1 Magnetic Field-induced Spectroscopy

Magnetic field-induced spectroscopy uses a single clock laser combined with a DC magnetic
field to mix excited states >P; and 3P, thereby allowing single-photon excitation of the
transition 1Sy <> ? Py [65], shown in Figure 2.8. The effective Rabi frequency for the excitation

is [65]
0, =
32

where Qp and Q; are the Rabi frequencies corresponding to couplings between 3Py and 3P,

(2.32)

states and between 1S, and ®P; states, respectively. As, is the splitting frequency between
3P, and 3P, states. In terms of applied magnetic field B and laser light intensity I, the

effective Rabi frequency can be rewritten as [65]
Q13 = aV1|B|cos (2.33)

where « is the coupling coefficient (e.g., « = 198 Hz/(Ty/mW /cm?) for strontium-88 atoms)
and 6 is the angle between linearly polarized light field E and magnetic field B. Typically,
the bias field B and the optical field E are parallel, so 6 = 0.

The frequency shifts due to the magnetic field and laser light must be carefully studied
for clock applications. The first-order Zeeman shift is eliminated in magnetic field-induced

spectroscopy due to J = 0 for the clock transition. The second-order Zeeman shift is given
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Figure 2.8: Magnetic field-induced excitation of a strongly forbidden transition. For example,
the clock transition 'Sy <+ 3P, in bosonic isotopes of alkaline-earth(-like) elements (Yb, Sr,
Ca, Hg, and Mg). The figure is taken from [29]. More details in the text.

by
QQ
Avg = ——2 = 3|BJ? (2.34)
Asy

where $ is the second-order Zeeman shift coefficient (3 = —23.3 MHz/T? for ®¥Sr [65]). The
probe laser AC Stark shift is given by

02 _
4A3:

where k is the coefficient of the AC Stark shift (k = —18 mHz/(mW /cm?) for 3¥Sr [65]).
The frequency shifts due to the magnetic field and clock laser light are the primary

contributors to the systematic uncertainty of neutral bosonic atom optical lattice clocks, as

shown in Chapter 5.

2.4.2 Multi-Photon Excitations

Hong et al. proposed using three-photon resonance to excite the double-forbidden 1S, <+ 3P,
transition in the bosonic isotopes, which is based on the concept of electromagnetically
induced transparency and absorption (EITA) and predicted that the light shift could be
limited below 1078 [66].

Recently, Carman et al. and He et al. demonstrated the coherent three-photon
excitation of the strontium clock transition. He et al. used 3*Sr atoms [67], however Carman
et al used ®Sr atoms and all three laser beams are collinear [68]. Carman et al. also claim

that their scheme reduces the Zeeman shift and eliminates the overall probe light shift with
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an appropriate choice of laser detunings.

Jun Ye’s group proposed using two lasers to establish coherent coupling between
1Sy <+ 3Py and the broad ' P, as an intermediate state to exploit the phenomenon of electro-

magnetically induced transparency (EIT)[69].
The multi-photon excitations of a strongly forbidden transition, e.g., EITA and EIT,

are complicated to realize in terms of alignment of laser beams and may cause significant
light shifts that are not easily eliminated. For our SOC2 apparatus, we utilize magneti-
cally induced spectroscopy which is single-photon excitation. After careful investigation, the
uncertainty in the quadratic Zeeman shift and the clock laser light AC Stark shift can be

controlled to the 10717 level, as shown in Chapter 5.
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Chapter 3

SOC2 Optical Lattice Clock

3.1 Overall apparatus

History of SOC2

The SOC2 apparatus was inherited from the Space Optical Clock project. The first stage
of the Space Optical Clock (SOC) project began in 2007, funded by ESA and coordinated
by Prof. S. Schiller of Heinrich-Heine-Universitdt Diisseldorf. It studied the feasibility of
operating an optical lattice clock in space. SOC was the natural follow-on mission to the
ACES mission, which was launched on April 21, 2025. The goal of SOC was to achieve at
least one order of magnitude better stability and accuracy compared to ACES. A compact

transportable clock was demonstrated in Florence [70].

The second stage of the SOC project, also known as the SOC2 project, started in
2011 as a follow-on to the preliminary study of the SOC project. Two transportable optical
lattice clocks based on strontium |71| and ytterbium atoms |[72], respectively, were developed.
The strontium optical lattice clock was moved to PTB after successfully characterizing the
optical lattice trap at the University of Birmingham. The ytterbium optical lattice clock
was transported from Universtit Diisseldorf to INRIM! and put into operation there, and

later transported back.

The characterization and further development of the strontium clock were imple-
mented in PTB [16], which was partially funded by the Marie Curie action Future Atomic
Clock Technology (FACT) and, since 2017, in the framework of the I-SOC ESA mission
study. Figure 3.1 shows a photo of the SOC2 apparatus in 2018.

Since 2023, the SOC2 apparatus has been part of the Clock Metrology research unit,
funded by the DFG. The goal is to integrate, operate, and optimize the performance of the
SOC2 apparatus at Wettzell, as well as to test fundamental physics. Figure 3.2 shows photos
of the SOC2 apparatus in 2024.

0]stituto Nazionale di Ricerca Metrologica, Turin, Italy.
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Figure 3.1: The SOC2 optical clock in 2018. The photo was taken at PTB. The atomic
package is located at the top of the rack in the middle, with the laser subsystems mounted
below. The electronics are mounted on a separate rack on the left. The clock laser is situated
on top of the large optical table, and its corresponding electronics are located on the right
rack.

Figure 3.2: The SOC2 optical clock currently (2024), still at PTB, in the same laboratory
space. In the foreground right is the enclosed new clock laser. The atomics package is at the
center, covered with black panels. On the left is a rack containing laser subsystems.
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Figure 3.3: The compact physics package of the SOC2 apparatus.

3.2 Compact physics package

The compact physics package of the SOC2 apparatus is shown in Figure 3.3. The total volume
is 1431, and the mass is 50 kg, including the breadboard [29]. The following paragraphs will

introduce all the components from right to left in the figure.

Atomic Oven:

A thermal strontium beam is effused from a strontium oven attached to a port aligner with
a CF35 flange, shown in Figure 3.4. The oven is heated to 400 ~ 500°C by a tantalum wire
housed in an alumina multibore tube. The oven is a modified version of the PTB design. The
divergence of the beam is ~ 50 mrad. A 251 ion pump (25S Gamma Vacuum) is installed
through one 4-way cross to maintain a high vacuum for the oven. Usually, in operation, the

pressure of the oven is ~ 2 x 10~ mbar.

Transverse cooling;:

The 6-way cross with 4 viewports for transverse cooling is installed next to the 4-way cross.
To increase atomic flux to the science chamber, the atomic beam divergence is decreased by
transverse cooling. The atom number is increased by approximately three times compared

to that without transverse cooling.

33



SOC2 Optical Lattice Clock

(b) The port aligner.

Figure 3.4: The atomic oven and port aligner used to align the oven to the science chamber.
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Gate valve and atomic beam shutter:

One gate valve separates the vacuum between the science chamber and oven, making it
flexible for partially breaking the vacuum, for example, replacing the oven, etc. In order
to eliminate the frequency shift due to blackbody radiation (BBR shift) from the oven, a
flag shutter (CF35 Pneumatic Viewport Shutter from Kurt J. Lesker) is installed adjacent
to the gate valve. The shutter is driven by a servo motor (model SB2272MG from Savox),
and opened only during the first-stage MOT (blue MOT phase, shown in3.21). A 2.5mm
pinhole just next to the flag shutter and before the Zeeman slower acts as a differential pump

stage, across which a pressure ratio of 100 is expected.

Zeeman slower:

A Zeeman slower is implemented to slow the atoms effused from the oven to the capture
velocity of the MOT. The Zeeman slower is based on a 2-D array of neodymium permanent
magnets with transverse field [73|, as shown in Figure3.5. In order to measure velocity of
the atoms after the Zeeman slower, I delivered a 461 nm blue laser beam from the PTB
stationary strontium optical lattice clock (Sr3) lab as a detection beam. The blue laser
beam is split from a 461 nm DL pro diode laser, whose frequency is monitored by the beat
note with a TA-SHG pro laser in the Sr3 lab. The laser beam for Zeeman slowing is from
another TA-SHG pro laser in the SOC2 lab. Both fundamental wavelengths of TA-SHG
pro lasers are locked to their own 922 nm reference optical cavity, respectively. More details
of the SOC2 SHG laser locking to Frequency Stabilization System (FSS) can be found in

Ref. [74]. The sketch of measurement scheme is shown in Figure 3.6a.

The detection beam has an angle 6, with respect to the thermal atomic beam, and its
frequency Vgeee can be tuned by the piezoelectric component of 461 nm DL pro laser in Sr3
lab. First, starting the experiment with 6, = 90°, which means that the detection beam is
orthogonal to the atomic beam to find the center resonance frequency fy of atoms with zero
velocity v, = 0. Then, fixing the angle 6, at 45° and scanning the detection beam frequency
f to obtain the velocity distribution. The relation between atom velocity v, and detection

beam frequency f can be expressed as

kdet@cva COS ez = 27T(f - fO) (31)

where kgeree is the wave number of the detection beam. The detuning of the detection beam,
f — fo, can be directly read from the spectrum analyzer, shown in Figure 3.6a. The velocity
distribution of atoms after the Zeeman slower by scanning the detection beam frequency f

is shown in Figure 3.6b.

Ultimately, strontium atoms are slowed down to ~ 160m/s by this slower before
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Figure 3.5: The photo of Zeeman slower which is based on a 2-D array of neodymium
permanent magnets with transverse field.

entering the science chamber (see Figure3.6b). The relationship between atom velocity
and laser polarization direction has also been observed. When the polarization direction
is aligned with the magnetic field direction, only one group of slowed atoms is obtained.
However, several groups of slowed atoms are observed when a laser beam is applied with
the polarization direction orthogonal to the magnetic field direction. In the first case, the
laser only addresses 1Sy <+ 'P;,m; = 0 transition and the magnetic field cannot vary the
energy level of this transition which means the Zeeman slower is not working in this case. In
the second case, the laser addresses 'Sy <+ 'P;,m; = +1 (or m; = —1) transition and the
Zeeman slower works in this case; however, due to unsmooth magnetic fields, several groups

of slowed atoms are observed [73].
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Figure 3.6: Measurements of the velocity distribution of atoms after the Zeeman slower.
(a) Schematics of the measurement setup. The detection beam is provided by the PTB
stationary strontium optical lattice clock (Sr3) lab, which is from a 461 nm DL pro diode
laser. The PTB SHG laser is as a frequency reference for the DL pro laser. The slowing
laser is produced from theSOC2 SHG laser, which is stabilized to one of the FSS cavities.
(b) The velocity distribution of atoms after the Zeeman slower. The upper curves have been
offset by 0.7V for clarity. Here shows the polarization effect of the Zeeman slower as well.
The SHG lasers are TA-SHG pro lasers from Toptica. More details in the text. SHG: second
harmonic generation, EOPM: waveguide electro-optic phase modulator, PD: photodetector,
BS: beam splitter, FC: fiber collimator/coupler, M: mirror, FSS: Frequency Stabilization

System, shown in the next section.
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Science chamber:

A compact science chamber has been installed, 51 mm in diameter and 22 mm in thickness,
made of titanium. The total length, including the tubes to connect to the rest of the vacuum
system, is 130 mm. The advantages of the compact science chamber are: 1) reducing the
size and weight of the whole vacuum system for easy transportation. 2) making MOT coils
with a relatively small size, which means that the power consumption and heat produced are
lower. It is sufficient to use TEC (thermoelectric cooling element) peltiers to cool the MOT
coils instead of water cooling, thereby decreasing the temperature inhomogeneity around the

science chamber and, ultimately, reducing ambient BBR shifts.

There are 8 windows made out of BK7 installed around the science chamber: 6 lateral
windows with a diameter of 10 mm and 2 windows with a diameter of 40 mm on the horizontal
plane, as shown in Figure3.7a. All windows are accessible for laser beams, including MOT
beams, repump beams, lattice laser beams, and clock laser beam, via 16 mm cage systems

that are either directly attached to the science chamber or connected via viewport adapters.

The MOT coils are attached to the science chamber, and three pairs of compensation
coils are installed to compensate for the background magnetic field. Other components, such
as the PMT (Hamamatsu H11526-110-NF) and the CCD camera (pco.pixelfly USB), as well
as photodetectors for monitoring laser powers, are installed around the science chamber, as

shown in Figure 3.7b.

To maintain the vacuum of the chamber, an ion getter pump (SAES NexTorr D100-5)
with the volume of 0.51 and the mass of 2.2kg is attached. Due to the presence of getter
elements, the pumping speed is 1001/s for Hy and 401/s for No. The capacity of the getter
pump is maintaining the vacuum of less than 1 x 107! mbar, even during clock operation
with the hot oven.

At the end of the vacuum system, opposite the oven side, there is a sapphire window
from Kurt J. Lesker, which provides access for the blue laser beam of the Zeeman slower.
The sapphire window, which has a higher temperature resistance, can be heated to 150°C
to remove strontium deposits that are from the collimated atomic beam effusing from the

atomic oven [49]. Heating the sapphire window is expected to be implemented in the future.

Major upgrades of the physics package:

Regarding the physics package, further information can be found in Refs. [29] and [75] for
the details. The important upgrades we have made since 2018 are: 1) Using the PTB oven
design, which is simpler and easier to install compared to the old design [76]. 2) Installation
of the oven with the port aligner to easily align the atomic beam with the science chamber.

3) Implementation of a 6-way cross for transverse cooling to reduce the divergence of the
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(b) Photo of the science chamber with all the components around it.

Figure 3.7: The science chamber.
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atomic beam. 4) Installation of the gate valve before the atomic beam shutter to isolate the

vacuum between the oven and the science chamber if necessary.

3.3 Laser systems

For a strontium optical lattice clock, six laser systems are needed, with differrent wavelengths
at 461 nm, 679 nm, 689nm, 698 nm, 707 nm, 813nm, and all laser systems are compact,
transportable, and modular in design. The overall schematics of the laser systems are shown

in Figure 3.8.

Blue laser system (461 nm):

One TA-SHG pro from Toptica provides the 461 nm blue lasers used for the Zeeman slower,
blue MOT, transverse collimation, and atom detection in the trap. There is approximately
200mW blue light sent from the TA-SHG to the distribution breadboard. Using polarizing
beamsplitters (PBS), the laser beam is split into four branches for different purposes, shown
in Figure3.9. For example, we have a beam branch for the Zeeman slower with 78 mW
power, for the blue MOT with 28 mW, for transverse cooling with 13 mW, and for detection
with 1.4 mW. Here, all the beam power is measured before the fiber couplers. The coupling
efficiency of all the fiber couplers is > 50 %. Each branch has one single-passed acousto-optic
modulator (AOM) to shift the laser frequency—different branches have different laser fre-
quencies. Figure 3.10 shows each laser beam’s detuning from the resonance of blue transition
1Sy < 1Py).

The fundamental wave at 922nm of the TA-SHG pro is stabilized to our frequency
stabilization system (FSS) [74] via the Pound-Drever-Hall (PDH) locking technique, resulting
in the 461 nm laser having approximately 1 MHz linewidth.
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Figure 3.8: Overall schematics of the laser systems. The stirring laser is only used for
strontium-87 atoms. More details are in the following text. TA: tapered amplifier, SHG:
second harmonic generation, FSS: Frequency Stabilization System, WLM: wavelength meter,
2-D: two-dimensional, FPI: Fabry-Perot interferometer, ULE: ultra-low expansion glass, Si2:
PTB cryogenic silicon cavity, MOT: magneto-optical trap, AOM: acousto-optic modulator,
PBS: polarizing beamsplitter.
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(a) Photo of the blue laser distribution breadboard.
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(b) Schematics of the blue laser distribution breadboard. The first order diffracted beam of each
AOM is shown here, except for the top left AOM with zero and first orders. The other beam dumps
are left out for clarity.

Figure 3.9: Blue laser distribution breadboard. The laser beam is split into four branches
for different purposes. The top left AOM is More details in the text. SHG: second harmonic
generation; AOM: acousto-optic modulator; MOT: magneto-optical trap; PBS: polarizing
beamsplitter.
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Figure 3.10: Frequency detuning of each blue beam from the resonant 'Sy <+ 1P, transition.
The italic labels on the double arrow lines indicate RF frequencies of AOMs. The blue-
shaped area shows the natural linewidth of the 1Sy <+ ' P, transition. The frequency axis is
not to scale. AOM: Acoustic Optical Modulator.

Red laser system (689 nm):

The 689 nm laser system consists of a DL pro laser from Toptica and a slave laser, which is
injection locked to the DL pro, to provide sufficient laser power for the red MOT, wavelength
meter, and an extended output. The extended output is for the injection system of the
stirring and the spin polarization lights when shifting to 8”Sr optical lattice clock. The master
laser provides a laser beam of 6.5 mW to the FSS, reducing the laser spectrum linewidth to
approximately 1kHz [29]. The slave laser can provide a 21 mW laser beam for the red MOT.

Figure 3.11 shows the red laser system schematics.

Usually, the second-stage MOT (red MOT) has two phases: broadband-frequency
(BB) and single-frequency (SF) MOTs (see Section 3.4 for details). We use an AOM to vary
the red MOT beam frequency to transfer the atoms from the BB red MOT to the SF red
MOT. The detunings of both phases from the resonance of the 1Sy <+ 3P, transition are
shown in Figure3.12. Figure3.13 indicates the modulated spectrum of the BB red MOT

beam in operational condition.

For traditional magneto-optical traps, three orthogonal beams with retro-reflection
beams comprise six beams to cool down and trap atoms. To simplify the system, a polarization-
maintaining (PM) optical fiber array from Evanescent Optics Inc. with three inputs and
three outputs is employed in the SOC2 apparatus. The array combines the lights for the
blue MOT, the red MOT, and the stirring, and then splits the combined light into three
outputs as three orthogonal MOT beams.
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(a) Photo of the red laser distribution breadboard.
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(b) Schematics of the red laser distribution breadboard. The first order diffracted beam of the AOM
is shown here. The other beam dumps are left out for clarity.

