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Abstract

To enable laser cooling of zinc, a deep UV laser system for the main cooling transition at 214 nm
has been developed. The system relies on frequency-quadrupling a titanium-sapphire laser in
two consecutive frequency-doubling resonators, delivering up to 10 mW power from 4.3 W at
the fundamental frequency. For interrogating the clock transition at 310 nm, a laser system has
been constructed by frequency-quintupling of 1548 nm light, taking advantage of the possibility to
distribute the clock signal through the existing telecom fiber networks. The system relies on one
frequency-doubling and two sum frequency generation processes, eventually yielding 0.5 mW UV
light.

A spectroscopic characterization of the 214 nm transition has been performed in collaboration with
the Cold Molecule Group at the Fritz-Haber-Institut in Berlin. A beam of zinc atoms, cooled by
collisions with He at 3 K, is excited with linearly polarized laser light whose frequency is stabilized
to a stable ULE reference cavity. By measuring the fluorescence, isotope shift measurements on all
stable isotopes have been performed improving literature values by more than one order of magnitude.
Furthermore, the absolute frequencies of 64Zn and the isotopic center-of-mass have been determined
using a wavemeter. The hyperfine structure coefficients 𝐴 and 𝐵 of 67Zn, the only isotope with
non-zero nuclear spin, have been determined considering the lineshape modification due to quantum
interference. A King plot analysis exhibits the expected linearity proving consistency with literature
values on the 308 nm line.

For establishing a high-resolution spectroscopy setup in Bonn, isotope shifts on the 423 nm transition
of 40,42,44,48Ca have been measured with saturated absorption spectroscopy, improving literature values
by a factor of 3. A lock-in technique is employed by sinusoidally modulating the intensity of the pump
beam. Possible sources of systematic errors, e.g., buffer gas collisions and radiation pressure-induced
distortions of the velocity distribution, are analyzed and either addressed in the experimental design
or corrected for during data analysis. For narrow lines, self-collisions appear additionally so that
future spectroscopy on intercombination lines should be performed on atomic beams. An optical
setup including a ULE cavity to stabilize the laser frequency for the zinc intercombination line at
308 nm has been developed.

For future demonstration of the first laser cooling on zinc, an experimental setup for a magneto-
optical trap has been constructed. The design includes the vacuum system, a thermal atom source and
the coil system providing the magnetic field gradient. For clock experiments, the “magic” wavelength,
at which the AC Stark shift cancels for the clock transition, is calculated to be 410 nm, at which
confinement in the sideband-resolved Lamb-Dicke regime with suitable trap lifetimes appears possible.
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CHAPTER 1

Introduction

Ever since ancient times, timekeeping has been of great importance for human civilization. While the
day-night cycle structures people’s daily life, astronomical observations have guided agriculture and
religious habits or rituals within a year.

Since the second half of the 20th century, timekeeping has revolutionized, as atomic cesium clocks
have been invented, offering exceptional precision [1]. The international definition of the second is
currently based on the unperturbed ground state hyperfine transition in 133Cs, whose frequency at
around 9.2 GHz is measured with microwave spectroscopy [2]. However, the progress in metrology
led to optical clocks based on atoms confined in ’magic’ lattices or ions kept in Paul traps. These
types of clocks offer a fractional precision at the 10−18 level, far beyond any cesium clock [3, 4]. This
low uncertainty makes time the quantity in nature that can be determined most precisely [5].

Today, atomic clocks are a key component in everybody’s daily life, e.g. in the synchronization of
the telecommunication system, or global navigation satellite systems, such as the global positioning
system (GPS). These systems operate on accurately measuring the time a signal takes to be transmitted
from an emitter at a known location to a receiver. Satellite based systems provide information about
the receiver’s location and enable navigation independently of the position on Earth [6].

Beyond navigation and with successful realization of transportability, atomic optical clocks have
become a valuable tool in geodesy. By determining the gravitational red-shift in the clock transition
with transportable optical clocks, the Earth’s gravitational potential can be characterized. Thus,
clock-based measurements provide additional insights into the characterization of Earth’s surface
height [7, 8]. Improvements on the application of clocks go hand in hand with enhanced precision and
accuracy.

The lowest ever reported uncertainty of a clock has been reported by Ref. [3], in a lattice clock
operating on strontium. Their limiting contribution to the uncertainty stems from the frequency shift
due to ambient blackbody radiation. As zinc offers a reduced sensitivity to blackbody radiation
shifts [9], it has emerged as a promising candidate for future optical lattice clocks [10], as it might
overcome the current limitation. Hence, a zinc clock might operate with competitive uncertainty one
day (Section 2.3.2). A further advantage is that laser light for interrogation of the clock transition
can be derived as the fifth harmonic of a telecom wavelength laser. As its frequency lies right within
the telecom c band, the distribution of the clock signal via fiber links might be possible without the
need for a frequency comb (Section 2.3.3). While the vast majority of group 2 and 12 elements
have been used in cold atom or ion experiments [3, 11–18], zinc has remained rather unexplored
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Chapter 1 Introduction

experimentally. A possible explanation might be that important optical transitions lie within the UV
range (see Section 2.2.1), significantly complicating laser technology, and lasers with suitable powers
may not be commercially available.

Over the past decades, the advancement in spectroscopy led to a significant increase of its spectral
resolution. While early discharge experiments were limited by the resolution of the spectrometer on
the 10 MHz scale [19, 20], modern laser spectroscopy can locate a resonance frequency typically to
a few percent of the natural linewidth. State-of-the-art experiments on clock transitions even reach
uncertainties at the Hz level in isotope shift and hyperfine structure measurements [21–23]. The term
isotope shift refers to the variation in energy of atomic levels within different isotopes, while the
hyperfine structure splitting arises from the coupling of angular momenta between the atomic nucleus
and its surrounding electrons [24]. The measurement of isotope shifts and hyperfine structure provides
a valuable tool for characterizing the nuclear structure and gives insights into the nuclear size and
shape, as discussed in Chapter 3 [22, 23, 25, 26]. They may also be used to explore potential physics
beyond the Standard Model, such as temporal variation in fundamental constants [27], a possible new
gauge boson [26, 28], CPT violation [29] or violations of local Lorentz invariance [29, 30].

This thesis intends to provide groundwork for precision spectroscopy and laser cooling of zinc
atoms. In the course of this work, two UV laser systems have been developed, one for driving the
main cooling transition of zinc at 214 nm and one for interrogation of the clock transition at 310 nm.
Both their performance is confirmed by absorption spectroscopy [31–33]. These laser systems are
presented in Sections 2.4.1 and 2.4.3, respectively.

