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Abstract

This thesis explores the development and application of laser-cooled mercury atoms for precision
measurements relevant to fundamental physics. A primary motivation is the search for a permanent
electric dipole moment in mercury, that could shed light on the baryon asymmetry of the universe.
We present the design and construction of a custom experimental apparatus for producing and trap-
ping cold mercury atoms, detailing challenges associated with working with mercury in an ultra-high
vacuum environment and considering deep-ultraviolet optics. A magneto-optical trap operating on
the 1Sy — 3P; intercombination line at 254 nm is realized for all seven stable isotopes, achieving atom
numbers up to 5 x 107 and phase-space densities up to 1 x 10~% suitable for optical dipole trap load-
ing. Cooling efficiency for all bosonic and fermionic isotopes are characterized over a wide parameter
space, and we show sub-Doppler cooling in 1*Hg and 2"’ Hg. The successful loading of mercury into
a high-power optical dipole trap is demonstrated, forming the basis for future electric dipole moment
experiments of laser cooled mercury atoms. Prospects of evaporatively cooling mercury down to
quantum degeneracy could allow for a quantum-enhanced metrology tool kit for the planned mea-
surements. Apart from this, we are exploring the use of ultracold fermionic gases made of mercury as
a quantum simulator for impurity physics. As a promising versatile and tunable platform for studying
impurity-bath interactions, we are assessing the feasibility of observing Friedel oscillations in ultracold
quantum gases. Further, we perform precision isotope shift spectroscopy on several dipole-allowed
atomic transitions in mercury. Via King plot analysis this allows investigations of the mercury nuclear
structure — also relevant for electric dipole moment bounds — and lays the foundation for probing a
potential fifth force carrier coupling electrons to neutrons. We also propose upgrades to the machine
for improvements in laser cooling, extensions of the spectroscopy search and a proposed experimental

setup for probing the atomic electric dipole moment in an optical dipole trap of cold mercury atoms.
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1 Introduction

“Like a tiger defying the laws of gravity.”
Freddie Mercury, Don’t Stop Me Now.

New physics beyond the standard model

The standard model (SM) of particle physics is arguably the most successful scientific theory of all
time. It describes the wide spectrum of known elementary particles and their interactions through
three of the the four fundamental driving forces of nature — the strong, the weak and the electro-
magnetic interaction. Its predictive power has been confirmed repeatedly across an impressive range
of experiments: from high-energy collider results at the Large Hadron Collider (LHC), to precision
low-energy laboratory tests, to astrophysical and cosmological observations. The SM therefore serves
as the cornerstone of modern physics.

The SM of physics is however incomplete. It fails to include gravity via a quantum description and
provides no explanation for the dominant components of the universe’s energy density: dark matter
and dark energy. Furthermore, it contains a number of internal puzzles and deficiencies that point
towards new physics (NP).

A particular issue is its inability to explain the observed baryon asymmetry of the universe. This is
linked to the strong charge and parity symmetry (CP) problem of quantum chromodynamics (QCD)
via the Sakharov condition: an imbalance of matter and antimatter production in the early universe
necessarily requires CP-symmetry violation. While the SM does allow for CP violation through the
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the fgcp vacuum term in the
OCD Lagrangian, its magnitude is by more than ten orders of magnitude too small to explain the
observed matter-antimatter imbalance [3]. This mismatch underscores the need for new mechanisms
of CP-violation beyond the SM.

Additionally, the SM fails to give an explanation to the flavor puzzle — the small but non-zero
masses of neutrinos and the hierarchical pattern in the masses of quarks and leptons. Within the
SM, fermion masses arise from their Yukawa-couplings to the Higgs field. Because these couplings
are much smaller than their experimental bounds, they are not stringent enough to significantly rule
out larger couplings. This allows the possibility that the Higgs boson may not account alone for the

complete masses of the light fermions [4].

Several experimental results also hint at possible shortcomings of the SM, such as the muon g — 2
anomaly, flavor anomalies in rare B-meson decays, and tensions in the Hubble constant. All these
shortcomings motivate the existence of new sources of CP violation of fundamental particles, beyond
those present in the SM and point to the potential existence of new particles and fifth force interactions.

The broad search for physics beyond standard model (BSM) is a central goal of modern physics.
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Experimental frontiers of new physics searches

Traditionally, high-energy colliders such as the LHC have served as the primary tool to probe the SM,
directly searching for new particles at the TeV scale. While no new fundamental particles beyond the
Higgs boson have been discovered so far, the LHC continues to provide stringent bounds on a wide
range of BSM physics scenarios. The future of collider physics lies in extending these capabilities with
upgraded detectors, improved analysis techniques, and exploration of more subtle or rare signatures.
Nonetheless, the absence of direct signs of NP at the LHC in the last decade has led to an increased

focus on complementary approaches.

The main motivation for the existance of dark matter and dark energy, which the SM fails to ac-
count for, comes from astrophysical observations. Observations of large-scale structure formation,
galaxy rotation curves, and gravitational lensing all point toward the need for dark matter [5]. Di-
rect detection experiments — such as XENONNT [6], PandaX [7], and LUX-ZEPLIN [8] — are probing
weakly-interacting ultralight dark matter (WIMP) candidates, axion-like particles (ALPs), and ultra-
light scalar dark matter. Upcoming gravitational-wave observatories are being considered as probes of

exotic dark-sector physics, such as primordial black holes and phase transitions in the early universe.

Non-accelerator experiments also provide important insights. The Karlsruhe Tritium Neutrino
Experiment (KATRIN) aims to directly measure the absolute neutrino mass scale with sub-eV sen-
sitivity [9], providing essential input for constraining neutrino sector models and their implications
on BSM physics. Searches for neutrinoless double beta decay test whether neutrinos are Majorana
particles, directly probing lepton number violation [10]. Proton decay searches in large underground

detectors like Super-Kamiokande [11] can test predictions of BSM theories.

A complementary approach to probe BSM physics via collider physics arises from the precision fron-
tier via low-energy, high-precision table-top experiments. Advances in atomic physics and quantum
metrology now enable measurements at extreme levels of precision, where even tiny deviations from
SM predictions become experimentally accessible. State-of-the-art optical lattice clocks achieve frac-
tional frequency uncertainties below the 1x 10718 level [12-14], and hydrogen spectroscopy has tested
quantum electrodynamics (QED) with relative uncertainties below 1 x 10715 [15, 16]. In addition,
the electron g-factor is measured to part-per-trillion precision [17, 18]. These capabilities open new
ways for BSM searches, including constraints on couplings to ultralight scalar dark matter, signatures
of new force-mediating bosons, violations of Lorentz and charge, parity and time reversal symmetry

(CPT), and potential variations of fundamental constants [19-21].

Multiple experimental platforms — such as optical clocks, highly charged ions, and nuclear transi-
tions — are now being used to search for oscillatory or transient variations in these constants. Such
effects could be induced by interactions with topological dark matter structures like domain walls or
by passing dark sector fields [22, 23]. To enhance sensitivity, proposals include distributed networks
of atomic clocks capable of detecting coherent, large-scale signals from such phenomena. Worldwide,
many additional precision-based, low-energy approaches are underway. They provide constraints on
a broad array of BSM models (see reviews [19, 20, 24]). As experimental precision improves precision
table-top measurements are becoming increasingly comparable to and complementary of high-energy

collider searches in the quest for NP.



Electric dipole moment searches

One of the most sensitive precision probes of new sources of CP violation is the search for a permanent
electric dipole moment (EDM) of elementary particles, atoms, and molecules (see, e.g., reference [25]
for a review). Permanent EDMs violate both parity (P) and time-reversal (T) symmetries and, through
the CPT theorem, also signal CP violation. New sources of CP violation are predicted by many BSM
theories, such as supersymmetry (SUSY), left-right symmetric models, and models with extended
Higgs sectors, which often naturally predict EDMs within or just beyond current experimental reach.
These theories aim to address the shortcomings of the SM, including the baryon asymmetry, and
thus provide strong motivation for increasingly precise EDM measurements. It however remains
unknown which system or fundamental particle, if any, might exhibit an EDM within measurable
range, motivating searches across a wide variety of systems.

Since different systems are sensitive to different underlying CP-violating operators (e.g., electron
EDM, nucleon EDM, CP-odd electron-nucleon interactions, etc.), only a comprehensive program
combining multiple EDM measurements in atoms, molecules, and particles [26] can disentangle the
origin of CP violation and discriminate between SM and BSM contributions. Global analyses that
incorporate theoretical input, such as hadronic and nuclear matrix elements, are essential in this effort
(see e.g., reference [3]), allowing constraints on the CP-violating parameter space and offering clues
to the nature of NP. Continued progress in experimental precision, system diversity, and theoretical
interpretation makes EDM searches one of the most promising attempts for uncovering BSM CP
violation.

While no EDM has yet been observed, current experiments have set stringent limits on new sources
of CP-violating interactions. EDM searches in composite systems, particularly those with enhanced
internal sensitivity such as heavy atoms and polar molecules, provide some of the most stringent
constraints. These systems amplify the effects of fundamental CP violation, making them powerful
probes for BSM physics.

For the electron electric dipole moment (eEDM), the tightest constraints currently come from polar
molecules. These molecules possess extremely large internal effective electric fields — often tens of
GV /cm — which couple directly to a potential intrinsic eEEDM. They also offer favorable features such
as nearly complete polarization in modest external fields, long coherence times, and, in polyatomic
species, internal states providing built-in co-magnetometry to suppress systematics. Using trapped
HfF*, the Cornell group has set a limit |d.| < 4.1 X 1073%¢ . cm at 90% confidence level (CL) [27].
Ongoing and planned experiments with ThO (ACME IIIII) [28] and advanced interrogation schemes
promise significant further sensitivity gains.

Atomic electric dipole moments (aEDMs) predominantly arise from nuclear contributions, primar-
ily the CP-violating Schiff moment, which encodes the effects of intrinsic nucleon EDMs and CP-odd
nucleon-nucleon interactions. Direct sensitivity to the intrinsic electron EDM is strongly suppressed
in closed-shell (diamagnetic) atoms due to electronic screening and the near-cancellation enforced
by Schiff’s theorem. As a result, atom EDMs provide a clean probe of hadronic and nuclear sources
of CP violation and are complementary to direct neutron and proton EDM searches. Experiments
with heavy, octupole-deformed nuclei such as ?’Ra benefit from a strong enhancement of the nuclear
Schiff moment due to their pearshaped asymmetric nuclear structure, resulting in an amplification

by two to three orders of magnitude compared to spherical nuclei [29, 30].
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The most precise probe of an atomic electric dipole moment (aEDM) to date comes from diamagnetic,
neutral mercury 199Hg atoms. Here, measurements in a vapor-cell setup set dpg = (2.20 + 2.7545 +
1.48gy5) X 10~% e . cm, which provides an upper bound of |dpg| < 7.4 X 10730 ¢ - cm at 95% CL [31].
This bound translates into one of the strongest indirect constraints on hadronic CP violation currently
available. Mercury also plays an important role in the direct measurement of the neutron electric
dipole moment (nEDM), where it acts as one of the most precise atomic co-magnetometers [32, 33].
Here the latest limit was recently pushed to |d,| < 1.8 x 10726 e . cm at 90% CL [32] and future
measurements within the PanEDM collaboration [34] are on the way.

The current 1*”Hg EDM measurement has reached fundamental technical limitations in its room-
temperature vapor cell implementation. These challenges motivate the development of a next-generation
approach based on cold, trapped *’Hg atoms. Compared to thermal vapor cells, such systems allow
substantially higher atom densities, smaller trap geometries supporting stronger applied electric fields,
and reduced systematic errors. In addition, quantum-enhanced measurement strategies (e.g., Heisen-
berg scaling) promise further sensitivity gains. These developments are central to the “quMercury”
project, which is presented here and which is explicitly included in the current European strategy for
EDM searches [20]. Future nEDM measurements will also benefit from better knowledge of (nuclear)
properties of mercury, isotope shifts (ISs) for AC light shift mitigation [33], as well as improved laser

systems and experimental control in the deep-ultraviolet (UV).

Isotope shift spectroscopy

Another powerful technique at the precision frontier is atomic isotope shift spectroscopy (ISS). IS
arises from nuclear mass and charge distribution differences between isotopes of the same element.
Differential measurements, which compare transition frequencies across isotopes and transitions, can
suppress common-mode systematics and enhance sensitivity to both SM and BSM effects that have
not yet been studied. ISS is particularly sensitive to new parity-conserving electron-neutron interac-
tions, potentially mediated by hypothetical bosons beyond the SM [4, 35] and therefore connects to
fundamental questions in particle physics. This sensitivity allows atomic ISS experiments to probe
new forces at subatomic scales with remarkable precision. This is particularly relevant in regard to
the fermion mass hierarchy, where the LHC constraints of the electron Yukawa coupling allow for
Ve < 1.3%x 1073, much larger than the y, ~ 2 X 1075 SM prediction [4], as noted above. This leaves
room for extended Higgs sectors or alternative mass-generation mechanisms.

The search for low-energy BSM physics is also motivated by the observation of anomalies in the
17MeV electron-positron pairs excess in ®Be nuclear decays observed by the ATOMKI collabora-
tion [36], interpreted as evidence for a potential new vector boson [37]. ISS is a sensitive probe of
a potentially scalar-mediated fifth force coupling electrons to neutrons, which are inaccessible to col-
lider experiments. Here, King plots (KPs) provide a sensitive method for detecting nonlinearities in
ISs that may signal NP. Although no definitive signals have yet emerged from ISS or KP analysis,
these experiments already constrain new scalar and vector bosons in previously unexplored parame-
ter space or support astronomical observations. Continuos improvements in experimental precision
and theoretical modeling promise to further tighten these bounds and may eventually uncover NP

signatures in atomic spectra.



Interpreting such deviations requires careful modeling of SM effects, particularly higher-order nuclear
deformation. The sensitivity of IS experiments depends strongly on atomic number Z: in low-Z
systems like calcium (Z = 20) BSM signals are weak, while in high-Z atoms like ytterbium (Z =
70) BSM effects are enhanced but SM-induced nonlinearities especially from nuclear deformation
complicate the analysis. Mercury (Z = 80) offers an ideal compromise: it has a relatively simple
electronic structure, high-Z enhancement, and nearspherical nuclei close to the proton shell closure
at Z = 82, reducing deformation effects. It also provides narrow optical transitions and several stable
even-even isotopes, making it well-suited for high-precision IS and KP studies.

ISS also enables precise mapping of nuclear charge radii across isotopic chains, revealing features
such as the charge radii kink at the N = 126 shell closure and shape staggering in neutron-deficient
isotopes of mercury. These observables provide stringent benchmarks for nuclear structure models,
looking at shell effects and shape coexistence in heavy nuclei. Potentially also probing EDM enhancing
nuclear structure effects like Schiff moments, ISS in Hg may also help to improve BSM bounds for

new CP-violating interactions from EDM measurements.

Thesis overview

In this thesis, we lay the foundation for a measurement of the permanent EDM of laser-cooled mercury
atoms and the use of ISS as a precision probe of potential new BSM physics. The structure of this

thesis is as follows:

Chapter 2 provides a brief overview of the nuclear and electronic structure of mercury relevant for
precision measurements of laser-cooled mercury atoms, particularly in the context of searches for a
permanent EDM and ISS.

Chapter 3 discusses the technical challenges associated with handling mercury in an ultra-high vacuum
environment and details the design and construction of a custom experimental vacuum chamber for

producing and trapping cold mercury atoms.

Chapter 4 contains one of the main results of this thesis and describes the realization of a magneto-
optical trap (MOT) operating on the 1Sy — 3P; intercombination line at 254 nm, capable of trapping
all stable isotopes of mercury with atom numbers up to 5 x 107 and phase-space densities in the order
of 1 x 1075, We present the construction of the optical and electronic setup including laser frequency
stabilization, magnetic field control and imaging. We characterize the MOT cooling performance for

all bosonic and fermionic isotopes, demonstrating sub-Doppler cooling in the latter.

Chapter 5 demonstrates the successful loading of cold mercury into a high-power optical dipole trap,
which serves as the platform for future EDM measurements. We also outline the prospects for evap-
orative cooling toward quantum degeneracy, which has not yet been achieved in mercury, enabling
quantum-enhanced metrology. Additionally, we are investigating ultracold fermionic mercury gases
as a highly controllable quantum platform to simulate solid-state impurity physics, benefiting from the
wide range of isotopes and thus tunable impurity-to-bath scattering properties. Our focus is on eval-
uating the feasibility of observing Friedel oscillations arising from impurity-bath interactions under

realistic experimental conditions.
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Chapter 6 reports precision ISS on several dipole-allowed electronic transitions in mercury. The data,
analyzed through KP analysis, provide a starting point for probing subtle nuclear structure effects
that are relevant to setting stringent constraints on the EDM. Furthermore, these measurements lay
the groundwork for sensitive searches of hypothetical BSM interactions, enhancing our understanding

of fundamental physics beyond the SM.

Throughout the chapters we also propose future upgrades to the experimental system, including
improvements in laser cooling, extensions of the spectroscopy measurements, and the construction of

a science chamber to measure the aEDM in an optical dipole trap.



2 Mercury

Mercury is the chemical element with atomic number Z = 80 and an atomic mass of about 200 u. Its
chemical symbol, Hg, derives from the ancient Greek word “U8pdpyupoc” (“hydr argyros”) meaning
“water silver,” reflecting its unique property of being a liquid metal at room temperature. Though ex-
tremely rare in the Earth’s crust, mercury’s remarkable physical and chemical properties have made it
central to a long history of scientific discoveries and technological application. Its silvery appearance
and strong wetting characteristics enabled its use in early optical mirrors, even by ancient Mayan
civilizations. With a freezing point of —38.8°C and a boiling point of 356.7 °C, mercury extended
the operational range of sealed liquid-in-glass thermometers beyond that of alcohol-based designs. Its
high density and thermal expansion coefficient made it ideal for barometers and manometers, and
it remains the reference for the torr pressure scale. Michelson and Morley floated their apparatus
on mercury, whose density and fluidity enabled frictionless rotation of the optical elements to detect
shifts relative to the hypothesized aether. Due to its high vapor pressure and monatomic vapor phase,
mercury became a preferred source for early molecular beam experiments. Superconductivity was
discovered in mercury by Heike Kamerlingh Onnes in 1911 at 4.19K, and its excellent electrical con-
ductivity saw widespread use in switches and relays throughout the 19th and 20th centuries. Mercury
fluorescence vapor lamps were also used in many applications here, some of which are still in use
today.

Its atomic structure made mercury central to the early development of quantum and atomic physics.
The Franck-Hertz experiment (Nobel Prize 1925), the demonstration of the Hanle effect (Nobel Prize
1924), the first optical pumping by Alfred Kastler (Nobel Prize 1966), and the first Einstein-Podolsky-
Rosen (EPR) experiment using lasers by Fry and Thompson in 1976 were all performed using mercury.
Thomas Walther therefore refers to mercury as the “Rosetta Stone of physics”, pointing out that, prior
to the advent of laser cooling, it was the preferred element for quantum physics [38]. Mercury was
also used in early optical pumping experiments, pioneered magnetic resonance studies by Isidor Isaac
Rabi and 1"Hg and 2" Hg are considered the most studied nuclear magnetic resonance active nuclei.
Together, these properties and applications have made mercury not only a practical tool but also a

foundational element in the advancement of modern physics.

Today, the field of precision metrology and quantum optics is especially interested in mercury as a
promising candidate for an optical lattice clock [39-43]. Its deep-ultraviolet (UV) clock transition
and low sensitivity to black body radiation shifts increases its sensitivity to variations in fundamental
constants [44, 45] and coupling to dark matter [21]. Comparisons of optical clocks to UV mercury
transition achieve fractional uncertainties beyond the current realization of the second [46], also in-
cluding clocks based on single mercury ions [47]. A two-photon E1-M1 excitation scheme in a hot
mercury vapor is suggested to provide a compact, transportable optical clock with a stability down
to 1x107%° @71 [48]. With a long-time fractional stability of 3 x 107!° a compact clock based on
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mercury ions was already launched into space as part of NASA’s Deep Space Atomic Clock (DSAC)
program, designed to improve the precision of deep space and real-time autonomous spacecraft nav-
igation [49].

The green line of 1% Hg at 546 nm was favored as a calibration standard for the meter in the form of a
monoisotopic, electrodeless lamp, which provides a sharp, stable spectral line with minimized Doppler
broadening and a very simple hyperfine structure [50]. The wavelengths of four visible ®Hg lines are
still recommended by the International Committee for Weights and Measures for practical realization
of the meter at the 5 x 1078 level [51, 52]. And the 1Sy — 3P; intercombination line is considered as
a precise thermometer that could serve as a practical realization of the kelvin temperature scale [53].

Mercury’s high nuclear charge makes it a strong candidate for fundamental tests of parity violation
and searches for physics beyond the standard model. Nuclear-spin comagnetometers based on atomic
mercury are used to compensate magnetic field drifts in the direct search for a permanent electric
dipole moment (EDM) of the neutron [34] and can also be used to search for a new physics gravity spin
coupling at earth’s range [54]. In the context of nuclear physics the heavy mercury nucleus also shows
a staggering of the nuclear charge radius at higher masses, a feature that is still being investigated
and might improve our understanding of nuclear structure theory.

Generation of ultra-cold diatomic Hg-molecules by photo-association promises new platforms for
quantum simulation, precision magnetometers and beyond standard model searches of baryon inter-
actions or the EDM of the electron [55]. They are considered potential source of entangled atoms and
could be used in a loophole-free experimental test of Bell’s inequalities [56]. The weak van der Waals
interactions of Hg-dimers render them an interesting molecule to test computational models [57] and

to probe hypothetical fifth forces or short-range modifications to gravity [58].

This chapter will give a description of the nuclear and electronic structure of mercury laying a foun-
dation for laser cooling, precision spectroscopy and EDM searches. It will motivate the use of isotope
shift spectroscopy (ISS) to benchmark nuclear structure theory, that currently limit beyond standard

model bounds of latest EDM measurements in mercury.

2.1 Nuclear structure

The potential source of a permanent atomic EDM of mercury lies mainly in its nucleus. The rich
nuclear structure of mercury makes both the naturally abundant and stable, but also artificially created

and radioactive isotopes very intriguing for ISS.

2.1.1 Isotopes

Mercury is a very heavy element, that can be found in form of seven naturally occurring isotopes with
mass numbers between A = 196 and 204 as shown in table 2.1. Five of these isotopes are bosonic
with nuclear spin / = 0 with natural abundances between 0.15 % for °Hg and 29.74 % for the most
abundant 2?Hg. About one third of natural occurring mercury exists as fermionic mercury 1%’Hg with
nuclear spin I = 1/2 and *’Hg with nuclear spin I = 3/2. Next to the stable isotopes, the radioactive
isotope 1%*Hg is quite long-lived with a half lifetime of about 444 yr and decays via electron capture

via 19 Au into 194Pt, while all other radioisotopes have life times of a few days or less.



2.1 Nuclear structure

Mass number Natural abundance Nuclear spin ~ Atomic mass  Binding energy
A Prat (%) 1 m (u) Ep/A (keV)
196 0.15(1) 0 195.965 833(3) 7914.370(15)
198 9.97(20) 0 197.966 769 2(5)  7911.553(2)
199 16.87(22) 1/2 198.9682810(6)  7905.279(3)
200 23.10(19) 0 199.9683269(6)  7905.896(3)
201 13.18(9) 3/2 200.9703031(8)  7897.561(4)
202 29.86(26) 0 201.9706436(8)  7896.850(4)
204 6.87(15) 0 203.9734940(5)  7885.546(3)

Table 2.1: All naturally occurring isotopes of mercury, their natural abundance and nuclear properties.
Data for the abundances py, are taken from reference [59]. The atomic masses m and
binding energies per nucleon Ej /A are taken from the most recent atomic mass evaluation
AME2020 [60].

Nuclear mass The isotope masses, given in table 2.1, are the respective atomic masses, which we
denote as m. Important for isotope shift (IS) contributions discussed in section 6.1, the nuclear mass
— denoted as m 4 in dependence on the mass number A — is obtained by correcting m for the total

mass Z m, and binding energy E;(Z) of all electrons
ma=m—Zm,+Ep(A,Z). (2.1)

For mercury (Z = 80) this correction is dominated by the large electron binding energy, which can be
approximated by the semi-empirical Bethe-Weizsidcker mass formula. The binding energy per nucleon
Ep/A is maximal for ®’Ni and gradual decreases for larger A, as the strong binding force is weakened
by electromagnetic repulsion. For the stable mercury isotopes (E; (A, Z)/A) = 7.804(14) MeV/c?,
which results in binding energy corrections of about < E,(A,Z) >= 1.676(17) u, while the electron
mass contribution is much smaller Zm, = 0.0438863927252(13) u. Experimentally determined
binding energies are given in table 2.1. Adapted to the mass and binding energy data given in [60],
we use the recommended values of the fundamental physical constants (CODATA) from 2018 [61].1

2.1.2 Nuclear shape

With Z = 80 protons mercury lies just below the closed proton shell of lead located at Z = 82 and
close to the neutron shell closure of N = 126 — the magic quantum numbers of the nuclear shell
model, where nuclei are more stable and exhibit a usually spherical shape due to the strong binding
forces. While the mercury nucleus at first glance therefore follows the simple liquid drop model of a
spherical, incompressible nucleus with radius r = rg AY/3 (with ry = 1.2 fm) the large nucleon number
renders the nucleus to be soft (= easily deformable). Just adding or removing a single neutron from
the nucleus can alter the shape drastically. This gives rise to multiple nuclear states with different

shapes (spherical, oblate, prolate) coexisting at energies close to the nuclear ground state. This shape

1 A precise conversion to mass units is possible by the electron volt to atomic mass unit relationship
1eV/c? = 1.07354410233(32) x 10~ u and the electron mass m, = 5.485799 090 65(16) x 10~*u, given in
units of the unified atomic mass unit 1u = 1.660 539 066 60(50) x 10~%7 kg [61].
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Figure 2.1: Mean-square nuclear charge-radii (r?) of the nuclear ground state of elements in the lead
region. Highlighted (red) are the charge-radii of mercury showing the strong shape stag-
gering close to the N = 104 midshell and the charge-radii kink at the nuclear shell closure
at N = 126. Figure taken from reference [64] and data (circles) from the references within:
[71-76]. The figure is modified to also show the mean-square nuclear charge-radii of mer-
cury beyond the nuclear shell closure and its staggering. The additional data for the
neutron-rich isotopes (black-bordered red diamonds) is taken from reference [65, 77], the
data for the neutron-deficient isotopes from [68]. Black-dashed lines indicate the slope
of (r?) before and after the nuclear shell closure.

coexistence is well-behaved for stable mercury nuclei but slightly affects neutron-rich isotopes and
strongly affects neutron-deficient isotopes. For the latter, the spherical shape abruptly transforms into
a prolate spheroid resembling a rugby ball. However, this only occurs for odd A nuclei, an effect

called shape staggering.

Shape staggering of neutron-deficient isotopes

The neutron-deficient mercury nucleus is one of the most extensively studied examples of shape
coexistence. This for instance leads to changes of the nuclear charge radius between even and odd
isotopes that strongly disagree with a simplified droplet nuclear shell model. This shape staggering
was indeed first discovered in neutron-deficient ®*Hg to 8’Hg via optical pumping and S-decay at
the on-line mass separator ISOLDE at CERN [62] and later described as “one of the most remarkable
discoveries in nuclear structure physics in the last 50 years” [63, 64]. For mercury, it is dominant
near the N = 104 neutron midshell — in-between the N = 82 and N = 126 shell closures — and
very pronounced in comparison to other nuclei in the neutron-deficient lead region [65] as shown
in figure 2.1. While studied extensively especially in mercury ([62, 64-68], [69, and the references
within]) there are still many open questions to the main interactions that drive nuclear deformation,
and it is still an active field of research [70]. Recently it was identified that the staggering stops at

around 18'Hg, where the nuclear charge radii return to follow the slope trend of lead [68].
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2.1 Nuclear structure

Charge-radii kink at N = 126

On the other side of the isotopic chain of heavy elements a strong change in the generally rather
smooth gradient of nuclear charge radii can be observed when crossing a specific number of neutrons
[65, 71]. This kink appears at the N = 28, 50, 82 and 126 shell closures and was recently investigated
for mercury at around N = 126 [77, 78]. Here, “the gradient of the trend of isotope shifts is not
consistent immediately prior to and following the N = 126 shell closure” [65]. This means that while
the 20°Hg is the most interesting mercury isotope to study, nuclear deformation effects are also present

around the shell closure and therefore will also affect for instance 2**Hg.

Onsets of the nuclear deformations of the nuclear charge radius are also being probed close to the
neutron midshell, where charge radii behave much smoother due to increased degrees of freedom for
deformation far away from the stabilizing influence of the surrounding shell closures. Here the form
of the neutron skin — the thin outer layer of neutrons in neutron-rich nuclei — and its influence on
shape coexisting states and therefore nuclear deformation is studied and being probed by optical ISS,
as for example in even proton-magic Z = 82 lead isotopes near the N = 104 neutron midshell [79].
Studying the mercury nucleus therefore acts as a benchmark for nuclear structure models, that still

requires improvements in this region of the nuclear table [65, 80, 81].

These nuclear deformation effects require more sophisticated nuclear structure models, especially
for predicting the interplay between the nucleus and electronic structure in optical ISs, as well as the

exposure and enhancement of nucleon EDMs via nuclear Schiff moments.

Description of nuclear deformations

Extension of the liquid drop model to arbitrary nuclear shapes is allowed in the more precise droplet
nuclear structure model [82]. It enables spatial separation of the proton and neutron density, intro-
duces surface diffuseness instead of a sharp boundary and allows for a finite compressibility of the
nucleus [64]. This for instance allows the description of an outerlying neutron-skin for neutron rich

isotopes like mercury.

While both of these macroscopic models roughly predict nuclear charge radii and deformation
parameters, they cannot explain fine structure effects arising from individual nucleon interaction. To
address these, the mercury nucleus needs to be described within the context of nuclear shell models,
where the nucleus is treated as a system of individual protons and neutrons occupying quantized
orbits within a mean nuclear potential. The underlying shape of the nucleus is therefore not imposed,
but rather emerges from collective nucleon-nucleon interactions. To solve the resulting many-body
Schrodinger equation the configuration space is restricted to often only one or two major shells in the
framework of traditional nuclear shell model theory. More recent developments of Monte Carlo shell
model calculations however try to fix the problem of diagonalizing large Hilbert spaces by sampling the
most dominant many-body configurations stochastically, which is needed to describe shape coexistence

and deformation in heavy nuclei such as mercury.

The extension to a deformed shell model or Nilsson model [83] allows the description of deformed
nuclear potentials via parametrization of the nuclear surface r as a sum of (real-valued) spherical

harmonics and corresponding multipole deformation parameters [64]. In spherical coordinates and

11
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Figure 2.2: The absolute value of the nuclear quadrupole deformation parameter, Sy, of the nuclear
ground state of even even isotopes across the nuclear table. Open circles represent stable
or close to stable nuclei. Nuclei close to a nuclear shell closure (as indicated by the red and
blue dashed lines) feature a rather spherical nucleus given by a quadrupole deformation
parameter close to 89 = 0. Nuclei with a non-zero quadrupole deformation parameter have
a prolate or oblate nuclear structure instead. The five naturally occurring mercury isotopes
sit close to the nuclear shell closures of doubly-magic lead *Pb and therefore only show
a weak quadrupole deformation for the lighter isotopes. Note that 1%*Hg (enclosed by
a dashed line) is only semi-stable with a half lifetime of 77,9 = 444yr. We also indicate
the location of the natural abundant calcium and ytterbium isotopes as a comparison for
isotope shift spectroscopy, discussed in chapter 6. The figure is taken and adapted from
reference [85].

under assumption of axial symmetry! the nuclear surface radius is then given by

(o] 1 (o)
r(0,¢) =rocy |1+ Y Bi¥imeo(6,¢)|,  where cy=1-—>» g (2.2)
; V4 ;

normalizes the nuclear radius to scale as o« Al/3 identical to the liquid drop model [84]. The S; are
the 2/-pole deformation parameters, where 8 > 0 are considered prolate and 8 < 0 oblate deforma-
tion. The dominating correction term to the spherical nucleus is the electric quadrupole deformation
described by the deformation parameter Sy, which can be measured via low-energy Coulomb excita-
tion or hyperfine spectroscopy and a table of nuclear quadrupole deformation across the elements is
illustrated in figure 2.2. Being close to both the proton shell closure at Z = 82 and the neutron shell
closure at N = 126 the even isotopes of mercury are rather spherical and only slightly oblate and
therefore less deformed compared to other elements like for instance ytterbium, a comparison we will
revisit in the question of nuclear contributions to optical ISs.

In more advanced theories, such as the interacting boson model, pairs of nucleons are treated
as effective bosons with angular momentum 0 or 2 in a collective description. In these theories,

shapes emerge as phases, and transitions between spherical and deformed shapes correspond to

1 This removes all m # 0 components.
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2.2 Electronic level structure

quantum phase transitions in the bosonic Hamiltonian. The kink in the mean-square nuclear charge
radius can be explained by the nuclear relativistic mean-field approximation [86] as resulting from
shifts in the neutron levels due to the spin-orbit interaction. This affects the proton density and
consequently the charge radius [65]. Alternative explanation of the kink based on spherical relativistic
Hartree-Bogoliubov and spherical nonrelativistic Hartree-Fock-Bogoliubov approaches — indicating an
occupation of close lying nuclear orbitals above the N = 126 shell gap — are still being studied and
potentially promise to unify both the explanation of the shape staggering and charge radius kink
[77]. Shape staggering can then be described to arise from a quantum phase transition — particle-hole
excitations across a shell gap — between monopole and quadrupole nucleon-nucleon interactions and

occupation of specific proton and neutron orbitals [64, 68, 70].

2.2 Electronic level structure

With two valence electrons mercury possesses an alkaline-earth-like electronic level structure featuring
a [Xe] 4f* 5d1° 6% 1S electronic ground state, as shown in figure 2.3. As the orbital angular momen-
tum of the atomic ground state is J/ = 0 and the spin S = 0, only the nuclear spin T contributes to the
total atomic spin F. While we will utilize and probe other states in the electronic level structure, both

the measurement of EDMs and ISs are linked to this nuclear structure dependency.

Clock lines

Mercury in its ground state can just be excited using deep-UV light. Therefore, its energy shifts
negligibly when exposed to blackbody radiation. The excited clock states, 3Py and ®Py, can only be
addressed using visible to deep-UV light. This combination results in a very small blackbody radiation
shift of the optical clock transitions compared to other elements used for optical clock operation.
The 1Sy — 3Py clock transition at 266 nm is affected only as little as Avgpr/vo = —1.6 X 10716,
which is a an order of magnitude lower shift compared to strontium or ytterbium [92]. This makes
mercury an ideal candidate for an optical lattice clock [39—43] without the need for cryogenic shielding
to suppress blackbody radiation. Here both the 266 nm and 227 nm transitions connecting the S,
ground state to the metastable 3P, and 3Py excited state feature sub-Hz narrow linewidths, ideal for

clock operation [93, 94].

Laser cooling and high-resolution imaging

For laser cooling, discussed in more detail in chapter 4, we ideally require a broad and closed cycling
transition that starts in the atomic ground state. Alkaline-earth metals, like magnesium, calcium and
strontium are typically slowed and magneto-optically trapped on the very broad (>30 MHz) dipole
allowed 'Sy — 1P; singlet transition and further cooled on the narrow (<100kHz) dipole allowed
15, — 3p; triplet transition.

While the singlet transition in mercury with I' = 27 X 120 MHz is similarly broad allowing large
photon scattering rates, it lies at a wavelength of 4 = 184.9nm, deep in the UV, where so far no
continuous-wave laser exists and prospects in building one did not yet promise enough power for
efficient laser cooling. However, the 184.9-nanometer line is an excellent candidate for high-resolution

imaging of cold atomic clouds. Its broad linewidth promises high photon scattering rates, and its
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Figure 2.3: Grotrian diagram of neutral mercury showing only the electronic levels and transitions rele-
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vant for the work discussed here. The transition energies are given as vacuum wavelengths,

the number in brackets denotes the natural linewidth. Data is taken from reference [87],

except for linewidth of the clock line transitions and *P; — ®D; transition, the latter being
determined from excited state lifetime measurements [88-90] as explained in [91].



2.2 Electronic level structure

small wavelength allows for resolution down to around 100 nm when diffraction-limited. This enables
e.g., the study of solid-state physics in ultracold Fermi gases, as discussed in 5.3.2. In section 4.8.2,
we will discuss laser development at 184.9 nm aimed at this goal.

Due to enhanced mixing of the 6s6p®P; (J = 0,1,2) fine structure manifold with the singlet
6s 6p 1Py level [95-97] the triplet transition is with I' = 27 x 1.3 MHz slightly broader.! While still two
orders of magnitude smaller than the singlet transition linewidth, this line represents a compromise

for efficient slowing and low temperatures.

Hyperfine structure and magnetic field interaction

The hyperfine structure of an atom arises from interactions between the nuclear spin and the sur-
rounding electron cloud, most notably through magnetic dipole and electric quadrupole couplings.
These interactions are sensitive to both the nuclear spin and the electronic state of the atom and play
a critical role in laser cooling, dipole trapping, and especially in high-precision spectroscopy such as
optical clock operation and EDM measurements. For isotope 1% Hg with nuclear spin / > 0 magnetic
dipole coupling dominates, as the nucleus interacts with the magnetic field generated by the electrons.
The 2’ Hg isotope with spin / > 1 exhibits coupling of the nuclear quadrupole moment to the gradient
of the electronic electric field. This interaction reflects the non-spherical charge distribution of the
nucleus and can cause additional hyperfine structure shifts. Historically, mercury was instrumental in
identifying the existence of a nuclear quadrupole moment, as early studies of its hyperfine structure
revealed deviations inconsistent with purely magnetic dipole interactions [99].

In neutral mercury, the ground state 1Sy and metastable triplet state *Py have total electronic angular
momentum J = 0 and thus exhibit no hyperfine splitting. For bosonic isotopes with I = 0, the absence
of nuclear spin further eliminates all hyperfine interactions. As a result, for bosonic isotopes these
states are magnetically insensitive, which is advantageous for precision metrology and quantum state
control. The magnetic sensitivity of excited states with J # 0 plays an important role in the operation
of the magneto-optical trap (MOT) and must be accounted for when analyzing systematic shifts in
high-precision ISS.

The fermionic isotopes, 1% Hg (I = 1/2) and 2"'Hg (I = 3/2), do exhibit hyperfine splitting in states
with non-zero total electronic angular momentum J # 0. For the work here this is especially relevant
for the 3P; excited state, where hyperfine splitting shifts the Sy — ®P; intercombination line by
multiple gigahertz, exceeding the isotope shift. The specific properties of individual hyperfine levels
influence their suitability for laser cooling and EDM measurements, as discussed in Chapters 4 and 7.
In the 1Sj and Py states, the total electronic angular momentum remains zero, and thus no hyperfine
splitting occurs even for fermionic nuclei. This absence of hyperfine coupling in the clock states is
essential for achieving narrow linewidths and long coherence times in optical clocks. Nevertheless,
weak magnetic interactions still occur due to nonzero nuclear magnetic moments, resulting in small
Zeeman shifts under external magnetic fields.

Aligned with the total spin F=TI+1J,the mercury atom possesses an associated magnetic moment
A= Upgr F, where up is the Bohr magneton and gr the Landé hyperfine g-factor. Its interaction

with an externally applied magnetic field B leads to a Zeeman shift of the atomic hyperfine structure

1 Note that the exact linewidth of the 1Sy — 3P; transition in mercury is actively debated [98].
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levels |F,mp):
AEz =~fi-B=mpgrugB. (2.3)

For bosonic isotopes (I = 0), the atomic ground state |1Sg; F = 0,mp = 0) is therefore magnetically

insensitive. For the fermionic isotopes 1”Hg and 2"'Hg, the gyromagnetic ratios are [61, 100]

Me +1.008(1), %Hg

gr=1-—=~1, gg=~2.0023193, g;= . (2.4)
m -0.3720(5), %Hg

The Zeeman shift in the weak field limit follows equation (2.3), with the Landé g-factor given by

F(F+1)—I(I+1)+J(J+1)+g uvy F(F+1)+I1(I+1)—-J(J+1)
Il

2F(F +1) UB 2F (F +1) ’ 25)

8F = 8J
which for the ground state reduces to gr = g7 un/up = 5.49(1) x 107* and gr = —2.026(3) x 10~*
for 1%Hg and ?°'Hg, respectively, as the ratio of nuclear and Bohr magneton is small, uy/up ~
1/1836. This renders magnetic trapping of mercury in the 1Sy ground or metastable 3P, excited
state impossible for bosons and extremly challenging for fermions, restricting quantum degeneracy
approaches to evaporative cooling in an optical dipole trap (ODT). Note that mercury atoms in the
metastable ®Py state can, in principle, be magnetically trapped using standard techniques such as

magnetic quadrupole or Ioffe-Pritchard traps.
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3 Integrating mercury into ultra-high vacuum

systems

Unlike most other elements used in quantum gas experiments, mercury presents a unique set of chal-
lenges due to its physical and chemical properties. First, it is liquid at room temperature, with a vapor
pressure of 1.7 x 1073 mbar, requiring not heating but cooling to achieve vapor pressures compatible
with the ultra-high vacuum (UHV) conditions necessary for laser cooling. Second, mercury readily
forms amalgams with many metals, which complicates its use in UHV systems typically built from
stainless steel, titanium, or copper. Third, laser cooling of mercury relies on transitions in the ultra-
violet (UV) wavelength range, which imposes additional constraints on the optical components and
vacuum windows used. The combination of these factors makes the design and operation of vacuum
systems for mercury particularly demanding. In this chapter, we discuss the individual challenges in

detail and present new developments aimed at overcoming them.

Mercury has a long history being used in vacuum environment and was used almost from day one as
an early barometer that even defined the torr pressure scale, as the pressure generated by a 1 mm high
column of mercury. A high speed jet of liquid mercury was used in mercury diffusion pumps to reach
high vacuum regimes, where the jet accelerates gas molecules out of the pumping volume, similar
to the working principle of a turbo molecular pump. Pressure levels in the UHV (1 x 10~7 mbar
to 1 x 10712 mbar) and towards the extreme high vacuum (XHV) (<1 x 102 mbar) relevant for
laser cooling of mercury towards quantum degeneracy are however still challenging to achieve, as
experimental setups and knowledge about mercury pumping speeds of relevant pumping technologies
is rare!. Integrating mercury into UHV systems is therefore still an ongoing quest and optimal source

chamber designs and vacuum pumping strategies are still unknown.

The following chapter presents the vacuum apparatus constructed during this thesis and will try to
answer some of these questions. Two mercury sources were constructed in this work based on two
different design principles. A review of existing source chambers is followed by a discussion of relevant
design criteria for material selection and cooler design, and the construction and performance of the
two solutions are presented. A short section about vacuum viewports will discuss reliability of anti-
reflection (AR) coatings in the deep ultraviolet. An outlook for a collimated atomic beam source for
Zeeman slowing of mercury and a versatile quantum gas chamber for future electric dipole moment

(EDM) measurements will be given.

1 Personal communication to Agilent Vacuum Technology and SAES Getters.
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3 Integrating mercury into ultra-high vacuum systems

3.1 Source chamber

3.1.1 Design considerations

The vapor pressure of mercury can be approximated with a logarithmic regression model [101],
In (psat/pe) = (T/T¢) (a1 T+as ¥ +a3t? + a1 + a5 + ag T9) , (3.1)

where 7 =1 -T/T, with T, = 1764 K and p. = 1.67 X 10° mbar. The coefficients a7 to ag are adapted
to a collection of experimental data and can be found in reference [101]. The vapor pressure in
dependence of temperature is shown in figure 3.1. Even at its melting point at —38.8 °C the resulting
equilibrium vapor pressure is as high as 3 x10~° mbar. Considering the most simple vacuum chamber
design where mercury is laser cooled directly from the background gas, a vacuum pressure in the
magneto-optical trap (MOT) region below 1 x 1078 mbar is desired to achieve good atomic lifetimes,
which are fundamentally limited by collisions with background atoms. Experiments towards quantum
degeneracy typically aim for 1x1071° mbar to 1x10~! mbar, at which Bose-Einstein condensate (BEC)
and Fermi gas lifetimes — limited by collisions between trapped atoms and residual background gas
in the system — of tens of seconds can be achieved.

By spatially separating the magneto optical trap chamber from the source chamber a reduction
of the mercury background pressure via differential pumping of one to two orders of magnitude is
easily achieved. This indicates that a cooling to about —50°C is desired to reach mercury vapor
pressures of below 1x107% mbar. For the two vacuum chamber layouts discussed here we set our goal
to source temperatures < —50 °C for loading from the background gas and < —30 °C for operation of a
Zeeman slower (ZS). Assuming typical vacuum pumping speeds of the ion getter pumps (IGPs) mass
transport rates in the order of < 1g/yr from the source should be achieved, see also the discussion of
ZS construction in section 4.8. This results in a required mercury quantity of a few grams to be loaded
into the source chamber. With a density of about 13.5g/cm? this corresponds to a few hundred mm?

in volume.

Review of existing designs

Cooling a small container of mercury to temperatures around or below its melting point has already
been accomplished in a few ways. The machine described in reference [102] is using a copper vacuum
feedthrough with an air-sided attached Qmax = 18 W, ATax = 100K two-stage thermoelectric cooler
(TEC) pre-cooled by a 240 W vapor-compressor refrigerator cooler reaching temperatures down to
—74.7°C. In the later reconstruction John et al. are using a Qmax = 22W, ATm.x = 111K TEC
achieving temperatures down to —55°C [103]. The compressor cooler however requires vibration
isolation from the MOT chamber (via a 250 mm long ConFlat (CF) DN16 bellows) and has a rather
high energy consumption.

Alternative approaches [58, 104, 105] utilize a TEC element in vacuum. This has the benefit of
suppressing the thermal conductivity via convection between the cold and hot side of the TEC, the
main performance limitation of Peltier based cooling in air. Furthermore, this design requires no
additional insulation to prevent condensation on the cold TEC surface. The only challenge is to

remove the thermal heat of the TEC from within the vacuum chamber. In reference [104] a small
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Figure 3.1: Saturation vapor pressure pg,; of mercury in dependence of temperature 7.

copper cup is cooled by a AT« = 80 K TEC backed by a 12 °C water cooled copper heatsink. The
thermal contact between cup, TEC and heatsink are realized via EPO-TEK H72 heat-conductive
epoxy. Inspired by the design Paul et al. [105] is using a Omax = 10.4 W, AT, = 93 K multi-stage
TEC contacted via EPO-TEK H72 to a custom-made copper feedthrough. Similarly, [58] stacked
two Omax = 55 W, ATax = 93K TEC elements using cryogenic heat conductive paste1 reaching a
temperature difference of about 40 K with about 100 W of electrical power [106]. In both designs
a small copper cup containing a drop of mercury is cooled, and the TEC is contacted to a copper
heatsink cooled by a water loop. [107] is also using a multistage TEC in vacuum backed by a 10°C
water cooled copper vacuum feedthrough reaching temperatures of down to —70°C. There are no

available claims or data on long-term reliability.

For the proven performance a purely Peltier based cooling solution backed by a water cooling loop
is chosen. Within the scope of this thesis two designs were tested with respect to their performance
and reliability. The first system inspired by [58, 104, 105] is using an in-vacuum housed TEC and the

second generation source chamber is based on a TEC element in air.

Material selection

Selecting a material for holding a small amount of mercury within the vacuum chamber is not straight
forward. Most materials with high heat conductivity that are vacuum-compatible and convenient to
machine are metals, like oxygen-free copper (390 W/(mK)) or aluminum (237 W/(mK)) and are
therefore wetted by and form amalgams with mercury leading to corrosion. This can dissolve the
metal leading to structural weaknesses creating vacuum leaks or malfunction of the cooling apparatus.

Strongly depending on the chemical conditions, especially temperature and mass ratio of the mixing
elements, exceptions can be found in the lighter elements of the first transition metals chromium, iron

and cobalt, as well as in heavier transition elements molybdenum, tantalum, platinum and tungsten

1 Apiezon N, 0.194 W/(mK) thermal conductivity at room temperature.
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3 Integrating mercury into ultra-high vacuum systems

[108-111]. Iron needs to be excluded due to its impure form and risk of corrosion making it not
compatible with UHV, platinum due to its high cost. Tantalum (54 W/(m K)), tungsten (175 W/(m K))
and alloys of molybdenum (142 W/(m K)) have high thermal conductivities and corrosion resistance,
but are however quite challenging to machine.!

Higher grade stainless steel alloys like 1.4404 / AISI 316L contain 2% to 2.5% of molybdenum are
preferred and — being used in industrial machines and applications for handling mercury — known to
be mercury corrosion resistant. Note that lower grade stainless steel AISI 304 should be avoided as it
can be embrittled by mercury contact at room temperature [112]. With a rather low heat conductivity
of about 15 W/(m K) AISI 316L is not the ideal choice for cooling, but easily to source and machine,
as well as proven vacuum compatible and therefore adding no additional unknown variables a new
material might do. Depending on the surface finish it also features a quite low thermal emissivity,
which is important for reducing the thermal heat load of the source cup.

Alternatively, applying a corrosion resistant coating on for instance oxygen free copper was dis-
cussed. Later with the observation of corrosion of copper vacuum gaskets, see section 3.2, chromium
(15W/(mK)) plating copper via evaporation was investigated as a potential corrosion inhibitor. This

could have been a viable alternative to the choice made here.

3.1.2 In-vacuum cooled source chamber

The first generation source chamber, as shown in figure 3.2, consists of a small 9mm inner diam-
eter stainless steel 316LN cup with a volume of 585 mm? that can hold up to 8¢ of mercury. It is
contacted to a fourstage TEC that is supported by water cooling consisting of a custom copper vac-
uum feedthrough transferring the heat to a spiral-shaped aluminum water cooler. The cup features
a 20mm diameter brim, which together with a ring-shaped stainless steel disc forms a differential
pumping stage, that reduces the amount of mercury entering the lower part of the source chamber.
This protects the copper heatsink as well as the metallic components of the TEC and other electronics

housed here and prevents condensation of mercury on the TEC itself.

Vacuum pumping

The source chamber is pumped by a small IGP? connected via a CF16 vacuum flange on the side
of the chamber. The pump has a specified pumping speed of 2L/s for nitrogen, the pumping speed
for mercury was not quantifiable, but it is expected to be noticeably lower than this. It is known
that mercury is pumped only inefficiently by IGPs, poisoning the pump, leading to overheating and
complete failures especially when exposed to high vapor pressures in the 1x10~* mbar to 1x10~° mbar
range [113, 114]. The authors of [113] state, that “mercury atoms do not combine with titanium and
are only loosely trapped on the anode by the sputtered titanium film; repeated temperature changes
caused by operating the pump in this pressure region are sufficient to cause the titanium film to break
away”. During the operation of the source chamber this behavior could be reproduced. Due to a power
outage, the TEC cooling of the mercury sample failed and the vapor pressure in the source chamber

rose to about 1 X 1073 mbar which overheated the pump. It could be brought back to life for a short

1 Limited by our mechanical workshop capabilities. Tantalum for its hardness and gumminess and tungsten
both for its hardness requiring high strength tungsten carbide tools and for its dust to cause irritations of the
lung and mucous membranes. 2 Agilent Vaclon 2 L/s ion pump 9190520.
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CF40 vacuum flange towards gate valve / MOT chamber

bucket + drop of Hg

differential
pumping temperature sensors (2x)

electrical feedthrough / peltier element

protection disc ion pump

copper heatsink water cooler

Figure 3.2: CAD render of the first generation source chamber design. A drop of mercury is contained
in a small 9mm inner diameter stainless steel cup cooled by a four stage TEC, which is
contacted to a copper heatsink supported by an aluminum water cooler. Components
are contacted via UHV compatible epoxy to each other and to the 316LN stainless steel
vacuum chamber. A ring shaped copper disc protects the glue from the erosion through
the water. Two cylindrical PT100 sensors monitor the temperature close to the base of the
bucket. Two lateral CF16 flanges host an electrical feedthrough and a small 2L/s IGP.
The electronics are protected from the corrosive mercury vapor by a differential pumping
stage consisting of a brim at the cup and a ring shaped stainless steel disc.

time by heating the pump to above 80 °C for a few hours during which the cooling of the TEC was
ramped up again. Additionally, the pump required to be high potted by applying 7kV of voltage — two
times the normal operation voltage — to its electrodes for a few seconds, which was repeated multiple
times in a row and is expected to remove the high spots in the anode material caused by the loosely
trapped mercury via spark discharge. Over the following year the pump performance degraded again
multiple times, which required repeated rounds of high potting. Alternatively gentle hits on the pump
body (with removed magnet) with a hammer showed similar improvements, probably removing the

flaky anode surface mechanically.

To protect the IGP, the authors of [113] suggest the use of a refrigerated vapor trap baffle, which
operated at —70 °C successfully protected the IGP at higher chamber vapor pressures. Liquid nitrogen
cooled cryoshields are also used in molecular beam epitaxy (MBE) applications where much higher
amounts of mercury are used in high vacuum (HV) to UHV environment [115, 116]. Adding a
TEC powered cold point pump to the main vacuum chamber was indeed already discussed in the
planning phase of the experiment, but discarded for added complexity and increased outgassing. After
replacing the IGP in the source chamber and with reliable cooling of the source cup, no additional
pump failures could be observed, since the source itself acts as the cold point trap. Adding a redundant
power supply together with an uninterruptible power supply could add more safety here. Future source
chamber designs, see outlook, potentially operating at higher vapor pressures however might need to

revisit this problem.
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3 Integrating mercury into ultra-high vacuum systems

Temperature monitoring & interlock

The cup is additionally equipped with two 1.3 mm diameter, 10 mm length platinum resistance PT100
temperature sensors! glued into the bottom of the cup using EPO-TEK H74. To reduce the thermal
load via the electrical contacts to the bucket, the temperature sensors are crimped to 0.1 mm thin
Kapton isolated copper wire? and its open leads isolated using vacuum compatible Kapton tubes®. Ac-
counting for the added electrical resistance of the wires this setup allows monitoring the temperature
of the source precisely. All in-vacuum contacts are crimped to a 12-pin UHV electrical feedthrough*
housed in a stainless steel CF16 flange.

One of the temperature sensor is hooked up to a programmable temperature monitor and limiter’
that allows to set a critical upper temperature for interlock triggering a pneumatic operated all metal
gate valve® separating the source from the main vacuum chamber in case of cooling failures. The
interlock also triggers more directly in case of a cooling water failure, which is monitored via an ad-
justable flow meter watchdog. The other source temperature sensor is connected to a lab surveillance

system and can send a warning to the user in case of temperature changes.

Thermoelectric cooling and heat load estimation

TECs are based on the Peltier effect, where a current flowing through a pn-doped semiconductor
interface induces a temperature difference by either absorbing or releasing heat when jumping the gap
between the two conduction bands. They are mostly manufactured in form of many few millimeter
thick semiconductor stacks that are sandwiched between two thermally conductive sheets of aluminum
or beryllium oxide. Their size limits the achievable temperature difference and the heat load that can
be removed. The efficiency of thermoelectric materials is quite low; the main limiting effect is the
resistive heat generated by the TEC itself. TEC elements are specified by the maximum heat load
Omax they are able to cool at a temperature difference of AT — 0K and by the maximum temperature
difference ATy,x they can reach in the limit of negligible heat load Q = 0 W. Stacking TEC elements (in
manufacturing) can increase the required temperature difference, while reducing the cooling power,
since the resistive heat load of the upper — mostly smaller — stages need to be dissipated as well. A
TEC achieving large temperature differences of up to 100 K is at the limit of Peltier based cooling even
if the heat load is reduced to a few hundred mW. For this in vacuum operation is crucial, since the
added thermal load from convection in air between the cold and hot side of the TEC is dominating
the otherwise really low intrinsic conductivity of the thermoelectric semiconductor materials.

The heat load of the mercury source cup is the sum of the thermal conductivity through the TEC
element and the electrical connections of the temperature sensors as well as the radiative heat load
from the warm chamber walls, that dominantly sit at room temperature. The thermal conductivity of
the electrical connections is reduced by the choice of the wire diameter (0.1 mm) and is in the order of
0.1 mW for a temperature difference of 100 K and a 100 mm long connection to the room temperature
outside and can therefore be neglected. The radiative heat load can be estimated from the Stefan

Boltzmann radiation law. Assuming two gray surfaces that form an enclosure, the transferred heat

1 Allectra 343-PT100-1.3-B. 2 Allectra 311-KAP010-5M 3 Allectra 312-KAPTUBE-03-300. % Vacom
CF16:'VB-2B-12. 5 JUMO safetyM TB/TW08. ¢ VAT 79043C.
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3.1 Source chamber

Figure 3.3: First generation source chamber construction and challenges. Comparison of the two
source chamber cups: The first design (left), where the differential pumping is realized
by the cup rim and the surrounding 38 mm inner diameter CF40 flange port itself and
the improved design (center), reducing the thermal heat load of the cup by reducing the
overall surface area. The differential pumping stage is formed by the added brim and
a surrounding stainless steel disc, as displayed also in figure 3.2. Gallium corrosion of
the thermoelectric cooler made of aluminum oxide (right). The liquid metal used as a
thermal interface material between copper heat sink and TEC attacked and broke the
bottom and top surface of the TEC leaving a clear liquid in the vacuum chamber behind.
After removal of the TEC a silvery stain remained on the copper surface that required
mechanical removal.

rate Q19 from surface A; at temperature 77 and surfaces Ay at temperature 75 is given

O = o (' - T
P70, 0e, 1
A1 Ag & A1 F1g

(3.2)

where o is the Stefan Boltzmann constant and ¢; the emission coefficient of the gray surface i (e =1
for a blackbody) [117]. Fig is the radiation view factor of the two surfaces, describing the fraction
of light emitted from surface 1 reaching surface 2 due to geometric constraints with Aj Fi9 = Ag Fo;.
These view factors are tabulated for typical geometric shapes and arrangements [117, 118] or can be
calculated numerically via ray tracing. With a simplified geometry of the cup and its surrounding,
assuming an emissivity of € = 0.3 for the stainless steel walls, the heat load of the source chamber at
a temperature of —80 °C is estimated to be about 2560 mW. This improved the here shown source cup
design by reducing the overall surface area over a previous attempt, where the differential pumping
stage was formed by a much larger cup rim and the surrounding wall of the CF40 vacuum port, as

shown in figure 3.3.

Heatsink design

With a high thermal conductivity and heat capacity water cooling is the preferred choice for removing
the thermal heat load of the TEC element. A spiral shaped cooling loop of rectangular cross section
(5 mm wide, 13 mm height) was milled into an aluminum water cooler attachment, that mounts to the
underside of the vacuum chamber sealing with an FKM o-ring. Two threaded water fitting bores allow
connection of the heatsink to the installed house cooling water loop — providing 17°C cold cooling

water at a pressure difference of about 2bar. We later replaced the house cooling water loop with an

23



3 Integrating mercury into ultra-high vacuum systems

external water-to-air chiller! after identifying galvanic corrosion due to metal mixes in the loop.

With the TEC elements described below dissipating about 50 W to 80 W at their hot side we require
the thermal resistance of the heatsink to be <50 mK/W at a target temperature difference of in versus
outflowing water of AT < 3K. With a cooling channel length of ~0.3m and an effective hydraulic
diameter of ~9 mm we estimate a required water flow of about 1.7 L/s. Following the Darcy-Weissbach
equation for the worst case assumption of turbulent flow a pressure difference of Ap = 1.4bar is
therefore required?, which is sufficiently provided by the house cooling water and the chiller.

In the first iteration the 5mm thick interface between the TEC and the water cooling loop was
integrated into the chamber design itself and therefore made out of stainless steel to avoid any amal-
gamation. The thickness was chosen to avoid bulging of ~50 mm diameter disc shaped chamber
bottom due to the 1bar atmosphere pressure as simulated by a finite element method (FEM). Under
testing this however showed insufficient cooling performance and quickly overheated the TEC. We
later estimated the thermal resistance to > 160 mK/W — further increased by the thermal contact ma-
terial discussed in the next paragraph — not compatible with the design requirement and replaced the
stainless steel bottom with one made out of copper. This improves thermal conductivity and thermal
resistance by a factor of 24. An epoxy seal (EPO-TEK H74) of the recessed copper plate allowed
a vacuum-tight connection. As we however observed erosion of the epoxy from the water flow, a
0.5 mm thin rectangular copper plate with a circular hole covering just the circular epoxy interface
was machined and contacted via heat conductive paste? to the chamber. In hindsight mechanically
connecting the copper baseplate to a stainless steel CF knife edge would have possibly been the better

solution.

In-vacuum thermal contacts

Options for thermal heat contacting the TEC with cup and copper heat sink are much more limited
in an UHV environment than at atmospheric pressure. Options exist in form of low viscosity thermal
pastes, heat curable two-component epoxies, soft metals like indium or gallium, or vacuum-compatible
solder. Except for the liquid metal options and vacuum-compatible soldering, most of the potential
contact materials have a thermal heat conductivity one to two orders of magnitude lower than typical
non-vacuum compatible heat conductive pastes and epoxies. Additionally to the heat conductivity,
the thermal expansion coefficient is equally important and needs to be matched to the materials
contacted to avoid stress induced damage during temperature changes. In this work, four options
were investigated: vacuum compatible solder, heat curable epoxy, as well as gallium/indium based

liquid metal and thermal contact pads.

Soldered connection Soldering using gold-plated TEC was investigated, but discarded due to its
complexity and no external company or research center could be sourced for manufacturing. It is a

proven solution used for instance in electron-multiplying charge-coupled device (EMCCD) cameras,

1 SolidState Cooling Systems TCube Edge, 240 W cooling capacity, 2 L/min flow rate. 2 Darcy-Weissbach is
an empirical generalization of the Hagen-Poiseuille equation for all flow regimes. For the heatsink described
here we estimate a Reynolds number of Re ~ 4344 and assuming smooth pipes (Karman-Prandtl equation) a
Darcy friction factor of A ~ 11.2 for the approximatively turbulent flow regime (Re > 4000). The estimated
pressure difference requirement in laminar flow regime is orders of magnitude smaller than the given value.

3 Arctic Silver 5 (8.9 W/(mK)).
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3.1 Source chamber

like the ANDOR iXon 3 camera used for imaging (see section 4.4), whose sensor chips allows Peltier
based cooling in vacuum down to —100 °C to reduce dark counts. Connecting large surface areas for
UHV applications however ideally requires a vacuum soldering oven to avoid trapping air or flux in
between the two surfaces and all soldered parts needs to be properly cleaned from any remaining flux.
Regarding the temperature of the solder used in the construction of the TEC itself caution need to be
taken by precise temperature control and selection of low temperature solders, like 117 °C indium/tin
or 183 °C tin/lead based solder. It might be a viable option if the soldering process is investigated
further.