Figure 3.11: Red laser distribution breadboard. FSS: frequency stabilization system; AOM:
acousto-optic modulator; MOT: magneto-optical trap; WLM: wavelength meter; PBS: po-
larizing beamsplitter.
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Figure 3.12: Frequency detuning of the red light from the resonance of the 1Sy < 3P
transition. The red area at resonance indicates the natural linewidth of the transition. The
multiple lines around at 1.5 MHz detuning show the modulated frequency for the first phase
of the red MOT. The frequency axis is not to scale. FSS: frequency stabilization system;

MOT: magneto-optical trap.
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Figure 3.13: RF spectrum of the AOM for the BB red MOT beam. The spectrum analyzer
has Resolution Bandwidth (RBW) and Video Bandwidth (VBW) both at 100 Hz. MOT:
magneto-optical trap; AOM: acousto-optic modulator; RF: radio frequency; BB: broadband.
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Repump laser system (679 nm and 707 nm):

To bring atoms back to the cooling cycle in the first-stage cooling and to repump atoms from
the 3P, state to the 'Sy state via the 3S; state during the detection phase, the lasers with
wavelengths of 707 nm and 679 nm are employed, which address the transitions of 3P, < 35}
and Py <> 35, respectively. Both lasers are external cavity diode lasers (ECDLs) from
Toptica. The 707nm and 679 nm laser beams are combined via a PBS and delivered to the
cold atoms with a total power of 13 mW via a PM optical fiber. Both lasers have separate

optical paths to the wavelength meter via fibers, shown in Figure 3.14.
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(b) Schematics of the distribution breadboard of the repump lasers.

Figure 3.14: The distribution breadboard of the repump lasers. More details are shown in the
text. MOT: magneto-optical trap; WLM: wavelength meter; PBS: polarizing beamsplitter.

47



SOC2 Optical Lattice Clock

Lattice laser system (813 nm):

Our lattice laser system is based on one tapered amplifier (TA) module from Toptica, which
includes an 813 nm DL pro diode laser (master laser) and a TA chip. A portion of the master
laser beam is delivered to the F'SS system, reducing the laser linewidth to a few kHz. Another
portion (less than 1 mW) is directed to the wavelength meter for frequency diagnose. The
main beam from the master laser serves as seed light for the TA module, producing up to
1.8 W of total output. The TA light then pass through an AOM and couples into a PM
fiber (as shown in Figure3.15). A grating-based filter, as shown in Figure3.16, is used to
suppress amplified spontaneous emission (ASE) due to the tapered amplifier. In the end,
approximately 350 mW of laser power constitutes the optical lattice in the science chamber.
A photodetector is installed in the lattice laser distribution breadboard to monitor the retro-
reflection beam from a hot mirror, which reflects 813 nm light to form the optical lattice with

the incoming light, shown in Figure 3.20.
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(a) Photo of the lattice laser distribution breadboard.
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(b) Schematics of the lattice laser distribution breadboard. The first order diffracted beam of the
AOM is shown here. The other beam dumps are left out for clarity.

37 cm —»‘

—_— e e—— e— e e e e e e— e

Figure 3.15: Lattice laser distribution breadboard. FSS: frequency stabilization system;
AOM: acousto-optic modulator; WLM: wavelength meter; PBS: polarizing beamsplitter;
TA: tapered amplifier.
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(a) Photo of the distribution breadboard.
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(b) Schematics of the distribution breadboard. The light blue rectangle area shows the filter.

Figure 3.16: The distribution breadboard of the grating-based filter for the lattice light. This
filter is used to suppress amplified spontaneous emission (ASE) due to the tapered amplifier

(TA).

50



SOC2 Optical Lattice Clock

Clock laser system (698 nm):

A homemade 698 nm laser based on an interference filter (IF) is implemented as the clock
laser, shown in Figure3.17a (inside the white foam box) and red area of Figure3.17b. The
output power of the IF laser is approximately 20 mW. A light leak from the isolator is used
to diagnose it by the wavelength meter. The distribution breadboard has three optical paths
for a 10 cm long ULE optical cavity [77], the phase locking to a 48 cm long ULE cavity 78],
and the interrogation light to cold atoms, as shown in Figure3.17. Both optical cavities
are operated at room temperature. Usually, the 48 cm ULE cavity is further stabilized to a
cryogenic single crystal silicon cavity [7| by transfer locking via optical frequency comb and,
consequently, has the stability of approximately 4 x 10717 at 1 ~ 100s. Those stabilization
links are illustrated in Ref.[29] in detail. Ultimately, our clock laser could provide ultra-
stable light to cold atoms with the same performance as the cryogenic silicon cavity. In
order to reduce fiber noise, fiber noise cancellations are implemented for the laser beams to
the 48 cm long ULE cavity (a light green area in Figure3.17b) and cold atoms (a gray area
in Figure 3.17b).

This distribution breadboard was operated in the daily experiments. However, since
mid-2022, the original 10 cm cavity became unavailable. Therefore, we had to modify an-
other 10 cm long ULE optical cavity for our strontium optical clock application, which was
originally designed for a calcium lattice clock. At almost the same time, we noticed that the
IF laser was no longer as stable as before, as it was running in multiple modes. Therefore,
we installed a DL pro from Toptica to replace the IF laser and made slight modifications
to the distribution breadboard. The results of the SOC2 clock in Chapters4 and 5 are ob-
tained using the new 10 cm ULE optical cavity and the DL pro laser; however, the results in

Section 3.4 are still acquired with the original configuration.
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(b) Schematics of the distribution breadboard. The first order diffracted beam of each AOM is
shown here. The other beam dumps are left out for clarity.

Figure 3.17: The distribution breadboard of the 698 nm clock laser, which has three optical
paths for a 10 cm long ULE optical cavity (light blue area), phase locking to a 48 cm long
ULE cavity (light green area), and interrogation light to cold atoms (light gray area). The
light red area shows the homemade 698 nm diode laser based on an interference filter. Fiber
noise cancellations are implemented for the laser beams to the 48 cm long ULE cavity and
cold atoms. AOM: acousto-optic modulator; PBS: polarizing beamsplitter.
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Frequency stabilization system (FSS):

As mentioned above, the frequency stabilization system stabilizes the lattice and first- and
second-stage cooling lasers via the Pound-Drever-Hall (PDH) technique [74]. There are three
cavities in a single ULE block that is sealed in the vacuum together with basic electronics;
shown in Figure3.18a. Theoretically, one cavity in the FSS could stabilize lasers of two
different wavelengths, e.g., 813 and 922 nm lasers, 689 and 698 nm lasers, and 679 and 707 nm
lasers; therefore, the FSS can stabilize six lasers. However, we only stabilize 813 nm, 922 nm,
and 689 nm via the FSS due to the non-necessity to stabilize the 679 and 707 nm lasers and

insufficient stability for stabilizing the 698 nm laser.

In the FSS system, the sideband locking technique is employed to bridge the laser
frequency and cavity resonance frequency [74]. Each EOM in FSS is modulated with two
frequencies, one for bridging the offset wgy,, between laser and cavity and another one with
minor modulation frequency (2,4, for PDH locking to sideband at the frequency wg,, from
the laser frequency. The main advantage of this technique is that it is easy to change the

laser frequency over a few hundred MHz range without losing lock.

Unfortunately, after its operation for a few years, the vacuum of the FSS was gradually
worsening and repaired by installing an additional new ion pump, shown in Figure 3.18b. The
F'SS system can stabilize 689 nm, 813 nm and 922 nm lasers into approximately 1kHz, a few

kHz, and hundreds kHz levels, respectively.
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(b) Whole setup with the laser distribution breadboard, vacuum chamber and ion pumps.

Figure 3.18: The frequency stabilization system.
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The distribution breadboard for laser frequency diagnosis:

A small portion of power of the 689 nm lasers (master and slave lasers) and repump lasers
is delivered to one distribution breadboard for laser diagnosis, shown in Figure3.19. We
combine the 689 nm master and slave lasers and couple the combined light to one scanning
Fabry-Pérot interferometer (SA200-5B, Thorlabs) and one fiber for a wavelength meter (WS-
6, HighFinesse). The scanning Fabry-Pérot interferometer monitors the laser frequency
spectrum to ensure the laser operates in single mode, a crucial tool for verifying the seeding of
the injection slave laser. We also combine the repump lasers (679 nm and 707 nm) and couple
the light to another scanning Fabry-Pérot interferometer (SA200-5B, Thorlabs) to verify
whether the lasers operate in single mode, while both repump lasers have separate optical
paths to the wavelength meter to monitor the laser frequency. The diagnosis distribution

breadboard is crucial for continuously monitoring the laser frequencies.
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(b) Schematics of the distribution breadboard

Figure 3.19: The distribution breadboard for laser frequency diagnosis of the 689 nm and
repump lasers. WLM: wavelength meter; PBS: polarizing beamsplitter.
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Lattice and clock laser beams to science chamber:

The lattice laser beam is delivered from the lattice laser distribution breadboard via a PM
fiber to the cage system, which is attached to the science chamber. Then the lattice beam
is collimated using a lens with a focal length of 6.2 mm, passes through additional optics,
then is focused at the center of the science chamber with a waist approximately 35 pm by a
75mm lens. In order to form an optical lattice, another lens with a 75 mm focal length and
a hot mirror are installed to provide the retro-reflection beam. The hot mirror can reflect
the lattice laser beam (813 nm) and transmit the clock laser beam (698 nm) to easily overlap
those two beams. The schematics of the optics of the clock laser beam are similar to that
of the lattice beam, except for the propagation direction and the beam shaping lenses. The
lattice beam propagation direction is from the bottom to the top of the science chamber:;
however, the clock beam direction is from the top to the bottom. Ultimately, the beam waist
of the clock beam is approximately 110 pm after passing through the lens with a focal length
of 75mm. In order to stabilize the clock and lattice beam power, four photodetectors are
installed to monitor the beam power within and outside the stabilization loop, respectively.

The schematics are shown in Figure 3.20, and some details can also be found in Ref. [29].

Fluorescence collection systems:

In order to observe the atomic transition, the fluorescence from spontaneous emission is
typically employed because of its convenience and simplicity. In our setup, there are two
devices with dedicated optics to collect atomic fluorescence: PMT (Hamamatsu H11526-110-
NF) and the CCD camera (pco.pixelfly USB) which are attached to the science chamber via

the cage systems, as shown in Figures 3.7 and 3.20.
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Figure 3.20: Schematics of the optics for the lattice and the clock beams to the science
chamber and the fluorescence collection systems. The lattice beam propagation direction is
from the bottom to the top of the science chamber; however, the clock beam direction is from
the top to the bottom. The laser light for PA is only used in Section 6.4 of this dissertation.
More details show in the text. PBS: polarizing beamsplitter; PD: photodetector; ND: neutral

density; PMT: photomultiplier; PA: photoassociation.
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Major upgrades of laser systems:

Several upgrades have been implemented since 2018: 1) Rebuild all laser distribution bread-
boards except the red cooling distribution breadboard, especially building a compact distri-
bution breadboard for the two repump lasers to replace two separated distribution bread-
boards. 2) Build a new diode laser based on an interference filter that is used for probing
the clock transition. 3) Build a new diagnostic distribution breadboard for the 689 nm lasers
(master and slave lasers) and the 679 nm and 707 nm lasers (repump lasers) to continuously
monitor laser frequency. 4) Implement an independent detection beam to replace the pre-
vious scheme, which used two MOT beams as detection beams. 5) Install the new CCD
camera and PMT with newly designed optics for fluorescence collection. 6) Add a blue laser
beam to implement transverse cooling after the oven to increase atom flux to the science

chamber. 7) Upgrade the vacuum system of the FSS by adding a new ion pump.

3.4 Experimental methods and results

3.4.1 Timing sequence of the clock operation

The clock operation generally has six phases in one clock cycle; see Figure 3.21.

e A: Atom loading and blue MOT. The hot atomic beam is effused from the oven
and slowed by the Zeeman slower beam. The slowed atoms are then captured by the
blue MOT, which is called the atom loading and blue MOT phase.

e B: Low-power blue MOT. At the end of the blue MOT stage, the blue MOT beam
power is reduced to allow the atom cloud to expand by itself; consequently, atoms can
reach a lower temperature, ~ 1 mK. This stage is called the low-power blue MOT phase.
In this phase, the atomic beam shutter, transverse cooling beam, and Zeeman slower
beam are switched off, and the power of the blue MOT beam is gradually decreased
through two steps. Each step has 4 ms duration. During these first two phases, repump
beams should be applied to drive the atoms from the dark states back to the cooling
cycle; more details are shown in Section 2.2. The repump beams are turned off before
transferring to the red MOT phase.

e C: Broadband red MOT. After cooling atoms to approximately 1 mK, the atoms
are transferred to the second cooling and trapping stage, called red MO, which uses
1Sy < 3P, transition with a linewidth of 7.5kHz. In order to cover more atoms with

different velocities, we first modulate the frequency of the red laser from the original
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Figure 3.21: Timing sequence of the clock operation. A-F shows the different phases of the
operation. A: atoms loading and blue MOT. B: low-power blue MOT. C: broadband red
MOT. D: single-frequency red MOT. E: interrogation. F: detection. The color bars at the
bottom of the diagram show the different phases of a clock cycle. The numbers under the
color bar are the time duration of each phase. The y-axis shows the power of each laser
beam or the strength of the coils current. For PMT, the y-axis shows the PMT on or off.
‘max’ means the laser beam power at maximum value, and ’off” means the laser beam is
turned off. PMT is photomultiplier tubes. The axes are not scaled. More details in text.
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linewidth of 1 kHz to 1.9 MHz via an AOM, shown in Section 3.3. This is the first step
of the second cooling and trapping stage, called broadband red MOT. During the blue
MOT phases, the broadband red MOT beams are also maintained to cool atoms to

even lower temperatures and enhance the transfer efficiency of atoms from the blue
MOT to the red MOT.

D: Single-frequency red MOT. The second step of the second cooling and trapping
stage is the single-frequency red MOT phase, in which the frequency of the red laser

is without modulation, and atoms can be cooled down to a few microkelvin (pK).

E: Interrogation. When the atom temperature reaches a few pk, we switch off the red
MOT beam and load the atoms into an optical lattice, in which the atom temperature

is approximately a few nK.

During the phases of blue and red MOTs, the magnetic field coils are in the anti-
Helmholtz configuration to create the quadrupole magnetic field for MOTs. However,
during the atoms and probe laser (clock laser) interaction phase, called the interro-
gation phase, the atoms should sit in a homogeneous magnetic field (also named bias
field) created by configuring the magnetic field coils in Helmholtz configuration. Due
to the relaxation procedure of changing the coils from anti-Helmholtz configuration to
Helmholtz configuration, we switch on the coil current 100 ms ahead of the clock laser
pulse. The pulse length depends on the Rabi frequency, which should always be a 7

pulse during clock operations.

F: Detection. The detection phase follows the interrogation phase, which typically
consists of three pulses to determine the excitation probability p.. The first pulse is
to detect the atoms in the ground state 1Sy and the PMT-collected fluorescence signal
54 is proportional to the atom number in the ground state. All the atoms in the
ground state are kicked out of the optical lattice trap by the strong interaction with
the detection pulse. Before the second pulse, the repump lasers are turned on to pump
the atoms from the excited state ®P, to the ground state 'Sy via intermediate state
3S,. After all the atoms from the excited state are transferred to the ground state, the
second pulse is applied to detect atoms in the ground state. Hence, the fluorescence
signal s, collected from PMT is now proportional to the atom number in the excited
state. The third pulse is used to obtain the background signal s, from the stray light
of the detection beam. According to those three signals, the excitation probability can

be calculated by
Se — Sk

_ 3.2
Se + Sg — 28y (3:2)

Pe =
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Figure 3.22: Timing sequence of interleaved measurements. Servo A and B are independent
locking servos, which alternatively probe atoms. Usually, servo A and B have different
experimental conditions. Color bars show the different phases of the single operation, which
are A-F in Figure3.21. Servo A and B are also called cycle A and B sometimes in the
following text.

Figure 3.21 shows the timing sequence of the clock operation. We program the timing
sequence based on LabVIEW according to the timing diagram and upload it into an FPGA
(NI-PXI-7842R from National Instruments) to control all the devices for the sequence, e.g.,
the AOMs and the laser beam shutters in the diagram.

Timing sequence of interleaved measurements

To evaluate the systematic effects, interleaved measurements are applied, which include two
independent locking servos, servo A and B, shown in Figure3.22. Usually, servo A and B
alternatively probe atoms under different experimental conditions. For example, servo A has
probe light intensity I,, while servo B has probe light intensity I, to evaluate the probe light
AC Stark shift, shown in Chapter 5. Servo A and B are also called cycle A and B sometimes

in the following text.

3.4.2 The time-of-flight method

The atom temperature is crucial for ultra-cold atom experiments, e.g., optical lattice clocks,
atom interferometers. How can we evaluate the temperature of atoms in the MOT? We
usually use the time-of-flight method (TOF), which investigates the cloud size evolution
related to the atom temperature when a cold atomic cloud expands in the absence of magnetic
and laser light fields. We assume that the atom cloud has a Gaussian distribution due to
the Gaussian intensity distribution of the MOT beams. The relation between the cloud size
and the temperature is [79] -
2 2 B+ ;2

o*(t) =05 + Wt (3.3)
where o(t) is the standard deviation of the atom cloud size at flight time ¢, o is the standard
deviation of the atom cloud size at t = 0, kg is the Boltzmann constant, m is atomic mass,

and T is the atom temperature. Here, we only discuss the atom temperature in the MOTs
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and ignore the effects of gravity.

3.4.3 The first stage MOT

The first stage MOT has two phases: blue MOT and low-power blue MOT, shown in Fig-
ure 3.21. We use 3mW for each pair of MOT beams with the saturation parameter s = 0.18
and the magnetic field gradient of 45G/cm. Based on TOF measurements, the atoms are
cooled to 4.9(4) mK on the x-axis and 5.0(9) mK on the y-axis in the blue MOT, shown in
Figure 3.23.

The blue MOT is followed by the low-power blue MOT, in which we lower the MOT
beam power to lower the trap potential and let the atomic cloud expand by itself and the hot
atoms out of the trap. Ultimately, cold atoms can reach a temperature below the Doppler
limit, for example, the temperature is typically 561(21) uK on the x-axis and 635(63) nK on

the y-axis for our experiments, as shown in Figure 3.24.
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(b) TOF measurements of the blue MOT. The temperature of the cold atom cloud is 4.9(4) mK on
the x-axis and 5.0(9) mK on the y-axis determined from the linear fits of Eq. 3.3.
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(¢) The timing sequence of the TOF measurement of blue MOT. A: atoms loading and blue MOT,
F: detection phase; more details in Figure 3.21.