In collaboration with the Cold Molecule Group at the Fritz-Haber-Institut in Berlin, laser spectro-
scopy on the 214 nm transition has been performed, measuring fluorescence on a cryogenic buffer gas
cooled atomic beam. During the campaign, the hyperfine structure coefficients 𝐴 and 𝐵 for 67Zn, the
only Zn isotope with nuclear spin, have been determined, taking into account quantum interference
in the lineshape model. Referencing the laser frequency to a stable ULE cavity, isotope shifts are
measured with a precision improving literature values by more than one order of magnitude. The
absolute frequencies of the 64Zn transition and the isotopic center-of-mass have been determined by a
wavemeter. The results are presented in Chapter 4 and published in the article reprinted in Appendix A
[34].

To further support high-resolution spectroscopic experiments in Bonn, a setup for saturated
absorption spectroscopy was constructed. This setup incorporates lock-in detection to achieve a
higher signal-to-noise ratio and a magnetic field compensation over the entire vapor cell. Systematic
shifts and lineshape changes, including the Doppler shift, buffer gas collisions, light pressure induced
velocity distribution modification, and power dependent shifts have been studied and corrected for.
Hence, the isotope shifts for 40,42,44,48Ca were measured with a precision at the parts-per-thousand
level relative to the natural linewidth, representing a threefold improvement over existing values in
the literature. The measurements are presented in Chapter 5 and published in the article reprinted in
Appendix B [35].

Based on the gained experience, it appears more reasonable to perform spectroscopy on kHz-
linewidth transitions by fluorescence measurements of atomic beams. This technique benefits from
a lower atom density, the absence of buffer gas and a significantly lower shot noise limit [36]. An
experimental setup has been designed and a measurement plan has been developed, applying this
technique to the 397.6 nm transition in zinc. The setup includes a beam source and an experiment
chamber, based on an estimation of the magnitude of the expected signal. The parts and the calculation
are introduced in Section 6.1.2. To provide a sufficiently narrow laser linewidth over the measurement
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time, a frequency reference cavity has been constructed and the support points have been modeled to
ensure minimal vibration sensitivity. However, the resonator’s temperature stability has to be improved
in the future, as it is discussed in Section 6.1.1.

As spectroscopy on transitions with linewidths below the Hz level is typically performed in cold
atom experiments [37], a setup for magneto-optical trapping of zinc has been constructed. Its design
is shown and discussed in Section 6.2. With this setup, the laser cooling and magneto-optical trapping
of zinc could be possible, as soon as sufficient laser power is available at 214 nm. To the best of our
knowledge, this would be the first demonstration of laser cooling of zinc. The setup includes the
vacuum system (Section 6.2.1), an atom source and dump (Section 6.2.2) as well as an Anti-Helmholtz
coil pair (Section 6.2.3) providing the magnetic field gradient necessary to operate the trap. Further,
looking ahead, the magic wavelength for a lattice of cooled zinc atoms is calculated and its applicability
is shown for the operation of a zinc lattice clock in Section 6.3.
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CHAPTER 2

Zinc as a possible element for future frequency
standards

This chapter introduces zinc as a potential candidate for frequency standards. First, an overview of
optical frequency standards is given. Afterwards, electronic, isotopic and chemical properties of zinc
are presented and its level scheme is discussed. The chapter is concluded by discussing benefits and
drawbacks of using zinc for clock applications and metrology and introducing the laser systems used
throughout this work.

2.1 Frequency standards

In general, clocks or frequency standards consist of a stable oscillator, whose oscillations are counted.
While early clocks utilized the Earth’s rotation around itself, the development has progressed over
centuries to mechanical oscillators, such as pendulums and quartz crystals, and eventually to microwave
and visible light fields. The so-called optical frequency standards feature three main components:

1. Local oscillator: The oscillator is given by the light field of the clock laser. Its short-term
stability can be achieved by locking the laser frequency to a resonance of a high finesse ultra-low
expansion (ULE) cavity. By doing so, linewidths of less than 10 mHz have been achieved on a
time period of 170 s [38]. The short-term stability is a prerequisite for precisely probing the
narrow atomic clock transitions.

2. Long-term stable reference: As the resonance frequency of the cavity might drift over time, a
long-term stable reference is needed. By agreement on a common reference, clocks operate
on the same frequency or on frequencies comparable to each other. This reference can be
provided by clock transitions in neutral atoms or ions with linewidths between the nanohertz
range (2S1/2→

2F7/2 in Yb+ [39]) and several 100 Hz (1S0→
3P1 in Ca [40]). A clock instability

measure is the Allan deviation [41–43], which can be expressed for Ramsey interrogation [44,
45] as

𝜎 (𝜏) =
1

2𝜋 𝜈0
√︁
𝑁𝑇m𝜏

(2.1)
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Chapter 2 Zinc as a possible element for future frequency standards

with 𝜏 being the averaging time, 𝜈0 the clock transition frequency, 𝑁 the number of probed
atoms and 𝑇m the free-precession time. It should be noted that Eq. (2.1) is derived by assuming
that 𝜋/2-pulse durations are short compared to 𝑇m, the state detection efficiency is on the order
of unity, relaxation times are long compared to 𝑇m, the time for state preparation and dead times
are negligible and that the noise is dominated by quantum projection noise [5]. As evident from
Eq. (2.1), the clock operation benefits from a high number of atoms as

√
𝑁 , a narrow clock

transition linewidth as 𝑇m ≈ 1/(2𝜋Δ𝜈) and a large clock transition frequency 𝜈0.

3. Counting mechanism: For operating a frequency standard, the clock laser has to be referenced
to the definition of the SI unit system. This can be realized with the means of a high-bandwidth
frequency comb, as the frequency of the clock laser can be related through the comb mode
spacing to a cesium clock directly or a different atomic transition that has been measured against
the SI definition. A further possibility is to compare the clock laser to multiple comb modes
and observe their beating [46].

One approach for state-of-the-art frequency standards is the lattice clock, in which atoms are
captured and cooled in magneto-optical traps (MOTs) and held in an optical lattice. For capturing a
large number of atoms, a strong cooling transition is beneficial to maximize the number of scattered
photons. The drawback is a high Doppler temperature that can be overcome by loading the atoms into
a second stage MOT. This MOT is based on narrow transitions with sub-100 kHz-linewidth. Typically,
the minimal temperature is limited by the atomic recoil, as the recoil temperature is larger than the
Doppler temperature. Subsequently, the atoms are loaded into an optical lattice, before the clock
transition is probed [46].
For relative frequency uncertainties on the 10−18 scale, as it has been reached with 88Sr lattice clocks
[3, 47], multiple systematic line shifting effects have to be taken into account, e.g., Zeeman-, Stark-,
blackbody radiation- and collisional shifts, as well as Doppler- and gravitational effects [3, 5].

2.2 Isotopic, electronic, and chemical properties of zinc

Like cadmium (Cd), mercury (Hg), and copernicium (Cn), zinc (Zn) belongs to the element group 12
of the periodic table. It features an atomic number of 30 and a mass of (65.38 ± 0.02) u [48]. In total,
there are five different stable isotopes, 64Zn, 66Zn, 67Zn, 68Zn, and 70Zn, whose respective masses and
abundances are given in Table 2.1. All even-mass isotopes have a nuclear spin of 𝐹 = 0, resulting in
an absence of hyperfine structure, while for the only fermionic isotope 𝐹 = 5/2 holds.