Liquid metal interface High thermal conductivity can also be realized using an alloy of gallium
and indium. The one tested here! features a melting point below room temperature (8 °C), but UHV
compatible vapor pressures even at high temperatures (<1 x 1078 mbar at 500°C). With a specified
thermal conductivity of 32W/(mK) it seemed to be an ideal choice for the application here and
showed promising performance in first tests. To our surprise it however strongly corroded the TEC
used for testing as shown in figure 3.3. Leaving it over the weekend in vacuum, the liquid metal
attacked, weakened and broke the TEC surfaces and left a clear liquid behind. While gallium corrosion
of aluminum is known, a reaction with the chemically stable aluminum oxide AlyO3 substrates or
electronic components (e.g., metal interconnects) of the TEC was not expected.? This also ruled out
the further use of indium gallium alloy based thermal pads3, that after melted above 60 °C promises

a thermal conductivity of 125 W/(mK) and in first testing showed promising cooling performance.

Heat-conductive epoxies for use in UHV  The remaining option that could be realized at location
was therefore the use of UHV compatible thermal conductive epoxies. Most heat curable epoxies
however have rather low thermal conductivity of 1W/(mK) or below. The best option found is
EPO-TEK H74, a heat curable epoxy with a specified thermal conductivity of 1.3W/(mK) and a
linear thermal expansion coefficient of 21 x 10~ m/(m K) roughly matching the thermal expansion
coefficients of oxygen free copper (~17x107% m/(m K)) and stainless steel 316 (~17.5x10~° m/(mK)),
and just slightly above the expansion coefficient of aluminum oxide (4.5 x 10~®m/(mK) to 10.9 x
10-°m/(mK)). The product was also recommended by the manufacturer over the available EPO-
TEK H72 used in references [104, 105]. The epoxy was mixed, carefully degassed under vacuum for at
least 20 min and applied to the previously cleaned parts, which were held in place with small clamps,
applying a slight pressure to the surfaces during curing. This should allow minimum glue thickness,
just filling in the voids of the joining surfaces, that were machined as flat as possible. The epoxy then
was cured in air in a self-built oven, where the temperature was ramped slowly (about +1 K/min) to
avoid any additional stress formed at the contact interface. Curing temperature were selected to not
melt the internal solder of the TEC, but at least over 130 °C to stay as close to the recommended cure
of 150 °C for 1h.

1 Allectra 317TCL-1. 2 Gallium can hypothetically diffuse through micro-cracks or grain boundaries and
react with unbound pure aluminum. Here the vacuum environment could have enhanced gallium wetting and
surface diffusion. 3 Allectra 317-TCP.
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3 Integrating mercury into ultra-high vacuum systems

Thermoelectric cooler selection

In this work, multiple TECs, heat sink configurations, and thermal contact materials were tested.
The first TEC selected for the application was a fourstage, AQmax = 5.0W, AT, = 124K cooler?
featuring a 27mm X 27 mm square baseplate and 10 mm X 10 mm cold top plate. The TEC was
specifically selected for our application by the manufacturer for a heat load of 0.25 W up to 0.75W
and a target temperature of —90 °C given a 17 °C cold heatsink supporting an expected power usage of
about 35 W to 43 W. Reaching just —23 °C at a TEC power of 17 W indicated that the EPO-TEK H74
contact and stainless steel heat sink, as shown in figure 3.3, was not sufficient.

A stack of two TECs? contacted using gallium indium based thermal pads reached temperatures
of only —18°C at a combined input power of 19 W. Exchanging the thermal pad by gallium indium
based liquid metal reached a temperature of down to —61°C at an input power of 27 W, but failed
due to gallium bases corrosion as described above.

Finally, with the redesign of the source cup to reduce the thermal heat load and the updated copper
heatsink, a Marlow SP2394 (AQmax = 4.5 W, ATax = 130 K) TEC was contacted using EPO-TEK H74
heat conductive epoxy. Due to the melting point of 138°C of the internal solder used in the TEC,
a curing temperature of 130 K was selected and to avoid any thermal stress a heating ramp of about
1K/min was chosen. Without the source cup just contacting a PT100 temperature sensor to the
top, this combination reached a promising temperature of —100.6 °C at a TEC input power of 30 W
(4.0A, 7.5V). With the source cup attached afterward (curing at 130°C for 1.5h) and measuring
the temperature within the cup the minimum temperature reached was —57.4°C at an input power
of 13W (2.3 A, 5.7V). After fixing a vacuum leak caused by erosion of the epoxy seal through the
water cooling, the cooling performance was reduced again due to the thermal cycling when curing

the additional epoxy.

Conclusion

Obtained vacuum & mercury vapor pressure The final performance of the source chamber with
about 0.5 mL (x6.8g) mercury is shown in figure 3.4. It reaches a minimum temperature of —55°C
at an input power of 18 W. With a resulting background pressure in the low 1 x 10~® mbar range, as
read by the small IGP in the source chamber, this cooling performance was considered to meet the
requirements for magneto optical trap operation from the background gas. As the IGP reading does
not necessarily give the mercury vapor pressure (as the pumping speed is unknown), figure 3.4 also
shows a measurement of the partial mercury pressure analyzed by a quadrupole mass spectrometer.
It is installed on the main vacuum chamber close to the primary ion getter vacuum pump, shown in
section 3.2, and connects to the source chamber with a molecular flow regime vacuum conductance
of about 9.7L/s. The measurement scaling with temperature agrees relatively well with the IGP
reading as shown by scaled nonlinear fits of the vacuum pressure temperature dependency, as given

in figure 3.1.

Long-term reliability The here presented source design allowed for efficient cooling down to

—57°C and enabled magneto-optical trapping from the background gas (chapter 4) and was used both

1 TEC Microsystems 4TC31-0116-155.D. 2 Quick-Cool QC-63-1.0-3.0 (AQmax = 14.8 W, ATmax = 100K) as
the bottom and Quick-Cool QC-35-1.4-3.7 (AQmax = 9.6 W, AT = 71K) as the top TEC.
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Figure 3.4: Cooling performance of the first (cross, blue) and second generation (dot, orange) source
chamber. Source chamber temperature in dependence of peltier power (top) and chamber
pressure in dependence on temperature (bottom) as recorded by the small IGP. For the
first generation source, we also show a quadrupole mass spectrometer measurement of the
partial mercury pressure in the main chamber (cross, green).

for realization of the first optical dipole trap (ODT) (chapter 5) and the first isotope shift spectroscopy
(ISS) of laser cooled mercury (chapter 6). Its long-term reliability was however a bit troublesome and
the source chamber failed completely after two and a half years of continuous operation. The main
limiting factor appeared to be the thermal interfaces between the bucket, TEC element and heat
sink, that due to the greater differences in the thermal expansion coefficient was not sufficiently stable
against thermal shocks. These shocks were especially introduced by two power failures in the lab,
that first reduced the cooling performance by a few °C, and the second completely led to detachment
of the source bucket from the TEC element.
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3 Integrating mercury into ultra-high vacuum systems

3.1.3 A collimated atomic beam source for mercury

In need of a replacement for the broken source, we reviewed the failure points listed above and
created a new design for the source chamber. In the long term, we also aim to upgrade the vacuum
chamber and install a ZS for more efficient MOT loading, as described in section 7.3.1. To this end,
an extension of the source to a beam source of cold mercury is required. This results in a slight
reduction of the source chamber requirements in terms of cooling performance, as the new source
can be separated from the main UHV/XHV chamber via a strong differential pumping stage. For
reliable long-term operation of this source, we decided to not rebuild the old source, but implement
an updated source chamber design with optional integration of a micro-nozzle array for creation of a

collimated atomic beam.

Source chamber design

With the main limitation of the previous source design being the thermal contact in vacuum, the
new source chamber design places the TEC outside the vacuum to improve thermal performance.
The second generation source is shown in figure 3.5. It is based on a two-stage TEC!, that cools a
small vacuum container made out of stainless steel 316L holding the mercury. With an outer size
of (30 x 30 x 18) mm?® and a wall thickness of 3mm the container is designed to both withstand
deformations induced by the atmospheric pressure and to generously hold up to 45 g of mercury. A
~38mm long, 7mm X 0.5 mm (OD x wall thickness) sized tube connects the source chamber to a
CF16 vacuum flange and a CF16 to CF40 flange adapter. This acts both as a differential pumping
section with a molecular vacuum conductance of ~0.7L/s and as a thermal insulator with a thermal
resistance of ~248 K/W bridging between the TEC cooled and room temperature side. The container
is constructed from two pieces, with the top plate being tungsten inert gas welded to the connecting
tube from the vacuum side and featuring a large chamfer to allow deep weld penetration to avoid any
virtual leaks.

Thermal contact between TEC and stainless steel container is established via a sub-zero temper-
ature compatible thermal paste, where we tested a few options including liquid metal and observed
up to 4 °C performance difference. We finally chose an aluminum, zinc-oxide based thermal paste?.
The (40 x 40) mm?® large TEC hotside is contacted to a water-cooled copper heatsink with a similar
spiral loop channel design as before, see figure 3.5, designed to dissipate the <100 W heat load. The
heatsink is again backed by the water chiller described before. While not used permanently, operating
the chiller with a 2:1 water to 1, 2-propandiol mixture and insulated tubing this even allowed reducing
the heatsink temperature by up to 15K, resulting in about 5 K lower source temperatures.

The surrounding of the TEC element and source container is enclosed in an aluminum tube, that is
tightly sealed® to the main CF40 vacuum flange and the copper heat sink. Electrical connections for
the TEC element and a PT100 temperature sensor are guided through a small bore in the heatsink,
that is also sealed once the cables are in place. This shell is then actively purged by dry nitrogen to

prevent excessive formation of ice around the cooler.

1 Adaptive (European Thermodynamics Ltd) AP2-162-1420-1118, Pyax = 29.3 W, ATjax = 95°C. 2 Thermal
Grizzly Kryonaut, =250 °C to 350 °C. 3 Using Wiirth Bond and Seal Power structural and elasticated adhesive.
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Figure 3.5: CAD render of the second generation source chamber. Detailed description see text.

Cooling performance

We successfully installed the upgraded source chamber onto the MOT chamber, as shown below and
operated the source for more than two years for MOT operation from the background gas and first
steps towards quantum degeneracy of mercury trapped in a high power optical dipole trap. The
cooling performance is also shown in figure 3.4, showing the temperature as measured by a PT100
temperature sensor attached to the front of the mercury container and the pressure being monitored
by the small IGP that pumps the source section. The plot shows the raw temperature measurement
of the two-wire connected platinum resistance temperature detector, where the cable adds about 1K
of temperature offset. We further estimate that due to a temperature gradient in the stainless steel
container, the temperature sensor measures about 4K to 5K higher temperatures than the coldest
point in the source chamber. With this information the source chamber performs only about 5K
to 10K worse than the lowest temperatures reached in the previous in-vacuum cooled design, while
keeping the overall system more long-term reliable and serviceable. This is more than sufficient for
ZS operation, as discussed below and allowed very similar background pressures in the MOT vacuum
chamber for loading from the background gas, as also indicated by the IGP reading. We did not

observe any big changes in MOT lifetimes between the two source chamber implementations.

Outlook — Atomic beam generation

Collimated atomic beams for ZS operation are commonly generated using either mechanical apertures
or microchannel arrays, which spatially filter thermal atomic vapor to produce a directed flux. While
also used for ZS operation, aperture designs are especially found in the semiconductor industry for
molecular beam epitaxy and other applications, where uniform vapor deposition on semiconductor
targets is required. In comparison, microchannel arrays [119-121] offer enhanced collimation by
allowing only atoms with nearly parallel trajectories to exit. This reduces the transverse velocity

spread, thereby increasing beam brightness. Increasing the channel count [122] further enhances this
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effect. Compared to simple pinhole apertures, microchannel arrays provide better angular selectivity
and higher atomic flux within the capture angle of the slower [123, 124]. Lithographically etched
microchannel structures [125, 126], while currently limited to two-dimensional, planar silicon wafer
structures, offer tailoring of the spatial velocity distributions and therefore allow for more controlled
beam shaping.

Microchannel arrays are often constructed from stacking of needle tubes with microscopic inner
diameters (see for example [124]). The here presented design features a microscopic nozzle array made
out of glass instead. These are microscopic glass structures precision-engineered using techniques like
laser micromachining, wet etching, or anodic bonding. This enables reproducible nozzle geometries,
large channel packing densities and minimal beam divergence. Due to the chemical inertness, thermal
stability, and smooth internal surfaces of glass, these nozzles are also well-suited for high-vacuum and
high-temperature environments. We do not expect any chemical reaction or wetting of the glass

surfaces by mercury.

Micro-nozzle glass collimator We purchased two cylindrical 13 mm diameter, 5 mm long Borosili-
cate glass capillary plates! with 50 um and 25 pm diameter holes respectively. With a specified nominal
opening area of 50 % to 60 % they feature about 5500(500) and 22,000(2000) cylindrical microchannels
respectively within a 5 mm diameter active aperture, that we expose to the atom source, as shown in
figure 3.5. The capillary plate is mounted in a cylindrical pocket in the CF40 vacuum flange, held by
a thin stainless steal disk and three vacuum-vented socket-head screws. The rim of the plate, which
does not feature microchannel holes, is additionally vented by a groove and small bore towards the
source.

As we require a temperature gradient between source and collimator to avoid clogging [124], two
cylindrical 4.5 mm diameter, 40 mm long heating cartridges? are installed into the CF40 vacuum flange
and allow for a source independent temperature control. At elevated temperatures they can also be
used both for initial vacuum baking of the flange and due to the high vapor pressure of mercury also

for freeing the nozzle if channels would get clogged.

Flow regime For analysis of the flow dynamics we need to estimate the flow regime and mean free
path length £ at the given nozzle temperature and source vapor pressure. Empirical data for mercury
found £p = 3.1 x 10~ mhPa at a temperature of 0°C [127]. With a scaling of £ « T/p, this gives
a mean free path length £ * 9mm at a nozzle temperature of 30°C. This agrees with the value of
¢ ~ 7mm interpolated from the graph in reference [128]. Another approach is to determine the mean
free path from a hard sphere approximation of the colliding Hg atoms. Assuming a diameter dy, the

mean free path is then given as [128]
/= kT

V2po

with o =7 dg the collisional cross-section. With a Van der Waals radius estimate of do/2 ~ 1.55A

(3.3)

[129] we obtain £ ~ 25 mm, which is much larger than the values above. We can also estimate the cross-

1 Collimated Holes Inc. capillary plates. 2 HORST S/HS-4,5/40/80/24-B high power heat cartridge, 80 W,
24V, TL/AP-300 (2-pole), Tmax = 250 °C.
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Figure 3.6: Mean free path of atomic mercury as computed from various methods (top left) and an-
gular distribution of the collimated atomic beam flux of a single microchannel of length
Leon = 5mm and temperature Ti,;p = 30°C (top right). Simulation of the atomic beam
propagation from source chamber microchannel nozzle through the ZS to the MOT (bot-
tom). We assume 22,000 microchannels of d.,; = 25 um inner diameter distributed over
the source chamber aperture of 5 mm emitting under experimentally realistic parameters
including gravitational sag, that displaces atoms by —1.9 mm to —5.1 mm along the vertical
for the range of velocities (v = 57m/s to 190 m/s) that can be captured by the combination
of ZS and MOT.

section via the Massey-Mohrformula! [131] o5 ~ 7 (Ce/{(v)en)?'®, which gives { = 0.9 mm — a much
smaller result. The mean free path is shown in dependence on the temperature in figure 3.6. From
this we estimate the associated Knudsen number Kn = ¢/D for the inner diameter D = d o, = 25 um
or 50 ym as Kn = 18 to 1000 and for the length D = L.,y = 5mm as Kn = 0.2 to 5 and conclude that
the nozzle channels operate in the molecular (Kn > 10) to transition 0.1 < Kn < 10 gas flow regime.
Following the description in reference [124] the resulting atomic flux per microchannel can then be
estimated by obtaining the transmission probability from the Clausing factor and approximating the
nozzle length as Leg = \/m for computation of the angular dependency. The latter is shown in
figure 3.6, which is expected to slightly deviate from a purely molecular cosine emitter of collimation
B = dcon/Leon = 5.0 mrad.

We can then simulate the full atomic beam dynamics and estimate capturable atomic flux emitted

by the source for Zeeman slowing. An example for atomic beam propagation is simulated for the

1 The semi-empirical Massey-Mohr formula relates scattering cross-section os and molecular ground state
potential. From the Cs Van der Waals coeflicient — Cs = 392(4) au determined for the mercury dimer [130] —
and the mean thermal velocity of mercury atoms (v)y, at the nozzle temperature, the resulting scattering length
is a = \Jos/(4m) ~ 15.1ay ~ 8 A. Note the use of atomic units: au = Ej, ag with Ej, the Hartree energy and ag
the Bohr radius.

31



3 Integrating mercury into ultra-high vacuum systems

deon = 25 pm diameter microchannel plate with an active aperture of 5mm and nozzle temperature
of 30°C and is also shown in figure 3.6. Next to the beam broadening resulting from the angular
distribution, here we additionally take into account gravitational sag and transversal broadening
mechanism through photon scattering of the ZS beam, that results in a three-dimensional random
walk in velocity space. The explicit usage of the collimated beam source for Zeeman slowing will be
discussed in more details in section 4.8.3, where we motivate the choice of the collimator design by
comparing various nozzle diameter via a simulation of the capturable atomic flux from the calculations

above, as shown in figure 4.24.

3.2 Magneto-optical trap vacuum chamber

The vacuum chamber used for the measurements presented in this thesis is shown in figure 3.7. As
integrating mercury into UHV systems is still being studied and optimal vacuum pumping strategies
unknown, in our first design we opted for a relatively compact and simple setup for learning about
the system and its performance.

The central section for MOT operation and dipole trapping is an off-the-shelf stainless steel 316L
cube with 70 mm edge length featuring six CF40 flanges for optical access. Four of these ports are
directly equipped with UV fused silica optical viewports, as discussed in more detail below. The main
chamber is surrounded by the magnetic gradient field coils, that fit tightly around the four corners, and
all the optics used for atom trapping and investigation (not shown), their location restricting the rest
of the vacuum chamber layout. Twvo custom-made 296 mm long CF40 distribution tubes each featuring
three additional CF40 junctions connect to the rest of the vacuum components. An inverted magnetron
Pirani vacuum gauge! and a Faraday quadrupole mass spectrometer / residual gas analyzer? are
connected close to the main chamber for vacuum diagnostics. Pumping from atmospheric pressure
to UHV is established by a combination of a ~50L/s turbo molecular pump (TMP)3 backed by a
dry scroll roughing pump4 (not shown), a titanium sublimation pump (TSP)® (TSP) and held by
a ~55L/s IGP®. To optimize pumping speed, the vacuum pumps are also mounted as close to the
chamber center as the simple design allows. The estimated molecular regime vacuum conductance is
about ~100L/s for both the IGP and for the TSP.

The vacuum chamber is supported in a height of 250 mm over the optical table by waterjet-cut flange
support clamps (not shown) made from stainless steel to match the thermal expansion coefficient of
the chamber itself (as recommended in reference [122]). A four-point support of the vacuum flanges
reduces stress on the flange welds and vacuum viewports. The clamps support as many flanges as
possible and are mounted to the optical table with 1in-diameter stainless steel pedestal posts. A low-
profile support for the main chamber cube was added when upgrading the gradient field coils, as we

identified the chamber center sagging under the additional weight.

1 Agilent FRG-700 full range gauge (5 x 10~ mbar to 1013 mbar). 2 Pfeiffer PrismaPro QMG, 1 to 300 u
mass range. 3 Agilent TwisTorr 74 FS. 4 Agilent IDP-7 5 Agilent 916-0050 TSP Filament Catridge, 2.7 g
filament (85% Ti, 15% Mo), 0.09 g/h to 0.1 g/h sublimation rate. 6 Agilent Vaclon Plus 55.
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3.2 Magneto-optical trap vacuum chamber
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Figure 3.7: CAD render of vacuum chamber. For a detailed description see the text.

3.2.1 Ultra-high vacuum operation

Pumping from atmospheric pressure to UHYV is initially established by the TMP backed by a dry scroll
roughing pump. The chamber is then baked under vacuum at around 200 °C to 350 °C for a two to
four weeks to remove water and reduce hydrogen outgassing from the steel walls of the chamber. For
the initial bake, viewports are replaced by blind flanges to allow for higher temperatures, as the glass to
metal seals are sensitive to thermal stress. While we replace the viewports under a clean, dry nitrogen
atmosphere in self-built glove boxes, a subsequent additional bake-out at slightly lower temperatures
for one to two weeks removes residual water, as confirmed by the residual gas analyzer. We ramp
temperature by <1°C/min and wrap everything in layers of glass wool and aluminum foil to avoid
thermal stresses in all connections. After baking the multiple rounds of activating the TSP allows
reducing the chamber pressure by up to an order of magnitude while the chamber is still hot. After
activation of the IGP and a slow cool-down vacuum pressures down to 1 x 107! mbar are achieved.

The latest vacuum bake-out and residual gas analyzer (RGA) analysis can be found in reference [132].
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3 Integrating mercury into ultra-high vacuum systems

Figure 3.8: Overview of CF DN40 vacuum gaskets used in the experimental setup. The first three —
cube towards source, main chamber IGP and gate valve — are gaskets used in the vacuum
chamber for about 4.5 years being exposed to mercury vapor. They show green to dark
gray colored corrosion along the vacuum sided edge of the gasket, that also leave a corro-
sive residue on the underlying aluminum foil. The corrosion on the outer air-sided edge
stems from baking. The last gasket shows a chromium plated copper gasket tested in the
rebuild of the vacuum chamber to prevent mercury corrosion.

As already discussed above, pumping mercury with IGPs is challenging due to its high mass, as its
acceleration is insufficient to penetrate deep into the anode material of the pump. Bigger reservoirs,
loosely trapped under the anode surface, can break loose and create leakage currents and destroy the

pump. However, so far no degradation of the large IGP could be observed.

Gaskets Since other groups did not communicate corrosion problems of standard oxygen-free cop-
per CF gaskets so far, we initially did not consider any alternative. Analysis of copper gaskets after
four and half years of use in 1x10~Y mbar mercury environment, see figure 3.8, however showed signif-
icant signs of corrosion and could be a source of vacuum leaks preventing deeper vacuum operation.
Excluding Viton gaskets, so far no commercially available mercury-compatible gasket alternative could
be found. Readily available nickel-, gold-, and silver-plated CF gaskets are all prone to amalgamation.
To prevent amalgamation and potential UHV contaminations we chrome plated copper gaskets via
evaporation deposition in vacuum, but the resulting gaskets were too brittle to conform to the stain-
less steel knife edges resulting in leak rates only compatible with HV. Future analysis of corrosion

protection is advised.

Filling the source chamber Filling the mercury source with about 1 mL of mercury (about 13 g) is
also performed under nitrogen atmosphere and after pre-baking the source beforehand. We pre-cool
the Peltier slightly and fill the source via a clean needle syringe in a glovebox. As re-heating the
mercury source container itself is not impossible, this opening can in theory introduce impurities like
water vapor into the source chamber that are then cooled by the Peltier cooler. While RGA analy-
sis showed no significant contaminations, considering the limited end pressure in the main vacuum

chamber that we achieve this could — next to the amalgamation issues — be a potential virtual leak.

Conclusion Long-term operation of the chamber increased the vacuum pressure as read by the
IGP up to 2 x 109 mbar, where stable operation was found. So far we could not identify whether the
problem indeed originates from a (virtual) leak or a false reading in the IGP current. Later installation

of an additional non-evaporable getter pump! with a quoted hydrogen pumping speed of 400 L/s to

1 SAES Getter CapaciTorr Z 400.
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3.2 Magneto-optical trap vacuum chamber

Figure 3.9: UV degradation on the AR coating of the vacuum viewports after four years of use, visible
as a dark, blurry spot at the location of the MOT beams (right) and fluorescing under UV
light (left).

the previous location of the RGA hoped to remove potential water vapor and hydrogen sources, but
did improve vacuum quality only slightly. Better characterization of the atomic lifetimes in the optical

dipole trap should hopefully answer this question.

3.2.2 Viewports

Low reflectivity vacuum viewports are critical for the realization of high power (hundreds of watt)
optical dipole traps. However, AR-coated vacuum windows also strongly benefit MOT operation,
polarization-sensitive spectroscopy, and EDM measurements.

For establishing magneto optical trapping we initially purchased vacuum soldered CF40 viewports,
which were custom AR coated optimized for the UV wavelengths required!. As also present in all other
optics — mirrors, lenses, waveplates, AOMs and more — we however observed strong UV degradation
of the AR coating over time, as shown in figure 3.9. High-energy UV photons can break chemical
bonds in the coating materials that lead to the formation of color centers and can create permanent
photochemical damage. Oxygen vacancies or impurities in fused silica glass are also subject to so-
larization and both coating and glass substrates are more prone to damage in vacuum environment,
where no ambient oxygen can repair these damages. After four years of use and a few hundred hours
of UV exposure at 2564 nm transmission decreased to about 68.6 %, the increased UV damage at the

vacuum side is easily visible on the viewport coatings.

Random AR nano-textures Given the need to integrate a high-power optical dipole trap laser and
the severe degradation, the viewports were replaced with 1.5 in diameter nano-textured random anti-
reflection (RAR) windows?. Instead of thinfilm AR coating layers, RAR surfaces use sub-wavelength
nanostructures that gradually match the refractive index between air and substrate, enabling broad-
band, wide-angle AR performance. While specifications for the UV-C wavelength range were not
available, the RAR texture showed excellent transmission of 99.5(1) % at 254 nm and reflectivity of
0.38(13) % at 1070 nm, both at 10° incidence [132].

To suppress UV degradation inside the glass, we selected high purity, non-crystalline, UV-grade
Corning 7980 fused silica substrates with minimal impurity inclusions (inclusion class 0: < 0.03 mm?

total inclusion cross-section per 100 cm?® of glass) and high homogeneity (grade A: < 1 ppm maximum

1 Laseroptik UV VAR, <0.25 % reflectivity at 250 nm to 330nm. 2 TelAztec RAR-M, fused silica C7980 grade
0A.
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3 Integrating mercury into ultra-high vacuum systems
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Figure 3.10: Upgraded vacuum viewports with the copper to glass UHV seal. The flanges are commer-
cially available (Thorlabs VC234) stainless steel CF40 flanges originally made for sealing
via Viton gaskets, that are replaced with a custom-made double-sided copper knife edge.
The custom stainless steel retaining clamp compresses the copper ring to >90 um per
knife edge, establishing a UHV tight and nanostructure viewport compatible seal.

index variation). These substrates promise high transmission in the deep-UV (> 99.9%/cm) and
demonstrate good damage resistance in comparable applications.

Sealing the nano-textured windows for UHV use was challenging, as vacuum-soldered glass-to-metal
bonded viewports were unavailable. After recommendations from other groups, Viton o-rings in com-
mercial vacuum flanges were used!. However, the RAR surfaces are fragile, prone to contamination,
and difficult to clean. A mild <80 °C bake-out caused fluorocarbon outgassing from the o-rings, con-
taminating the nano-texture and increasing absorption to 8(1) % and 2.3(2) % in the UV and infrared
(IR), respectively [132]. Multiple cleaning attempts, including oxygen plasma and UV exposure, failed
— plasma increased UV absorption, while UV exposure raised vacuum pressure by over an order of
magnitude. New windows were installed using a custom-designed upgraded viewport with a glass-to-
copper seal, developed in this thesis and inspired by concepts in references [133, 134]. As shown in
figure 3.10, the design modifies commercially available CF40 flanges (Thorlabs VC234) by replacing
the original Viton sealing mechanism with a custom double-sided copper knife edge and retaining
clamp, achieving a UHV-tight and nanostructure-compatible seal that proved reliable and leak-tight
to below 5 x 10" mbar L/s. Details on installation, characterization, contamination, and cleaning

can be found in reference [132].

3.2.3 Outlook

A future vacuum chamber design supporing high-resolution EDM measurements and the production
of quantum degenerate gases is presented in section 7.3.1. This design incorporates a Zeeman slower,
as discussed in section 4.8.3, for improved MOT loading and employs differential pumping stages
to achieve a strong pressure gradient, enabling operation in the UHV to XHV range. In addition
to improving vacuum quality, the new setup enables separation of the source and science chambers.
This reduces background gas collisions and allows installation of magnetic shielding for future EDM

measurements. The proposed system lays a solid foundation for future experimental advances.

1 Thorlabs VC234, rated to 1 x 10~8 mbar, with reported operation down to 1 x 1071 mbar. Viton outgassing
should be reduced by vacuum bake (100 °C to 150 °C, four hours). A UHV seal requires an untextured rim of
3 mm on the vacuum side.
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4 Magneto-optical trapping of mercury at high
phase-space density

The investigation of radiation pressure of light dates way back to the beginning of the 17th century
when Johannes Kepler tried to explain why comet tails point away from our sun [135]. While supported
by theory and experiment suggestions by Leonard Euler (1746), James Clerk Maxwell (1873), Adolfo
Bartoli (1876) and Albert Einstein (1917) it took nearly 200 years for the first experimental verification
in a light mill radiometer [136, 137] — as suggested by Wiliam Crookes (1873) —and the first observation
of recoil forces in an atomic beam by Otto Robert Frisch in 1933 [138].

Only with the development of the (tunable) laser at around 1960, a tool for efficient atom-light
interaction was born and the concept of laser cooling atoms utilizing the dipole force — as initially
proposed by Arthur Ashkin in 1978 [139], as well as Ted Héansch and Arthur L. Schawlow in 1975
[140] among others — began to gain momentum. The first three-dimensional optical molasses was then
realized by Steven Chu and colleagues in 1985 [141]. They slowed a beam of neutral sodium atoms
down from tens of m/s to tens of cm/s and cooled them from hundreds of Kelvin to the Doppler
temperature limit of 240 uK.

Suggestions and experiments using chirped laser light for addressing and cooling multiple velocity
classes in a hot gas of atoms were made, a technique that still finds application today. In parallel,
ideas to utilize magnetic fields and the Zeeman shift in optical transitions for a position and velocity-
dependent cooling force [142] then led to the development of the magneto-optical trap (MOT). Pro-
posed by Jean Dalibard in the late 1980s [143] and first realized in the group of Steven Chu and David
Pritchard in 1987 [144], the MOT adds a position-dependent restoring force to the velocity compres-
sion of the molasses. This not only allowed much higher atomic densities and atom numbers, but
surprisingly allowed to reach sub-Doppler temperatures down to a few times the recoil limit. The
latter was explained by discovery of the Sisyphus cooling mechanism in alkali vapors, a mechanism
relying on ground-state Zeeman sublevels and polarization gradients [145, 146]. Most importantly,
magneto-optical trapping allowed direct trapping from a thermal background vapor without the need
for atomic beam slowing techniques based on chirped lasers or Zeeman shift compensation. In 1997,
the Nobel Prize in physics honored the advancements in this field while highlighting potential applica-
tions and the award went to Steven Chu, Claude Cohen-Tannoudji and William D. Phillips “for their
development of methods to cool and trap atoms with laser light” [147].

Today, magneto optical trapping is the workhorse tool for a wide range of (ultra-)cold physics cre-
ating millimetersized clouds of cold atoms or molecules with densities on the order of 1 x 10 cm™3
and temperatures down to the recoil limit. This enables Bose-Einstein condensation [148, 149], Fermi
degeneracy [150], as well as quantum information experiments and precision metrology probing the
physics beyond the standard model, and much more. Recent advances have extended MOT tech-

niques to certain diatomic molecules, such as monofluorides and, more recently, hydroxides of Sr,
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4 Magneto-optical trapping of mercury at high phase-space density

Ca, Ba and Al [151], overcoming challenges related to their complex internal structure through care-
fully engineered laser cooling schemes. Laser cooling has also recently been successfully applied to
antimatter systems, most notably in the cooling and trapping of antihydrogen [152], which opens up
new frontiers in precision tests of fundamental symmetries, such as charge, parity and time reversal

symmetry (CPT) invariance and gravitational interactions involving antimatter.

Magneto optical trapping in mercury was started in the group of Hidetoshi Katori at RIKEN (Uni-
versity of Tokyo) [153] and at SYRTE in Paris [154, 155] motivated by its low sensitivity to blackbody
radiation in the context of an optical lattice clock. At the same time, the group of Thomas Walther in
Darmstadt set up a mercury MOT for photo-association of cold mercury dimers and to study lasing
without inversion in the deep-ultraviolet (UV) region [56, 57, 102, 103, 156]. Interest in laser-cooling
mercury also A dual-species mercury-rubidium MOT was also developed in Torun [58], primarily
aimed at investigating cold collision dynamics between Hg and Rb, as well as enabling future studies
of ultracold molecule formation. More recently, mercury cooling and trapping efforts there have also
supported the development of a molecular Hgy clock to probe potential variations of fundamental
constants [157]. Magneto-optical trapping for optical lattice clock operation was also established in
Shanghai [107] and Arizona [105, 158]. While mercury was established as the heaviest non-radioactive
element trapped in a MOT, its high vapor pressure and deep-UV wavelengths make handling and cool-
ing mercury quite challenging. These works demonstrated that a MOT of Hg is feasible; however, to
the best of our knowledge, none of these experiments were designed with evaporative cooling or quan-
tum gas production in mind. Consequently, atom number and phase-space density remain parameters

with potential for further optimization.

Relevant for the optical dipole force in magneto-optical trapping, but also for describing dipole trap-
ping, Zeeman slowing and the interaction between the probe beam and the atomic cloud during
spectroscopy in chapter 6, it is helpful to revise atom-field interaction on the fundamental level. The
following section will therefore lay a theoretical basis of atom-field interactions for laser cooling. Sec-
tions 4.2 to 4.6 will give a detailed construction of the optical and electronic setup required for trapping
and analysis of cold mercury atoms. With the technical foundation laid out, the chapter will conclude
in demonstration of high-phase space densities and a thorough characterization of the Hg-MOT and
will give an outlook to planned upgrades and future improvements. The MOT characterization sec-

tion 4.7 will include results published in reference [1].

4.1 Atom-field interaction

The derivation presented follows the description in reference [159] and [145].

The interaction between a two-level atom with states |g), |¢) and a monochromatic electric field
E (7,1) is described by the sum H = Ha + Hap of the atomic free-evolution Hamiltonian Hy =
p2/(2m) + hwgle)(e| and the atom-field interaction Hap = —d - E, where d is the induced atomic

dipole moment and p = —ihV the atomic momentum operator. Rewriting d = (glci le) (o + O'T),
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4.1 Atom-field interaction

where o = |g)(e| is the atomic lowering operator! and also decomposing the electric field E (F,1) =
EE™) (7) e~ + c.c. into positive and negative rotating terms, we can write the Hamiltonian in the

form :
— h . i
o= 2’; +hogolo + 2 (0 +07) (QF e+ Q' () (4.1)
m

where the Rabi frequency is defined as Q(7) = -2 (glj - €ley E®)(#)/h. In the rotating-wave approxi-
mation |w—wy| < w+wo we can neglect the fast oscillating terms e* (“*+«0) in the product d-E and the
total atom-field interaction Hamiltonian can be written as Har = /2 (Q(F) ofe i@l L Q*(F) o et @ .
Here we can absorb the explicit time dependence by transforming to a rotating frame governed by

the unitary transformation U = exp (i wt |e){e]). The resulting Hamiltonian then reads

- P h - -
A=2 _pActo+2 (Q(r) o+ Q" (F) 0') (4.2)
2m 2
where A = w — wp is the detuning of the angular frequency of the light field with respect to the

resonance frequency of the atomic resonance.

4.1.1 Absorption cross-section and lineshape

To also include dissipation by spontaneous emission to the description of the two-level atom governed
by H, we change to the density matrix description § and solve the associated Liouville-von Neumann
master equation. Under the Born-Markov approximation of separable system and reservoir and the
assumption that the dissipation is dominated by homogeneous (natural) line broadening this leads to

the optical Bloch equations,

0p A 1 s
a—f =%p= —% [A.p(0] +TDIe15(1), with Dol p=cpo’ = S(c'po+poio), (43
where @[o] is the Lindblad superoperator of the raising operator o. The transition rate is given in

terms of the dipole matrix transition element as

@ > T2
F:m|<g|e-d|e>| (4.4)
and in detail depends on the exact electronic level structure involved. It is most often referenced to the
lifetime 7 = 1/I" of the relevant transition between total angular momentum eigenstates |J.) — |Jg).
The dipole matrix element is then written using the Wigner-Eckart theorem in terms of the reduced
matrix element (Jg||c7 [|Je), which encapsulates the transition strength independent of the magnetic
sublevels. In the given form it allows to determine the polarization-dependence of the optical dipole
force in section 5.1.1.

In steady state  — oo the master equation can be solved, and we obtain the diagonal p.(t — o)

(= excitation) and off-diagonal p.¢(f — o) (= coherence) elements of the two-level system’s density

1 We can choose the phase of <g|(7|e) to be real. The diagonal matrix elements of the atomic dipole
moment operator vanish due to parity arguments, see for instance [159, section 5.1.1]. Similarly, we can
write Ha = p?/(2m) + hwpo'o, showing that o evolves under the unperturbed atomic Hamiltonian as
e '@’  The dipole matrix element can therefore be written as a positive and negative rotating term
d = (gldle) (0 + o) =d® +d).
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4 Magneto-optical trapping of mercury at high phase-space density

matrix. The diagonal term relevant for absorption and emission reads

s . L la®))?/2 50
5 th A’ = = s
T4 M SN = 9 T Ty @A)

(4.5)

NO| =

pee(t — o) =

where 5o = s(A = 0,7) = I(F)/Isa is the (position-dependent) on-resonant saturation parameter and
Lo = hwg I'/(127 ¢?) the associated saturation intensity. As it describes the excited state decay rate,
it is also a measure of the (coherent) photon scattering rate Ryc = I' p.(t — o0) and following the
optical Wiener-Khinchin theorem [159] gives us the associated scattering cross-section,

g0 3 /12

= s ith = —), 4.6
T+so+ (202" 0 90T on (4.6)

Tsc

relevant especially for (absorption) imaging as described in section 4.4. The dependency on detun-
ing A and saturation parameter sy resembles a Lorentzian lineshape of powerbroadened effective
width T” = T'y1 + s that can be probed with near resonant laser light.

As we will see in chapter 6 on isotope shift spectroscopy, multiple photon scattering events can
alter this dependency by introducing a Doppler shift A — A + nk -7 due to directed photon recoil of
the probe beam. An accumulative velocity change by multiples of vyec = 71 k/m can then lead to an
asymmetric line shape, easily resolvable at small wavelengths A in the ultraviolet even for only a few
scattered photons per atom. We will derive a semi-empirical model in section 6.2.2, that describes the
data well, but a more thorough analysis would need to solve equation 4.3 for a Hamiltonian A with

time varying Doppler shifted lightfield frequency / detuning.

4.1.2 Laser cooling — dipole and radiation pressure force

Given the Hamiltonian in the rotating frame from equation (4.2), the force acting on the atom can be
derived in the Heisenberg-picture from

L ) .
o _ 1 A.p| = -V Har =3 (VQ(F) o+ VO (7) 0') . (4.7)

ﬁ = — = —
ot h [

Separating the Rabi frequency into amplitude and phase Q(¥) = |Q| ¢ ¢() and expressing the Rabi

frequency amplitude in terms of the saturation parameter s(A, 7, A) from equation (4.5), the mean

force can be written! as

. hONF

=" [y logla)| - ivo(m)] ()
__ha Ale L A oz 48
=-> Vlog[1+s(A,r)]+2 s(A,7)+1V¢(r) (4.8)

= (Faip(F, A)) + (Fraa (7, A)) -

Dipole force The first term in the last expression is the mean dipole force (ﬁdip), which depends
on the detuning A and the Rabi frequency Q(7) and therefore on the field amplitude / intensity. It

originates in the coherent scattering and interference of photons that change their wavevector ori-

1 For this step the author of [159] uses the fact that the gradient can then be rewritten as
VQ(F) = Q(F) (Vlog (|Q(F)|) —iVé(F)) and Vs(F) = 2 s(F) Vlog |Q(F)].
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4.1 Atom-field interaction

entation during the absorption and re-emission process. While this vanishes for a plane wave for
which the Rabi frequency has no spatial dependency, it is the main driving force in optical dipole
traps (ODTs), where a strongly focussed laser beam can create a conservative trapping potential
(Faip(F, A)) = ~VUaip (7, A).

The second term in equation (4.8) is the mean radiation pressure force <ﬁrad>, which compared
to the steady state solutions of the optical Bloch equations from equation (4.5), is just the scattering
rate " pe. (7, — oo) multiplied with the photon recoil momentum.! This is the main driving force in

optical molasses, magneto-optical trapping, and for slowing atoms in a Zeeman slower (ZS).

Optical molasses

The simplest model of a one-dimensional optical molasses involves two counter-propagating laser
beams that are red-detuned (A < 0). These beams create a velocity-dependent friction force that
opposes and dampens the motion of the atoms. For this, we need to consider that the moving atom
of velocity v experiences the frequency of the two beams Doppler shifted A — A + k v with opposite
signs. The resulting force of the co-propagating (A — A -k v) and counterpropagating (A — A+kv)

light field can therefore be written as the sum

(molasses) I 1 1
<Frad> =hk — so 5 " B
2 T [1+s0+2A-kv)/T)* 1+s0+(2(A+kv)/T)
hik? sy |Al/T , .
= Bk 5o |Al/ 2v+®(vz)E—a/11+®(vz)
(1+ 50+ (24/7)2)

(4.9)

and is shown in figure 4.1. Note that this treatment only really holds for a two-level system in the
low intensity regime of negligible saturation sy < 1, such that we can treat the two beams and their
radiation pressure forces as independent. For o, orthogonally polarized beams it is however still a
good approximation that holds even at moderate intensities [145].

The damping coeflicient « is positive for red-detuned laser light and therefore results in cooling by
decelerating the atoms and compressing them in velocity space. When we consider the spatial intensity
profile of finite sized laser beams and extend the above picture to three dimensions this cooling also
leads to an accumulation and therefore resembles (unstable) trapping of atoms at the interception
point of the beams. Damping is maximal for A * —I'/2 and 59 ~ 2, and we can see that only a small
range of velocities can be trapped. The maximal trapping velocity is approximately given by the
location of the two extrema (v = £A/k), which at maximum damping gives us vém()lasses) ~I'/(2k) =
Ay/2. While generally being quite small for most cooling transitions, the narrow linewidth (y =
I'/(2r) = 1.3 MHz) and deep ultraviolet cooling transition (1 = 253.7 nm) available in mercury makes
the maximum trapping velocity more than an order of magnitude smaller (~ 0.16 m/s) compared to

typical cold atom experiments.

Temperature limit of laser cooling

Doppler cooling limit Equation 4.9 describes a deceleration to v = 0, i.e. T = 0, which is nonphys-
ical. For an estimate of the cooling limit, we therefore have to consider not only the mean radiation

pressure force (Fy,q) but all its fluctuations over time. Every photon that is absorbed or emitted

1 Tor a plane wave i V¢ (F) = h k.
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Figure 4.1: The radiation pressure force (black curve) for a one-dimensional model of optical molasses
cooling (left) and magneto-optical trapping (right) of mercury. The optical molasses is
shown for a detuning of A = —I'/2 and a saturation parameter of so = 2 for which maximal
damping (a) is predicted. In the MOT example A = —-5T" and 59 = 2 to visualize the
large capture radius achievable when increasing the light field detuning |A|. The orange
and blue shaded curves (dashed) show the force contributions from the two opposing, red-
detuned (A < 0) light fields, that the atom perceive as being shifted further and closer into
resonance depending on their velocity v and position x. In the optical molasses this shift
originates in the Doppler effect A — A — k -%. In the MOT for v = 0 the magnetic gradient
field (0B/0x = 10 G/cm) shifts the mp = +1 hyperfine states, such that A — A+Au B(x)/h
with Ay > 0, as probed by the circular polarized laser fields. The depiction of the energy
shifts is valid for small v, x for which the linear approximation of the radiation pressure
force (dotted, green) holds.

changes the atom’s momentum by one recoil k. A comparison of the cooling and heating rate [145]
gives the resulting temperature limit of radiation pressure cooling:

_ nr?
~ 8kglAl

AT -
(1 +so+ (2 A/F)Q) 2 o imin) (4.10)

T>Tp
where the second inequality indicates the minimum achievable temperature for a detuning of A =
-I'/2 and 59 — 0. For the extension to three dimensions, the saturation parameter needs to be
computed for the sum of all laser intensities 5o = lio¢/lsat = 6 Ibeam/Isat for three orthogonal pairs of
counter-propagating laser beams.! The minimal temperature is typically referred to as the Doppler

temperature, for mercury it lies at 7. l()mi") = 30.5 uK.

Polarization gradient sub-Doppler cooling As first observed in Lett et al. [145], orthogonally

linear (lin L lin) or circular polarized (o o) lightfields in combination with a Zeeman substructure

1 Note that in the publication attached to this work and described in section 4.7 we use the notation s = s¢/6.
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4.1 Atom-field interaction

of the atomic ground state allows reducing the temperature even further. In the MOT compatible
0 0 scheme employed within this thesis, two counter-propagating laser beams with opposite circu-

1 ¢, = (1,+i)7/V2 interfere in a standing wave. If we assume the two waves to have

lar polarizations
identical amplitude the resulting polarization is always linear é = (sin (k x), cos (kx))T, but rotates
in a corkscrew-like helix with pitch 1.2 For a multilevel atom with degenerate ground-state Zeeman
sublevels, this leads to a velocity-dependent redistribution of population among magnetic sublevels
through optical pumping. The associated friction force originates from non-adiabatic transitions be-
tween the various hyperfine levels for which the Clebsch-Gordon coefficients need to create a popu-
lation asymmetry. Therefore, polarization gradients lead to cooling beyond the Doppler limit. This
simpler explanation of the oy o scheme is only valid for 22Hg. Due to the lack of sufficiently asym-
metric optical pumping between ground state Zeeman sublevels in any atom with F, < 1, polarization
gradient cooling based on unbalanced radiation pressures in the o, o corkscrew scheme is however
prohibited in *Hg (F, = 1/2) [146]. The complex polarization topography of three-dimensional light
fields that occurs in the interference of the six MOT light fields considered within this thesis however
again allows sub-Doppler cooling schemes based e.g., on opposing linear polarization induced gra-
dients [160]. Here, the lin L lin cooling scheme is based on a spatial polarization gradient induced
modulation of light shifts and population redistribution via optical pumping between ground-state
sublevels with different potentials and is therefore referred to as Sisyphus cooling [146].

The absolute limit of polarization gradient cooling via radiation pressure is then given by the
residual random walk due to the recoil that atoms experience when absorbing and re-emitting single
photons of momentum 7k. The associated temperature limit — the recoil temperature — is then given
by
(nk)?  h?

T > Trecoil = = .
ecoil mkg mA%kp

(4.11)

The derivation here is simplified and experiments typically can only reach temperatures of a few to a
few tens of Tiecoil. Especially residual magnetic fields and the resulting Zeeman shift can cause atom
loss and heating. For mercury this limit is approachable only for the fermionic, odd mass number
isotopes 1"Hg and 2*!Hg with ground state hyperfine structure and is given by Tyecoi = 1.5 uK limited
by the large recoil of the UV photons.

Magneto-optical trapping

So far, the optical molasses has no position-dependent restoring force and therefore cannot provide
stable trapping. Magneto optical trapping adds a spatially dependent magnetic quadrupole field and
requires circular polarization from the opposing laser beams. In the simplest case, applicable for the
bosonic mercury isotopes, the atom features a F' = 0 ground state and F’ = 1 excited state (hyper)fine
structure. In the one dimensional case of two opposing laser beams with orthogonal o, polarization,
a coaxial magnetic gradient field B(x) = (0B/0x) x shifts the mp = +1 sublevel due to the Zeeman

effect, as illustrated in figure 4.1. Due to the selection rules the o.-polarized laser beams therefore

1 Note that the polarization handedness here is defined with respect to a fixed basis. In their respective
co-propagating reference frames the two laser beams have the same circular polarization. If the atomic spin is
aligned with the wavevector o~ refers to left-handed (right-handed) circularly polarized light. 2 For unequal
field amplitudes the following explanation is still valid. The resulting polarization is elliptical and rotates with
constant ellipticity.
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4 Magneto-optical trapping of mercury at high phase-space density

can only address the mr = 0 — mp = £1 transition with Amr = +1. If we consider that the energy
level degeneracy of the hyperfine levels is lifted according to AEz = (mp gr» — mp gr) up B(x), an
atom at rest located at x < 0 (x > 0) therefore will be addressed dominantly by the o, (o-) polarized
lightfield. The opposing lightfield driving the Amg = =1 (Amp = +1) transition is further red detuned
and the atom therefore experiences a position-dependent radiation force towards the center of the

trap.

We introduce the Zeeman shift into the detuning A — A + kv + Au B(x)/h, where we assume
|AEZ| = Au B(x) for the outermost hyperfine transitions. From equation 4.9, in the limit of small x, v

we then obtain a damped oscillator like force:

r 1 1
(Frag) ™ =Tk = 59 5~ 5
2 {1450+ Q2A-kv=8x)/T)* 1+so+(2(A+kv+px)/T)
Au OB
= —av—kx+0(x%0?), where k= %, B = SHOP (4.12)
k no ox

The spring constant « depends on the applied gradient field strength dB/dx — typically in the 5 G/cm
to 50 G/cm range — and the velocity damping constant « of the optical molasses. Extending this
scheme to three dimensions is straight forward. A three-dimensional magnetic gradient field can be
realized by e.g., a pair of coils in anti-Helmholtz configuration, the laser beam polarization of the six

MOT beams then needs to be adapted to the magnetic field orientation on the three spatial axes.

Cooling of fermionic mercury isotopes with F # 0 works nearly identical to the here described
simple F = 0 — F’ = 1 model, since the atom quickly aligns its spin to the outermost mr = +F,

mpr = +F’ Zeeman states due to optical pumping by the o.-polarized lightfields [161].

Capture velocity & radius Under the assumption of equation 4.12 the capture velocity of a (1D)
MOT can be approximated [161] as

moty _ 3|2 R2KST2|Al  sg 1
< m? B2 (1+50)3/2 1+ 50+ (2A/T)2

(4.13)

With ’Uémm) typically in the tens of m/s range, this makes magneto-optical trapping from a thermal
background gas much more efficient than pure optical molasses cooling. The latter is often just applied
as a second cooling stage once the atoms mean velocity is already reduced by the MOT. At strongly
reduced laser intensity and detuning, this additional cooling scheme can allow further reduction of
the achievable cloud temperatures. For reasonable experimental parameters of A = 15T, 59 = 2
(so = 20) and a gradient field strength of 0B/dz = 10 G/cm, for mercury we obtain a capture velocity
of just v((;mOt) < 5.2m/s (9.0m/s). The radius in which a MOT can roughly capture atoms is relevant
when loading from an atomic beam source. It can be roughly estimated from the resonance condition
Au B(ri,mOt)) L n|A| giving us rémm) = |A|/B, which for the parameters given above is rémOt) ~ 1.5 mm.
The capture velocity and radius computations were compared to a 1D Monte-Carlo simulation of
atom trajectories simulated using a python implementation of the heuristic force equation 4.12 based

on the python package PyLCP [162]. The simulation roughly agrees with the above numbers.
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4.2 Optical setup

Atom numbers and shape While the typically Gaussian beam profile of the MOT cooling light
roughly determines the capture and roughly also the trapping volume, the exact shape of the MOT
can be really complex and is determined by many parameters. Under the assumption of a perfectly
symmetric cloud, the cloud temperature given can be related to its average via the equipartition
theorem. Assuming the atom is dominated by the position-dependent force in equation 4.12 and
cooled to the Doppler temperature given in equation 4.10, in 1D we get 1/2kp T? = 1/2«r? and the
resulting MOT radius is given by

r(mot) — hr3
64 A2 S0 ﬁ

where we again define 8 = Au 0, B /h.

913

2
2A
1+ 50+ (?) , (4.14)

4.2 Optical setup

We will now present the optical setup for magneto-optical trapping of mercury. Care is taken to both
reduce the number of optical components to a minimum and to work with as large beams as possible
to reduce the intensity and avoid UV damage to optical components. Furthermore, the optical beam
path is chosen as short as possible, since the lack of good (polarization maintaining, low loss, UV
damage resistance) optical fibers at the wavelength requires good beam stability up to the atoms. This

is furthermore complicated by the beam pointing instability of the laser system as discussed below.

4.2.1 254 nm laser system

The 254nm light required for cooling and imaging is generated by a commercial Toptica fourth-
harmonic generation (FHG) system that was built specifically for this application and, at the time
of construction, exceeded the continuous wave laser power available at this deep ultraviolet wave-
length. The optical setup is shown in figure 4.2. An external-cavity diode laser (ECDL) at 1015 nm
(top right) successively seeds a tapered amplifier (TA) and an external fiber amplifier (FA). Optical
isolators (OI) prevent back reflections into the laser. Two bow-tie-cavity enhanced second-harmonic
generation (SHG) processes in nonlinear crystals (NC) successively convert the light from the infrared
to the ultraviolet. The cavity lengths are stabilized via piezo-driven cavity mirrors (M) over the pho-
todiode (PD) monitored cavity reflections in a Pound-Drever-Hall (PDH) locking scheme. Here the
first doubling stage (labeled as SHG) is stabilized via sidebands modulated onto the laser diode (LD)
current and the second doubling stage (labeled as FHG) via an additional electro-optic modulator
(EOM). Incoupling to the tapered amplifier, SHG and FHG, as well as the crystal positions can be
optimized successively by pairs of motorized (servo-driven) mirrors (M™) and (motorized) crystal
mounts with the output power being monitored via photodiodes (not shown for the doubling cavi-
ties). While the SHG is housed in a low humidity environment, the FHG stage features an additional

inert gas atmosphere.
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4 Magneto-optical trapping of mercury at high phase-space density
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Figure 4.2: Laser system at 254 nm (left) and sketch of the optics providing light for MOT, imaging

and spectroscopy (right). The inset (bottom right) shows the MOT beam profile recon-

struction from scanning slit analysis data. The inset of the vacuum chamber is taken from

reference [1]. Description see main text.
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4.2 Optical setup

Beam profile & beam pointing

Beam profile The UV laser beam profile does not follow a pure Gaussian TEMgo-mode. It contains
higher-order cylindrical transverse TEM,; modes with p > 1, which have additional intensity patterns
oriented along the horizontal axis. These modes propagate differently than the main central mode
and therefore alter the beam profile along its propagation path. This is confirmed by a measurement
of the overall beam quality factor, obtaining M? ~ 1.1 to 1.2 along the vertical and M? ~ 1.4 to 1.9
along the horizontal beam axis, which also depends on the crystal position and UV degradation of
external laser optics. Beam profiling at 254 nm is not trivial, as standard silico-based charge-coupled
device (CCD) cameras are not sensitive in this wavelength region. Initially we performed beam profile
analysis via manual knife-edge technique, but also attempted imaging strongly attenuated, acousto-
optic modulator (AOM) pulsed light onto the Andor emCCD camera used for atom imaging. The
latter was quite sensitive to beam shape distortions of the high-power UV laser beam, which became
apparent after passing through several optical elements, especially AOMs and polarization optics. The
most consistent beam profile measurements were obtained using a high-power compatible scanning
slit beam profiler!, which records intensity slices along two orthogonal axes. A two-dimensional
reconstruction of the beam profile from multiple angular scans was attempted using the inverse Radon
transform, a standard algorithm from computed tomography. An beam profile of the MOT beam is
shown in figure 4.2.

Over the time of this thesis, slight alterations in the FHG output beam profile were observed. A
more drastic change likely occurred during transit when the laser system was sent for repair, affecting
both beam waists and focus positions. We shipped the system back to the manufacturer, who opened

the protective enclosure of the final beam-shaping optics and adjusted the lens setup.

Beam pointing instability Beam pointing in SHG enhancement cavities can vary due to thermal
effects in the nonlinear crystal, cavity misalignments, birefringent walk-off, and at high power also
nonlinear optical phenomena like intensity-dependent refractive index changes (Kerr effect). Instabil-
ities can also worsen by environmental factors such as vibration, thermal drift, and power fluctuations,
and can be mitigated through thermal stabilization, vibration isolation, and careful alignment. We ob-
served strong beam pointing instability of the UV beam directly after locking the second SHG cavity,
but also long-term drifts and fluctuations, as characterized with the UV-sensitive Andor CCD camera
and a scanning slit beam profiler. Overall, peak to peak beam pointing changes of 0.1° amplitude
could be observed. This is estimated to be the main limitation for the Dopplerfree absorption spec-
troscopy attempts as discussed below and also limits the shot-to-shot stability of MOT atom numbers,

cloud size, and temperature.

4.2.2 Cooling and imaging setup

For the MOT a retroreflected three beam configuration was chosen as a compromise of available
laser power and power balance of the six effective MOT beams. The top right inset in figure 4.2
shows the selected beam orientation including the quarterwave plates? used for creating the desired

handedness of the light field polarization and the 0°-mirrors for retroreflection. While more power

1 Thorlabs BP209-VIS/M. 2 Eksma Optics zero-order 1/4 waveplate, front and back surface anti-reflection
coated for 254nm (R < 1.78% for both surfaces) (custom order).
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4 Magneto-optical trapping of mercury at high phase-space density

efficient MOT setups exist e.g., in form of single beam setups, sending the beam successively through
all 6 optical viewports or using a grating mirror within the vacuum chamber, these configurations were
considered to create imperfections in the optical beam polarizations and a too high power imbalance
between opposing MOT beams. The MOT appeared to be rather sensitive to the power balance,
also just caused by imperfections of the beams’ intensity profile. This leads to parts of the MOT
cloud having horizontal and vertical velocity components, that during time-of-flight imaging can even
lead to the atom cloud not falling straight down along the direction of gravity. When we observed
strong ultraviolet degradation of the optical viewports, as described in section 3.2.2, we switched the
horizontal axes from a retroreflected configuration to four individual beams. This allowed balancing
the intensities of opposing beams, which lead to an even stronger elongation of the MOT cloud.
The vertical MOT beam was chosen to be sent against the direction of gravity and retroreflected
from above the vacuum chamber, such that the slightly weaker retroreflected beam scattering force
is opposing the gravitational force. The gravitational force is usually stronger than the imbalance of
forces induced by the two MOT beams. This imbalance depends on the intensity of the cooling beams
(so < b per beam, typically) and its detuning (A = —=15T" to —I'/2, typically), and on the transmission
of the viewports (I' > 99% if not UV-degraded). This results in a net downward acceleration of
ay = AFpaq/m =~ -0.01m/s? to — 2.5m/s? opposing gravity.

The UV laser beam exiting the laser system (see figure 4.2) is split into separate paths for cool-
ing and imaging, each independently adjusted in polarization, beam size, and frequency. Standard
polarization beam splitter (PBS) cubes are difficult to construct in the deep-UV due to material absorp-
tion and stringent flatness and alignment requirements for optical contacting or airspacing. Their
numerous coated surfaces must also withstand high-intensity UV light. For these reasons, we use
polarization-sensitive thin film polarizerss (TFPs) as beam splitters. These reflect s-polarized light
under the Brewster’s angle (~ 56.4°). Successive 1/2 waveplates and TFPs allow splitting the light
into MOT and imaging beam, in early optical setups a separate spectroscopy beam was present as

well.

Frequency control

For frequency control we use Gooch & Housego AOMO 3200-1220 acousto-optic modulators. They
are specified for up to 75 % diffraction efficiency at 257 nm at reasonable radio frequency (RF) power
requirements (< 1 W), but with an active aperture of only 0.25 X 2.5mm? they require quite small
beam diameter (< 100 um). This leads to quite long optical beam paths when using single lenses (to
reduce the number of optical elements susceptible to UV damage) for focussing and recollimation,
requiring focal lengths of 300 mm to 500 mm to reach high diffraction efficiencies. This degrades the
beam quality further and exposes the AOM to high beam intensities. With the diffraction efficiency
being optimal at around 225 MHz and a given natural linewidth of ~1.3 MHz for the intercombination
line the MOT AOM is set fixed to fmot = 225 MHz, where available power is crucial and the center
frequency of the imaging AOM is set to finag = fmot + |0mot| for addressing the atomic resonance,
as illustrated in figure 4.10. Imaging AOM frequencies within ~200 MHz to ~230 MHz therefore
allows performing spectroscopy scans resolving the slightly Doppler-broadened atomic lineshape for
any MOT detuning. We reach diffraction efficiencies up to 75% to 80% at 254 nm. The AOMs are

48



4.3 Frequency stabilization
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Figure 4.3: Sketch of the double-pass AOM setup, shown from a side view, illustrating the vertical
angle used to separate the two beam passes. The AOM diffracted beam is deflected in a
direction normal to the page.

powered by voltage controlled oscillator (VCO) frequency generators! with integrated phase lock
loop (PLL) for frequency reference and stabilization against our Rubidium atomic clock, amplified
by matching RF amplifiers?. Later the oscillators were replaced by multichannel Urukul direct digital
synthesizer (DDS) boards within the Sinara/ARTIQ time control system as discussed in section 4.6
to allow for power stabilization of both MOT and imaging beam via the RF frequency amplitude.

Double-pass AOM A double-pass AOM setup would benefit both the MOT cooling and imaging
light. It allows dynamic tuning of the MOT detuning during loading without displacing the MOT
cloud and removes intensity variations at the position of the MOT due to beam movement for high
resolution spectroscopy. The accessible diffraction efficiency in the UV however limits its application.
While a double-pass configuration was set up for both a Dopplerfree saturation spectroscopy lock and
for absorption imaging, this excluded the application of a double-pass configuration for the MOT light.
The anisotropic nature of the AOM crystal material makes the diffraction efficiency in the UV strongly
polarization-dependent. For our model it drops to < 20 % for linear polarization parallel to the acoustic
wave propagation direction. This prevents the use of typical double-pass configurations where the first
and second pass are separated via their polarization. The light therefore was sent into the AOM under
a shallow vertical angle (~1°) and the first and second pass beam were separated geometrically in
their vertical position. As illustrated in figure 4.3, the focusing and collimating lenses are arranged in
a cat’s eye configuration. This allows the single-pass beam to be reflected a few millimeters into the
vertical direction and back into the AOM. With the optimal AOM frequency for the cooling light in
single-pass configuration being at ~225 MHz, the double-pass imaging / spectroscopy AOM frequency
was necessarily adjusted to about 100 MHz to 120 MHz. This furthermore lowered the efficiency to

about 8% in the upper frequency range.

The high intensity impacting the AOMs and other optics lead to strong UV degradation, necessitating
us to replace mirrors, waveplates, thin film polarizers and AOMs after about 6 months of operation,
as transmission reduced down to about 50 % or below. A future optical setup including a protective
oxygen gas atmosphere for solarization mitigation is shown in figure 4.4 and discussed in more detail

in the outlook of this chapter.