Figure 3.23: The time-of-flight (TOF) measurement of the blue MOT.
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(b) TOF measurements of the low-power blue MOT. The temperature of the cold atom cloud is
561(21) pK on the x-axis and 635(63) pK on the y-axis determined from the linear fits of Eq. 3.3.
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(c¢) The timing sequence of the TOF measurement of the low-power blue MOT. A: atoms loading
and blue MOT, B: low-power blue MOT, F: detection phase; more details in Figure 3.21.

Figure 3.24: The time-of-flight (TOF) measurement of the low-power blue MOT.
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3.4.4 The second stage MOT

The second stage MOT has two phases: broadband red MOT and single-frequency red MOT.
In the broadband red MOT, we modulate the frequency of the red MOT beam to cover cold
atoms with various velocities as broadly as possible, which can increase the transfer efficiency
from the low-power blue MOT to the red MOT. The frequency spectrum and detuning
are shown in Figure3.12 and 3.13. Meanwhile, the magnetic field is gradually increasing
to compress the atomic cloud. The atom temperature can reach less than 100 pK in the
broadband red MOT. The deformation of the cold atomic cloud in BB red MOT is observed
due to gravity, shown in Figure 3.25a. Hence, the temperature of the x-axis, which is parallel
to gravity, is not evaluated by the TOF measurements. The temperature of 95(11) pK on

the y-axis is obtained, shown in Figure 3.25.

To make the atoms even colder and be able to load them into an optical lattice, we
implement the single-frequency red MOT. During this process we stop the modulation of red
MOT beams, lower the beam power, and increase the magnetic field gradient. Figures 3.26
and 3.27 show the shape evolution of the cold atomic cloud in single-frequency red MOT
with increasing frequency detuning and TOF waiting time, respectively. Shape deformations
are significantly observed in these cold clouds due to the influence of gravity. The atom
temperature can reach a few nK after the single-frequency red MOT phase. The atoms can

be easily loaded into an optical lattice.
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(b) TOF measurements of the broadband red MOT. The temperature of the cold atom cloud is
95(11) pK on y-axis from the linear fit of Eq. 3.3.
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(¢) The timing sequence of TOF measurement of broadband red MOT. A: atoms loading and blue
MOT, B: low-power blue MOT, C: broadband red MOT, F: detection; more details in Figure 3.21.

Figure 3.25: The time-of-flight (TOF) measurements of the broadband red MOT. The tem-
perature on the y-axis is only shown here. An appropriate Gaussian fit cannot be obtained
since cold atoms drop along the x-axis, which is aligned with the gravity direction, shown in
the image in (a). The arrow g indicates the direction of gravity in (a).
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Figure 3.26: The shape evolution of the cold atomic cloud in the single-frequency MOT with
increasing red detuning from the resonance of 1Sy <+ P, transition. The frequency on the
top left corner of each image shows the AOM frequency modulating the red MOT beam,
shown in Figure3.11 and 3.12. The arrow g indicates the direction of gravity.
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U gl

Figure 3.27: The shape evolution of the cold atomic cloud in the single-frequency MOT
during the time-of-flight (TOF). The arrow g indicates the direction of gravity.
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Figure 3.28: An image of the optical lattice. The arrow g indicates the direction of gravity.

3.4.5 Optical lattice

After the single-frequency red MOT phase, atoms can be loaded into the optical lattice with
a trap potential of a few nK, then the magnetic field and MOT beams can be switched off.
The fluorescence image of the atoms in the optical lattice is shown in Figure 3.28. The lattice
beam is aligned with the gravity direction (x-axis in the image). Therefore, the atoms are
a bit more widely spread on the x-axis. The fluorescence signal collected by the PMT is
used to calculate the atom number in the optical lattice by carefully considering the radiant
sensitivity of the PMT, the solid angle of the collection system optics, and other factors.
The atom number is approximately 6.2 x 10% in the optical lattice with a depth of ~ 410 E,.
Here, the lattice depth is estimated by the lattice laser beam power and the efficiencies of the
optical path. The atom temperature in the lattice can be evaluated by sideband spectroscopy
of the clock transition 58|, which can also be used to evaluate the lattice depth, shown in
Figure 3.33.

3.4.6 Observation of the clock transition

Overlapping between clock and lattice laser beams
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Figure 3.29: Overlapping measurement scheme. A beam profiler is used to check the beam
spot offset between clock and lattice laser beams at different positions along the beam axis.

The overlap between the clock and the lattice laser beams is critical for the clock transition
and coherence time as shown in Figure2.5. To accurately measure the misalignment angles
between clock and lattice laser beams, we insert a pellicle beam splitter between the upper
75 mm lens and top window of the science chamber and use a beam profiler(CinCam CMOS-
1201-Pico) from Cinogy Technologies to check the beam spot offset between clock and lattice
laser beams at different positions along the beam axis, shown in Figure 3.29; then fit the offset
data (see Figure3.30). Here I give the misalignment angles along with the x and y axes and
the long-term drift of the angles, shown in Figure 3.31. The angles are < 0.1 mrad and meet

the requirement of clock transition excitation, which is discussed in Section 2.3.2.
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Figure 3.30: The offset and misalignment angles between the clock and lattice laser beam
axes. 0, and 0, are the misalignment angles along x and y axes, respectively. Both angles
are less than 0.1 mrad, which meets the requirement of clock transition excitation.
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Figure 3.31: The long-term drift of the misalignment angles between the clock and lattice
laser beam axes. The angles are < 0.1 mrad and meet the requirement of clock transition

excitation.

72



SOC2 Optical Lattice Clock

0,6 1 1 1 1 1
| Clock-X
—eo— Clock-Y
0.5 1 Lattice-X -
{|—v— Lattice-Y L
044 v L
E 7
031 v/ |
S 7 v’
© // / L
hd S
02 A y v L
] // V/ /.
/ v —|=l="’.
0.1 - ','-...-:lr';lé|=.=." L
, 'v' 4 j
S
0,0 T T T T T T T T T T
0 20 40 60 80 100

Distance from reference point (mm)

Figure 3.32: The beam radii of the clock and lattice laser beams. The beam profiles at the
beam waists are shown in the insert images. The clock beam waist (~ 110 pm) is more than
twice as large as the lattice beam waist (~ 35 pm).

To ensure that the atoms experience homogeneous probe light intensity in the optical
lattice, the clock laser beam waist is typically larger than that of the lattice laser beam. To
confirm this, the beam radii along the x and y axes are plotted in Figure 3.32. The lattice
beam waist is approximately 35 pm, while the clock beam waist is ~ 110 pm, which shows

that the clock beam waist is more than twice as large as the lattice beam waist.

Sideband spectroscopy

A straightforward method for searching for clock transitions in the optical lattice is through
sideband spectroscopy. By increasing the Rabi frequency through the bias magnetic field and
probe light intensity, sideband spectroscopy can be easily observed, as shown in Figure 3.33.
After determining the clock transition frequency, we can decrease the Rabi frequency to

achieve a narrow clock transition.

Sideband spectroscopy is also a powerful tool for characterizing optical lattice prop-
erties [58], such as trap frequency, trap depth, motional states, and atom temperatures along
both axial and radial directions. The relation between the trap frequency along the z axis
and lattice depth is [58]

v, = 2u/ugy (3.4)
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Figure 3.33: The sideband spectroscopy of the clock transition. (a) The middle peak is
the carrier of the transition, and the other two sidebands are the blue and red sidebands,
respectively, according to the frequency detuning. (b) The blue sideband with fitted curve
(red line) using Eq. 3.7. After analysis, the trap parameters are: longitudinal trap frequency
v, = 69kHz, lattice depth ug = 101 E,., longitudinal temperature 7, = 3.5 pK, and radial
temperature 7, = 4.8 nK.

-100

where v, is the longitudinal trap frequency; v, is the recoil frequency of the lattice laser light;
up is lattice depth in unit of E,. which is the recoil energy of the lattice laser light. There is
no contribution from the n, = 0 state to the red sideband cross section because there is no
motional state with n, < 0, thus the ratio of integrated sideband absorption cross sections
is [58]

total N —En /kBTz —Eo kpT.
Zaf L T g — (3.5)
total ~— N, —Eyp, kBT o N —En, kT '
Oblue an:O e Mz Blz Z 70 e Nz Blz
where 0% and 9% are the integrated sideband absorption cross sections of the red and blue

sidebands, respectively; N, is the number of states in the trap along the z axis, N, ~ |/ug/2;
E,. is the energy of the state n, neglecting the coupling term; 7T, is the atom temperature

along longitudinal axis. From Eq. 3.5, the longitudinal atom temperature 7, can be extracted.

The approximate line shape of the blue sideband as a function of the detuning ¢ from
the carrier for the motional state n.: [58]
a? )

Tiel8) = =iyl = gl O ) — (36)

where o = [¥(n,)/v,|(hv,/kgT,), T, is the radial temperature of the atoms, ¥(n,) = v, —
vr(n,+1), and the term of © is the Heaviside function. The thermally averaged blue sideband
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absorption cross section is expressed as [58]

N,
Tpiue(0) X Z e e he T g (6) (3.7)

n,=0

which is the Boltzmann-weighted superposition of single (z axis) state sidebands shifted by
the anharmonicity of the longitudinal trap. The coupling term between the longitudinal and
transverse traps smears the blue sideband out toward the carrier, shown in Figure 3.33b. By

fitting the blue sideband shape, the radial temperature of the atoms can be estimated.
By analyzing Figure 3.33 using Eq. 3.5 and Eq. 3.7, I find that the axial trap frequency

is 69kHz, the trap depth is 101 E,, and atom temperatures are 3.5 pK and 4.8 pK for the
axial and radial directions, respectively.

Rabi oscillations

In this dissertation, the Rabi interrogation scheme is employed to excite the clock transition.
In general, atoms are first prepared in their ground states, then excited by a Rabi pulse,
such that the probability of finding a two-level atom in the excited states is [80]

QR2 . 9 QR2 + Aw?t

0.7+ A sin 5 (3.8)

P.(Aw,t) =

where 25 is the Rabi frequency, Aw is the frequency detuning between the probe light and
the clock transition. Figure 3.34 shows one example of Rabi oscillations with Aw = 0. Here,
a significant decay is observed, which may be due to cold collisions between atoms in the
same lattice site.

The clock transition is observed at different interrogation times, shown in Figure 3.35.
For each spectroscopy, the interrogation time t is fixed, while the detuning Aw is scanned.
For instance, a m pulse is when ¢ satisfies Qgt = 7w, and 27 and 37 pulses are for Qgt = 27
and Qzt = 37, respectively. The Rabi frequency €2y is approximately 27-12 Hz, the scanning

frequency step is 2 Hz and each data point is four times averaged in Figure 3.35.
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Figure 3.34: Rabi oscillation. The light blue dots represent experimental data, and the
black line shows the fit from Eq.3.8 with exponential decay. The Rabi frequency Qp is
approximately 27 - 12 Hz.
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Figure 3.35: The clock spectroscopy at different interrogation times corresponding to Rabi
oscillation in Figure3.34. The light blue dots represent experimental data, and the blue
lines represent fits from Eq.3.8. The red line in (a) shows the Lorentz fit with a linewidth
of 18.5 Hz, which is approximately the Fourier limit linewidth of the 7w pulse here. The Rabi
frequency 25 is approximately 27 - 12 Hz, the scanning frequency step is 2 Hz and each data
point is four times averaged.

Clock transitions with narrow linewidth

By reducing the Rabi frequency through decreasing the bias magnetic field strength and

probe light power, the narrower clock transitions are observed. Figure 3.36a shows a clock

76



SOC2 Optical Lattice Clock

transition with a linewidth of 0.7 Hz at 1s interrogation time, which is approximately at the
Fourier limit. However, Figure 3.36b shows a clock transition with a linewidth of 0.4 Hz at 3s
interrogation time, which is approximately 50% larger than the Fourier limit linewidth, which
may be due to cold collisions broadening. On the other hand, the transition in Figure 3.36b
shows a poor signal-to-noise ratio, which would lead to poor clock frequency stability. Hence,
in our clock operation, we use 1s interrogation time and transition with 0.7 Hz linewidth.
Another reason for using 1s interrogation time is that our future clock laser has a coherence

time of approximately 1s.
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(a) The clock transition with 0.7 Hz linewidth at 1s interrogation time.
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Figure 3.36: The narrow clock transitions. The light blue dots represent experimental data,
and the red lines represent Lorentz fits. (a) shows a clock transition with a linewidth of 0.7 Hz
at 1s interrogation time, which is approximately at the Fourier limit. (b) shows a clock
transition with a linewidth of 0.4 Hz at the 3s interrogation time, which is approximately
50% larger than the Fourier limit linewidth, which may be due to cold collision broadening.
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Chapter 4

Instability of the SOC2 Clock

The clock stability is fundamentally limited by quantum projection noise (QPN), which is
related to the number of particles (atoms or ions) in the traps during the interrogation time.
Another critical limitation factor is the Dick effect from the clock laser, which is aliasing noise
due to non-continuous interrogation. Additionally, the SOC2 clock is an optical lattice clock
based on bosonic atoms strontium-88 requiring a strong magnetic field and high-power probe
light to induce clock transition. The stabilities of the magnetic field and probe light power
are important contributions to the clock stability as well. Moreover, the power fluctuations
of the lattice laser also cause fluctuations in the clock transition frequency, thereby worsening
the clock stability. Furthermore, electronic noise, photon shot noise, and other factors also
contribute to clock instability [81]. In this chapter, I will discuss all these noise contributions
to the clock instability.

4.1 Detection noise

In this section, I will discuss detection noise from different noise sources, e.g., quantum pro-
jection noise, electronic noise, photon shot noise, and detection laser noise, which contribute

to clock instability through the noisy excitation probabilities.

4.1.1 Quantum projection noise

Quantum Projection Noise is the fundamental noise that arises from the quantum super-
position state of each individual uncorrelated atom as it projects to the ground or excited
state. QPN scales with /N while the signal scales with the number of atoms N. By this, an

increase in N can reduce QPN contribution to excitation probability noise, expressed as [81]

pe(l - pe)N
N

oQprN(Pe) = (4.1)

where ogpn(pe) is the QPN noise and p, and 1—p, are the probabilities of an atom projecting

to excited and ground states, respectively. To evaluate QPN, the excitation probability p,.
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and atom number N should be known. The excitation probability can be obtained from the
atomic fluorescence signals, shown in Eq. 3.2. The atom number can be acquired by atomic
fluorescence and its collection efficiency. Taking into account the atomic fluorescence signal,

Eq. 4.1 can be rewritten as

sarx(pe) = [ PE=2) (42)

where o = 10(3) atoms per count is the conversion factor between the fluorescence signal s,
measured in counts, and the atom number. s, is the integral fluorescence signal correspond-
ing to the total atom number which equals s, + s, — 2s3;,. According to Eq. 4.2, the noise
from QPN is approximately proportional to \/% I calculated the upper bound of the QPN
contribution to the excitation probability noise using o = 7, shown in Figure4.5 together

with other noise contributions.

4.1.2 Electronic noise

Electronic noise refers to the noise generated by electronic devices within the detection
system, such as the dark current of a photomultiplier tube (PMT), amplifier, analog-to-
digital converter (ADC), and electronic devices used for transmitting signals to a computer.
Noise appears in all three integral detection fluorescence signals, sy, s, spr. The total noise

contribution from electronic noise o (p.) can be expressed as

Ope Ope Ope
Uele(pe) - \/(%Uele)Q + (%O—ele)2 + (gpbko-ele)2 (43)
g e

where o is the electronic noise. The same electronic noise level is assumed for s, s, Spi-
According to Eq.3.2 and Eq.4.3, 0ee(pe) is proportional to 1/s,;, which indicates
more atoms interact with the probe light and less relative noise appears.

The electronic noise o, is measured when running the clock sequence without atoms
and without laser light being present. The electronic noise o is equivalent to 0.61 counts
(with an electronic offset of 19 counts). The contribution from electronic noise to the exci-

tation probability is shown in Figure4.5.

4.1.3 Photon shot noise

Photon shot noise is inherent to the quantum nature of light and arises from the fundamental
randomness of the photon flux. The shot noise is 1/N,, where N,, photons are detected in a

given interval. A PMT collects fluorescence photons in the SOC2 apparatus, and shot noise
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Figure 4.1: Photon shot noise measurement. An external flashlight is the light source, and
the PMT collects fluorescence photons.

appears in the excited state fluorescence signal s, and the ground state fluorescence signal
Sg.

An external flashlight is used as a shot noise-limited light source to investigate the
photon shot noise [81]. The measurements are implemented at different light intensities.
The raw data of an example of photon shot noise measurements is shown in Figure4.1. To
remove the influence of the slow drift of light intensity of the flashlight, the first point of the
Allan Deviation is equivalent to shot noise. To extract the actual fluorescence signals, the
electronic background is removed from s, and s,. The measurements are shown in Figure 4.2.

The red line is the fit using

Osn =/ Np
=4/MpS fluo

where o, is the photon shot noise due to the fluorescence signal, sy, is the fluorescence

(4.4)

signal which could be s., s, or sp, and n, is the detected photons per count. According to
the fit, n,, is 0.0170(5). However, only s, and s, suffer from photon shot noise, so the noise

contribution to the excitation probability is expressed similarly to Eq. 4.3 without the term
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Figure 4.2: The photon shot noise as a function of the fluorescence signal.

= (e o (OPe s
O'sn(pe) - \/(889 Usn) + (5’56 Usn) (45)

The resulting contribution to the excitation probability o, (pe) is illustrated in Figure4.5.