Table 2.1: Atomic mass [49], mass excess and abundance of the different Zn isotopes [50]. The mass excess
gives the difference between the actual mass of the isotope with mass number 𝑖 and 𝑖 · 1 u.

isotope mass [µu] mass excess [keV/c2] natural abundance [%] nuclear spin
64Zn 63 929 141.8 ± 0.7 −66 004.0 ± 0.6 49.1775 0
66Zn 65 926 033.6 ± 0.8 −68 899.2 ± 0.7 27.7398 0
67Zn 66 927 127.4 ± 0.8 −67 880.4 ± 0.8 4.0416 5/2
68Zn 67 924 844.2 ± 0.8 −70 007.2 ± 0.8 18.4563 0
70Zn 69 925 319.2 ± 2.1 −69 564.7 ± 1.9 0.6110 0
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2.2 Isotopic, electronic, and chemical properties of zinc

2.2.1 Level scheme

Similar to alkaline-earth metals, Zn possesses two valent s-electrons, but the underlying 3𝑑-shell
is completely filled, as in other group 12 elements. This results in a 4𝑠2 1S0 ground state and an
alkaline-earth-like level scheme which is depicted in Fig. 2.1 and is comparable to the one of Cd. The
first excited states are the 4𝑠4𝑝 3P𝐽 , 𝐽 = 0, 1, 2, spin triplet states and the 4𝑠4𝑝 1P1 singlet state.
The wavelength of the singlet transition is 214 nm, placing it in the deep UV range. While pulsed
lasers are commercially available, cw laser sources are limited to the milliwatt power range1. To
obtain several 100 mW power for laser cooling, the laser has to be self-built. Optics have to be made
of KrF excimer grade fused silica2 to withstand UV damage. The transition linewidth Δ𝜈 = Γ/(2𝜋)
is measured to be around 111 MHz during this work (see Chapter 4 and Appendix A). This large
linewidth and the UV wavelength are ideal for capturing atoms and laser cooling applications, as
it allows for high photon scattering rates and efficient momentum transfer to the atoms. However,
the saturation intensity of approx. 1.5 W/cm2 makes it difficult to saturate the transition. Hence,
magneto-optical trapping requires precise power balancing between counterpropagating trapping
beams. The Doppler temperature of 2.7 mK can be overcome by utilizing the intercombination line to
the 3P1 state of the spin triplet.
This line is at 308 nm and features a linewidth of Δ𝜈 = 4.7 kHz [10] and a saturation intensity of
27 µW/cm2. A magneto-opical trap operating on this transition is limited by the recoil temperature
of 3 µK. Furthermore, this line might be used for beam clocks with Ramsey-Bordé spectroscopy
schemes [51, 52]. Here, high power lasers can be bought commercially and optics can be fabricated
from standard UV fused silica.
The transition to the 3P0 state is doubly forbidden. As it is a 𝐽 = 0 → 𝐽 = 0 transition, the transition
matrix element equals zero for the even-mass isotopes. In 67Zn, the transition linewidth is calculated
to be 2.5 mHz, as the electrons are affected by the magnetic field from the nucleus [10]. The magnetic
field couples the 3P0 to the 3P1 state and causes a line mixing, through which the transition becomes
weakly allowed [53]. By imposing this mixing with an external magnetic field, this transition may be
used as a clock transition in lattice clocks [10], similarly to approaches with strontium [54]. Further,
Fig. 2.1 shows excited states of the 1P1 and 3P1 transition, as this is relevant for the calculation of the
magic wavelength, presented in Section 6.3.

2.2.2 Vapor pressure and chemical reactions

In comparison to alkaline-earth metals, zinc features a relatively low melting temperature of around
420 ◦C. Its vapor pressure curve below the melting point in vacuum is given by [10]

log(𝑃) = −6850/𝑇 − 0.755 log(𝑇) + 11.24 , (2.2)

where the pressure 𝑃 is given in torr and the temperature T in K. The corresponding plot is shown in
Fig. 2.2. As temperatures of up to 700 ◦C can be reached with commercially available heating tapes
and cartridges, high absorption vapor cells or high flux atom sources for cold atom experiments are
technically easier to maintain than for, e.g., strontium [56].
Zinc is chemically classified as medium reactive at room temperature. Its reaction with atmospheric

1 e.g., 15 mW from a Toptica DLC TA-FHG pro
2 e.g., Corning 7980 KrF, Suprasil 1 KrF or Suprasil 2 KrF
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Chapter 2 Zinc as a possible element for future frequency standards

4s2 1S
0

1S 1P 1D 3S 3P 3D

4s6p 1P
1

4s5p 1P
1

4s4p

1D
24s4d

1P
1

2
J=

J= J=

J=

0

4s4p 3P
J

1

2

0
1

2

0
1

2

0

4s5p 3P
J

1

4s5s 3S
1

4s6s 3S
1

4s7s

3D
J4s4d

3D
J4s5d

3S
1

4s5s 1S
0

4s6s 1S
0

213.9 nm 
110.5 MHz

en
er

gy

3ionization limit:    75.7   10   1/cm.

singlet states triplet states

...
......

...

307.6 nm 
4.7 kHz

67
309.5 nm 
2.5 mHz for     Zn
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Section 6.3).
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Figure 2.2: Vapor pressure curve for Zn. The underlying formula is given in Ref. [10].
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2.3 Potential of zinc in frequency standards

CO2 forms a passivating layer of Zn5(OH)6(CO3)2 protecting the zinc from oxidizing [57]. Reactions
with H2O typically happen at much higher temperature [58, 59]. Hence, zinc does not need to be
stored under noble gas or nitrogen atmosphere.
Hydrochloric acid dissolves zinc as well as its oxide ZnO and Zn5(OH)6(CO3)2, leaving only aqueous
and gaseous end products

Zn (s) + 2 HCl (aq) −−−→ ZnCl2 (aq) + H2 (g)
ZnO (s) + 2 HCl (aq) −−−→ ZnCl2 (aq) + H2O (l)

Zn5(OH)6(CO3)2 (s) + 10 HCl (aq) −−−→ 5 ZnCl2 (aq) + 8 H2O (l) + 2 CO2 (g) .

These reactions can be exploited, e.g., to remove Zn deposited on vacuum windows. However, small
contamination can be wiped off with lens cleaning tissues and isopropanol.

2.3 Potential of zinc in frequency standards

In the following, factors influencing the performance of lattice clocks are discussed and Zn is introduced
as a potential clock element. During the time of this work and to the very best of my knowledge, the
best clock performance has been obtained by a Sr lattice clock [3]. Hence, these factors are compared
for Zn and Sr.

2.3.1 Frequency and linewidth for fermionic and bosonic isotopes

As it is shown in Section 2.1, atomic references for frequency standards benefit from a large frequency
and a narrow linewidth of the clock transition, as this lowers the Allan deviation. Comparing
these quantities in fermionic isotopes, Zn with 2.5 mHz / 310 nm is on par with Sr, which features
1 mHz / 698 nm.