4.3 Frequency stabilization

Laser frequency stabilization is necessary to allow for stable atom numbers and reproducible and
precise resonance addressing during imaging and spectroscopy. With a natural linewidth of y =
1.3MHz in the UV, the linewidth of the infrared (IR) master laser is therefore ideally in the range

1 Rhode & Schwarz SML-01 2 MiniCircuit ZHL-2-S+
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Figure 4.4: Upgrade of the 254 nm laser system to a compact setup with a protective enclosure. The
UV beam enters through a sealed window, where a set of plano-convex lenses (L) in com-
bination with a pinhole (PH) clean the mode. Mirrors (M) direct the beam into the two
5-axis stage-mounted AOMs, which feature Brewster-cut fused silica substrates, that diffract
and displace the output beams by +10 mm along the vertical axis. The zeroth and first
diffraction orders exit separated in the horizontal plane by the Bragg angle. They are split
by D-shaped mirrors and pass through Galilean telescopes for magnification. To protect
against solarization, the breadboard can be sealed under an inert gas mixture of oxygen
and argon.

< v/16, since both SHG stages increase the linewidth by a factor of two to four depending on the
dominating phase noise sources. The doubling crystal itself is expected to contribute with a factor of
about two, but technical noise due to the cavity lock or from additional amplifier stages, like the fiber
amplifier, the latter contributing with a white noise like spectrum can increase this to a factor of up
to four [103].1

4.3.1 Dopplerfree saturation spectroscopy

First attempts of laser locking were based on optical spectroscopy in a vapor cell. Multiple Doppler-
free nonlinear spectroscopy techniques were tested and initially employed for locking the cooling
and spectroscopy laser. While this enabled first stable magneto-optical trapping of mercury at the
beginning of this thesis, long-term drifts of the laser frequency up to 10 MHz/h strongly limited MOT
operation. After a long debugging process involving many variations of spectroscopy and locking
techniques, it is now believed that these drifts are mostly due to residual power dependency in the
locking scheme, especially in the beam pointing instability of the UV output of the FHG enhancement

cavity. We were only able to characterize the latter observation after long-term MOT operation and

1 In the thesis work of H. John [103] a really similar system is discussed, here the first doubling stage contributes
with a factor of 2.18(8) to the linewidth of the fundamental.
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purchase of a scanning slit beam profiler. These drifts were partly compensated for by increasing the
beam diameter of the spectroscopy lock setup, which however came with a higher power demand for
the spectroscopy and limited the available precious UV power for MOT operation. Additionally, all
spectroscopy schemes were limited in some way by the poor quality and ease of use of polarization
optics in the deep-UV. While our Glan-Taylor laser prisms provide the best polarization purity, they
are impractical for splitting polarized beams in both the forward and reverse directions. The more
affordable thinfilm polarizers lack in polarization extinction ratio even when carefully aligned. PBS
cubes with custom coatings were ordered, but strongly lacked in extinction ratio and transmission.
Therefore, alternative approaches — locking to a stable wavemeter and finally to an ultrastable high-
finesse cavity — were pursued. The section here gives just a very brief overview over the technical

advances as well as the spectroscopy and locking schemes used.!

Vapor cell design In mercury, the absorption length in a vapor cell at room temperature is quite
short due to the high vapor pressure (1.7 X 1073 mbar, see figure 3.1). Most spectroscopy setups
for the 254 nm-line therefore choose rather short spectroscopy cells of only a few mm length [33] to
spectroscopically address the more abundant species, while reducing the amount of power needed
in pump and probe beam for a proper absorption signal. To also properly resolve isotope "Hg
with a natural abundance of just 0.15% (see table 2.1), we opted for much longer cells, a 1.9cm
and a 10.6 cm long one. A Peltier-based cooling system is set up to individually control the vapor
pressure in the cell for the isotope of choice. Here a two-stage Peltier element? was chosen to cool
a small ((30 x 30) mm? base area) block of copper acting as a thermal mass that houses a glass tip
extension of the spectroscopy cell and a small drop of mercury (~1g) contained within. With a ~3 cm
thick styrofoam insulation around the copper block and a water-cooled copper heat sink backing
the underside of the Peltier, temperature control from >50°C down to —40 °C was established. This
allows to tune the saturation vapor pressure of the mercury droplet within the cell, which dominates
the partial mercury cell pressure within the probe volume of the spectroscopy beam. The cell is
made of Pyrex and features two 1in diameter wedged windows for optical access. The experimental
spectroscopy cell setup and temperature control is shown in figure 4.5.

The Zeeman substructure of the excited state additionally requires magnetic field control in the
interaction region of probe beam and atoms within the spectroscopy cell. To zero the Earth’s magnetic
field and, optionally, apply a guiding field along the optical beam axis for sub-Doppler dichroic atomic
vapor laser locking (DAVLL), three pairs of magnetic coils in a Helmholtz configuration were designed

and constructed from enameled copper wire wound onto a nylon frame, as displayed in figure 4.5.

Broadening mechanisms It is noted that the temperature control does not allow to fully set the
Doppler, collisional and transit time broadening. These are dominated by the temperature of the
spectroscopy cell walls that are not contained within the cooler and therefore sit very close to room

temperature. If we assume the thermal velocity of the atoms to follow a Maxwell-Boltzmann distribu-

1 While optical and electronic setup as well as optimization were shared work, I want to thank Quentin Lav-
igne for the intensive literature research as well as guiding the selection and characterization of spectroscopy
locking schemes presented, which is why not all details are specifically given here. 2 Adaptive (European
Thermodynamics Ltd) AP2-162-1420-1118, Prax = 29.3 W, AT, = 95°C.
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Figure 4.5: Dopplerfree saturation spectroscopy cell design including temperature and magnetic field
control. Here showing the 1.9 cm long Pyrex cell.
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with v*(T) = \/m the most probable speed, the resulting lineshape is described by a Voigt
profile. The full width at half maximum (FWHM) linewidth of the temperature-induced Doppler
prodile is given by I'p(T) = 2\/logT v*(T) wo/c = 2n. Within the given achievable temperature
range, we obtain a value of I'p = 27 X 1.3 GHz to 1.5 GHz, which is much larger than the natural
linewidth. Thus, the Doppler-broadened lineshape is approximately Gaussian. This broadening is
compensated for using the Dopplerfree saturation spectroscopy technique, which features Doppler-
free resonances on top of a Gaussian background.

Transit time broadening originating from the finite travel time of an atom through the interaction
region of the probe beam can be estimated from the atomic thermal velocities as well. At a probe
beam diameter of d = 1 mm the resulting FWHM width is about I'r = 27 v*(T)/d = 27 x 0.14 MHz
at T = 20 °C for the line studied here. It does not impose any further constraints on the spectroscopy
lock performance.

Collisional broadening is hard to estimate precisely, since the mean free path length ¢ between
Hg — Hg collisions varies strongly with the derivation. Following the discussion for atomic beam
generation in microtube nozzles in section 3.1.3, we obtain a mean free path of £ * 1.5 mm to 5.5 mm,
which corresponds to a conservative estimate for the collisional broadening of I'c ~ 27 (v(T))/¢(T) 2
0.5kHz to 1.5 kHz (FWHM). While experimentally measured values are often much larger than these
approximations, the resulting broadening should still be negligible in comparison to the natural line
width.

Spectroscopy schemes

Multiple spectroscopy schemes were set up, tested and compared regarding maximal error signal am-
plitude and slope and minimal long-term drifts. For all other spectroscopy schemes the fundamental
UV laser output was frequency shifted using the double-pass AOM setup explained in section 4.2.2.
For MOT operation at a detuning of 6,0t @ modulation frequency of fipec = (fmot+[0mot|) /2 is required

when locking the spectroscopy light to the atomic resonance, as can be seen from figure 4.2. This
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made AOM diffraction rather inefficient and led to MOT detuning-dependent power level of pump
and probe beam. Initially a standard Dopplerfree saturation spectroscopy was set up with varying
diameters (~ 0.5mm to 4 mm) and saturation parameters for pump and probe beam. The Doppler
background in the probe beam signal was later subtracted by adding and simultaneously recording a
third reference beam that passes the spectroscopy cell displaced to the pump-probe interaction volume
and therefore probes the atoms Dopplerbroadened. This was important to suppress residual power
dependency of the locking error signal offset.

For a frequency modulation spectroscopy (FMS) [163] scheme sidebands for a PDH locking
were generated using a free-space EOM in the UV1, operated at a modulation frequency of feom =
20MHz > I'/(2n) (optimized for minimum RF reflection) and a modulation depth of g ~ 1.082rad
(19 dBm) for optimal slope of the error signal. Residual amplitude modulation was observed and
mitigated by the use of higher quality polarization optics — Glan-Laser a-BBO polarizers — and careful
alignment of the polarization axis of the EOM via a five-axis mount?. To remove potential drifts due
to amplitude modulation we also tested frequency modulation via the AOM, with no improvement
observed. Residual amplitude modulation can also be compensated further by employing additional
reference beams and lock-in detection techniques by intentionally intensity modulating the probe beam
[164, 165] a technique we did not tested at the time.

PDH demodulation and general locking was performed via a Toptica PDD module with integrated
photodiode amplification and phase control and a Toptica FALC laser lockbox respectively. The
latter feeds back to the ECDL diode laser both via the diode current — the fast locking branch,
establishing initial locking and compensating most laser noise sources — and via the external cavity
grating angle controlled by a piezo — the slow locking branch, correcting long-term drifts out of the
range of the current feedback. Details on reducing noise and optimizing PDH locking performance
are given below. High signal-to-noise detection of the probe beam is challenging in the UV as fast Si
detectors decrease strongly in spectral responsivity compared to the visible and near infrared range.
Various amplified UV-enhanced Si photodetectors were tested for optimal probe and reference beam
recording.

While the modulation was applied to the probe beam for the frequency modulation spectroscopy
(FMS), a frequency modulation transfer spectroscopy (FMTS) [166, 167] setup was tested, where
the EOM modulates the pump beam instead. Here four-wave mixing between pump and probe beam
transfers the probe beam acquires frequency sidebands at harmonics of the modulation frequency.
Since this modulation transfer just occurs for atoms in the v = 0 Dopplerfree velocity class, the re-
sulting probe beam signal is fully Doppler{ree. This removes potential sensitivity of the demodulated
error signal [167]. We believe that this modified optical setup was still mostly limited by optical beam
pointing of the FHG cavity, which might explain why we did not find any big improvements in locking
performance and especially long-term stability.

Dopplerfree polarization spectroscopy (PS) [169] was established with a stronger circularly po-
larized pump and a 45° tilted linearly polarized spectroscopy beam, whose polarization components
are split and the signals amplitude difference recorded. Here residual magnetic fields (Earth’s mag-

netic field and surrounding electronics) inside the interaction volume were controlled and cancelled

1 QUBIG PM7-UV, fs = 20.0(3) MHz, 3 X 3 mm? aperture, 200 nm to 400 nm anti-reflection (AR) coating
(R < 1%), accepting vertical polarized light. 2 Thorlabs PY005/M, +3.5° pitch, +5° yaw and 3 mm linear
translation adjustment.
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Figure 4.6: Dopplerfree saturation spectroscopy signal in the DAVLL scheme (top) and the respective
error signal as recorded by the balanced photodetector (bottom). The dashed lines indicate
the location of the various isotopes and hyperfine transitions as given in reference [168].
The signal is recorded by a scan of ECDL piezo voltage, the frequency axis is adjusted
to the these locations. A zoom into the 2°>Hg resonance shows the triple structure of the
Zeeman split F' = 0 — F =1 transition and the resulting error signal.

for maximizing the contributions from multiple magnetic mpg-sublevels in the excited and for the
fermionic isotopes also in the ground state to the natural dispersion. This is then observed as an er-
ror signal. We quickly converted this setup into a sub-Doppler dichroic atomic vapor laser locking
(DAVLL) scheme [170] by instead applying a controlled magnetic field (typically a few Gauss) along
the spectroscopy cell and beam axis.! This modifies the polarization spectroscopy (PS) scheme by
not trying to zero and instead utilizing the Zeeman shift of the excited state mr-sublevels, the former
which we found was not so easy over the full length of the interaction region. In the DAVLL scheme
(for the bosons) the mr = +1 Zeeman levels addressed with a o.-polarized probe light (superposition
of the linear polarization orthogonal to the magnetic field orientation) are shifted equally but with
opposite sign with respect to the atomic resonance. This creates a dispersive error signal when care-
fully splitting and subtracting the amplitude of the two components. To address this, a combination
quarter waveplate and thin film polarizer in the probe beam behind the spectroscopy cell split the
linear polarized beam into its circular components. Splitting the probe beam after the spectroscopy

cell was achieved using a 50:50 non-polarizing plate beam splitter, that showed a slight polarization

1 A Dopplerbroadend DAVLL spectroscopy scheme was already established in mercury at ~200 G magnetic
fields provided by a pair of Helmholtz coils [171].
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sensitivity and increased the power need for the pump beam by a factor of two. Overall it was how-
ever the better choice in comparison to introducing a slight angle between probe and pump beam and
splitting them using a UV-enhanced silver coated D-shaped mirror for pick-off. The latter version was
strongly limited by our need for relatively small beam diameters for the pump beam, which therefore
reduced the interaction region of the angled beams within the cell. For the PS and DAVLL locking
scheme, the two polarization components of the probe beam were split by thin film polarizers under
Brewster’s angle and recorded via a free-space balanced amplified photodiode!. This was also used
for subtracting the reference beam in the standard Dopplerfree spectroscopy scheme. Increasing the
transimpedance gain via two individual photodiodes and a custom differential op-amp circuit? could
indeed increase the error signal slope, but resulted in increased non-common-mode noise to be an
overall improvement.

A broad scan of all mercury isotopes and exemplary error signal for locking to the 2°’Hg resonance
is shown in figure 4.6. While still being sensitive to beam pointing and residual amplitude variations
the DAVLL scheme allowed the best signal-to-noise ratio in the slope of the error signal and allowed

first stable trapping of a high number of mercury atoms in the MOT over longer time scales.

4.3.2 Wavemeter stabilization

Alternatively locking the master laser to a high resolution Fizeau-interferometer wavemeter® with
10 MHz absolute accuracy and sub 100 kHz resolution was used successfully, but limited stability. We
calibrated the wavemeter to an off-site helium-neon laser for obtaining an absolute frequency reference
that enabled trapping of all naturally occurring mercury isotopes. Here measurements of some of the
isotopic transition against a frequency comb with absolute frequencies given in reference [172], see
also figure 4.10, allowed relatively easy localization. With no external absolute optical frequency
reference at the point in time the out-of-box stability of the wavemeter could just been characterized
via the performance and spectroscopy of our MOT, which showed drifts in the order of ~ 5 MHz/h,
not sufficient for reliable long-term operation.

Inspired by the work of Stefan Truppe (at that time: Fritz Haber Institute Berlin) we tried to actively
temperature stabilize the wavemeter by enclosing it into a 10 mm thick aluminum box equipped with
heating pads. An layer of insulation foam and a PVC box enclosure provides an additional heat
shielding. In practice a transfer stability down to 100 kHz referenced to a He-Ne calibration laser
can be reached, when the wavelength of the locked laser is in the same range as the reference, while
slightly larger wavelength-dependent drifts are expected for larger wavelength differences.* While
successful in Berlin just in passive mode this resulted in much stronger drifts of about ~ 20 MHz/h
(later measured against the ultra-low expansion cavity at 1015 nm as introduced below), which we
guess originate in the wavemeter not being able to get rid of heat and/or incompatible temperature
settings of the internal stabilization. Active stabilization from our side did not improve things. A
future design should therefore increase the box size for better heat circulation and eventually cool —
via fan supported convection cooling or a water cooling baseplate — the system as well. Alternatively

an active calibration to an optical atomic frequency reference is another option, that then also allows

1 Thorlabs PDB220A2, @ 4.1 mm UV-enhanced Si/PIN detector (190 nm to 1100 nm), ~0.1 A/W responsivity,
175 x 10? V/A transimpedance gain, 1 MHz bandwidth. 2 Based on a Texas Instruments THS4551 low
noise, 150 MHz bandwidth, fully differential amplifier. 3 Highfinesse WS8-10 4 Personal communication
with Stefan Truppe.
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more precise absolute frequency determination.

4.3.3 Ultrastable cavity stabilization

Also motivated by the application as a frequency ruler for high precision isotope shift spectroscopy
alternatively locking the IR fundamental of the 254 nm laser system to a high-finesse ultrastable cavity
was pursued. Here, the frequency stabilization is transferred to a length stabilization of an ultra-
low expansion glass ceramic spacer. With a zero-crossing of the thermal expansion coefficient at a
specific temperature (ideally above room temperature) the frequency stabilization can be replaced by
a precise temperature stabilization. To achieve this, the cavity spacer is carefully mounted using e.g.,
thermally insulating mm-diameter FKM fluoroelastomer (Viton) balls to avoid length changes due
to bending moments from the temperature-sensitive support structure. It is additionally surrounded
by a multi-layer thermal shield that is temperature stabilized by Peltier elements or a heating jacket.
The heat shield dampens residual temperature variation of the outside by introducing a thermal mass
that introduces a time constant of up to multiple days for the remaining dominating radiative heat
exchange towards the spacer. Optical path length changes due to pressure-dependent refractive index
changes of the air [173] between the cavity mirrors are strongly suppressed by enclosing the spacer
including the thermal shield and temperature control within a vacuum system. Pumped to a pressure
of < 1x 107" mbar this suppresses daily pressure variations of the atmosphere by many orders of

magnitude.

Cavity spacer design Initially, an own design of a L = 10 cm long cavity spacer with optically
contacted mirror substrates and thermal expansion compensation rings guided by the work in refer-
ences [174-178] was created.! Detailed plans for copper heat shield and vacuum housing were made
including a finite element stress analysis simulation for the physical support location of the glass ce-
ramic. A CAD drawing of the reference cavity spacer including heat shield and vacuum enclosure is
shown in figure 4.7. We found an optimal solution for laying the glass ceramic on four 3 mm diameter
Viton balls that lead to a static stability of < 1071° m and keep the faces at least 10711 m even.

With a frequency stability objective of < 8kHz in the IR — providing < 0.05y fluctuations in the
UV when considering the linewidth increase in the FHG system — an active fractional length stability
of AL/L < 2.8x 107! (AL < 2.8pm) is required from the spacer, its mechanical support and from
the mirror coatings Brownian motion. Given a free spectral range of d¢; = ¢/(2L) = 1.5GHz and a
target finesse of F > 10000 the 10 cm long cavity design features a ¢,/ < 150kHz linewidth that
should easily allow locking to below the target stability using a standard PDH locking scheme.

The titanium-silicate glass ceramic? spacer features a mean linear coefficient of thermal expan-
sion (CTE) of actr = 0(30) ppb/°C around the zero CTE temperature which nominally is located
at room temperature [179]. The required temperature stabilization AT = (AL/L) actg < 1mK is
achieved using a three-layer copper heat shield design backed by a Peltier-based temperature control

together with a precision proportional-integral-differential (PID) controller?. The pressure sensitivity

1 The first choice for an L = 485 mm long spacer design (based on the work in references [174, 175]) that
allows easy addressing of cavity resonances within a free spectral range of g, ~ 309 MHz using a standard
free-space double-pass AOM setup without resorting to complicated GHz-AOMs was revised and discarded
with regard to cost of the spacer material and copper shield and stability against vibration. 2 Corning ULE
7972. 3 Thorlabs TED200C benchtop temperature controller (12W, < 2mK stability).
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Figure 4.7: Reference cavity design (left) of the 30 mm diameter, L = 10cm length cavity spacer
supported by four 3 mm diameter Viton balls on optimal support locations that minimize
bending and length change of the spacer in response to vertical accelerations as identified
by finite element method (FEM) (right). The three-layer 6 mm thick nested copper heat
shields are each supported on three points via PEEK screws for thermal insulation and
enclosed in an off-the-shelf 208 mm long CF63 vacuum tube with a CF40 side port for
connection to a small ion getter pump (IGP) and gate valve. 3mm thick, 6 mm inner
diameter ultra-low expansion (ULE) glass substrate rings optically contacted to the back
of the half-inch diameter mirror fused silica (Corning 7979/7980) substrates compensate
for the difference in thermal expansion of the two materials. The latter is omitted in the
FEM simulation displaying the longitudinal displacement of the cavity spacer under the
influence of gravity for optimized support location.

to the refractive index of air of about 2.7 x 10”7 /mbar (extracted from reference [173]) considering
the tidal induced daily atmospheric pressure fluctuations with diurnal and semidiurnal periodicity is
compensated for by inserting the cavity spacer into vacuum, where a resulting pressure demand of
<1x 1072 mbar is reached with a 2L/s IGP .

High-finesse ultra-low expansion cavity Additional funding for a commercial system then allowed
to save development effort, and instead we purchased an optical reference cavity based ona L = 5cm
cubic cavity spacer manufactured from ultra-low expansion glass with calibrated thermal expansion
zero crossing temperature!. Featuring a loaded symmetric support structure — see [174] and a similar
design in reference [180] — instead of laying the spacer on horizontal optimized support spots [181]
via e.g., four Viton balls, here the cavity spacer is clamped on all corners. This allows the design to
be transportable while maintaining low mechanical and low frequency instability.

The cavity stabilization setup is shown in figure 4.8. It is located on a separate optical table and
connected via a polarization maintaining fiber to the master ECDL laser. A fiber EOM (fEOM)
generates the required PDH sidebands at f,qn and allows offsetting the laser by a frequency offset
feom With respect to the cavity mode used for locking. A typical PDH locking scheme stabilizes the
ECDL via the ULE cavity reflection signal monitored with an amplified photodiode (PDA). The fiber
coupler (FC) lens mode matches the TEMy cavity mode and a combination of optical attenuator

(A) and A/4 retardation waveplate act as an optical isolator avoiding back reflections into the fiber

1 Menlo ORC-Cubic.
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Figure 4.8: Optical (left) and electronic setup (right) of the laser lock to the ultrastable cavity. The
setup shows the combined optical path of the 1015 nm (top left, red) and 1565 nm (bot-
tom left, orange) path and the PDH demodulation and locking electronics for the former
(right). For a detailed description see the main text. The photo of the ULE cavity spacer
(inset) is taken from reference [182].

EOM and laser.! A CCD camera and a PD monitor the locking status via the cavity transmission.
Dichroic (long-pass) mirrors (DM) allow stabilization of multiple lasers to the cavity that features a
high-finesse mirror coating: % > 30 000 for 1020(75) nm; % > 100 000 for 1540(95) nm. Also shown is
the 1565 nm stabilization of the quintupled 313 nm spectroscopy laser system, introduced in chapter 6.
Long term stability of the cavity is provided by pumping the temperature stabilized cube-shaped ULE

glass ceramic via an IGP to <1 x 10~/ mbar.

Frequency control & locking The fiberbased electro-optic phase modulators? (FEOM) allows side-
band modulation of up to f.om > 7 GHz, not reachable by standard AOM technology®. The only
disadvantage compared to AOM frequency shifters is the lack of spatial separation between the mod-
ulated and non-modulated light. This increases incident power to the cavity that otherwise does only
contribute to the PDH cavity reflection signal as a DC offset and slightly decreases its signal-to-noise.

The fiber EOM is fed by the sum of the two radio frequencies that allows offsetting the laser by a

1 Without the isolator, we could observe laser frequency-dependent sinusoidal modulation of the error signal
offset caused by etalon effects in the beam path. 2 JENOPTIK PM1064 phase modulator with a spectral band-
width of 1064(40) nm that was modified/specified to also work at 1015nm. 2 For optimum modulation depth,
larger frequencies require increasing the RF power, as the half-wave voltage increases from 6 V (feom < 1 GHz)
to 18V at feom = 7 GHz.
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Figure 4.9: Fiber EOM frequency spectrum fed by the sum of two sinusoidal RF signals at feom (carrier
shift) and f,qn (PDH sideband frequency for demodulation), respectively.

frequency offset feom with respect to the cavity mode and generates the PDH sidebands +8,q4n used
for locking. This creates three PDH triplets in the infrared laser frequency, as illustrated in figure 4.9.
At optimized modulation depth § the fundamental is suppressed (Beom = 1.841) and the + feom carrier
shifted triplet features a sideband-to-carrier power ratio that maximizes the resulting PDH error signal
(Bpan ~ 1.082).1

The carrier shift f.om frequency is generated by a DDS board?, that is extended from fy4, < 400 MHz
to the GHzrange by (consecutive) RF multipliers. The resulting higher harmonics are carefully filtered
with a selection of bandpass filters and the fundamental frequency is monitored via a Rb microwave
clock referenced spectrum analyzer. A Toptica PDD module with integrated VCO generates the
required PDH sidebands at fyqn ~ 10 MHz for locking and demodulates the amplified and filtered
cavity reflection photodiode signal to generate the PDH error signal. The master laser is controlled via
a PID laser lockbox3 with its slow and fast circuit branch acting back on the ECDL diode current and
piezo-driven external grating (G) angle, respectively. The use of low-pass filters for the demodulated
signal at a cut-off frequency of 10 MHz allows efficient elimination of noise in the error signal while
not restricting the bandwidth of the laser lock. We typically reach —3 dB locking bandwidths of a
few hundred kHz to just below <1 MHz as identified by investigating the (locked) error signal on a
spectrum analyzer. Additionally, DC-blocking and therefore isolating the frequency modulated probe
beam photodiode signal is crucial to remove unwanted error signal offset fluctuations caused by ground
loop currents in the lab electronics. A typical PDH error signal, corresponding cavity transmission
spectrum and a ring-down finesse measurement are shown in figure 4.10. We measure a finesse of
F = 74115(656) at 1015nm and F = 166 458(352) at 1565 nm.

Individual isotopes can be addressed via their isotope shift. To achieve this, we select the closest
cavity resonance line — gray dashed line in figure 4.10 — and adjust the EOM carrier shift frequency
feom to the respective atom cavity detuning, taking into account the additional frequency shift by the
absorption imaging and MOT path AOM. The 1Sy — 3P; transition in mercury is spread over 23 GHz
for all natural-abundant isotopes, corresponding to about 6 GHz in the IR. Here the cavity features
resonances located every integer multiple of its free spectral range d¢; ~ 3 GHz, which restricts the

maximum EOM carrier shift frequency required to feom < 05;/2 = 1.5 GHz. The UV imaging beam

1 This condition shifts to smaller 8 when supplying the EOM with all desired frequencies by electronic mixing,
which we found requires overall less RF power, but results in a reduced error signal slope. Furthermore, note that
high modulation depths cause unwanted sidebands at higher harmonics, which can lead to residual amplitude
modulation. 2 Sinara Urukul 4-channel frequency synthesizer based on a AD9910 DDS. 3 Toptica Fast
Analog Linewidth Control FALC 110.
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Figure 4.10: Cavity lock of the 254 nm laser system for laser cooling and spectroscopy. The bottom left
shows a zoomed in sketch of the EOM frequencies (f.om) and AOM frequencies needed
for MOT operation (fmot) and resonant imaging (fimag) on ?**Hg. A typical error signal
(right top) of the PDH scheme and the corresponding cavity transmission (right bottom)
close to cavity resonance is shown on the right. The insets show the error signal during
locking and a ring down measurement after enabling/disabling the lock respectively. More
details are given in the text.

frequency is given by

Vimg = 4 (Veav = feom) + ﬁmg

_ (4.16)
=4 (Vcav,O + lcav Ofsr feom) + ﬁmg s

where we introduced a cavity line index i,y € N that references all isotopic resonances to a fixed
cavity line ic.y = 0. Here fin, is again the imaging beam AOM frequency, as defined above. We define

the cavity detuning with respect to this fixed line as

Ocay = Vimg — 4veav,0 = 4 (icay Ofst £ feom) + ﬁmg . (4.17)

The atomic resonance is then denoted by v* and 67, respectively. We will utilize the stability of the
cavity resonance lines and this reference for precision isotope shift spectroscopy in chapter 6, where
we also present a precise measurement of the cavity free spectral range.

The achieved laser lock is quite stable against environmental disturbances including daily pressure
and temperature variations and especially acoustic noise from power supplies, chillers, lab doors and
more. At the beginning of each experimental sequence, and upon request, the laser is slowly ramped
to the desired frequency (~ MHz/s) by adjusting the carriershift DDS frequency in small steps. The
system remains locked during the day, requiring relocking only when switching between isotopes,
as the latter mostly requires frequency changes that extend the free spectral range (FSR). Faster
frequency changes of tens of megahertz within milliseconds for MOT compression are also possible
and discussed in more detail in section 4.8. Linewidth, frequency stability and lock reproducibility is

also discussed in chapter 6.
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4.4 Imaging

Imaging the atomic cloud for determination of its atom number and size is the main diagnostic
tool and provides the main observable for the experiments discussed in this thesis. Collecting the
fluorescence of the atoms stimulated by e.g., scattered MOT light gives us a good knowledge of cloud
position, shape and a rough estimate of atom number. This allows initial alignment of the MOT
gradient field zero with respect to the center of the cooling beams. The latter are aligned to the
physical center of the vacuum chamber with the help of irises within the beam path and additional
ones mounted to the six vacuum viewports. The number of scattered fluorescence photons is directly
proportional to the atom number. But a rough estimate of the atom number is only possible with
knowledge of the cooling beam detuning and an estimate of the photon collecting efficiency, which is
determined by viewing angle, viewport transmission and camera efficiency. Additionally, temperature
determination via fluorescence imaging can lead to trap re-formation during the imaging exposure with
MOT light. This then alters the measured temperature in dependence on exposure time [105]. With
these limitations for atom number and temperature determination we decided to directly implement
an additional absorption imaging setup, that acts as the main detection and analysis routine. The

combined setup is described below.

4.4.1 Fluorescence imaging

Imaging in the deep-UV is challenging since the spectral responsivity of standard Si-based detector ma-
terials breaks down at around 300 nm. Here a charge-coupled device camera with electron-multiplying
gain (emCCD)? is selected as the imaging sensor. With a thermoelectric cooled, UV-enhanced Si sen-
sor with a quantum efficiency of € > 30% at 4 > 200 nm, the camera technology allows detection
down to single photon level while keeping background counts low. To achieve this, the camera ex-
posure is controlled by an external trigger via our time control system, while the sensor chip is in a
clean cycle state before and after to remove background counts of stray light.

When illuminating the atoms with MOT light, fluorescence imaging is mainly limited by scattered
light at the vacuum viewports. To compensate this, an additional camera exposure is triggered at a
later point in time in the sequence, where the gradient field is switched off and therefore no atoms
are present. The resulting reference image is subtracted from atom image to correct for background
counts. An optionally inserted optical bandpass filter? at (254 + 5) nm allows to further reduce un-
wanted counts in the visible to infrared range. This includes UV laser induced fluorescence of the
glass and especially the coating substrates, which is visible by eye as diffuse blueish white light. While
fluorescence detection via an amplified (avalanche) photodetector was considered and tested, the pres-
ence of background induced counts in the current system and the lack of flexibility in spatial filtering
options for non-camera-based detection was reason enough to not pursue it any further.

The camera position and imaging system are restricted by the vacuum chamber geometry and
selected to maximize the viewing angle for fluorescence while allowing absorption imaging on the
same axis. The horizontal imaging axis tilted by @ ~ ~10° with respect to the y-axis MOT beams is

shown in figure 4.2 and 5.2. With the camera sensor at a distance of d,; * 273 mm to the center of

1 Andor iXon3 885. 1004 x 1002 pixel resolution, 8 x 8 um pixel size. 31.4 fps maximum frame rate in video
mode. 2 Edmund Optics 39-312 hard-coated UV fused silica bandpass filter, 254(2) nm center wavelength,
10(2) nm FWHM transmission band, OD > 4 blocking and >50% transmission.
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the vacuum chamber, a very simple imaging system in form of a single lens collects the fluorescence
light. A Djeps = lin (or 2in) diameter, f = 68.25 mm focal length plano-convex lens! in 2f:2f
configuration allows imaging a 8 x 8 mm area at a [M| = 1 : 1 magnification. The lens diameter limits

the collection efficiency of atomic fluorescence to a solid angle fraction of

@ < ﬂ(Dlens/Q)Q
Q7 4nd?

lens

(4.18)

where djeps = 2 f is the object distance. For the 1in diameter lens given above this fraction is just about
0.22 %, but sufficient for MOT characterization. We increased the lens diameter to 2in when optical
access (MOT beams, ODT beam reflections from the viewports) allowed for it. The magnification
— important for cloud size determination — was calibrated using a reference target of known size
illuminated at 254 nm. By simply replacing a lens tube on the camera with a f’ ~ 45.5mm lens at a
principal plane distance of d, * 215 mm the magnification can be quickly reduced to |[M’| = 1: 3.7
without moving the camera. This allows imaging a much larger ~ 30 x 30 mm? area, helpful during
initial MOT alignment and for debugging purposes. The camera lens system is mounted on top of a
linear translation stage to precisely adjust its position with respect to the atoms.

The fluorescence counts ngy, collected by the camera can be used to infer the approximate atom
number N. The photon flux of 4 = 254 nm photons — induced by either the MOT beams or a separate
imaging beam — that is emitted by the cloud is directly proportional to the atom number ® = No I,
where o is the photon scattering cross-section from equation (4.6) and / the beam laser beam intensity.
Given the geometrical constraints of the imaging system, equation (4.18), and the quantum efficiency

of the camera sensor €4 itself, the fluorescence counts are then given as

teXP
0Q 1 0Q ol
Nfluo = €ge H E_ /dl q)(t) = €qe H E_ N, (4.19)
v v
0

where E, = hc/A is the photon energy and in the last step we assumed atom number and intensity to
be constant over the exposure time Zexp.

For typical MOT characterization a camera exposure time of 7exp = 20ms was chosen when illu-
minating the atoms via the MOT beams. The camera is fully controlled via a self-written python
server that controls the cooling (typically to —60 °C) and the optimized horizontal and vertical read-
out speed of the CCD sensor, as well as the mechanical shutter. It fully integrates into the ARTIQ
control system, see section 4.6, prepares the camera for acquisition of multiple images and transfers

them to the data storage and analysis tools.

Vertical imaging system A second imaging system observing the MOT through the top viewport
that increases the numerical aperture of the horizontal system was installed later. Here a f = 68.4 mm
objective lens with its optical axis under 13.4° with respect to the vertical MOT beams at a distance
of d, = 2 f ~ 137 mm increases the fluorescence capture angle by a factor of ~6.5. By illuminating
the atoms not with the MOT cooling light, but using the horizontal absorption imaging beam, whose

viewports are out of line-of-sight from the top, this imaging system is much less limited by laser

1 Focal lengths are corrected for the refractive index of UV fused silica at 254 nm.
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induced background counts. Therefore, the fluorescence counts can be increased by multiple orders of
magnitude by activating the electron-multiplying gain of the camera. While not explicitly used for the
calibration and spectroscopy measurements presented in this thesis, the system therefore especially
allowed amplification of small atom number signals experienced in "*Hg spectroscopy, where our
absorption imaging implementation struggles to resolve the small cloud densities. The imaging system
was therefore included into the standard experiments imaging sequence, where the two cameras were
then triggered simultaneously during absorption beam illumination. This results in an approximate
2D projection of the MOT cloud in the x—z plane from the absorption and an additional 2D projection
in the x — y plane from the fluorescence image. Binning of the vertical cameras CCD pixels (2x2 to
4x4) and increasing the imaging beam pulse and vertical camera exposure time up to 1 ms proved to

be beneficial for small signal amplification.

We initially attempted to image the atoms using a large 2in diameter f = 54.6 mm plano-convex
lens positioned exactly vertically along the z-axis MOT beams. Here the 1in diameter 1/4-waveplate
and 0° retroreflection mirror for the MOT beam were glued directly onto the flat side of the lens,
such that the atoms are just imaged via the circular non-covered section of the lens. A 2in threaded
kinematic mirror mount positioned on a vertical breadboard above the vacuum chamber aligns and
holds the imaging system while allowing adjustment of the MOT beam reflection. While this system
in theory allows for even better collection efficiency when mounting the lens close to the vacuum
viewport, a later ray tracing analysis using Ansys Zemax OpticStudio revealed that the thick lens
introduces spherical aberrations that are too large for the object size imaged here. The current system
is also limited by a slight astigmatism introduced by the transmission of the top viewport under the
angle of 13.4°, which is why a future upgrade to a carefully designed aspheric lens systems along the

z-axis might be beneficial.

4.4.2 Absorption imaging

A collimated UV laser beam around the resonance frequency of the intercombination line is sent
under a slight angle (~10°) through the short horizontal axis of the MOT chamber, as shown in
figure 4.2. The beam diameter is selected to be much larger than the MOT cloud size to ensure
relatively homogeneous saturation of the atoms. Initially set to a waist of wy = 7.5mm, we later
increased the beam drastically to >1in diameter for improved isotope shift spectroscopy, since the
frequency-dependent diffraction angle in the single-pass AOM setup leads to intensity variation at the
location of the atoms even when power stabilizing the imaging beam. For this, the beam is expanded
in a telescope to a waist of about 15 mm, such the resulting central beam area follows approximately
a flat top profile when compared to the MOT size. This leads to clipping of the beam at the periscope
optics and beam shaping lenses and introduces slight fringe patterns in the camera images, which

however did not alter the performance in atom number and temperature determination.

Atom number and temperature determination Absorption imaging probes the three-dimensional
optical density od(7) of the atomic cloud via detecting the absorption of the probe beam using a
camera. Following the Lambert-Beer absorption law d/(¥) = od(7¥)I(7) ds the absorption imaging

beam experiences the attenuation along its propagation axis path 7(s) = %img s and the transmitted
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Figure 4.11: Typical set of absorption images and resulting optical density estimate for 2°?Hg. The
CCD camera electron counts are shown unprocessed in false colors, all scaled to the same
color scheme limits. We show a 1000 x 1000 pixel sized section of the sensor area, where
the given axis are converted to millimeter from the pixel size and magnification (= 1).
The optical density is obtained following equation (4.21), the atom number and cloud
radii are determined from a two-dimensional Gaussian fit following equation (4.23).

intensity is the two-dimensional projection given by

I1(x',7") = Ih(x', z')/ds od(7(s)) =~ Ip(x, z)/dy od(x,y,2), (4.20)

sample sample

where x’, 7’ denote the axes of the camera. For the setup here, the imaging beam axis lies in the (x, y)-
plane as shown in figure 4.2 with the axes defined by the MOT beams and gradient field orientation.
With the imaging beam wavevector given by l_<>img = (—k sina, —k cosa, 0)T = (0, =k, 0)T for @ ~
10° we approximately image the atomic cloud profile in the (x" = x,z" = z)-plane as noted above,
an approximation we will use throughout this thesis. The camera records the intensity profile as
the photon counts integrated over the individual sensor pixel area Apx = 8 X 8 um? and imaging
beam exposure time fin, given by img(x’,z’) = QE /Apxdx’dy’ I(x',y’) timg. Recording both an
absorption image of the atomic cloud img,(x’,z’) o« I(x’,z’) and one of the unperturbed reference
beam img, (x’, z") o Iy(x’, z’) the two-dimensional projection of the optical density of the atomic cloud

can be estimated from

od(x",z") = —log

img, (x’,z) — img, (x’, y’)) (4.91)

img, (x’,z’) —img, (x’, )
where img, (x’, y") is a background image taken without any imaging beam to correct for dark counts

and stray light detected by the camera.

Given the optical resonance cross-section oy defined in equation 4.6, the atom number can then be

estimated from the sum of the optical density as

1 Apx
N=— / dy'd7 od(x',7) ~ = Z od(x’, 7). (4.22)
(ox)) g0

X’,Z,

Alternatively and more stable against power fluctuations between atom and reference image, a two-
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dimensional Gaussian profile,

od (x",y) D A ex : _
gauss p rxz 2]"Z2

VAN r_ r\2
_—<’“2 *0) )eXp (——(Z %) ) (4.23)

can be fitted to the optical density estimate. This is implemented in the time control system as a fixed
analysis routine running asynchronously to data acquisition for most efficient timing, giving us live
information about atomic cloud density and cloud radii ry, r, for optimization purposes. The number
of atoms is then given by

2T Aryr,

1
N~ — / dx’dz" odgauss (X', 2') = (4.24)
o

00
A typical absorption image including optical density calculation and atom number estimate from a
two-dimensional Gaussian fit is shown in figure 4.11.

The atomic cloud temperature can then be estimated from a time-of-flight sequence, where the
atoms are imaged after increasing fall times #,,;. For this, the measurement sequence of loading and
imaging the atoms, figure 4.13, is repeated multiple times. Under the assumption of a thermalized

atomic cloud at temperature 7 its radius r (= ry, r;) will then expand according to

ksT
Ftor) = \Jrg + = 10 (4.25)

Ideally the atomic cloud will then follow a free fall trajectory (xo(%wf), z0(ftof)) = (X0, 20 — %g tiof?).
This can be used to calibrate the imaging magnification. Furthermore, analyzing the atom trajectory
in free fall for nonzero initial velocities allows studying and compensating residual power imbalance
in the MOT beams. The latter can also originate from absorption at the vacuum viewports, when
recycling the beam via retroreflection. A typical time-of-flight sequence and temperature estimate for

a configuration of nearly perfectly balanced cooling beams is shown in figure 4.12.

Optimization Exposure time and imaging beam intensity are mainly restricted by MOT dynamic
timescales and recoil shifts, the latter being discussed in section 6.2. They are optimized for best
signal-to-noise by maximizing the camera counts, nearly filling the 30000 electron well depth per
pixel in the active area of the sensor chip. An imaging beam pulse duration of fj,g = 150 us and a
power of <1 mW corresponding to a beam intensity of < 0.1 /5, were found to be optimal. With these
settings, each atom scatters approximately 20 photons on resonance. This results in a slight recoil

shift and a slightly asymmetric lineshape, as discussed in more detail in section 6.2.2.

Intensity stabilization For intensity stabilization the magnified beam is monitored using a variable-
gain amplified photodetector! behind a AR-coated wedged window for pickup. The signal is read
out via an ARTIQ Sampler digital-analog converter that controls the AOM RF power via a PID
feedback loop operating on the main field programmable gate array (FPGA) chip of the time control

1 Thorlabs PDA25K2 GaP, 150 nm to 550 nm spectral bandwidth, ~0.03 A/W responsivity at 254 nm, variable
0.75x 103 V/A to 4.75x10% V/A transimpedance gain at 2.6 kHz to 9500 kHz bandwidth. Sadly this model was
discontinued and sourcing GaP sensor material became more challenging due to global trade restrictions.
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Figure 4.12: Time of flight (TOF) sequence and temperature estimation for 2?Hg. After extracting
MOT size and position from the optical density via a two-dimensional Gaussian fit for
varying fall times #,,s (bottom), we fit the cloud radii in horizontal and vertical direction
according to equation (4.25) to extract the temperature (top right). Analyzing the cloud
position in time (top left) we can determine the residual velocities and accelerations in
both directions, confirming the magnification of the imaging system. With larger MOT
clouds, we can observe TOFs of up to 20 ms limited by the decreasing density and the
absorption imaging contrast.

system. The bandwidth of the ARTIQ SuServo PID lock is limited to < 100 kHz, which successfully
compensates long timescale power drifts of the UV laser system up to acoustic noise induced power
fluctuations (including air vibrations from the table air conditioning). It is however too slow to power
stabilize the short imaging beam pulses (fimg ~ 150 us) necessary for absorption imaging without
introducing more advanced feed-forward locking schemes. For this, the main imaging beam is then
sent through a 1:1 Keplerian telescope. Here, a self-built servo-based mechanical shutter in the focus
between the two plano-convex lenses allows fast switching (about 10 ms to 15 ms) of the imaging light
due to the reduced beam diameter. Active beam power stabilization is then operated only with the
shutter in the closed state and halted shortly before the required imaging beam pulse for which the
shutter is opened briefly, as illustrated in figure 4.13. This reduces the power stabilization bandwidth
drastically to lower frequencies, but a detailed relative laser intensity noise (RIN) characterization of

the UV laser system showed that acoustic noise should not limit any of our measurements.

4.5 Magnetic field control

Various magnetic fields are required for preparation and analysis of the atomic clouds within the main
chamber of the vacuum system. Magneto-optical trapping requires a magnetic field with a spatial

gradient at the location of the atoms is required. To address individual Zeeman sublevels during
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Figure 4.13: Experimental magneto optical trap and absorption imaging sequence. After MOT load-
ing for f15,q atoms fall for 7i,r and are imaged using a fimg < fexp long absorption imaging
pulse and camera exposure window. Reference and background image are taken after
atoms are lost, limited by the camera readout time.

spectroscopy and for imaging, spatially homogeneous magnetic fields are needed. Additionally, stray
magnetic fields and magnetic field gradients from surrounding components such as IGPs and vacuum

gauges, as well as the Earth’s magnetic field need to be compensated.

For all of these fields, pairs of electromagnets in Helmholtz configuration are an ideal choice, since
they create a homogeneous magnetic field within its center when the two opposing coils carry an
equal current in the same direction and create a linear gradient field when carrying an equal current
but in the opposite direction. Furthermore, electromagnets allow tuning of the field strengths by
changing its current, which support fine-tuning the magnetic field zero point to the location of the
atoms and optimizing the systems’ performance. This makes them advantageous over permanent
magnet solutions, which have limited tunability but are often used for their zero power consumption

and lack of cooling needs when optimized field strengths and gradients are known.

(Anti-) Helmholtz coil Assuming infinitesimally thin wires, the axial magnetic field B, on the axis
z of a circular current loop with radius 7, current / and loop number N can be obtained from the

Biot-Savart law and is given by
2

2(r2 + ZQ)B/Z .

The magnetic field of two opposing circular coils with radius  and distance d, where the current

B.(z2) =uoIN (4.26)

direction in the two coils is the same (opposite) (+) can then be calculated from B} (z) = B (z—4/2) +

B,(z + d/2). In good approximation for the application here, we can always assume z < r. A Taylor
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expansion around (z/r) = 0 to third order gives

o 1 721+ 3 drf(AF1) (2
FZ [2 07 @) )T 2

(4.27)

3 rt 15 drt 7)\2 7\3
' (_§ @) B (d/2)2)7/2) =0 (7)o () } |

In the configuration of identical current orientation (+) the first order cancels for any distance of
the coils, but the second order cancels as well for the Helmholtz configuration when d = r. The

magnetic field along the symmetry axis is then given by

8 z\3

BY(2) = uoIN +0 (-) . (4.28)
‘ 5V5r r

If magnitude of the current in the two coils is equal but its orientation opposite to each other (—) the

zeroth and second order of the expansion vanishes and the resulting field is linear in z, where the

maximum gradient is given by again spacing the coils by d = r, the Anti-Helmholtz configuration.
The field then reads

B=(2) = i I N—22 +®(Z)3 (4.29)
Z) = Mo Z - . .
‘ 255 12 r

For this configuration, it can be shown that the orthogonal magnetic field B,, along p = yx? + y? is also
approximately linear to third order [183]. Directly following then from the Gauss law for magnetism
V-B =0 (in cylindrical coordinates) this gradient has to be half as strong as the one along z and with

opposite sign, creating a spherical quadrupole symmetry for the field,

9B. _ _, 9B 48 pgIN

dz dp  (25v5) P (+:50)

Rectangular coils For better optical access to the central vacuum chamber and more compact
nesting of multiple coils within each other, pairs of rectangular coils feature a larger enclosed volume
for the same field and are a good choice over classically round Helmholtz coils. The magnetic field
of a rectangular coil can be estimated using the Biot-Savart law for a superposition of the individual
fields of four finite length wire segments. For a single rectangular coil of side lengths a X b the on-axis

magnetic field can therefore be approximated as [184, eq. (4.6)]

uo 1 ab 1 1
(z) =

N i @ b e 2 @22+ 2 (b2 + 2 (*-31)

The optimal spacing for the Helmholtz condition of two rectangular coils made up of multiple loops
can then be obtained easiest numerically or experimentally. A good approximation found here is to
consider the coil as a square coil of effective side length @ = (a + b)/2. In this case, the optimal
spacing — the distance, where the second order derivative of the field at the origin vanishes — is given
by d ~ 0.5445 a [184, 185]. The magnetic field at the origin then reads [184]

B,(z=0)~1296uoIN/a at d=~0.5445a (4.32)
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and is therefore just about 9.4 % weaker than the field of a round Helmholtz coil pair with radius
r=aj2.

Switching For fast switching of the magnetic gradient and guiding field coils, the main limitation
is the inductance L of the coil. For a coil of radius r, number of turns N and overall thickness of all

conductors ¢ it can be approximated for r > r as [183]

16
L ~ uor N? (log (Tr) - 2) . (4.33)
The response of the current / when suddenly switched off at time = 0 (by opening the circuit) then

follows an exponential decay /(¢) = Iy exp (—t/7), where the characteristic switching time is given by
L
==, 4.34
r=2 (434

where the coils’ resistance R = p[/A can be calculated from its length / ~ 27 r N and its conductor
cross-section A. In section 4.5.3 it will be shown, that the switching time can be further reduced by

clamping the circuits’ voltage during switch-off.

4.5.1 Gradient field coils

In MOT operation a spatial magnetic gradient field is required to make the scattering force of the
circular polarized light field not only velocity-dependent as in an optical molasses, but also position-
dependent. A zero of the magnetic field at the center of the trap ensures that the atoms see no Zeeman
splitting and the light field is therefore far red-detuned to all atomic levels resulting in no significant
light force. Atoms outside the center are Zeeman shifted by the gradient field and brought into
resonance with the circular polarized light fields and therefore experience a restoring force towards
the center of the trap. The strength of the magnetic gradient for magneto optical operation is typically
on the order of 5 G/cm to 30 G/cm.

Two magnetic gradient field coil designs were built during this work. The first design is water cooled
and allows gradient field strengths well beyond 20 G/cm and was used for studying the parameter
landscape of MOT operation optimizing atom number and temperature, as described in chapter 4.
The construction of the coil however limits the switching time needed for high imaging contrast in
the sequence for isotope shift spectroscopy, as described in chapter 6. Therefore, reason a convection
cooled magnetic gradient field coil with a non-metallic support and low inductance was manufactured

as a replacement.

First generation gradient field coil The coil is constructed from 6 mm X 6 mm square, hollow
copper tubing 1 with an inner diameter of 4 mm to allow as direct water cooling as possible. The
tubing is made from oxygen free, high conductive copper (OFHC) to reduce its specific electrical
resistance and allow bending the material more easily. It is isolated electrically from itself using

0.17 mm thick silicon impregnated braided glass fiber sleeves? and wound onto a support frame made

1 Luvata Tool #6835; 6.0(1) mm X 6.0(1) mm profile, 4.0(1) mm inner diameter, 1 mm corner radius; oxygen
free copper according to ASTM C10200 and EN CW008A; 0.20 kg/m; soft temper (H035). 2 Siltex GI 1011
Fiberglass Sleeve Silicone Impregnated; specified for —60°C to 220 °C.
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Figure 4.14: First generation magnetic field coils. Magnetic gradient coils in anti-Helmholtz config-
uration spaced by and supported to the table by aluminum posts (left). The hollow
6 mm X 6 mm square copper tubing is wound onto an aluminum frame with the help of
3D printed shims (top center). Electrical contact and water cooling connection to the
hollow copper tubing is realized by an adapter station on the edge of the optical table
(bottom center). Here the copper tubing of the top and bottom coil are connected in
series and to the power supply using 50 mm? diameter stranded isolated wire, the water
cooling to the 17°C house water via 8 mm outer diameter plastic tubing. Magnetic field
compensation coils (right) fitting the gradient coils in (a) made from three pairs of rect-
angular coils of 0.9mm? cross-section enamelled copper wire wound onto a 3D printed
support structure. The support is spaced by metal rods and clamped around the gradient
coil frame for added rigidity.

from aluminum. The coil was wound starting with the first inner radial layer doing four axial windings
up and then changing to the next radial layer, winding down and repeating this pattern for the other
layers. The support frame features two slits with 22 mm radii for guiding the copper tubing in and
out smoothly. About N = 12 windings are enclosed like this in a square Ay = 27.4 mm X 27.4 mm
cross-section.

While winding the coil, heat conductive epoxy was applied to fix the copper tubing in place perma-
nently and therefore compensating for the repulsive outward Lorentz force of the coil during operation.
The Lorentz force also asks for a robust mounting of the two coils with respect to each other, since two
current loops with opposing current direction repel themselves as well.! To address this, aluminum
spacers and pedestal pillar posts, electrically isolated by nylon washers and nylon screws, act as a coil
spacer and support structure as shown in figure 4.14.

Initially, a non-conductive fiber reinforced high strength machining plastic was considered as the
support material to prevent eddy currents within the material when switching the magnetic fields. An
estimation of the eddy currents was unfortunately neglected and the idea discarded. In hindsight this
was a wrong decision as the metallic, circular continues support frame is the dominant limitation of
the switching time, while the copper coil itself has a exceptionally low intrinsic inductance. Using
equation 4.33 approximating the effective overall thickness of the coil 7 = 4 \/m = 61.8 mm from

1 For two coils of radius r separated by distance d this Lorentz force is in between the two scaling regimes;
d < r where the current experience the other coil as a straight line resulting in a o« d~! scaling of the force and
d > r where the two coils see each others as dipoles resulting in a oc d~* scaling of the repulsion force.
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Figure 4.15: Magnetic field measurement of the gradient field coils. The magnetic field is measured
axially using a Hall probe along three orthogonal axes with their origin located at the
center of the coil. Displayed here is exemplary the field B; in i = x, z direction divided by
the current /. The shaded area indicates the 3 o error band of the linear fit (line). For the
vertical axis z only data points in the center are considered for the fit. First generation
gradient field coil field measured at a current of 100.00(3) A (blue), second generation
coils at a current of 49.90(3) A (orange).

the overall square coil cross-section A, the number of loops N ~ 12 and mean radius » = 78 mm
the inductance is L ~ 14 uF. With a specific conductance of 1/p = 58.0 S/m for oxygen free copper, a
conductor cross-section of A = 22.6mm? and a coil length of about / ~ 277 N = 5.9 m the electrical
resistance is about R = 4.5m() per coil and following equation 4.34 the characteristic switching time
is 7 = 3.2ms. The electrical resistance was measured to 6.79(2) mQ) for the top and 6.39(5) mQ for
the bottom coil (at 100 A). This is in good agreement with the expectation considering the additional
length of the coil connections of about 2.5m per coil (adding up to about 1 m(Q per coil) and added
contact resistance to the power supply.

Approximating the coil geometry following equation 4.30, the coil is designed for a field gradient
of about dB/dz ~ 0.213 (G/cm/A) - I. For a gradient of B/dz = 10 G/cm (20 G/cm) this requires a
current of / = 47 A (94 A). The magnetic field was measured along the vertical and two horizontal
axes for varying currents using a Hall probe! and is shown exemplary in figure 4.15 for a current
of 100 A. The magnetic gradient averaged over multiple measurements with varying field strengths
is 0B/0z = —0.202(2) G/(cm A) and 0B/dp = —0.146(3) G/(cm A). Note that slight deviation of
the gradient along z from the expectation can be accounted to the imprecise number of loops that
originate from the complex coil geometry during layer changes. The deviation from 0B/dz = 29B/0p
is accounted to the finite volume of the coil and individual field contribution of loops that lie closer to
the center of the coil, but the more homogeneous gradient at the position of the atoms is appreciated.
A numerical field analysis accounting for the position of individual loops using the python package
Magpylib [186] confirms this deviation.

In order to improve the stability of the magnetic field strength, avoid displacement of the magnetic
field zero during operation, and shield the vacuum chamber and surrounding optics from heat, the
electrical power in the coil must be dissipated as efficiently as possible. For a gradient of dB/0z =
10 G/cm (20 G/cm) this requires dissipating about P = 28 W (113 W) of resistive heat for both coils

1 Two magnetic hall probes were used here: Magnet Physik HU-SA1-264605 and Group3 DTM-151.
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(including connection leads) via the internal water cooling. To address this, a water distribution
providing 17 °C cold cooling water in the flow and 20 °C water in the return line at a pressure difference
of about 2bar was installed in the lab. The cooling water and electrical contact of the coil copper
tubing is realized by an adapter station on the edge of the optical table as shown in figure 4.14. Here
the copper tubing is hard soldered on a small ~10 mm round copper piece, which is then soft soldered
into a copper adapter featuring a M8 terminal for a ring terminal connecting to the 50 mm? cross-
section electrical connection leads. The copper adapter then allows the installation of a water fitting,
where 8 mm outer diameter, black, non-transparent! plastic tubing connects the hollow copper coil to
the house cooling water. Restricting the temperature increase of the cooling water to AT = 0.5K this
would require a flow rate of Q = 0.8 L/min (3.2L/min). Following the Darcy-Weissbach equation for
turbulent flow this corresponds to a pressure difference of Ap = 0.4 bar (1.44 bar). These requirements
are sufficiently provided by the house cooling water. Utilizing the full cooling power with Ap = 2bar
and allowing up to AT = 3K temperature difference should even allow dissipating up to P = 950 W
of power reaching gradient field strengths of up to dB/9z = 58 G/cm at a current of / = 270 A. This
allows enough flexibility for optimizing the magnetic field gradient for MOT operation.

Second generation gradient field coil For improving the switching time of the first generation
coil design the only change required would have been to replace the aluminum support frame using
a rigid, non-metallic material like fiberreinforced machining plastics. Due to the high time effort
for machining and manufacturing this design, an alternative approach was chosen. After studying
the MOT properties and optimizing the atom number and temperature with respect to the gradient
field using the previous set of gradient coils, it became clear that the optimum gradient strength lies
around 10 G/cm and not exceed 20 G/cm, even during fast sequences of cloud compression that create
minimal heating. Therefore, a passively cooled coil design was selected.

The coil is manufactured by directly water jet cutting a circular structure of N = 12 loops into a
25 mm thick oxygen free copper plate, as displayed in figure 4.16. The resulting coil cross-section
therefore leaves only a minimal air gap of about 0.9 mm, which was later filled with epoxy to add
stability to the otherwise really flexible coil.2 The coil then being solid in itself just requires a support
frame for the correct coil spacing, here solved by a two-piece 3D printed structure that directly clamps
around the edges of the central cube of the vacuum chamber. Four through holes at the inner edge of
the coil allow clamping the two coils firmly together using three headless stainless steel screws, that
are isolated from the coil using Kapton tape and Nylon washers and hex nuts. The fourth hole is the
start/end of the coil and a 4 mm diameter brass rod with brass washer and nut interconnects the two
coils through the support frame. At the connection points to the coil pure indium was added into the
through hole bore to increase the electrical conductivity between the brass rod and the copper coil.
Two 50 mm? isolated stranded wire connect via M6 ring terminals to two threaded holes at the other
end of the coil 3

Following equation 4.30 with an effective radius of » = 70 mm, the expected coils field gradient is

1 Important to avoid any algae forming inside the tubing. 2 The size of this gap is limited by the three-axis
water jet cutter, which, given the thickness of the plate, bulges for smaller gaps. Electric discharge machining
would be a more expensive, but viable alternative allowing even smaller gaps increasing the current density of
the coil further. 3 These four connection points appeared to be the hot spots of the coil, a redesign might
consider increasing the clamping surface and a tighter clamping mechanism for the brass rod, potentially
replacing it with copper as well.
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Figure 4.16: Second generation magnetic field coils. Magnetic gradient coils in a side (left) and top-
down view (center). Compatible compensation and guiding field coils (right) that rest on
the 3D printed gradient coil support frame.

about 0B/0z ~ 0.264 (G/cm)/A x I, about 24 % higher than the previous design due to the reduced
size and increased current density. This reduces the required current for a magnetic field gradient of
0B/0z = 10G/cm (20G/cm) to I = 37.8 A (75.7A). While the number of loops N = 12 stayed the
same, the new design further allowed to increase the conductor cross-section by 22 % now forming
a rectangular 1.1 x 25mm? profile. This gives an electrical resistance of R = 3.3mQ per coil and
reduced the total power to P = 10 W (40 W) of resistive heat, about a third less in comparison to the
first generation design. This includes the 4 mm diameter brass rod with an electrical conductivity of

about 1/p = 16.7 S/m that interconnects the upper and lower coil with a resistance of about 0.4 mQ.

A measurement of the magnetic field is shown in figure 4.15 for a current of 49.90(3) A, which results
in an axial magnetic field gradient of 0B/0z = —0.258(2) G/(cm A), agreeing with the theoretical

expectation for the thin coil model stated above.

4.5.2 Compensation and quantization field coils

The compensation field coils are required to zero the magnetic field at the location of the atoms.
Non-zero field contributions originate from the Earth’s magnetic field (north: ~0.20 G, east: ~0.01 G,
vertical (z): ~0.45G at the location in Bonn [187]), fields from surrounding permanent magnets
(IGPs and vacuum gauges) and electronics and furthermore also imperfections in the construction
and alignment of the gradient coil field zero with respect to the vacuum chamber. Three pairs of

Helmbholtz coils are an ideal choice to compensate the field along all directions.

To improve the precision of the isotope shift spectroscopy measurement presented in chapter 6, a
homogeneous magnetic field aligned with the polarization of the spectroscopy light pulse is required.
This quantization/guiding field coil then aligns the atomic spin with respect to the light polarization.
With the ideally linear polarized spectroscopy laser light entering the vacuum chamber in the hor-
izontal (x X y) plane, a vertical (z) polarization and magnetic field axis is most convenient. Given
typical Zeeman shift strengths of about ~2 MHz/G and transition linewidths of up to ~10 MHz (see
section 2.2) this requires field strengths of up to ~30 G to split the relevant magnetic hyperfine levels

of the atoms for the short duration of the spectroscopy pulse.
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4 Magneto-optical trapping of mercury at high phase-space density

Construction The first-generation compensation coils were made by winding 0.9 mm? enamelled
copper wire onto 3D printed supports mounted with stainless steel pillars!, with approximately 20 rect-
angular windings per coil. Despite small deviations from Helmholtz configuration, the magnetic field
remained sufficiently homogeneous over the MOT region, with center field strengths of 1.062 G/A,
1.074 G/A, and 1.567 G/A for x, y, and z, respectively.

The second-generation design introduced pre-wound coils on 3D printed supports (except for y)
and corrected field inhomogeneities by adopting Helmholtz spacing and increasing the windings to
N = 40, achieving stronger fields (4.272 G/A for x, 3.609 G/A for y, and 3.723 G/A for z) with lower
power consumption. To enable a fast-switchable vertical quantization field B,, an additional coil
with equal windings is mounted in parallel to the z compensation coil. As quickly switching off an
electromagnet can be realized easier than switching it on, this coil will be permanently turned on
during static MOT operation and its additional field be compensated by a higher current (in opposite
direction) in the z compensation coil. The total vertical field is thus B; + B,, and switching off B,

creates a quantization field during spectroscopy pulses.