4.1.4 Detection laser noise

In the strontium lattice clock, we use the 'Sy <+ ' P transition (461nm) to detect atoms
in the ground state 'Sp; the detection scheme can be found in Section 3.4.1. The frequency
noise and intensity noise of the detection laser beam can cause excitation probability noise.
As shown in Section 3.3, the detection laser (461 nm) is stabilized to the FSS system and
narrowed down to ~1MHz linewidth. The linewidth is much smaller than the natural
linewidth of 1Sy <+ ' P, transition, ~ 32 MHz, thus the frequency noise is not significant to
the detection noise. The intensity fluctuations of the detection beam are also negligible in

our 461 nm system based on the beam power data in Section 3.3 and the analysis in Ref. [81].
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4.1.5 Total detection noise

In the previous sections, the noise contributions to the excitation probabilities are discussed,
e.g., QPN, electronic noise, photon shot noise and detection laser noise, are shown in Fig-
ure 4.5. Assuming that the noises from different sources are uncorrelated, the total detection

noise can be modeled as [81]

Oy, = \/Tpn(pe) + 02, (pe) + 0% (1) (4.6)

Based on the previous analysis and this noise model, the total detection noise is shown in
Figure4.5. In order to verify this model, I implemented the detection noise measurement,
which should not include the noise caused by the clock laser. To this end, a Rabi 7/2 probe
pulse at resonance is used instead of a 7 pulse at a half-width frequency detuning which is
usually applied in a stabilization sequence [81]. In this scheme, the atoms are prepared at
superposition states with the excitation probability at 0.5. An example of the measurements
with raw data is shown in Figure4.3 and the results of all the measurements at various
atom numbers are shown in Figure4.4. The measurements show that a higher atom number
leads to a lower excitation probability noise. The experimental data are also illustrated in

Figure4.5 (blue dots), which are consistent with the analysis, especially in high population.
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Figure 4.3: An example of the excitation probability noise measurements. A Rabi /2 probe
pulse at resonance prepares atoms at superposition states with the excitation probability
at 0.5. In this measurement, the length of the /2 pulse is 4ms and all three integral
detection fluorescence, sy, sq, se are 126(2) counts, 148(3) counts, 146(3) counts, repectively.
The resulting excitation probability noise is 0.047. This measurement corresponds to the
first data point in Figure4.4.
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Figure 4.4: The excitation probability noise measurements at different atom numbers. The
first data point corresponds to the measurement in Figure4.3. The measurements show that
a higher atom number has less excitation probability noise.
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results are shown in blue dots, which are consistent with the analysis, especially in high pop-
ulation scenarios. Here, there is no contribution from the probe laser (clock laser) noise.

85



Instability of the SOC2 Clock

4.2 Clock laser frequency noise and Dick effect

The clock laser interrogates the cold atoms to extract frequency corrections from the clock
transition and then sends the feedback to the clock laser. However, the frequency noise of
the clock laser worsens the clock’s instability. The frequency noise contribution of the clock

laser to the clock instability can generally be expressed by

7t o [ SR um

where S, (f) is the single-sided power spectral density of the clock laser spectrum, and W( f)

is the normalized Fourier transform of the sensitivity function w(t).

The sensitivity function w(t) describes the response of the detected excitation prob-

ability to the interrogation laser frequency changes [81][82],

Spe = + /0 o () w(t)dt (4.8)

2
where dv(t) is the fluctuation of the clock laser frequency and 7' is the complete stabilization
cycle time, T' = n'T,. T, is a single clock cycle time, and n is the number of interrogations

in each stabilization cycle.

However, cold atoms can only be interrogated during the interrogation phase (phase
E in Figure3.21) with a probe pulse of length 7T in the Rabi interrogation scheme. The
remaining time of the clock cycle T, is the dark time Tp during which the probe light is
switched off.

When the 7 pulse is centered at t = T,/2, the sensitivity function w(t) is described
by [1][82]

w(t) = { sin? 19 cos [(1 — cos Q) sin Qy + (1 — cos ;)] sinQy  during pulse, (4.9)

0 elsewhere

V= g — arctan(27;A) (4.10)

and

Q) = 1/1+ 2T, A)2 Ti (4.11)

™

T —
0 = ny/T+ TA) = ! (4.12)

™
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where A is the detuning (in Hz) of the interrogation laser from resonance.

The Fourier components g of w(t) can be expressed by [81][83]

T .
G :/ w(t)efmTﬂk dt (4.13)
0

where k is the index of the Fourier coefficient. For k = 0,

9o = /OTw(t)dt (4.14)

According to Eq. 4.8, the dc Fourier coefficient gy can be rewritten as

1dP, 1
_ = —-D 4.15
go 7T dv T ( )

where D is the discriminant of the clock transition. The discriminant D of Rabi interrogation
with a 7 pulse of length T}, at a half-width point of the clock transition can be expressed

as [81][84]
_ dP,

v

D ~ +1.97T; (4.16)

Sy is evaluated in multiples of the inverse of the total duration 7' of a complete
stabilization cycle. Now, the noise contribution to the clock instability from clock laser noise

can be rewritten as [81]

—_

0s pien(T) = = > 8y (k/T)|[W (k/T)|?
i (4.17)

— kT92
g; /)|l

\]

ﬁl»—t
[y

where £ is the index of the Fourier coefficient. This aliasing of noise from the probe laser
due to the non-continuous interrogation of the atoms [82] is called Dick effect, which is the

main limiting factor for the instability of optical lattice clocks.

The timing sequence of the clock operation is shown in Chapter 3.4.1 and the typical
cycle time 7, is 2.311s with the interrogation time 7, = 1s and the dark time 1.311s.
2

The normalized Fourier components |gx|?/|go|* of the sensitivity function w(t) are shown in

Figure4.6.

The clock laser is first pre-stabilized to a 10 cm room-temperature ULE cavity, then
phase-locked to a 48 cm room-temperature ULE cavity, finally transfer-locked to a 21 cm

cryogenic silicon cavity (called Si2) via an optical comb. The schematics of the clock laser
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Figure 4.6: Normalized Fourier components |gi|?/|go|?> during the SOC2 clock operation:
cycle time T, = 2.311s, interrogation time 7T, = 1s. The Fourier frequency f is k/T', where
k is the index of the Fourier coefficient.

frequency stabilization chain can be found in Chapter 3. Thus the clock laser has the same

performance as the 1.5 pm laser which is locked to the Si2 cavity.

The frequency instability of the Si2 laser is measured by the three-cornered-hat com-
parisons with another similar cryogenic silicon cavity (called Si3) and the 48 cm room-
temperature ULE cavity [7]. The spectral power density of the Si2 laser is shown in Figure 4.7,
which is derived from the frequency instability of Si2 shown in Figure 1 of Ref. [7].

Based on the data shown in Figure 4.6 and Figure 4.7, the Dick effect can be evaluated
by Eq.4.17 and then visualized in Figure 4.8. The contribution of 9.57 x 10717 /,/7 from the
Dick effect is obtained when the cycle time T, is 2.311s, the interrogation time 7T is 1s and

the clock laser is transfer-locked to Si2.
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Figure 4.7: The single-sided power spectral density (PSD) of frequency fluctuations S, =
v3S, of the interrogation laser. The PSD is derived from the frequency instability of Si2
shown in Figure 1 of Ref. [7]. vy is the clock transition frequency.
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Figure 4.8: Dick effect contribution to the clock instability at 1s averaging time as a function
of the Fourier frequency fiaz = kmaz/T. The partial sum is from Eq.4.17.
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4.3 Coil current stabilization of the bias magnetic field

The quadratic Zeeman shift due to the magnetic field, shown in Section 2.4, it is expressed
by [65]
QQ
Avg = —A—B = B|BJ? (4.18)

32

For 88r atoms, the coefficient is § = —23.8(3) MHz/T>. The relation between the fractional
frequency variation and the magnetic field noise is
dAvg  208|B|-§|B|

- 4.19
" ” (4.19)

where §|B| is the noise of the magnetic field and dAvp is the corresponding frequency
fluctuation of the quadratic Zeeman shift. According to Eq.4.19, the magnetic field noise
can directly contribute to the clock instability. To reduce the noise, a coil current stabilization

of the bias magnetic field is built.

The bias current stabilization consists of a coil current switch, software, and electronic
modules'. The coil current switches can set the coils into an anti-Helmholtz or Helmholtz
configurations. For example, switches S1, S4, and S5 are used for a Helmholtz coil config-
uration to create a bias magnetic field for Rabi interrogations, shown in Figure4.9. The
blue arrows show the current direction of the Helmholtz coil in Figure4.9. Other switches
are used for the anti-Helmholtz configuration and another Helmholtz configuration with op-
posite direction of bias magnetic field [29]. The coil current switch module has two digital
multimeters (DMMs) for monitoring coil current in-loop and out-of-loop, respectively. Both
are connected to a software module based on Python via USB to a computer. When it is trig-
gered by the clock timing sequence, DMM-1 acquires the in-loop current data and transfers
it to the Sample and Hold sub-module via USB. Then, the first 100 ms of the current pulse
is averaged and sent to a digital PID (proportional-integral-derivative) controller, where the
averaged value is compared to the setpoint. The output of the digital PID is sent to Arduino
in the Electronic Module. The control voltage for the VCA (voltage controlled amplifier) is
generated using a 16-bit DAC (digital-to-analog converter) module. As the VCA operates
within the control range of 0 to -2V, an inverting amplifier with a gain of 0.5 is applied as an
attenuator after the DAC. The FPGA provides the VCA’s pre-setpoint, which should be as
close as possible to the expected control voltage as the VCA has a strong non-linear transfer

curve. By amplifying the VCA output twice, the Electronic Module’s output is then sent to

1 The software was developed by Rene Oswald and me, and the coil current switch and electronic modules
were built by Stefano Origlia.
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Figure 4.9: Schematics of the bias current stabilization. More details in the text. DMM:
digital multimeter; VCA: voltage controlled amplifier; DAC: digital-to-analog converter; PID:
proportional-integral-derivative controller; S1-S7: coil current switches.

the power supply unit as the control voltage.

Stabilization results in single-mode. 'The bias current stabilization loop is run at
0.215 A, and current stabilities of less than 3 x 1073 are obtained for in-loop and out-of-loop
currents, as shown in Figure4.10. Both can reach below 1 x 1075 after 10,000s of averaging

time.

Stabilization results in interleaved mode. The stabilization results in interleaved mode
are shown in Figure4.11. Cycle A, with a current of 1A, has an instability of less than
4 x 1074, and Cycle B, with 1.5 A, has an instability of less than 3 x 10~*. The reason for

the difference in instability between cycles A and B will be discussed in the following text.

Long-term stabilization. To evaluate the long-term current stability, the stabilization
loop is run for 60 hours at 0.215A and 1.25A, respectively, in the single-mode. From
Figure 4.12, the fractional current instabilities are less than 5x 10~ for both at long averaging

times.

Discussion. Figure4.13 shows the coil current stabilities in interleaved and single
modes. The fractional current instability at a set value of 0.215 A is higher than at other
currents, see Figure4.13a, but the noise contribution to fractional frequency shifts is lower
than at other currents due to the lower current value, as shown in Figure4.13b. According

to Figure4.13, the less bias magnetic field applied, the less noise contributions to fractional
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Figure 4.10: Bias current stabilization results in single-mode.
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Figure 4.12: Bias current long-term stabilities at 0.125 A and 1.25 A, respectively. Both are
out-of-loop data and acquired in single-mode.

frequency shift '2. According to the magnetic field-induced excitation, shown in Section 2.4,
the effective Rabi frequency is proportional to the bias field strength, Q5 o< |B|. Thus, the
7 pulse length T} is proportional to 1/|B|, T, = 7/Q2 o« 1/|B|. The longer the 7 pulse
length, the less bias current is required, resulting in a more stable clock with respect to the

quadratic Zeeman shift.

12The fractional current stability of the current at 1.25 A is abnormally low compared to the currents at
1.5 A and 1 A. The reason is unclear.
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Figure 4.13: The results of the coil current stabilization. All plots are from out-of-loop data.
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4.4 Stabilization of the clock laser power

For magnetically induced spectroscopy, the frequency shift due to the probe light should also
be considered. The AC Stark shift due to the probe light is expressed as [29]|65]

Q7

A = =
LT AA

kI (4.20)

where k = —18mHz/(mW /cm®) for 8Sr and I is the probe light (clock laser) intensity.
The explanations of the other parameters can be found in Section2.4. The instability of
the probe light power can cause AC Stark frequency shift instable, ultimately worsening the

clock frequency stability. The relation between the probe light power fluctuation 6/ and the
noise of the AC Stark shift dAvy, is

0Avy, =k -1 (4.21)
The fractional frequency noise is
A k-ol
oav, k-9 (4.22)
Yo Yo

where 1 is the clock transition frequency, for 8Sr 1y ~ 429.228 THz. The fluctuation of the
probe light power directly worsens the clock stability. To suppress the noise, the probe light

power stabilization is implemented.

Stabilization scheme. The clock laser beam goes through an Acousto-Optic Modulator
(AOM), then splits one small portion for the laser power stabilization loop, while the main
branch goes into the science chamber and interacts with cold atoms in the optical lattice.
The stabilization of the clock laser power is based on a homemade power regulator (PR),
which compares the desired voltage (setpoint) with the photodetector (PD) voltage converted
from the sample clock laser beam, shown in Figure4.14. The PD voltage is also sent to the
Sample and Hold module via the analog input of the NI DAQ card. The Sample and Hold
module is implemented by a Python-based script that samples the first 100 ms of the laser
beam pulse and averages it, then sends it to the PID module. By comparing averaged PD
voltage with the pre-setpoint, the PID algorithm gives a desired voltage, which is actually
the setpoint of the PR for the next cycle.

By comparing the PD voltage with the setpoint, the PR outputs the differential value
of them as one input of the summing amplifier. Another input of the summing amplifier is
a square voltage waveform generated by the pattern generator. The output of the summing
amplifier controls the output power of the RF amplifier and, via the AOM, modulates the

clock laser power. Another Sample and Hold module collects the summing amplifier output,
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Figure 4.14: Schematics of the clock power stabilization. The dash line rectangle blocks are
implemented by Python scripts. More details in the text. Pattern Gen.: Pattern Generator;
Summing Amp.: Summing Amplifier; RF Amp.: RF Amplifier; AOM: Acousto-Optic Mod-
ulator; BS: Beam Splitter. PD: Photodetector; PR: Power Regulator.

samples the first 100 ms of data, averages it, and sends it to the pattern generator as the

pre-set value for the next cycle.

The clock laser is only needed during the interrogation phase to perform Rabi spec-
troscopy. This means that the pulsed clock laser beam should be off during the cold atom
preparation phase and on only during the interrogation phase. Therefore, the pattern gen-
erator is also used to produce different pulse lengths of square voltage waveforms to satisfy
the 7 pulse of the clock spectroscopy during interrogation time. The trigger signal of PR is
inverted from the pattern generator output (PR is low TTL enabled). In Figure4.14, the
dash line rectangle blocks are implemented by Python scripts. All hardware components,
such as the pattern generator, the summing amplifier, the RF amplifier, the power regulator,

and the phase inverter, are homemade.

Calibrations of probe light power. According to Eq.4.22, the intensity of the clock
laser beam, which interacts with cold atoms in the lattice, should be known accurately to
calculate the noise contribution from the fluctuation of the clock laser power. The probe
light intensity can be calibrated using two approaches: one is based on Rabi oscillations with
different probe light powers; the other method relies on probe light shift measurements. The

second method is implemented in this dissertation. From probe light shift measurements in
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Figure 4.15: Probe laser power stabilization results in single-mode.

Chapter 5, the conversion factor of the PD voltage to intensity of the probe light power is
22.36 (mW /cm?) / V.

Stabilization results in single mode. Figure4.15 shows the results with a PD voltage

of 1V in single mode. For comparison, the unstabilized result is also shown in the figure.

Stabilization results in interleaved mode. The pattern generator can generate different
lengths of clock laser pulses for the interleaved mode of probe light shift measurements.
Figure 4.16 shows the results of the clock power stabilizations in interleaved mode. Cycle A
has a PD voltage of 2.5V, and Cycle B has a PD voltage of 1V. Similar clock laser power
instabilities are obtained for cycles A and B and reach a relative power instability of 2 x 1073.
According to Eq. 4.22 and the conversion factor, the noise contribution to the clock instability
from the probe light power fluctuations can be easily calculated. Figure 4.16b shows that
the lower the power, the lower the noise contribution to the clock instability. In typical clock
operation conditions, the clock runs at 1.2V PD voltage to have Rabi pulse at 1s. The upper
bound of the probe light power intensity fluctuations contribution to the clock instability is
~ 2.25 x 107!, which is minor compared to the instability goal of 1 x 10717, The bump at
the averaging time of ~ 600s is actually temperature fluctuation of the laboratory, which is

also observed in other stabilization measurements.
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Figure 4.16: Clock power stabilization results in interleaved mode. Cycle A has a PD voltage
of 2.5V, and Cycle B has a PD voltage of 1 V. All plots are from out-of-loop data.
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Figure 4.17: Atoms spilling in the lattice during interrogation phase (not to scale). The
coloured bar A-F shows the different phases of the clock operation, which is the same as in
Figure 3.21. More details in text. A: atoms loading and blue MOT. B: low-power blue MOT.
C: broadband red MOT. D: single-frequency red MOT. E: interrogation. F: detection.

4.5 Stabilization of the lattice laser power

If the lattice laser power is unstable, it would cause fluctuations in the lattice depth, and
induce instability in clock frequency via the lattice AC Stark shift. To eliminate the power

fluctuation, I implemented the lattice power stabilization.

Lattice depth spilling process. To remove hot atoms from the lattice and keep the
remaining atoms at the same motional states for different clock cycles, the ’spilling’” process
is added in the clock cycle, as shown in Figure4.17. First, cold atoms are prepared (from
phase A to phase D) and loaded into the deep lattice (typically~ 115 E,) in the end of the
single-frequency red MOT phase (D), then the lattice depth is adiabatically decreased to
the shallow lattice (typically~ 35 E,.) in 15ms, thus hot atoms are removed from the lattice;
after that, the lattice depth is adiabatically increased to the desired lattice depth in 15ms.
Atoms and clock laser interact under the desired lattice depth which then is adiabatically
increased to the original depth (typically~ 115 E,) in the detection phase (F). The spilling
process is only implemented in the interrogation phase (E), which can also be used to control
the collision shift of ®Sr atoms at the same order of magnitude for different cycles by keeping

the atom number at the same level.