For bosonic isotopes, the clock transition cannot be probed without further difficulty. In Refs. [10,
60], different methods are introduced, which are briefly discussed in the following and illustrated in
Fig. 2.3.

One way of partly allowing the clock transition is applying an external magnetic field, as the 3P1 and
the 3P0 clock state are coupled by a magnetic dipole operator [53]. Thus, the 3P1 state is mixed into
the 3P0 state [53]. For this process, four constants, 𝛼, 𝛽, 𝜅 and 𝜉 are defined: 𝛼 = ΩR /

(√
𝐼𝐵 cos (Θ)

)
describes the magnitude of the induced Rabi frequency ΩR with respect to the clock light power 𝐼, the
magnetic field amplitude 𝐵 and the angle between light polarization and magnetic field Θ. Limiting
factors may be the quadratic Zeeman shift and the light shift. The sensitivity to the quadratic Zeeman
shift is described by 𝛽 = ΔB/𝐵

2, and 𝜅 = ΔL/𝐼 describes the sensitivity to light shifts. Hence, the
factor 𝜉 = 𝛼/

√
𝛽𝜅 serves as an indication for the applicability for magnetic field induced spectroscopy,

as it relates the obtained Rabi frequency to the induced shifts. Refs. [10, 53] calculate these coefficients
for different elements including Zn and their results for Zn and Sr are given in Table 2.2. To obtain the
same Rabi frequency as in Sr, the shifts in Zn are three times larger. Nevertheless, as bosonic clocks
with 3 × 10−18 instability and 2 × 10−17 accuracy have been realized with Sr [54, 61], Zn is also a
candidate for bosonic clocks at the instability level below the 10−17 level.
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Chapter 2 Zinc as a possible element for future frequency standards

Table 2.2: Coefficients for magnetic field-induced spectroscopy [10].

𝛼 𝛽 𝜅 𝜉

Element
[

Hz
T
√

mW/cm2

] [
MHz

T2

] [
mHz

mW/cm2

]
Zn 45.9 −22.9 10.4 0.094
Sr 198.0 −23.3 −18.0 0.300

As an alternative to magnetic field induced spectroscopy, a stimulated Raman adiabatic passage
(STIRAP)3 might be used utilizing a dressing laser acting on the 3P0 → 1P1 and a probe laser acting
on the 1S0 → 1P1 transition. When the detuning of the probe Δp is close to the detuning of the dressing
field Δd, the electron can be excited to the clock state without populating the intermediate state [62].
For a desired line width of 0.1 mHz, Ref. [10] has calculated intensities of approx. 5.35 mW/cm2 for
the dressing laser and less than 1 pW/cm2 for the probe laser. Using this excitation scheme, the largest
influence on line shifts stems from the AC Stark shift of the dressing laser, approx. 11 mHz. This is
more promising for Sr: To achieve a similar linewidth and excitation efficiency as in Sr, the AC Stark
shift is one order of magnitude larger in Zn [62].

In lattice clocks, atoms are captured in optical lattices operating at an AC Stark shift compensating
“magic” wavelength (see Section 6.3). In Ref. [60], it has been shown that a small circularly polarized
part of the lattice light induces a second-order dipole-dipole mixing of the 3P1 state into the 3P0 state.
It weakly allows the direct excitation of the clock state without the need of additional fields. The
remaining Stark shift contribution is dominated by higher-order AC Stark shift terms proportial to the
clock laser intensity 𝜅 (1)

(
𝜔c

)
· 𝐼c and the lattice laser intensity squared 𝜅 (2)

(
𝜔m

)
· 𝐼2

m. Compared to
Sr, their respective coefficients are one and two orders of magnitude lower and 𝜅 (1)

(
𝜔c

)
and 𝜅 (2)

(
𝜔m

)
possess opposite signs. The Rabi frequency depends linearly on the lattice-laser intensity multiplied
with the square-root of the clock-laser intensity and the coefficient 𝜁 . The values of the coefficients
are shown in Table 2.3. In Zn, this excitation scheme suffers from the shift due to the lattice light: To
obtain a similar Rabi frequency as in Sr, the Stark shift contribution is one order of magnitude larger.

In conclusion, there are multiple excitation schemes for the clock transition in bosonic Zn isotopes.
The additional fields contribute to line shifts, which are larger compared to Sr. However, bosonic
clocks in Zn might be achieved with relative uncertainties at the 10−17 level, but a more detailed
investigation of the shifts and their uncertainties appears necessary.

2.3.2 Blackbody radiation shift

The largest line shift 𝛿𝜈BBR and uncertainty contribution to Sr lattice clocks stems from ambient
blackbody radiation (BBR), when the clock is operated at room temperature [3, 63, 64, and Refs.
therein]. The leading order of the fractional shift can be expressed as

𝛿𝜈BBR
𝜈0

∝
(

𝑇

300 K

)4
, (2.3)

3 In literature, this excitation scheme is also called a Λ electromagnetically induced transparency (EIT) scheme [10, 62].
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Figure 2.3: Different methods for populating the 3P0 state in bosonic Zn isotopes. a) An external magnetic field
𝐵ext is applied to couple the 3P1 and 3P0 states with a magnetic dipole interaction. Then the clock state might
be directly exited. b) A STIRAP scheme is applied. If the Δp is in the vicinity of Δd, the population might
be transfered into the 3P0 state. c) A small portion of clock lattice light at the “magic” wavelength 𝜆m can be
circularly polarized. This couples the 3P1 and 3P0 states thus allowing direct excitation of the 3P0 state.

Table 2.3: Second order clock laser-induced AC Stark shift coefficient 𝜅 (1)
(
𝜔c

)
, fourth order lattice laser-induced

AC Stark shift coefficient 𝜅 (2)
(
𝜔m

)
[60] and the sensitivity of the Rabi frequency to the clock- and lattice laser

intensity for Zn and Sr.

𝜅
(1) (

𝜔c
)

𝜅
(2) (

𝜔m
)

|𝜁 |

Element
[

mHz
mW/cm2

] [
Hz

(MW/cm2 )2

] [
mHz

(MW/cm2 )
√

mW/cm2

]
Zn 0.816 − 6.96 15.2
Sr −44.2 −61.5 176.9

where 𝑇 is the temperature of the thermal bath and the proportionality constant depends on the atomic
species [9]. For the current Sr lattice clock with the lowest uncertainty [3], the shift is a factor of
approx. 60 larger than the second largest term arising from the second-order Zeeman shift. The
uncertainty contribution is a factor of approx. two larger than the second largest term, namely the
lattice light shift. For further improvement, either 𝛽 has to be determined more precisely or the
temperature of the thermal bath has to be reduced, e.g., in a cryostat. However, fluctuations of the
ambient temperature might still limit the clock operation. Hence, atoms or ions with lower sensitivity
on BBR shifts are preferable. Ref. [9] has calculated the BBR shift for Zn at room temperature. The
value for Zn is shown in Table 2.4 together with the values of Sr and Hg, as Hg is the lattice clock
candidate with the lowest BBR shift known so far. Compared to Sr, the fractional BBR shift 𝛿𝜈BBR/𝜈0
of Zn is a factor of approx. 20 lower. Due to the fact that the BBR shift in Sr is extensively investigated
[63, 64], the errors are two orders of magnitude lower than in Zn. However, with further research, a
similar fractional uncertainty might be reached for Zn. This might allow superior clock performance
for possible Zn lattice clocks.