4.5.3 Fast digital and analog field control

For time-offlight imaging and spectroscopy sequences after MOT operation, fast switching of both
the trapping laser light and the magnetic gradient field is required. Dynamics in the MOT take place
on time scales of the scattering rate Tycar = 1/Rscat = 2/I" ® 0.2ms. With typical trap temperatures
for mercury (see 4.7), atoms within the trap have mean velocities on the order of v = \/m A
100 mm/s. Given initial cloud radii down to ~50 um this lead to doubling of cloud size during free
fall in about a ~1 ms or faster. To gain precise knowledge of the initial cloud radii, this requires
switching the current within the gradient field coils much faster than these time scales. This will also
keep the cloud density as high as possible during imaging of low abundant isotopes during isotope
shift spectroscopy. Fast imaging light pulses on the order of 100 us during time-of-flight require even

faster switching of the guiding and compensation field currents.

Snubber circuit The characteristic switching time constant for a coil of inductance L and resistance
R is T = L/R as given by equation 4.34. A circuit with added capacity and switching characteristics of
a non-ideal current source might further extend this time. The switching time constant can however
be reduced drastically using a so-called Snubber circuit, where the switch-off voltage Us is clamped by
switching the current using a transistor and providing another sink for the power. Following Faraday’s
law, the change in the magnetic flux ®p induces the voltage

_dog d/

- < (4.35)

Us = ,
§ dr dr

and the current then decays linearly /(¢) = Iy (1 — ¢/7), where the switch-off time is given by

L1
r=—2 (4.36)
Us
For a fixed magnetic field strength B (or magnetic gradient strength) determining the necessary total

current N /, and given the proportionality of the inductance L with the square of the loop number N,

1 Designed and built by Quentin Lavigne.
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4.5 Magnetic field control

this time constant follows 7 o« BN /Ug [188]. This asks for low-inductance coils made out of as few
loops as possible and for high switching voltages. To protect electronic transistor-based switches and
to avoid damage to the insulation of all circuit components, including the cables and the coil conductor
loops itself, the switching voltage Us has to be chosen carefully. Snubber circuits usually involve an
RC-circuit. For this application, special snubber capacitors with increased protection against impulse-
like voltage spikes are also available. Additionally, the linear decay of the current in a realistic circuit
will be altered by the capacitive and resistive impedances of the coils, their supply line, and the
imperfect switch characteristics. These factors lead to non-constant voltage, additional exponential

decay, and potential overshooting or undershooting of the current.

Gradient field control

The snubber circuit built for fast gradient field control is shown in figure 4.17. We employ a fast
insulated-gate bipolar transistor (IGBT) module! with an integrated emitter-controlled diode to dis-
connect the power supply and short the coil via an appropriate resistive load. These IGBT modules
are made for high frequency switching applications of high currents featuring low switching losses and
an integrated protection diode rated for the switching current and voltage. The model chosen here
can drive 150 A (DC) to 300 A (repetitive peak collector current at 1 ms pulse length) and features a
collector-emitter voltage of 1200V that allows fast switching times in the us-range.

To drive the required gate-emitter voltage from our time control system, the workshop designed an
IGBT driver board that converts the T'TL level BNC connection from the digital interface to 156V via
a fast, but standard bipolar transistor and IGBT gate drive optocoupler with about 500 ns response
time, which should not limit the overall coil switching time. When switching the IGBT to its closed
state, clamping the voltage to the collector-emitter voltage, the coil current flows through the IGBT
integrated diode and an external high-power snubber resistor Rg. An additional snubber capacitor Cg
absorbs the initial transient current, and the resistor dissipates the pulse energy as heat. Together
they also form a low-pass filter that smoothens out fast voltage and current spikes.

Various combination of resistors and capacitors were tested to improve the switching performance,
where we aim for fastest switch-off time in compromise to a slight overshoot of the current and mag-

netic field. We settled on low-inductance snubber capacitors?

. While they promise even shorter
switching times, they did not show any improvement in speed. However, they promise high pulse reli-
ability and overvoltage protection. A combination of a Rg = 4.7 Q resistor® and Cs = 1 puF capacitor?
showed the best performance.

Both the IGBT and the resistor come in a metal package with solid M5/M6 screw terminals for
low-resistance connections and feature a large backplate, where we attach a big (~ 300 cm?) extruded
aluminum heat sink, which dissipates the pulse energy via forced convection aided by a series of low-
noise computer fans. All components are housed in a rack-mountable crate and are interconnected
with 35mm? to 50 mm? stranded single-core copper wire and M6 sized ring cable lugs for low resis-
tance, as they are the dominating points of power dissipation. The overall system adds < 15mQ of

resistance, when operating the coil at maximum set current (100 A).

! Infineon FD150R12RT4. 2 Wima Snubber MKP film capacitor line. ~ 2 TE Connectivity HSC2004R7],
200 W power dissipation, 3600 V isolation voltage. 4 Wima MKP40141007E00KSSD, 1kV (DC) insulation
voltage, 75V /us to 150 V/us pulse rise time.
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Figure 4.17: Fast analog and digital control and measurement setup for the magnetic gradient field
coils (top). Analog and digital controls provided by the time control system are electri-
cally isolated and act on the current supply analog set point and snubber circuit IGBT
module respectively. The coil response is monitored on a fast oscilloscope with a closed
loop Hall sensor measuring the DC and AC current, as well as a fast fluxgate sensor
measuring the magnetic field. The IGBT driver (bottom, left) amplifies the TTL signal
from the control system to drive the IGBTs for coil switching, its circuit layout is designed
by our electronics workshop (credits: Achim Bréhler, Eberhard Kalb). A rack-mountable
crate (bottom, right) houses four IGBT driver boards, the gradient field snubber circuit
and three snubber circuits for compensation and quantization field coils. The 100 A IGBT
driver is located inside, attached to the back of the box, where a large extruded aluminum
heat sink dissipates the power and 50 mm? cross-section high-current terminal blocks es-
tablish connections to the gradient field coil power supply and the gradient coils (not

shown).
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Figure 4.18: Current and magnetic field response of the gradient field coils switched with and without
the Snubber circuit at a current of Ig,q = 100 A. While the two coil impedances are
comparable, the old coil setup switch-off time is limited by eddy currents in the aluminum
coil support structure to 6 ms to 7 ms, as visible by the strong difference in current against
field response. In the new gradient field coil the snubber circuit allows reducing the switch-
off time by two orders of magnitude to about 30 us. Note the different time axis scales.

We monitor the magnetic field response on a daily basis using an open-loop fluxgate sensor! measur-
ing the magnetic field close to the coil and vacuum chamber and a closed loop Hall sensor? measuring
the current at the connection leads. As the fluxgate sensor shows slight saturation effects, to resolve
the magnetic field signal better, a fast, high-sensitivity magnetic field probe? with 100 kHz bandwidth
is used. The typical current response of the gradient field is shown in figure 4.18, showing the first
and second generation gradient coil switch-off behavior with and without snubber control. At the
strongest gradient — limited by the power supply maximum current of 100 A — the snubber reduces
the 1/e decay time of the field from 7 = 1.3 ms to about 9 us for the new gradient coil, while the old
gradient coil does not see a strong improvement in its switching behavior. The total switching time —
the time it takes the current to decay completely — is about 6 ms to 7 ms for the old gradient field coil,
2.5ms to 3ms for the new gradient field coil without and 40 ps to 50 us with snubber. The difference
between current and field response shows that the switching time of the first generation gradient field
coil is mainly limited by the coil’s mutual inductance to its frame, which results in eddy currents,
rather than by its general construction. We confirmed this by switching a coil with a similar shape
that was wound with a cross-section of 35 mm? insulated stranded wire. Bringing an empty, otherwise
identical aluminum frame in close contact with the coil increased the switching time by more than an

order of magnitude.

1 Texas Instrument DRV425EVM, DC to 47kHz bandwidth. 2 LEM LF 205-S current transducer, DC to
100kHz bandwidth. 2 Projekt Elektronik FM 210 Teslameter.
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4 Magneto-optical trapping of mercury at high phase-space density

Analog control The gradient field strength is controlled via an analog input on the current supply,
which is fed from a digital analog controller of the lab control system described below. Analog opto-
isolators! in the BNC line ensure electronic isolation between control system and coils, as we could
observe ground-loop induced disturbances in electronic signals over the entire lab, when switching
the gradient field via the Snubber circuit. We characterized the field response to the analog control
via measurements of the step-response for medium-sized current steps and modeled the setup as a
linear control system. Using an analytical model for the impulse-response /() of the control system

then allows predicting the system’s response B(t) to a control voltage U(¢) as the convolution

+00

B(t) = (U= h)(t) = /dT U(t)h(t-1). (4.37)

—00

We can then use the knowledge of /() to deconvolve a desired target magnetic field B(¢) or gradient
field ramp 0,B(t) obtaining the required voltage control signal U(t). We program sinusoidal current
ramps for an alternative to the fast switch-off from the snubber circuit, to allow for more adiabatic,
but fast gradient field changes between defined strengths. The system’s step response, impulse re-
sponse, and an example for a smooth switch-on sinusoidal ramp are shown in figure 4.19. With the
deconvolution routine, we establish ramp speeds down to 2ms to 3ms for ramps from lgaq = 50 A
to 0 A. Their application for improved molasses cooling operation will be discussed in the outlook of

this chapter.

Guiding field control

The compensation and quantization field control follows the gradient field control design closely, the
analog control being completely identical. For digital control we also implement a snubber circuit
for fast switching. Here 16 A metal-oxide-semiconductor field-effect transistorss (MOSFETs)? replace
the much higher current capable IGBT from the gradient field control setup, as we need to switch
currents of < 10 A only. We use an additional metal-oxide varistor® (= voltage-dependent resistor) in
series to a 10 () resistor as a voltage-clamp to protect the MOSFET from high-voltage transients that
appear during switching. All components are matched to the varistor’s clamping voltage of 93 V. The
TTL driver from the control system is again being isolated via an optocoupler and the IGBT driver
board shown in figure 4.17. The complete digital snubber control is housed together with the gradient

field control in a rack-mountable aluminum crate, also shown in figure 4.17.

4.6 Electronic time control

Precise and flexible time control at (sub)-microsecond resolution is critical for the experimental se-
quences in this thesis. Additionally, quantum optics experiments require phase-stable frequency gen-
erators to feed the AOMs, EOMs, and other lab hardware for precise control over the atoms. The
sequence programming should be as intuitive and flexible as possible to enable quick debugging of
experiments, modifications, iterations, and extensions to additional methods. The latter include ex-

tended cooling sequences, Zeeman slowing, ODT loading, and advanced measurement sequences,

1 WAGO 857-409 bipolar signal conditioner and isolation amplifier. 2 ST 511-STP16NFO6L. 3 TDK
B7220550300K101.
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Figure 4.19: Gradient field coils magnetic field response to a step control signal (top) and an optimal
control signal for a smooth sinusoidal ramp (bottom). The magnetic field response is
measured with the fast DRV425 fluxgate sensor (black) and all measurements are per-
formed with the second generation gradient coils at a current of lgr,q = 50 A. The step
response (top, black) is interpolated via a spline (red), from which we extract the impulse
response (blue). For execution of a sinusoidal switch-on curve (bottom), we deconvolve
the target response (red) with the impulse response, the resulting control signal (orange)
then leads to the desired system response.

while ensuring reproducibility and transparent data.

Modern hardware implementation utilizes the fast FPGA architecture, which typically executes a set
of digital commands at clock rates in the 100 MHz regime. We compared various commercial hardware
solutions and software implementations run by other labs around the world. Implementation of the
time control system was approached by two ways during this thesis work, the first based on a Swabian
Instruments PulseStreamer 8/2 and external RF frequency generators, which was later upgraded to
the Sinara open hardware system [189] with integrated RF generation controlled by a customized

software control based on the ARTIQ open software control system [190].

The design of a superordinate framework for flexible and reproducible sequence programming, in-

cluding data acquisition, storage, and analysis, is presented below, along with the two systems.

4.6.1 Hardware control
Swabian Instruments PulseStreamer 8/2

We started with a system based on a small FPGA Swabian Instruments PulseStreamer 8/2 module,
that features eight digital channels with TTL logic and two digital-to-analog channels at 1 GSa/s and
125MSa/s sampling rate respectively. Its high-resolution digital pulse generator is capable of pro-

ducing deterministic sequences with nanosecond timing. Here, pulse sequences of 5s to 15s length
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4 Magneto-optical trapping of mercury at high phase-space density

are generated for each experimental shot — atom loading + interrogation + detection — and are sent
precompiled to the FPGA hardware in table form and then executed in real time. All external hard-
ware that needs active communication — CCD cameras, RF frequency generators, signal generators,
coil power supplies — are preprogrammed outside the real-time execution via custom written Python
drivers that interface the hardware via the VISA protocol by means of GPIB, RS232, USB, or Ethernet
depending on the device. The Andor CCD camera driver controls the CCD chip cooling, prepares
the camera sensor for acquisition of multiple frames, sets the acquisition settings (gain, read-out
clock speed, ...) and acquires the images. Analog control of e.g., the magnetic field coils, is either
directly established via the two 14 bit, —1.0V to 1.0V analog channels of the PulseStreamer or by
preprogramming an external Rohde & Schwarz HMF2550 arbitrary waveform generator.

For external frequency generators, we chose low-noise Rohde & Schwarz SMLO01 (9kHz to 1.1 GHz)
and SMLO02 (9kHz to 2.2 GHz) VCO-PLL, that provide frequencies into the GHz range. The limited
RF amplitude output of +12 dBm is typically amplified by a broad range of MiniCircuit RF amplifiers
when necessary. A Rohde & Schwarz SMC100A VCO-PLL frequency generator with fast pulse mod-
ulation feeds the imaging AOM to enable the 150 us long absorption imaging pulses. We preprogram
all frequency and RF power sweeps via VISA and execute real time events via external TTL input
from the PulseStreamer. All RF frequency generators used in this work are phase-locked to a stable

10 MHz rubidium frequency standard! for absolute and long-time frequency stability.

ARTIQ Sinara open hardware system

With the limitations in channel count and the need for external (RF) hardware, we upgraded the
lab control to the Sinara hardware [189] and the Advanced Real-Time Infrastructure for Quantum
physics (ARTIQ) control software system [190]. The ARTIQ control system offers a hybrid platform
combining a Python-based high-level interface with a real-time, FPGA-based execution environment
based on the modular Sinara open hardware ecosystem.

A variety of modules, including RF generators, are integrated via a back-plane architecture and
controlled through ARTIQ’s (distributed) real-time input/output (DRTIO) system, which schedules
events deterministically down to nanosecond timescales. We utilize five types of hardware modules,
that are all implemented as crate-mountable Eurocard Extension Module (EEM) boards.

Digital inputs and outputs at TTL level are provided by multiple DIO-BNC modules via multichan-
nel BNC interfaces. The outputs drive all external hardware in the lab, while the input can be used for
conditional programming. The latter will function as a 50 Hz line trigger, when high-resolution spec-
troscopy and electric dipole moment (EDM) measurements demand for an improved noise control
and reproducibility in the lab. A 16bit, 32-channel Zotino digital-to-analog converter board provides
+10V output at 1 MSa/s update rate and drives all magnetic field coils.

On the frequency side, a low-noise Mirny four-channel PLL/VCO-based microwave frequency syn-
thesizer provides a frequency range of 53 MHz to > 4 GHz and allows e.g., the driving of EOM carrier
shifts for laser stabilization. Additionally, multiple four-channel Urukul frequency synthesizers based
on a AD9910 1 GSa/s, 1 MHz to 400 MHz DDS board are used to drive all AOMs. In the latter setup,
it also provides optical power stabilization functionality in combination with the Sampler analog-to-
digital converter board via the FPGA-based SuServo PID lock loop.

1 Stanford Research Systems FS725, 20 year aging of < 5 x 107,
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Timing control is performed via two synchronized Kasli FPGA core devices, that run the ARTIQ
kernel and control the individual EEM modules. Distributed over two 19 inch rack mountable crates,
that are synchronized and phase-stabilized via a low-latency fiber connection, the lab is equipped with
a future-proof electronics control setup.!

All non-real-time hardware communication is handled by the host CPU lab computer over Ethernet
using kernel-to-host remote procedure calls (RPC) for tasks like configuring devices or retrieving
measurement results outside the deterministic timeline. For this, we wrote Python-based drivers and
Non-Deterministic Software Protocol (NDSP) server communication layers for all external hardware
(cameras, power supplies including coil driver, shutter driver, oscilloscopes, ...). This software stack
runs on the main lab computer and handles asynchronous messaging, device setup, and data transfer
in coordination with the host, while ensuring separation from the real-time (RTIO) execution on the
FPGA. Automatic data analysis routines (atom number and temperature determination by optical
density fitting, ...) are also implemented to run asynchronous to the data experiment sequence
to reduce sequence time as much as possible. All lab control is managed via a Python package,
that includes data management tools, analysis routines, and the experiment sequence programming

framework described below.

4.6.2 Sequence programming

While the PulseStreamer requires programming of the (pulse) sequence via a table of digital and
analog signal against time, the ARTIQ control system supports the generation of sequences on a
dynamic basis, as well as conditional branching based on live measurement. The latter is being
programmed via ARTIQ Python — a domain-specific subset of Python to describe the experiment
logic that then compiles to run deterministically on the Sinara FPGA hardware. For both systems a
module-based sequence timing was developed.

The experiment is separated into modules that group hardware access and timing. An exemplary
sequence is shown in figure 4.20. Here we load the atoms from the background gas via the MOT for a
time 1559 and compress the cloud via the gradient field and detuning control for Zcompress- Atoms are
then transferred into the ODT and we detect the ODT cooled atoms in time-of-flight via absorption
imaging after a free fall time #;,f. All modules shown here —mot (MOT), dt (ODT) and img (absorption
imaging) — are implemented as class objects and their individual functions as ARTIQ Python real-time
kernel methods, that are executed on the Kasli FPGA and Sinara EEM modules.

Each module’s methods define a specific, but variable point in time. For example, it may define the
start of atom loading or the location of the absorption imaging beam pulse. These points depend on
various experimental parameters that can be programmed via a customized graphical user interface,
as shown in figure 4.21. With respect to this point, two times, #,;; and f5,,1, are specified for each
method. We define the initial time, #;,;;, required for the preparation of the method, including analog
ramping of coil currents and shutter control. We characterize all hardware delays in the lab, including
cable delays and hardware response times, to the sub-us level ahead of this point in time. Also, we
define a final time fg,,) that includes the physical length of the experimental execution and potential

dead times originating from e.g., data acquisition transfer delay.

1 Note that the open-source and open hardware nature of the system however requires extensive initial setup
and expertise compared to a turn-key commercial system, which we only found out the hard way.
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Figure 4.20: Graphical visualization of the experiments modular sequence programming. Displayed
is a MOT loading and compression phase (mot), the transfer to an ODTs that is slowly
ramped up (dt) and an absorption imaging sequence as defined in the detect method of
the imaging module (img).
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Figure 4.21: Reduced visualization of the customized ARTIQ) experiment graphical user interface
with experiment parameter control, live debugging, hardware control, analysis tools and
sequence scheduling methods.
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This design allows experiments to be easily extended by new modules and additional or modified
methods, and allows for a rather quick debugging procedure. All experimental sequences include
the option to convert any control parameter, like the time-of-flight duration #,f or the AOM imaging
beam detuning, into a scan variable, also allowing multidimensional scans and optimization runs
over many experimental parameters. The dataset structure is then automatically extended to hold all

experimental parameters for each shot of the measurement.

Data storage and measurement reproducibility Our measurements consist of atomic images ob-
tained through absorption or fluorescence imaging. The reproducibility of these images is controlled
by a wide range of experimental parameters, most of which are managed via the central control
software. We chose to use the binary NetCDF/HDF5 format [191] as a standard format for storing
experimental data for its support of large, structured datasets and wide compatibility with analysis
tools. We implement self-explanatory NetCDF structures datasets that store both the raw data, and
results of automatically performed analysis routines.

To ensure reproducibility of the experimental sequences, we integrate the Git version-control system
with the data storage workflow by recording the Git commit identifier of the lab control software in the
HDFS5 file each time an experiment sequence is executed. This links the dataset to the exact software
version used during runtime. If the repository is in a dirty state (with uncommitted changes), we store
the latest commit identifier and flag the file as debugging data, helping distinguish exploratory runs

from validated results.
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4 Magneto-optical trapping of mercury at high phase-space density

4.7 Magneto-optical trap characterization
Building on the work presented above, the MOT characterization is presented in the publication [1]

Quentin Lavigne, Thorsten Groh and Simon Stellmer, Magneto-optical trapping of mercury at
high phase-space density, Physical Review A 105, 033106 (2022). DOI: https://doi.org/
10.1103/PhysRevA.105.033106.

Summary

In the publication, we summarize the experimental setup described thus far. In a short form we
present the source and vacuum chamber design, as discussed in more depth in chapter 3 and the
optical and magnetic field setup, which is discussed in this chapter.

We load MOTs of all seven stable isotopes of mercury from the background gas, as provided by
the mercury source. We characterize the loading efficiency — loading rate and final atom number — of
the MOT in dependence on both the source temperature and the natural abundance of the individual
isotopes. As the source temperature increases, the MOT loading rate increases to up to 1.6 x 10
atoms per second. However, at this point the steady-state atom number is limited by the one-particle
losses induced by collisions between the cloud atoms and the residual background gas atoms, which at
high source temperatures is dominated by Hg. We conclude that installing a ZS or a 2D-MOT should
enable the Hg loading rate to be increased selectively, thereby enhancing the number of atoms in the
MOT. With regard to isotope dependence, we observe that the number of bosonic isotopes observed
in the MOT is approximately proportional to their respective natural abundance. By contrast, the
number of atoms trapped in the MOT for fermionic isotopes is three to five times lower, due to the
more complex hyperfine structure.

We systematically investigate the effect of key experimental parameters — namely, laser detuning,
optical intensity and magnetic field gradient — on the MOT’s loading efficiency and steady-state atom
number. The analysis is based on absorption imaging, as discussed in section 4.4.2 and shown in
the experimental sequence in figure 4.13. We find that the achievable atom numbers are not limited
by laser power at the selected cooling beam size. For the most abundant isotope, 2°>Hg, we achieve
record atom numbers on the order of 5x 107, indicating efficient cooling and capture under optimized
conditions. High atom numbers are achieved for a cooling beam detuning of about A = -10T" and
around a magnetic gradient strength of 10 G/cm, at which point the atom number increases linearly
with the saturation parameter s.

In addition, we investigate the achievable atomic cloud temperatures and examine the differences
in cooling efficiency specific to each isotope. To achieve this, we use TOF imaging, in which we probe
the falling cloud at different fall times (in steps of 0.5ms) up to approximately ~ 12ms, at which
point the cloud density decreases to the point of disappearing contrast. For the bosonic isotopes,
our temperature measurements are consistent with standard Doppler cooling theory and the absence
of ground-state hyperfine structure. For 2°?Hg, the lowest temperature (T = 84(5) uK) is obtained
with a detuning of A = —1T" and at low cooling beam intensities, while in this regime the magnetic
gradient field strength has no drastic effect on the temperature. In contrast, the fermionic isotopes,
which possess non-zero nuclear spin, exhibit evidence of sub-Doppler cooling mechanisms enabled by
polarization gradients and multilevel structure, as discussed previously in section 4.1.2. We demon-

strate that these effects enable the fermionic species MOTs to reach sub-Doppler temperatures. The
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minimum temperatures are achieved for 2! Hg, allowing slightly more efficient Sisyphus polarization
gradient cooling. We reach temperatures down to 7' = 30.9(2.3) uK, as averaged over multiple shots
at the same cooling parameters.

We also analyze the size of the atomic cloud as described by one-dimensional Doppler theory, as
given by equation (4.14). While we observe good agreement with the scaling for MOT-sized clouds
with (vertical) radii in the range of 25 um to 200 um, the Doppler theory predicts a size around 20 %
lower, which we attribute to imperfect beam profiles and radiative heating mechanisms.

For ODT loading and estimation of degenerate quantum gas production, we determine the phase-
space density as a function of cooling beam detuning and intensity. We find that maximizing phase-
space density critically depends on maintaining small detunings (A = —I') and low saturation param-
eters (so < 1). The latter effectively suppresses cloud heating caused by the reabsorption of scattered
photons. We estimate a phase-space density of a few parts in 1 x 1077 for the trapped atoms, which
provides a favorable starting point for further cooling in ODTs.

By optimizing the experimental parameters, we achieved nearly a tenfold increase in the number
of trapped atoms compared to previous reports. Given the technical limitations of imperfect beam
shaping in the deep-UV, we expect to improve these numbers. Additionally, we provide concrete
evidence that upgrading the mercury source to a proposed Zeeman-slowed atomic beam source will
further increase the number of atoms in the future. This in-depth study of laser cooling in mercury
demonstrates the potential of our system for future studies requiring ultracold, high-density mercury
samples. These studies include precision spectroscopy, EDM searches, and evaporative cooling toward

quantum degeneracy.
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4 Magneto-optical trapping of mercury at high phase-space density

4.8 Outlook

4.8.1 Improving trapping and cooling
Increasing phase-space density

As we will see in the following chapter, transferring magneto-optically cooled atoms to an ODT is
the most effective method of achieving evaporation cooling towards quantum degeneracy, given that
magnetic trapping of the atomic ground state is prohibited. This method is also ideal for interrogating
mercury atoms over a long period of time in future electric dipole moment measurements. To achieve
good transfer efficiencies, it is necessary to increase the MOT atom number and phase-space density
as much as possible. There are multiple methods for improving cooling performance and phase-space
density in the in the Hg isotope MOT exist, some of which we have started to test and others for
which this thesis lays the technological foundation. A selection of suggested experimental upgrades

and their influence on MOT cooling are discussed below.

Increasing atom numbers Improvements in beam quality of the MOT cooling beams is predicted
to improve atom loading. Here the new compact 254 nm laser system setup shown in figure 4.4,
which is currently being constructed, is expected so solve this problem. We improve the beam quality
by adding a beam shaping and spatial mode cleaning stage consisting of a two-lens telescope and
a pinhole. With this, we can create a nicely rounded transversal beam profile and also correct the
astigmatism mode cleaning with less than 10% power loss. New UV-grade fused silica AOMs! were
purchased. The AOMs are selected for their large aperture openings of 1.5 x 2 mm?, which eliminates
the need for strong focusing of the laser beam. The reduced incident intensity greatly reduces the risk
of UV-induced solarization damage to the AOMs, which should significantly increase their lifetime,
as discussed in more detail below. The AOM’s optical medium features Brewster’s angle incidence,
which further reduces UV damage compared to alternative AR coatings. With about 85% diffraction
efficiency at 254 nm over the desired frequency bandwidth, they also outperform the previous AOMs
and promise more power available for MOT and future ZS.

Not relying on large-focal-length telescopes around the AOMs also significantly reduces the length
of the beam path. This also reduces the MOT position instability originating from the FHG beam
pointing. All new optics have been tested successfully, and an engineer and our mechanical workshop
have already certified the feasibility of enclosing the system in a protective environment with an

oxygen-argon mix. We will soon employ the system for laser cooling and imaging.

Optical molasses cooling phase Cooling magneto-optical trapped atoms in an additional optical
molasses phase is a well-known technique to lower the atomic temperature further. The authors of
[192] e.g., recommend “to switch off the magnetic field of the MOT a few ms before the laser fields are
extinguished, because the short resulting optical molasses cooling phase establishes the lowest possible
temperatures and a quasi-thermal distribution in the trap”. We first attempted to directly load an
optical molasses from the background gas, but the small capture velocity of about plmelasses) 0 9 m/s,

as estimated already in section 4.1.2, already predicts that trapping large number of atoms is going to

1 Opto-Electronic MQ200-A1,5-244.266-Br, 244 nm to 266 nm spectral bandwidth, center frequency 200 MHz
at 4 W RF power, 8.1 mrad to 8.9 mrad separation angle.
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be challenging. Furthermore, optical molasses operation is very sensitive to residual magnetic fields
and magnetic field gradients, as the resulting Zeeman shifts can lead to imbalanced forces. So far, no
proper signal of direct molasses cooling from the background gas could be observed.

Transferring MOT cooled atoms into a molasses phase as a second cooling phase instead, seems
to be limited by magnetic fields. Switching the magnetic gradient field using the Snubber control was
observed to lead to strong acceleration of the atomic cloud away from the trap center. While short
molasses phases could be observed already, so far no temperature reduction could be observed. To
potentially circumvent the heating a fast, but moderate switch-off — avoiding overshoots and residual
magnetic field ringing — was implemented on the basis of the current supplies analog control via
ARTIQ, Additionally, fast analog control of compensation and quantization coils was also established

on the same way. For this purpose, the optimal control scheme was already established in software.

Magneto-optical trap compression Fast analog magnetic field control also enables MOT compres-
sion schemes. To achieve this, we load the MOT at large laser light detuning and moderate gradient
field strength, for which high atom numbers are achieved. The gradient is then dynamically ramped
to higher values, which decreases the cloud size, as suggested by the (0B/dz) "'/? scaling of the MOT
radius in equation 4.14. A similar scaling behavior is observed for the dependency of the cooling light
detuning, which is typically ramped closer to resonance at the same time. While the compression of
an ideal gas leads to heating, the strong density increase can lead to improvement in the phase space
density. As in first experimental attempts we even observe cooling, we also suspect that the Doppler
temperature limit scaling with the detuning, equation 4.10 and specific thermalization rates can even
reduce the temperature.

Controlling the MOT light detuning dynamically during an experiment sequence is challenged
by the optical setup. As discussed before, due to limited laser power in the UV, we set up the
MOT cooling light in a single-pass AOM at a fixed, optimum modulation frequency. When detuned,
this changes the Bragg condition and diffraction angle, leading to strong misalignment of the MOT
beams within the chamber. To leave the MOT AOM at a fixed frequency, a fast dynamic frequency
control via the ultrastable cavity lock feedback on the 1015 nm master laser was established. Here,
the carrier shift that establishes the frequency offset of the laser to the selected cavity resonance is
ramped linearly in time. To establish this, the RF frequency generator providing the carrier shift
was already replaced with an ARTIQ DDS driver board, as the original phase-lockloop voltage-
controlled oscillator switches off and looses its phase when stepped in frequency. The DDS frequency
was being extended to reach the < 1.5 GHz range required for locking, as discussed before. While
first implemented to allow for a simpler nearly static control of the MOT detuning, where the laser
frequency is slowly ramped (~ MHz/s) at the beginning of the experimental sequence, the SHG cavity
locks are stable and responsive enough, that this locking scheme allows dynamic frequency sweeps in
the UV of tens of MHz within milliseconds. Future extensions of the experiment to a ZS, as discussed
below, could also benefit from this by allowing UV laser frequency control without the need for an
additional AOM.

An early analysis seems to suggest optimal transfer times of ~30 ms for a linear compression ramp
from around 10 G/cm to > 20 G/cm in gradient field strength and from A = —15T" to —10I" down to
~ —1T in detuning. So far, tested for bosonic ?’’Hg, this improved phase space density by an order
of magnitude to ~1 x 1075, while interestingly also reducing the temperature to 7 ~ 140 uK. Tem-
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peratures down to 7' = 70 uK could be achieved, when simultaneously also ramping the cooling light
intensity to less than 1%. This additional compression and cooling phase already allowed improving

stable dipole trapping, as presented in section 5.2.2.

At the time of writing, investigation of both MOT compression and additional molasses cooling is
still being investigated. Future analysis will show whether these upgrades can further reduce phase

space density and improve ODT loading.

Improving reliability

The experiment’s main limitation is still its long-term operation and reliability. Here, UV degradation
of the optics is one of the bigger challenges in this regard. Upgrading the optical setup and enclosing
it in a pressurized oxygen and argon environment (see figure 4.4) is expected to solve this problem. An
oxygen atmosphere protects the optics from solarization damage by passivating defect sites caused
by UV exposure. However, pure oxygen poses safety risks due to its high reactivity, significantly
increasing the risk of combustion and fire when in contact with flammable materials. Therefore,

argon is added to improve safety.

Hydrogen-loaded photonic crystal fibers Since the beam pointing issues still might need to be
addressed in the future also for other applications (spectroscopy, EDM measurements, ...), multiple
active and passive beam stabilization solution were discussed. For passive beam stabilization and
mode cleaning, hydrogen loaded large mode photonic crystal fibers were acquired for testing. While
the fiber itself already allows transmission of UV light at around 250 nm [193], here only low powers
(~0.3 mW) were incident and absorption dropped to about 1.44 dB/m. UV solarization is explained
by the interaction of UV light with impurities or dopants in the silica glass material forming color-
centers [194] that then absorb the light. Loading the fibers with high pressure (a few hundred bars)
hydrogen can mitigate the absorption by modifying the UV-induced color-centers [195-197]. The
commercially available NKT LMA-10-UV fibers were hydrogen loaded at the Physikalisch-Technische-
Bundesanstalt (PTB). The absorption at ~235 nm is about 3 dB/m, but we expect better performance
at 254 nm and improved power handling and long-term stability in comparison with the unloaded
fiber.! Although low transmission and additional losses during fiber coupling, as well as the lack of
polarization maintenance, limit the application, incorporating rigidly mounted centimeter-short fibers
into the optical setup for mode cleaning to convert beam pointing into power fluctuations should result
in low losses and acceptable polarization properties.2. At the time of writing testing of the fiber is

still in progress.

4.8.2 UV laser development for addressing the singlet transition

While it is hard to reach high powers for laser cooling, the singlet transition at 184.9 nm however

represents an excellent candidate for high-resolution imaging of cold atomic clouds. Here the broad

1 Personal communication with Fabian Wolf (2024). Thanks to Fabian Wolf and the team of Piet Schmidt for
supplying the optical fibers. 2 Power fluctuations can then be compensated for by the AOM stabilization feed-
back. Polarization drifts are expected to be small, and light field polarization can be cleaned using polarization
beam splitter after the fiber.
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linewidth promises large photon scattering rates and the small wavelength down to around 100 nm
resolution when diffraction limited.

For this we recently started setting up a continuous-wave laser system, based on a tunable intracavity-
doubled vertical-cavity surface-emitting laser (VECSEL)! providing about 2W at a wavelength of
431.3nm. VECSELSs combine the benefits of solid-state and quantum-well semiconductor lasers offer-
ing high power, but a significantly lower cost than e.g., titanium-sapphire laser systems. They are also
more durable due to their large emitting area and provide stable output that is free from relaxation
oscillations and amplified spontaneous emission.

The blue laser light is frequency doubled to 215.7nm in a nonlinear, Brewstercut beta barium
borate (BBO) crystal. The conversion efficiency to the deep-UV is enhanced by a monolithic bowtie
cavity? stabilized by a Hansch-Couillaud locking scheme and equipped with a Brewster window for
outcoupling of the UV laser light. We aim to reach about 50 mW to 100 mW of converted light at
215.7 nm.

Laser light at 184.9 nm is planned to be generated by sum-frequency conversion in combination with
1299.1 nm light provided by another tunable, single-frequency VECSEL laser that operates directly
in the infrared®. For this conversion, we set up another bowtie cavity? for enhancement of the 1 W
infrared light provided by the second laser. We use a nonlinear cesium lithium borate (CLBO) crystal
in a type-I phase-matching condition for sum-frequency generation. The CLBO crystal has a UV
transmission cutoff near 180 nm, thereby enabling efficient operation within the desired spectral range.
We will heat the crystal to an elevated temperature of around 150 °C to improve its damage resistance,
as CLBO is highly hygroscopic. The incoupling of the 215.7 nm light and outcoupling of the 184.9 nm
light utilizes the dispersion in the crystal and is achieved using small mirrors, that reflect the UV
laser beams in and out of the cavity beam path. A prism separates the UV wavelengths of seed laser
and converted light after outcoupling. In the first stage, our goal is to generate at least 1 mW of

continuous-wave laser light at 184.9 nm.

4.8.3 Zeeman slower design

Increasing atom numbers loaded into a MOT while simultaneously improving the atomic lifetime
of trapped atoms by decreasing the background vacuum pressure, can be realized by employing a
collimated atomic beam source in combination with a ZS [198], or by loading from an additional (2D-
YMOT [199-202] located in a differentially pumped chamber. So far, attempts to increase the loading
rate of mercury MOTs is solely focussed on operation of a 2D-MOT [58, 104, 203]. For more efficient
use of the limited optical power in the UV, we propose a high-flux low-velocity source of mercury

atoms based on a 1 m long ZS, as presented below.
Zeeman slower working principle Following the derivation in section 4.1, the acceleration for an
atom at longitudinal position z and velocity v as mediated by the radiation pressure force is given by

s50(z) b RkT
, where a = —
* 1+ 50(2) + (2A(z,v) /T)? )

(4.38)

a(z,v) = —ama

1 Vexlum VALO SHG. 2 Custom monolithic enhancement cavity provided by Agile Optic. 3 Vexlum VALO
SF.
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Figure 4.22: Coil layout (top) and simulated magnetic field (bottom) of the ZS. The color coded coil
cross-sections indicate right- and left-handed currents of |Izs| = 8 A.

The detuning in presence of a magnetic field B(z) is given by A(z,v) = Ag + kv — Au B(2)/h, where
Ao is the laser detuning for an atom at rest in absence of any magnetic field. The ZS field B(z)
now compensates for the Doppler shift, such that the acceleration a is constant along the full atomic
trajectory. While maximum and constant deceleration is reached at the resonance condition 0 =
Ao + kv — Au B(z)/h, with imperfections in B(z) this is experimentally hard to ensure for narrow
lines. Instead, slowing at slight red detuning is preferred, such that atoms can not leave the resonance
condition towards large blue detuning. The effective detuning is defined via the safety factor &, such
that a(z,v) = —& dmax So/(1 + so) along the slower. The most efficient restoring force against velocity
changes is achieved at & = 0.75, where —d a/d v is maximal, as illustrated in the inset of figure 4.23.
From the new resonance condition we obtain the ideal ZS field for an atom with initial velocity v; and

final velocity v the velocity:

z Uf2 1-¢
B(z) = Boy[1- 1 (1= =] | +Bs/(A+s50) +B., for0<z<L, (4.39)
(¥ &

and B(z) = 0 else. The magnetic field amplitude is given by By = —fik v;/Au, By = hI'/(2Au) and
the field offset B. = i Ag/Au is freely adjustable via the initial laser detuning A.

Design All ZS parameters are optimized for the best numerically simulated slowing efficiency and
loading rate of the MOT, where we conservatively constrain the required optical power to 30 mW,
which is easily obtained by recycling the zeroth order of the MOT AOM?!. We aim for a maximum
initial velocity of v; = 190 m/s, a final velocity of vy = 5m/s to 8 m/s, a saturation parameter of so = 5
and a safety factor of & = 0.7. This results in a deceleration of a = 0.58 anax and a slower length of

L = 1m. By choosing the laser detuning —225 MHz detuned to the MOT light, we aim for a spin flip

1 Tuning of the ZS detuning with respect to the MOT detuning is planned to be fine-tunable via a homogenous
offset field provided by two independently controllable additional windings in the ZS coil.
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Figure 4.23: Predicted ZS deceleration (colored density plot) and one-dimensional simulation of atom
trajectories through the ZS (white lines). Atoms with longitudinal velocities below the
design capture velocity v < vipi = 190m/s eventually come into resonance with the ZS
beam, follow the deceleration trajectory, and slow down to the target velocity vgn,. The
inset shows the acceleration profile at z = 0 and its derivative. For stability, we operate
at a safety factor of & = 0.7 (green marker), slightly below the point of maximum slope
and away from the peak deceleration (red marker).

ZS with a 901 mm long decreasing field section and maximum field strength of 2562 G and an 88 mm

long increasing field section.

Construction The magnetic field design is based on flat 8 x 1 mm? enamelled copper wire wound
onto a 22 mm inner diameter, double walled, water-cooled aluminum tube. The latter supports the
coils without the CF16 vacuum tube, connecting source and main chamber, which allows vacuum
baking the chamber without the ZS in place and measuring the internal magnetic field. The latter is
important as the narrow linewidth makes the ZS very sensitive to small magnetic field imperfections,
where atoms can leave the resonance condition. The increasing field ZS section is recessed into the
main chamber to reduce the distance between ZS exit and MOT location to just 60 mm for efficient
capture. This design also allows utilizing the MOT gradient field to bring the final ZS field of -98 G
quickly back to zero. This should result in the atoms exiting the ZS abruptly, reducing atom loss by
removing pushback light forces on the last section. The chosen coil configuration and winding pattern

and the simulated magnetic field are shown in figure 4.22.

Simulation A one-dimensional simulation of atom trajectories subject to this field is shown in fig-
ure 4.23, which shows that residual deviations from the theoretically ideal field configuration are much
smaller than the linewidth. Atoms therefore stay in resonance along the whole length of the slower. We
estimate the atom flux that can be captured by the MOT by conducting an in-depth, two-dimensional
simulation of atom trajectories under experimentally realistic parameters. This simulation takes into
account the emission pattern and flux of the microchannel array nozzle, as described in section 3.1.3.
An exemplary Monte-Carlo dataset of atom trajectories — taking into account the gravitational sag

over the long travel distance, the atomic beam broadening due to imperfect nozzle collimation and
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Figure 4.24: Simulation of the ZS performance in dependence of the collimator nozzle diameter d..y
and source temperature 7, showing the captured emission in the MOT (= MOT loading
rate, top left), the capture fraction (top right) of the total source emission (bottom left)
and the vacuum pressure behind the nozzle (bottom right). We consider experimental
constraints, restricting the total nozzle aperture to 5 mm and the microchannel collimator
length to L < 100 mm while keeping the collimation angle B.on = deon/Leon at < 0.14°.
We denote the transitions between flow regimes (dashed, dotted) and the optimal region
for operation of the capillary plate nozzle with d = 25 um and 50 ym (hatched).

photon scattering of the ZS beam — is shown in figure 3.6. Atoms slowed by the ZS scatter about 6000
to 23 000 photons from the slowing beam and the resulting random walk in velocity space leads to a
transversal velocity component of 0.36 m/s to 0.69 m/s, which is very comparable to the transversal ve-
locity distribution of the source. Free fall under gravity reduces the capture range to about v > 57m/s,
as slower atoms spend too much time (> 32 ms) in the ZS and do not reach the MOT. Depending on
the initial velocity, gravity displaces atoms by —1.9mm to —5.1mm (v = 57m/s to 190 m/s), which
needs to be compensated for by a slight tilt of the source chamber axis to efficiently target the trapping
region; we assume a MOT capture radius of r¢ < 3.1 mm and capture velocity vc < 9.7m/s.

A simulation of the ZS deceleration and resulting MOT capture performance for various nozzle
geometries and varying source temperature 7 is shown in figure 4.24. Driven by the simulation results,
we choose a d¢o = 25 um and 50 um diameter capillary plate over a traditional microtube array or a
single collimator tube. For an optimal operation region of —5°C < T < 60°C, we estimate a fraction
of 3x107° to 5x 10~° emitted by the source and captured by the MOT, which results in a capturable
atom flux of 1 x 10° atoms/s to 4 x 101° atoms/s at a total mass throughput of the machine of 1g/yr

to 5 g/yr, while keeping the achievable vacuum behind the collimator reasonable.
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Optical dipole traps (ODTs) are ideally suited for electric dipole moment (EDM) measurements with
mercury atoms, offering long storage and coherence times, high atomic densities, and compatibility
with tightly spaced electrodes. Unlike magneto-optical traps (MOTs), ODTs operate without magnetic
field gradients, avoiding perturbations in the magnetically sensitive measurement environment. They
also offer tighter confinement and higher atomic densities than optical molasses, enabling operation
near closely spaced (< 1mm) electrodes that allow for stronger electric fields, thereby enhancing
EDM sensitivity. By transferring laser-cooled atoms from a MOT into a deep ODT, we achieve the
stable, high-quality samples required for precision EDM experiments. In order to hold the atoms
in a science chamber dislocated from the MOT region in a magnetically shielded science vacuum
chamber, transport of the atomic sample via an ODT is also required. The latter can be realized by
using focus-tunable lenses [204, 205] or by moving the last focusing lens on an airbearing stage [206,
2071].

Moreover, ODTs for isotope shift spectroscopy in mercury could increase the interrogation times
of the sample, allowing quantum enhancement of the spectroscopy methods. Here, three-dimensional
optical lattice clock setups operating in the Lamb-Dicke regime reduce Doppler shifts and atomic
interactions [208] and are the most ideal platforms to probe for isotope shifts on ultra-narrow clock
lines, like demonstrated for instance in neutral ytterbium [209].

Evaporating mercury to degeneracy — not realized so far neither for bosonic nor fermionic species
— does require ODTs for evaporative cooling, since the electronic structure of the ground state does
not allow magnetic trapping of the electronic ground state.! Here, Fermi gases of 1%’Hg used for
probing the atomic EDM could improve the o 1/VN scaling of the measurement sensitivity to o 1/N
by collective quantum effects as discussed before.

ODTs for generation and trapping of Fermi gases of mercury could also allow studies of impurity
physics like Friedel oscillations [210, 211] mediated between a single bosonic impurity and the Fermi
sea. Here, isotope-selective magic wavelength lattices would be required to trap a Fermi gas of 1%Hg
or 2’Hg in an effectively two-dimensional trap, while an isotope-selective optical tweezer could be
used to hold the bosonic impurity. Both ODTs would require vanishing light shifts for the opposite
isotope to isolate the interaction to be scattering-based only. We discuss this application of ultracold

gases of mercury in the outlook, section 5.3.2.

As we will see in the following, the ground state polarizability of mercury in the visible spectrum is
about two orders of magnitude lower than that of other alkaline-earth-(like) elements and nearly all
lasercooled atomic species. This is because the atomic ground state can only be accessed through
deep ultraviolet (UV) transitions. Overcoming the low polarizability is the main challenge.

So far we are not aware of any focussed beam ODT of mercury. For the operation of an optical

1 Optically pumping to ®Py could allow to magnetically trap atoms in the long-lived metastable state.
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lattice clock in mercury, magic wavelength optical lattices are required to compensate for the light shift
between the ground state and the relevant clock state. Such lattices have been successfully operated
in the near UV region [39, 41-43]. Here, in-vacuum build up Fabry-Perot cavities are used to increase
the effective available laser power at the location of the atoms by a large factor given by the finesse F
of the cavity. In these application, however only single atoms per lattice side are loaded (> 10° atoms
in total), reducing the need for deep trap depths and large trapping volumes. For our applications
much higher atom numbers are necessary, and trapping volumes need to hold large clouds of mercury.
Other systems also requiring deep ODTs are experiments studying cold molecules. Here, high-power
traps also based on high-finesse build up cavities were proposed [212] and are now reaching intensities
of over 400 GW/cm?, all operating at 1064 nm were high laser power is available [213-216]. Although
build-up cavities provide high optical intensities, they reduce the flexibility of the trapping potential
and strongly restrict atomic transport. The standing-wave lattice structure can restrict thermalization
across lattice sites and therefore obstruct evaporative cooling for Bose-Einstein condensate (BEC)
or Fermi gas formation. We therefore chose single focussed beam and crossed beam ODT for the
application here.

Prediction of the atomic light shift for mercury was so far based on ab-initio electronic structure
calculations [153, 217, 218], but focus only on magic optical lattice traps for clock operation. These
type of electron structure calculations are unable to predict the location of the transition wavelengths
to better than a few percent, which makes reducing uncertainties in the polarizability and light shift
calculations challenging. For the 1Sy — 3Py transition, the magic wavelength lies at around 362.5 nm,
predicted via configuration interaction many-body perturbation theory (CI-MBPT) [153, 217] and
experimentally confirmed by [40, 219]. For the 1S, — 3Py transition, the magic wavelength is predicted
to be around 351.8nm based on ab-initio electron structure calculations of the atomic transition
energies and linewidths via a Complete Active Space Self-Consistent-Field (CASSCF) method and
dynamical energy corrections [218].

For the polarizability calculation in section 5.1.1, in this thesis a data driven approach was at-
tempted. This has the advantage of a smaller uncertainty in the known and spectroscopically mea-
sured transition. For so far unmeasured transitions, linewidths and wavelengths were taken from
electron structure calculations in reference [218]. For other lines, a pragmatic scaling solution was
chosen. The calculation presented here includes input from Raluca Aldea during her time as an intern

in the group and Felix Affeld within his master thesis [91].

5.1 Dipole potential

The optical dipole potential originates from the coherent absorption and re-emission of scattered
photons as derived in section 4.1. Expressing the dipole force from equation (4.8) as a conservative
potential (ﬁdip) = —VUyip and expanding the logarithm to first order in s(7) for large detuning, gives
the optical dipole potential

A KR

hA > -
Uaip = == log [5(7) +1] ~ = s(7)

2 T 4A (5.1)

Since we neglected the co-rotating terms in equation (4.1) within the rotating wave approximation, this

light shift derivation is not complete. Analogously to the counterrotating terms leading to an energy
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5.1 Dipole potential

correction o (w — wg) !, by replacing @ — —w we can see that the fast oscillating terms contribute
to lowest order an energy shift « —(w + wo) L. This effect is known as the Bloch-Siegert shift [220]
and must be considered when calculating the polarizability of very far-detuned ODTs, as we will see

below.

A more precise derivation can be obtained by applying time-dependent perturbation theory to the
Hamiltonian in equation 4.1. We define [g’(¢)) = |g) + |[0g(#)) to be the new perturbed ground state
solving the time dependent Schrédinger equation d;|g’(¢)) = —i/hi H |g’(t)) to first order, 0;|6g(¢)) =
—i/hHp|6g'(t)) — i/hHarp |g). Inserting the ansatz |6g(¢)) = (a™ e ' @! + a7 e77@)|e) allows
determination of the perturbation coefficients a*) and the expectation value of the dipole moment

to first order is then given by

2w |(glé - dle)|* EW)
h(wi — w?)

iwt

(d(1) = (g(D|d|6g(1)) + (5g(n)|d]g (1)) = +cc., (5.2)

which confirms the argumentative derivation of the « (w — wo) ™! — (w + w) ™! o« wy/ (w% - w?)
dependency. Expressing the dipole potential in terms of the atomic ground state AC polarizability

a(w) then leads to

3 (5.3)

1 5 T
Udip = “2ec a(w)I(F), where a(w) =6m¢c m .
0 \%o

Here, the transition rate I" is given by equation (4.4) and the electric field intensity is defined as
I(F) = 2c € |E™|%. These results also qualitatively agree with those of the classical Lorentz model
derivation, which assumes that the field induces a dipole moment, d = «a E, that oscillates at the
driving frequency. The polarizability, @, can be obtained by integrating the equation of motion for
the driven electron and introducing an on-resonance damping rate of electron motion that resembles

the transition rate, I', as described in reference [192].

5.1.1 Polarizability

For a multi-level atom the polarizability from equation (5.3) can to first order be summed over all
possible excited states. Note that this gives the AC light shift for the ground state |g), while any
higher lying state |e) coupled by the same light field shifts exactly in the opposite direction. The latter

can be seen from a full quantum derivation in the dressed-state picture.
The complex atomic polarizability @ is in general given by the quantum correlation function of the

induced dipole moment operator d. For a non-spherical atom it can be given in tensor form as

(wée —w) +ilTgew

[(wée - w?)? + Fge wQ]

Ay (W) = %/0 dr ([d(1), dv(0)]) e'©" = Z .
B)

(8ldyle) (eldylg), (5.4)

where wg. and I'g, are the atomic resonance frequencies and linewidths and [, -] denotes the Hilbert

space commutator [159].

Relevant for optical dipole trapping is only the real part of the polarizability tensor; the Kramers-
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Heisenberg formula for the polarizability tensor is then given by

2wge (gldyle) (eldy|g)
n (w3, — w?) .

(@) = Re[@yy (@)] = ) (5.5)

le)
Fine structure

Consider the fine structure of an atom described by principal quantum number 7, orbital momentum
and spin quantum numbers L and J and the total momentum projection onto the quantization axis
m. Using the Wigner-Eckart theorem [159, p. 7.241] we can rewrite the dipole matrix element for
the transition |[i) — |k) between magnetic sublevels in the atomic fine structure via the projection
to the coarser electronic structure. Introducing g as the projection of the electric field polarization
vector é onto the quantization axis in the spherical basis with ¢ = 0 for n-polarized and g = +1 for

o.-polarized light, we can write the magnitude of the dipole matrix elements as

\(ilé - d|k)| = [(ni, L, Jimglé - d|ng, Li, Jomye)|

2J; +1
2Jk+1

= ng, L, Jilld|ng, L, Ji) | V2 T, + 1 ( l ) ,

m; g —mg

= [, Li, Jil|d| g, Licy Ji) T mplJimi; 1, —q)

(5.6)

where in the last step we rewrite the Clebsch-Gordon coefficient in terms of the Wigner 3j-symbol
(j1, m1; jo, mal|j3, —m3z)y = (=1)A—f27ma+1[9 o 4 1 (,-,"111 n’,fz n’,fd ) The summed AC polarizability of any

fine structure state |i) = |n;, L;, J;, m;) given the electric field polarization ¢ is then given by

Ji

2
|y 2J; +1 ; Ji 1 J
a’i((u):671'€0632 Z 50 (2I+ D) wi ( k ) . (5.7)
k

W% (WP —w?) lwil \ m; q -m

k mp=—Ji

Here, we now have rewritten the effective transition rates I" between the two levels in terms of
the atomic spontaneous decay rate I'y, ;, = a)g/(37r 607‘163)|(n,~,L,~,J,~||c?||nk,Lk,Jk)|2 from the fine-
structure level Ji to the level J;. Given in figure 2.3, these can be found tabulated as the linewidth for
most transitions [87]. Note that here w;x = (E; — Ex)/ is the (signed) transition frequency between
the relevant levels and the term w;x/|w;k| ensures that lower lying levels are contributing to the polar-
izability with opposite sign. The resulting light shift is then given by equation (5.3) with a(w) given
by the multi-level sum, equation (5.7).

This analysis holds for a description of the bosonic species with nuclear spin / = 0, for which the
reduction of the dipole operator can be left at the fine structure level. For analysis of the trapping
potential of fermionic species with I # 0, relevant for e.g., EDM measurements, the hyperfine structure

becomes important and the reduction of the dipole operator in equation (5.6) is not sufficient.

1 Note: In the remainder of this work the symbol I will be used as a shorthand for I'y, ;, to denote the linewidth
any time a two-level description of the relevant levels is suitable.
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5.1 Dipole potential

Hyperfine structure

The derivation for the polarizability of the hyperfine levels is analogous to the fine structure, where we
decompose the matrix elements via the Clebsch-Gordon coefficients of the relevant hyperfine levels.
The polarizability tensor, equation (5.5), can be decomposed into three irreducible terms, a scalar
part @9 where the resulting light shift is insensitive to the light field polarization, as well as a vector
part M) and a tensor part a?), that lead to a light field dependency sensitive to circular and linear
polarization of the light field, respectively [159]. The total polarizability of level |i) with total spin
quantum number F; and associated magnetic sublevel m; in dependence of light field frequency w

and polarization é can then be written as the sum of three terms

3le-#|2—13m?—F; (F; +1)
D F(2F-1) °

() = (W) + P (w) -0y -é-0) 2+ a?(w)

7 (5.8)

where # = ¢, denotes the normal vector along the quantization axis of the atom indicating n-
polarization and &, = +(&é, +ié,)/V2 are the normal vectors associated with o,-polarized light.
At large detuning of the light field to the atomic resonance the three polarizability components can

be written [159] as

1 (2]](+1) Fji,jk Wik
Ji+1 o2 (0 —w?) lwil’

afl)(w):37T60C3Z(_1)1—2J[—Jk—ﬂ-—1 1 1 1 Ji Ji 1
l & Ji Ji Jk F F I

% 6Fi (QFi+1) (2jk+1)r‘]i’]k Wik (59)
Fi+1 w? (W% —w?) |wil ’ '
1 1 2 Ji Ji 2
01;2)(a)) =3r ¢ 032(—1)_21"_J’<_F"_[ Lo
: Ioh |\ FoRI

4'0F1 (2 Fl + 1) (2Fl - 1) (2Jk + 1) FJi,Jk Wik
3(Fi+1)(2Fi+3) w? (0 —w?) lwil

(0) _ 3
@, (w) =2nec ;2

The vector and the tensor contributions are ill-defined for F; = 0 for which the light shift contribution
is zero. Note that the vector contribution also vanishes for m; = 0 and results in light shifts of opposite

sign for o, polarized light. The resulting light shift is again given by equation (5.3).

Relevant levels

The relevant levels |i) to consider for loading an ODT from a MOT of mercury operated on the
intercombination line, are the 6s? 1S, ground state with magnetic quantum number m, = 0 in which
the atoms should also be finally trapped, and the 6s 6p 3P; excited state with m, = +1. The latter is
being pumped by the MOT light, when handing atoms over from one to the other trap. It is therefore
important that the presence of the optical dipole potential for the ground state does not create a loss
channel through the 3P; state. Either by forming a repulsive potential for excited atoms or by creating
a relative light shift of the 1S, — 3P; line, that detunes the MOT light too far into the red or blue and

therefore either reduces or inverts its confining and cooling force.
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5 Dipole trapping of mercury

Looking at the electronic level scheme, figure 2.3, it is clear that nearly all relevant transitions that
couple to the ground and excited state of the intercombination line lie in the UV, except for the 436 nm
3P; — 3S; line. This makes any ODT operating in the visible to infrared spectrum, where high power
(single-mode) continuous-wave lasers are available, strongly detuned to any relevant transition. This
emphasizes the shortcoming and insufficiency of the rotating wave approximation and indicates that
in comparison to nearly all other laser cooled elements, obtaining sufficient trap depth for atoms
cooled to around the Doppler limit is really challenging.

For calculation of the polarizability in the visible to infrared region the dominating contributions
arise from the 1Sy — 'P; (185nm) and 'Sy — 3Py (254nm) line for the ground state, as well as for
the ®P; — 3S; (436nm) and *P; — 3D1,2 (312.7 nm, 313.2nm) transitions for the excited state. The
linewidth of the ®P; — 3D transition and other contributing lines was experimentally unknown at

the time of writing [87].1

Transition rates I'j, 7,

A more precise calculation of the light shift including the light field polarization dependency, and
estimation contributions from unknown transitions is attempted here. This is also interesting for
evaluating the feasibility of an ODT in the near UV. For this purpose, all relevant lines down to the
ionization threshold of mercury were collected from two sources. Most transitions were taken from
the NIST line or level database [87], when listed with their transition frequencies or relevant energy
levels. We extract the vacuum wavelengths and linewidths from this dataset. Missing linewidths were
estimated as described below. Theoretical predictions for otherwise unknown lines were taken from
reference [218].

Noting the similarity of transition rates comparing lines in mercury and strontium, an electronically
rather similar element, a mapping of some missing linewidths was performed. A subset of electronic
transitions were compared, selecting all transitions from the NIST line database with non-missing
transition rates that could be mapped using the orbital association. Mercury and strontium have
similar s-orbital occupations, but mercury’s overall electronic structure is much more complex due
to the involvement of f- and d-electrons. Strontium’s structure is simpler because it lacks these inner
electron contributions in its ground state. Although this mapping of the electronic orbitals is crude,
an approximately consistent scaling factor of I'yg/T's; = 2.0(9) between (Doppler-allowed) transition
linewidths could be obtained. When we additionally assume a o w3-scaling of the transition linewidth
we obtain similar results within the large uncertainty. This allowed interpolation of missing mercury
transition rates from strontium values given in reference [87] or if not listed here calculated from the
total transition rates Ay for strontium, as given in reference [221]. The uncertainty of the strontium
linewidth as well as the uncertainty in I'yg /I's; were propagated to the interpolated mercury linewidth.
Using the data from reference [221] the code was also benchmarked to check for potential errors and
the polarizability plots given in this work could be reproduced precisely.

Finally still unknown transition rates that could be neither obtained from the NIST database nor
theory calculations nor interpolated from strontium data are assigned a fixed linewidth of I'y, ;, = 27 %

0(20) MHz generously accounting for realistic linewidths of the missing transitions. These transitions

1 The linewidth of the 3P; — 3Dy transition was determined from experimental data later within this thesis,
see chapter 6 or the master thesis work of Felix Affeld [91], respectively.

98



5.1 Dipole potential

will therefore only contribute to the uncertainty of the polarizability, not the predicted magnitude.

Results

Summing equation (5.7) for the fine or equation (5.9) for the hyperfine structure, averaged over all
relevant transitions and states, yields the polarizability for a given light field frequency and polar-
ization. The polarizability of the 55>1Sy m = 0 and 656p3P; m = +1 fine structure state for the
bosonic isotopes of mercury for n-polarized light (g = 0) is shown in figure 5.1. The relevant atomic
transitions contribute to the polarizability by introducing poles at the atomic resonances; their widths
being proportional to the transition linewidth.

The obtained polarizability for the 1Sj ground state is dominated by the broad singlet 1Sy — P;
transition at 185 nm and the intercombination line at 254 nm. With no other transition lying lower in
energy / higher in wavelength this results in a very flat polarizability for the complete visible to infrared
spectrum. The absolute polarizability is about two orders of magnitude lower in comparison to most
laser cooled neutral atoms as discussed before. For the mercury ground state the resulting trap depth —
directly proportional to the polarizability as given by equation (5.3) — is therefore nearly independent
of the laser wavelength, where high power lasers are available. This supported the decision for this
thesis to work at around 1064 nm, where high power semiconductor lasers and fiber lasers exist.
Choosing a laser source with less detuning to the ground state transitions, like 4 = 532nm, where
optically pumped semiconductor lasers can still provide power up to 20 W or more, is not beneficial.
It only improves the ground state polarizability by about 10.6 % over the near infrared option at
A = 1064 nm, which is not compensating for the loss of available power at that wavelength. It also
increases the trapping depth for the excited 3P; state by more than a factor of two. This would lead
to much larger relative light shifts that need to be compensated during loading from the MOT, as will

be discussed below.

Magic wavelengths Magic wavelengths are wavelength for which the relative light shift between
the ground and excited state vanishes. For mercury — useful for reduced systematic light shifts in
EDM measurements of laser cooled samples — magic wavelengths only exist in the UV, with the most
accessible lying around 357.9nm. The large uncertainty in the excited state polarizability at this
wavelength (@ = 4.6(23.9) x 107** Fm?) is an added challenge, since high power UV laser systems
feature mostly only a narrow wavelength tuning range. Note that the location of the magic wavelength
in the UV-A spectrum was already predicted by electronic structure calculations [218]. Their value
of 351 nm deviates from our value, likely explained by the large uncertainty in their determination
of the energy levels and transition rates. Improved theoretical models and more experimental input
to the calculations could render this wavelength range a viable option for a future magic wavelength
ODT, when the atomic samples at pre-cooled at deeper trap depths. Trapping and cooling large
atomic samples of mercury at even deeper UV laser wavelengths < 260 nm, where the ground state

polarizability is enhanced, is at the current state of UV laser development not beneficial.