Lattice laser power stabilization scheme. To continuously stabilize lattice laser power,
[ implemented the power stabilization based on an analog controller (Power Regulator),
Figure4.18. A pattern generator is employed to create setpoints for the analog controller,

which compares these setpoint voltages with the value from the in-loop photodetector and

99



Instability of the SOC2 Clock

To cold atoms

. PD AOM
Inloop monitor (Ail) Y M
) NG Lattice laser
Pattern Generator *é Beam splitter
£
Cycle A setpoint
" setp Power o
Regulator RF Amplifier
0
TTL \
n switch| ,\| OUt
—~Pc 1 =2 outloopR*ﬂ.
C (o]
Cvile B D inloop Ail § —
ycle -
\ , o . o s
£ outloop A2, @& ::>7
O —_ P
= setpoint Ai3 = PC
Pattern Generator

Figure 4.18: Schematics of lattice power stabilization. 'outloopR*’ indicates the out-of-loop
monitor signal on lattice laser distribution breadboard, shown in Figure 3.15. More details
in text. PD: Photodetector; AOM: Acousto-Optic Modulator; TTL: Transistor-Transistor
Logic signal; RF: Radio Frequency; Ai: Analog input port.

then use an analog PID to maintain the lattice power always at the desired setpoints. The
setpoints have a similar pattern as Figure4.17 to conduct the spilling process. The out-
put from the power regulator controls the lattice laser power via one RF amplifier and an
AOM. To evaluate the power stability, a 4-channel monitor system based on a DAQ NI USB
6002 was built. It monitors in-loop power, out-of-loop power, and the setpoint during the

interrogation phase.

To conduct magic wavelength measurements (interleaved mode), I added another
pattern generator to create a reference setpoint and a 2-channel switch to select which
pattern generator would be used. I implemented optical lattices at different depths and
compared their relative frequency shifts to find the magic wavelength of the clock transition,

shown in Figure5.8.

Stability results in single-mode. This stabilization loop runs first at the single stabi-
lization mode (single mode) and the setpoint of the lattice power is set at 0.3 V. From the
monitor system, monitor signals can be acquired and analyzed. The Allan deviations of the
fractional laser powers are shown in Figure4.19. The figure shows that the lattice power can
be stabilized within less than 5%. However, there is one big bump at approximately 600 s
averaging time. Without the bump, the stability could be less than 1% from 1s to 10,000s
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Figure 4.19: The instability of the lattice power in the single-mode operation. ’Out-of-
loop(R)’ refers to the monitor signal of 'outloopR*’ in Figure 4.18.

averaging time. Nevertheless, the bump at 600s is also observed in the in-loop signal.

To investigate the reason for the bump, the laboratory temperature is monitored, and
a bump is also observed at 600s, as shown in Figure4.20. Thus, one can conclude that this
bump is due to temperature-sensitive components in the stabilization loop. However, the
in-loop signal should not fluctuate since the stabilization loop maintains the setpoints and
suppresses oscillations. In addition, I monitored the setpoints of the analog controller and
surprisingly observed a bump at 600s averaging time, as shown in Figure4.21. But the oscil-
lation is small, less than 0.0003%. It could not cause the in-loop signal oscillating at 0.02%.
Therefore, the noise from the in-loop signal may be due to the parameter settings of the

analog controller and could not suppress the oscillation caused by temperature fluctuations.

Stability results in interleaved mode. Magic wavelength measurements can be carried
out by switching the power stabilization to the interleaved stabilization mode using two
pattern generators to stabilize the lattice at two different lattice depths, shown in Figure 4.18.
One is used as a reference depth, and the other varies to several lattice depths. As an example,
the interleaved stabilization mode runs with cycle A setting at 0.2V and cycle B setting at
0.4V, shown in Figure4.22. The out-of-loop power instabilities are almost identical for both

cycles.
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Figure 4.22: The instabilities of the lattice power in interleaved mode operation. The setpoint
of cycle A is 0.2V, while cycle B at 0.4 V. Both are out-of-loop data.

Contributions to the clock instability. We are interested in the clock instability caused
by lattice power fluctuations. Assuming that the lattice frequency is A,, = 25 MHz off from
the magic wavelength, an upper bound on the clock instability can be obtained according to
Eq. 4.23.

o, = xN\,,Uporp (4.23)

where s is the differential E'1 polarizability (= 17.35(13) pHz/MHz/ E, [85]), Uy is the lattice
depth in units of E, and o p is the fractional power instability.

To obtain lattice depths from different lattice powers, I calibrated the lattice depth
according to the sideband spectroscopy at different lattice laser powers and then fit the result

to obtain an empirical formula,
Uo(E,) = —8(3.5) + 0.664(26) x Upp(mV) (4.24)

where Upp is the monitor voltage of the lattice laser power.

Eqgs. 4.23 and 4.24 allow me to easily calculate the clock instability contribution from
the lattice power fluctuations, shown in Figure 4.23. The contribution is much smaller than
5x 10718,
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Figure 4.23: The clock instability contribution from lattice power fluctuation, which corre-
sponds to the data in Figure4.22.

4.6 Instability of the SOC2 clock vs the PTB stationary

clock

Summary of all the known noise contributions to the SOC2 instability. In the above sections,
I analyzed the noise contributions to the clock instability, for example, the noises from the
bias field, the probe laser power, the lattice laser power, and the detection noise. The
contributions of the frequency and power noises of the detection beam (461 nm) to the clock
instability were considered as well; however, they are small compared to the noise mentioned

above and are thus ignored [81]. The noise contributions are summarized in Figure 4.24.

Measured instability of the SOC2 clock against the stationary PTB clock (Sr3). The
6-hour frequency stability data were obtained while I implemented the magic wavelength
measurements, and meanwhile Sr3 was operating. The instability of the SOC2 clock against
Sr3 is 5.7 x 1071/,/7, shown in Figure4.24. According to the Sr3 self-comparison data, the
interleaved instability of the Sr3 clock is ~ 4.4 x 10716/, /7, and the instability contributions
from the Sr3 clock to the frequency comparison with the SOC2 clock is estimated as ~
2.2x1071/\/7. According to the above analysis, the estimated contribution to the instability
from all noise sources together with the contribution of the Sr3 clock is ~ 2.7 x 10710//7.

104



Instability of the SOC2 Clock

— Electronics noise
— Shot noise

— QPN

— Dick effect

— —5.7x 1016/ 1°5 fitting
—0O— Clock laser power

10-16 .

O— Bias current
—A— Lattice laser power
—Hl— Sr3 instability

—@— SOC2 Instability against Sr3| [

1017 4

Fractional frequency instability, o,(t)

10-18 .

1
e

/
I/I

/

10t 102

Averaging time

()

Figure 4.24: Various contributions to the SOC2 instability from different noise sources and
the PTB stationary optical lattice clock (Sr3). The light red area shows the total noise
contribution with an upper bound at ~ 2.7 x 1071¢/,/7 at the averaging time from 10s to
7000s. The instability at an even longer averaging time is limited by the noise from the
clock laser power. Black square dot line shows the contribution from the Sr3 clock, which
can be estimated as ~ 2.2 x 1076 /\/7 used for the total noise contribution calculation (light
red area). The measured frequency instability of the SOC2 clock against the Sr3 clock is
~ 5.7x1071¢/,/7, which is dominated by the instability of the SOC2 clock. Therefore, there
are still unidentified noise sources that contribute to the instability of the SOC2 clock. 7 is

the averaging time in seconds.
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Therefore, there are still unidentified noise sources that contribute to the instability of the
SOC2 clock.
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Chapter 5

Uncertainty of the SOC2 Clock

To evaluate the uncertainty of the clock, the frequency shifts due to all relevant effects should
be carefully characterized. This chapter presents the methods and results of the evaluations

of each effect.

5.1 Blackbody Radiation shift

For strontium optical lattice clocks operated at room temperature, the blackbody radiation
(BBR) shift is the main contribution to the clock frequency shift. The BBR shift of the clock

transition at temperature 7" is described as |64](86]

AVBBR(T) = Aystat(T) + Al/dyn(T) (51)

where Avg,; is the static BBR shift that depends on the differential dc polarizability between
the excited and ground states of the clock transition, Avg,, is the dynamic BBR shift.

The static frequency shift in the temperature T' can be expressed by [86]

T

Avaae(T) = Avo(To) (?) (5.2)

where the static coefficient Avg,(Tp) is the frequency shifts at the reference temperature

Ty = 300 K. The dynamic frequency shift in the temperature range from 50 to 350 K can be

T 6 T 8 T 10
Avgy, (T') =~ 1 (ﬁ) + s (To) + Mo (To) (5.3)

where the coefficients are

expressed by [64]

ng = —0.12998 Hz
ng = —0.01211 Hz (5.4)
o = —0.00844 Hz
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The static and dynamic coeflicients are Avgq(Ty) = —2.13023(6) Hz [86] and Avgy,(Ty) =
—150.51(43) mHz [64], respectively.

To accurately evaluate the BBR shift due to the environment, the temperature 7" sur-
rounding the science chamber must be known accurately. To this end, 17 temperature sensors
are attached to the compact science chamber. The representative temperature is obtained
from the highest temperature (7,,,) and the lowest (7),;,) using a rectangular probabil-
ity distribution model, T = (Tynin + Tinaz)/2 with uncertainty AT = (Thae — Tonin)/V12.
Under clock operation conditions, 7" and AT are 298.60 K and 0.16 K, respectively. The fre-
quency shift due to BBR is -2236.8 mHz with an uncertainty of 4.9 mHz, which corresponds
to —5211.2(115) x 107'® in fractional units.

At the beginning of the accuracy characterization of the SOC2 clock in 2024, the
atomic beam shutter was installed, and thus the BBR shift due to the atomic oven was zero.
However, after a few weeks, the atomic beam shutter was unfortunately broken. Thus, there
is a frequency shift due to the hot atomic oven, which is usually heated to approximately
450°C. The atomic oven is located 640 mm away from the cold atomic cloud, shown in
Figure5.1. There is a pinhole with a diameter of 2.5 mm placed between the flag shutter and
the Zeeman slower (more details in Section 3.2), which limits the solid angle of the atomic
oven to cold atoms. The pinhole is 375 mm away from the cold atoms. The solid angle can

be expressed as

m(roR/1)*
R2

where A is the partial area of the oven seen by the cold atoms through the pinhole (the

Q.= A/R* = (5.5)

red area in Figure5.1), R is the distance between the atomic oven and the cold atoms, [ is
the distance between the pinhole and the cold atoms, 7y is the radius of the pinhole. The
resulting solid angle € is 35(10) psr (sr = steradian), in which 10% length measurement
error is assumed. After considering the solid angle, the frequency shift due to the BBR of
the oven is -0.465(167) mHz, which corresponds to —1.08(39) x 10~'® in fractional units.
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Figure 5.1: The solid angle €2, of the atomic oven to the cold atoms. The red area is the
partial area of the oven seen by the cold atoms through the pinhole, A in Eq.5.5. [ is the
distance between the cold atoms and the pinhole. R is the distance between the cold atoms
and the atomic oven. rq is the radius of the pinhole. The diameter of the oven is 31.6 mm.
The resulting solid angle € is 35(10) psr (sr = steradian).

Another frequency shift related to BBR is the BBR transmitted by the windows of
the science chamber, which is less than 3 x 107! [16]; thus, it is negligible.

5.2 Quadratic Zeeman shift

Benefiting from the absence of nuclear spin of bosonic isotope, there is no first-order Zeeman
shift. However, the bosonic clock suffers a significant second-order Zeeman shift due to the

clock excitation via magnetic field-induced spectroscopy; more details are given in Section 2.4.

Before conducting the quadratic Zeeman shift measurement, three pairs of Helmholtz
coils were used to compensate for the perpendicular background field § 1 with respect to
the bias magnetic field ?, illustrated in Figure5.2. The 1S, < 3P, transition was applied
for the evaluation of the background magnetic field. The details of the compensation can be

found in the Appendix A.
Ideally, the background magnetic field can be suppressed to zero by applying the

compensation field. However, in reality, there is still a residual background magnetic field
present at the position of cold atoms, shown in Figure5.2. The residual background field
?r is decomposed into B ;) and § 1, which are parallel to the z-axis and perpendicular to
the z-axis in the xy plane, respectively. ¢ indicates the angle between § /, and ﬁr.

The bias magnetic field § is produced by Helmholtz coils and the second-order Zee-

man shift can be expressed by

Avy = B(B + B +|B.P) (5.6)
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ool

Figure 5.2: Bias magnetic field § and residual background field Br. The residual back-
ground field B, is decomposed into B ,)and B .

where 3 is the second-order Zeeman shift coefficient, 5 = —23.3(3) MHz/T? for %Sr[65].

The interleaved measurement is used to evaluate the quadratic Zeeman shift, in which
the currents of the Helmholtz configuration coils for the bias magnetic field (called bias
current) are varied. The timing sequence of interleaved measurements can be found in
Section 3.4.1. For example, servo A has a bias current ¢,, while servo B has a bias current

1p. The quadratic Zeeman shifts for servo A and servo B are
Avio = B(Ba+ B+ [BLP) (5.7)

and

Avg, = BBy + Byl + [BLP) (5.8)

where the subscripts a and b show the parameters in servo A and servo B, respectively. Thus,

the differential quadratic Zeeman shift in the interleaved measurements is expressed as
AVba:/B(|§b+§//|2_|§a+§//|2) (59)

Five interleaved measurements are implemented:

e Self-comparison at i; = 0.625 A.

110



Uncertainty of the SOC2 Clock

Self-comparison at i3 = —0.625 A.

Interleaved measurement with 75 = 0.938 A and 7; = 0.625 A.

Interleaved measurement with ¢4 = —0.938 A and i3 = —0.625 A.

Interleaved measurement with 75 = 1.25 A and i; = 0.625 A.

First method to analyze the quadratic Zeeman shift is: parabola fitting. With respect

to the coil current, the fractional differential quadratic Zeeman shift is [16]
6Avg = (((ip —i0:)* — (ipy —i02)?) (5.10)

where ¢, is the unknown current necessary to compensate for the background magnetic field
in z direction, ip, is the reference current which is 0.625 A here, ip is the coil current, and
¢ is the coefficient of quadratic Zeeman shift with respect to the coil current. From the fit
of Figure5.3, unfortunately, there is a high residual frequency at 0.938 A which causes the
fit 2 > 1. The reason is that the reference point is not the same for positive and negative
current measurements, for example, the third and fifth measurements have a current reference
at 0.625 A, however, the fourth measurement has a current reference at -0.625 A. Using this

method, I cannot obtain the correct quadratic Zeeman shift.
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Figure 5.3: Differential quadratic Zeeman shift measurement. The fit function is Eq. 5.10.
There is a high fit residual offset at 0.938 A. More details in text.
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The second method is to analyze the interleaved measurements results to obtain
quadratic Zeeman shift. For the third and fourth measurements, the differential quadratic

Zeeman shifts are

Avy = B(|Bo+ B P — | Br+ B %)
Avig = B(|Ba+ B2 = [Bs + B %)

where the subscripts of numbers, e.g. 1, 2, 3, 4, show the parameters corresponding to the

(5.11)

interleaved measurements with currents ¢ = 1,2, 3,4. For example, Avy; is the differential
quadratic Zeeman shifts which corresponds to the third measurement with bias current i,
and 7q; 34 shows the bias magnetic field which corresponds to the fourth measurement with

bias current iy.

Because |§\ 1, 14 = —iy and i3 = —iy, therefore
Avgz = f(] —§z+§//|2— | —§1+§//|2) (5.12)

The frequency difference between these two interleaved measurements is

AV43 — AVQl = ﬁ(—4§2§// + 4§1§//)
= 45?//(—?2 -+ ?1)

(5.13)

_ By _

|B1]

Define &

2 thus
11
Avgs — Avyy = 453//31(—52 +1) (5.14)

For the third and fifth interleaved measurements, similarly, the differential quadratic

Zeeman shifts are

AV51 — Avy = 5|§1|2(§§ - 522) + 25313//(55 - 52) (5~15)
_ |Bsl _

where &5 = =i i—f The subscripts are labeled in the same way as in eq. 5.11.

During clock operation, the bias current i, is used for creating the bias magnetic field,

and thus the quadratic Zeeman shift is

Avp = B(Br+ B + B
— 8B.P+28B. B, + 8B, >+ 8 B.P

(5.16)
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According to eq. 5.14 and 5.15, the quadratic Zeeman shift along the z-axis (|§1 +
3//|2) can be obtained which is -6.3413(221) Hz.

According to the background field compensation in the Appendix A, | § 1|? = —4(17) pHz,
which is negligible compared to the shift along the z-axis. Based on the analysis above, the
quadratic Zeeman shift at the bias current i; = 0.625 A is -6.3413(221) Hz corresponding to
—1477.4(52) x 10717 in fractional units.
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5.3 Probe light shift

The probe light for interacting with cold atoms induces an AC Stark shift for clock transition
energy levels. Optical lattice clocks based on neutral bosonic isotopes typically suffer from

high AC Stark shifts due to probe light [65].

To evaluate the probe light shifts, I conducted interleaved measurements with dif-
ferent powers of the probe light. I have already discussed stabilizing the clock laser power
during interleaved measurements in Section4.4. I performed interleaved measurements with
reference probe light power at 1.2V (the monitor voltage) and four measurement points at
0.8V, 1.2V, 1.6V, and 1.8 V. The differential fractional clock transition shifts are obtained.
Based on the differential clock transition shifts, the probe light shift can be derived by fitting
the data with

0Avy, = k' (Upg — Upey) (5.17)

Where U,q is the monitor voltage from the photodetector, U,.s is the reference voltage,
and k" is the shift coefficient. The position of the photodetector is shown in Figure 3.20 in
Chapter 3.

Figure 5.4 shows the result for the probe light shift measurements. The probe light
shift at the reference point, which is the operational condition of our clock, can be derived
by dAvy, = k'U,.s. As a result, the probe light shift is -485.8(96) mHz, corresponding to
—113.2(22) x 1077 relative frequency shift.

From the above measurements, I observed a significant probe light shift due to the
high probe light power, which is limited by the principle of clock transition excitation of

bosonic atoms, as described by magnetically induced spectroscopy [65].
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Figure 5.4: Probe light shift measurements. The green dots are experimental data and the
red line is the fit with Eq.5.17. The reference point is at 1.2V and the resulting probe light
shift is -485.8(96) mHz.
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5.4 Cold collision shift

SOC2 is an optical lattice clock based on neutral bosonic strontium-88 atoms, which do not
obey the Pauli exclusion principle. Thus, SOC2 experiences a larger collision shift compared

to a neutral fermionic strontium-87 optical lattice clock.