11



Chapter 2 Zinc as a possible element for future frequency standards

Table 2.4: Absolute and relatice Blackbody radiation shifts, 𝛿𝜈BBR and 𝛿𝜈BBR/𝜈0 for Zn [9], Sr [63, 65, 66] and
Hg [67] at a temperature 300 K. For these numbers, the temperature is considered to be error-free.

Element 𝛿𝜈BBR [Hz] 𝛿𝜈BBR/𝜈0 Δ
(
𝛿𝜈BBR/𝜈0

)
Zn −0.244 ± 0.010 −2.5 × 10−16 1 × 10−17

Sr −2.28074 ± 0.00043 −5.3 × 10−15 1 × 10−18

Hg −0.181 −1.5 × 10−16

2.3.3 Clock light distribution via fiber network

One major application of clocks is the synchronization of different nodes located around the globe.
Large scale experiments like very long baseline interferometry [68, 69] or tests of general relativity [70]
rely on precise synchronization of atomic clocks [71]. Further, progress on the clocks’ performance
might be enhanced by direct comparison, as their mismatch reveals the accuracy and possible
uncertainties [72]. This can be also used to measure frequency ratios of different transitions and
observe variations in time [73].

Today’s most promising way of distributing a clock signal over long distance are fiber links, which
allow comparisons with an uncertainty level down to 10−20 over distances larger than 1000 km [74,
75].

However, optical fibers introduce a phase instability on the guided light broadening its linewidth
towards the kHz regime. To face this issue, the phase noise cancellation techniques have been
developed and are successfully applied [76]. Further, optical fibers suffer from transmission losses, as
displayed in Fig. 2.4. Pure fused silica glass intrinsically absorbs light in the mid- and far infrared
as well as in the UV range. Mechanisms like Rayleigh scattering limit the transmission at lower
wavelengths and overtones of hydroxide ion resonances appear around 720 nm, 950 nm and 1380 nm
[77]. The losses lead to the need of phase-coherent amplification of the clock light, demanding
extensive technical adjustments of existing fiber networks [72]. The lower the losses are the less effort
on amplification is needed.

The fourth and fifth sub-harmonic of the Zn clock transition wavelength, 1240 nm and 1550 nm,
fall into the spectral regions of minimal absorption. As the telecommunication fiber network operates
around 1550 nm, the clock laser might be directly distributed by an established network.

Hence, a laser system has been developed in this research group deriving light by frequency
quintupling a laser at around 1550 nm. The has been performed by the master student Maya Büki and
has been published in [33]. A further description can be found in Section 2.4.3 and in Refs. [32, 33].

2.4 Laser systems

For slowing and cooling atoms, efficient transfer of momentum from the light on the atoms is essential.
Achieving a large scattering rate is the key for increasing the number of captured atoms [78, 79]. A
typical approach for lattice clocks is slowing and capturing atoms in a MOT operating on the broad
singlet state, which is at 214 nm in Zn. Afterwards, the atoms are transferred to a MOT operating on
the triplet transition, which lies at 308 nm in Zn. Here, the atoms are cooled to the recoil limit, as
the Doppler temperature is lower than the recoil temperature [5]. Thus, (at least) two laser systems
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Figure 2.4: The figure demonstrates a typical example of transmission losses in optical fibers. Specifically, this
loss spectrum corresponds to a fiber with low OH-concentration. The specific spectral shape of each fiber
varies, as the OH-concentration might be different and impurities add further absorption peaks. The fourth and
fifth harmonic of the clock transition at 310 nm falls into the regions of minimal absorption and are marked.
The figure is adapted from Ref. [24].

are required, before transferring the atoms into an optical lattice. For probing the clock transition, a
third laser system is needed. The three mentioned laser systems are set up in the laboratory and in the
upcoming sections, their construction and operability are discussed.

2.4.1 214-nm laser

One promising way to obtain high power UV laser light is frequency quadrupling of a high power
infrared laser in two consecutive frequency doubling cavities. By doing so, different reserach groups
obtained more than 2 W at 261 nm [80], more than 1 W for 243 nm [81, 82], but less than 200 mW at
229 nm on time scales significantly longer than 100 h [83]. Lasers at 205 nm reach up to 15 mW, but
rely on sum-frequency generation [84].

The most challenging aspect for deep UV light generation is the degradation of beta barium borate
crystals (BBO), which are used for second harmonic generation (SHG) to the UV [83, 85, 86].
The degradation originates from the formation of absorption centers in the crystal, decreasing the
intra-cavity power and deteriorating the mode profile of the UV [85].

This issue can be overcome in two different ways: The crystal can be heated to temperatures above
70 ◦C [85], which might lead to outgassing in the cavity, unwanted heat convection and temperature
isolation issues. The alternative, used here, are SHG cavities with an elliptical focus of the fundamental
beam in the crystal reducing intensity without loss of SHG output power [87, 88].

In the following, the laser, which was built together with the master student Marc Vöhringer [31], is
discussed. The setup is depicted in Fig. 2.5 and its components will be explained in the following.
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Figure 2.5: Sketch of the 214 nm laser. The beam profiles have been recorded with a USB camera. The circular
interference patterns are created by dust on optical attenuators that are mounted to the camera. 𝑓h and 𝑓v
denote focal lengths of cylindrical lenses oriented horizontally or vertically, respectively. The laser’s operability
is confirmed by measuring Doppler broadened absorption in a Zn vapor cell. The measurement has been
conducted by Marc Vöhringer and the illustration of the beam profiles before and after the periscope is adapted
from Ref. [31].
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Laser source

Laser light is derived from a continous wave titanium-sapphire laser (Ti:Sa)4, delivering 4.3 W light
power at 856 nm with a short-term linewidth (100 µs) smaller than 100 kHz 5. The titanium-sapphire
crystal provides a large gain spectrum and thus, the laser can be operated between 700 nm and 1000 nm.
It is pumped by a frequency doubled, diode pumped yttrium orthovanadate (Nd:YVO4) laser at
532 nm 6. The pump laser emits maximum 18 W light with vertical polarization, which is adjusted
to horizontal by a waveplate. The light is coupled into the crystal through mirror M1 with the 𝑀2

beam steering stage, providing a set of lenses and two mirrors. One of these mirrors can be piezo
tuned in both axes for fine adjustment. The crystal is placed within a bow tie cavity operating on the
converted light enforcing stimulated emission. The cavity length is adjusted by mirror M3, which is
mounted on a piezo crystal. Further frequency selection takes place with a built-in birefringent filter.
Additionally, an in-built etalon can be locked to the light frequency minimizing the occurrence of
mode jumps. Light propagating the wrong way in the cavity significantly disturbs the operation of
the system and is inhibited by an optical diode. Nevertheless, a small part of the emitted laser light
is retro-reflected by the SHG crystal of the consecutive frequency doubling cavity and introduced
mode-jumps. Hence, the laser is protected additionally by a 60 dB optical isolator.