Hyperfine polarizability For the excited 65 6p °P; state, as well as for the fermions that have nu-
clear moment contribution, the fine structure polarizability is not enough. We need to consider the

scalar, vector and tensor contributions of the hyperfine structure given in equation (5.9). The polar-
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Figure 5.1: AC polarizability for the 1Sy, m = 0 (blue) and Py m = +1 (orange) state of neutral
mercury given a light field polarization of ¢ = 0 (n-polarized light). The shaded areas
indicate the 1o~ uncertainty of the calculation, originating in the uncertainty of the tran-
sition frequencies / energy levels and the linewidths. Here, unknown transition rates that
could be neither obtained from theory calculations nor interpolated from strontium data
are assigned a fixed linewidth of I', ;, = 27 X 0(20) MHz and therefore contribute only in
the uncertainty of the polarizability. Poles in the polarizability plot indicate the location
of the contributing transitions, that can be coupled from the relevant level, nearly all of
them lying in the UV.
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1 state @ 107 Fm?) o® A0"*Fm?) o® (107 Fm?)

0 |}so, F =0) 3.4(1.1) 0 0
I°Py, F = 1) 6.7(3.3) 1.6(2.3) 1.6(8)

1Sy, F =1/2) 3.4(1.1) 0 0

1/2 PP, F=1/2) 6.7(3.3) 1.1(1.5) 0
[*P1, F = 3/2) 6.7(3.3) 1.6(2.3) 1.6(8)

[1So, F = 3/2) 3.4(1.1) 0 0

3/9 I°Py, F =1/2) 6.7(3.3) -0.5(8) 0
I®P1, F = 3/2) 6.7(3.3) 0.6(9) -1.3(6)
I°Py, F = 5/2) 6.7(3.3) 1.6(2.3) 1.6(8)

Table 5.1: Hyperfine AC polarizability of the 6s? 1Sy and 6s6p ®P; level at 1 = 1064 nm. Here, o)
denote the scalar (i = 0), vector (i = 1) and tensor (i = 2) polarizabilities.

izability at 4 = 1064 nm of the MOT ground and excited state is given for all hyperfine sublevels of
bosonic and fermionic isotopes in table 5.1. Note that in this hyperfine description the polarizability
components itself are independent of the magnetic sublevel and the polarization of the light field.
The total ground state polarizability is independent of the isotope nuclear spin and hyperfine state,
as the scalar polarizability just depends on J; and the vector and tensor polarizability vanish. This is
due to the first Wigner-6j symbol in equation (5.9) being { }l }l A } = 0 for n = 1,2, which forbids any
coupling.

For the excited ®P; state, however, the vector and tensor components differ and the resulting light
shift is therefore sensitive to the light field polarization and the selected magnetic sublevel. This makes
loading the ODT directly from the MOT slightly more complicated. Here, the circularly polarized light
MOT beams in combination with the magnetic gradient field providing the quantization axis pump
the atoms into the outermost fine structure levels during MOT operation. The atoms are therefore
spatially sensitive to the light field polarization of the focussed ODT beam, that has to be set fixed in

the lab reference frame.

5.1.2 Light shift and trap potential

The resulting light shift of all relevant MOT levels at an ODT wavelength of 1064 nm and for varying
light field polarization with respect to the atomic quantization axis is given in table 5.2. As the vector
and tensor components vanish for atoms in the atomic ground state, the resulting light shift is inde-
pendent of polarization. For the ground state we obtain U,y /I = (—4.70(1.46)) kp X mK/(W/um?).
This results in a trap depth of U4y = (-470(146)) kg X uK at a laser intensity of / = 100 mW/pm? =
10 MW /cm?. This is just enough to trap T ~ 200 uK cold atoms from the MOT. The trap depth to
temperature ratio is 7 = |Uqip/(kp T)| = 2.35(73). Ideally n > 1 is preferred — typical experiments
involving evaporative cooling operate at  ~ 3 to 10. We initially set our target low, as reaching these

intensities while providing enough trapping volume is challenging.

As noted before, to load the atoms from the MOT into the ODT we however also need to consider
that the excited state also experiences a light shift. The differential light shift of ground state |g) and
excited state |e) then leads to a change of the MOT detuning A = wmet — wo by shifting the atomic

101
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It state |i) Uldip, |e) / (kg x mK) Adip / (27 x MHz)
|1SO7 Fg> |3P1, Fe> T o* s ot

0 0 1 -0.92(46) -1.14(56) -9.4(9.9) -14(12)
1/9 1/2 1/2 -0.92(46) -1.06(50) -9.4(9.9) -12(11)
/ 1/2 3/2 -1.14(47) -1.35(57) -14(10) -18(12)
3/2 1/2 -0.92(46) -0.85(47) -9.4(9.9) -8(10)

3/2 3/2 3/2 -0.75(46) —0.83(48) -6(10) —-8(10)
3/2 5/2 -1.14(47) -1.35(57) -14(10) -18(12)

Table 5.2: Trap depth and relative light shift for all MOT cycling transitions of the possible hyperfine
sublevels of the 5d!° 6s? 1S ground and 5d!° 65 6p 3P; excited state at A = 1064 nm. The
trap depth is given in kp x mK at a peak intensity of / = 100 mW/um? for n- and o*-
polarized light, respectively. The ground state shift is Ugp,|¢) = (~0.470(146)) kp x mK for
all configurations due to the vanishing vector and tensor polarizabilities, see table 5.1.

resonance wg as
Udip,jey = Udip,|¢)

h

This can result in a reduction of the MOT cooling efficiency and an increase of the MOT size if Ag;p, is

A = A-Agp=A-

(5.10)

positive, but more drastically to a blue-detuned MOT A — Ag;, > 0 and therefore heating of the cloud
when Agj, < A < 0. This could have a significant impact on the loading of the ODT and alternative
loading strategies, such as rapid alternation between MOT cooling and dipole trapping light [192].

As shown in table 5.2 the excited MOT state also experiences an attractive potential, but the trap
is about 2 to 2.5 times as deep compared to the ground state and depends slightly on the involved
hyperfine state and light field polarization. The resulting relative light shift Ag;, for the intercom-
bination line is therefore predicted to be negative, while the uncertainty allows values close to zero
or partially also a blue detuning of the trap. Since the large uncertainties are mainly accounted to
the generous assumptions for the unknown transition linewidths, these error bars should be viewed
with a grain of salt and are most likely too conservative. Furthermore, note that for the fermions the
stable and high atom number MOTs are operated on the Figy = 1/2 — Fj,y = 3/2 for 1"Hg and
Figy = 3/2 > Fjey = 5/2 for 2"Hg, respectively, where the relative light shift is always negative also

within their error bars.

We can also observe that the atoms who see the ODT light as a circular polarized light field expe-
rience a stronger trapping potential of the excited state and therefore also an increased relative light
shift. For a linearly polarized ODT beam in the lab reference frame focussed to the center of the
MOT these are mostly the atoms aligned with the ODT beam axis, since here the radially varying
gradient field direction aligns the quantization axis with ODT wavevector. For an elongated cigar-
shaped trapping volume resulting from a focussed Gaussian beam — as visualized in the master thesis
of Sascha Heider [132] — these atoms are also the ones more likely to be trapped. While the ensemble
of atoms will experience an averaged polarization and the resulting relative light shift will be spatially
dependent and more complicated than this simple picture, we can still conclude, that a negative light
shift is more likely and active light shift compensation during loading, as presented in section 5.2.2,
to avoid blue detuning of the MOT light is probably advisable.
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5.2 Dipole trapping of mercury

Trap potential

We consider the spatial intensity profile of a (focussed) Gaussian laser beam,

wo |2 2r? z 2
I(r,z) =1 (—) exp ( ) , w(z) = woy[1+ (Z—) , (5.11)
R

0 p—
w(z) w(z)?

with beam waist wy and Rayleigh length zg = 7 w%//l. For a single beam trap near the focus, the ODT

potential can be approximated as that of a harmonic oscillator,

1 1
Ugip = gmwy 1’ + gmw; 2 = Ug + 01l 2/, r/wo II%). (5.12)

The radial and longitudinal trap frequencies are given by

[1U [2U
W=, W= (5.13)
mw,; mzg

The peak trap depth U is related to the peak intensity Iy = 2 Py/ (7 w?) via equation (5.3), where P

is the laser power available at the location of the atoms.

5.2 Dipole trapping of mercury

In the time of writing this thesis, two laser systems for optical dipole trapping of mercury were
constructed. The setup of the two systems was supported by the supervised master thesis work of
Felix Affeld [91] and Sascha Heider [132], respectively. For more details on optical setups, alignment
procedures and optimization, as well as characterization of optical components and laser noise, the
reader is directed to their theses.

The first setup based on a 55 W Mephisto MOPA laser system at 1064 nm achieved first signatures
of optical dipole trapping of mercury, but was strongly limited in trap depth and trap volume, as well
as missing light shift compensation for loading from the MOT. For the second generation system,
we upgraded the laser system to 300 W at 1070 nm using an ytterbium fiber laser, which allowed
to increase both trap depth and volume. Additional upgrades to the electronic control system, see
also section 4.6, including active control over the MOT detuning during ODT loading as well as

stabilization and control of the ODT power are tackling the problems of the first generation attempt.

5.2.1 Mephisto MOPA laser setup

A continous-wave Coherent Mephisto MOPA laser at 1064 nm was selected as the base of this setup
providing 55 W of peak power within a nicely round (w,/w, < 1.1) TEM(y mode with good beam
quality (M? < 1.3). It features a low relative intensity noise of < —130 dB/Hz at frequencies over
20kHz with activated noise eater and < —100 dB/Hz without. The laser features a spectral linewidth
of < 3kHz, which while not necessary for dipole trapping, it reduces intensity noise and off-resonant

scattering, leading to more stable, low-heating, and coherent atom trapping.
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CCD

M

AOM

Figure 5.2: Top-down view of the optical dipole trap (ODT) setup based on a 55 W Mephisto MOPA
laser system at 1064nm. A f = 125mm lens (L) focusses the laser output over two
adjustment mirrors (M) into the acousto-optic modulator (AOM). After a free expansion
of the laser beam the Oth order AOM light is separated and beam dumped using a water
cooled beam dump.

Optical setup

The laser output is focused to a beam waist of approximately 250 ym at the input of an acousto-optic
modulator (AOM)1. The AOM achieves a diffraction efficiency of about 75 %. This results in roughly
37.5W of power in the first-order diffracted beam. The beam is then expanded over a distance of
approximately 2.5 m. After expansion, it is focused into the vacuum chamber using a single lens of
variable focal length. The light is focused toward the atoms at an angle of incidence of 12° onto the
vacuum chamber viewport. This allows any high-power reflection from the viewport to clear the MOT
beam, especially the absorption and fluorescence imaging optics around the chamber. All ODT optics
are selected based on their performance in high-power/high-intensity applications, which reduces the
amount of absorbed and scattered light.2 A sketch of the optical setup is shown in figure 5.2. More
information on the optical setup, its characterization and optimization can be found in the thesis
of Felix Affeld [91]. Multiple optomechanics (articulating AOM mount, periscope, beam alignment
targets, ...), as well as the (water cooled) beam dumps for trapping the high power ODT light for
laser safety and to avoid any stray light reflections for imaging purposes were designed or adapted
within this thesis.

One limiting optical component of the presented setup was the vacuum viewports of the chamber

1 G&H 3080. 2 Mirrors: Thorlabs NB1-K14 with ~ 99.94 % reflectivity and 20kW/cm damage threshold;
Lenses: Newport SPX___AR.1 high-purity fused silica series with reflectivity < 0.25% at 1064 nm.
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in this configuration, which were not originally planned for optical dipole trapping. Although they
are anti-reflection coated for the deep UV, their transmission is measured to be just about 80 % [91] at
the ODT wavelength. This limits the available power at the location of the atoms to about 30 W. See
sections 3.2.2 and 5.2.2 for details and upgrades that address these issues.

Trap depth & geometry

As summarized in table 5.2, we need an intensity of about 100mW/um? to generate a trap with
n = |Uqgip/(kpT)| > 2 for the approximately 7 ~ 200 uK cold atoms from the MOT. We expand
the ODT beam to 6.3(1) mm and focus it into the chamber using a 250 mm focal length lens. With
Py = 30 W this gives us a theoretical trap depth of Uy = —527(165) pK at a waist of wo, = 12.9(4) um
(horizontally) and wg, = 13.2(2) um (vertically). At n = —2.6(8) this gives a properly deep trap for
the target temperature of the MOT.

Camera-based beam profiling at this waist is not straightforward, and the beam profile data [91]
is also compatible with an M? = 1.3 Gaussian beam, which would result in a trap depth of Uy =
311(97) uK at a slightly larger waist of wo, = 16.8(5) um (horizontally) and wy, = 17.2(3) um (verti-
cally). This just gives us n = 1.6(5), which is slightly shallower, but should still allow trapping of at
least part of the MOT.

The resulting trap size is still rather small, as also illustrated in figure 5.6. Following equation (5.13),
the trap frequencies for this trap geometry are given by (w,, wy, w;) = 22x(13.5kHz, 13.2kHz, 247 Hz)
indicating the weak axial confinement of the ODT. The equipotential surfaces of the trap are repre-
sented by a long, narrow, cigar-shaped surface with an aspect ratio of about 1 : 50. This results in a
small spatial overlap with the much larger MOT cloud. The main limitation here is the amount of
available optical power, where we would prefer a similarly deep trap at larger beam foci and decreased

Rayleigh length.

Noise analysis

The laser noise is analyzed via the relative intensity noise spectrum to determine the heating rate of
the ODT at the trap frequencies [91]. Using the wg = 13 um beam parameters from above [91] these
lie at w, ~ 27 x 22.8 kHz radially and w, = 27 x 420 Hz longitudinally and the corresponding heating
time constants extracted from the power spectral density of relative intensity noise read TI(; ) =115
and TI(;)
Beam-pointing stability of the ODT beams at higher frequencies can cause fluctuations in the spring

= 51.25, respectively, concluding that laser noise heating is not limiting the trap lifetime [91].

constant and trap equilibrium position, which leads to subsequent heating [222]. Choosing stable op-

tomechanics for the beam guiding and alignment mirrors?

, as well as for the periscope and focussing
lens mounting (1.5in diameter pedestal posts) compensate for the relatively long optical beam prop-
agation. Laser beam-pointing noise was analyzed only on larger time scales (< 10 Hz) using a charge-
coupled device (CCD) camera — limited by the intensity and shutter speed — where no disconcerting

pointing instability was found.

1 Newport Suprema SU100-F3K-254, 254 TPI actuators, stainless steel.
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Figure 5.3: Simple experimental optical dipole trap (ODT) sequence. Here, the ODT light is switched
on already during the MOT loading phase for a total time dt.fjo,q. After loading the MOT
for mot.f1poq the ODT light is left on for an additional amount of time mot.fs in which
the uncaptured part of the MOT cloud falls freely under gravity. The temperature in the
ODT can be characterized by an additional time-of-flight of the ODT atoms, dt.f. A
subsequent absorption imaging sequence, shown here in a simplified form (see section 4.4
for more details), consists of three images: one of the atoms, one of the reference beam,
and one of the background. This sequence images the atoms in the ODT and the remaining
MOT atoms.

Observation of unstable trapping

For the first loading attempts, a relatively simple control sequence was chosen, as shown in figure 5.3.
Here, the ODT light is switched on with the beginning of the MOT loading phase. After loading the
MOT the ODT light is left on for a time of flight duration #, in which the uncaptured part of the
MOT cloud falls freely under gravity. A subsequent absorption imaging sequence, see 4.4, images the
atomic density inside the ODT, as well as remaining atoms in the MOT, that did not yet escape the

field of view.

First signatures of weak trapping of mercury 2°?Hg atoms are shown in figure 5.4. Stable trapping
over longer time scales is however strongly limited by the weak confinement in the axial direction-
The resulting optical density is too weak to be properly detected after a few milliseconds of MOT
time of flight (TOF). However, this marks the first trapping of mercury atoms using a single beam

ODT. More details on this attempt can be found in reference [91].

We also tested to switch off the gradient field a few ms shortly before the MOT light, as the resulting
transition into an optical molasses should create a quasi-thermal distribution, which should make
trap loading more insensitive to mechanical misalignments [192]. In this setup so far no significant
improvement in the atom density or trap lifetime could be observed. Focussing the trapping light to
even smaller foci (e.g., wo ® 8 um) by replacement of the imaging lens did not provide any observable
ODT signature even after extensive alignment. While not being excluded from technical shortcomings,
the missing signature of an ODT signal at these trap waists is probably accounted to beam quality
and the limited trapping volume compared to the achievable phase space density in the MOT. These

observations led to the upgrade of the laser system, as presented in the following section.
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Figure 5.4: First signature of weak mercury optical dipole trapping. After ODT loading from a MOT,
atoms are released in a free fall for a time ftror. The atomic densities are analyzed via
absorption imaging following the sequence shown in figure 5.3. While most atoms from
the MOT just fall freely and expand, a small cigarshaped region of increased density
(circled region) remains, indicating weak trapping inside the ODT. The top row shows
the atomic / optical density using a common color scale, showing the density decrease
and atom loss with time, while the lower row scales each image individually to enhance
the contrast. Each column corresponds to a separate measurement. The 3d plot to the
right shows the atomic density increase at the location of the ODT beam for a different
shot with optimized optical alignment at fTor = 2ms. Data and visualization taken from
reference [91].

5.2.2 Ytterbium fiber laser setup

To upgrade the laser power and trap depth, we selected a continuous-wave IPG YLR-300-LP-WC
Ytterbium-doped fiber laser at a wavelength of 1070 nm. This system provides up to 300 W of optical
power in the form of a collimated Gaussian beam with a diameter of 5.0 mm and a beam quality factor
of M? = 1.05(5). With upgrades of the vacuum viewports discussed below, this increases the power
available at the atoms by a factor of about seven.

The use of a fiber laser with a spectral width of approximately 3nm can adversely affect evapo-
rative cooling, as demonstrated in experiments with rubidium [223]. In particular, the longitudinal
multimode structure of such lasers can induce off-resonant excitation to weakly trapped hyperfine
states. Although the dominant loss mechanism typically arises from the formation of ground-state
molecules that are no longer confined by the trap, these additional losses due to spectral impurity
can further reduce cooling efficiency and limit the final phase-space density. Achieving evaporation
to degeneracy in allfiber laser setups is still possible using e.g., fast evaporation ramps [223-225].
Successful evaporation to degeneracy could also be achieved in other species, such as sodium [226]

and strontium [227], among others.

Optical setup

The optical setup presented here was supported in its construction by Sascha Heider during his super-
vised master’s thesis work [132]. A sketch of the setup is shown in figure 5.5. The ytterbium fiber laser
output is sent through a 1/2 zero-order waveplate and high power polarization beam splitter (PBS)
cubel. This allows to coarsely adjust the laser power during alignment and improve the polarization

extinction of the laser. The PBS is mounted such that it transmits a beam vertically polarized with

1 Thorlabs PBS25-1064-HP.
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Figure 5.5: Optical dipole trap (ODT) setup based on a 300 W ytterbium fiber laser at 1070 nm. The
fiber collimator is mounted rigidly on a platform (see bottom right inset) also housing a 1/2
waveplate, polarization beam splitter (PBS) and beam dump (BD) for manual power reg-
ulation during alignment, as well as an acousto-optic modulator (AOM) for digital power
control including stabilization and switching. The zeroth order AOM light is dumped
using a pickup mirror (M) into a water cooled beam dump. Power monitoring and stabi-
lization is done by focussing the ODT light leaking through the first alignment mirror via
a two-lens (L) telescope onto an amplified photodiode (PDA). The ODT light is focussed
onto the atoms using a single lens setup mounted on a translation platform for focus ad-
justment. It is recollimated behind the chamber and beam dumped, as also any reflections
from the vacuum viewports, that need to clear the magneto-optical beam path (violet) and
the imaging optics (not shown, see figure 5.2).

respect to the optical table. The unused power is dumped into a custom high-power compatible beam
dump mounted vertically below the platform. The number of optics is minimized to avoid reflections
from additional optics.

To furthermore reduce the optical intensity and thermal lensing effects, also on the following op-
tics, we select an AOM! featuring an about 10 mm diameter aperture quartz crystal. This allows
transmission of the 5 mm diameter fiber coupler output without the need for additional lenses for
focussing. To avoid incoupling optics, the AOM is mounted to a compact five-axis alignment stage?.
The AOMs acoustic transducer setup is only designed for a beam diameter of 4 mm, which leads to a
slightly elliptical first order beam (w¢ 1/wo . = 0.664(4)) and limits the diffraction efficiency to about
74(3) %. This reduces the final trap depth along the direction of gravity, but future integration of a
short telescope in front of the AOM is possible [132].

With the AOM requiring about 20 W of radio frequency (RF) power, a compact active water cooling

1 Gooch & Housego I'M080-4C10G-4-GH60. 2 Thorlabs PY005/M.
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Figure 5.6: Comparison of the dipole trap potential between the old (top) and new (bottom) laser
setup. The density plot shows the estimated dipole potential trap depth along all three
beam axes. The cigarshaped trapping volume depends on the beam waists wo, along the
horizontal and wy, along the vertical axis, as well as the associated Rayleigh lengths zg; =
by w%i M?//l (i = x,y), with Ml2 the beam quality factor (top: M? ~ 1.3, bottom: (M?, M%) =
(1.21,1.36)), as experimentally measured. The ellipse (dashed, white) indicates the MOT
size of o ~ 80 um, that can be reached after compression.

block was designed and retrofitted between AOM and stage. The AOM temperature is being actively
monitored by the lab environmental surveillance system. After ~ 1.5 m of free propagation the zeroth
order light (10.5W to 300 W depending on the fiber laser amplifier current) is beam dumped, while
the first order is steered towards the atoms using two high reflectivity mirrors! in fine-pitch high-stable
adjustable mirror mounts.

A linear translation stage holding a f = 150 mm lens allows for focus adjustment of the ODT beam.
First order light leaking through the first adjustment mirror is imaged onto an amplified photodiode,
that allows to control and stabilize the trap depth via the FPGA-based ARTIQ SuServo proportional-
integral-differential (PID) control loop.

All ODT optics are housed in aluminum enclosures around two rigid breadboard platforms at
chamber height interconnected by protective lens tubes for laser safety reasons. See [132] for more

details on noise analysis and the stabilization setup.

Trap depth & geometry

With upgrade of the vacuum viewports to broadband transmissive, nanostructured UV fused silica
substrates featuring a reflectivity of just 0.38(13) % at 1070 nm, see section 3.2.2, the available power
at the atoms increases to Py ~ 210 W. Using a 150 mm focal length lens for focussing, the potential
depth with 7 = 5.1 can be doubled compared to the previous setup. At the same time, the trap volume
is increased by a factor of 13 to a waist of wo, = 20.2(1) um, woy, = 31.5(1) um along the horizontal

and vertical axes, respectively. The resulting geometry of the dipole trap potential and the associated

1 Thorlabs UM10-Y1HP picosecond Yb laser line mirror featuring a 99.9993 % reflectivity for the s-polarized
light at 1070 nm.
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Figure 5.7: First stable optical dipole trapping of 2”?Hg using the upgraded laser system. The MOT
loads about 6.5 x 10° atoms, from which about 3.3 x 10° atoms can be transferred to the
single beam ODT. The ODT is continuously operated at full power during MOT loading
— about 210 W at the locations of the atoms — and the optical density is extracted from
an absorption imaging pulse in free fall after a short time of flight of the MOT cloud,
as shown in figure 5.3. A fit of two two-dimensional Gaussian profiles (white, dashed) to
the optical density of the freefalling expanded MOT cloud and the dipole trapped allows
estimation of the loading efficiency Nopr/(Nmot + Nopt) =~ 4.57(5) %. The side plots
show the integrated optical density.

trapping frequencies are shown in figure 5.6, indicating the massive increase in trap size and depth.

Preliminary results

Preliminary results! for successful optical dipole trapping are shown in figure 5.7. At the time of
writing, about 3 x 10° mercury 2*?Hg atoms can be transferred to the single beam ODT, as confirmed
by absorption imaging. The loading process was characterized by a measured efficiency of approx-
imately 5%, defined as the ratio of atoms transferred from the MOT into the ODT. The successful
transfer confirms that the trap depth and beam parameters of the ODT are sufficient to hold a siz-
able population of atoms, and that the overlap with the MOT region is adequately aligned to enable
capture. The capture of a non-negligible fraction of the initial atomic ensemble in the ODT marks a
significant step toward efficient optical trapping of more dense atomic clouds and demonstrates the

viability of the current setup for further evaporative cooling.

5.3 Outlook

In the next step we will improve the loading efficiency. Here, better spatial and temporal overlap
between the ODT and the MOT cloud can be achieved through more precise optical alignment.
Plans to upgrade the two ODT incoupling mirrors and the linear translation stage by a piezo drive
could provide computer-controlled optimization strategies. Furthermore, enhancements in the phase-

space density of the atomic sample by means of improved cooling strategies, as outlined in chapter 4

1 Thanks to Sascha Heider for taking over the operation of the lab and for providing these nice first results.
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of this thesis, will provide better loading efficiency and higher atom numbers. Optimization of the
freshly implemented MOT compression phase and resumed analysis of additional optical molasses
phases for improved cooling are already on the way.

We will soon test ODT loading of fermionic mercury isotopes. They are of particular interest for
future EDM measurements due to their sensitivity to symmetry-violating interactions, as discussed
in chapter 7. Conveniently, these isotopes also feature sub-Doppler cooling mechanisms, which lead
to a significant reduction in temperature and a corresponding increase in phase-space density. These
properties make them ideal for more efficient trapping and following precision measurements within
the ODT.

5.3.1 Crossed dipole trap setup

The next step is to extend the single beam ODT to a crossed beam configuration for increasing overall
trap depth and atomic confinement in the longitudinal direction. The proposed setup is shown in
figure 5.8. Behind the chamber, the horizontal ODT beam is re-collimated by a lens and corrected
for its distance to the chamber by a three mirror periscope, that preserves its linear polarization. A
vertical breadboard enables recycling of the beam for a crossed ODT configuration, with the second
beam entering from above. An additional water-cooled, high-power AOM controls the intensity and
trap depth of the vertical ODT beam and allows for motional excitations, as discussed below. A single
lens with variable focus position sends the light towards the atoms under a slight angle with respect
to the vertical (12°). At the time of writing, the setup is still under construction.

A crossed ODT setup also allows for an overall increase in trap size by especially improving the so
far weak longitudinal confinement, which is currently limited by small beam waists and the resultingly
large Rayleigh length. We estimate, that by switching to a f = 200 mm focussing lens for both beams
we relax the beam waist to about wo, = 63 um and wy, = 32 um, while keeping the overall trap depth
the same.l

The broad laser linewidth of the Yb fiber laser comes as an advantage, as — limited by the coherence
length of l.on = ¢/(76v) = A%/(n64) ~ 121 mm - little to no interference is expected between the
two crossed ODT beams, even without additional polarization or frequency control of the vertical
beam. This potentially prohibits advanced polarization gradient based cooling strategies, but leads

to a simpler trap potential.

5.3.2 Degenerate quantum gases of mercury

Quantum-degenerate gases of mercury could lead to the the creation of the heaviest BECs and Fermi
gases studied to date. Mercury’s rich atomic structure and the availability of multiple isotopes make
it an incredibly versatile platform for fundamental research and precision measurements, with the
potential to significantly enhance sensitivity.

Fermi gases of mercury are also interesting as quantum simulators of solid-state physics effects.
They are a promising choice to study Friedel oscillations of the Fermi sea [210, 211], where the deep-
UV imaging transition at 185 nm can be utilized to resolve spatial features in the order of the Fermi

wavelength (see our proposal in reference [228]). The large selection of naturally abundant isotopes

1 This takes into account the ~30% reflection loss expected from the top viewports, that we were not able to
upgrade to nanostructured windows, due to a faulty delivery of the manufacturer.
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Figure 5.8: Crossed optical dipole trap setup being under construction. See the main text for a de-
scription.

should allow restricting the setup to intraspecies impurity-bath coupling without introducing other
atomic elements, and to find an ideal combination of a fermionic bath and a bosonic impurity with
good scattering properties.

Scattering lengths are essential in ultracold atomic gases because they determine the strength of
interparticle interactions, which drive key phenomena such as thermalization, condensation, and su-
perfluidity. Tuning the scattering length via optical or magnetic Feshbach resonances provides access
to the strongly interacting regime and facilitates exploration of the BEC-BCS crossover. Magnetic Fes-
hbach resonances usually require the application of magnetic fields to adjust the interaction strength.
However, for mercury, the absence of magnetic trapping and the lack of a magnetic Feshbach res-
onance enhancement in the ground state make this approach unfeasible. Instead, optical Feshbach
resonances, which use light to manipulate the interaction strength, offer an alternative way to tune
the scattering length. Despite the absence of magnetic effects, these optical methods can still provide

significant control over the interactions.

The outlook to degenerate quantum gases of mercury, their scattering and thermalization properties

and their use for studying Friedel oscillations in mercury will be discussed below in more detail.

Mass scaling of scattering lengths

Cross-thermalization measurements provide access only to the absolute value of the scattering length,
leaving its sign undetermined. Therefore, complementary theoretical models like the mass scaling
relation [229] are a good way to gain a complete understanding of scattering properties across isotopes.

For alkaline-earth-like atoms with multiple stable isotopes, such as calcium, strontium, and ytter-

bium, the dependence of the scattering length a on the isotopic mass aligns along distinct branches
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Figure 5.9: Mass scaling of s-wave scattering lengths for all naturally abundant mercury isotopes
(black dots), assuming a pole at mpoe = 198.6u with a Ampgle = 5.2u periodicity. Red
squares show interisotope scattering lengths between fermionic (}**Hg, 2! Hg) and bosonic
isotopes, highlighting possible impurity-bath physics interactions. Though the positions of
the tangent branches cannot be predicted, the dashed orange line (right) suggests a peri-
odicity of about Ampee ~ 5.2u by following the scaling of the branch widths for Ca, Sr,
and Yb.

of a tangent-like curve [229]. The scattering length can be written as

a(w = a(w [1-tan (s(0 - Z)| - (5.14)

Here, a(p) represents the mean scattering length scale and ¢(1) denotes the accumulated scattering
phase dependent on the reduced mass . = 1/(1/ma + 1/ma’) of the two scattering partners [230].
For intraspecies and intraisotope scattering, where the two scattering partners have mass m, we can
replace 21 — m. Figure 2.4 in reference [231] and figure 4 in Borkowski et al. [230] are illustrative
examples of this scaling law. They demonstrate excellent agreement with experimental data and
capture the full variation of scattering lengths across multiple isotopes for strontium and a composite
system of ytterbium and rubidium, respectively.

If the scattering is dominated by the van der Waals —Cg/r® term, the associated scattering length
scale is given by a(n) = 2732 (I'(3/4)/T'(5/4)) (2u C6/722)1/4 [230]. The Van der Waals coefficient
for the mercury dimer, C¢ = 392(4) Ep, ag, was determined in reference [130], where Ej; denotes
the Hartree energy and a( the Bohr radius. From this, we obtain the scattering length offset in
equation (5.14) to @ = 62.2(4) ag. Once the scattering length for a single isotope is experimentally
measured, the scattering lengths of all remaining isotopes can be reliably predicted using this scaling.

In figure 5.9, we present a potential mass-scaling dependence of the scattering length for mercury
isotopes. The position of the poles in equation (5.14) is determined by the depth and detailed shape of
the molecular interaction potential in the 1S +1Sy scattering channel. However, accurately calculating
the pole positions from first principles remains challenging due to the complex nature of the molecular
potential and the sensitivity to short-range interactions. Since the exact pole positions are currently
unknown, this plot serves as a hypothetical illustration based on the general scaling law.

The pole periodicity Amle corresponds to the average mass increase required for the molecular

ground-state X 12;,’ potential to support a new bound state. The value for mercury can be determined
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from the linear extrapolation of pole periodicity data from calcium, strontium, and ytterbium. We
find Amypoe ~ 5.2u. With the naturally abundant isotopes of mercury spanning 8u, this ensures the
presence of isotopes with large magnitudes and a wide range of scattering cross-sections. We will
employ this scaling relation to estimate the feasibility of achieving strong impurity-bath interactions

for a selected pair of fermionic and bosonic mercury isotopes discussed below.

Scattering length determination via cross thermalization

Measuring the scattering length via cross-thermalization — observing how two species equilibrate
through collisions — provides a sensitive, indirect probe of the interaction strength. This is particu-
larly crucial for mercury because the scattering lengths are unknown, and direct measurements are
challenging. Nevertheless, as discussed below, due to the large number of isotopes, we expect a high
likelihood of finding sufficiently large scattering lengths for thermalization in at least a few of the

naturally abundant mercury isotopes.

In the crossed ODT setup, AOM control of the vertical beam power allows for motional excitation
of the atomic cloud along the horizontal direction. By probing the temperature in the vertical direction
in TOF, this cross-thermalization measurement scheme enables determination of the s-wave scattering
length, as demonstrated in reference [232]. In the regime of small excitations, cross-dimensional ther-
malization results in exponential decay of temperature in the orthogonal direction with a characteristic
time constant, T = a/(7 0s (V)wm), related to the total elastic scattering cross-section os. Here, 7 is the
mean number density of the cloud, (v), the average relative thermal velocity at the given temperature
T. The number of collisions per rethermalization a can be obtained from Enskog kinetic theory in
the limit of short times and small excitations [232]. Similar to our use in section 3.1.3 (page 30) for
the estimate of the mean free path, the mean scattering cross-section og can be directly related to
the s-wave scattering length a, when taking into account other contributions, such as dipole-dipole

interaction [232].

Evaporative cooling

For evaporative cooling we plan using exponential ramps in trap depth for evaporative cooling. We
simulate atom temperatures and phase space density and optimize evaporation ramps via a kinetic
numerical model based on the work in reference [233]. Even at the given vacuum background pressure,
thermalization rates are expected to dominate the heating mechanism originating in atomic collisions
with background gas particles and off-resonant ODT light scattering. We estimate that cooling to
quantum degeneracy might be feasible in the crossed ODT setup, even in the background gas loaded
vacuum chamber. The evaporation process will however strongly benefit from upgrading to a differ-
entially pumped vacuum system, as presented in section 7.3.1. By installing a collimated atomic beam
source (see section 3.1.3) combined with a Zeeman slower (ZS) (see section 4.8.3), we expect to not
only increase atom numbers, but also reduce background collision induced atom loss. The latter will
increase both atomic lifetimes and the expected evaporation efficiency. All of this should allow us to

reach the critical phase space density necessary to form a condensate.
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5.3.3 Studying impurity physics in Fermi gases of mercury

Ultracold atoms offer a clean and highly controllable platform for exploring impurity-bath physics,
providing advantages over traditional solid-state systems. Although phenomena like bath-mediated
bipolaron interactions and Friedel oscillations have been extensively discussed in condensed matter
physics, they have yet to be realized in cold-atom experiments. The controlled observation of Friedel
oscillations could help investigate the interaction between a single impurity and a bath on a funda-

mental level and provide insight into bath-mediated impurity-impurity interactions.

Friedel oscillations are periodic, spatial variations in the (electron) density of a Fermi gas resulting
from quantum interference effects between the Fermi bath and impurities, like edges or point-like
defects. These density modulations appear on length scales in the order of the Fermi wavelength Af,
and they show a strong dimensionality dependence. Given an unperturbed Fermi sea density no(r),

the density perturbation 6n(r) induced by a single impurity located at » = 0 is given by

sin(2kpr + @)

n(r) =no(r) + on(r) = no(r) + C 5 (5.15)
r

Here, D denotes the dimensionality of the system, kr = 27/AF is the Fermi wave vector and r is
the radial distance from the impurity [234]. The amplitude C and the phase factor ¢ depend on the

interaction strength between impurity and bath and are generally dimensionality dependent.

Friedel oscillations have been observed in two-dimensional electron gases of solid-state materials via
scanning tunneling microscopy (STM). Experiments have focused especially on face-centered cu-
bic (111) crystal surfaces of gold and silver, and the first measurements were made in copper [235].
This technique provides information about the Fermi surface, the band structure, and the coupling to
impurities. However, it also limits investigations to time-independent observations. This restricts the
study of temporal dynamics, including the emergence and propagation of impurity bath coupling. All
dynamics take place on timescales much shorter than the typical duration of a STM scan. Additionally,

impurities cannot be switched on or off dynamically.

Friedel oscillations in ultracold atomic Fermi gases

Compared to traditional solid-state systems, ultracold atomic gases provide a cleaner and more highly
controllable platform for studying Friedel oscillations. Analysis of solid-state materials is often re-
stricted to low-dimensional regimes, such as two-dimensional electron gases at surfaces or interfaces,
constrained by the material’s structure and geometry. In contrast, ultracold atoms can be precisely
manipulated to create a variety of dimensional systems, ranging from one to three dimensions, through
engineered trap potentials. This offers a much broader scope for exploring fundamental many-body
phenomena. To date, Friedel oscillations have not been observed in ultracold atomic systems, and
detecting them remains an open experimental challenge.

We envision probing Friedel oscillations in two-dimensional quantum degenerate Fermi gases of
heavy mercury isotopes (}**Hg or 2"'Hg). Individual bosonic mercury atoms can be used as tunable,
localized scatterers whose potential strength and position are highly controllable. Here, mercury
offers a wide range of both bosonic and fermionic isotopes, highly isotope-selective transitions for

addressing and trapping, a clock transition suitable for detecting small energy shifts, and broad UV
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Figure 5.10: Impurity-bath to bath-bath s-wave scattering length ratio as a function of the location of
the (yet unknown) scattering length pole mpole (left) and the probability to find a specific
ratio for all possible locations of the pole (right).

transitions that support high-resolution imaging.

A feasibility study performed in the group of H. Moritz (Hamburg) [211, 236] considered the de-
tection of Friedel oscillations in one-dimensional tubes of lithium atoms. They found that an impurity
with a size comparable to the Fermi wavelength and interaction strength near 2 Er can induce density
modulations of around 10 %. While finite temperature reduces contrast — from 15% at zero temper-
ature to 10% at 7/Tr = 0.1 and 3% at T/Tr = 0.2 — these values remain within detectable ranges
under realistic conditions. The algebraic decay of the oscillations oc 7~ suggests an advantage in

low-dimensional systems.

Impurity-bath interaction strength To estimate the feasibility of observing Friedel oscillations in
ultracold quantum gases of mercury, we analyze the interisotope impurity-to-bath scattering length
ai-p and compare it to the intraspecies bath-to-bath scattering length a;c,,. The ratio of the two
scattering lengths gives us a measure for the relative interaction strength of the impurity-bath coupling
and the potential magnitude of Friedel oscillations. As the location of the pole m1,,]. in the mass tuning
dependency of scattering lengths is still unknown, we calculate the theoretical interaction strengths
of impurity-bath and bath-bath coupling for varying pole positions. The ratio between the strongest
impurity-bath and associated impurity-impurity scattering length |a;p/apcp| is shown in figure 5.10.

From this calculation, we estimate the likelihood of finding a combination of a fermionic isotope
(1Hg or 2™ Hg) forming the bath and a bosonic impurity that give a specific interaction strength
ratio. The minimum achievable scattering wavelength ratio is always greater than 2.6, regardless of the
pole’s location. The probability of finding 10-times stronger impurity-bath than bath-bath interaction
is about 60 %.

We ideally require Efyiedel/ EF 2 1, which requires large and ideally tunable impurity-bath scatter-
ing rates and strong two-dimensional trap confinement. Following the numerical modeling in refer-
ence [236], for realistic trap geometries, atom numbers and temperatures, we estimate that, for strong
impurity-bath interaction and a good signal-to-noise ratio for observing Friedel oscillations, a;cy is

ideally as large as 1000 ay.
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5.3 Outlook

To further control the impurity-bath interaction, two complementary approaches could be explored:
optical Feshbach resonances with the impurity in the 1Sy ground state, or magnetic Feshbach reso-
nances when it is excited to the long-lived Py state. This may also permit dynamic tuning of interaction

strength, which could allow time-resolved studies looking at emergence and propagation of impurities.

Experimental realization A potential future measurement of Friedel oscillations in ultracold mer-
cury could involve loading the Fermi gas into a two-dimensional “pancake” trap. This trap geometry
can be created by a vertical one-dimensional optical lattice at a magic wavelength of around 360 nm —
as discussed above. A possible trap configuration could be realized by a 1 W of 360 nm light provided
by e.g., a frequency-doubled Ti:Sapphire laser and focused to a waist of 50 um. Under such condi-
tions, the expected vertical trapping frequency would be w, ~ 33kHz (harmonic oscillator length
a, ~ 40 nm), with radial trapping frequencies around w, ~ 57 Hz, thereby realizing a regime close to
a truly two-dimensional system.

A key experimental parameter and challenge is the density n of the Fermi gas, since the oscillation
period A /2 is comparable to the interparticle spacing. For typical atomic densities around ny ~ 1 X
102 cm™3, the spacing between oscillation peaks is smaller than about 0.5 um, which necessitates high-
resolution imaging. For realistic atom numbers and the trap geometry given above, the corresponding
Fermi temperature would be 7r ~ 1 uK. In such a regime, the Fermi wavelength is estimated to be
Ar = 2n/kr = 200 nm. This motivates working at low densities to keep Ar large, but also introduces
detection challenges such as increased atom shot noise.

This experiment must operate at extremely low atom densities and with excellent signal-to-noise
ratios. Mercury’s optical transitions in the deep-UV are highly promising for achieving the very
high spatial resolution required for this experiment. When combined with a high numerical aperture
objective (made of e.g., CaFy or MgFy), the 1Sy — !P; singlet transition at 185 nm offers a broad
linewidth of and high photon scattering rates, making it well-suited for this application. The high
scattering rates could even enable time-resolved studies of the system’s dynamics. Development of
a suitable laser source for this wavelength is underway as part of the “UVQuanT” ERC project, as
already discussed in section 4.8.2. If a degeneracy parameter near 7/TF = 0.1 can be achieved — as
demonstrated in similar experiments with Sr and Yb atoms — this would provide an excellent starting
point for exploring many-body physics in 2D.

An indirect approach to observing Friedel oscillations could involve detecting bath-mediated spa-
tial correlations between multiple impurity atoms. For this a few unconfined bosonic impurities can
be co-trapped and cooled with the Fermi gas, as indicated in figure 5.11. If impurity-bath interac-
tions dominate over direct impurity-impurity interactions, similar to the self-organization observed
for mobile impurities on solid-state surfaces, spatial ordering could emerge. Analyzed by absorp-
tion imaging, correlation functions are then expected to peak at the length of the Fermi wavelength,

offering indirect evidence of underlying density modulations.

Outlook Building on these observations, a single bosonic impurity could be confined in an isotope-
selective optical tweezer engineered to induce minimal light shifts for the fermionic background. Using
AC polarizability and trap depth calculations (presented above), in combination with precision iso-
tope shift spectroscopy (presented in chapter 6), we identify magic wavelengths close to the 266 nm

clock transition for selective trapping. A tweezer beam with 10 mW of power focused to a 1 um waist
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5 Dipole trapping of mercury

Figure 5.11: Artistic visualization of the simulation of Friedel oscillations in two-dimensional Fermi
gases of mercury as induced by a few free bosonic impurities. The bath mediated inter-
action between the impurities can lead to a re-arrangement of the impurities to distances
given by multiples of the Fermi wavelength Af.

is estimated to provide a trap depth of approximately 30 E,.. for the bosonic isotope, with negligible
off-resonant photon scattering. This would allow precise isotope-selective control over the impurity’s
position and state, without directly disturbing the Fermi sea. A two-dimensional geometry offers the
advantage of radial averaging to improve signal-to-noise despite the faster decay of the oscillations.
Together with Feshbach resonance tuning of the scattering lengths, this setup could permit dynamic
tuning of interactions and direct imaging of the fermionic response. Given the expected modula-
tion amplitudes of only a few percent, direct in-situ detection via the 185 nm transition may still be
challenging and potentially limited by shot noise.

The experimental control provided by optical Feshbach resonances in the cold-atom system allows
for the study of nonequilibrium Friedel oscillation dynamics. Suddenly switching on the impurity-bath
interaction enables the investigation of the buildup of the Friedel pattern over time. This sudden intro-
duction of a scattering potential leads to a nontrivial dynamical response of the Fermi sea — a process
connected to Anderson’s infrared catastrophe. In the cold-atom system, optical Feshbach resonances
allow one to alter the impurity-bath interaction on a nanosecond timescale. This is much faster than
any other timescale of the system, effectively switching the impurity-bath interactions instantaneously.
After establishing this protocol, one could also potentially explore the periodic modulation of the inter-
action strength in order to study driven Friedel oscillations and their behavior under time-dependent

perturbations.
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6 Isotope shift spectroscopy of laser cooled

mercury

6.1 Isotope shifts

The isotope shift (IS) is the small energy shift of electronic levels induced by adding or removing
neutrons between isotopes of the same element. Two main effects — the field shift (FS) and mass
shift (MS) — contribute to this shift. We denote the IS on an electronic transition i with frequency v;
between isotope with mass number A and A’ as 6v;4_A/. As motivated below, it can be approximated

as

i i i (x)

v = vp v = Fo() T Kt Y G A (6.1)
K

A=A A AL . . " .
where § <r2> = <r2> - <r2> is the difference in nuclear charge radii between the two isotopes

and puA=A = L — the inverse nuclear mass difference. The A2-4" denote higher order (nuclear)
ma My (k)

corrections and Fj, K; and GE “) are electronic factors that depend on the electronic transition i.

Field shift

The main contribution for the isotope-dependent level shift of electronic transitions in heavy elements
like mercury is the FS — also called volume or Coulomb shift. It describes the change in the overlap of
the electron wave function ¢ (7) with the nucleus and therefore is a nuclear size effect. As the number
of neutrons changes, the size of the nucleus also changes, which in turn affects the spatial probability
density of the protons. For spherical nuclei the resulting energy shift of a specific isotope can be

approximated to first order as

/d37 p(F)r?

0FErs = [y(r = 0)|2 f(Z) (r), where (%)= fddr o(7)

(6.2)
is the expectation value of the mean square charge radius of the nucleus with respect to its nuclear
charge distribution p(7) [69]. The FS between isotope A and A’ therefore scales as the change in the
difference of the two isotopes squared nuclear charge radii 6 <r2>A_A, = <r2>A - <r2>

The FS function f(Z) depends on the nuclear charge number Z, the mass number A and a per-
turbation parameter n and incorporates the distortion of the electron wave function due to a finite-
size nucleus (n > —1) which weakens the resulting FS compared to a point-like nucleus (n = -1).
The real nuclear charge distribution is therefore treated as a perturbation of the point-like one
p(F) o< Z e/rg (r/ro)"2 [69]. This simple model was first quantitatively introduced by Racah [237]
and Rosenthal and Breit [238] in 1932. Using first isotope shift spectroscopy (ISS) data in mercury,

Breit later also pointed out, that transitions involving no valence electrons in an s shell — and there-
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6 Isotope shift spectroscopy of laser cooled mercury

fore no change in the probability density of the transition electron at the nucleus — also experience a
FS due to screening effects involving other electrons that contribute to the total electron probability
density | (7)|?. Transitions involving s-electrons are much more sensitive to FS effects.

For the 6s® 1Sy — 6s56p °P; intercombination line in Hg, ab initio (non-relativistic) Hartree-Fock
calculations of the electron density at the nucleus [239] allowed first estimation of these screening
effects by relating it to the ionic wavefunction, §|y(¥ = 0)|2 = |y4.2(0)]? - |906s6p(0)|2 ~ B |yes(0)]%
where s corresponds to the 2S/y state of Hg* [69]. The screening ratio was determined to be
B = 0.74(5) [69]. With an estimation of f(Z) (~ 66.1 GHz/fm? for Hg [240]) this enabled first
explanation of observed ISs by theory and an order of magnitude estimation for other transitions of
interest in many other elements. For the intercombination line, the FS is on the order of 5.3 GHz
between neighboring pairs of even isotopes in Hg (A" = A +2), where the ground state contribution to
the FS dominates strongly. Here, the FS in the Hg isotopes varies roughly linearly with mass number,

while their MS remains nearly constant [241].

Mass shift

The next contribution to the IS is due to the finite nuclear mass m 4, called the MS, which consists
of a normal mass shift (NMS) and specific mass shift (SMS). It originates from the diagonal and

off-diagonal terms in the kinetic energy part I of the Hamiltonian for multielectron systems [242],

P& R 1< 1
g + i — Y 52+ —Y p;-p:+const., 6.3
2ma & 2m,  CMSfame  2p ; PiTy ma ; piebi ¢

where }_5, pi are the momentum operators associated with the nucleus and the individual electrons,
respectively. In the stationary atom P+ %, Pi = 0, which allows all diagonal terms in electron
momentum operators p; to be combined by converting to a description of motion within the center-
of-mass (CMS) frame and by introducing the reduced mass | = m, ma/(m. + m ) of the electron.

The resulting energy shift of the diagonal terms is the NMS, as also described by the Rydberg for-
mula/Bohr model for hydrogen-like systems. It can be written as a small correction to the transition
energy Eg., given by 6Exms = —m./ma Eq4. as extracted by the virial theorem for the electromag-
netic potential [242]. The additional off-diagonal electron-electron correlations p; - p; terms (i # j)
add a second shift, called specific mass shift (SMS). This mass-polarization term can be estimated
via electron structure calculations, when separating the radial and an angular part by rewriting the
momentum operators [242]. Depending on the considered system and electronic levels, it can be as
large as the NMS.

While the combined MS scales roughly as l/mi and therefore is strongest in hydrogen/deuterium
(~670 GHz on the 15-2S-transition, shifting the deuterium lines to shorter wavelength) and still dom-
inates the IS for lighter elements like calcium, it is much weaker in heavy elements like mercury. On
the 652 1Sy — 6s6p 2Py intercombination line in Hg, the NMS is on the order of 3.2 GHz, while the
SMS is about 14 MHz for 22Hg - 2"Hg [69], only about 0.4 % of the NMS. The combined MS between
two isotopes A and A’ is generally separated into a MS parameter K, that incorporates the electronic

1 1

level structure, and a nuclear term proportionality u4=4" = -1

T the inverse mass difference,

such that we can write Eys = K uA~4.
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6.1 Isotope shifts

Higher order corrections

Additional higher order and potentially unknown corrections to the IS are incorporated in the elec-
tronic transition dependent factors GEK) and isotope dependent (nuclear) parameters A‘(“K_)A,. These
corrections originating from atomic and nuclear structure effects are expected to be orders of mag-
nitude smaller than the two leading first order terms and less than a handful of elements could be
spectroscopically probed precisely enough to resolve additional terms, as will be discussed below.
For heavy elements like mercury, higher order nuclear moment ¢ ((r2)2) (quadratic FS (QFS)), 6(r*)

(quartic FS), ¢ (r)%, ... FS contributions are expected to be the next resolvable contributions.

Theory predictions

Resolving higher-order corrections to study nuclear or electronic structures and potential beyond
standard model (BSM) interactions is challenging, as predicting nuclear charge radii and electronic
factors — even in leading terms — is difficult for multi-nucleon and multi-electron systems, making pre-
cise comparison between theory and measurement nearly impossible. As an example, predictions for
the FS in neutral Hg from relativistic mean-field theory is so far only precise to hundreds of megahertz
[243]. Modern particle-hole configuration interaction algorithms like GRASP (“General-purpose Rel-
ativistic Atomic Structure Package”) [244] are still mainly limited to few electron systems. Extensions
via multiconfiguration Dirac-Fock (MCDF) calculations like FAC (“Flexible Atomic Code”) [245] or
more efficient configuration-interaction many-body perturbation theory approaches (CI+MBPT) like
DIRAC (“program for atomic and molecular Direct Iterative Relativistic All-electron Calculations”)
[246] or AMBIT [247] can now handle more complex electron-electron correlations. Verifying experi-
mentally measured parameters to better than the percent level is still really challenging and was only
achieved in few special cases.

Currently, a more precise estimation of electronic parameters is only possible for highly simplified
systems, such as one- or two-valence electron atoms and ions. The most interesting systems for ISS are
highly charged ions, particularly heavy ones. Except for very spherical and light nuclei, their nuclear
structure is just as complex and similarly hard to predict. Similarly, experimental determination of
nuclear structure like more direct measurements of nuclear charge radii [71] still lack the precision

when compared to optical measurements [248].

6.1.1 King plot analysis
Two-dimensional King plot

Resolving higher order corrections and studying their origins and isotope dependency can be per
formed by a King plot (KP) analysis. The “modified” (or “scaled”) mass-normalized ISs 5?_14 =
61/;.4_‘4, /4" of two electronic transitions, i and j, are plotted against each other. To leading order,

this gives a linear relationship,

—A-A’ —A-A’ —A-A’
gvi =Fyov; o+ Ky + Y GRGT. (6.4)
K

1

Here, F;;, K;; and Glgj'f) are again to very good approximation only electronic factors that depend on
the two transitions; F;; = F;/F; is the FS slope ratio and K;; = (K; - K F;;) a relative MS that together
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6 Isotope shift spectroscopy of laser cooled mercury

form the linear dependency between the modified ISs. Higher order correction terms expressed in
the FS scaled electronic factor differences GE;) = (GEK) - Gﬁk) F;j) can introduce a nonlinearity, as
long as the (modified) nuclear parameters X?K_)A/ = A'(AK_)A//MA_A’ do not align with 6<r2>A_A, or the
modified ISs itself.

The graphic visualization of 5?_14/ against 5?_14/ is called King plot (KP), named after William
Henry King, who pioneered its use for extraction and study of electronic and nuclear parameters [69].
Analysis of ISS data via KP analysis is mostly limited to even isotopes only, as hyperfine interactions
in non-zero nuclear spin isotopes can lead to very large (GHz-scale) shifts that are hard to predict
precisely. In a linear KP, we can use an (orthogonal distance) linear regression analysis to extract the
FS and MS ratios, nonlinearity indicates presence of higher order corrections that can be analyzed
using the generalized KP analysis described below. The separation of nuclear and electronic factors
allow for comparison of vastly different electronic transitions, including comparisons between atoms,
ions and highly-charged ions. The latter allow for a wide range of ultra-narrow optical clock transitions
to probe — a target of interest evolving in the last few years with the development of ion traps for
precision spectroscopy. Less precise, but more common is ISS on highly ionized atoms on transitions

in the x-ray regime and muonic atoms and ions [69].

Multi-dimensional King plot

As we eliminated ¢ <r2>A_A/ in the two-dimensional KP, in general any additional ISS measurement
on an additional line can be used to remove higher order corrections, as long as the number of spec-
troscopically addressed isotopes n4 is large enough. “Given m transitions, m — 1 nuclear parameters
(including ¢ (r2)A=4"y can be traded for IS measurements” [249]. The largest dimension for which a
KP linearity analysis is reasonable is given by n4 — 2, higher dimensional KP are already linear by

definition. For n4 = 5 natural abundant bosonic Hg isotopes analyzed here, we can therefore absorb

the next leading order correction A‘(L‘l_)A, and construct a three-dimensional KP of transitions 7, j and
k:
—A-A —A-A 1) —A-A' —A-A'
v = Fgpdv; 4G v+ K+ Yy GG (6.5)
k>1

where the electronic coefficients are given by G;jx = Gx/G jx and F;jx = Fjx—G;jk Fjx and analogously
K;jk = Fix — Gijik Fjx. While there is no control in selecting the nonlinearity to absorb, this technique
gives information on the number of nonlinearity sources and can be used for further analysis allowing

resolution of additional contributions and stricter bounds on new physics (NP) couplings.

Nonlinearity decomposition analysis

To determine the origin of higher order corrections and to distinguish them from potential NP con-
tributions discussed below, we analyze the shape of the potential nonlinearity in a nonlinearity de-
composition plot! [248, 250]. For n, isotopes, the modified ISs between isotope pairs on electronic

— —A-A
transition i form a (n4 — 1)-dimensional vector dv; with components 6v; . The two-dimensional

KP relation for example can then be expressed as

Ei :Fijﬁj"'[{ijﬂ'i'z GZ(JK) X(K), (66)

1 Sometimes also called “generalized King plot”.
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6.1 Isotope shifts

where 1= (1,...,1)7 is the (n4 — 1)-dimensional identity vector. For e.g., no = 5, we only need two
additional terms with vectors X(K) that are linearly independent of Ej and 1 to span the full space.
Even without knowledge of the electronic pre-factors of higher order corrections, we can arbitrarily
construct two (optionally orthogonal) vectors A and A_ in modified IS space to fully describe the

set of experimental data via the projection
— -1 —
(Fij, Kija /l+, /l_) = (61’,’ 1 A+ A_) . 61/]' = M_l . 6Vj . (67)

We can then compare the observed nonlinearity in a generalized KP of A, vs. A_ — one data point
per electronic transition pair i, j — to the expected nonlinearity shape originating from higher order
corrections. We only require knowledge of the scaling of the nuclear coefficients A(,) and compare
its projection M™! - A(,). As long as the additional nonlinear terms do not align with the modified
IS vectors, the identity vector or other contributions, they can be distinguished by a characteristic
nonlinearity shape, which is defined by individual tuples (1., A_). This technique can be easily scaled

to higher-dimensional KP as long as there are enough isotope pairs.

Other King plots

There is a range of other KP that can be constructed, the here discussed mass-normalized §v; =
8V, being the most common one. Generalized no-mass King plots [251] can be constructed for
example when the mass measurement uncertainty limits the modified IS uncertainty over the optical
spectroscopy precision. For this the mass term uA~4" is expressed by a third IS measurement and the
new projection matrix M = (§v; 6v; A, A_) is applied to measurements §v; with k # i,j. The
latest sub-Hz precision ISS in calcium uses mass-normalized KPs, even though mass measurement
uncertainties were starting to limit the KP analysis. This was achieved by leveraging more precise
isotope mass measurements from cryogenic Penning trap mass spectrometers, like PENTATRAP [249].

In the dual King plot [252] a multi-dimensional linearity among the different isotope pairs is
established by exchanging the roles of the electronic and the nuclear factors, which promises to
eliminate higher order standard model contributions and NP bounds without less knowledge of their
electronic contributions. Here, the ratios of the nuclear factors § <r2>A_A, and puA~4" for varying pairs
of isotopes are plotted against each other, providing a linear band of constraint from the IS data. This
allows deducing more stringent constraints for nuclear factors that can also be used to benchmark

nuclear theory [253].

Extraction of nuclear parameters

ISS offers a powerful tool for extracting nuclear parameters due to its high sensitivity to electron wave
functions near the nucleus, where relativistic effects are pronounced [254]. As presented above, see
section 2.1.2, probing the nuclear charge radius via ISS is a well-established method for studying the
nuclear charge distribution and its anomalies. By comparing experimental and theoretical ISs and
generalized KP — especially across multiple atomic transitions — studies of the effects and differences
of changes in nuclear charge radii and nuclear deformation parameters, such as the quadrupole de-
formation parameter 9, can be performed and used to benchmark nuclear theories [255]. Relativistic
corrections, particularly those modifying the field IS via changes in (r?¥), where y = V1 - 27242, and
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6 Isotope shift spectroscopy of laser cooled mercury

structural phenomena such as central charge density depletion in superheavy nuclei, also significantly
affect FS contributions to the IS [256]. In the past, electronic x-ray, and muonic x-ray IS measurements
have been a valuable addition to optical ISS. Transitions between energy levels of a muon bound to
an atomic nucleus exhibit significant volume effects, allowing the extraction of §(r2) and establishing
muonic x-rays as a reliable alternative and cross-check to high-energy electron scattering for probing
nuclear charge distributions [257]. A combined analysis using optical, electronic x-ray, and muonic
x-ray IS data — while the latter so far limited in precision — enhances the sensitivity and provides a
comprehensive approach to studying nuclear structure, including IS anomalies linked to variations in
nuclear charge density [258].

Higher order FS corrections discussed above are historically written to enter the FS formula and

modify the nuclear charge radii as [67, 259]
SN S 5+ (Co/Cr) U™ +(C3/C1) GO + ... (6.8)

where the additional electronic factors C; with C; = F — called Seltzer moments [259] — are treated
as higher order corrections. To our knowledge, no measurements have been made in Hg that could
observe the KP nonlinearity associated with higher-order I'Ss or nuclear deformations (NDs). Seltzer
moments are currently computed from electron structure calculations and are often approximated as
nearly transition-independent (see, for example, [259]). To extract higher order contributions ISS
data is compared to nuclear structure models or alternative measurements of the charge radii, as
e.g., data from nuclear scattering using electrons or alpha particles, measurements of nuclear electric

quadrupole transition probabilities or x-ray (muonic) ISS data (see e.g., [67]).

6.1.2 Search for new physics

ISS can also resolve a hypothetical NP coupling between electrons and neutrons [4, 35]. The electrons
would experience a Yukawa-like potential, that in the point-charge approximation can be expressed

as
e e

-r/¢ -r/dg i
Vap(r) = 2 Zy c? = axp ——,  with A, = : ¢ . (69
T r r m¢ C

n n

The force mediator is a NP boson ¢ with mass m 4 and with its Compton wavelength 1, determining
the effective range of the interaction. The coupling strength is given by anp with y. (y,) representing
the coupling constant between the new particle and an electron (neutron). This interaction would
add an additional frequency shift

SvATA = svAA 4anp X; AT (6.10)

to the IS, equation (6.1), with the nuclear factor AAA = pAA = A A being the difference in
neutron number. The corresponding electronic factor G; = anp X; is given by the coupling strength
of the NP interaction anp and an electronic factor X; = (fic/anp) ({e|Vnp(7)|e) — (g|Vnp(7)|g)) that
determines the sensitivity of the specific ground |g) and excited state |e) of the electronic transition i

to this coupling.! While the NP coupling is slightly aligned with the MS uA~4" and its contribution

1 Note, the coefficient X; therefore in general depends on the mediator mass m g [253].
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6.1 Isotope shifts

therefore slightly suppressed [251], it could be probed as a nonlinearity in the KP.

New physics bounds

New physics bounds can also be obtained from null measurements even in the presence of standard
model (SM) nonlinearities when they are absorbed by additional IS measurements or their sources
are understood well. For this purpose, the multidimensional KP formula with the addition of the BSM

terml,

6_Vi :K{i}ﬂ+F{i} Ej-i_ZG{i} Ek +a’NpX{,~}E, (6.11)
k

is assumed to be linear/planar within experimental uncertainty up to the linearity-breaking BSM
term and inverted to obtain a limit on anp. This limit can be interpreted as the ratio of the volume
V = det(6v1, ..., 6v,, 1) spanned by just the §v; in the space of modified ISs and the volume Vi, (anp)

of the above BSM coupling ansatz for axp = 1:

14 det(6vy, ..., 6v,, 1)

V(Q’NP = 1) ﬁ Ei1...in €ay...anm1 Xi1 Eal (5_1/:122 R 6_1/

anp (6.12)

an
in
where £ denotes the Levi-Civita symbol and a sum over transition indices i and isotope pairs a is
implied [249, 251]. Here, only the electronic factors X; need to be computed using atomic many-body
theory and all the rest of the analysis is data driven.