To measure density shifts, interleaved measurements by varying the atom density are
usually conducted. For the atom density, we must consider not only the number of atoms in
the optical lattice but also the size of the atomic cloud. To this end, the most straightforward
approach is to vary the number of atoms while maintaining size of the atomic cloud constant.
One way to characterize the atomic cloud size is through the wavefunction extension of
harmonic oscillations in an optical lattice, which can be evaluated by the motional state
occupied by the atoms. In practice, the red cooling beam power of the breadboard red
MOT is used to change the atom number; however, other parameters of clock operations
remain the same, especially the parameters of the single—frequency red MOT. Thus, only
the atom number is changed, and the atomic cloud size is kept the same. During density shift
measurements, sideband spectroscopies are obtained at various atom numbers. The atom
temperatures are extracted from the sideband spectroscopies and used to verify whether the
montional state distribution remains the same for each measurement—the results show that

it always does.

The density shifts are measured at shallow (30 E,) and deep (58 E,.) lattices shown
in Figure5.5. At deep lattice, the density shift is -0.280(107) mHz per count, corresponding
to —6.5(25) x 1071 per count, and -0.431(121) mHz for shallow lattice, corresponding to
—10.0(28) x 1072 per count. In clock operation, the SOC2 clock always runs at a shallow
lattice (~ 30 E,.); thus, the coefficient of —10.0(28) x 10~ per count is used for the density
shift evaluation. For example, for the atom number of 24(5) counts, the density shift is
-8.7(27) mHz, corresponding to —2.0(6) x 107!7 in fractional units.
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(b) Density shift measurements with a shallow lattice with lattice depth of 30 E,.

Figure 5.5: Density shift measurements at the deep and shallow lattices. At the deep lattice,
the density shift is -0.280(107) mHz per count, and -0.431(121) mHz per count for the shallow
lattice.
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5.5 Lattice light AC stark shift

Atoms in the optical lattice experience an AC Stark shift due to the lattice light, which
provides the trap potential for atoms in the Lamb-Dicke regime; however, it also causes the
frequency shift for the clock transition, 'Sy <+ 3P, which is undesirable in metrology. In
order to suppress the lattice light shift of the clock transition, as mentioned in Chapter 2,
the optical lattice at the 'magic’ wavelength was proposed in which the AC Stark shift of the
clock transition could be eliminated. However, to characterize the systematic uncertainty of
optical clock to 10718 level, the nonlinear dependence of the lattice light shift on trap depth
due to higher multipolarizabilites from magnetic dipole (M1) and electric quadrupole (E2)

contributions and hyperpolarizability should be carefully considered.

Based on the perturbative treatment in the harmonic motional state basis with con-
sideration of longitudinal and transverse optical confinements, the lattice light AC Stark

shift as a function of the lattice depth wug in units of E, is expressed by [87]

5Vclock

1
= ns Ay, g, + [(n1 + o) Ay, — miAady, g ud
Velock 12 L (518)

— [Ady, + (n3 4 ng + 4ns) ABJug + [2A8' (1 + no)ui — AB'uZ

where Aa’y;, Ay, p,, and AB’ represent dimensionless differential electric dipole (E1) po-
larizability, M1/E2 polarizabilities and hyperpolarizability, respectively. ny; = n, + 1/2,
ny = [V2/(kwo)][n, + 1], ns = (3/2)(n? + ns + 1/2), ng = [8/(3k°wi)](n) + 2n,, + 3/2), and
ns = 1/(v/2kwo)(n. +1/2)(n, + 1) are intermediate factors that represent the temperatures

of cold atom with longitudinal motional state n, and transverse motional state n, = ng +n,,.

The observations of sideband spectroscopy at different lattice trap depths are imple-
mented, as shown in Figure5.6, and a linear scaling of the axial temperature with lattice
depth ug is observed, shown in Figure5.7. Based on the thermal model in Ref.[87], the
averaged <n;>, <np> o \/up and <nz>, <ny>, <nz>  ug are obtained and Eq.5.18 can

be reduced to [87]

61/8 (o]& * *
otk — _ofug — frul (5.19)

Velock

where o and 8* are ugp-independent finite-temperature polarizabilities.

In order to roughly search for the magic wavelength, interleaved measurements with
deep (upq ~ 56 E,) and shallow (ug s ~ 28 E,) lattice depths are conducted at various lattice

light frequencies, shown in Figure5.8. The differential fractional frequency can be expressed
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Figure 5.6: Sideband spectroscopy with multiple trap depths.
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Figure 5.7: The linear scaling of longitudinal (axial) temperatures with lattice trap depths.
The trap depths and temperatures are extracted from the sideband spectra in Figure 5.6,
using the method shown in Section 3.4.6.
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Figure 5.8: The effective magic wavelength searching by interleaved measurements with
two lattice depths at various EOM frequencies which is for locking the lattice laser to F'SS
(frequency stabilization system, shown in Section 3.3). The density shift contributions are
removed for all data points.
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A(Syclock o * x/ 2 2
y = —a"(uga — uos) — B (Uo,d - uO,s)
clock aa* (520)
= == Veana) (00 = ) = B0 — 1)

where v; and v,.,, are lattice laser frequency and the effective magic frequency, respectively.
Since o* is dependent on the laser frequency, I expressed it in terms of the partial derivative
with respect to the laser frequency and the frequency detuning. The data of fractional
differential frequency shifts are fitted by Eq.5.20, and da*/0v, and 1., can be obtained
from the fitting. However, the coefficient of the quadratic term cannot be acquired by this
fitting. If the frequency shift due to hyperpolarizability is ignored, the quadratic term in
Eq.5.19, the lattice AC Stark frequency shift could shift by about 2 x 107'® which should

be avoided if the optical lattice clock aims for 10718 level.

From the measurements in Figure 5.8 and Eq. 5.20, it is impossible to calculate lattice
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AC Stark shift and magic wavelength because 5* is unknown. To determine da*/0v; and *
accurately, measurements of differential AC Stark shifts as a function of lattice depth at var-
ious lattice laser frequencies need to be implemented, and then fitted by Eq.5.20 [88][87][89].
Based on these two coefficients, the AC Stark shift at the operational wavelength and the
effective magic wavelength can be easily determined. An operational magic wavelength at
Vopmagic = (—20%ug) /(0a* /Ov;) + Vsero is recommended in Ref. [87], at which the first-order
frequency shift is insensitive to fluctuations in the corresponding ug and a negative linear
light shift partially cancels the positive hyperpolarizability shift. The lattice laser frequency
could be continuously monitored within ~ 25 MHz uncertainty around v,.,,, which can lead
to a lattice shift uncertainty of 107!®. Then Eq.5.20 can be applied to calculate the AC
Stark shift. However, the lattice laser frequency may drift because of the FSS cavity length
drift, which needs to be compensated during measurements. Achieving lattice AC Stark shift
in this way is complicated due to multiple measurements at different lattice depths and laser

frequencies.

Another method to characterize the AC Stark shift in the lattice is to implement in-
terleaved measurements with two lattice depths around the effective magic wavelength and
using accurately determined atomic parameter coefficients: Aa’,, Ay, g, and Af’, to de-
termine the frequency detuning with respect to the effective magic wavelength via Eq. 5.18.
After the determination of the frequency detuning, the lattice AC Stark shift can be calcu-
lated by Eq.5.18 at operational lattice depth wug, which can be evaluated by the sideband
spectroscopy before starting the interleaved measurements. I ran the interleaved measure-
ments with lattice depths of ~56 E,. and ~ 28 E,. at the EOM frequency of 271 MHz. The
resulting differential fractional frequency shift is —1.3(10) x 107!7. Lattice AC Stark shift of
this interleaved measurements is —1.2(12) x 1077 by using atomic coefficients from Ref. [85].
The primary contribution to the uncertainty of this shift is the statistical uncertainty of the
interleaved measurement, which can be improved by increasing the lever arm of the lattice
depths and conducting longer measurements. The density shift contributions are removed

from the frequency shift during the lattice AC Stark shift measurements.

Estimate of differential electric dipole polarizability. In order to precisely characterize
the lattice AC Stark shift, the atomic coefficients, e.g. Aaf,, Ay, 5, and AJ’, need to be
accurately known according to Eq.5.18. Here, a simple approach to determine the partial

derivative of the differential dipole polarizability is shown.

According to the expression of Eq.5.18, the differential fractional frequency shift
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between the deep and shallow lattice depth is

6I/clock

A

_ d /
- {nf)AaMlEg - n5AaM1E2}
Velock

1 1
+ {[(”il + ”g)AO‘,m - ”‘fAO‘MIEJUSd — [(n7 +n3)Adf, — niAa/MlEg]u&s} (5.21)

)

—{[Adlg; + (0§ +nf +4ng) A Tug g — [Aapy + (5 +nj + 4n3) ABTug s}
3 3
+{[2A8'(nf + ng)lug , — [2A8'(n] + n3)lug,} — {AB"ug 4 — AB'ug .}
where the superscript d and s mean the quantities are for deep and shallow lattice, respec-

tively. For two interleaved measurements at different lattice laser frequencies, the frequency

shift difference is expressed

57/0 oc 6Vc oc 1 s s 1 aAO/
Ay A= = (0] 4 ng)ud, — (0] + n3)ud } =L (v — 1n)
Velock Velock al/l
0N/
- {Uo,d - Uo,s} El (Vn - Vlz))
61/;
d d 1 1 aAalEl (522)
= {(n] + n2)“§,d — (n] + ”5)“575 — Up,d + Ups } (V1 — i)

814

where subscripts 1 and 2 of A indicate the differential fractional frequency shifts of the
first and second interleaved measurements, respectively. Since Aa’y,; depends on the lattice
laser frequency, I expressed it in terms of the partial derivation of the laser frequency and the
frequency detuning. v;; and v, are lattice laser frequencies of the first and second interleaved
measurements, respectively. According to Eq.5.22, 0Aa);,/0v; can be determined since
all other quantities can be obtained through measurements, such as sideband spectroscopy

measurements.

According to the measurements in Figure 5.8 and Eq. 5.22, the resulting slope of dif-
ferential electric dipole polarizability is 16(5) ptHz/MHz which is consistent with the mea-
surement results from Refs. [85] and [90]. The primary source of uncertainty (>90%) of
this method comes from differential lattice shift measurements, which could be significantly
reduced by additional repeated measurements. On the basis of this method, the slope of
the differential electric dipole polarizability can be easily measured with high accuracy, thus

accurately determining the lattice AC Stark shift.
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Figure 5.9: The background gas limited lifetime measurement. The blue circular points are
experimental data and the red line is the exponential decay function. The 1/e decay time
defines the lifetime, which is 5.7(1) s here.

5.6 Background gas collision shift

Even though the vacuum pressure in the science chamber is less than 107! mbar (based
on the ion pump current), there are still some residual room-temperature gases, mainly Hy
molecules. The collision between lattice-trapped cold strontium atoms and room-temperature
Hy molecules causes a frequency shift, named the background gas collision frequency shift,
which is studied and evaluated in Ref. [91|. For a background gas limited 1s lifetime, the

shift is
Aybg

)

= —30(3) x 107 (5.23)

The background gas limited lifetime of SOC2 is 5.7(1) s, measured by magnetic trap, as
shown in Figure 5.9. Thus, the background gas collision frequency shift of SOC2 is —5.3(5) x
10718,
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5.7 Frequency shifts due to other effects

DC-Stark shift. The electric field around the cold atom can cause a frequency shift which is
independent of the clock cycle time T, and the interrogation time 7. Although the current
T. and T, are different from those used in Ref. [16], the DC-Stark shift should remain at the
same level, which is ~ —2(2) x 1078, since the conditions of electric potential around the

science chamber are the same.

Servo error. The cavity-stabilized clock laser usually has a frequency drift because
of the length drift of the cavity. The time delay between the atomic interrogation and the
frequency correction feedback to the clock laser causes a frequency offset between the atomic
resonance frequency and the clock laser frequency, called servo error. The servo error due
to the linear frequency drift of the optical resonator can be eliminated by compensating the
clock laser frequency. However, the nonlinear frequency drift cannot be easily compensated,
leading to servo error [92]|. Fortunately, during the operation of the SOC2 clock, the clock
laser is phase-locked to the PTB stationary clock laser, which is stabilized to the PTB
stationary clock (Sr3). Therefore, there is essentially no frequency drift, and thus the servo

error is zero.
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Effect Correction (mHz) Uncertainty (mHz)
BBR shift (environment) 2236.8 4.9
BBR shift (oven) 0 0
Lattice AC Stark shift 15.3 9.4
Probe light AC Stark shift 485.8 9.6
Cold collision shift 8.7 2.7
Quadratic Zeeman shift 6341.3 22.1
Background gas collision shift 2.3 0.2
DC Stark shift 0.8 0.1
Servo error 0 0
Total 9091.0 26.5
Fractional frequency (107'7) 2118.0 6.2

Table 5.1: The typical uncertainty budget of the SOC2 clock at a low atom number (~
240). The clock laser is phase-locked to PTB 48 cm room-temperature ULE cavity and then
transfer-locked to PTB 21 cm cryogenic silicon cavity via an optical comb.

5.8 Systematic uncertainty budget of the SOC2 clock

By now, I have characterized and analyzed all the effects on the SOC2 clock. The uncertainty
budget of SOC2 is shown in Table5.1 with a low atom number (24(5) counts), and the
main contribution is from the quadratic Zeeman shift. Since, while running the SOC2
clock, the atom number was not stabilized and had a large fluctuation, this fluctuation
would significantly affect the collision shift. Thus, the uncertainty budget would undergo a
significant change. Here, Table 5.2 shows the budget at high atom number (225(37) counts'?).
Directly from the table, the main contribution of the uncertainty budget is from the lattice
AC Stark shifts. However, the noise source of the lattice AC Stark shifts at a high atom
number comes from the collision shift which is more significant than in the low atom number
case and thus worsens the uncertainty of the SOC2 clock. The uncertainty of the count

number represents the standard deviation.

5.9 Isotope shift between strontium-88 and -87 neutral

atoms of clock transitions

5.9.1 Gravitational redshift

In order to have the isotope shift between strontium-88 and -87 atoms by the SOC2 and

Sr3[19] frequency comparison, the frequency shift due to the gravitational potential difference
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Effect Correction (mHz) Uncertainty (mHz)
BBR shift (environment) 2232.2 5.0
BBR shift (oven) 0.5 0.2
Lattice AC Stark shift 38.3 42.7
Probe light AC Stark shift 485.8 9.6
Cold collision shift 80.1 224
Quadratic Zeeman shift 6341.3 22.1
Background gas collision shift 2.3 0.2
DC Stark shift 0.8 0.1

Servo error 0 0

Total 9181.3 54.1
Fractional frequency (107'7) 2139.0 12.6

Table 5.2: The typical uncertainty budget of SOC2 clock at a high atom number (~ 2250).
The clock laser is the same as that used in Table 1.1.

should be considered. The gravitational redshift Av can be described by the gravitational

potential difference AU as A A
v U
- _ = 24
R (5.24)

where 1 is the frequency of clock transition, and ¢ is the speed of light. The SOC2 and Sr3
clocks are located in neighboring labs and the gravitational redshift between them can be

expressed as
AVsoc AVSTB AU’soc AUS?"?)

— = — 5.25
88 g, 878, c? c? ( )
Since the clock transitions vssg, &~ vs7g,, the gravitational redshift can be reduced to
Av Ah
- (5.26)
88 gy &

where g is the local gravitational acceleration and Ah is the height difference between cold-
atom ensembles of SOC2 and Sr3 clocks. There is a geopotential reference marker in the lab-
oratory building where both clocks are located. The heights of SOC2 and Sr3 to the marker
are measured with standard geometric leveling, using a spirit level and a ruler [29] and they
are 1007(5) mm and 703(3) mm for the cold-atom ensembles of SOC2 and Sr3, respectively.
The difference is 304(6) mm, resulting gravitational redshift difference of 0.0143(3) Hz, which
corresponds to 3.32(6) x 10717 in relative frequency.
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5.9.2 Isotope shift

The typical statistical and systematic uncertainties of the Sr3 clock can be found in Ref. [19].
After considering the gravitational shift and systematic shifts of the SOC2 and Sr3 clocks, the
isotope shift was measured and shown in Figure 5.10a. The measurements were implemented
on four different days with different atom numbers. The common uptime of the SOC2 and Sr3
clocks is 19.2hours. The measurements on 60374 and 60375 Modified Julian Date (MJD)
are with low atom number and their corresponding systematic uncertainties are listed in
Table5.1. On the other hand, measurements with high atom numbers are conducted as
well on 60383 and 60384 MJD with corresponding systematic uncertainty list in Table 5.2.
Obviously, the uncertainties of the isotope shift with more atoms are more significant than
those with fewer atoms because of the density shift. In the four frequency comparison
data, the daily error bars represent the total uncertainties, which are the quadrature sum
of statistical and systematic uncertainties. The total uncertainties are used as weights to
average the daily data. The weighted average of the isotope shift in the four measurements
is 62188134.032(35) Hz, which agrees well with the value recently reported as shown in
Figure 5.11. To obtain the uncertainty of the weighted average here, the systematic frequency
shifts are treated as fully correlated between the measurements; however, the statistical

uncertainties are treated as uncorrelated.

The frequency ratio between strontium-88 and -87 atoms of clock transitions is shown
in Figure5.10b. The weighted average is 1.000 000 144 883 682 842(82), which is consistent
with the 2021 recommended frequency values of CIPM (International Committee for Weights
and Measures) [93].

Meanwhile, PTB transportable strontium optical lattice clock (Sr4) was also oper-
ating [14]. The common uptime between the SOC2 and Sr4 clocks is 12.6 hours. The re-
sulting frequency ratio and isotope shift between them are 1.000 000 144 883 682 832(77) and
62 188 134.027(33) Hz, respectively. The isotope shift is also shown in Figure 5.11 to compare
with the results of other groups.

The systematic uncertainty of the SOC2 clock dominates the uncertainties of the
frequency ratio and isotope shift.