During operation, a degradation of the laser’s output power was observed on time scales of one
to several weeks. The power could temporarily and partly be restored by re-coupling of the pump
laser. Over time, the optimal angle, from which the pump laser enters the laser housing, has grown
exceptionally large. At this angle, the beam steering mirrors would not be hit anymore. Thus, the loss
in power was not avoidable. A photograph of the beam impinging on the second steering mirror is
shown in Fig. 2.6. A protection aperture, fixed on the steering stage, had to be removed as well to
enable any coupling of the pump laser into the titanium-sapphire laser. For future optimization of
the setup, the degradation of the output power should be eliminated. During the writing process of
this thesis, the laser has been sent for repair, as its cavity mirror positions have to be rearranged by
resoldering their mounts to the baseplate.

SHG cavity for 856 nm to 428 nm conversion

The infrared light passes through a waveplate to adjust the polarization of the light and an 𝑓 = 200 mm
lens for mode matching the first SHG cavity7 operating on the fundamental light. This allows a
coupling efficiency of 95 %. An angle phase matched lithium triborate (LBO) crystal stabilized at
43 ◦C enables the SHG process to 428 nm. The cavity alignment has been optimized by alternatively
positioning the cavity mirrors in their mirror mounts and the crystal on a five-axis stage. The cavity
finesse F has been measured by scanning the cavity length over multiple TEM00 resonances and
comparing their linewidth to their separation. Performing the measurement in this way, F ≈ 330 has
been obtained for low input power with negligible conversion. The result is well within the region of
optimal performance8. The conversion efficiency 𝜂 is defined as the ratio of power of the converted

4 M2 SolsTiS 4000 PSX-XF
5 Information from the M2 test sheet
6 Spectra-Physics Millennia eV
7 Agile Optic SHG resonator from IR to VIS
8 According to the communication with Agile Optic, piezo non-linearities can be neglected. Further, we have been told that

the optimum finesse should be around 300.
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Figure 2.6: The figure shows a photography of the pump laser beam impinging on the second steering mirror. At
this stage, the power degradation has progressed to the point where the beam hits the top of the mirror. During
the system’s operation, the spot continued to rise even further. During the writing process of this thesis, the
laser was sent for repair.

light 𝑃428 nm = 2.1 W to the power of the fundamental light 𝑃856 nm = 3.0 W. 𝜂 = 70 % has been
obtained in this work.

Given that the conversion process in LBO is polarization selective, the cavity resonance is stabilized
on the fundamental laser frequency with the Hänsch-Couillaud locking scheme [89] utilizing the
reflected light from the cavity. p-polarized light is coupled into the cavity and experiences a varying
phase shift near resonance. s-polarized light does not enter the cavity and serves as a constant
phase reference. With the help of one half- and one quarter-waveplate as well as a differential
photodiode, a dispersion shaped error signal is generated. This method is advantageous compared to
the Pound-Drever-Hall technique, as it does not rely on sidebands, which might be transmitted through
the SHG cavity.

Due to the walk-off in LBO [90], the output beam has the profile of a tilted ellipse (see Fig. 2.5)
with an axis ratio of about 4 and a tilt angle of 5◦. It has been observed that the tilt inhibits proper
beam shaping with elliptical lenses, as the axes of lenses and light do not match. Thus, a periscope
has been constucted to rotate the ellipse.

SHG cavity for 428 nm to 214 nm conversion

The output beam of the first doubling stage is focused by cylindrical lenses to match the elliptical waist
in the second frequency doubling cavity9. All cylindrical lenses are glued to fixed height posts, as
they feature a lower tilt as typical variable height posts. Already a mismatch of lens axis and elliptical
beam axis around 0.3◦ significantly deteriorates the mode matching. Further, a half-waveplate is used
to adjust the polarization to the cavity’s requirement. A coupling efficiency of 70 % is obtained10. The
cavity is equipped with a 1 cm long BBO crystal, which is cut in Brewster’s angle, as the performance
of anti-reflection coatings decreases towards lower wavelengths. A dichroic mirror at Brewster’s angle

9 Agile Optic Custom SHG-resonator from VIS to UV
10 70 % is a comparable performance to other groups have reached with elliptical cavities. The information is obtained by

personal communication.
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serves as an outcoupler, as it reflects the generated 214 nm, but transmits the fundamental light. This
prevents UV light penetration into the mirror coatings and thus possible damage from the mirrors.
The alignment procedure involves 15 degrees of freedom, from which six originate from tilting three
mirrors, two from axes match of two cylindrical mirrors, five from the crystal alignment and two from
the Brewster outcoupler. The obtained finesse has been around 270 and is slightly lower than the
optimum value of 300. The maximum output power has been 10 mW at 𝑃428 nm = 2 W. The laser’s
functionality has been tested by an absorption measurement in a Zn vapor cell (Fig. 2.5). However,
the obtained power does not meet the requirement for laser cooling of Zn. A cavity identical in
construction is used in other research groups, obtaining more than 200 mW at 229 nm 11. According
to their experience, the crystal’s performance can vary largely.

For further optimization of the SHG process, tests have to be performed on the cavity optics to
check their performance and identify unwanted loss channels of UV light and intra-cavity power. This
especially concerns the crystal, the Brewster outcoupler and the transimission of the output window
for UV wavelengths.

Particular effort has to be given to avoid moisture and air humidity in the cavity, as the BBO crystal
degrades while reacting with water. Thus, during operation the cavity is purged with synthetic air12, in
which the H2O contamination is below 0.5 ppm-mol. To keep the purity of the air, all pipes are from
PTFE and were cleaned with silicone remover in an ultrasonic bath to avoid hydrocarbon contamination.
Additionally, the lid is air tightly closed and sealed with indium. The crystal temperature is stabilized
to a temperature slightly above room temperature to minimize condensation even further.

2.4.2 308-nm laser

To address the 3P1 intercombination transition in Zn, a commercial laser at 308 nm has been
purchased13, which is similar to systems used in Refs. [91–93]. The laser is constructed by deriving
the output from a diode laser in Littrow configuration at 1232 nm [94]. The light power is enhanced
by the use of a tapered amplifier chip [95] to 450 mW.

Modulating the laser current generates 5 MHz sidebands on the laser light, which are used to lock
two consecutive frequency doubling cavities with the Pound-Drever-Hall method. The first SHG
cavity features approx. 55 % conversion efficiency and outputs 250 mW of 616 nm light. The second
conversion stage emits up to 60 mW at 308 nm.