By varying the new boson mass m 4 in the calculation, an upper bound for a NP coupling strength
anp can be estimated and also compared to bounds from other measurements, as discussed below.
A recent exclusion plot of the BSM coupling resulting from these bounds is shown in figure 6.1.
The largest boson masses that can be probed by ISS are limited by the nuclear charge radius r in
comparison to the interactions effective range A, limiting sensitivity to mgy <7hc/r ~ 1 x 108 eV [248].
The resonances in the sensitivity curve near 1 x 10* eV/c? result from a transition-dependent pole of
the NP bounds, where X; is zero [260]. SM nonlinearity sources need to be eliminated by including
additional IS data in a multidimensional analysis or by subtracting theory predictions from electron

and nuclear structure calculations from the IS data [249].

Review of King plot nonlinearities and new physics bounds

ISS has a long history in probing nuclear structure [69]. So far, additional contributions to the IS
via KP nonlinearities have only been resolved in a few elements and first experimental constraints on
BSM physics [4, 35] were just established recently using high-resolution ISS measurements in calcium
and ytterbium. For a thorough overview of current measurements see e.g., the review in reference
[248].

As shown in figure 2.2, the element calcium sits right at the Z = 20 nuclear shell closure and in-
between the magic neutron numbers N = 20, 28, therefore possesses a very round nucleus with small
nuclear deformation and five bosonic naturally abundant isotopes. While its spherical nucleus and
low atomic mass decreases sensitivity to BSM couplings, higher-order nuclear effects and resulting

nonlinearities are also being strongly suppressed, making Ca a good candidate for BSM searches.

1 For simplicity, we abbreviated the m indices i, j,k € [1,m] of the electronic factors for the m transitions
involved. A more detailed notation can be found in references [251] and [249].
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Figure 6.1: New physics exclusion plot for a new boson ¢, with mass m 4 coupling neutrons and elec-
trons with a coupling strength of anp = y, y./(4m). Solid lines show upper bounds for
the coupling strength from recent high resolution ISS measurements: Ca* (2024, [260]),
Cat/Cal** (2025, [249]); Y™ (2024, [261]) and Yb™) (2025, [253]). Shaded areas indi-
cate regions excluded by other measurements, as taken from reference [260]: Casimir fifth
forces [262], cooling in horizontal branch stars of global clusters [263], measurements of
the (¢§—2), anomalous magnetic dipole moment of the electron [17] combined with data on
star cooling in supernova SN1987A [264] and neutron scattering (e.g., [265]). The dashed
line is an upper bound provided by ISs of hydrogen and deuterium extracted from Lamb
shifts of muonic hydrogen and electron scattering experiments [266]. The range required
for current BSM model explanations of the anomalous internal pair creation observed in
8Be is indicated by the dark violet vertical bar [35-37].

Early KP analysis of Ca*-ion spectroscopy at 100 kHz precision showed no significant deviation from
linearity [267], and later measurements with sub-20 Hz accuracy confirmed this finding, providing first
BSM bounds [260, 268]. More recent spectroscopy of ultra-narrow clock lines also in highly charged
calcium ions, such as the Py — 2P; transition in Ca'*", has now achieved sub-Hz resolution. KP
nonlinearities at the 900-sigma level were observed and accounted to second-order MSs and nuclear
polarization contributions to the IS [249]. ISS of neutral Ca so far remains linear [165].

In contrast to calcium, early studies on neutral (Yb) and ionized (Yb*) ytterbium have already
shown clear KP nonlinearities, with a 300 Hz precision measurements already revealing a 3-sigma
deviation [269]. Subsequent high-precision experiments, reaching Hz and even sub-Hz precision, not
only confirmed these deviations but found even stronger nonlinearities [209, 250, 253, 261, 269, 270].
Multiple narrow transitions across five naturally abundant bosonic Yb isotopes have now been mea-
sured, enabling detailed decomposition of the nonlinearities. These studies show that the dominant

contributions arise from nuclear structure, as the Yb nucleus is subject to strong nuclear deformations
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6.1 Isotope shifts

(NDs) 6(r*) (see figure 2.2), rather than new-physics effects [248]. While BSM bounds obtained from
recent Yb IS data [253] now compete with bounds set by Ca*/Cal** KP comparison (see figure 6.1),
this underscores the high sensitivity of heavy elements to nuclear SM effects. In the search for BSM
physics, these SM contributions must be accounted for and limit the interpretation of IS data.

While so far limited to linear KP, additional platforms such as zinc (Z = 30, 4 even isotopes) [271],
cadmium (Z = 48, 5 even isotopes) [272, 273], xenon (Z = 54, up to 7 even isotopes) [274] or tin
(Z = 50, 7 even isotopes) [275, 276] sit close to nuclear shell closures and are therefore promising
candidates for BSM bounds and to benchmark nuclear theory from ISS. Furthermore, highly charged
ions [249, 277] are starting to be explored for their favorable nuclear and electronic properties and
reduced sensitivity to perturbations from external electric and magnetic fields. With a wide range of
ultra-narrow clock lines and options to sympathetically cool various elements in many different charge
states, even when direct laser cooling is prohibited, these are discussed to offer outstanding potential
for further improved BSM bounds on variations of fundamental constants [277] and fifth force carriers
[248].

Note that the strict separation in nuclear and electronic coefficients — a consequence of lowest order
perturbation theory [278] — is a very good approximation, but high precision spectroscopy on narrow
clock lines could also probe for potential deviations [243, 248]. In special cases of electronic transitions
i and j, where operators of second-order field or MS introduce off-diagonal matrix elements and
mixing of closely spaced electronic levels, much stronger IS corrections can occur. Nuclear FS effects
leading to “strong enhancement of second-order FS effect” [251] and up to 32 MHz-sized IS frequency
corrections were observed in samarium — experimental details can be found in references [279, 280]

and a theory model and explanation in reference [281].

6.1.3 Isotope shift spectroscopy in mercury

Possessing seven naturally abundant isotopes — five even and two odd — mercury (Z = 80) is an ex-
cellent candidate for ISS in the search for BSM physics. With *Hg having a halflife time of about
444 yr, even extensions to metastable radionuclides in a table-top experiment environment is possible.
With its large mass, large nuclear charge, while sitting close to the nuclear shell closure of lead, mer-
cury represents an excellent middle ground: it is not limited by recoil effects and reduced sensitivity
to field-shift-mediated BSM couplings, as light nuclei like calcium. And SM induced nonlinearities
arising from nuclear deformation are expected to be strongly suppressed in comparison to deformed
nuclei like Yb. While for heavy systems, higher order nuclear contributions still can limit the KP
analysis, the magnitude of the electronic factors X; are strongly increased due to relativistic effects,
which overall enhances these systems sensitivity to BSM couplings [248]. In addition, laser cooling of
both neutral Hg and Hg* is well established.

Overview of isotope shift spectroscopy in mercury

IS measurements in mercury span a long history, from early arc spectra and vapor cell experiments
to modern sub-MHz precision techniques [52, 168, 172, 282-285]. Beam-based and collinear laser
spectroscopy techniques have expanded the accessible isotope range over many decades [64-68, 70,
77, 286, 287].
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6 Isotope shift spectroscopy of laser cooled mercury

Ulm et al. investigated isotopes from 8'Hg to 2°°Hg, extracting nuclear charge radii and magnetic
dipole and electric quadrupole moments [67]. More recent studies at ISOLDE and other facilities
extended these measurements to neutron-deficient isotopes as light as ”/Hg, revealing pronounced
odd-even staggering in the charge radii consistent with shape coexistence, as discussed before [64, 65,
68, 70, 77].

Several optical transitions have been targeted in detail, with the 254 nm 1Sy — 3P; intercombination
line receiving the most attention in all systems. Other lines include measurements of Blaise and
Chantrel at 405 nm, 408 nm, 436 nm, and 546 nm [284].

While early measurements were limited to hundreds of MHz to GHz uncertainty, Dopplerfree
saturation spectroscopy measurements by e.g., Gerstenkorn [168], Kroll [282], and Rayman [283] et al.
reached the MHz to 100 kHz level of precision in the 80s and 90s. Measurements of Sansonetti et al.
in 2010 achieved similar uncertainty of about 30 MHz on the 546 nm line [52]. Recent measurements
of Witkowski et al. reported ISs on the 254 nm intercombination line with uncertainties between
56 kHz and 220kHz [172] improving this sensitivity by more than one order of magnitude. These
measurements were further refined in more recent work by Gravina et al. via comb-referenced Doppler-
free saturation spectroscopy focussed on 2°’Hg and 2°?Hg for temperature metrology as a practical

realization of the new kelvin definition [285].

Clock lines While potentially being addressable also in even isotopes — see the outlook for discus-
sion — no direct IS measurements have yet been made on the neutral mercury 'Sy — 3P; (J = 0,2)
clock lines. However, absolute frequency measurements have been made both for different isotopes
in both neutral and singly ionized mercury.

Tyumenev et al. [93] and Petersen et al. [154] recently reported absolute frequency measure-
ments of the 1Sy — 3P line at 266 nm for the isotopes *Hg and ?'Hg. With absolute frequency
determination of the 198Hg resonance in reference [288] the ISs §v1%71% = _0.662(11) GHz and
6v201-198 = _6.392(11) GHz can be determined [289]. Furthermore, multiconfiguration Dirac-Hartree-
Fock (MCDHF) calculations in reference [289] provide estimates for the field (Fass ~ —57.7 GHz /fm?)
and MS coeflicient (K66 = —1.19(18) THz X amu). This gives an average ovA~A" = —4.72(46) GHz IS
for pairs A = A’ + 2 of even isotopes on the clock line, similar to the intercombination line, as the FS
is dominated by the s-shell ground state wave function.

Bergquist et al. (for ®Hg*) [290] and Oskay et al. (for **Hg*) [47] reported the frequencies of the
5d196s 28, /2 = 5d%6s? 2D5/2 transition in single ionized mercury. From these, ISs can be extracted,
and theoretical MCDHF estimates predict shifts on the order of as high as 1x 10* GHz with hyperfine
splittings between 1 GHz to 10 GHz [47] — very promising for high resolution ISS.

Isotope shift spectroscopy in laser cooled mercury

Being mostly interested in FS-like contributions that allow probing the atomic nucleus — NP couplings
and nuclear moments —, for ISS we first chose the 1S, — 3P; transition, that involves the s-shell
electronic ground state. With ISs of the P; — 3P7, measured to the 100 kHz-level by the group of Jan
Hall in the 90s [283], this promised FS-sensitive KP analysis and potential BSM-sensitivity. Note that
the latter is suppressed for the wide dipole-allowed lines we initially address here. We later expanded

our search to include optical transitions that do not involve S-state transitions, providing us a potential
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6.1 Isotope shifts

reference. Table 6.1 lists all the spectroscopy transitions we planned to target in our measurements.

For the spectroscopy of the 1Sy — 2P; intercombination line and the excited state transition *P; —
3D, with J = 1,2, we utilize the suppressed Doppler broadening at low temperatures achievable in
the magneto-optical trap (MOT). At typical cloud temperatures of 7 = 100 uK to 200 uK, the Doppler
broadening is reduced from the GHzrange down to I'p ~ 27 X 600 kHz to 850 kHz, which is smaller
than the natural linewidth of the dipole-allowed transitions we spectroscopically address here. As we
will see in the following, in this setting systematic shifts are dominated by light and recoil shifts. These
can be reduced to just originating from the spectroscopy light itself by releasing the atoms from their
trapping beams and addressing them in free fall.

More precise measurements would need to lever Dopplerfree spectroscopy configuration by oppos-
ing lightfields and further cooling, by e.g., utilizing the optical dipole trap (ODT) setup presented
above. Here, spectroscopy on the ultra-narrow optical clock transitions Sy — 3P, (J = 0, 2) in
mercury are especially interesting for potential Hz to sub-Hz NP contributions. Here, atoms would
ideally be confined in optical lattices, where any motional coupling between atom and photon (recoil
+ Doppler shifts) are suppressed in the Lamb-Dicke regime. In all spectroscopy environments we
need to account for experimental imperfections like residual magnetic fields and other effects, that

are sources of line shifts and increase the measurement uncertainty.

Transition Wavelength Natural linewidth Saturation intensity
Ig) — le) A (nm) I'/(2n) (MHz) I (mW/cm?)
652 1Sy — 656p 3P; 253.7 1.34 10.7
6s6p 3P; — 656d 3Dy 313.2 15.4(2.6) 66(11)
65 6p 3P — 656d 3Dy 312.7 10.50 44.9
6s6p 3Py — 6575 %S 546.2 7.80 6.3
6s6p 3P1 — 6575 3, 436.0 8.91 14.1
652 1Sy — 656p 3P, 265.7 <1Hz
652 1Sy — 656p 3Py 297.0 <0.1Hz

Table 6.1: Spectroscopy transitions interesting for ISS in mercury. The first three lines are experimen-
tally studied within this work. The 546 nm line was measured elsewhere [283] and will be
used for KP analysis later. The dipole allowed 436 nm line and the two strongly forbidden
narrow clock lines are suggested for future measurements, as discussed in the outlook, sec-
tion 6.5. Data is taken from reference [87], except for linewidth of the clock line transitions
and 3P; — 3D transition, the latter being determined from excited state lifetime measure-
ments [88-90] as explained in reference [91, appendix A.3].

Chapter overview

This chapter will present the experimental results and KP analysis of precision ISS on multiple dipole-
allowed atomic transitions in mercury. Spectroscopy of laser cooled mercury by absorption imaging
on the intercombination line 1Sy — 3P; at 253.7 nm including all naturally abundant bosonic isotopes
is presented, and we achieve unprecedented precision. Further, we spectroscopically probe the *P; —

3D, (J =1, 2) transitions that both are conveniently located at around 313 nm, for which we construct
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6 Isotope shift spectroscopy of laser cooled mercury

a frequency quintupled laser system and probe the atoms by depletion in the MOT. We observe
slight nonlinearities in the subsequent two-dimensional KP analysis of the transitions, that we also
perform in comparison to existing spectroscopy data on the *Py — 3S; line [283]. In a nonlinearity
decomposition analysis we attempt to resolve potential nonlinearity origins, looking at nuclear and
BSM effects. Finally, spectroscopy on the 3P; — 3S; transition at 436 nm is proposed, for which a

cavity stabilized laser system is constructed. An outlook on ISS on narrow clock lines will be given.

6.2 Spectroscopy on 1Sy — °P;

All spectroscopy schemes used in this thesis are illustrated in figure 4.13. For the spectroscopy on the
I' = 27 x 1.3MHz broad intercombination line at 253.7nm, we probe the atoms in the absorption
imaging sequence, shown in figure 4.13, for close to zero time of flight just after release.! We iterate
between the isotopes, where we always jump back to 1%Hg and 2?Hg, the former for an improved
literature comparison and the latter as it gives us the best signal to noise and therefore a good indicator
for systematic shifts. We step the acousto-optic modulator (AOM) probe/imaging beam frequency in
small steps starting from around the resonance outwards to avoid drifts in atom loading efficiency,
that introduce asymmetries in the lineshape. For each AOM frequency we load the atoms for 55,
probe the atom number via absorption imaging in free-fall and reload the MOT from the background
gas after a short waiting time to avoid bias from the previous shot. We typically operate the imaging
beam intensity at around / = 0.3 mW/cm? and at a pulse length of fexp = 150 us, which showed to be
a good compromise between high contrast / low signal-to-noise and small systematic shifts, the latter
discussed below. Given the saturation intensities listed in table 6.1, this makes the interaction stay in
the low saturation limit (so ~ 0.03), which avoids power broadening and excessive recoil shifts.

All systemic shifts described below are applied to each individual shot taking into account their
correlations when fitting the lineshape and extracting the resonance frequencies. The full dataset,
incorporating all systematics, is shown in figure 6.7, the extracted resonance frequencies showing the

about one month long time span of the measurement campaign can be found in figure 6.10.

6.2.1 Frequency reference

The spectroscopy laser is stabilized to the ultrastable cavity described in section 4.3.3. The cavity
resonances therefore act as a ruler in frequency space by providing cavity lines every free spectral
range (0¢y ® 3 GHz) and are used as a frequency reference for the hundreds of MHz to GHz scale ISs,
measured in this work. The infrared (IR) master laser is offset from the cavity resonances by the fiber
electro-optic modulator (EOM) frequency feom, as described before. The spectroscopy AOM then
shifts the ultraviolet (UV) probe beam frequency with respect to the fundamental laser wavelength
and the atomic resonances are probed by scanning the AOM frequency fiom by a few to tens of MHz
around a controlled center frequency. To ensure absolute frequency stability, all radio frequency (RF)
signal generators — the phase lock loop (PLL) voltage controlled oscillator (VCO) controlling the
master laser to cavity detuning and the direct digital synthesizer (DDS) boards that feed the AOMs in

1 Experimentally there is a short <10 ps delay between MOT light switch-off and imaging pulse/camera trigger
to ensure negligible light shifts introduced by the MOT beams. The magnetic gradient field is switched off
in-between MOT beam switch-off and camera trigger to remove any magnetic field change induced MOT
dynamics.
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6.2 Spectroscopy on 'Sy — 3Pq

State Lifetime 7
6s 6p 2Py > 1s
6s6p > P 118.9(4) ns
6s 6p 3Py > 1s
6s6d 3D 6.8(6)ns
6s6d 3Dy 9.3(5) ns
6s6p 1P, 1.3ns
6s 7s 351 8.0(7)118

Figure 6.2: Spectroscopy scheme to address the 1Sy — 3P; intercombination line (green), as well as
the excited MOT state P; — 3D, with J = 1,2 (blue, red) and *P; — 3S; (orange)
transitions. While the MOT transition can be probed directly from the ground state via
absorption imaging, spectroscopy of all other lines requires 254 nm light to pump the
atoms to the 3P; excited state. Here, a nearresonant spectroscopy probe pulse depletes
the MOT atom number by absorption and subsequent decay (dashed lines) dominated
by spontaneous emission to the indicated lower lying states, where effective atom loss is
mainly a result of the long lifetimes (dashed gray) of the metastable 3Py o excited states.
The table shows the excited state lifetimes as given in references [87, 88, 291].

the UV — are phase locked to a stable 10 MHz rubidium frequency standard!, that is distributed over
the lab. A single spectroscopy measurement stores the AOM frequencies f,om of the scan, the EOM
carrier shift frequency feom, the sign + of the EOM sideband used for locking, and a cavity resonance
index icay € N. As introduced in equation (4.17), we reference all measurements to a fixed cavity line
icav = 0 that is located red detuned with respect to all mercury isotope resonances. All ISs therefore

can be computed from the probe beam cavity detuning?

6cav = Vprobe -4 Vcav,0 = 4 (icav 6fsr = feom) + faom . (613)

From the atomic resonance frequencies, denoted as (5:;;4 ) = yx(A) _y Veav, 0, Of the individual isotopes

with mass number A we then obtain the ISs as
SyA=A = gHA) _ g (A) (6.14)

Note that for uncertainty determination we will need to take correlations between 6:;{‘ ) and (5;({‘ )
into account, as they are derived from common references (e.g., ¢, as determined below) and will
be corrected by common systematic shifts.

Absolute atomic resonance frequencies would ideally be established by comparing to an optical

frequency reference and SI time standard over a frequency comb, but at the time no optical clock

1 Stanford Research Systems FS725, 20 year aging of < 5 X 1072. 2 We denote Vprobe = Vimg and fprobe = fimg
in this chapter for consistency with the notation for the spectroscopy probe beam in section 6.3.
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6 Isotope shift spectroscopy of laser cooled mercury

in the group was yet in active operation. Therefore, we record the fundamental laser frequency on
our HighFinesse wavemeter with about 10 MHz absolute accuracy in parallel to the measurement.
As the wavemeter records the fundamental laser frequency in the IR, the absolute frequency of the
atomic resonance of the individual isotope in the UV is then given by v* = 4 vig + fX ., where £
denotes the AOM frequency associated with the probe beam atomic resonance frequency v*. For the
1Sy — 3P; transition, we can also rely on the high-resolution Dopplerfree saturation spectroscopy
in reference [172] that is referenced to a representation of the SI second via a frequency comb and

long-distance fiber link to about 100 kHz absolute accuracy.

Free-spectral range measurement

For determination of the relative cavity line positions, we position the 1015 nm laser frequency in-
between two cavity resonances. With no frequency modulation on the EOM, the cavity transmission
signal, as recorded by a reverse-biased photodetector, is at zero. We then apply sidebands at around
Jeom = 0t5r/2 =~ 1.5 GHz, which allow probing the two cavity resonances that are located symmetrically
around the laser frequency. We scan the laser about 500kHz via the diode current and step the RF
frequency in small steps and record the respective cavity transmission on a high-resolution oscillo-
scope. The laser now probes the two neighboring cavity resonances with its sidebands, as illustrated
in figure 6.3.

For every step we determine the location of the maximum of the probed cavity transmission and
average over five laser scans. Each EOM frequency step takes about 500 ms. An example for the
recorded step-averaged transmission is shown in figure 6.4 as a function of the EOM frequency. A
Lorentzian fit of the resonance gives us an estimate of the combined laser and cavity linewidth (see
below), as well as the free spectral range: 6, = 2 f& .. The fit uncertainty is only limited by the signal-
to-noise of the transmission signal due to intensity noise and limited linewidth of the free-running laser.

We determine the resonance location 2 - fX  to about 0.6kHz in a single measurement. We do not

Lorentzian(0, ~Ycav) ——  feom = Jcav/2 Ocav/2 £ Yeav/2 — dcav/2 £ Yeav — bcav/2 £ 3 Yeav
— 2 2 4
4 ~
& £
c 3
© IS
5 =
> [g]
)
F : .____,_,/ \x‘
3
1 _I T T T T T T
-6 —4 -2 0 2 4 6
laser frequency scan (v — 14) / Yeav eom frequency (2 - feom — Ofsr) / Yeav

Figure 6.3: Free spectral range measurement principle showing the simulated cavity transmission T
as recorded by a photodiode. With the laser frequency v roughly centered between two
cavity resonances, we step the EOM frequency f.om around d¢/2, scan the laser and record
the respective cavity transmission 7" (left). The transmission maxima (colored dots) are
graphed against the respective EOM frequency (right) to determine the free spectral range.
Ignoring laser linewidth, the resulting lineshape closely reproduces the cavity profile (gray
shaded area).
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6.2 Spectroscopy on 'Sy — 3Pq

expect to resolve a linear drift of the cavity length outside this uncertainty and in this time window?,
but we repeat the measurement multiple times over the course of the ISS campaign, as shown in the
right graph in figure 6.4. The FSR used for the determination of the ISs below is obtained from a
weighted average to this data. We obtain:

Stsr = 2,992,455.6(3) kHz, (6.15)

which does not limit the ISS resolution.

g 50 Lorentzian fit ;N\ 4 — (0rsr)=2,992,455.6(3) kHz
5 40 4 <
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Figure 6.4: Measurement of the 1015 nm cavity free spectral range 0. A scan of the EOM frequency
around Jf /2 resolves the cavity lineshape in the cavity transmission maxima (left). A
Lorentzian fit determines the FSR as the resonance position and combined laser cavity
linewidth. Multiple measurements over the time period of the IS measurement campaign
are averaged to determine the FSR (right). Note the nonlinear time axis.

6.2.2 Spectroscopy

An example dataset for the most abundant isotope 2°?Hg is shown in figure 6.5 and all spectroscopy
curves recorded during this measurement campaign for all isotopes is shown in figure 6.7. As illus-
trated, a Lorentzian or Voigt shaped fit to the data does result in a slight asymmetry in the residuals,
which can easily lead to kHz shift in determination of the true atomic resonance. The origin of the

asymmetry and a more appropriate fit model is discussed below.

Lineshape

Linear absorption spectroscopy with high energy UV photons leads to a probe beam recoil induced
Doppler shift. Due to momentum conversation, every absorbed photon changes the atoms’ velocity
by vrec = hk/m, which shifts the probe beam frequency by Ajec = —k vrec. We consider an atom
initially at rest and analyze its light shift evolution during the probe beam exposure time fexp. From

equation (4.5), the coherent steady-state photon scattering rate of a two-level system at rest is given

1 The cavity line in the infrared around 1015nm drifts by about dvir/dt = -0.203(4) Hz/s absolutely, as
determined below in section 6.2.3. With vir around the J¢,/vir = 98,779-th cavity resonance, the free spectral
range (FSR) itself is therefore expected to just drift by about ddgs,/dt = (0ts:/vIR) dvir/dt = —65(1) Hz/yr.
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voigt(c=0):
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Figure 6.5: 1Sy — ®P; example spectroscopy data of 2°Hg comparing a symmetric Voigt fit function
to the probe recoil induced Doppler shifted asymmetric lineshape. The frequency axis is
given relative to the Voigt fit resonance, indicating the —112(12) kHz shift that the asym-
metric fit function takes care of. The saturation parameter so = 0.0199(4) is extracted
from the absorption imaging reference image and set fixed for the fit. The shaded area in
the fit model indicates the 3 o-uncertainty band. A histogram of the uncertainty weighted
residuals (bottom right) is given as a measure for the fit quality. The data includes all
systematic shifts and uncertainties discussed below.

by
r S0

2 1+s0+ (2A/T)2°

where A = w—wy is the light field detuning of the probe beam and sg = I/, the saturation parameter.

(6.16)

Rsc(A) =

This corresponds to a Lorentzian lineshape centered at A = 0 with a full width at half maximum
(FWHM) of T’y = I'V1+ 5. For low saturation (syp < 1), we can approximate I'; ~ I". If we also
include a finite cloud temperature 7, the line gets broadened by the Doppler shift due to the Maxwell-
Boltzmann distributed atom velocities, the latter given in equation (4.15). The result is a Voigt profile

detuning dependency — the convolution of a Lorentzian and a Gaussian lineshape — given by

I~ r S() 1 _ *\2
R(A)=/dv— X em )
se o 21450+ (2(A—kv)/D)? " v ym (6.17)
2 .
. (5) N y(A T, ),  with =2 [l
2 so+1 ¢ "

where ¥ is the standard deviation of the Gaussian profile corresponding to the Doppler width.! Due
to the finite atomic linewidth, the atom therefore scatters a photon after a time fya(A) ~ Exp(A =
Rscat(A)), where Exp denotes the exponential distribution with rate A.

The total number of scattering events ns,; can then be estimated from the total scattering time 7,

1 The Doppler width (FWHM) is given by I'p = 4/81n(2) Zp.
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6.2 Spectroscopy on 'Sy — 3Pq

that can fit into the probe beam exposure time Zexp:

Mcat—1
fop > Tt = D fea(A+ibu) ~ HypoEsplN; = Rucat(A+iAre0)] (6.18)
i=0
The total scattering time #, is following a hypoexponential distribution defined by 74, rate param-
eters [7\,-]1'.1:5‘_1, with a mean py = 3,; 1/Rscat (A + i Aec) and variance 0'%1 = 1/R52cat(A +iAwc). We
can approximate this distribution by a Gamma distribution #,; ~ Gamma[oc = u%,/ qu, A= (Y%I /uH]
of denoted shape « and rate A, as illustrated in figure 6.6. The mean number of scattering events
for all atoms gives the absorption profile for the spectroscopy scheme and can be estimated from the

statistical mean of this Gamma distribution:

n-1
! ) 1
Ngeat (A; SO,texp) =l n | lexp = <ttot>Gamma[oc,)\J zb/dl m ) (6.19)

which can be solved numerically.!

The resulting absorption profile is shown in figure 6.6 for realistic experimental parameters of a
low intensity (so = 0.05) probe beam and an exposure time of Zexp = 150 us. This indicates the slight
asymmetric lineshape that forms, as the atom moves along the absorption profile in frequency space
A — A +i A with every scattering event. While this not fully describes the data, where noise is
dominated by atom number fluctuations and determination as described below, it strongly improves
the residuals and fit quality. An improved model solving the time dependent optical Bloch equations
in the duration of the probe beam pulse and also taking into account Doppler broadening of the line

is could potentially describe the data even better.

sp = 0.05, timg = 150 us, T = 0.5mK & 30
O
: :w — T =0
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—~~ : ) ) ; c
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Figure 6.6: Lineshape model for the linear absorption spectroscopy of the 1Sy — 3P; transition. Prob-
ability distributions (left) showing the number of photons scattered by a single atom in
the time interval of the probe beam pulse for realistic experimental parameters. Result-
ing lineshape (right) for the scattering with and without Doppler broadening following
equation (6.19) with the scattering rate given by equation (6.16) for 7 = 0 (blue) and
equation (6.17) for T > 0 (orange). The dashed line shows the lineshape without probe
recoil induced Doppler shift.

1 For computational performance the Voigt profile in the spectroscopy fits will be approximated by their sum
instead of their convolution V(A, Iy, £p) = L(A, IT'y) * G(A, £p) = nL(A, T) + (1 —n) G(A, £p), with 7 as
defined in reference [292], which is accurate to <1 %.
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6 Isotope shift spectroscopy of laser cooled mercury

In the measurements presented for ISS we operate at 5o = 0.01 to 0.03 for which every atom scatters
about 4 to 15 photons at maximum (for A = 0) in the given exposure time. In the fitting routine the
saturation parameter is considered fixed and is instead extracted from the reference image of the
absorption sequence weighted by the fitted atom position. The camera sensor is therefore being

calibrated via an optical power meter.

6.2.3 Systematic shifts and uncertainties

A list of all systematic shift and uncertainty estimates is given in table 6.2. We approach the charac-
terization and removal of these systematic corrections by calibration measurements and theory input
including numerical models. They contribute to the uncertainty budget of the atom cavity detuning
frequencies s ) either via an uncertainty in the probe beam frequency vprope, via a shift or un-
certainty in the atomic resonance frequency v*(4) or via atom number uncertainties that propagate
through the nonlinear fit. Extracting their individual contributions is not straightforward, as they have
varying correlations in affecting the data and varying strength in shifting the fit-extracted resonance
frequencies. We give an estimate for their approximate magnitude either directly from theory, or
from analyzing their distribution over all measurements — which vary from shot to shot and isotope
to isotope — or by considering them as nuisance parameters in a pull-method statistics analysis. The

shifts, their origins and contributions to the overall IS will be discussed in more detail below.

Systematic Correction Estimated shift (kHz) Source

Probe recoil a? Iprobe 33(15) Photon recoil induced
Doppler shift.

Zeeman shift numerical model -5(15) Residual gradient field.

Reference drift  acay t 1517(34) Cavity aging/relaxation.

Probe frequency  +A fyrobe 0(22) Laser & cavity linewidth
and lock offset.

Doppler shift +A fboppler 0(20) Residual cloud velocity
Vo + & Itof-

Light shift +A flight 0(0) Probe beam induced,
on- & off-resonant.

N fluctuations +AN 0(15) MOT beam pointing
and beam shape.

N determination +AN,4 0(5) Atom number extraction

from optical density.

Table 6.2: Uncertainty budget for the 1Sy — 2P; ISS. Uncertainties are given as shifts to the atom cav-
ity detuning 52\ either direct in a frequency uncertainty or indirect via the atom number.
All shifts and uncertainties are conservative approximations in magnitude only (rounded
to 1kHz) and an upper limit for all isotopes, as their individual contributions to the total
uncertainty can not fully be isolated via the pull-method. The specified uncertainties in the
result section can therefore be smaller than the sum of contributions given here. Explana-
tions to the individual contributions can be found in the text.
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Figure 6.7: 1Sy — 3P; spectroscopy data incorporating all systematic shifts and uncertainties. Datasets
are vertically offset for clarity.
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Laser linewidth

The linewidth of the 1015 nm unlocked master laser is specified in the 10 kHz range typical for this
kind of low-noise external cavity diode lasers [293]. We can use the cavity FSR measurement from
above to give a limit to the spectral width of the free-running laser. The (averaged) fitted Lorentzian
width of yio = 59.2(3) kHz (FWHM) is the convolved linewidth of cavity and free running laser. The
cavity linewidth can be estimated from both the FSR measurement and the cavity ring-down finesse
measurement presented above. We obtain ycay = yisr/F = 40.5(4) kHz at a finesse of F = 74 120(660),
see section 4.3.3. Assuming both laser and cavity to have Lorentzian lineshapes, the laser width can
be approximated as Yjaser < Yiot — Ycav = 18.8(5) kHz.! For Gaussian dominated frequency noise the
linewidth estimate is a factor of ~ V2 higher. Laser frequency drifts during the measurement render

this an upper limit of the real linewidth of the free-running laser.

Linewidth narrowing The laser’s spectral width is further reduced via the lock to the ultrastable
cavity, where typically widths of a hundredth to a thousandth of the cavity linewidth below 1 kHz down
to the Hz range [294] are achieved with similar stabilization setups. Missing a second laser we could
not measure the linewidth of the master laser nor of the UV output directly. Using a very similar laser
system (external cavity diode laser + tapered amplifier) at 872nm, we reach a linewidth of < 1Hz,
as described in section 6.5. We give a conservative linewidth estimate of << 1kHz for the master
laser by analyzing the error signal of the cavity lock. We determine the error signal slope around
resonance by a series of linear fits and interpolate from that the frequency range of the in-loop error
signal when locked. With the discussed broadening due to amplifier stages and nonlinear conversion
the UV laser linewidth discussed in section 4.3.3 is therefore conservatively estimated to be <« 16 kHz.
Laser linewidth is estimated to not limit the spectroscopy resolution, but a more rigorous analysis is

recommended for future improvements of the latter.

Lock offset The ISS relies on relocking the laser to the individual cavity resonance, where we
observe a slight offset change in the error signal, that potentially can change the lock point. We
manually correct for this offset by hand before locking, slightly shifting the error signal to zero.
As the true zero is therefore not known, we characterize the effect of these mV-sized offset drifts
via an estimate of the error signal slope and assign an additional 15kHz uncorrelated error to the
frequency determination. We later characterized these drifts to originate from electronic ground loops
in the lock electronics, as we could remove them with the installation of transformers for ground
isolation, as shown in figure 4.8, and by isolating the locking electronics via optocouplers for all

digital communication and by ensuring star-shaped routing of power and ground cable connections.

Light shifts

Probe beam induced off-resonant light shift The atoms are subject to light shifts originating from
the AC polarizability of the ground and excited states of the spectroscopy transition at the probe beam
wavelength itself due to non-resonant coupling to nearby transitions to other atomic levels. Estimating
this shift from theory is challenging, since the AC polarizability as calculated in section 5.1.1 has many

contributions from transitions with so far unknown transition probabilities.

1 Lorentzian linewidths add linearly under convolution.

138
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Probe transition Ground state light shift Excited state light shift
lg) — le) 6V|g)/lsat (HZ/Isat) 6V|e)/lsat (HZ/Isat)
652 1Sy — 6s6p °P; 0.021(1) 0.005(88)
6s6p 3P; — 656d 3Dy -4(80) 0.9(2.8)
65 6p 3P1 — 656d Dy 0.1(4.9) 0.7(1.3)
65 6p 3P1 — 6575 3S; 0.03(2) 0.54(71)

Table 6.3: Off-resonant AC Stark light shifts at the respective spectroscopy probe wavelength. The
error bars are dominated by the uncertainty of the transitions with unknown linewidth
that contribute to the AC polarizability. Here, all in the NIST line database [87] listed
transitions are taken into account, where unknown transition probabilities are assigned a
I' = 27 x 0(100) MHz uncertainty, details can be found in section 5.1.1. The respective
saturation intensities and probe beam wavelengths can be found in table 6.1.

For the 1Sy — 2P transition, the ground state polarizability is dominated by the broad dipole
allowed 1Sy — 1P; singlet transition at 185 nm. Other close resonant light shift contributions, as the
one from the clock lines (1Sy — °P;, J =0, 2) are negligible. For the excited 3P, state, the NIST line
database lists alone 63 transitions in the wavelength range of 200 nm to 300 nm with only a handful
of lines with known linewidths. Using the approximate model for the AC polarizability, interpolating
some transition probabilities as described in section 5.1.1 and calculating the light shift for the bosonic
isotopes at the four given probe wavelengths results in light shifts in the mHz to Hz range as given in

table 6.3.

The so far neglected counterrotating term in the Dipole shift is the Bloch-Siegert shift [220], given
Q? 1

8mwy ~ 167 wqy Isat

as ov = to first order [159]. While this can reach kHz magnitude at strong driving
amplitudes, considering our sub-MHz Rabi frequencies this shift is only on the order of a few mHz
and can therefore also be ignored completely.

An isotope dependence of the off-resonant light shift can only originate from the isotope-shifted
position of the individual atomic resonances the probed level can couple to. Since these lines are
many terahertz detuned, the isotopic variation in the light shift is orders of magnitude smaller than
the shift itself, and we assume this effect negligible. Note that in this calculation we consider potential
shifts originating from polarization-sensitive off-resonant coupling to Zeeman shifted mr = +1 excited

(®P;) states to be small and ignore them.

Probe beam induced on-resonant light shift Driving a two-level system on-resonant, leads to a
dressed state picture of atom + lightfield system, where the two levels are then shifted in their relative
energy by AVQ2 + A (Rabi splitting). While this can lead to line broadening and splitting at large
saturation, only asymmetric steady-state populations of the dressed states would introduce a shift. At

the intensities involved here, we expect potential corrections to be negligible.

MOT beam induced nearresonant light shift In the setting of absorption imaging, light shifts
induced by the MOT cooling beams are switched off by spectroscopically addressing the atoms in free
fall. As we could still record remaining first order AOM diffraction of the MOT AOM when disabling
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6 Isotope shift spectroscopy of laser cooled mercury

the DDS integrated RF switch, we installed a second switch after the RF amplifier that feeds the
AOM. No UV light could be detected on an amplified avalanche photodetector, restricting possible
residual power to <10nW per beam. We ensure to trigger the MOT light switch off slightly before
(~ 3(2) ps) the snubber controlled magnetic gradient field switch off to reduce both atom loss and
residual velocity components of the MOT cloud after release. Any residual light shifts from the MOT

beams are considered common mode and too small to be considered here.

Doppler shifts

Doppler shifts k - ¥ due to nonzero atomic velocity are identified to be the strongest systematics
contribution. While most Doppler shifts originate from MOT dynamics and are common mode for
all isotopes, the mass dependence of an atomic recoil induced velocity by photon scattering can render

this shift to be slightly isotope dependent.

Recoil induced Doppler shifts We observe a linear dependence of the observed resonance frequen-
cies on probe beam intensity of about a?02 = 6v¥0?/ Iprobe = 167(64) kHz/(mW/ cm?) as characterized
for 22Hg and shown in figure 6.8. We assume this shift to dominantly originate from the probe beam
recoil induced Doppler shift and characterize the shift by fitting the asymmetric lineshape model,
equation (6.19), to all data, as discussed above. The linear calibration fit of the detected atomic res-
onance of isotope A’ = 202 is extrapolated to all other isotopes A via their masses m4. The data is

then corrected according to

A A A ma
— Ocay — @lprobe = Ocay — a7 m_A Iprobe » (6.20)

Sy
where the large nuclear masses render the isotope dependency small — about 0.16(6) kHz/amu at
a mean intensity of (/prope) = 0.195(3) mW/ cm?. The intensity Iprobe and its uncertainty are again
extracted from the reference image of the absorption imaging sequence that shows the unperturbed
probe beam, and we average the detected counts weighted by the fitted atom location for all shots
individually. While not necessary for the correction, we benchmark the intensity determination, taking
into account the sensor pixel size and imaging magnification to a diode-based powermeter, which

shows good agreement in the measurement uncertainty.

Doppler broadening The finite temperature of the atomic cloud leads to Doppler broadening of the
line as discussed in section 4.3.1. Following the formula for the Doppler width given in equation (6.17),
it slightly increases the fit uncertainty on the spectroscopy lines, but does not contribute to any shift.
We estimate a Gaussian width of Xp = 27x0.6(2) MHz for typical atom temperatures of 7 = 0.5(3) mK
at the given detuning and MOT beam intensity, which only slightly increases the Lorentzian natural

linewidth with negligible uncertainty contribution.

Atomic motion Non-zero average velocities of the atomic cloud released from the MOT can origi-
nate from power imbalance in the opposing MOT beams and can be further amplified by imperfections
in the beam shape and small misalignments of the retroreflection beam path. To suppress resulting
Doppler shifts, we optimize the cooling light power balance to ensure MOT cloud trajectories are as

straight as possible and follow a free fall behavior, but with only two imaging axes we can not fully
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Figure 6.8: 1Sy — 3P; resonance shift in dependence of the optical beam power of the spectroscopy
beam for four different intensity set points Uy of the probe beam power stabilization.

characterize the complete three-dimensional atom trajectory. From the atom trajectories we estimate
velocities originating from the power imbalance to < 1.5 mm/s and resulting shifts to [6viy,| < 5kHz
and resulting isotope mass dependent contributions to |6vi/?n _— 6vfr‘r; | < 15(90) Hz/amu. Gravity in-
duced velocity of the free-falling atoms is kept low, as the spectroscopy imaging pulse is located as
close to the switch off point as experimentally feasible. Atom trajectories over the temporal duration
of the spectroscopy pulse can lead to downward velocities of up to 100 mm/s, but already small angle
misalignments between probe beam axis and gravity lead to Doppler shifts. With an estimate for the
angle «(probe, gravity) = 90(3)°, this results in [6Vgray| < 20 kHz absolute shift and we assume this to
be isotope independent within our stated uncertainty.

At the given atomic density, collisional broadening and shifts are negligible, contributing only a few
hundred hertz to the linewidth — orders of magnitude smaller than the natural linewidth. Background

gas collisions have an even smaller effect.

Zeeman shifts

Note that the measurement presented here could not yet benefit from the improved magnetic field
control including updated gradient field coils and compensation fields, as introduced in section 4.5.
Instead, the atoms fall in a non-zero residual magnetic gradient field that is induced by eddy currents
in the coil support structure. This dominantly provides a vertical orientated guiding field for the
falling atoms, but as the MOT is not point-like, individual atoms can experience different magnetic
field directions, which defines their quantization axis for light field polarization. Due to the residual
gradient field at the time of the spectroscopy pulse, Zeeman splitting of the excited mr = +1 can shift
the atomic resonance, when the atomic quantization axis is aligned, such that the vertically polarized
probe beam addresses o, transitions. While a perfectly round cloud at the center of a quadrupole field
just broadens the transition, inhomogeneities in the atomic cloud shape can probe different regions

of magnetic field and amplify the shift. We measure only a minor influence of the applied gradient
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6 Isotope shift spectroscopy of laser cooled mercury

field strength on the atomic resonance as shown in figure 6.9.1 As we can observe a slight quadratic
behavior of the data, we analyze both the MOT shape and position of the MOT cloud for varying
field strengths (the latter shown in the figure), but do not find any strong correlation to the observed
shift. Therefore, we attempt a data-driven prediction for the observed shift. We model the influence
of the two mr = 0 — mp = +1 Zeeman shifted transitions on the resonance determination of the
mp = 0 — mp, = 0 magnetic insensitive transition. We numerically compute the sum of the three

Lorentzian lineshapes
Liot(A) = L(A = Ap Begt/N, T) + L(A, T) + L(A + Ap Begr /i, T') (6.21)

for a varying effective magnetic field strengths Beg = m Igaq and determine the resulting signal’s
apparent resonance location (maximum determination). The parameter m models how the inho-
mogeneous cloud spatially samples the gradient field. As only asymmetric addressing of the o.-
transitions lead to shifts of the resonance, we determine the ratio of the experimentally observed
mp = 0 — mp = -1 transition strength A_;/Ao = 1.208(16) and mr = 0 — F’ = +1 transition
strength A41/A¢ = 1.009(17) from the gradient field calibration measurement. Assuming a Lorentzian
linewidth of I' = 27 X 2.157(69) MHz (measured), we obtain the “Zeeman shift model”-labeled reso-
nance shift dependency (blue dashed) as shown in figure 6.9 with only the parameter m being free
in the fit. While the dependency on the gradient field strength is expected — small fields induce less
Zeeman shift of the Amp = +1 transitions which therefore influence the center resonance stronger
until the three lineshapes overlap, resulting in no shift at zero field — the data is not sufficient to
compare the three fit models. In combination with analysis of the MOT position, the model confirms
that, when operating at sufficiently large gradient field strengths, the three resonances are displaced
far enough to be even insensitive to MOT movement within the gradient field.

In the ISS measurement, we load all isotopes at a MOT gradient field of dB/dz = —10.1(1) G/cm
(Igraa = 50 A), while for better contrast of the low atom numbers we probe some of the isotope 1%Hg
MOTs at —16.2(1) G/cm (80 A) instead. Only for “OHg this systematic therefore could contribute
to an isotope dependent shift. We utilize the quadratic model for conservatively correcting all atom
resonances to cavity detunings, according to

St = Oty = @B (grad = Iypoy) + b - (6.22)
For 1°Hg this results in a small shift and a larger added uncertainty of —5(15) kHz in agreement with

the observation and the three fit models.

Drift of the frequency reference

Systematic shift As the cavity spacer is aging, it undergoes structural relaxation which slightly
changes the length of the cavity. As this drift is very well understood and no deviation from a linear

length change is expected, we use the atoms themselves to calibrate the drift. A simultaneous linear

1 As we were not able to measure this dependency on the original gradient coil setup, we simulate the slow
gradient field switch off in the new (not eddy current limited) gradient field coils by analog ramping of the
power supply current via the ARTIQ Zotino DAC controller, reproducing the original switch off behavior, as
measured via fast magnetic field probes.
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Figure 6.9: 1Sy — 3P; resonance shift of 22Hg in dependence of the residual gradient field strength of
the MOT. Each data point is averaged over two consecutive measurements, while the three
different fits — constant (green), quadratic (red) and the Zeeman shift model explained in
the text (blue) are applied to the raw data. The shaded areas indicate 1o~ errorbands. The
inset shows a spectroscopy measurement at a low magnetic field current of lgrad = 25,
where we could still load enough atoms for a qualitative analysis, indicating the three line
amplitudes Ag, Ai1, as used for the Zeeman shift model fit function (blue dashed). No
significant sensitivity to the slight position-dependency of the MOT cloud (bottom) can
be resolved.

fit to the atom resonance to cavity detuning against time

6 = a1 + (504 (6.23)
with a common slope ac,y for all isotopes A resolves and confirms the linearity of this drift. We
show the results of the linear fit in combination with a weighted residual analysis in figure 6.10. Note
that the data shown is adjusted for all other systematic shifts discussed before, the result being a
very good fit quality, as the uncertainty estimates are rather conservative. We extract a slope of
dcay = —0.798(18) Hz/s in the UV frequencies, which corresponds to a drift of —0.200(4) Hz/s in the
IR, which agrees perfectly with the manufacturers’ specification. This results in a maximum absolute

drift of the frequency reference of 1517(34) kHz during the 22 days long IS measurement campaign.

While the fit quality is good, we can identify some outliers and a slight asymmetry in the residuals,
especially considering the 1%Hg data. The outlier pairs at day 11 are shared between %Hg, 1%Hg
and 2?Hg, indicating the presence of a local, not corrected systematic shift at that day. We estimate,

that either a potential multimodality of the master laser diode or a spurious ground-loop induced
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Figure 6.10: 1Sy — 3P; atom resonance to cavity detuning ot data samples for all five bosonic

isotopes (A) taken over the measurement campaign (left column, upper plots). A corre-
sponding simultaneous linear fit of all data with shared slope a accounts for the reference
drift due to ultra-low expansion (ULE) cavity aging determines the resonance frequen-
cies of the individual isotopes via the axis intercepts (0 ). The fit residuals are plotted

against their timestamp (left column, lower plots) and their distribution is shown as a

*(A)

histogram and kernel density estimate (right column) to estimate fit bias.
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electronic DC offset might have influenced the cavity lock error signal. Alternatively, an imperfect
balance of cooling beam power originating from thermal drifts or a human error in positioning an
iris or temporary beam dump in the optical beam path could potentially also introduce these shifts.
As we don’t have any other observable confirming these systematics, we do not exclude the data from
the linear fit. Determining the atomic number and resonance for 1%°Hg is particularly challenging
due to low atomic densities — see figure 6.7. Consequently, this dataset exhibits the most pronounced
asymmetry in the weighted residual distribution. Furthermore, the constant offset fitted to the spec-
troscopy data shows the largest variation across the entire dataset in this case, since the contrast of
the far-detuned spectroscopy signal is too low to reliably extract atom numbers. The fit uncertainties

stated below take into account all of these deviations in a symmetrized error bar.

6.2.4 Results

Atom resonance to cavity detuning We use the combined linear fit of the cavity drift, equa-
tion (6.23), to remove the remaining systematic from the data. The y-axis intercept provides us directly
with the averaged atom resonance to cavity detuning (6;(‘;4 Y They are given including their total un-
certainty estimates and their correlations in table 6.4. We determine the cavity to atom resonance
detunings down to 16 kHz, about a hundredth of the observed linewidth.

The correlations indicate that parameter estimates are mostly independent, with expected negative
interaction between the shared slope and the individual intercepts. The fit parameter confidence
intervals were analyzed via the kafe2 python toolbox’s [295] contour profiler, which interfaces the
Minuit2 C++ library maintained by the CERN ROOT team [296]. Here, nearly round confidence
interval ellipsoids indicate good parameter estimates with small correlations and no signature of
parameter bias.

Subtracting the time dependence of the frequency reference from the atom cavity detuning, the full

systematic shift corrected frequencies then reads
*(A)

— Ocay - alprobe — 4B (Igrad - Ig(?zzd) —-bp — dcavt. (6.24)

6*(A)

cav

Averaging Set taking into account all systematic uncertainties and their correlations, we obtain the
same results and uncertainties as given above. The shift-corrected 6(;(;4 ) are chosen as the horizontal
axis in figure 6.7, so that the displayed spectroscopy data is adjusted from all systematic shifts and the

resonances visually align with each other.

Isotope shifts Taking into account all correlations via the variance-covariance matrix we can com-
pute the IS following equation (6.14). We obtain the values listed in table 6.5 for all combinations of
isotopes. The gradient of the shift of isotopes — the relative shift between isotope pairs (A, A +2) —
is 4.872888(17) GHz averaged over all isotope pairs considered here and increases from the light iso-
topes upwards. The exception being the heaviest isotope pair’s shift §v24=202_ that sits the closest to
the neutron shell closure and is most sensitive to onsets of nuclear deformations (NDs), as discussed
in section 2.1.2. We resolve the IS to about 2% to 3 % of the natural linewidth, dominated by systematic
uncertainties and therefore provide a new potential benchmark for nuclear structure theory [77]. The

combined systematic and statistical error are smallest for the best resolved isotopes 1“*Hg and 2*’Hg
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with 22kHz of total uncertainty and increase to over 40 kHz for less resolved pairs. We analyze po-
tential bias by computing the correlations, which we are also given in table 6.5, for simplicity reduced
to ¥ Hg as a fixed reference isotope. We identify weak positive correlations between the ISs, as they

are subject to the same systematic corrections.

Comparison to literature We compare our spectroscopy results to experimental literature data
[168, 172, 285, 297] (where available) and theoretical predictions [289] as shown in figure 6.11. While
our values mostly agree with the older optical spectroscopy data from 1963 and 1977 within their
error bars [168, 297], our uncertainties are more than two orders of magnitude smaller and only a
comparison to the more recent Dopplerfree absorption spectroscopy data in Witkowski et al. [172]
and Gravina et al. [285] gives more insight. Therefore, we show the ISs with respect to 2"’Hg,
as Gravina et al. [285] probed A = 200 and 202 only. We observe a slight 20-deviation in the
19%Hg to 292Hg IS with respect to Witkowski et al. and a stronger > 30-deviation with respect to

A <6*(A)> (kH ) acav cav cav cav cav cav
v VA

@ eav 1.00  —0.32 -0.36 -0.03 -0.33 -0.04
132 gg gg; Sgg(? (X9 939 1.00 0.12 0.01 0.11 0.01
(17) (6x198)y .36 0.12 1.00 0.01 0.12 0.02
ggg 13 i’gz é(l)g(i’é) (6X20y 0,03 0.01 0.01 1.00 0.01 0.00
(16) sx(202y .33 0.11 0.12 0.01 1.00 0.01

204 4891327(32) (Ocay ) 0. : : : : :
(6X20y .04 0.01 0.02 0.00 0.01 1.00

Table 6.4: 1Sy — 3P; atom resonance to cavity detuning and associated correlations (including the
shared slope parameter ac,,) as extracted from the simultaneous linear fit, as given in
equation 6.23 and shown in figure 6.10. The given uncertainties are the combined systematic
and statistical error bars originating from the analysis above.

svA~4A" (kHz) A’
A 196 198 200 202
196 0(0)
198 —4179946(30) 0(0)
200 —-8985462(41) —4805516(36) 0(0)
202 —-14281170(30) —10101 224(22) —5295708(35) 0(0)
204 -19491 551(42) —15 311 605(36) —10 506 089(45) —5 210 382(36)

6V196—198 5V200_198 6v202—198 6V204—198

5V196—198 1.00

§5y200-198 99 1.00

5y202-198 () 38 0.34 1.00
§y204-198 99 0.22 0.33 1.00

Table 6.5: ISs on the 1Sy — 3P; transition extracted from spectroscopy (top) and associated (sym-
metric) correlation matrix (bottom). Uncertainties represent the combined statistical and
systematic uncertainty of the analysis. For simplicity the correlation matrix is shown for a
fixed reference isotope A’ = 198 only.
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Figure 6.11: Comparison of our 1S, — 3P; ISS data (diamond, black) compared to other experimental
literature values [168, 172, 285, 297] (point) and theory prediction [289] (square, brown),
where data is available. The subplots show the zoomed in IS deviation with respect to
our experimental data.

Gravina et al.. As uncharacterized systematic shifts can be present in both the gas cell Doppler free
absorption spectroscopy and our cold atom IS measurement, future measurements are required to
find an explanation for these deviations. We suggest a spectroscopy interrogation of laser cooled
Hg atoms loaded to the ODT as an option to cross-check these measurements. The theoretical
predictions of ISs from multiconfiguration Dirac-Hartree-Fock calculations in Schelfhout et al. [289]
has no specified uncertainty and our IS data agrees only approximately. We deviate 270 MHz for
WiHg up to —704 MHz for 1%°Hg, which is not surprising, as electronic structure calculations for
heavy elements are not expected to predict atomic line frequencies to much better than 1%. No
comparison for the Hg IS can be made, as to our knowledge the here obtained value represents

the very fist measurement of the IS of this low abundant species.

6.3 Spectroscopy on °P; — 3D, (J = 1,2)

As discussed in section 6.1.3, the previous experimental section focused on probing a transition
involving the 1Sy ground state due to its sensitivity in probing nuclear structure via the FS. Building
on this, we will now consider the Doppler-allowed 6s 6d °P; — 6s 6d D, lines with J = 1, 2 that do not
involve S-states. As we will discuss in more detail in section 6.4 on KP analysis, this approach provides
complementary access to different F'S-sensitivities and serves as a useful reference for isolating state-
dependent KP-nonlinearities.

For the spectroscopy on the two I'/(271) ~ 9MHz broad lines at around 313 nm, connecting the

147



6 Isotope shift spectroscopy of laser cooled mercury

excited state *P; of the laser cooling transition to the 3Dy states, we probe the atoms by depleting the
MOT atom numbers via probe light at the spectroscopy line resonance. The spectroscopy scheme is
illustrated in figure 6.2. The individual mercury isotope is magneto-optically trapped on 1S, — 3P,
which pumps a small percentage of the atoms to the excited ®P; state depending on MOT beam
intensity and detuning.! Due to exposure to nearresonant probe light atoms can then be excited to
the 3Dy state, that has a lifetime of about 8(2) ns — see table in figure 6.2 — and exhibits three (J = 2) or
four (J = 1) distinct decay channels. The branching ratios let about 60 % of the atoms directly decay
back to the P; and the rest to the singlet and triplet states in the 6s 6p-shell [01]. At the level of the
probe beam intensity (typically we use sy < 0.01), decay to *P; is dominated by spontaneous and not
stimulated emission and atoms on this path are quickly broad back into the MOT cycle. Atoms that
decay into the singlet 1P; state also mostly remain trapped, as its lifetime is very short. The very long
lifetime of the metastable triplet 3Py and 3P states makes atoms transparent for the MOT cooling
light and therefore leads to atom loss. The latter can be detected by a reduction of fluorescence counts
on the 3P; — 1S transition, we typically reach a contrast of about 35 % as shown below.?

We initially planned the spectroscopy pulse to act in free fall after releasing the cooled cloud from
the MOT, which both allows for reducing the light shift due to the MOT cooling beams? and strong
suppression of Zeeman shifts, when also deactivating the magnetic gradient fields. For this purpose,
we also chose the spectroscopy beam axis along the horizontal plane of the chamber and carefully
align its polarization orthogonally to it. With the installed vertical magnetic guiding field coil pair,
this allows addressing of n-polarized and magnetically insensitive mr = 0 — mp, = 0 transitions.
Atoms can then be spectroscopically addressed in a 1 ms to 5 ms time window after the switch off of
the MOT cooling light.

We can either detect them by absorption imaging in free fall (fing ~ 150 us short exposure) or by
recapturing the atoms within the MOT and imaging them by fluorescence as scattered from the cooling
light beams. The option of fluorescence detection introduces a slight isotope abundance dependent
atom number background by reloading atoms from the background gas. It however allows for much
longer camera exposure times (fexp = 1ms to 100 ms) and much higher photon collection counts,
which increases the signal drastically and improves signal-to-noise. We therefore found this imaging
scheme to be advantageous over absorption imaging for spectroscopy signal generation, which also
pushed the installation of the second camera system, see section 4.4, forward.

While we could successfully test the overall spectroscopy scheme for the two most abundant bosonic
isotopes (2"?Hg, 1%Hg), the lack of sufficient 313 nm laser power at the location of the atoms strongly
limited the removal of atoms from the MOT and therefore also the signal contrast. This was mainly
constraint by the bad diffraction efficiency of the spectroscopy AOM double-pass setup, described be-

low, which we required to avoid a frequency-dependent movement of the spectroscopy probe beam. A

1 Following equation (4.5) given a saturation parameter of ~ 2.5 to 3.0 per MOT beam and a typical MOT
detuning of A = =5T" to —15T’, optimized for high atom numbers, we obtain a steady-state excited state popula-
tion of pee = 2.0(1.1) %. 2 Collecting 313 nm fluorescence instead could be a valid alternative measurement
scheme, as the scattering rate is also enhanced by the much broader line. At the time, however, we did not have
a suitable spectral bandpass filter to remove the MOT pump light from the camera, so we ignored this option.
3 Note that optical pumping to the excited >P; state always requires some form of light field at 254 nm, but
choosing a slightly weaker pump beam with well-defined polarization and respective magnetic quantization field
axis would allow addressing magnetically insensitive transitions and improved control over the light shifts.

148



6.3 Spectroscopy on °P1 — 3Dy (J =1,2)

single-pass setup leads to frequency-dependent beam pointing causing deformation of the spectroscopy
lineshape, as the depletion scheme is much more sensitive to probe beam intensity compared to the
ISS scheme via absorption imaging on the intercombination line. We estimated that this limitation in
probe pulse intensity would not allow detection of the less abundant isotopes, where limited signal-
to-noise requires much larger spectroscopy contrasts. Note that at the time of the ISS measurement
campaign, the setup was still limited by the extended eddy current induced switch off time of the gra-
dient coils, which slightly reduces the advantages of the scheme. We will revisit the originally planned
measurement sequence, including further already implemented upgrades to the machine that removes

the need for a double-pass AOM setup, in the outlook of this chapter, see section 6.5.

Due to the technical limitation at the time,! the data presented in the following originates in our
first attempt of resolving the ISs of all bosonic isotopes based on a measurement scheme were we
expose the laser cooled atomic cloud during MOT operation. The corresponding sequence is shown
in figure 6.12. We load atoms in the MOT for a loading time? of f1,,q = 3s and then expose the
atoms to the spectroscopy light at 313 nm for #;pec = 150 ms and collect the 254 nm fluorescence on
the charge-coupled device (CCD) camera.? The spectroscopy probe beam is vertically polarized and
propagates along the y-axis of the vacuum chamber, as defined in figure 3.7. At the beginning of the
sequence, a background image is recorded with cooling/pump beams but without MOT atoms. These
fluorescence counts are subtracted from the spectroscopy image data to account for drifts in optical
power that determine stray light contributions.

The here presented data is the result of two about 9h long measurement campaigns, where we
iterate between the isotopes, each probed about 20 times.* Different to the 1Sy — 3P; spectroscopy,
we step the AOM probe beam frequency in small steps from red to blue detuning of the line, we will

discuss the systematic shifts originating from this technique below.

t
motpme | |

«————— tg ~ 35 —m8m8m > <« ter ~ 100ms —>
gradient / -t \
field
<« topec ~ 150 pus » <« topec ~ 150 pus »
spectroscopy
aom -—

camera

Figure 6.12: Sequence timing of the 313 nm spectroscopy measurement. The timing is not fully to
scale, as indicated by the dashed lines.

1 We lost both the source chamber and vacuum in the main chamber due to a power outage soon after and
could not yet attempt a new measurement. 2 This was a compromise of sequence duration and most efficient
MOT loading. The characteristic 1/e loading time was 7 = 3.5(2) s at the given background pressure and
peak atom numbers are therefore only reached after about 15s. 3 To not collect 313 nm fluorescence in
the process, a narrowband spectral filter (Newport 10MLF10-254 Mercury Line Bandpass Filter, 253.7(3.0) nm
center wavelength, 11(3) nm FWHM) can be installed on the CCD camera. We estimate the blocking band
around 313 nm to be OD > 8. Note that the measured transmission of 19(1) % at 253.7 nm however reduces the
collection efficiency of MOT fluorescence. ~* We filter out data when the laser fell out of lock due to acoustic
disturbances.
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6 Isotope shift spectroscopy of laser cooled mercury

6.3.1 Laser system at 313 nm

The UV light for *P; — 2D, spectroscopy is derived from the infrared by fifth harmonic generation
via three consecutive nonlinear conversion stages. The fundamental frequency v is converted towards
the red via second-harmonic generation (SHG), the resulting photons via sum frequency generation
(SFG) to the green and then again via SFG to the UV:

SHG SFG SFG
v —_— (v,2v) E— (v,2v,3v) _— (v,2v,3v,5v) = 5xv (625)
2xv v+2v 2v+3v

This system was first set up within the group in the master thesis of Maya Biiki [298] for precision
spectroscopy of the intercombination cooling transition (!Sy — 3P;) at 308 nm and the clock transition
(!Sp — 3P;) at 310 nm of atomic zinc, reaching about 0.5mW in the UV. This promised probe beam
intensities of up to sg = I/l = 0.40(18) for the here considered transitions, that are given in table 6.1.
Here, we assume a beam waist of 1 mm and an AOM diffraction efficiency of 50 %. Providing more
than enough for ISS, we decided to convert the system to work at around 313 nm. More details on the
first implementation including results on laser spectroscopy of zinc can be found in reference [299].
More details on the individual frequency conversion stages for creation of 313 nm light discussed
below can be found in the master thesis of Felix Affeld [91].