The systematic uncertainty of the SOC2 clock dominates the uncertainties of the
frequency ratio and isotope shift. They are higher with respect to Sr3 than to Sr4. The
deviations are at 10717 level, which may be attributed to an unidentified systematic frequency
shift of Sr3[98] or the systematic uncertainty of the SOC2 clock.
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Figure 5.10: Isotope shift and frequency ratio between strontium-88 and -87 atoms of the
clock transitions by comparing the SOC2 and the Sr3 clocks. Error bars represent the quadra-
ture sum of statistical and systematic uncertainties. The daily statistical uncertainties are
less than 1 x 10717 and total uncertainties are dominated by the systematic uncertainty of the
SOC2 clock. (a) Isotope shift measurements. The weighted average is 62 188 134.032(35) Hz.
(b) Frequency ratio results. The weighted average is 1.000 000 144 883 682 842(82), which is
consistent with the 2021 recommended frequency values of CIPM (International Committee
for Weights and Measures) [93]. The reference value is the frequency ratio from Table B1
in [93].
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Figure 5.11: Isotope shift comparison with published values. The insert box shows the
recently reported results. The results in this dissertation agree well with the values recently
reported [16][94]. Baillard et al. [95] and Radzewicz et al. [96] derived the isotope shifts from
the absolute frequency measurements of the ®¥Sr clock transition. Takano et al. [94] measured
the isotope shift by alternatively interrogating ®¥Sr and ®7Sr atoms in the same vacuum
system. Akatsuka et al.[97], Origlia et al.[16], and our work implemented direct frequency
comparison between independent #¥Sr and 87Sr clocks to measure the isotope shifts.
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5.10 The frequency ratios of strontium-88 neutral atom

to ytterbium-171 and indium-115 ions

In addition to strontium optical lattice clocks, there are also many optical ion clocks operating
at PTB, for instance, '™Yb™ (ytterbium-171 ion) clock [99][100], **In™ (indium-115 ion)
clock [98], 2"Al* (aluminum-27 ion) clock. During the SOC2 clock operation in early 2024,

the 'YbT and "°In™ clocks were also operated.

The common uptimes of 88Sr to 11 Yb* and "°In* clocks are 16.3 hours and 1.2 hours,
respectively. Frequency ratios of ®Sr with respect to the electric octupole (E3) transition
in 'YbT are shown in Figure5.12. The weighted average is 1.495991 401800 156 81(12),

which is consistent with the 2021 recommended frequency values of CIPM.

Frequency ratio of #Sr with respect to 1'°In* is 2.952 748 322 069 809 39(22), as shown
in Figure5.13. The ratio uncertainty of #Sr to 1*In* has improved over the reference value
by a factor of approximately 60. The reference value is the frequency ratio from Table B1
in [93].

The fractional uncertainties of the ratios of 8Sr to '"'Yb™ and °In* are 8.2 x 10717
and 7.5 x 1077, which are dominated by the systematic uncertainty of the SOC2 clock. To
our knowledge, these direct optical frequency ratios of #¥Sr to "' Yb* and *°In* are reported
for the first time.
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Figure 5.12: Frequency ratio of ®Sr with respect to the electric octupole (E3) transition
in '™YbT. The weighted average is 1.495991401800 156 81(12), which is consistent with
the 2021 recommended frequency values of CIPM (International Committee for Weights and
Measures) [93]. The reference value is the frequency ratio from Table B1 in [93].
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Figure 5.13: Frequency ratio of ®8Sr with respect to '°In™. The insert box shows the total
uncertainty (blue error bar) and the statistical uncertainty (red error bar) of this work.
The ratio is 2.952 748 322069 809 39(22), which is consistent with the 2021 recommended
frequency values of CIPM (International Committee for Weights and Measures) [93]. The
reference value is the frequency ratio from Table B1 in [93].
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Chapter 6

Potential Improvements of the SOC2
Clock

In the preceding chapters, a transportable 1-D optical lattice clock based on neutral strontium-
88 atoms (SOC2) is shown. After careful characterizations, the instability of the clock is
6 x 1077 at 100s, 1 x 107'7 at 1 hour, which satisfies the technical requirements of the
FOR 5456 project (shown in Chapter 1). However, the long-term instability at an averaging
time of 2 days is not shown due to the lack of long-term clock operation, which has not yet
been achieved. It is related to another main technical requirement of SOC2 clock: uninter-
rupted operation for at least 1 week. Moreover, the systematic uncertainty of SOC2 also
does not meet the technical requirement, which is < 1 x 107!7. Some potential optimizations

of the SOC2 clock could be implemented to meet the project goals.

6.1 BBR shift

The blackbody radiation shift is an important effect that often limits the performance of an
optical clock. This is especially true if the objective is to achieve an overall uncertainty at
the level of 107!, Most optical clock groups implement a water cooling system to stabilize
the temperature and reduce the temperature gradient of the science chamber, where the
cold atoms are interrogated. Additionally, some groups utilize a cryogenic BBR shield to
achieve an uncertainty of less than 2 x 107'® on the BBR shift. For the SOC2 clock, an
approach suitable for transport is required. It should be as reliable and straightforward as
possible. Therefore, we'® designed a simple, compact, and low-power-consumption temper-
ature control (TC) system based on eight thermoelectric cooling (TEC) elements, each with
an independent controller. Additionally, an independent monitoring system was also built.
With this overall system, I demonstrated a temperature gradient of approximately 220 mK,

corresponding to an uncertainty on the BBR shift of 4 x 107!8. The variation of no more

13Stefano Origlia designed the printed circuit board (PCB) of the controller and I tested and debugged
the PCB. More details can be found in Appendix B. After the controller became functional, I built a box for
it, shown in Figure 6.3a.
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Figure 6.1: The scheme of the temperature control system. More details in text. TEC:
thermoelectric cooling element; ADC: analog-to-digital converter; DAC: digital-to-analog
converter.

than 20 mK over two days in the average temperature was obtained.

6.1.1 Temperature controller of the science chamber

The TC system features eight independent channels, each equipped with a TEC control chip,
a Peltier element, and a thermistor. The temperature setpoint and actual temperature can
be optimized independently via the DAC (digital-to-analog converter) and ADC (analog-
to-digital converter) and can also be monitored using an Arduino. The scheme is shown in

Figure6.1.

The Peltier elements and thermistors are distributed around the science chamber, as
shown in Figure6.2. The heat pipes and a heat sink located on top of the rack are used to

dissipate the heat generated by the Peltier elements.

The electronic part of the TC system is housed in a compact box, which includes
TEC control chips, an Arduino module, an ADC, and a DAC, as shown in Figure6.3. There
are eight switches on the front panel of the control box that can be used to turn each control
channel on or off independently. On the front panel, eight LEDs indicate the status of
the actual temperature. When the LED turns on, the actual temperature has reached the

temperature setpoint.

In order to measure the mean temperature of the chamber and its gradient, seventeen
temperature sensors (thin film RTDs, PT100) are installed outside the science chamber and
monitored by a precision temperature scanner (Fluke 1586A). Together, they form the mon-
itoring system. The scanner is employed to read the temperature of each sensor. With this
approach, we expect to also obtain a relatively accurate picture of the thermal environment
of the atoms inside the chamber. The exact positions of these sensors are shown in Figure 6.4.

All sensors are carefully calibrated and a calibration uncertainty of 15 mK was obtained [16].
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Figure 6.2: The cross-section of the science chamber and the distribution of 8 channels peltier
elements and thermistors.

The calibration procedure was performed using procedures developed by PTB.

6.1.2 Operation of the temperature control system

All channels of this system are operated independently. I use one channel as an example
to demonstrate how to operate this system, setting the temperature to 25°C. The DAC
(AD5669R) and TEC controllers (TECA1-5V-5V-D) are employed to set the temperature.
For a desired temperature, e.g., 25°C, an appropriate voltage Voyr must be supplied to the
TEC chip, as specified in its datasheet. The relationship between setpoint temperature and
voltage can be obtained from its datasheet. For 25°C, the setpoint voltage is 1.5 V. Then the
decimal equivalent D of the binary code for DAC has to be calculated based on the formula

D
VOUT = VR X 2_N (61)
and then loaded to the DAC register via the Arduino module. N is the resolution of the DAC
chip and Vi is the reference voltage on the chip. For our case, N is 16 and Vxr = 3V, so D
= 32768 for 25°C. After loading the code into the DAC register, the setpoint temperature is
changed. Some time later, the LED on the front panel lights up and the actual temperature

has reached 25°C which is acquired via the thermistors and the ADC (ADS1115).
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(b) The printed circuit board (PCB) in the box.

Figure 6.3: The electronics part of the temperature control system.
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Figure 6.4: The positions of the PT100 sensors.
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6.1.3 Temperature data from monitoring system

After completing the hardware construction and computer code, I run the TC system with
the clock control sequence enabled, which means that the magnetic field coils are supplied
with current. The corresponding heat load leads to a temperature gradient 67" defined as

the difference between T, and T, across the science chamber,
0T (t) = Tu(t) — Tyw(t) (6.2)

For the first run with the control sequence on, all the channels are set to the same setpoint,
D = 21845, corresponding to a setpoint temperature of 21.5°C. Since the temperature scan-
ner can only read up to 10 sensors simultaneously, to measure 17 sensors, it is necessary
to remove and replace the cables manually. It then takes less than 10 minutes to read all
17 channels. T performed this procedure several times on the first days of testing and then
chose 10 of the 17 sensors that show significant temperature changes and large temperature
differences to be monitored for a long-term measurement. The science chamber temperature
of approximately 21.5°C was obtained. I also immediately obtained a gradient of 250 mK
before any further adjustments. Since the eight control channels are independent, I manu-
ally optimized the individual coefficients of all eight controllers. After optimization of the
temperature setpoints of the eight TEC channels, a slightly smaller temperature gradient,

approximately 220 mK, was obtained, as shown in Figures 6.5 and 6.6.

A typical temperature time series showing overall behavior is reported in Figure 6.5.
At the beginning of the trace, the clock sequence is activated (the current of the MOT coils is
turned on). Therefore, the temperature of the science chamber rapidly increases and reaches
a new equilibrium of around 23 °C, due to the heat produced by the MOT coils located near
the science chamber. Two hours later, the TC is activated and the temperature rapidly
stabilizes approximately at 21.5°C. When the TC is first turned on, its power consumption
is 53.5 W, but this high power level only lasts 1 min and then decreases to 2.2 W when the
temperature has stabilized at 21.5°C. This power consumption would vary with different heat
loads produced by the coils. The consumption could be proportional to the difference between

the temperature when the coils are on (and the TC is off) and the setpoint temperature.

The gradient was subsequently optimized by adjusting the setpoint temperatures of
eight control channels in the time interval from 6h to 12h shown in Figure 6.5. After

optimization, a temperature gradient of approximately 220 mK is achieved.

Figure 6.6 shows an additional measurement, over a time interval of 55h. Here, the

temperature gradient is also approximately 220 mK.
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Figure 6.6: A long-term temperature recording.
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Figure 6.7: The variation of the average temperature.

An average temperature is defined as

Ttwg(t> - 9

(6.3)

Figure 6.7 shows the average temperature of the measurement in Figure6.6. Its variation

remains within 20 mK over more than two days.

6.1.4 Analysis

In the previous section, I measured the temperatures of the coolest and warmest points in
the vacuum chamber. T,,,;, indicates the minimum value of T, over the measurement interval
and T4, for the maximum value of T),. Assuming a rectangular probability distribution for
the temperature seen by the atoms, the representative temperature is T' = (Tuin + Trnaz)/2
and the uncertainty AT = (Thnaz — Tonin)/V/12. The values for T and AT are ~294.62K
and ~63.5mK, respectively, resulting in a BBR shift of 4.929 x 107! and corresponding
fractional frequency uncertainty of 4 x 107, according to Eq. 5.1.
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6.1.5 Conclusion

A simple, compact, low-power-consumption temperature control system based on TECs was
constructed and demonstrated. A temperature gradient of approximately 220mK and a
average temperature instability of less than 20 mK were obtained over days, implying less
than the fractional frequency uncertainty of 4 x 107!® due to the BBR shift. It shows the
temperature controller of the science chamber can reduce the BBR shift of the SOC2 clock
from 1.14 x 107! to 4 x 10718,

6.2 BBR shift from the oven

The BBR shift from the oven also significantly contributes to the clock frequency shift. To
eliminate this BBR shift, one atomic beam shutter was installed, as shown in Figure 3.3.
However, in the last part of this dissertation, the shutter is broken. Thus, the result in
Table 5.2 is with the BBR shift from the oven. If the shutter is enabled, the BBR shift from

the oven should be zero, as shown in Table5.1.

6.3 Probe light shift and quadratic Zeeman shift

The SOC2 clock is based on bosonic strontium atoms, ®8Sr, whose clock transition 1Sy — 3P,
is doubly forbidden. To excite it, magnetic field-induced spectroscopy is used; however, sig-
nificant quadratic Zeeman shift and probe light AC Stark shift are present as a consequence.
For example, in this dissertation, the quadratic Zeeman shift and the probe light shift are
—1477(5) x 10717 and —113(2) x 1077, respectively. To eliminate these shifts, several vari-
ants of Ramsey spectroscopy are investigated, including hyper-Ramsey spectroscopy and
other modifications using composite Ramsey pulse [101]|[102]{103][104] and generalized auto-
balanced Ramsey spectroscopy and combined error signal [105][106][107], et al.

6.3.1 Modified hyper-Ramsey spectroscopy

The systematic uncertainty budget shows that the high contributions of the frequency shift
apart from BBR are from probe light shift and quadratic Zeeman shift in Tables 5.1 and 5.2.

In this section, I will discuss how we can suppress these two effects.

In addition to Rabi spectroscopy used in this dissertation, Ramsey spectroscopy is
also applied to the clock spectroscopy, which is a scheme of separating oscillatory fields to

interrogate atoms. In standard Ramsey spectroscopy, two m/2 pulses exciting atoms are
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Figure 6.8: Pulse pattern of the hyper-Ramsey spectroscopy. {2y is the Rabi frequency when
the laser detuning is zero from the unperturbed clock transition resonance. 7 is the pulse
length duration of 7/2 pulse, Qo7 = 7/2. Thus, both the first and third pulse areas are /2,
while the second pulse area is w. T is the dark time. The phase of each pulse of "hyper-
Ramsey type A" spectroscopy: £m/2 for the first pulse, 7 for the second pulse, and 0 for the
third pulse. In "hyper-Ramsey type B" spectroscopy, the phase step £7/2 is implemented
in the third pulse instead of the first.

separated by a long dark time. To suppress the probe light shift and the quadratic Zeeman
shift, a modified Ramsey spectroscopy was proposed [103][108], in which a frequency step Ay
is applied to the probe laser to compensate exactly for the shift Ag,. However, the shift Ay,
cannot be known exactly in practice. Thus a residual uncompensated shift A = A, — Ay,

remains and causes the frequency shift of the Ramsey fringe [103].

To reduce the sensitivity to a residual uncompensated shift A, hyper-Ramsey spec-
troscopy was proposed [101][103], in which there are three pulses with individually tailored
durations, phases and frequencies. The pulse pattern of the hyper-Ramsey scheme is shown
in Figure 6.8. The first pulse has a pulse length 7 and a phase +7/2, then a dark time T is
used for free evaluation of atoms, and finally a pair of pulses of length 27 and 7 and phase
m, 0 is applied [103|. The pulse length 7 satisfies g7 = 7/2, where () is the Rabi frequency
when laser detuning is zero from the unperturbed clock transition resonance. Thus, both
the first and third pulse areas are 7/2, while the second pulse area is w. This hyper-Rmasey
scheme is called "hyper-Ramsey type A" spectroscopy (HRA)[103]. To stabilize the clock,
the interleaving a sequence of the HRAn with the phase +7/2 of the first pulse, followed by
one sequence of the HRAp with the phase —7/2 of the first pulse, the excitation fraction
difference of HRAn and HRAp is feedback to the clock frequency [103]. However, the clock
residual frequency shift is still cubic dependence on A. To further reduce the sensitivity to
A, the "hyper-Ramsey type B" spectroscopy (HRB) was suggested [103], in which the phase
step +7/2 is implemented in the third pulse instead of the first. A mix of both HRA and
HRB spectroscopy is used to ultimately eliminate all dependence of the locked clock on A.

Modified hyper-Ramsey spectroscopy was demonstrated on ¥Sr optical lattice clock
by Hobson et al.[103] to eliminate the probe light AC Stark shift. To stabilize the clock,
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the interleaving a sequence of the HRAn with the phase +7/2 of the first pulse, followed by
one sequence of the HRBp with the phase —m/2 of the third pulse, the excitation fraction
difference of HRAn and HRBp is feedback to the clock frequency [103]. A significant 2 x 1073
probe light AC Stark shift is suppressed to below 1 x 107!, In theory, this method should
eliminate the Stark shift to zero; however, experiments indicate that a residual shift remains,
as reported in[103]. This may be due to sampling asymmetry in the error signal and an

imperfect realization of the hyper-Ramsey pulse.

We could also implement modified hyper-Ramsey spectroscopy on the SOC2 appa-
ratus to eliminate the AC Stark shift of the probe light. However, the quadratic Zeeman
shift must be considered with caution at the same time. To estimate the operational pa-
rameters for this method on the SOC2 clock, the original probe shift and the ratio of the
total interrogation time to 7 pulse are the same as in Ref. [103]. With the probe shift of
2 x 10713, the probe light intensity should be approximately 4.8 W /cm? corresponding to the
probe beam power of 92 W which is achievable by removing the ND filter. To facilitate easy
comparison with Rabi spectroscopy used in this dissertation, the total interrogation time is
maintained at 1s. Thus the 7 pulse length is 7, = 111ms and the free evaluation time
is T = 556 ms. According to the relationship among Rabi frequency, 7 pulse, probe light
intensity, and magnetic field strength, the strength of the magnetic field should be 0.329 mT,
and the corresponding quadratic Zeeman shift is approximately 6 x 107!, In these condi-
tions, after the implementation of modified hyper-Ramsey spectroscopy, it is achievable that
the probe light shift is less than 1 x 107!¢ and the quadratic Zeeman shift is approximately
6 x 10712,

To further reduce the quadratic Zeeman shift to be less than 1 x 1071, e.g. 6 x 10717,
the magnetic field strength should be decreased by a factor of 10. There are two scenarios
here. First scenario: increase T by a factor of 10 to still keep the probe light at 2 x 10713,
thus T, = 1.11s. The total interrogation time should be approximately 10s. This scenario
can only be achieved using PTB cryogenic Silicon cavity [7]. Second scenario: increase the
probe light intensity by a factor of 100 to maintain 7, = 111ms. In this case, the probe
light intensity should be approximately 480 W /cm? corresponding to the probe beam power
of 9.2mW which cannot be achieved in our current clock laser system due to a lack of
total laser power to atoms (~ 1 mW). The beam power can be easily obtained from a laser
diode HLL70021DG, with a maximum output power of 210 mW, from USHIO. It may also be
possible to simultaneously vary both the intensity of the probe light and the interrogation
time to achieve both the probe light shift and the quadratic Zeeman shift at a level of less
than 1 x 1076, By well controlling the probe light power and magnetic field strength, the
uncertainties of the probe light AC Stark shift and quadratic Zeeman shift can easily be less
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than 1 x 10718,

6.4 Cold collision shift

The frequency shift of the clock transition caused by collisions between cold atoms in a single
lattice site is also a significant contribution to optical lattice clocks. In the SOC2 system,
the cold collision shift was examined in both shallow and deep lattices, as illustrated in
Section 5.4. The clock is usually operated at a low lattice depth (approximately 30E,) and
with a low number of atoms (fewer than 1000), resulting in a collision shift coefficient of less
than —1 x 10716,

We need to consider increasing the number of atoms to take advantage of the optical
lattice, which can reduce quantum projection noise and improve clock stability. However, a
higher atomic number will result in a greater cold collision shift. To reduce the cold collision
shift, we can implement photoassociation of strontium-88 atoms, allowing multiple atoms at
a single lattice site to form molecules. These are then expelled from the trap, maintaining

fewer than two atoms in each lattice site to prevent collisions between cold atoms.