The SHG crystal’s angle within the last doubling stage limits the tunability of the system, as the
stage is near at its end of range for larger wavelengths. Nevertheless, the wavelength can be tuned to
310 nm, the wavelength of the clock transition. Here, around 35 mW of light can be obtained. This
laser has been used by the master student Marc Vöhringer trying to measure direct absorption on this
line [31].

2.4.3 310-nm clock laser

The subsequent section briefly summarizes Ref. [33]. The work has been performed together with
the master student Maya Büki. The author of this thesis acted as a supervisor and participated in the
practical work. The spectroscopy setup has been developed and constructed by the author. More
11 Personal communication
12 Air Liquide ALPHAGAZ II LUFT
13 Toptica DLC TA FHG pro
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detailed information on the system can be found in Refs. [32, 33].

To fulfill the demand of a fiber network compatible clock laser (see Section 2.3.3), a fiber laser at
1547.5 nm serves as the fundamental laser14. It emits 40 mW with an intrinsically low linewidth of
below 100 Hz15. The frequency tuning range is specified to approx. 1 nm and limits the tuning range
of the entire system. The light power is increased by a fiber amplifier, delivering up to 16.5 W of
infrared light.

Calculations have shown that obtaining the highest UV light yield is achieved by one frequency
doubling stage and two sum frequency generation stages, which is introduced in more detail in the
following:

1550 nm

775 nm

517 nm

310 nm

(a)

SFG in PPLN

dichroic mirror

dichroic
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SFG in BBO
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Figure 2.7: (a): Setup and beam profile of the 310 nm laser. (b): A Doppler broadened absorption profile of the
3P1 intercombination line at 308 nm acquired by a linear spectroscopy in a Zn vapor cell. A wavemeter (High
Finesse WS-8-5) served as frequency reference. The measurement data has been taken by Maya Büki. Both
figures are adapted from Ref. [33].

After adjustment of the fundamental polarization and focusing according to the Boyd-Kleinman
theory [90, 96], the light is frequency doubled in single-pass in a 4 cm long MgO-doped periodically
poled lithium niobate crystal, 5 %MgO:PPLN. By utilizing quasi-phase matching, 3 W of 775 nm
14 NKT Photonics ADJUSTIK E15
15 This information is obtained from the datasheet. The linewidth has not been measured by ourselves.
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light are generated from 15 W fundamental light. The doubled light is split of by a dichroic mirror to
be able to reduce the power of the fundamental for the second conversion stage. In this stage, 517 nm
light is generated by sum frequency generation of 775 nm and 1550 nm. As the green light causes the
GRIIRA effect, green-induced infrared absorption [97, 98], in MgO:PPLN, the conversion efficiency
decreases for input powers exceeding 10 W of the fundamental light. Hence, the maximum achieved
power for 517 nm light is 500 mW. The last conversion stage relies on sum frequency generation of
the green and the 775 nm to obtain 310 nm light. As it is technically too challenging to produce the
narrow poling period in PPLN for these wavelengths, a type I phase-matching BBO crystal is used.
As the conversion efficiency of BBO is limited for this process, the output power at 310 nm is 0.5 mW.
Comparing this power at a conveniently achieved beam diameter of 100 µm, a saturation parameter
𝑠 = 𝐼/𝐼sat of about 1013 is obtained for the clock transition. To compensate the walk-off in BBO, beam
shaping is performed with cylindrical lenses. The output beam profile as well as a sketch of the entire
setup is shown in Fig. 2.7 (a).

As the setup relies on a fiber amplifier with broad gain spectrum, different laser sources can be used,
e.g., a distributed-feedback laser diode laser source has been used at 1538 nm to generate light for the
3P1 intercombination transition in Zn. To test the performance, a linear absorption spectroscopy has
been performed in a vapor cell. One measurement trace is depicted in Fig. 2.7 (b).
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CHAPTER 3

Nuclear features in atomic spectra

The following chapter offers a theoretical overview about two nuclear characteristics in atomic spectra,
namely isotope shifts and hyperfine interaction. Furthermore, the effect of quantum interference in
optical spectra is introduced. This is of interest for Chapters 4 and 5 and the publications reprinted in
Appendices A and B.

3.1 Origin and contributions to isotope shifts

The term isotope shift refers to the energy difference of an electronic state among different isotopes.
The difference in resonance frequency of two isotopes with mass numbers 𝐴 and 𝐴′ can be written as

𝛿𝜈
𝐴,𝐴

′
= 𝜈

𝐴 − 𝜈𝐴
′
. (3.1)

In a simplified approach, 𝛿𝜈𝐴,𝐴
′
can be decomposed into two main contributions [99, 100], which are

called the mass shift 𝛿𝜈𝐴,𝐴
′

MS and the field shift 𝛿𝜈𝐴,𝐴
′

FS

𝛿𝜈
𝐴,𝐴

′
= 𝛿𝜈

𝐴,𝐴
′

MS + 𝛿𝜈
𝐴,𝐴

′

FS . (3.2)

These contributions are explained in more detail in the upcoming sections.

3.1.1 Mass shift

In general, the mass shift is the largest contribution for isotope shifts in lighter elements. This term
arises because of the finite nuclear mass and because the mass differs for different isotopes [101]. In
non-relativistic calculations, the nuclear kinetic energy operator can be written as 𝑷2

N/(2𝑀A) with 𝑷N
the nuclear momentum and 𝑀A the nuclear mass of isotope A. In the atom’s rest frame, the difference
of this operator is expressed for isotopes 𝐴 and 𝐴′ as

Δ𝐻
𝐴,𝐴

′

mass =

(
1

𝑀
𝐴
′ −

1

𝑀
𝐴

) (
1
2

∑︁
𝑖

𝑝
2
𝑖 + 1

2

∑︁
𝑖 ≠ 𝑗

𝒑𝒊 𝒑 𝒋

)
, (3.3)
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with the sums taken over the momenta of the electrons. Eq. (3.3) consists of one-body and two-body
terms, corresponding to the normal and the specific mass shift [102].

In the calculation of the isotope shift, both contributions are summarized in an effective mass shift
coefficient 𝐾 with

𝛿𝜈
𝐴,𝐴

′

MS = 𝐾

(
1

𝑀
𝐴
′ −

1

𝑀
𝐴

)
. (3.4)

A relation between the mass shift parameters of different transitions may be found in a King plot
analysis (see Section 3.2).