The full optical setup of the laser system and IR and UV frequency control for spectroscopy is
shown in figure 6.13. We replaced the fiber seed laser with limited tuning range by a tunable, narrow
linewidth external-cavity diode laser! operating in the telecom C band at around 1565 nm. The master
laser providing < 45 mW is fiber coupled (FC) and separated using a beam splitter (BS) into two paths.
One for stabilization to the ultrastable cavity setup presented in section 4.3.3 and described below

and one to seed an erbium-doped fiber amplifier? (FA) that amplifies the laser power up to 17.5W.

Second harmonic generation to 782 nm We use a 5% magnesium doped periodically poled
lithium niobate LiNbOj3 crystal (MgO:PPLN)3 for SHG to 782.5nm. The periodical structure and
resulting nonlinear coefficient of the PPLN nonlinear crystal allows to circumvent limitations of nor-
mal birefringent phase matching (e.g., via angle and temperature tuning) for the two pump and the
converted photon by quasi-phase matching. The change of ferroelectric domains within the crystal of
poling period A simplifies the phase matching condition to Ak = kg, —2Xxk, —271/A ~ 0, which allows
maintaining an optimal phase relation between input v and generated photons 2 X v throughout the
crystal and extends the range of wavelengths that can be efficiently converted over classical nonlinear
crystals in bulk form. The crystal features nine periodically poled 0.5 x 0.5 mm? wide gratings with
poling periods between A = 18.5 um to 20.9 um separated by regions of unpoled material and allows
for a broad spectrum of fundamental wavelengths for SHG conversion.

A lens (L) focuses the beam to about wy ~ 37 um, which we found to be optimal for conversion
efficiency, agreeing with the prediction from the Boyd-Kleinman SHG theory, L/(2zg) = 2.84 with
L = 40.0(5) mm the crystal length and zg = 7 w3/ the pump beam’s Rayleigh length [300]. We
find that adjusting the focus to the front end of the crystal gives us best efficiency illustrating the
waveguide-like structure of the crystal structure. All focussing lenses (L) are mounted in adjustable

lens tubes and the crystals are positioned with the help of a five axis pitch, yaw, and translation stage

1 Toptica DLC DL Pro. 2 NKT Photonics Koheras BOOSTIK HP. 23 Covesion MSHG1550-0.5-40.
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Figure 6.13: Optical setup of the laser system for spectroscopy of the *P; — 3D, (J = 1,2) lines
generated by fifth-harmonic generation (bottom), its frequency control in the infrared at
1565 nm (top left) and in the UV at 313 nm (top right). For a detailed description see the
main text.

for optimizing coupling and phase matching.

We work in a type 0 phase-matching configuration where the input polarization of the pump beam
(optimized by rotating the fiber coupler) is identical to that of the generated second harmonic.
The crystal is enclosed in an oven! for temperature control and stabilization to <0.1K. Using the
A = 19.7um poled crystal channel and adjusting the crystal temperature to 50.8(1) °C, we obtain
a conversion efficiency of up to neony = Pay/ (P?, L) = 0.56(5) %/(W cm), which drops to about
0.40(5) %/(W cm) at full power. The converted light power follows the expected quadratic power
scaling as shown in figure 6.14. This gives us approximately Py, = 4.9(5) W of power at 782 nm and

has been shown to be very stable over long timescales.

1 Covesion PV40.
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6 Isotope shift spectroscopy of laser cooled mercury
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Figure 6.14: Conversion efficiency in the three nonlinear crystal frequency conversion stages of the
313 nm laser system. The power of the second-harmonic generation process Py, (left) and
of the two sum frequency generation stages to third harmonic into the green P3, (middle)
and fifth harmonic into the UV Ps, (right) are shown with respect to the infrared pump
power P,,. The solid curves show the expected Py, o P%, P3, P?,, and Pj5, « Pi scaling
laws, as fitted to the data (black data points). The significant deviation for higher infrared
power (gray data points) is related to the green-induced infrared absorption (GRIIRA)
effect, as explained in the text. All data and the photo of the UV beam profile are taken
from reference [91].

Sum frequency generation to 522 nm For focussing and re-collimating converted and unconverted
light, we use achromatic doublet lenses (aL) in all conversion stages. The second stage is also based
on a MgO:PPLN waveguide crystal! of L = 40 mm length and same poling grating arrangement as in
the first stage. From the nine gratings with A = 6.00 um to 8.36 um sized domains, we find the best
quasi phase matching conditions and best conversion efficiency at A = 7.10 um.

Sum frequency generation efficiency in PPLN at the desired wavelengths is strongly limited by
effect of green-induced infrared absorption (GRIIRA) of crystal defect induced polarons and thermal
effects [301]. To minimize these losses and avoid damage to the crystal, we reduce the power of the
infrared light using a set of statically mounted dichroic mirrors (DM) in long-pass configuration and
a combination of half waveplate (1/2) and polarization beam splitter (PBS) cube. The latter are set
up in kinematic mirror mounts to allow realignment of the 1565 nm beam to the 782nm beam and
efficient in-coupling to the SFG crystal.

Calibrated photodiodes (PDs) monitor the power of both infrared laser beams and the 782 nm light
is fiber coupled to a single mode fiber for wavemeter readout? that allows for quick localization of the
atomic resonances of the mercury isotopes. For SFG we focus into the five-axis stage-mounted and
temperature controlled crystal to a waist of about 58(5) um for the idler at 1565 nm and 49(5) um for
the signal wavelength at 782 nm and find optimal crystal temperature around 55 °C.

The discussed losses in the second conversion stage lead to a diversion from the expected scaling law
P3, o« P3 starting around P,, = 10 W of infrared input power and limit the overall conversion efficiency.
The efficiency of neony = P3yv/(Py Poy L) = 2.7(2) %/(W cm) for low input power reduces to about
0.45(6) %/(W cm) at maximum input power, P, = 17.5W. The latter gives us up to P3, = 1.5(1) W

of optical power in the green for conversion to the UV.

Sum frequency generation to 313 nm Conversion to 313nm is performed by SFG of the near-

infrared 2 v and green 3 v light in a beta barium borate (BBO) crystal. We use a bulk crystal instead

1 Covesion MOPO515-0.540. 2 HighFinesse WS8-10.
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6.3 Spectroscopy on °P1 — 3Dy (J =1,2)

of PPLN for its wide transparency range from ~ 190 nm to 3500 nm and strong birefringence. This
allows us to use type I phase matching between idler, signal and generated photon kyy + K3y = K.
For this we use a crystal with a cutting angle of 38°, which results in an extraordinary polarized
output beam orthogonal to the vertical polarized pump fields. The crystal is housed in a self-built
temperature controlled box that also acts as dust protection, as especially the UV light attracts dust
by photoelectric charging of crystal surfaces.!

We focus the input beams to a waist of about 14(2) um at 782 nm and 18(3) pm at 522 nm. This gives
us about P5, = 0.8(1) mW of 313 nm light at a crystal temperature of about 60 °C, which is slightly
more efficient than demonstrated in reference [299]. The UV laser light is separated by a Pellin-Brocca
prism (PBP), after which a set of cylindrical lenses corrects for the elliptical beam profile — see the
inset in figure 6.14 — that forms due to the spatial Poynting vector walk-off of the UV light in the

nonlinear crystal (< 3°).

Laser lock The full frequency conversion laser system was transferred to a small footprint optical
breadboard that can be enclosed for laser safety and dust protection, which makes the overall system
easily transportable. The fiber coupled external-cavity diode laser (ECDL) master laser sits on a
separate optical table close to the cavity lock setup, the latter explained in section 4.3.3 and shown in
figure 4.8. The 1565 nm laser is split in a fiber BS that feeds fiber amplifier and cavity lock. Identical
to the 1016 nm stabilization, we employ a fiber-coupled EOM? (fEOM) for Pound-Drever-Hall (PDH)
sideband generation at fpqn ~# 11 MHz and for offsetting the laser system from the cavity resonances
by + feom to address individual isotopes spectroscopically.

We ensure that the two cavity locks are not affecting each other by observing the error signal in
presence and absence of the other laser light and compare the free spectral range in the locked state.
Thermal affects are avoided by sending only 100 uW to 150 uW of total optical power (fundamental
+ shifted carriers + sidebands) to the cavity. To address this, we introduce a fiber attenuator between
fiber BS and EOM (not shown), which also helps to suppress any unwanted backreflections into the
ECDL, as the latter is not equipped with an optical isolator. Only about 43 % of the modulated light
is typically at the EOM sideband corresponding to the carrier shift f.om that is locked to the cavity
(at an optimized modulation depth of Beom = 1.841). The electronic setup is very similar to the RF

circuit of the 1016 nm lock as shown in figure 4.8, and we reach comparable lock performance.

313 nm spectroscopy setup To prepare the 313nm spectroscopy light for the atoms, we focus
the beam using a telescope and adjust the polarization to the vertical for a double-pass AOM setup.
Similar to the 254 nm setup, the double-pass AOM diffraction efficiency is again strongly limited by
the large polarization sensitivity due to crystal birefringence. The single-pass efficiency achieved for a
beam waist of 35 um drops from about 50(1) % for s-polarized light to about 11(2) % for p-polarization
[91, p. 66, Figure 7.17]. In contrast to the 254 nm setup, however, here we separate the outgoing and
returning beams via the polarization. A calibrated photodetector monitors the spectroscopy beam (=
second AOM order) intensity. A telescope adjusts the beam size to 911(10) um in the horizontal and
1154(10) pm in the vertical direction. A periscope brings the beam up to vacuum chamber height.
The 313 nm light is superimposed with the circularly polarized MOT light along the y-axis of the

1 At the very small UV powers involved here, we do not observe any degradation of the crystal surfaces due
to solarization. 2 JenOptik PM1550.
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6 Isotope shift spectroscopy of laser cooled mercury

vacuum chamber via a high-reflectivity 254 nm UV fused silica mirror acting as a dichroic mirror
(T =~ 80% at 313 nm). Stepping the AOM frequency allows probing the lineshape of the transition. We
typically scan the RF synthesizer by +30 MHz around the AOM frequency that optimizes diffraction
efficiency (around 217 MHz), which corresponds to a span of 120 MHz at the location of the atoms,
enough to probe the about 10 MHz to 15 MHz wide lines. We keep the spectroscopy beam intensity
approximately constant over the frequency range by a repeated calibration via the photodetector and
a look-up table for the RF power required for each spectroscopy frequency. Dominated by the bad
double pass efficiency this overall limits the probe beam power to just 30(5) yW at the location of the
atoms. Note that moving the laser frequency via the laser lock offset to the cavity using the EOM,
as was done for the MOT cooling beam (see the outlook in section 4.8), was not yet possible at that
time. The PLL VCO frequency generator! used for EOM carrier shift generation did not allow for

continuous frequency sweeps without losing the cavity lock.

6.3.2 Frequency reference

As described above, the spectroscopy laser is again stabilized to the ultrastable cavity, with the IR
master laser offset from the cavity resonances by the carrier shift EOM frequency feom. With the
UV laser being derived by the fifth-harmonic and given the double-pass AOM setup, that shifts the
spectroscopy probe beam frequency by 2 f,om, the atom cavity detuning is given by

Ocav = Vprobe — 5 Vcav,0 = 5 (icav Ofsr £ feom) + 2 faom - - (6.26)

Here, + again denotes the sign of the EOM sideband used for locking and i,y € N the cavity resonance
index. For the spectroscopy on °P; — 3D, (J = 1,2) the ISs are on the order of 350 MHz, which
allows to reference all measurements with respect to a single cavity resonance line i.,, = 0 with sign
—1. This removes the dependency on the cavity free spectral range. ISs can then again be obtained
by equation (6.14) taking into account all correlations between observables.

For absolute frequency measurements of the atomic resonances of the different isotopes, the waveme-
ter recording of the second-harmonic v7g9 = 2X v (located at around 782 nm) of the master laser can
be utilized. Taking into account the fifth-harmonic generation process and the double-pass AOM, with
the spectroscopy beam probing the atomic resonance v* at an AOM frequency of £, the following
relation holds

V¥=5vIR+2 fiom = (6/2) vise + 2 [ - (6.27)

6.3.3 Spectroscopy

The experimental sequence described above computes and stores the background corrected fluores-
cence counts with their associated AOM and EOM frequencies and a combination of three reference
images at the beginning, end and location of minimum atom number of the sequence. An exemplary
dataset including all systematic uncertainties, that are discussed below, is shown in figure 6.15 as a
function of the cavity detuning. The lineshape model used for extraction of the resonance frequency
from a nonlinear fit will be discussed below. All spectroscopy curves for all isotopes recorded during

this measurement campaign are shown in figure 6.16 and figure 6.17, respectively.

1 Rhode & Schwarz SML-02.
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Figure 6.15: Exemplary data for the spectroscopy of ?*?Hg via MOT depletion on the *P; — 3D;
line. Each data point is the result of the spectroscopy measurement sequence shown
in figure 6.12 for various spectroscopy AOM frequencies. The inset shows a false color
display the atomic fluorescence as collected by the CCD camera at the respective atom
cavity detuning, indicating the depleted MOT atom number on resonance. The fit model
is defined in equation (6.31). Note that both the fluorescence counts and the fit residuals
include horizontal error bars, that are smaller than the data points.

Lineshape

For determination of the lineshape we do not need to consider the full level spectrum that is involved
in the excitation process, as shown in figure 6.2. Instead, we assume N(f) atoms at given time ¢ to be
cycled on the 1Sy — 3P; transition, pumped by the MOT beam and detected via their fluorescence

during the imaging pulse.

Assuming the atom loss during spectroscopy to be dominated by spectroscopy light the atom loss
rate in dependence of the spectroscopy line detuning A is given by
r 1
2

Rioss(A) = Bloss 7 ————— »
loss (A) = i T+ @A)

(6.28)
where I', A are the linewidth of and detuning to the 3P, — 3Dy transition. By is the fraction of
atoms in the 3D state that get lost into the metastable states 3P, and 3Py. For now, we assume the
regime of low saturation (sp < 1) for the spectroscopy beam and ignore any Doppler broadening of

the atoms. The number of atoms after time 7 can then be determined from

dN
5 = RN = N() = Nye Res(D1, (6.29)

The fluorescence flux recorded by the camera is directly proportional to the atom number. From

equation (4.19), the total fluorescence counts in the probe beam and camera exposure time interval
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6 Isotope shift spectroscopy of laser cooled mercury

[0, fexp] is then given by

Lexp

o (A) = €ge —~ /dt N(t)

= €qe @ O-—I L (1 — e_Rloss(A) lexp) (630)
4 Q E, Rioss (A)

=no [1+(2A/T) [1 ~ exp (_H(;W” :
Here, we introduced ng as the background fluorescence count in absence of spectroscopy light and a
describing the amplitude of the resonance dip.

We observed a small linear temporal drift of the atom number during the long measurement se-
quence due to instability of the 254 nm laser power, that was not yet stabilized for the spectroscopy
measurements presented here. As the AOM frequency is scanned linearly in time, we incorporate this
drift into the resonance fit by introducing a linear background of slope s, ng + s A. This modifies the

fit function to

Hiwo(A) = (g + 5 - A) [1+(2A/T)?] [1 — exp (—m)} . (6.31)
We characterize the MOT atom number in absence of spectroscopy beam exposure over time, the
result of which confirms this observation. In a numerical study we fit the data with fixed positive
and negative slopes of varying amplitude to study potential systematic shifts originating from this
drift. Following this we conservatively add a systematic uncertainty of 70kHz to the total uncertainty
budget.

We tested various fit models including pure (inverted) Lorentzian, Gaussian and Doppler-broadened
Voigt profiles, which did not shift the resonance significantly, but decrease the fit quality. Comparing
the residuals especially in the wings confirmed our choice for an exponentially-modified Lorentzian,
as derived above. We also extended the loss rate, equation 6.28, to a Voigt profile. However, this
introduces strong correlations between the increased number of fit parameters, as observed in a
contour plot analysis. Furthermore, it tends to overfit the data, which is already bounded by quite large
systematic uncertainties. An exemplary dataset for the spectroscopy of 2OQHg-atoms on 3P; — 3Dy is
shown in figure 6.15 as a function of the atom cavity detuning d.,y defined above. The spectroscopy
beam detuning A in the fit model, equation (6.31), is then written as A = 27 (§cay — 03y,), Where 67,
denotes the resonance detuning with respect to the reference cavity line. The dataset already includes

all systematic error corrections that will be further discussed below.

6.3.4 Systematic shifts and uncertainties

An overview of all systematic shifts and rough uncertainty estimates is given in table 6.6, the true
systematics are computed for and applied to every individual data point including their correlation.
They again contribute to the uncertainty budget of the atom cavity detuning frequencies (52;(;4 ) ei-
ther via an uncertainty in the probe beam frequency vpobe, via a shift or uncertainty in the atomic
resonance frequency v*(4), or via atom number uncertainties that propagate through the nonlinear

fit. We again characterize and remove these systematic corrections by calibration measurements and
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Figure 6.16: 3P; — 3D; spectroscopy data incorporating all systematic shifts and uncertainties.
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Figure 6.17: P; — 3Dy spectroscopy data incorporating all systematic shifts and uncertainties.
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theory input, as discussed in more detail below. For some of the uncertainties and shifts we follow

the derivation of the 1Sy — 3P; spectroscopy systematics given in section 6.2.3.

Systematic Correction Estimated shift (MHz) Source
Light shift OViight (Amot> Pmot) 3.90(17) MOT beam power.
-0.56(81) + and detuning induced.

Zeeman shift ap0,B +bp 0.00(22) Residual gradient field.

Probe recoil 0Vprobe 0.00(15) Photon recoil induced
Doppler & Zeeman shift.

Reference drift a£§33) t 0.026(1) Cavity aging/relaxation.

Probe frequency +A forobe 0.000(15) Laser & cavity linewidth
and lock offset.

Atom number fluctuations +AN 0.000(70) MOT beam pointing

and power drift.

Table 6.6: Uncertainty budget for the 3P; — D ISS. Uncertainties are given as shifts to the atom cav-
ity detuning Sl either direct in a frequency uncertainty or indirect via the atom number.
All shifts and uncertainties are conservatively approximations only, as their contributions
to the total uncertainty cannot be fully isolated via the pull-method. The specified uncer-
tainties in the result section can therefore be smaller than the sum of contributions given
here. 1 = only for 1%Hg. Explanations to the individual contributions can be found in the
text.

Laser linewidth & lock offset

We use the same tools to estimate the probe beam laser linewidth and lock offset as in the 1Sy —
3P, spectroscopy. While we here frequency convert to the fifth harmonic in three successive steps,
the expected free-running laser linewidth is expected to be similar, as the laser noise sources are
comparable — ECDL amplified by a fiber amplifier and successively frequency converted to the UV.
The cavity lock shows to be much less affected by direct current (DC) offset drifts, and we do not have
to correct for any changes during the measurement. We conservatively estimate a total uncertainty of
0(15) kHz.

Broadening mechanisms

Following equation (6.17), we estimate a Doppler broadened Gaussian width of I'p = 27 x 0.5(2) MHz
for an atomic cloud temperature of 7' = 0.6(4) mK, which only marginally increases the fit uncertainty
on the spectroscopy lines, but does not contribute to any shift.

Pressure broadening and shifts are estimated to be negligible here [91]. In reference [302] the nitro-
gen pressure induced shifts of the 1Sy — 3P line in a spectroscopy cell is estimate to —2.54(2) MHz/torr
and the broadening to 9.01(4) MHz/torr. This effect is therefore strongly suppressed at the atomic
density and background vacuum pressure present here [91]. We assume Hg-Hg collisional broaden-
ing and shifts to be negligible as well, also following the estimation in section 4.3.1. Transit time

broadening is estimated to be I'r ~ 27 X 125 Hz.
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Figure 6.18: °P; — 3Dy (J = 1, 2) resonance shift in dependence of the detuning of the MOT operated
on the 1Sy — 3P; transition. The detuning is extracted from a separate absorption
imaging spectroscopy following the methods in section 6.2 and the resonance shift is the
fit intercept corrected atom resonance to cavity detuning as extracted from a exponential
Lorentzian fit, as described above. The two datasets (J = 1,2) show a very similar linear
behavior, we therefore average the fitted slope for further analysis.

MOT beam induced nearresonant light shift

Light shift induced systematic shifts originating from the near resonant MOT cooling light is analyzed
in dependence of MOT beam power P and detuning Ap,. We measure the resonance shift on both
lines for varying Pmot, Amot repeatedly The former is monitored via a calibrated photodetector and
the latter determined via absorption imaging spectroscopy on 'Sy — 3P; following section 6.2. Two
measurements are performed, one for varying power at fixed MOT detuning and one with varying
detuning at fixed MOT beam power. The results are shown in figure 6.18 and 6.19, from which we

extract a linear dependency on both parameters.

For the MOT detuning dependency we find that two independent linear least square optimizations
are both compatible with a fitted slope ax = 0.502(7) MHz/MHz. This motivates that the observed
light shift is strongly dominated by the shift of the 3P state by nearresonant coupling of the only a
few linewidths detuned MOT cooling light. Off-resonant coupling to the 3P and °Dy (J =1, 2) states,
as shown in table 6.3, are not expected to contribute significantly to the observed light shift or to shift
independent of wavelength for the small range compared here. We therefore fit the dependency on
the MOT cooling beam power with a shared slope linear model, as the 3P; — ®D; data showed a
rather noisy outlier at 5.3 mW of reference beam power. We obtain ap = 43(7) kHz/mW of resonance
shift with respect to the monitored MOT reference beam. Note that for all measurements here, the

detected atom to cavity detuning was corrected by the drift of the cavity lines as described below.

As we observe linearity in Pyt and Apot, we model the observed light shift, following equation (5.3),

as a small linear change in the polarizability a(A) ~ @¢ + a, A, such that the observed 3P, — 3Dy
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Figure 6.19: °P; — 3D, ((J/ = 1,2)) resonance shift in dependence of the optical beam power of
the MOT operated on the 1S, — 3P; transition. The power on the horizontal axis is
a calibrated photodiode reference beam measurement at one of the MOT beams. The
3P, — 3Dy resonance fit is disturbed by an outlier at around 5.3 mW, which causes the
slope of the individual linear regression (gray) to become negative. We therefore choose
a combined fit with shared slope (orange) for further analysis. For the fits we use all data
points (gray); the black error bar points indicate the weighted mean at every power set
point.

(J/ =1, 2) atom resonance to cavity detuning shifts according to

CY(A t) 2P t 1
6:av(Amot, Pmot) = 6c*av - _m;) = :av ) (a’O +dq Amot) Pmot . (6-32)
2e0hc Twg € hcmwg
Here, wy is the effective MOT beam waist to convert power to intensity. Considering the two linear

dependencies observed, we solve the system of equations,

5:av(Amot’ Pr(rﬁ))t) = ap Amot + ba (6.33)
6:av(A(P) Pmot) = ap Pmot + bp,

mot’

for the unknowns a¢ and a,. Here, aa, ba, are the slope and intercept, and PI(Iﬁ))t the mean MOT
beam power during the measurement of the systematic shift detuning dependency. And ap, bp, are
the slope and intercept, and Ar(nlj)i the MOT beam detuning during the measurement of the systematic
shift power dependency. We therefore obtain the following correction model for the 3P; — 3D;

(J/ =1, 2) atom resonance to cavity detuning

p
6:av - 5:av - (aA Amot + (bA - bP)) r(rz))t ’ (634)

mot

with the slope a given above, the mean power during the detuning measurement PI(HAO)t = 6.5(2) mW,
and the intercept difference given by (bp — bp) = —4.1(1) MHz.
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Figure 6.20: °P; — 3Dy resonance shift of 2?Hg in dependence of the (vertical) gradient field strength
of the MOT (top). The linear regression (orange) is applied to all collected data (gray
error bars), the black error bars show the uncertainty weighted mean for each set point.
The average MOT cloud position (bottom) in the horizontal (x, green) and vertical axis
(z, brown) is extracted from the fluorescence image as described in the main text. Error
bars originate from the 1o standard deviation of the respective data set. The image
weighted quadrupole field sensitive coordinate <rB)img gives the model estimate for the
resonance shift (blue).

Zeeman shifts

As we perform the spectroscopy sequence in the MOT, we need to consider Zeeman shifts originating
from the coupling of the hyperfine structure components of the spectroscopy transition to the MOT
gradient field, the latter defining the quantization axis for observing the vertically linearly polarized
lightfield of the probe beam. Here, the position of the MOT within the gradient field, as well as spatial
asymmetries in the MOT cloud, can lead to an on average non-zero magnetic field and therefore to a
Zeeman shift. We characterize this shift by repeatedly probing the atomic resonance of the 3P; — 3Dy

line in dependence of the gradient field strength as shown in figure 6.20. We observe a linear shift of

slope ag = —20(5) kHz/(G/cm), that leads to an atom resonance to cavity detuning correction of
0B
Oeay = Ocay = (aB Fe + bB) . (6.35)
Z

As we perform the full ISS measurement at a fixed gradient field, only changes of the MOT position
and shape during the measurement can contribute to nonzero Zeeman shifts.

We confirm the atomic position dependency by a model based on the extraction of the two-
dimensional MOT position in horizontal (x) and vertical (z) atom position from the fluorescence
image. We determine the density weighted average atom positions (x)img, (Z)img in the camera image
and determine the distance from their mean (x — x¢)img, (Z — 20)img. The position xo, zo are then as-
sumed to be the gradient field zero-crossing projections onto the x z-plane. The atoms approximately

probe a quadrupole field with the field half the strength in the x y-plane with respect to the vertical
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6.3 Spectroscopy on °P1 — 3Dy (J =1,2)

axis with gradient 9B/0z. We therefore compute the effective magnetic field induced Zeeman shift as

Au OB

0VZeeman = 7 5_z

<rB>img (636)

with Au being a level and hyperfine averaged magnetic moment. Here, the quadrupole field sensitive

position is defined and computed as

(rp) = <\/2 (x ;xO)Q +(z- zo)2> (6.37)

img

where due to limited information about the MOT shape along the y-axis, we assume an identical dis-
tribution as in x. We obtain a very close-fitting theoretical prediction of the experimentally measured
Zeeman shift magnitude and its trend for an effective magnetic moment of Au/% = 0.5 MHz/G. This
is in agreement with the expected Zeeman shift moments spanning Au /% = 0.4 MHz/G to 5.3 MHz/G
for the various F = 1 to F = 2 hyperfine components of the ®P; — 3Dy transition. We use this
model to characterize the MOT movement and resulting shift during the ISS measurement campaign
from the atomic density distribution in the fluorescence images. Therefore, we assign an additional
(uncorrelated) systematic uncertainty of 6vp = 0(220) kHz to both the 3P; — 3Dy and °P; — 3Dy

atom to cavity detuning obtained.

Probe beam recoil induced shifts

Similarly to the 1Sy, — 3P; spectroscopy, we observe a shift of the atomic resonance with probe beam
power, as shown in figure 6.21, characterized for the 3P, — 3Dy transition. As we observe a slight
linear behavior only for low optical power below 6 uW where we perform ISS, but a drastic deviation

from the trend for higher powers, the origin of the shift is not fully understood.

Off-resonant light shifts originating from far detuned coupling of the 3P; and ®D; to other levels
are negligible effects for the low probe beam intensities involved here, as shown in table 6.3. Recoil
induced Doppler shifts would show in slight asymmetries of the lineshape that are not easily character-
ized due to the atom number drifts during the measurement, but are a possible systematic shift origin
and can explain the observed shift magnitude. We observe a small radiation pressure induced shift of
the MOT cloud position along the probe beam axis (= positive x-axis), as also shown in figure 6.21,

which confirms our suspicion.

This displacement will also couple to gradient field induced Zeeman shifts, as described above,
and not only the (fitted) MOT beam positions x¢, z9, but potential deformation of the MOT cloud
in 3D need to be considered. Different scaling in induced Doppler and Zeeman shift could then
lead to the nonlinear dependency on the spectroscopy beam power that is observed. In the ISS
measurement we operate at an average probe beam power of 3.49(2) yW with 0.8 uyW of standard
deviation for the full dataset. As the true origin of the shift can not be easily modeled with the available
data, we conservatively assume an additional (uncorrelated) systematic uncertainty for all recorded
frequencies, isotopes, and spectroscopy transitions. Following the trend observed in figure 6.21, we

conservatively set this uncertainty to 0(150) kHz.
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Figure 6.21: °P; — 3Dy resonance shift in dependence of the probe beam power (top) and associated
MOT beam positions (bottom) as extracted from a fit of the fluorescence images. We
model the full dataset (gray error bars) with a constant fit (orange) and show the respec-
tive 1o error and prediction band. The black error bars denote uncertainty weighted
mean of the data for fixed power set points. We observe a radiation pressure / recoil
induced MOT movement of about 7 um along the probe beam axis.

Drift of the frequency reference

We use the slope of the linear cavity aging characterized in the 1Sy, — 3P; ISS, see figure 6.10, to
correct the small drift of the frequency reference that is present here. For the spectroscopy of the
3p; - 3Dy (3D2) line we are locking the master laser to the 63,964'h (64,085th) longitudinal cavity
mode, while for the 1Sy — 3P; spectroscopy we operate the longitudinal mode index 98,711. This
reduces the absolute frequency reference drift of the 1565 nm laser system. The drift in the IR is then
translated by a factor of five and four to the UV at 313 nm and 254 nm, respectively. The frequency
correction is then given by

313 954) A254
Ocav = Ocav — a£av ) t=0dcav — ao(:av ) r.
A313

(6.38)
Here, aéif“ = Aoy = —0.798(18) Hz/s is the drift at A9sy = 253.7268755(17) nm as determined
above. For the ®P; — 3D; (®Dy) line the wavelength is given by Az;3 = 313.2458825(25) nm
(312.657 623 4(24) nm). All wavelengths are taken from the National Institute of Standards and Tech-
nology (NIST) line database [87]. We obtain afj&” = —0.646(15) Hz/s (—0.647(15) Hz/s) and an
absolute maximum shift of 20.4(5) kHz (25.4(6) kHz) for the 8.7h (10.9h) long ISS measurement

campaign of the two transitions.
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6.3.5 Results

Atom resonance to cavity detuning We subtract all systematic shifts discussed above and plot

the systematic shift corrected frequencies

Pm 0B : .
6l = 65l = (@rBmart (ba=br) T - (aga—zwg) - ati (6.39)
mot

including all additional systematic uncertainties in figure 6.22 and 6.23. We obtain the final result
for the atom resonance to cavity detuning <6:§VA)) via a simultaneous uncertainty weighted fit of five
individual constants that takes into account all correlations. The averaged atom resonance to cavity
detunings are given in table 6.7. An uncertainty weighted mean reproduces the result very closely.
Limited by systematic uncertainties, we determine the cavity to atom resonance detunings down to
about 400 kHz, about a 1/30 of the observed linewidth. The residuals show no significant asymmetries
within the determined error bars. The correlations are not significantly strong for a potential bias,
which is also confirmed by a confidence interval analysis of the fit parameter. The shift-corrected oet
are again chosen as the horizontal axis in figure 6.16 and 6.17, so that the displayed spectroscopy data

is adjusted from all systematic shifts and the resonances visually align with each other.

Isotope shifts Taking into account all correlations via the variance-covariance matrix, we can com-
pute the ISs following equation (6.14). We obtain the values listed in table 6.8 for all combinations of
isotopes and visualized with respect to reference isotope 1%Hg in figure 6.24.

The IS between isotope pairs (A, A +2) is about —361.7(2) MHz and —343.0(2) MHz for the two
lines, respectively. The shift increases from the light isotopes upwards, with the exception being the

heaviest isotope pair’s shift §204-202

. We resolve the ISs to 0.2 % to 0.4 % relatively, which corresponds
to about 3.7% to 11.2% of the natural linewidth, limited by systematic uncertainties. The combined
systematic and statistical errors give about 0.6 MHz to 1.2 MHz total uncertainty. We analyze potential
bias by computing the correlations, which we are also given in table 6.8, for simplicity reduced to %*Hg
as a fixed reference isotope. We identify weak to medium-strong positive correlations between the ISs,
as they are subject to the same systematic corrections.

Based on our knowledge, there does not appear to be any published ISS data or theoretical predic-

tions for the two lines that we can use to compare our measurements to.

3P1 e d 3D1 3P1 e 3D2
A (G (MHz) A (Y)Y (MHz)
196  —7628.33(90) 196 —3242.4(1.1)
198  —7320.83(41) 198  —2952.92(43)
200 —6973.59(41) 200 —2624.90(45)
202 —6595.29(42) 202  —2266.20(43)
204 —6223.01(42) 204 —1914.61(45)

Table 6.7: ®P; — 3D, (J = 1,2) atom resonance to cavity detuning as extracted from the simultaneous
constant fit, shown in figure 6.22 and 6.23. The given uncertainties are the combined
systematic and statistical error bars originating from the analysis above. There are no
significant correlations between the fit parameters.
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Figure 6.22: P; — 3D; atom resonance to cavity detuning § 4 data samples for all five bosonic isotopes
(A) taken over the measurement campagne (left column). A corresponding simultaneous
linear fit of all data with shared slope a accounts for the reference drift due to ULE
cavity ageing determines the resonance frequencies of the individual isotopes via the axis
intercepts ¢%. The distribution of weighted residuals is shown as a histogram and kernel
density estimate (right column) to estimate fit bias.
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Figure 6.23: P; — 3Dy atom resonance to cavity detuning § 4 data samples for all five bosonic isotopes
(A) taken over the measurement campagne (left column). A corresponding simultaneous
linear fit of all data with shared slope a accounts for the reference drift due to ULE
cavity ageing determines the resonance frequencies of the individual isotopes via the axis
intercepts ¢%. The distribution of weighted residuals is shown as a histogram and kernel
density estimate (right column) to estimate fit bias.
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Figure 6.24: Graphical visualization of the ISs on the *°P; — 3D (J = 1,2) transitions as extracted
from spectroscopy.

3P1 — 3D1
svA=4" (MHz) A
A 196 198 200 202 204
196 0(0)
198 307.49(99) 0(0)
200 654.74(99) 347.24(58) 0(0)
202 1033.03(99) 725.54(59) 378.30(59) 0(0)
204 1405.31(99) 1097.82(59) 750.58(59) 372.28(59) 0(0)
3P1 — BDQ
svA~4" (MHz) A’
A 196 198 200 202 204
196 0(0)
198 289.5(1.2) 0(0)
200 617.5(1.2) 328.02(62) 0(0)
202 976.2(1.2) 686.72(61) 358.70(62) 0(0)
204 1327.8(1.2) 1038.31(63) 710.29(64) 351.59(63) 0(0)
3P1 g 3D1 3P1 g 3D2

5V196_198 51/200_198 (5V202_198 6V204—198

51/196_198 51/200—198 6V202—198 6V204—198

S Vl‘% -198
S VZOO -198
S VQOQ -198
S V204 -198

1.00
0.29
0.29
0.29

1.00
0.50
0.49

1.00
0.49

1.00

5V1967198
5V200_198
51/202_198
6V204—198

1.00

0.26 1.00
0.26 0.49
0.25 0.48

1.00
0.49

1.00

Table 6.8: ISs (top) and associated correlation matrices (bottom) on the 8P, — %D, transitions as
extracted from spectroscopy. Uncertainties represent the combined statistical and system-
atic uncertainty of the analysis. For simplicity the correlation matrix is shown for a fixed
reference isotope A" =
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6.4 King plot analysis

6.4 King plot analysis

In this chapter, we analyze the ISS datasets introduced earlier. These datasets consist of two previ-
ously unstudied transitions, 3P, - 3Dy (J =1,2), as well as high-precision data for the 1Sy — 3Py
intercombination line, for which experimental uncertainties have been dramatically reduced. No-
tably, for the 1Sy — ®P; transition, we also present, for the first time, measurements for the isotope
19Hg. We conduct a thorough King plot (KP) analysis to explore the linearity of electronic transition
frequency shifts across all naturally abundant isotopes of mercury.

KP comparisons of previously published ISS data are strongly limited by measurement uncertainty
and the range of spectroscopically addressed isotopes, underscoring the importance of our new, more
precise data and its potential to advance our understanding of IS in mercury. We however present
a detailed comparison of our data with existing spectroscopic data on the 3Py — 3S; transition,
which has comparable uncertainty levels to our measurements [283]. In this comparison, we observe
significant nonlinearities in the two-dimensional KP analysis, and attempt to gain insight into the

nature of the ISs.

6.4.1 Two-dimensional King plot analysis

—A-A
We calculate the modified (= mass normalized) ISs v; = 61/{“‘4’ /uA=4" with the inverse nuclear

A-A _ 1 1
- maA M a7

Z m, and binding energy E;(Z) of the electrons given by equation (2.1). The mass uncertainty does

mass differences obtained from table 2.1 with the mass corrections for the total mass
not limit the KP analysis compared to the spectroscopy resolution. For a fixed isotope pair selection
of modified ISs, we only show results of neighboring pairs with A” = A + 2. The four ISS datasets then
allow for six distinct two-dimensional KP. We check for a linear relationship by orthogonal distance
regression taking into account the uncertainties of both lines. Three out of six KP are shown in
figure 6.25 selected for their common horizontal axis given by the 1Sy — 3P; data, which provides the
best measurement uncertainty. We also give the residuals as the (signed) orthogonal distance of the
data points with respect to the linear regression line. Their error bars correspond to the projection
of the data uncertainty ellipses along the perpendicular line, which is dominated by the *P; — 3D;,
(J =1,2) and 3Py — 3S; datasets.

King plot linearity The orthogonal distance regression of the here measured 1Sy, — *P; = %Py —
3D; KP data strongly underfits the data with a reduced chi squared of )(fe 4 = 0.03. The IS data
is therefore very compatible with linearity. The 15, — 3P; = 3P; — 3Dy KP is also still linear
with XrQe 4 = 1.00 and a p-value of 0.37 confirming the two leading terms of the IS in equation (6.1)
and equation (6.4) — first order FS and MS — dominate at the level of measurement precision. The
linearity of KP also confirms the validity of separating nuclear and electronic factors in the IS. Any
higher order (nuclear or BSM) corrections that could be resolved at this level of precision are only
2>A—A’

compatible with our data, when they align with the nuclear charge radii differences 6(r or the

. . ~ . . . —200-202
inverse nuclear mass differences u* A" For the 1Sy — 3P; = 3P; — 3Dy KP only the 6v; and
—202-204
ov;

of 3P; — 3D; = ®P; — 3Dj that does not involve any s-states is also strongly compatible with linearity

modified IS residual indicates very slight deviations from linearity. The two-dimensional KP

resulting in a reduced chi squared of Xfed = 0.74 (not shown here). In the °P; — 3D, = 3Py — 3S;

(J =1,2) KPs with ,\(fed = 0.04 and )(;led = 1.12, respectively, also no sources of nonlinearity can be
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Figure 6.25: Two-dimensional KP analysis of the ISS data. Modified ISs gf_m = ov A /uA~ are
shown for neighboring isotope pairs A’ = A + 2 and four electronic transitions i with
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distance regression (red) we provide the 1o~ uncertainty band (shaded), its residuals and

the fit quality given by reduced chi-squared )(r?e g» P-value and significance Z as measures

of nonlinearity.
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6.4 King plot analysis

observed. These three KP also show miniscule deviations from linearity only around 2*?Hg and 2**Hg.
This could hint at a not characterized systematic uncertainty or an onset of nuclear deformations
(NDs) towards the neutron rich isotopes, but there is no significant evidence in any single dataset for
this.

King plot nonlinearity We observe a clear nonlinearity in the KP analysis of our Sy — ®P; data
when comparing it to the 3Py — 3S; Dopplerfree saturation spectroscopy data measured by the group
of Jan Hall [283]. With a reduced chi square of)(fed = 14.71 and a p-value of 4.1x1077 we need to reject
the linearity hypothesis of the dataset with Z = 4.9 o significance!, which we confirm via Monte-Carlo

methods. The combined orthogonal residuals read

A-A 196 -198 200-198 202-200 204 - 202

(6.40)

residuals (kHz) 360(130) —-94(47)  88(43) —100(58)

and even fitting only a subset consisting of three isotope pairs does not restore linearity. A hidden
systematic shift in our dataset would need to correct for up to 2.1 MHz shifts to restore linearity.
This measurement demonstrates first signature of nonlinear contributions on the 100kHz scale in
mercury. It joins the so far short list of detected KP nonlinearities consisting of early IS measurements
in samarium and recent precision measurements on ytterbium and calcium.

For KP referenced to a fixed reference isotope A’, we analyze both KP with A” = 202 and A" = 198, as
they provide the smallest measurement uncertainty in the IS. They agree with the findings above. The
nonlinearity for the 1Sy — ®P; = 3Py — 3S; data reduces slightly to 3.50 significance. When we relax
the rather conservative measurement uncertainties of our spectroscopy results in both the 1Sy — ®P;
and ®P; — ®D; transitions, we also obtain slight nonlinearities in both the 1S, — 3P, = %Py — °Dy
and ®Py — 3S; = Py — 3D, KP, while the P; — ®D; = 3P; — ®Dy KP that does not involve any
s-states remains linear. This could indicate higher order FS-like contributions. While the available
data is still sparse, we will analyze potential nonlinearity origins in a decomposition analysis of the

residuals below.

transition i transition j F;; K;; (THz X amu)
1Sy —»3P; 3Py —3D;  —0.0649(7) -0.71(8)

1S, - %P7 3P; » %Dy —0.0625(8) -0.55(9)

1Sy —» 3P 3Py — 381 —0.1703(1) —0.556(6)

8P, »3D; 3P — %Dy 0.96(2) 0.1(2)

3P, - 3Dy 3Py — 38 2.73(4) 1.0(3)

Table 6.9: Relative FS F;; and MS K;; parameters as extracted from two-dimensional KP analysis.
The specified uncertainties are 1o~ error bars from the orthogonal distance regression.

1 The Z-score quantifies the significance of the deviation of the observed chi-square statistic from its expected
value under the null hypothesis (i.e., the KP data follows a linear model). It is obtained by converting the
chi-square p-value to the corresponding standard score on a standard normal distribution, representing the
number of standard deviations the result deviates from the mean.

171



6 Isotope shift spectroscopy of laser cooled mercury

Extraction of electronic & nuclear parameters

Ignoring the nonlinearity of the 1Sy — ®P; = 3Py — 3S; KP by assuming the weighted fit describes
the original linear contribution, we can use the latter to extract the electronic parameter ratios of FS
F;; and MS K;; of the all transitions i and j. The result is shown in table 6.9. For the comparison
of the 1Sy — 3P; = 3Py — 3S; transitions at 254 nm and 546 nm, we obtain a KP slope of Fs46 954 =
Fs46/Fos4 = —0.1703(1). This value is in agreement with —0.17047(11) as published by Witkowski et
al. [172] and the less precise value of 0.1707(12) as provided by Ulm et al. [67]. The intercept of the
linear regression is given by the FS normalized MS parameter difference K;; = (K; — K; F;;) of the
two transitions 7 and j. We obtain Ks46954 = —0.556(6) THz X amu for the two lines in slight tension
with the value 0.536(11) THz X amu given in reference [172].

To obtain the pure FS, F;, and MS, K;, parameters of the individual transitions i, we need to either
obtain e.g., a single F; from theory calculations, or compare the ISs to muonic or electronic x-ray
measurement data. The latter probes dominantly only the FS and therefore is a good measure for the
nuclear charge radii changes § (r?yA=A"_ Field shift factors F; for the 254 nm intercombination line are
the most precise values determined from theory and experiment for mercury. Together with theory
predictions for the 185 nm singlet transition, they are given in reference [254], both experimentally —
from electronic (—53.9(5.3) GHz/fm?) and muonic (-57.4(2.9) GHz/fm?) x-ray measurements — and
from ab-initio MCDF calculations (—55.36 GHz/ fm2). In agreement, Witkowski et al. [172] give Eg954 =
-52.7(5.3) GHz/fm? from density functional theory electron structure calculations. From KP analysis,
reference [172] obtains Eg954 = —51.277(46) GHz/fm2 when assuming K54 = 682(203) GHz X amu as
specified in reference [283] and in tension to E954 = —51.63(17) GHz/fm? when assuming §(r%)A-1%8
values given by [67]. For the latter, the authors of reference [172] assume the empirical relation between
specific SMS to NMS Kégiv[S) = 0.0(5) x KéglMS) which holds for the 254 nm line in mercury, as the
SMS is <1% of the NMS as discussed before. Any of these values can be used to obtain FS and MS

contributions from our data.

Due to the slight inconsistencies and partlally large uncertainties of the F'S parameters, we decide

to use direct KP comparison of modified ISs 61/ A against modified nuclear charge radii differences

’

6(r2) - = 5(r2)AA JuA~A to determine the FS and MS factors of all transitions i. The mean
squared charge radii differences are extracted from a combination of optical and x-ray IS measure-
ments and absolute radii measurements from muonic spectra and electronic scattering experiments
as given in reference [71]. The resulting KP are given in figure 6.26, the extracted FS and MS param-
eters in table 6.10. The so generated KP of the ~313nm ®P; — ®D; IS data is in agreement with a
linear behavior. The 254 nm 1Sy — 3P; transition KP shows weak deviations from linearity, giving a
reduced chi square of X?ed = 2.54 and a p-value of 7.9x1072. The same is true for the 546 nm (p — s)
transition KP, which gives )(fe 4 = 3.14 and a p-value of 4.3 X 1072 (not shown here). This again
indicates higher order corrections that are sensitive to the wave function overlap with the nucleus. To
our knowledge, this is the first measurement of FS and MS parameters of the 3P - 3Dy (J =1,2)
lines in Hg. Their values are very similar as only inner shell electrons contribute significantly to the
FS. The FS values of the 1Sy — 3P; and ®P; — 3S; transitions agree with results from reference [172]

and [283] within their (combined) error bars.
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6 Isotope shift spectroscopy of laser cooled mercury

transition i

F; (GHz/fm?)

K; (THz x amu)

1Sy - %P1 —52.22(30) —2.43(55)

3p; - 3D, 3.370(43) -0.585(86)
3p; - 3D, 3.243(48) —0.440(95)
3py — 38 8.909(50) —-0.112(94)

Table 6.10: Field shift F; and MS K; parameters as extracted from two-dimensional KP analysis of
6vA~4" against nuclear charge radii 6(r?)4~4 given in reference [71]. The specified uncer-
tainties are 1o error bars as extracted from a orthogonal distance regression.

Nonlinearity decomposition analysis

We analyze the two-dimensional KP nonlinearity origins using the generalized KP technique [251], as
introduced in section 6.1.1. The basis vectors for the projection are given in equation (6.7), and we

choose A in accordance with the definition found in recent literature (see e.g., reference [249]) as

—ai

a4y ——day
6Vl' _6Vi Py

i

A, = (5?3 B A SV 2 o _55‘3)1
—a, ——ay ——ai a3 ——dady a4 (6.41)
A_ = ((SVL - 6Vi N 6Vi - 6Vi 5 6Vl' - 5Vi 5

——a3  ———ai\T
6Vl' _6Vi )

The isotope pairs are given by a1 = (196, 198), ag = (198, 200), a3z = (200, 202), as = (202, 204).

A AY

s QFS §((r%)?) [Angeli2013]
i A_ /Ay = -3.4(0.0)

ND §(r*) [Shang2024]
A_ /Ay = -2.7(68.5)
ND 6(r%) [Shang2024]
A_ /Ay = -2.8(153.6)
ND 6(82) [Raman2001]
A_ /Ay = 0.5(5)

2% order MS §(1/m?)
A_/A; = -2.3(0.0)

NP §(A — Z)

A_ /Ay = -2.3(0.0)

k="S0—°%P;
k=3P, —°%D,
k=3P, —3Dy
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Figure 6.27: Nonlinear decomposition analysis of mass normalized ISs 512_14 = (51/2‘_'4' /A=A of all
lines k projected via M = (El 1 AL A_) with i = 1Sy — 3P; and projection vectors A,
given by equation (6.41). The various nonlinearity sources — with explanations in the
main text — form lines through the origin with slopes A_/1, as obtained from the pro-
jection. We show the corresponding 1o uncertainty bands, but omit them for nuclear
deformation (ND) §(r*) and 6(r%) to improve visibility, as they span almost the entire
plot.
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6.4 King plot analysis

We also compare our data to projections M~ - K(K) with X?K_)A, = A‘(“K‘)A' /uA=4" of potential higher
order nuclear corrections and BSM couplings. While their absolute position in the nonlinear decompo-
sition plot depend on the electronic prefactor Gf_;.() that determines sensitivity of the IS to the nuclear
property, even for variable GEJ'.() they provide distinctive nonlinearity shapes, that are characterized
by a fixed slope A_/A;. As GE;.() = 0 corresponds to linearity 4. = 0, single sources of nonlinearity
form lines through the origin.

We consider the next leading order correction to the mean squared nuclear charge radius, the
quadratic field shift (QFS) ¢ ((r2)2) from experimental values of the nuclear ground state charge radii
given in reference [71]. Fourth order, § (r*YA=4"and sixth order, 6(r5)4~4", moment nuclear charge
radii differences — the former is also called quartic shift — are obtained from recent estimates that use
a deep neural network for global prediction of nuclear charge distributions [303]. They result in quite
large projection uncertainties, which render their location in the nonlinear decomposition plot rather
vague.

The nuclear deformation parameter (f32) is being extracted from reduced nuclear electric quadrupole
transition probability, B(E2), between the 0" nuclear ground state and the excited 2} states [07] via
(Bo)? =3, (4n/3Z Rg)2 B(E2, 0 — 27), with Ry = 1.2fm X A3 We use latest tabulated data for the
transition to the first excited state B(E2, 0" — 27) given in [304]. It is to note that truncating the sum
is potentially unjustified near the N = 126 shell closure, as motivated by disagreements with nuclear
deformation parameters extracted from ISS [67].

While strongly suppressed in Hg, we also estimate second order MS corrections 1/ (m*)2%2-1/(m4)?2
from the binding energy and electron mass corrected masses m“. As discussed before, BSM coupling
between neutrons and electrons mediated by a potential boson is characterized by axp X; #4™4". The
characteristic slope of NP coupling can therefore just be extracted from the projections of the inverse
nuclear mass normalized vector of neutron number h = (2,2,2,2)7 /.

A nonlinear decomposition analysis of mass normalized, neighboring isotope pair KP data is shown
in figure 6.27. While the uncertainty on the ISS data currently limits differentiation of nonlinearity
origins and no single contribution can be extracted, the observed nonlinearity pattern of the 1Sy —
3P; = 3Py — 3S; biases towards nuclear deformation (8;) contributions and quadratic FSs & ((r2)2).
We can also see that in this projection fifth force BSM couplings of a new boson are potentially
aligned with nuclear deformation contributions and second order MSs. As shown in figure 6.28,
nonlinear decomposition analysis of no-mass KP, where the raw IS vectors dv are projected onto
M = (6v; 6v; Ay A_) with A, given by the non-modified §v analogously to equation (6.41), allow
separation of these sources. This moves another IS line projection to the origin and quantitative
nonlinearity analysis is only applicable for reduced measurement uncertainty and/or increased number

of transitions.

6.4.2 Three-dimensional King plot analysis

As discussed in section 6.1.1, we can also analyze the IS data via multidimensional KP analysis, which
can potentially absorb a nonlinearity via an additional modified IS vector. Figure 6.29 shows three out
of four possible combinations of three-dimensional KP of modified IS that are representative of the
full collection. While the data is in agreement with the linear relationship given by a two-dimensional

plane in three-dimensional modified IS space, the measurement uncertainty is large and the orthogonal
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No-mass nonlinear decomposition analysis of IS (51/,’?“4/ of all lines k projected via M =
(6vi ov; A, A_) withi = 1Sy, — 3P; and j = 3Py — 3S; and projection vectors A given
by equation (6.41). The various nonlinearity sources — with explanations in the main text
— form lines through the origin with slopes A_/A1, as obtained from the projection. We
show the corresponding 1o uncertainty bands, but omit them for nuclear deformation
(ND) 6(r*) and 6(r®) for better visibility.

distance regression overfits the data. The removal of nonlinearity via three-dimensional KP analysis

agrees with the guess that our data is subject to one single higher order (nuclear) correction term that

is being absorbed here. The fitted field F;;x and mass K;j; shift parameters, as well as the third fit

parameter Gl(]l])c that takes care of linearity in 2D, are given in table 6.11.

transition i transition j transition k Fijk Gl(]l,)c K;; (THz X amu) )(fe d
ISy = %P 3Py —» %Dy °Pp = 3Dy —0.5(1.6) —6(25) -5(18) 0.01
1Sg = %P7 8Py — 38y °P; —»3D;  -0.04(42)  0.1(2.5) -0.6(1.3) 0.07
1§50 > %P 5Py — 38, %P; - 3Dy —0.46(47) -2.3(2.8) -1.8(1.5) 1.31
8Py » 381 3P - 3Dy 8P — %Dy 4(29)  -11(74) —-60(37) 0.06

Table 6.11: Relative FS F;;ix, MS K;;i and first order correction GI(JII)( parameters as extracted from
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Figure 6.29: Three-dimensional KP analysis of the ISS data. Modified ISs 5?_14, = SyA~A A
(left) are shown for neighboring isotope pairs A’ = A + 2 and triples (i, j, k) out of four
electronic transitions together with the plane of linearity as given by orthogonal distance
regression (red shaded). The fit residuals (right) and the fit quality given by reduced
chi-squared sze o P-value and Z-score, are given as measures of (non)linearity.
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6 Isotope shift spectroscopy of laser cooled mercury

6.5 Outlook

The work presented in this chapter reports the most precise ISS of mercury to date. In particular, we
improve the measurement uncertainty of the 'Sy — 3P; intercombination line by approximately one
order of magnitude compared to previous determinations, while for the first time providing compre-
hensive data for all naturally abundant isotopes, including the rare *Hg isotope. Furthermore, the
inclusion of *P; — 3D; transitions, which directly connect to the P; state, highlights the sensitivity

of s-electron transitions to (higher-order) I'S contributions.

6.5.1 New physics bounds

In the broader context of BSM searches, it is clear that the ultimate constraints obtained from our
study cannot compete with the exceptionally stringent bounds already set by ultra-narrow clock tran-
sitions in ytterbium [253] and, especially, by the latest highly charged-ion spectroscopy in Cal** [249].
Nevertheless, mercury offers an important complementary path. As discussed before, unlike ytter-
bium, where nuclear deformation imposes strong systematic limitations, mercury sits closer to a major
nuclear shell closure. As such, further improvements in measurement resolution and uncertainty —
potentially including future ISS on the Hg clock transitions discussed below — will not be comparably
limited by nuclear structure effects. This makes mercury still a good candidate for BSM constraints
that are competitive once uncertainties are further narrowed.

To derive BSM bounds, we can employ the generalized KP approach [251], see equation 6.12, as
outlined in section. 6.1.2. For the subset of >P; — 3D transitions incorporated into the KP analysis,
the interpretation is straightforward since no nonlinearity must be accounted for. By contrast, in the
case of s-state transitions, an outstanding challenge remains the identification of the dominant source

of observed nonlinearity, either via theoretical modeling or further targeted measurements.

Atomic structure calculation

For translating our IS results into quantitative BSM constraints, it is crucial to compute the electronic
structure coefficients X;, which defines the coupling strength of a hypothetical new boson to electrons
and neutrons. High-precision numerical methods such as configuration interaction combined with
many-body perturbation theory (CI+MBPT), as implemented in state-of-the-art packages like AMBIT,
have recently demonstrated excellent agreement with experiment even in complex atomic systems
such as ytterbium and calcium [249, 253]. Nevertheless, the richness of the mercury electronic shell
still poses a challenge for achieving the required precision in the X; constants (see equations (6.10)
and (6.12)).

Electron structure calculations can be applied not only to BSM sensitivity but also to the next-
to-leading order SM contributions that induce apparent nonlinearities in the KP. A slightly weaker
but more conservative constraint on BSM interactions can alternatively be obtained by empirically
projecting the measured KP deviations onto known sources of SM nonlinearity or via regression-based
estimates, without relying on full theoretical predictions. Any residual nonlinearity, together with the
experimental uncertainty budget, is then translated into a bound on new physics couplings.

These calculations will be the next step in the current analysis.
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6.5 Outlook

6.5.2 Inclusion of odd isotopes

We so far limited the ISS and KP analysis to even isotopes only, as hyperfine interactions in non-zero
nuclear spin isotopes can lead to very large (GHz-scale) shifts that are hard to predict precisely. The
authors of [248] highlight the importance of accounting for these effects and explain the 100 kHz-
nonlinearity observed in KP of neutral strontium including measurements on ’Sr [305] by second
order hyperfine splittings. This just recently motivated the inclusion of fermionic isotopes into ISS
studies of wider lines also in the search for NP effects. Including fermionic isotopes will allow for
increased statistics for KP analysis and more in-depth nonlinearity analysis tools, as the (modified)

IS vector space increases in dimensions.

6.5.3 Improving the spectroscopy resolution

Improvements of the ISS precision or addition of further ISS data to the KP and nonlinearity de-
composition analysis can really contribute to deeper insight into potential nuclear corrections and
to distinguish them from potential BSM physics couplings. We plan to both improve measurement
uncertainty on the 1S, — 3Py and especially the 3P, — 3Dy transitions, as well as to add more lines
and isotopes to the search. We expect to improve the error bars of the IS data presented here by
a factor of at least five in the next measurement campaign by employing the originally anticipated
measurement schemes in the absence of magnetic field gradients and free fall, which reduces light

and recoil shifts from the pump fields.

6.5.4 Spectroscopy on 3p; - 38,

As we observe KP nonlinearities when including the FS sensitive s-orbital involving transitions, we
considered also probing the ®P; — 3S; transition. This would add one more point to the 2D nonlinear
decomposition plot, but also to check the (external) data used for analysis. Here, the spectroscopy
scheme of MOT depletion in free fall, originally proposed for the 3P; — 3D, transition, can be
utilized, as the laser system provides more than enough power, as presented below. Absorption
imaging of atoms within the 3P; on 436 nm would be a viable alternative.

So far, we successfully tested the spectroscopy scheme on 2°?Hg, but did not perform an ISS mea-
surement campaign yet, as repairing the broken source chamber and a fixing a leak in the vacuum
chamber required attention. The laser system and cavity lock were already employed for sub-100 kHz
resolution ISS of the 423 nm singlet transition and KP analysis in neutral calcium [165]. This confirms

the laser and lock meeting the requirements for future ISS on the 3P; — 3S; spectroscopy in mercury.

436 nm laser system

For ISS of the 3P; — 3S; line an ultrastable cavity referenced laser system is already constructed,
as shown in figure 6.30. A diode laser provides fundamental light at 872nm and is locked to an-
other vibration-isolated and temperature-stabilized high-finesse ultrastable cavity!, via a carrier-shifted
Pound-Drever-Hall sideband triplet, a scheme already described before. The cavity acts as the fre-
quency reference and reduces the laser linewidth to < 1Hz, as measured by beat signal comparison

to a second laser system at the same wavelength [165, 3006].

1 Menlo Systems ORC-Cubic. We measure a finesse of % > 80,000 near the target wavelength.
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Figure 6.30: Optical setup of the 436 nm spectroscopy laser system. An external-cavity diode laser
(ECDL) at 872 nm is send thorugh a tapered amplifier (TA) and optical isolator (OI). The
amplified output is coupled to an enhancement cavity for second-harmonic generation
(SHG) in a nonlinear crystal (NC). A fiber EOM (fEOM) carrier shifted sideband of
the master laser is locked to a high-finesse ULE cavity via a Pound-Drever-Hall (PDH)
scheme. The doubling cavity is locked to the laser frequency via a piezo mirror (pM) by
a Hénsch-Couillaud scheme generated error signal. The 436 nm light is beam shaped by
cylindrical lenses, frequency modulated by a double-pass AOM setup and fiber coupled.

The inset shows the laser beam profile at the location of the atoms.

Frequency conversion to 436 nm is performed via second-harmonic generation (SHG) in BBO in a
bow-tie enhancement cavity!. We lock the SHG cavity to the laser frequency via a Hénsch-Couillaud
locking scheme [307], were a small portion of the incident is reflected by rotating the polarization
utilizing the birefringence of the SHG crystal. When off-resonance, the reflected beam’s polarization
changes, and the difference between orthogonal polarization components is detected to produce an
error signal on a differential/balanced photodetector. The nonlinear crystal is temperature-stabilized
by a small heating element and the laser light is mode matched to the cavity via a spherical lens. We
reach about 140 mW of power at 436 nm, but do not really optimize the incoupling to the SHG cavity
and the conversion efficiency via the temperature, as we require less than a milliwatt for spectroscopy
only. As the crystal introduces a walk off, the light exiting the cavity is beam-shaped and collimated
via a pair of cylindrical lenses.

A double pass AOM? setup frequency shifts the laser frequency by fiom = 2 X 80 MHz, the output
is then fiber coupled into a polarization maintaining fiber and sent to the main optical table. We

collimate the probe beam to 3.3(1) mm diameter, which gives us more than enough intensity at the

1 Agile Optic IR to VIS standard SHG cavity. 2 Gooch and Housego 3080-120.
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location of the atoms. The spectroscopy light is sent through the periscope mirrors of the MOT
cooling beam x-axis which acts as a dichroic mirror with a transmission of 98.4(5) % at 436 nm and

45° incidence.

6.5.5 Clock line spectroscopy

Increasing sensitivity to NP coupling probably requires the spectroscopy of much narrower, dipole-
forbidden transitions. Here, we can use the ultra-narrow 1S, — 3Py clock intercombination line at
265.6 nm. While a single-photon transition of this line is highly forbidden, it is weakly allowed through
hyperfine mixing for the odd mercury isotopes 1"”Hg and ?*!Hg with estimated linewidths in the Hz to
mHz-range [93, 94]. For the bosonic mercury isotopes with / = 0, no hyperfine interaction is present
and only highly suppressed E1-M1 two-photon decays could contribute to a natural linewidth [48]
and the line is considered not directly addressable. Among various options also discussed for other
alkaline-earth-metal-like systems [308], static magnetic fields can be utilized to enable direct optical
excitation of forbidden electric-dipole transitions [309]. The clock line can also be probed indirectly
via three-level quantum coherence linked via e.g., the 1p; level [310].