6.4.1 Photoassociation

A photon can be absorbed by two colliding lattice-trapped atoms, which photoassociate
to form a least-bound, electronically excited molecule. Then, the excited bound molecule
spontaneously emits a photon and becomes a pair of hot atoms or possibly a cold molecule
with enough kinetic energy to escape the trap. In this way, the colliding atoms can be
eliminated from the lattice trap, leaving either one or no atom per lattice site to prevent

atom collisions.

To reduce the cold collision shift between strontium-88 atoms in the SOC2 system,
photoassociation (PA) spectroscopy is performed near the 'Sy — 3P, intercombination tran-
sition. The PA line at interatomic separation R(ag) = 84 and the detuning of ~ 222 MHz
from the transition of 1Sy — 3P, [109]is employed.

The PA laser beam is produced by two cascaded injection locking lasers, shown in
Figure6.9. The master laser and the first slave laser are used as a laser cooling beam for
the red MOT. The detailed scheme of this distribution breadboard is shown in Figure3.11
of Chapter 3. The second slave laser is located on the stirring laser distribution breadboard,
which can be used as a cooling beam for strontium-87 atoms. The light that has passed twice
through the AOM provided by the second slave laser serves as PA light and has a detuning

of approximately ~ 222 MHz from the intercombination transition. Figure6.10 shows the
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Figure 6.9: The schematics of optics path of PA beam. The first order diffracted beam of
each AOM is shown here. The other beam dumps are left out for clarity. More details in
the text. PA: photoassociation; FSS: frequency stabilization system; AOM: Acousto-Optic
modulation.

PA spectroscopy by scanning the double-pass AOM. The asymmetric shape of the PA line
is a result of thermal effects [109].

6.4.2 Clock transition after the implementation of photoassociation

During clock operation, a PA beam is inserted before clock interrogation, as shown in Fig-
ure6.11. Figure6.12 shows the clock transitions with and without photoassociations. With
photoassociation, the broadening of the linewidth due to collisions is reduced, and the clock
transition is also shifted by ~ 1Hz, as shown in Figure6.12. If all lattice sites are filled
with one or no atoms per site after implementing photoassociation, the collision shift can be

entirely eliminated.

The collision shift could also be suppressed using an auto-compensation method pro-
posed by Yudin et al. [110].

6.5 Clock transition shifts due to other effects

Lattice light shift
To reduce the AC Stark shift of the clock transition caused by the lattice laser, one may

operate the lattice clock at a low trap depth according to Eq.5.21; however, a lower trap
depth results in a higher tunneling rate. Therefore, one must balance the lattice AC Stark

shift and tunneling under operational conditions. Moreover, the differential electric dipole
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Figure 6.10: PA spectroscopy at the detuning approximately 222 MHz from the intercombi-
nation transition. The asymmetric shape of the PA line is a result of thermal effects.

D PA beam

Figure 6.11: The timing sequence of clock operation with PA beam. From pahse A to D,
atoms are cooled down and loaded into the optical lattice. Then, a PA beam that is on
resonance with the PA line which is ~ 222 MHz detuning from the 1Sy <+ 3P, transition is
delivered into the lattice. E and F are the interrogation and detection phases. More details
of A to F in Figure 3.21.
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Figure 6.12: The clock transitions with and without photoassociation.

polarizability, magnetic dipole, electric quadrupole polarizability, and hyperpolarizability
must be precisely known to accurately determine the lattice AC Stark shift. Another ap-
proach involves implementing serial measurements of the AC Stark shifts at various lattice
depths with the lattice laser frequencies close to the effective magic wavelength, where prior
knowledge of polarizabilities is unnecessary, according to Eq. 5.20. However, before that, the

linear scaling of the atom temperature with lattice depth Uy should be carefully examined.

Background gas collision shift

An experimental observation of the strong dependence of the lifetime on the pressure of the
vacuum system was made in the SOC2 system [29]. The lattice lifetime was improved by 10
times by reducing the pressure from ~ 1 x 10~? mbar to ~ 1 x 107! mbar. A more powerful
ion pump could remove more background gas, further enhancing the pressure in the science

chamber and reducing the frequency shift caused by background gas.

DC Stark shift

DC-Stark shift is due to the residual electric field in the interrogation phase, which causes a
frequency shift of the clock transition. In the SOC2 system, a pair of large non-conductive
chamber windows (diameter 40 mm) are placed on the horizontal plane and as close as 7 mm

to the cold atoms. Electric charges can accumulate on the windows and produce a DC-
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Effect Achieved Attainable | Notes
frequency shift uncertainty | uncertainty
BBR shift -521.12 1.14 <0.5
BBR oven 0 0 0
Lattice AC Stark shifts -3.56 2.19 <0.1
Probe light AC Stark shift -113.18 2.24 <0.1
Cold collision shift -2.03 0.63 0
Quadratic Zeeman shift -1477.37 5.15 <0.1
Background gas collision shift -0.54 0.05 < 0.05
DC Stark shift -0.19 0.02 0
Servo error 0 0 0
Total -2117.99 6.17 <0.54

Table 6.1: Uncertainty budget for the SOC2 clock with achievable uncertainty without
significant unnecessary system upgrades. All values are to be multiplied by 107!7. The
achieved uncertainty budget corresponds to Table 5.1.

Stark shift. To reduce the DC-Stark shift, a pair of windows with a conductive coating can
replace the non-conductive chamber windows, thereby removing the residual electric field.
For example, Indium Tin Oxide (ITO) coatings offer advantages such as higher electrical

conductivity and optical transparency, making them suitable for use in SOC2 systems.

6.6 The achievable uncertainty of the SOC2 clock

The achievable uncertainty budget of the SOC2 clock is shown in Table 6.1 with comparison
of achieved results. If we carefully control all the effects, the systematic uncertainty of less
than 5.4 x 10718 is reachable. Less noise from all the effects also improves the clock instability,
making the clock more stable. Currently, we are also optimizing the laser systems with high-
power 461 nm and 689 nm laser diodes, which are NDB4916 (from NICHIA) with a maximum
output power of 600 mW, and HL69001DG (from USHIO) with a maximum output power
of 210 mW, respectively. We are trying to make the laser system more robust, and aiming
for long-term running, i.e. longer than 1 week with a large uptime fraction. Based on the

discussion in previous sections, it is possible to meet the project goals.
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Chapter 7
Conclusion

In this dissertation, I reported a transportable optical lattice clock (SOC2) based on strontium-
88 neutral atoms, which aims to investigate relativistic geodesy by time comparison in the
framework of the DFG research unit "Clock Metrology: A Novel Approach to TIME in

Geodesy".

The principle of the strontium optical lattice clock was discussed, and the compact
physics package and compact, modular-designed laser systems of the SOC2 clock were intro-
duced. Then the noise contributions to the clock instability were analyzed, for example, the
noises from quantum projection, Dick effect of the probe laser, bias field, probe laser power,
lattice laser power, detection noise, etc. The estimated contribution to the instability from
all noise sources together with the contribution of the Sr3 clock is ~ 2.7 x 1071%/,/7. How-
ever, the measured instability of the SOC2 clock against the Sr3 clock is ~ 5.7 x 10716/, /7.
Therefore, there are still unidentified noise sources that contribute to the instability of the
SOC2 clock.

The frequency shifts due to all relevant effects were carefully characterized, for in-
stance, blackbody radiation shift, quadratic Zeeman shift, probe light AC Stark shift, lattice
light AC Stark shift, cold collision shift, background gas collision shift, etc. The systematic
uncertainty of the clock is 6.2 x 107!7 at low atom number (~ 240), and the main contribu-
tion stems from the quadratic Zeeman shift; however, at high atom number (~ 2250), the
systematic uncertainty is 1.26 x 107!¢ with a high contribution from the lattice AC Stark
shifts. The noise source of the lattice AC Stark shift originates from the collisions of cold
atoms: the collision shift contribution in the lattice AC Stark shift measurement with a high
atom number is more significant than in the low atom number case, and thus worsens the
uncertainty of the SOC2 clock.

By frequency comparison between the SOC2 and Sr3 clocks, the isotope shift between
8Sr and ®7Sr was also obtained, which is 62188134.032(35) Hz. The result agrees with
the recently reported values. The frequency ratio between strontium-88 and -87 clocks is
1.000 000 144 883 682 842(42), which is consistent with the recommended value of CIPM [93].
The isotope shift is also obtained by frequency comparison with the transportable optical

lattice clock (Sr4) of PTB. The two measured isotope shifts are consistent with each other.
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The frequency ratios of ®Sr with respect to the electric octupole (E3) transition in
Y bH+ and '5In™ are also reported in this dissertation. The frequency ratio of '™ Yb*(E3) /%¥Sr
is measured to be 1.49599140180015681(12), and the frequency ratio of '5In™/%Sr is
2.952 748 322 069 809 39(22). Both of them are consistent with the 2021 recommended fre-
quency values of CIPM. The reference value is the frequency ratio from Table B1 in[93].
Based on these two ratios, the ratio "5In™ to '™ Yb*(E3) can be obtained, which is con-
sistent with the value reported in Ref.[98]. The ratio uncertainty of '5In* to ®Sr has
improved over the reference value by a factor of approximately 60. To our knowledge, these

direct optical frequency ratios of #Sr to "' Yb* and "5In* are reported for the first time.

In order to further improve the clock performance, some potential optimizations of
the SOC2 clock were discussed, for example, reducing the BBR shift to 4 x 107!® by better
controlling the temperature of the science chamber; suppressing the quadratic Zeeman shift
and probe light shift by implementing modified hyper-Ramsey spectroscopy [103]; controlling
the cold collision shift by photoassociation of cold atoms in the same lattice site; etc. The
achievable uncertainty of the SOC2 clock is less than 5.4 x 10718, if all the effects are carefully

controlled, which meets the project goals.

Currently, we are optimizing and upgrading the laser systems with high-power 461 nm
and 689 nm laser diodes, trying to make the system more robust and reliable, and aiming for
long-term clock operation, i.e., longer than 1 week with a large uptime fraction. The new
transportable clock laser based on the NEXCERA material was transported from HHU to
PTB last year and was integrated into the SOC2 setup.

At the end of 2025, the SOC2 clock is planned to be transported to Wettzell, to define
the GOW time scale, and to be an enabling element for time transfer between GOW and

Potsdam, in order to investigate relativistic geodesy via ACES.
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D Redbeam

Figure A.1: The timing sequence of detecting 1Sy <+ 3P, transition. From phase A to D,
atoms are cooled down and loaded into the optical lattice. Then, a red beam that is on
resonance with the 1Sy <+ 3P, transition is delivered into the lattice. Detection phase F
is applied, which follows the red beam to detect the remaining atoms in the lattice. More
details of phase A to D and F in Figure 3.21.

Appendix A The compensation of the perpendicular back-

ground magnetic field

To compensate for the background magnetic field 3 1 which is perpendicular to the quanti-
zation axis as shown in Figure5.2, I used the 1S, <+ 3P, transition to monitor the magnetic
field and apply three orthogonal pairs of coils with a Helmholtz configuration to create a
compensating magnetic field. First, the atoms are slowed down, cooled, and trapped in the
MOT, then loaded into the optical lattice. Then, a red beam that is in resonance with the
1Sy <+ 3P, transition is delivered into the lattice. The atoms in the lattice are kicked out of
the lattice by the resonant laser. After that, the detection pulse addressing the 1Sy <> ' P,
transition is applied to detect the remaining atoms in the lattice. Figure A.1 shows the

timing sequence.

Figure A.2 shows the remaining atoms in the optical lattice after using the red beam.
There are two drops that correspond to 'Sy, <+ 3P;,m; = £1 transitions. Based on the
1Sy <+ 3Py transition signals, I can easily estimate the magnetic field and then apply the
compensation field created by three pairs of Helmholtz coils to compensate the background
field to ~ 0. Figure A.3 shows the spectra of 1S, <+ 3P, transition with the gradually
increasing compensation magnetic field (Figure A.3a-c). In the end, the background field
is compensated to approximately zero, and the two transition lines are overlapped (Fig-
ure A.3c).

To evaluate the residual background field, I modeled the line shape as the sum of two

Lorentzian components with negative signs (dips) to fit the experimental data:

No)=1- Ay} B Avs
(v=—1)24+77 (v—u—Av)2+3

(A.1)

where N (v) is the fractional atom number remaining in the lattice after using the red beam;

Vg is the center frequency of one transition line and Av is the center frequency separation
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Figure A.2: The remaining atoms in the optical lattice after using the red beam. Two main
drops correspond to 1Sy <+ 3P;, m; = +1 transitions. The blue dots are experimental data,
while the red curve is a fit of Eq. A.1 to the data.
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Parameters Figure A.3a Figure A.3b Figure A.3c
The height A 0.85(3) 0.76(4) 0.41(1)
The center frequency v, (MHz) -0.89(1) -0.09(2) -0.01(1)
FWHM/2 4, (MHz) 0.29(2) 0.28(3) 0.21(2)
FWHM,/2 4, (MHz) 0.22(1) 0.20(3) 0.10(2)
The frequency separation Av (MHz)  1.925(16) 0.390(21) 0.018(22)

Table 1: The fitted results of the spectra in Figure A.3. FWHM is the full width at half
maximum. After the background magnetic field compensation, the frequency separation is
0.018(22) MHz, shown in Figure A.3c, corresponding to 0.43 pT of residual magnetic field.

of the two transition lines; A is the height at v = 1; 71 and v, are half of the full width
at half maximum (FWHM) of two transition lines, respectively. The fitted parameters are
listed in Tablel. After the background magnetic field compensation, the frequency sep-
aration is 0.018(22) Hz, shown in Figure A.3c. The Zeeman splitting coefficient between
1Sy <+ 3P, m; = +1 transitions can be theoretically calculated, which is 4.2 kHz/mG. Thus,
the residual magnetic field is 0.43 pT after compensation. According to magnetic-field-
induced spectroscopy [65], the quadratic Zeeman shift coefficient of the clock transition is
-23.3 MHz/T2. Therefore, the quadratic Zeeman shift due to the residual magnetic field is
-4(17) pHz, corresponding to —9(40) x 1072 in fractional units. Compared to the quadratic
Zeeman shift due to the bias magnetic field (~ —1477.4(52) x 107'7), shown in Section 5.2,

this contribution from residual perpendicular magnetic field is negligible.
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Figure B.1: The test board for a single TEC chip. An Arduino sends the set-point tempera-
ture to the TEC chip and receives the actual temperature via DAC and ADC, respectively.
The TEC chip reads the temperature from the thermistor on the controlled object and
compares the setpoint with the actual temperature to modulate the current to the Peltier
element, which is located between two copper plates (controlled object). The communication
between Arduino and ADC/DAC is through the I?C protocol. The Python code is uploaded
to the Arduino via USB. TEC: thermoelectric cooling element; ADC: analog-to-digital con-
verter; DAC: digital-to-analog converter.

Appendix B Test and debug of the temperature controller

of the science chamber

In order to test the TEC chips and the Arduino program, I built a test board in which the
two copper plates are used as controlled object, shown in Figure B.1. The Arduino sends
the set-point temperature to the TEC chip and receives the actual temperature via DAC
and ADC, respectively, through the 12C protocol. TEC chip reads the temperature from
the thermistor on the controlled object and compares it to the setpoint. The difference
between the desired temperature and the setpoint is used to modulate the current to the
Peltier element, which is located between the two copper plates. A computer communicates
with the Arduino via USB to upload the Python program and to read out the data from the

Arduino and display the monitored temperature. The overall photo and schematics of the
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Figure B.2: Photo and schematics of the test system. To simplify the system, the computer
is not shown here. A multimeter is applied to monitor the out-of-loop temperature of the
controlled object. Power supply with eight-channel outputs is located on the right side of
the photo. The details of the control board is illustrated in Figure B.1.

PeakTeo

B

test system are shown in Figure B.2. In addition to the components shown in Figure B.1,
a multimeter is applied to monitor the out-of-loop temperature of the controlled object. A

power supply with eight-channel outputs is located on the right side of the photo.

After testing each TEC chip and software, I used the controller for the science chamber
to replace the test board to debug the printed circuit board (PCB), shown in Figure B.3,
and test the controller channel by channel. 1 found many mistakes in the PCB board and
corrected them by adding wires, changing resistors and capacitors, etc. Figure B.4 shows
more details of the modifications after debugging. After ensuring that all eight channels
work well, I integrated the controller into our setup to control the temperature of the science
chamber.

In the end, the temperature gradient of the science chamber is approximately 220 mK
around the average temperature 294.65 K, with continuous monitoring of the temperature
for 55hours. The resulting BBR shift is 4.929 x 107! corresponding fractional frequency
uncertainty of 4 x 107!, More details can be found in Chapter 6.
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Figure B.3: Photo of the temperature controller of the science chamber under testing. Here
the controller replaces the test board and the other components are kept the same as in
Figure B.2.
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(a) The top side.

(b) The bottom side.

Figure B.4: The printed circuit board (PCB) of the temperature controller of the science
chamber after debugging the errors. The insert of (a) shows the details of the modification
of the PCB top side.
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