The ultra-narrow magnetic-quadrupole transition 1Sy — 3Py near 227 nm is another candidate
for precision ISS of mercury. As spectroscopy requires little power, both wavelengths can easily
be generated from the infrared by two successive SHG doubling stages — either cavity amplified or
single pass. Here, phase-stable laser light at 267 nm with a fractional frequency uncertainty down to
5x10717 at 1s was already realized in reference [311]. Laser development within our group successfully
established over 100 mW of laser power at 214 nm and setup of a second laser system at 254 nm to
257 nm for magnetometry in mercury and ISS in xenon. Both Hg clock lines could also be probed
by two-photon laser excitation, a wavelength region easily accessible by just SHG conversion. The
two ultra-stable cavities used and characterized within this work already provide high-finesse mirror
reflectivities for both the clock line fundamentals located at 1062.6 nm and 908 nm, respectively.

Finally, such a program would also allow a closed-loop IS scheme similarly to optical clock frequency
ratio closure tests [46]. In Hg isotope shifts one could form a closed cycle using the transitions
15, — %Py, 3P; — 394, 381 — 3Py, and 3Py — 1S,. Measuring such a closed set could provide a

powerful internal consistency test for both SM and BSM analyzes of isotope shifts.
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7 Towards electric dipole moment searches

using laser-cooled mercury

7.1 Permanent electric dipole moments

The electric dipole moment d= f d®r p(7) 7 is the measure of the distribution of electric charge p(7)
in a system. While electric dipole moments in polar molecules can be simply described as d=qF
with pointlike charges +¢ separated along an intrinsic symmetry axis 7, a permanent electric dipole
moment (EDM) d of fundamental particles is fundamentally different.! As the spin S (or F for a
composite system like an atom) is the only intrinsic vector of a particle, the permanent EDM must
necessarily be aligned collinear to it, d || S, which can be seen as a consequence of the Wigner-
Eckart theorem. For an eigenstate of such a system we would otherwise need an additional quantum
number, a degeneracy not compatible with extensive observations in physics. A potential EDM of
fundamental particles would therefore be aligned parallel or antiparallel to its spin, similarly to the

magnetic moment /.

Larmor precession Applying a controlled external magnetic field B to an atom induces a torque
that leads to a Larmor precession of the atom’s magnetic moment i around B with the time evolution

dF/dt = ix B =y F x B. The angular frequency of this precession is the Larmor frequency given by

wL:—%BEyB, (7.1)
where 7y is the gyromagnetic ratio associated to the total spin F.

Analogously to the magnetic moment interacting with a magnetic field, the interaction of a perma-
nent EDM d with an electric field E is governed by the non-relativistic Hamiltonian Hgpy = —d-E ,
identical to the interaction of an induced, non-permanent EDM discussed in section 4.1. The electric
field induces a torque 7 = d x E, which aligns the dipole with the field and therefore minimizing its
energy. This leads to a Larmor precession of d around E and modifies the Larmor frequency from

equation (7.1) by adding a term, such that
lhwr|=|i-B+4d-E|. (7.2)

A potential permanent, nonzero EDM d is therefore observable by detecting shifts in Larmor preces-

sion frequencies in presence of strong electric fields.

1 We will distinguish between and denote induced and permanent EDM as d and d respectively.
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7.1 Permanent electric dipole moments

Figure 7.1: Permanent EDM d and magnetic moment i under parity T and time reversal transfor-
mation T (left). Experimental sketch of the EDM search (right). Magnetic moment £ and
EDM d are aligned to an external magnetic field B and electric field E. Changing for
instance the electric field polarity flips the EDM but not the magnetic moment.

7.1.1 Violation of charge and parity symmetry

As shown in figure 7.1, the EDM and magnetic moment transform differently under parity (T) and
time reversal (T) operation, and the existence of a non-zero EDM of any fundamental particle would
violate both T and T invariance. The EDM d changes its sign under the parity transformation P : 7 —
—7, the space-inversion/mirror operator, while the magnetic moment / is an axial vector/pseudovector
and invariant under T, and the opposite being true for the time reversal operator T': t — —¢. Together
with the operator of charge conjugation C : ¢ — —¢, the combined transformation under charge,
parity and time reversal symmetry (CPT) is the most fundamental symmetry in our universe. It
applies to all physical phenomena in which Lorentz invariance is preserved — a concept that has
been tested in numerous systems without evidence of its breakdown [312]. With the EDM interaction
Hamiltonian Hgpm being both P and T odd, the existence of an EDM of any fundamental particle
is therefore also a clear indication of combined charge and parity symmetry (CP) violation. As the
amount of CP violation in the standard model (SM) is very small, a nonzero EDM measurement
would therefore signal new sources of CP violation, directly probing beyond standard model (BSM)

physics.

CP violation within the standard model In the SM of particle physics, CP violation refers to
the breaking of the combined symmetries of charge conjugation, which exchanges particles with their
antiparticles, and parity, the mirror transformation and a probe for chirality. Parity is conserved for
all fundamental interactions of elementary particles, except for the weak force, as the SM Lagrangian
only includes left-handed fermions in the weak interactions. Within the SM, CP violation is incor-
porated through a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which governs
the mixing of quark flavor eigenstates into mass eigenstates under the weak interaction. Since the
experimental confirmation by observations in decays of kaons and B mesons in 1964 and around the

2000s, the discovery of spontaneous broken symmetry in subatomic physics gained a lot of attention.
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7 Towards electric dipole moment searches using laser-cooled mercury

Beyond standard model CP violation CP violation plays a crucial role in explaining the observed
dominance of matter over antimatter in the universe, with constraints coming from cosmological obser-
vations of the cosmic microwave background. The majority of BSM theories that explain baryogenesis
require significant CP violation. However, the amount of CP violation present in the SM is over ten
orders of magnitude too small to explain the imbalance of matter and antimatter in our universe. The
focp vacuum term in the Lagrangian of quantum chromodynamics is another source of CP violation
in the SM. The unnatural small value of gcp however represents a fine-tuning problem of theory
parameters — the strong CP problem: the magnitude of the neutron electric dipole moment (nEDM)
dn = Ogcp - (6 X107 e - cm) predicted from this CP violating term, at current experimental upper
bounds requires |fgcp| <1 x 1079 [313].

At the fundamental level, EDMs therefore probe CP violation from multiple high-energy SM and
BSM sources, that generate CP-violating operators at low energies, including quark EDMs (d,),
chromo-EDMs (dq), the aforementioned strong CP-violating 67QCD vacuum angle, and interactions
between and in-between quarks and electrons [3]. Next to a direct generation of a potential permanent
EDM of electrons ., this also can also lead to EDMs of neutrons d,, and protons <, that together
contribute to permanent EDM of larger system like atoms and molecules. As BSM theories like
supersymmetry often predict electron and neutron EDMs near current experimental limits, EDM

searches are therefore a key probe for CP violation and new physics (NP) [314].

7.1.2 Atomic EDM from Schiff moments and nuclear structure

Atomic electric dipole moments (aEDMs) originate from P and T symmetry violating interactions
in the atomic nucleus, which manifest through the nuclear Schiff moment. CP-violating interactions
between electrons and nucleons, and additional enhancements via nuclear magnetic quadrupole and
higher order moments contributions are possible [3, 29, 84]. Actually, Schiff’s theorem predicts the
full screening of a point-like nuclear EDM by the electron cloud — an induced EDM is created, and
cancelling any nuclear moment [315]. The finite size of the nucleus and the nuclear structure, however,
lead to a non-vanishing Schiff moment, which allows residual P and T-violating interactions to survive
and reduces the screening in atoms to about 1073 [29]. As atomic or molecular systems are much easier
to handle than fundamental particles, the former are still the preferred choice for EDM searches. EDM
enhancing interactions are encapsulated in the Schiff moment operator §, which can be approximated
as the sum
§ = 5t 4 oty _ 11§ (rQ - é<r2>) R+ 1ZA: (2= %) di (7.3)
- S04\t o3 o4\t v '
where the first term S (") accounts for the nuclear charge distribution of the individual protons of
charge |e| determining the nuclear ground-state wave function and the second term § (nucl.) incorpo-
rates contributions originating in the non-zero EDMs d; of the individual nucleons [29].
To leading order, the magnitude of the Schiff moment can be reduced to a sum of direct contribu-
tions from the neutron EDM, «,,, and proton EDM, < ,,, and a combination of isoscalar (s), isovector

(v), and isotensor (t) P,T-odd nucleon-nucleon and nucleon-pion interactions [29],

S=apd,+apd,+ Z (aiggi+Aiéi) . (7.4)
ie{s,v, (1)}
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7.1 Permanent electric dipole moments

The d, (d),) are the neutron (proton) permanent EDM. The g is the standard strong pion-nucleon
coupling constant, while the g; are the P, T-odd (CP-violating) pion-nucleon coupling constants (with
i = s, v, t indicating isoscalar, isovector, and isotensor components, respectively). The C; denote
contact-interaction (short-range) CP-violating nucleon-nucleon coupling constants. The a and A are
coefficients describing the nuclear structure response. The origin of nonzero EDM in atomic systems
is therefore fully determined by nuclear effects, and knowledge about the nuclear shape to derive

bounds on SM and BSM interactions from aEDM measurements is essential.

Nuclear deformation contributions

In paramagnetic atoms with unpaired electron spin like 1*3Cs or 2!Fr, the valence electron wave
functions near the nucleus are highly relativistic and the increasing penetration of s- and p-orbitals
into the nuclear region enhances the Schiff moment. This makes these systems primarily sensitive to
electron <, and spin-independent pseudoscalar-scalar electron-nucleon interactions [316]. The nuclear
quadrupole moment induced aEDM contribution scales approximately as d o By Z3 A%/3 /| AE, where
Bg is the quadrupole deformation parameter, as introduced before, and AE is the energy splitting
between opposite-parity nuclear ground states [84]. This Z3 scaling with the nuclear charge — while
not a contribution in Hg due to zero electron angular momentum — makes quadrupole deformed and
heavy atoms particularly favorable for EDM searches.

Higher order moments, like nuclear octupole deformation (f3) in systems as 225Ra or 223-225Fr can
further enhance the Schiff moment. Here, the pear shape of the nuclear charge density induces a
Schiff moment scaling of § ~ /3’2,8% Z A28 /AE [3], which also favors heavy atoms.

Mercury EDM

The EDM of the diamagnetic atom like 1"Hg and 1% Xe is dominated by direct nuclear Schiff moments
and CP violating interactions between the electrons and the nucleus [84, 317] that originate in the last
term of the Schiff moment contributions in equation 7.4. For heavy atoms, the volume-effect of the
Schiff moment induced EDM scales roughly at Z2, as do direct contributions from nucleon EDMs.
Relativistic effects scaling with Z enhance this coupling further [318]. While much weaker than in
paramagnetic atoms, finite size effects and hyperfine interaction with the / = 1/2 nuclear spin can
also introduce contributions from the electron EDM [318].

Nuclear structure theory is however still limited in predicting the dominating Schiff moment contri-
butions. Reference [3] for instance compares latest results of a variety of nuclear (density functional

theory) calculations giving a wide range of nucleon EDM coupling constants for 1*Hg,

ao (e-fm?) ai (e-fm?) as (e-fm?)

: (7.5)
0.00004 <> 0.087 —0.016 <> 0.087 0.009 < 0.174

and similar results for elements like 129Xe, that are being probed for an aEDM. While this motivates an
improved nuclear structure theory supported by experimental studies of the mercury nucleus — such as
high-resolution IS spectroscopy, discussed in the previous chapter — mercury still provides the tightest

bound for aEDM searches, and also remains one of the best candidates for future searches [319].
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7 Towards electric dipole moment searches using laser-cooled mercury

Mercury is considered a crucial part of the set of EDM measurements that, together, provide the

most important restrictions for CP-violating terms in the SM and BSM parameter space [3].

7.2 Probing CP violation via EDM measurements

The search for permanent EDMs of fundamental particles has been ongoing since the late 1950s,
making it one of the longest-standing experimental efforts in precision physics. EDMs are typically
being probed indirectly via spin precession induced Faraday effects, as discussed in the following

section.

7.2.1 Detecting spin precession

As already illustrated in figure 7.1, probing a system with magnetic moment i and EDM d both
aligned in external magnetic and electric fields Band E, and alternating the field orientation between
parallel B E (+) and antiparallel B 1| E (=), the difference in Larmor frequency directly gives us
the EDM. If we ensure that electric and magnetic field amplitudes E, B are constant/stable, following

equation (7.1) we obtain

h (‘UL,+ - CUL,—)
4FE ’

hwp.l =12uB+2dEl = d-= (7.6)

Spin precession can be probed experimentally via the (linear) optical Faraday effect! [314]. The
interaction between an external electric field E (7) o e/ @ propagating through a gas of mercury atoms
with ground state |g) and excited state(s) |e) induces an electric dipole moment J, which leads to a
refractive index n. We can relate n to the complex polarizability @(w), which we discussed in the
context of optical dipole traps (ODTs), see equation (5.4). This leads to a dispersive lineshape of the

refractive index given by?

~ Rela . d 2
n(@) = Re |1+ 20D | g nRela@] 1 S e S8 gldell”. (7.7)
€0 2€) €0 o I (wge - w?)

featuring sharp transition(s) near the atomic resonance frequencies wg.; here n is the atomic number
density of the sample. As the Zeeman shift of the mf levels shifts these resonance locations, circularly
polarized electric fields of different handedness experience different refractive indices and a relative
phase retardation.

For EDM detection in mercury, we are primarily interested in the |ISO, F=1/2, mp = il/2> ground
state and the |3P1, F'=1/2, mg = 11/2> excited state of 199Hg [320]. The ground state 1S, has a
single hyperfine level with ' = 1/2 and two ground-state magnetic sublevels mp = +1/2 that form
a clean two-level system that is ideal for coherent spin precession measurements. The excited |3P1>
state splits into F’ = 1/2 and F’ = 3/2, with corresponding magnetic sublevels and enables efficient
optical pumping and detection. Although the F’ = 3/2 level allows for cycling transitions, which can be

useful for state preparation or detection, one uses the F’ = 1/2 level in EDM experiments. This choice

1 The explanation of the effect is also credited to Macaluso and Corbino, as well as Voigt for their independent
studies on absorption spectra of alkali atoms in the presence of magnetic fields in the late 19th century [314].
2 Simplified for a spherical atom, where the polarizability tensor is symmetric, &,y = @ 0,y
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7.2 Probing CP violation via EDM measurements

simplifies the spectrum and avoids complications from optical pumping into dark states or off-resonant
excitations. The F = 1/2 < F’ = 1/2 transition offers better control over the spin dynamics, which
is essential for precision measurements of the aEDM. In contrast, 2'Ong, with / = 3/2, has a more
complex hyperfine structure that introduces additional magnetic sublevels, increasing experimental
complexity and sensitivity to systematic errors. Moreover, its nuclear structure leads to a smaller and
less well-understood Schiff moment, reducing theoretical and experimental sensitivity to an EDM.
These factors make 1%Hg the preferred choice for high-precision EDM searches.

We now consider a gas of 1"Hg atoms. For an incoming, e.g., linearly polarized light field oriented
along the magnetic field axis, k|| B, (an equal superposition of o, and o_ polarization) propagating

a distance L through the sample, the polarization rotates about an angle

Sty (1) = " (01(@) = (@) sim (w1.1) 79

This generates a signal that is modulated at the Larmor frequency w;, and can be detected via polar-
ization optics [320]. First optical detection of magnetic resonance via the Faraday effect in mercury

dates back to investigations of Cohen-Tannoudji et al. in 1963 [321].

7.2.2 Overview of EDM searches

The first direct search for a nEDM was performed by Purcell and Ramsey in 1957, setting an upper
limit of |d,| < 5x 1072 ¢ - cm [322]. Since then, experimental techniques have improved by several
orders of magnitude and a wide variety of atomic and molecular systems have been employed in
the search for EDMs, offering complementary sensitivity to different sources of parity (P) and time-
reversal (T) violation. Reference [3] provides a global analysis of CP violation in atoms and molecules,
categorizing these systems into four classes based on their electronic configuration and nuclear spin,
each with distinct sensitivities to underlying sources of EDM generation.

Class I includes open-shell molecular systems with spin-zero nuclei, such as ThO, HfF*, and YDbF,
which are primarily sensitive to the electron electric dipole moment (eEDM) and scalar-pseudoscalar
electron-nucleon interactions. Among these, ThO (Z = 90) [28] and HfF* (Z = 72) [27, 323] have
outstanding sensitivity for eEEDM searches due to their large internal electric fields and long coherence
times. The most stringent bound on the eEDM to date comes from measurements of HfF* by a group
led by Eric Cornell, yielding | .| < 4.1 x 1073 e cm [27]. The other very promising Class I system is
ThO [324, 325], where the previous eEDM bound of |d.| < 1.1 X 107% e - cm at 90 % confidence level
(CL) was set by the ACME II collaboration in 2018 [28], and further improvements are underway.

Class II comprises closed-shell systems with spin / = 1/2 nuclei, which are mainly sensitive to
hadronic sources of CP violation including the neutron and proton EDMs and CP-odd nuclear forces,
manifesting through nuclear Schiff moments. The most stringent aEDM limit is provided by measure-
ments on room temperature vapors of *Hg, with a sensitivity of o4 = 3x1073° ¢ cm [31]. Additional
Class II systems include TIF [326], 1#Xe [327, 328], and Yb [329], as well as Ra [30, 330-332].

Class III includes open-shell systems with spin / = 1/2 nuclei such as T1[333] and PbO [334], which
offer mixed sensitivity to both electron and nuclear EDM contributions. Class IV is represented by
systems such as 1%*Cs [335], which are open-shell atoms with higher nuclear spin (I > 1/2), allowing

sensitivity to CP violating tensor interactions and nuclear magnetic quadrupole moments.
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Neutron EDM measurements Apart from atomic and molecular EDM searches, direct measure-
ments of the nEDM are still being pursued today with increasing sensitivity. Two experiments are
leading this effort: The nEDM / n2EDM experiment(s) at the Paul Scherrer Institute (PSI) and the
PanEDM project at the Institut Laue-Langevin (ILL). We collaborate with the latter in developing
ultraviolet (UV) lasers for magnetometry using mercury atoms as the sensor.

The nEDM/n2EDM project(s) utilizes a double-chamber spectrometer and an ultracold neutron
source. An array of %Hg and 133Cs co-magnetometers is used to extract the spatial magnetic field
distribution including its gradients and correct for magnetic field drifts, that are minimized using both
passive and active magnetic shielding and stabilization. It employs Ramsey’s method of separated
oscillatory fields, which creates a temporal interferometer sensitive to phase shifts induced by the
interaction of the neutron spin with an applied electric field — a phase proportional to the EDM and
spin polarization. The measurement provides the so far most stringent upper limit on the nEDM,
with a value of d, = (0.0 1.1 +0.255) X 10726 ¢ . cm providing a bound of |d,| < 1.8x 1072 ¢ . cm
at 90 % CL.

The PanEDM project also uses a double-chamber Ramsey apparatus with ultracold neutrons and
uses the SuperSUN cold neutron source. It is supported by a passive magnetic shield and a dual
19Hg co-magnetometer system [34] with outstanding sensitivity [32, 33]. Both the upgraded n2EDM
experiment at PSI and the PanEDM experiment at ILL now aim for an increased sensitivity of
04 = 1x107% e - cm and beyond. Future generation experiments also include the nEDM@SNS
experiment at the Spallation Neutron Source at Oak Ridge National Laboratory, which is currently
under construction. It utilizes ultracold neutrons in a superfluid *He environment with polarized 3He

as a co-magnetometer and aims to reach a sensitivity of oy = 3 x 10728 ¢ - cm [3306].

A global analysis incorporating measurements from all classes is necessary to disentangle and con-
strain the full parameter space of CP-violating interactions, including those arising from the electron,

neutron, and proton EDMs, as well as from effective CP-odd fourfermion operators [3].

7.2.3 Searching atomic EDMs using mercury

Thermal vapor cell measurements The use of mercury for aEDM searches was already proposed
in 1982 with initial experiments starting in Seattle in 1984 [318]. The most stringent constraints on
an aEDM to date are imposed by the experimental findings of the University of Washington, which
utilized room-temperature vapors of mercury through an over 20-year series of experiments, with
EDM bounds given between 2001 [337] to 2016 [31].

The experimental setup of the latest measurement [31] consists of two cylindrical glass cells filled
with gaseous “Hg(at a vapor pressure of 1.7 X 1073 mbar at room temperature and about 0.6 bar
of CO buffer gas. The cells are located inside a common homogenous magnetic field and feature
shared electrodes that create opposing electric fields in the two regions. The atomic spin is trans-
versely polarized via optical pumping for about 30s. The Faraday effect induced by spin precession is
probed using blue, linearly polarized laser light in two short measurement pulses over an overall spin
precession time of about 200 seconds. With paraffin-coated cells, spin relaxation time of 250 s to 600 s
could be reached — a strong feature of diamagnetic atoms, that is also exploited in measurements of

129Xe, where even larger coherence times can be reached.
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The dual-cell setup with a shared common electrode allows synchronous measurement of the two
Larmor precession frequencies w., as given by equation (7.6). The system is sandwiched in-between
two additional cells with no EDM sensitivity at zero electric field, used as magnetometers. The
full setup is magnetically isolated via passive mu-metal shields for reducing systematic shifts. Spin
precession during the probe beam phase and the in-between dark phase in absence of any interrogation
results in characteristic Larmor frequencies of w; ~ +£10Hz at a bias magnetic field of around B =
10mG. The null measurement of resolved Larmor frequency differences in an electric field of about
E =10kV/cm feature a resolution of <0.1 nHz.

While early experiments relied on lamp-based light sources at 254 nm that provided excellent long-
term reliability and stability also in similar experiments [318], later upgrades benefit from technol-
ogy advancement in deep-UV continuous wave laser development. The probe laser light is detuned
+10 GHz to the blue, halfway between the F = 0 — F’ = 1/2 and F’ = 3/2 excited states of the
1Sy — 3P; transition. Especially for co-magnetometry this requires precise knowledge of the isotope

shifts determining the vicinity of isotopic resonances and associated light shifts [33].

Measurement sensitivity The sensitivity of the EDM measurement is predominantly determined
by the Larmor precession frequency measurement’s uncertainty. Following the idea of the EDM being
extracted from the frequency difference given in equation (7.6), under the assumption of perfectly

stable electric and magnetic field, the ideally shot-noise limited EDM sensitivity is given by [320]:

Ad=— I (7.9)

2EVNT e
and therefore favors large atomic sample sizes N, large electric field strengths E, measurement inter-
rogation times 7 and spin precession times 7. The parameter € denotes imperfect detection efficiency

from various sources and takes values 0 < € < 1.

The external field strength £ in EDM measurements is typically limited to a few 10kV /cm due to
arc discharges in the analyzed vapor and buffer gas. While polarizable molecules feature a strong
enhancement of externally applied electric fields due to the induced inner EDM and are not limited
by these constraints, aEDM searches in Hg would strongly benefit from higher electric field strengths
limiting the measurement precision. Here, diamagnetic atoms like 1%”Hg have the advantage over
paramagnetic atoms to be less sensitive to systematic effects from magnetic interaction such as leakage
currents and motional induced magnetic fields E x ¥/c? [338] that can mimic an EDM, and to spin

depolarizing effects that limit spin coherence times [320].

Systematic uncertainties on the measured EDM are however strongly limited by the macroscopic
size of the cell geometry and dominated by electric field correlated axial (and radial) motion of the
atoms within the cell that, in combination with magnetic field gradients, is the dominating system-
atic uncertainty [31]. While the total uncertainty is currently dominated by statistics, required mea-
surement time 7 for order-of-magnitude improvements render further progress impractical without a
conceptual improvement, as the current measurement campaign took already about 10 months. Alter-
natively, increasing the probed sample sizes N strongly affects possible electric field strengths, where
leakage currents pose already another systematic limit. Other systematic effects include imperfections

in electric field reversal (notes as E? effects in reference [31]) and electric field inhomogeneities.
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7.3 Probing electric dipole moments of laser-cooled mercury

The current ¥Hg measurement has reached fundamental limitations in its room-temperature vapor
cell implementation, which motivates the development of a next-generation approach. The vision of

this project is probing laser-cooled, tightly confined samples of 1%Hg atoms.

Similar to measurements on ?°Ra [30, 331, 332], this promises higher atomic densities, smaller
physical size allowing strongly increased electric field strengths and reduced systematic errors. Going
for 1 Hg instead of radioactive ?2’Ra also has the advantage that radioactive elements often need to be
produced artificially and therefore limit both the measurement time and the sample size. Experiments
in radium for instance rely on spinless *°Ra (1,9 = 1600 years) for testing and studying systematics,
as the 22°Ra isotope of interest decays with a halflife time of just 1/ = 15days and sample sizes
are limited to the 1pCurie-range (~ 1ug). While source operation in ultra-high vacuum (UHV)
environment is not trivial either, here mercury has a clear advantage being the heaviest non-radioactive

element in the periodic system that can be laser-cooled so far.

By confining atoms in an optical dipole trap and UHV, the maximum electric field strength is now
in theory set by the vacuum breakdown voltage and leakage currents are strongly reduced. Field
emission effects, surface roughness, and material properties of the electrodes in these experiments
currently limit field strengths to about 500 kV/cm [339]. However, as going from a glass cell container
to an optical dipole trap confinement, much smaller sample volumes can be probed and electrodes can
also be spaced much closer. This also strongly reduces systematic uncertainties by strongly reducing

magnetic gradient fields and E-field inhomogeneities.

We also consider using techniques like spin squeezing out of the toolbox of quantum optics, that
could increase the measurement sensitivity. Future iterations also aim at probing quantum degenerate
gases of mercury, that have the potential for significant sensitivity gains via quantum Heisenberg

scaling. This could change the sensitivity scaling from 1/VN to 1/N.

7.3.1 A versatile quantum gas apparatus for EDM measurements

The measurements and method investigations presented in this thesis are all performed in the vac-
uum chamber presented in chapter 3. With the development of an UHV compatible mercury source
chamber, that can be extended to an atomic beam source for Zeeman slower (ZS) operation, this
establishes a solid foundation for future EDM measurements. High-resolution EDM measurements
call for a magnetically shielded science chamber. For generating quantum degenerate gases we will
further benefit from an improved background vacuum pressure. For both of these goals, a vacuum
chamber design shown in figure 7.2 is proposed. The design is based on a ZS that provides both a
source of slow atoms for better magneto-optical trap (MOT) loading, as discussed in section 4.8.3, and
allows a strong vacuum pressure gradient between source and main chamber via a set of differential
pumping stages. The latter should allow deeper UHV to extreme high vacuum (XHV) operation of
the main MOT and quantum gas main chamber and the science cell. The planning of the experiment

is well underway, but only a brief overview of the new machine’s building blocks is provided here.
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7 Towards electric dipole moment searches using laser-cooled mercury

Source chamber

The source chamber contains the atomic beam source described in section 3.1.3. It also features a
mechanical atomic beam shutter and four viewports for characterizing the atomic beam and optional
transversal cooling. Each section has its own pumping station with a main ion getter pump (IGP) for
long term operation, a titanium sublimation pump (TSP) to remove contaminants after baking and a
full-metal angle valve for connection to a turbo molecular pump (TMP) during bake-out. The source

is again being separated from the rest of the chamber via a pneumatic gate valve.

Main chamber

A set of three differential pumping stages — low conductance apertures and tube connections in com-
bination with the pumping stations — within the ZS atomic beam path separate the main chamber
from the source. It is simulated to hold a pressure difference of nine orders of magnitude and allow
XHYV vacuum pressures in the main chamber, when pumped by a combination of large ion pump and
TSP. The optional installation of a NEG pump for better hydrogen pumping speed and pumping of
mercury is motivated by the experience collected in the current setup. For optical access, we aim for a
six beam MOT setup and viewports for horizontal and vertical ODTs and optical lattices. A recessed
viewport on the top allows bringing a microscope objective close to the location of the atoms, which

allows high-resolution imaging at high numerical aperture.

Science chamber

Being very sensitive to magnetic field variations, the science chamber for probing an electric dipole
moment is separated and isolated from the main chamber. Transfer to an external EDM science glass
chamber is planned to be established by transport in an optical dipole trap, where a crossed ODT
setup can hold the laser-cooled atoms in-between the electric field electrodes.

For transport, the ODT focus can be moved by tunable or moving lenses. Here, the low polariz-
ability of mercury will probably require reloading the atoms to a more tightly focussed single beam
trap. Alternatively, keeping the trapping volume can be achieved by installation of a crossed ODT
that is created by a single moving lens under a shallow angle.

The shielded part of the science cell extension is made of glass to avoid any metallic impurities
and is pumped by the main chamber connection to reduce ion pump’s magnetic field gradients at
the location of the atoms. With the experimental experience presented here, based on the good UV
compatibility and performance of the viewports in this work, we plan to bond nanostructured UV
fused silica glass substrates using UHV compatible epoxy. Potentially, classical hard AR coatings
could still be a viable UV resistant option here. Current investigations indicate that removing the
substrates’ Beilby layer before coating leads to strongly improved lifetimes under UV exposure.! This
thin, amorphous surface film formed by plastic flow during polishing lacks crystalline structure can

contain solarization-vulnerable contaminants and can be efficiently removed via ion beam etching.

1 Personal communication with Stefan Truppe.
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7.3 Probing electric dipole moments of laser-cooled mercury

Magnetic shielding & fields

The science chamber is designed to feature a four layer magnetic shield made out of mu-metall, a
metallic alloy with a very high magnetic permeability of u, = 50,000 to 200,000. In the simplest
approximation, given the transversal and longitudinal field suppression of a cylindrical shield of di-
ameter D and length L, is given by S, ~ u,d/D +1and S ~ 4N (S, -1)/(1+ D/(2L)) +1 with
N ~ 0.38(L/D)~13 for the geometry described here [340]. For our design of four stacked cylinders
of increasing length and diameter — shown in figure 7.2 — with respective end caps, every shield con-
tributes with a shielding factor of S, = 250 to 1000 and S = 200 to 300, respectively. Multi-layer
shields ideally contribute multiplicative for large enough shield distances. Holes in the shield neces-
sary for optical access reduce the shielding factor strongly, even though the introduced aperture field
decreases exponentially with the distance from the hole. We estimate that the shield will suppress am-
bient static and low-frequency magnetic field changes by about —75 dB. Further suppression obtained
by degaussing the shields through applying 50 Hz to 500 Hz AC magnetic fields to remove residual
magnetization and internal fields should allow for suppression better than —80 dB [30].

We plan to utilize cylindrical cosine-theta coils both for degaussing and as the main quantization
field driving the Larmor precession. In this type of coil, the current density varies with the cosine
of the azimuthal angle 6 around a cylinder J(#) o« cos#, which produces a very pure dipole field

perpendicular to the cylinder axis and parallel to the EDM electrode stack.

Electrode design

The plan for the first EDM electrodes is based on a pair of plane-parallel copper electrodes mounted
to a support frame made of Macor similar to the design used in the Radium experiment at Michigan
State university [339], with the option to upgrade to a pair of niobium or titanium electrodes in the
future. Here, electro-polishing and water pressure polishing of the electrodes as well as high voltage
discharge-conditioning (that ablate microprotrusions on the electrode surfaces) [339] is planned to
minimize surface inhomogeneities and increase the applicable voltage. In the first iteration we aim for
an electrode distance of 0.5 mm that should allow voltages of up to 15kV. The electrode was carefully
designed to prevent electric breakdowns and leakage currents due to discharges at sharp corners,
as the latter perfectly mimics an EDM signal. We simulate the electric field via a numerical finite-
element method solving the electrostatic Laplace equation via successive overrelaxation algorithm,
that validate the suitability of the design.

EDM readout

As an alternative to modified Faraday rotation readout schemes that utilize various forms of linear and
nonlinear optical Faraday effects, as well as state preparation via optical pumping [314], we plan to
read out the Larmor precession via dark state imaging [341]. Here, atoms are optically pumped with
e.g., 0 polarized light into the mr = +1/2 ground state that then forms a dark state for a o, polarized
absorption imaging pulse. Larmor precession of the spin polarized atoms then allows probing the
mp = —1/2 ground state population that also varies as o sin (wr, #). Alternative spin detection on the
120 MHz broad singlet transition at 185 nm could increase the number of scattered photons by about
two orders of magnitude and reduce the associated photon shot noise by a factor of ten.

1 ASTM A753 Alloy 4.
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the American Physical Society.
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Magneto-optical trapping of mercury at high phase-space density

Quentin Lavigne ®, Thorsten Groh, and Simon Stellmer
Physikalisches Institut, Rheinische Friedrich-Wilhelms-Universitit, 53115 Bonn, Germany

® (Received 21 December 2021; accepted 25 February 2022; published 15 March 2022)

We present a realization of a magneto-optical trap of mercury atoms on the 'Sy — *P; intercombination
line. We report on trapping of all stable mercury isotopes. We characterize the effect of laser detuning, laser
intensity, and gradient field on the trapping performance of our system. The atom number for the most abundant
isotope 2?Hg is 5 x 107 atoms. Moreover, we study the difference in cooling processes for bosonic and fermionic
isotopes. We observe agreement with the Doppler cooling theory for the bosonic species and show sub-Doppler
cooling for the fermionic species. We reach a phase-space density of a few parts in 1077, which constitutes a
promising starting condition for dipole trap loading and evaporative cooling.

DOI: 10.1103/PhysRevA.105.033106

I. INTRODUCTION

All atoms in the class of alkaline-earth(-like) metal ele-
ments share a unique combination of properties: two valence
electrons and a J = 0 ground state. The level structure decom-
poses into singlet and triplet states; the latter can be metastable
and are connected to the single ground state via narrow in-
tercombination lines. In recent years, this class of atoms has
received widespread attention in the field of optical clocks [1],
in quantum simulation based on laser-cooled atoms [2], and
in low-energy searches for physics beyond the standard model
[3,4]. Within this class of elements, mercury assumes a unique
role: it is the heaviest element with stable isotopes that can be
laser cooled, it has the highest ionization threshold, and as a
consequence, all of its principal optical transitions are deep in
the ultraviolet (UV) range. As the technology of UV lasers
matured over the past few decades, cold-atom experiments
with mercury atoms became feasible.

Magneto-optical trapping of mercury was first realized in
seminal work by the group of Katori [5] and forms the ba-
sis of optical clocks based on mercury [6—10], benefiting in
particular from its insensitivity to blackbody radiation shifts.
Related research on laser cooling of mercury is also described
in Refs. [11-15].

Here, we present a detailed study on laser cooling of
mercury. The identification of optimal parameter ranges, in
combination with increased laser power, has allowed us to
substantially improve the atom number and phase-space den-
sity of laser-cooled samples compared to previous works.
With these improvements, interesting experiments have come
into reach [16], including a competitive measurement of the
Hg electric dipole moment using laser-cooled atoms to search
for physics beyond the standard model [17,18], isotope shift
measurements [19-21], and evaporation towards degenerate
quantum gases.

*stellmer @uni-bonn.de

2469-9926/2022/105(3)/033106(9)
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II. EXPERIMENTAL SETUP

In this work, laser cooling of neutral mercury is performed
on the 'Sy — 3P, intercombination line at 254 nm, which
has a linewidth of I' = 27 x 1.3MHz and a corresponding
Doppler temperature 7p = 31 uK. The saturation intensity of
this transition is I, = 10 mW/cmz. Note that precooling on
the broad 'Sy — !P; singlet transition is challenging due to
its wavelength of 185 nm, for which high-power cw laser
development is still in its infancy [22].

Our experimental apparatus, depicted in Fig. 1, is designed
as a test setup to identify optimal parameters for laser cooling
of mercury. The mercury atoms are loaded from the back-
ground gas. The atom source is composed of a stainless-steel
reservoir filled with a few droplets of liquid mercury. This
reservoir is cooled under vacuum by a four-stage Peltier el-
ement down to —50°C. For loading of a magneto-optical
trap (MOT), the oven is operated at a temperature of —35°C,
resulting in a partial pressure of about 5 x 1075 mbar at the
source. The source section is pumped with a 2 L/s ion pump
to protect the in-vacuum electronics from mercury corrosion.

A CF40 tube with a length of 380 mm (conductiv-
ity ~1.55L/s) connects the source to the MOT chamber.
The vacuum chamber, which is assembled from standard
CF40 vacuum components, is pumped down to the range of
108 mbar by a 55 L/s ion pump and a standard titanium
sublimation pump.

The magnetic quadrupole field required for atom trapping
is generated by a pair of coils in anti-Helmholtz configuration.
The coils are made of 6 x 6 mm? hollow-core square copper
tubing and are water cooled. They consist of 12 windings
each and have a diameter of 160 mm. These coils generate
an axial gradient field 0B,/dz of 0.20 G/(cm A). In typical
operation, the axial gradient field is set to about 10 G/cm at a
current of 50 A. The low inductance of the coils (~100 uH)
enables us to quickly turn off (<1 ms) the magnetic field with
an insulated-gate bipolar transistor. In practice, the switching
time is limited by a metal frame to typically 6 ms. Three
mutually orthogonal pairs of coils in Helmholtz configuration

©2022 American Physical Society
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FIG. 1. Experimental setup. (a) Central region of the vacuum
chamber, including coil systems and optics. (b) Cut-away view of
the atomic source. A stainless-steel bucket filled with liquid mercury
is temperature controlled via a four-stage Peltier element to set the
vapor pressure in the vacuum chamber.

allow us to compensate for Earth’s magnetic field and any
other background field.

The light at 254 nm is generated by a commercial fre-
quency quadrupled laser. The fundamental mode at 1016 nm
is generated by a diode laser, which is stabilized to a commer-
cial high-finesse cavity (Menlo, finesse 74 000 at 1016 nm)
for linewidth reduction. A fiber-coupled phase modulator
(Jenoptik PM1064) with 7-GHz bandwidth is used to imprint
variable sidebands, which are used to steer the laser frequency
with respect to the cavity mode.

The diode emission at 1016 nm is amplified by a ta-
pered semiconductor amplifier, passed through a filter of 0 =
5.7 GHz transmission bandwidth to remove undesired inco-
herent background radiation (amplified spontaneous emission
of the semiconductor laser), and amplified by a fiber ampli-
fier to about 8 W. Two consecutive and resonant stages of
second-harmonic generation generate more than 350 mW of
UV power.

Polarization components are used to split the light at
254 nm into three pathways using a spectroscopy cell for
monitoring purposes, the MOT beams, and the imaging beam.
The light for the MOT is passed through an acousto-optical
modulator (AOM) for intensity and frequency control before
being split into three arms. The mean waist is increased up to

wo = 6.5 mm. The three mutually orthogonal MOT beams are
retroreflected and have a typical power Pyior of 15 to 30 mW
per beam, depending on the UV degradation of the optics. All
beams are aligned with submillimeter accuracy to the center
of the quadrupole field.

Absorption imaging is performed on the same optical
transition. The imaging beam is passed through an AOM
for frequency adjustment and switching; it is then focused
through a 100-um pinhole for mode cleaning, expanded to
a waist of 7.5 mm, and delivered to the MOT region. It is
linearly polarized and has a typical power of 1 mW. Our
imaging system is composed of a single lens in the 2f-2f
configuration to obtain a magnification of M = 1. A CCD
camera (ANDOR model iXon3 885) with quantum efficiency
in excess of 30% is used for imaging.

A typical measurement sequence consists of a 5-s-long
MOT-loading phase in which the gradient field and the MOT
beams are turned on. Then, the gradient field and MOT
beam are switched off. The atom number and temperature of
the atomic cloud are determined from standard time-of-flight
(TOF) images.

III. RESULTS

A. Magneto-optical trapping of all seven stable isotopes

We begin our study by presenting magneto-optical trapping
of all seven stable mercury isotopes (see Fig. 2). A list of the
stable isotopes of mercury is provided in Table I: five bosonic
isotopes with nuclear spin / = 0 and two fermionic isotopes,
199Hg with I = 1/2 and *°'Hg with I = 3/2, exist. We adjust
the waist of the MOT beams to wy = 5.2mm and set the
power per beam to P = 26 mW, corresponding to a saturation
parameter s = I /I, of s = 6. The magnetic field gradient
is set to dB;/dz = 10G/cm. We scan the frequency of the
MOT beams across the resonance frequency of each isotope.
A maximum in atom number N is reached for a detuning A
of about —15T for the abundant bosonic isotopes. For the
fermionic isotopes, the maximum atom number is obtained
for '’Hg at a detuning of about —11T and for *°'Hg at
about —8T.

We capitalize on the high laser power available, which
allows us to increase the diameters of the MOT beams. We
were able to observe a MOT of the least abundant isotope,
1%Hg, with a natural abundance of only 0.15%. This isotope
was not detected in previous studies [5,6,11,13—-15].

We observe that for the bosonic isotopes, the observed
MOT atom numbers correspond, within the uncertainties, to
the natural abundances. For that we normalize the peak MOT
atom numbers N of each isotope to that of the most abundant
isotope, 2°?Hg. We then compare the normalized MOT atom
numbers N’ = N/N,g, of each isotope to its normalized nat-
ural abundance AY" = AV /AY, (last column of Table I). The
observed correspondence for the bosons is expected, as the
electronic structures of these isotopes are exactly identical.
This observation indicates that the MOT atom number is not
yet saturated for the set of parameters used here.

For the fermions, however, we do observe a clear mismatch
between the normalized atom number and isotope abundance:
cooling and trapping efficiency is reduced by a factor of about
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FIG. 2. Magneto-optical trapping of all stable Hg isotopes. (a) Absorption images of the MOTs after 0-ms time of flight. The image of
%Hg is Gaussian filtered to increase visibility. (b) Number of trapped atoms N as a function of the detuning A for each isotope. (c) Normalized
atom number as a function of the detuning from the 2°*Hg resonance, with the same data as in (b). The horizontal lines represent the normalized

isotope abundance.

3 for 1”Hg and by a factor of about 5 for 2°'Hg. Compared to
the bosonic isotopes, these two isotopes possess multiple mp
components in the 'Sy ground state, as well as hyperfine and
Zeeman structure in the 3P, excited state. The MOT is oper-
ated on the F = 1/2 — F’ = 32 transition for 'Hg and on
the F =3/2 — F’ = 5/2 transition for °'Hg. The reduced
efficiency of fermionic MOTs was explained in Ref. [24] and
is observed with many alkaline-earth-metal elements. In short,
the vastly different g factors of the 'Sy ground state (g ~ 107%)
and the 3P, excited state (g = 1.5), as well as the multitude
of Zeeman states, reduce cooling power and open up loss
channels.

While the vast majority of magneto-optical traps are oper-
ated on F — F’ = F + 1 transitions, there is also an interest
to study unconventional MOT operation for the cases F' < F.
These cases are relevant for laser cooling of molecules and
might use blue-detuned light [25]. Indeed, we observe stable
magneto-optical trapping of the '“’Hg isotope on the F =
1/2 — F’ = 1/2 transition. With similar trap parameters we
reach around N = 1.1(2) x 10* atoms at a detuning of A ~
—3T. This is a reduction of about two orders of magnitude
with respect to the “ordinary” "Hg F =1/2 — F' =3/2
MOT.

TABLE 1. Naturally occurring mercury isotopes. For each isotope, we state the nuclear spin I; its natural abundance AV [23]; the observed
atom number normalized to the most abundant isotope, °>Hg, N’; and the trapping efficiency N’ /A" . The latter is expressed as the ratio of the
normalized atom number and normalized natural abundance and shows a strong deviation from unity only for the fermionic isotopes.

Spin Nuclear Natural Normalized Normalized Trapping

Isotope statistics spin / abundance AY abundance AV atom number N’ efficiency N’ /AN '
1%Hg bosonic 0 0.15 0.0052 0.0043(13) 0.83
%8Hg bosonic 0 9.97 0.3455 0.3220(12) 0.93
9Hg fermionic 1/2 16.87 0.5845 0.2166(10) 0.37
20Hg bosonic 0 23.10 0.8004 0.8200(12) 1.03
Mg fermionic 3/2 13.18 0.4567 0.0862(7) 0.19
202Hg bosonic 0 29.86 1 1 1

W4Hg bosonic 0 6.87 0.2380 0.1970(9) 0.83
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FIG. 3. Number of trapped atoms N as a function of (a) the de-
tuning A and the saturation parameter s for a fixed magnetic gradient
field of 9B,/dz = 10 G/cm and (b) the detuning A and the magnetic
gradient field dB,/dz for a fixed saturation parameter of s = 2.6.

In the following, we will focus our studies on the most
abundant isotope, 2?Hg. We will explore the key parameters
such as laser detuning, intensity, and magnetic field gradient
to optimize the performance of the experiment. These mea-
surements significantly expand previous studies [8,12] to a
broader parameter range.

B. Atom number

An important quantity of any cold-atom experiment is the
atom number. For a fixed magnetic field gradient of 0B, /dz =
10G/cm, we investigate the dependence of the atom num-
ber on the laser detuning A and on the saturation parameter
s = I /L. The results are depicted in Fig. 3(a). In this contour
plot, the circles indicate measurement points, and the color
of the circle’s filling denotes the measurement value. As a
background, we provide a two-dimensional (2D) interpolation
to improve the readability.

The atom number increases as the detuning increases and
reaches a maximum of 2 x 107 atoms around A = —10T.
Beyond that maximum, the radiation pressure force becomes
too weak to efficiently confine the atoms in the trap. At a
detuning of A = —10T, the atom number increases linearly
with the saturation parameter s. Due to degradation of the
laser and the optics, we could reach a saturation parameter of
only s ~ 3 in this study. Up to this value, we do not observe
saturation of the atom number.

Figure 3(b) shows the dependence of the atom number N
on the magnetic field gradient dB,/9z and laser detuning A
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FIG. 4. Influence of the Hg partial pressure on (a) the initial load-
ing rate, (b) the loading time, and (c) the equilibrium atom number.
The partial pressure in the chamber cannot be measured directly;
shown is the pressure reading of the small ion pump in the source
chamber. The top axis shows the associated source temperature.

for a fixed saturation parameter, s = 2.6. An increase in the
gradient field improves the atom number until it reaches a
maximum around 10 G/cm, largely independent of detuning.
Beyond this maximum, a reduction in the atom number is
observed, explained by the reduction in capture volume at
higher gradients fields. Typical atom numbers for the 2**Hg
isotope are in the range of 107 atoms.

Our MOT is loaded from the background gas, and its
equilibrium atom number depends on the loading rate (pro-
portional to the Hg partial pressure) and the atom loss
rate. Quite generally, the loss rate is a combination of one-
body losses (induced by collisions with room-temperature Hg
atoms and all other residual gas atoms), two-body losses (e.g.,
light-assisted collisions), and three-body losses (molecule for-
mation). For the densities obtained in this study, we conclude
that only one-particle losses are relevant.

We vary the Hg partial pressure by controlling the oven
temperature 7; from —37°C to —13 °C. The loading rate in-
creases linearly with partial pressure [see Fig. 4(a)]. The atom
number saturates at a source temperature of around —25°C,
which corresponds to about 1.6 x 10~® mbar in the source
section. At this point, the residual gas in the vacuum chamber
is dominated by mercury, and the MOT atom number becomes
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independent of Hg partial pressure [see Fig. 4(c)]. Increasing
the partial pressure further increases both the loading rate and
the one-body loss rate, thus accelerating the loading dynam-
ics, but does not increase the equilibrium atom number. A
selective increase in the loading rate, and thus an increase in
the MOT atom number, could be achieved through implemen-
tation of a Zeeman slower or a 2D MOT.

The maximum atom number, obtained with 35 mW of
power per MOT beam (s = 6.2, before degradation of the
optics), stands at 5 x 107 atoms. We believe that even higher
atom numbers could be achieved with higher laser power and
a cleaner mode profile.

C. Temperature

The series of mercury isotopes lends itself well to an in-
vestigation of laser-cooling mechanisms. On the one hand,
the bosonic isotopes, which do not have a degenerate ground
state, are particularly well suited to study simple Doppler
cooling theory [26]. On the other hand, the fermionic iso-
tope '”’Hg, which has a nuclear spin of / = 1/2, represents
the simplest system which can support sub-Doppler cooling
mechanisms, in particular Sisyphus cooling [27]. The de-
pendence of cooling performance on the number of Zeeman
substates can then be explored further through the 2°'Hg iso-
tope with a nuclear spin of I = 3/2.

1. Dependence of the temperature on trapping parameters

To measure the temperature 7 of the atomic cloud, we
use the TOF technique: we release the atomic cloud from
the MOT and record its ballistic expansion for a set of re-
lease times trop via absorption imaging. The comparably
narrow linewidth of 1.3 MHz leads to a comparably small
absorption signal. For typical temperatures of the order of
100 1K and atom numbers of the order of 107, the absorption
signal falls below the imaging photon shot noise at a TOF
of about 10 ms. At this point of expansion, the cloud size
r ~ /kgT /m ttor does not yet dominate over the initial cloud
size (see Sec. III D). Therefore, we cannot assume the initial
cloud size is negligible, and each temperature measurement
is obtained from a series of seven absorption images with
the TOF varying between O and 7 ms. In this way, we can
reconstruct the initial size and the expansion dynamics to infer
the temperature. The radius of the cloud r accessible from our
two-dimensional images for varying fror corresponds to the
rms of the fitted one-dimensional radii r, and r, along the x
and z directions. Unless stated otherwise, temperatures given
here are the rms temperature of all three dimensions.

The dependence of the temperature 7' on laser detuning
A and the saturation parameter s is shown in Fig. 5(a). The
temperature 7' increases with the saturation parameter s. In-
deed, a high intensity of the MOT beams induces a heating
mechanism which originates from reabsorption of scattered
photons. The detuning A is the most critical parameter, and
the lowest temperature, 7 = 84(5) uK, is obtained for a de-
tuning of A = —I". As shown in Fig. 5(a), a larger detuning
leads to a temperature increase of the atomic cloud.

This is also expected from one-dimensional Doppler cool-
ing theory [26], which relates the temperature 7 to the
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FIG. 5. Temperature T of the cloud of atoms as a function of
(a) the detuning A and the saturation parameter s for a fixed mag-
netic gradient field 9B,/0z = 10 G/cm and (b) the detuning A and
the magnetic gradient field dB,/dz for a fixed saturation parameter
s =2.6.

detuning A and the saturation parameter s,

o T e (P2 2 1)
= Sks|A| T\T) |

where kg is the Boltzmann constant and 7% is the reduced
Planck constant.

The temperature of the cloud 7 has been measured as a
function of the magnetic field gradient 9B, /dz and the detun-
ing A for a fixed saturation parameter s = 2.6 [see Fig. 5(b)].
The gradient does not have a significant influence on the
temperature 7', as predicted by the Doppler cooling theory.
In general, the temperatures observed in the experiment are
higher than those predicted by the Doppler cooling theory but
follow the predicted dependence on detuning and the satura-
tion parameter. This behavior was already observed in other
experiments with alkaline-earth(-like) atoms [28-31].

2. Sub-Doppler cooling

We will now explore the lower limit of the temperature
that can be achieved by laser cooling. As discussed above, the
temperature depends only mildly on the gradient field and on
the saturation parameter. Therefore, we fix these parameters
to 0B;/0z = 12.2G/cm and s = 2.7 for the following study.
The atom cloud has a pronounced oblate shape, and in the
temperature regime studied here, the cloud barely expands be-
yond its initial size in the horizontal direction. Therefore, we
will constrain our analysis to the temperature in the vertical
(z) direction.
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FIG. 6. Temperature T of the atomic cloud as a function of the
detuning A, obtained for a saturation parameter of s = 2.7 and a
fixed magnetic gradient field of 9B,/dz = 12.2G/cm for several
mercury isotopes. The Doppler limit (dashed line) is the same for
both bosonic and fermionic species.

The temperature of the atomic cloud 7, as a function of
detuning A for two bosonic and two fermionic isotopes is
presented in Fig. 6. Each data point is the weighted average of
at least five time-of-flight sequences. Each sequence is com-
posed of 0.5-ms steps and lasts until the disappearance of the
signal. The temperature of the bosonic species 2>Hg (***Hg)
reaches a minimum at 98(2) uK [104(3) uK] at A = —1.6T
(A=-15T).

To compare our results with the Doppler theory, we now fit
our data with the expression from Eq. (1), where we leave the
saturation s as a free parameter. The model fits the measured
temperatures well, but the derived saturation parameters are
slightly lower [s = 1.5(1) for 2°Hg and s = 1.8(1) for 2?Hg]
compared to the experimentally measured intensities. This
difference is caused by the non-Gaussian profile of the MOT
beams: when measuring the beam waist to determine the peak
intensity of the beams, and thus the saturation parameter, we
assume the beam shape is Gaussian. Degradation of the optics
is proportional to the intensity and results in increased atten-
uation in the center of the beam. The beam profile acquires
a flat top, which leads us to systematically overestimate the
peak intensity.

In summary, we confirm that the cooling mechanism of
bosonic mercury isotopes is properly described by Doppler
theory [12]. The lack of degenerate ground states (I = 0)
precludes sub-Doppler cooling mechanisms. This situation is
different for the fermionic isotopes '*’Hg and 2°'Hg, which
do possess multiple Zeeman substates and indeed show tem-
peratures substantially lower than their bosonic counterparts.

The cloud of '”Hg atoms has a temperature ~40 uK for
a detuning between 2I" and 3I". Above 3T, the temperature
increases. The 2°'Hg atoms reach the lowest temperature of
30.9(2.3) uK right at the Doppler temperature 7p = 31 uK.
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FIG. 7. Radius r of the atomic cloud as a function of (a) the de-
tuning A and the saturation parameter s for a fixed magnetic gradient
field 9B,/dz = 10 G/cm and (b) the detuning A and the magnetic
gradient field 0B, /dz for a fixed saturation parameter s = 2.6.

These two fermionic species undergo Sisyphus cooling, but
there is a subtle difference in the number of Zeeman substates.
Indeed, ground-state-level degeneracy is the key parameter of
sub-Doppler cooling because it affects the velocity capture
range [29]. Thus, the richer atomic structure of 2°'Hg is an
asset to reach lower temperatures than 'Hg. Mercury ap-
pears to be a promising system to study the interplay between
Doppler and sub-Doppler cooling mechanisms [32,33].

D. Cloud size and atomic density
1. Cloud size and Doppler theory

The cloud radius is an important parameter when studying
the performance of a MOT. From the same measurements
used to generate Fig. 3(a), we extract the radius r =
V2 + r.2 of the atomic cloud as a function of detuning A
and saturation parameter s (see Fig. 7). We observe that the
cloud size increases with detuning, it decreases with mag-
netic field gradient, and it is rather independent of the light
intensity.

Considering the good agreement of the 1D Doppler theory
for the bosonic species, we will compare the predicted radius
of the cloud with our data in the z direction (see Fig. 8). Using
the equipartition theorem, the radius r and temperature 7' of
the cloud are related through

1
- = —kgT. 2
Kr 23 ()
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Here, kg is the Boltzmann constant, and « is the trap-spring
constant, which can be expressed as

S - G @)
_ gun,
Po(1+es+ (%))

9z
where up is the Bohr magneton, g; is the Landé factor of the
excited state, and k is the photon wave vector [26].
Combining Egs. (1), (2), and (3), we can obtain an expres-
sion for the radius of the cloud:

IE
. A3 [1 + 65+ (22) ] (@ -1 “
CT | 64A%k giup s 0z '

The dependence of cloud size on detuning is shown in
Fig. 8: the cloud radius grows with the detuning. Moreover,
the size of the cloud is largely independent of the atom num-
ber.

The radius in the vertical dimension is similar to the the-
ory prediction for s = 1.5, as derived from the temperature
measurement in Fig. 6. Using the experimentally determined
saturation parameter of s = 2.7 provides around a 20% lower
predicted radius than measured. Related studies have observed
larger-than-expected cloud sizes as well [12]. The simple
Doppler theory does not properly describe the experimental
data. The discrepancy is likely explained by inhomogeneous
and non-Gaussian beam profiles, as well as the effective re-
pulsion between atoms from reabsorption of the cooling light.

2. Atomic density
We assume the atoms follow a three-dimensional Gaussian
density distribution with a peak density n = N/(27 )*/?rryr,
where r; is the cloud radius in direction i. This assumption is
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FIG. 9. Atomic density n of the atomic cloud as a function of
(a) the detuning A and the saturation parameter s for a fixed mag-
netic gradient field 9B,/9dz = 10 G/cm and (b) the detuning A and
the magnetic gradient field dB,/dz for a fixed saturation parameter
s =2.6.

valid in the low-density regime and supported by absorption
images with a very short time of flight. To maximize the
density, we identify an optimum detuning near A = —TI [see
Fig. 9(a)]. The density favors large gradient fields and mild
saturation parameters. The highest densities of the bosonic
isotope 2?Hg are observed for a gradient field between 10
and 15 G/cm and reach a value of n = 1.1(5) x 10" cm 3.
Increased loss mechanisms, such as light-assisted inelastic
collisions [34], as well as photon reabsorption [35], lead to
a saturation of the density for even higher gradient fields.

E. Phase-space density

The phase-space density p is the relevant quantity in the
context of degenerate quantum gases [36]; it combines the
atomic density n and the thermal de Broglie wavelength A.
It is expressed as

3
s h@)
p =nA —n<—W , %)

where kg is the Boltzmann constant, 7 is the reduced Planck
constant, and m is the mass of an atom.

The dependence of the phase-space density p on the detun-
ing A and the saturation parameter s is shown in Fig. 10(a).
The highest phase-space density is obtained for low satu-
ration parameters s < 1, which avoids heating of the cloud
through reabsorption of scattered photons. In terms of detun-
ing, adjusting the frequency of the laser close to resonance is
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FIG. 10. Phase-space density p of ??Hg as a function of (a) de-
tuning A and the saturation parameter s for a fixed magnetic field
gradient dB,/dz = 10G/cm and (b) as a function of detuning A
and magnetic gradient field dB,/0z at a fixed saturation parameter
of s = 2.6.

beneficial to minimize the cloud temperature. Thus, favoring
cooling over the atom number is the best strategy to maximize
the phase-space density. In our experiment, a detuning of
A =~ —T provides the highest phase-space density.
Moreover, the phase-space density grows with the gradient
of the magnetic field [see Fig. 10(b)] as the trap volume
is reduced. The highest phase-space density for the bosonic
isotope 29?Hg is a0 = 6.4(6) x 1078, reached at a gradient
field of dB,/9z = 12.5G/cm with about 5 x 10° atoms. For
higher gradient fields, we expect that the scattering losses
increase and reduce the phase-space density, as suggested by
the parameters to obtain the highest atom number N in Fig. 3.
For the fermionic isotopes '’Hg and 2°'Hg, we also per-
form a measurement of the phase-space density as a function

of detuning A and saturation s at a gradient of 0B,/dz =
12.2 G/cm. The picture resembles the bosonic case: the high-
est phase-space densities are obtained for small detuning and
low intensity. Specifically, we obtain pjg9 = 1.6(2) x 1077
and poiy, = 4.7(4) x 1077

These numbers provide a promising basis for dipole trap
loading to further increase the phase-space density. Here, dy-
namic compression and cooling phases could be implemented.
Evaporative cooling, en route to quantum degeneracy, will
increase the phase-space density further.

IV. CONCLUSION

In conclusion, we have presented an in-depth study of laser
cooling of mercury. With more laser power than available
in previous experiments, we scanned the three-dimensional
parameter space of the laser detuning, field gradient, and
laser intensity. An optimum set of parameters allowed us to
increase the number of trapped atoms by about an order of
magnitude compared to previous studies. Inhomogeneities in
the laser’s mode profile reduce the cooling performance and
lead to a discrepancy between the calculated and measured
temperatures and MOT size in dependence of laser intensity.
We showed that sub-Doppler cooling for the two fermionic
isotopes closely follows theoretical expectations. We obtained
phase-space densities of the order of 10~7 which appear to
be a solid basis for dipole trap loading. It is interesting to
note that the phase-space density obtained with the fermionic
isotopes is about an order of magnitude larger than for the
bosonic counterparts: clearly, the sub-Doppler cooling mech-
anisms overcompensate for the smaller capture efficiency.
Work towards quantum degeneracy would benefit from the
implementation of a Zeeman slower or 2D MOT to reduce
the background pressure and improve the loading rate.
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Acronyms

AC alternating current.

aEDM atomic electric dipole mo-
ment.

AOM acousto-optic modulator.

AR anti-reflection.

ARTIQ Advanced Real-Time In-
frastructure for Quantum
physics.

BBO beta barium borate.

BEC Bose-Einstein condensate.

BS beam splitter.

BSM beyond standard model.

CAD computer-aided design.

CCD charge-coupled device.

CF ConFlat.

CKM Cabibbo-Kobayashi-

Maskawa.

CL confidence level.

CLBO cesium lithium borate.

CP charge and parity symmetry.

CPT charge, parity and time rever-
sal symmetry.

CTE coefficient of thermal expan-
sion.

DAVLL dichroic atomic vapor
laser locking.

DC direct current.

DDS direct digital synthesizer.

ECDL external-cavity diode laser.

EDM electric dipole moment.

eEDM electron electric dipole mo-
ment.

EEM Eurocard Extension Module.

EOM electro-optic modulator.

FEM finite element method.

FHG fourth-harmonic generation.

FMS frequency modulation spec-

troscopy.
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FMTS frequency modulation
transfer spectroscopy.

FPGA field programmable gate ar-
ray.

FS field shift.

FSR free spectral range.

FWHM full width at half maxi-
mum.

GRIIRA green-induced infrared
absorption.

HYV high vacuum.

IGBT insulated-gate bipolar tran-
sistor.

IGP ion getter pump.

IR infrared.

IS isotope shift.

ISS isotope shift spectroscopy.

KP King plot.

LHC Large Hadron Collider.

MCDF multiconfiguration Dirac-

Fock.
MCDHF multiconfiguration
Dirac-Hartree-Fock.
MOSFET metal-oxide-

semiconductor field-effect
transistors.

MOT magneto-optical trap.

MS mass shift.

ND nuclear deformation.

nEDM neutron electric dipole mo-
ment.

NIST National Institute of Stan-
dards and Technology.

NMS normal mass shift.

NP new physics.

ODT optical dipole trap.

PBS polarization beam splitter.

PD photodiode.

PDH Pound-Drever-Hall.

PID proportional-integral-

differential.

PLL phase lock loop.

PPLN periodically poled lithium
niobate.

PS polarization spectroscopy.

PTB Physikalisch-Technische-
Bundesanstalt.

QCD quantum chromodynamics.

QED quantum electrodynamics.

QFS quadratic field shift.

RAR random anti-reflection.

RF radio frequency.

RGA residual gas analyzer.

RIN relative laser intensity noise.

SFG sum frequency generation.

SHG second-harmonic generation.

SM standard model.

SMS specific mass shift.

STM scanning tunneling mi-
croscopy.

TEC thermoelectric cooler.

TFP thin film polarizers.

TMP turbo molecular pump.

TOF time of flight.

TSP titanium sublimation pump.

TTL transistor-transistor logic.

UHYV ultra-high vacuum.

ULE ultra-low expansion.

UV ultraviolet.

VCO voltage controlled oscillator.

VECSEL vertical-cavity surface-
emitting laser.

XHYV extreme high vacuum.

ZS Zeeman slower.
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