3.1.2 Field shift

The field shift is the dominant contribution in case of heavy atoms [103]. As the neutron number is
different among the isotopes, the nuclear charge distribution is rearranged for each isotope. This leads
to a change in the nuclear potential, causing a shift of the isotope’s energy levels. For the following
discussion, the nuclear charge distribution 𝜌(𝒓) depends solely on a well-defined isotope dependent
charge radius [104]

〈
𝑟

2
〉
=

∞∫
0
𝜌(𝒓) 𝑟2

𝑑𝒓3

∞∫
0
𝜌(𝒓) d𝒓3

. (3.5)

Thereby, 𝜌(𝒓) is assumed to be non-deformed so that higher order corrections on isotope shifts can be
neglected. In theoretical calculations, the potential difference Δ𝑉𝐴,𝐴

′ with respect to the difference of
the squared charge radii Δ⟨𝑟2⟩𝐴,𝐴′ can be expressed as

Δ𝑉𝐴,𝐴
′ =

(
𝜕𝑉

𝜕⟨𝑟2⟩

)
Δ⟨𝑟2⟩𝐴,𝐴′ +

[
Δ𝑉𝐴,𝐴

′

Δ⟨𝑟2⟩𝐴,𝐴′
−

(
𝜕𝑉

𝜕⟨𝑟2⟩

)]
Δ⟨𝑟2⟩𝐴,𝐴′ (3.6)

≈
(
𝜕𝑉

𝜕⟨𝑟2⟩

)
Δ⟨𝑟2⟩𝐴,𝐴′ . (3.7)

The term within the square brackets in Eq. (3.6) gives rise to small correction terms, which can be
neglected here. Applying first-order perturbation theory, an effective field shift parameter 𝐹 can be
introduced

𝐹 = ⟨𝜓𝐴|
(
𝜕𝑉

𝜕⟨𝑟2⟩

)
|𝜓𝐴⟩

/
ℎ (3.8)

through which the field shift can be described as

𝛿𝜈
𝐴,𝐴

′

FS = 𝐹 Δ⟨𝑟2⟩𝐴,𝐴′ . (3.9)
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3.2 King plots

Similarly to the mass shift parameter, the field shift parameters are related to each other in a King plot
analysis (see Section 3.2). However, a few points should be noted:

• Applying second-order perturbation theory yields the second-order field shift, which can be
treated similarly as 𝛿𝜈𝐴,𝐴

′

2nd order FS = 𝐺 Δ⟨𝑟2⟩2
𝐴,𝐴

′ .

• There are a large number of corrections to the shown derivation, e.g., from the approximation in
Eq. (3.7). Furthermore, especially large nuclei distort from a spherical shape. For an axially
symmetric, static quadrupole deformation, the charge radius is replaced by ⟨𝑟⟩ = ⟨𝑟0⟩

(
1 + 5

4𝜋 𝛽
2
2

)
in the lowest order with 𝛽2 being a quadrupole deformation parameter [105]. E.g., for Yb this
results in terms scaling with Δ⟨𝑟4⟩𝐴,𝐴′ or even higher powers [106].

• The previously shown terms originate from a non-relativistic calculation. In relativistic
calculations, the exponent of 𝑟 in Eq. (3.9) depends on the quantum number 𝑗 of the respective
electronic state and deviates from 2. These corrections are not considered as relevant for this
work, but are highly important for isotope shift measurements with single Hz precision [25].

3.2 King plots

A useful tool to compare measured isotope shifts to each other is given by so-called King plots
[99, 107]. To simplify their introduction, it is assumed that the mass and the field shift are the only
contributions to isotope shifts and higher order terms are negligibly small. Then,

𝛿𝜈
𝐴,𝐴

′
= 𝐾

(
1

𝑀
𝐴
′ −

1

𝑀
𝐴

)
+ 𝐹 Δ⟨𝑟2⟩𝐴,𝐴′ (3.10)

holds true. The further analysis takes place by introducing modified isotope shifts 𝛿𝑚𝐴,𝐴
′
, where

𝛿𝜈
𝐴,𝐴

′
is scaled by

𝜇 =
𝑀

𝐴
′
𝑀

𝐴

𝑀
𝐴
′
− 𝑀

𝐴
(3.11)

to remove the mass dependence from the mass shift term

𝑚𝛿
𝐴,𝐴

′
= 𝐾 + 𝜇𝐹 Δ⟨𝑟2⟩𝐴,𝐴′ . (3.12)

If the nuclear masses and the squared charge radii differences are known for a set of isotopes, 𝐹 and 𝐾
can be obtained for the respective transition from Eq. (3.12). As the uncertainties of Δ⟨𝑟2⟩𝐴,𝐴′ are
typically larger than the ones of the isotope shifts, this term is eliminated for a King plot. Therefore,
the modified isotope shift on a different transition of the same atomic species1 can be substituted into
Eq. (3.12). Then, the equation reads for transitions i and j

𝑚𝛿
𝐴,𝐴

′

i = 𝐾i − 𝐾j
𝐹i
𝐹j

+ 𝐹i
𝐹j
𝑚𝛿

𝐴,𝐴
′

j . (3.13)

1 Also, isotope shifts of transitions in neutral atoms can be compared with transitions in ions.
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Eq. (3.13) gives a linear relation between modified isotope shifts between different transitions. Plotting
𝑚𝛿

𝐴,𝐴
′

i against 𝑚𝛿𝐴,𝐴
′

j and fitting a linear function, a relation between the field and mass shift
coefficients of different transitions can be obtained.

Isotope shift measurements in atoms with non-deformed nuclei can be cross-checked for consistency
with other measurements, as the King plot of both measurements needs to show linearity. Non-
linearities may become apparent in isotope shift measurements with precision at the kilohertz scale
in Yb [106] or below the 10 Hz scale in Ca [21, 25]. Here, second-order field shifts and nuclear
deformation effects become significant in Yb. These correction terms can be eliminated with isotope
shift measurements on additional transitions in generalized King plots [108]. Then, or if the correction
terms are known with sufficient precision, it may even be possible to identify new physics phenomena,
such as a new gauge boson mediating an interaction between electrons and neutrons. The search for
new physics is a topic of large research efforts [21, 22, 28, 106, 109–112]. Isotopes with zero nuclear
spin are preferred for these measurements, as the absence of hyperfine structure circumvents center of
gravity determination and thus have a higher precision.

3.3 Hyperfine structure and quantum interference

This section discusses the hyperfine structure arising from the interaction between electrons and the
nucleus. Following this, quantum interference is introduced, which must be considered when studying
atomic transitions with linewidths that are comparable to their energy separations.

3.3.1 Hyperfine structure

Nuclei with a non-vanishing nuclear spin 𝑰 possess a magnetic dipole moment, which interacts with
the surrounding electrons. This lifts the degeneracy of the magnetic sublevels of the atomic fine
structure states. To describe the interaction, the total angular momentum operator 𝑭 is introduced as,

𝑭 = 𝑰 + 𝑱 (3.14)

with 𝑱 being the total electron angular momentum. The respective quantum number 𝐹 takes values of

|𝐼 − 𝐽 | ≤ 𝐹 ≤ |𝐼 + 𝐽 | . (3.15)

The energy shift between the hyperfine states can then be written as

Δ𝜈HFS, A =
𝐴

2ℎ
𝐶 (3.16)

where 𝐴 denotes the hyperfine constant and

𝐶 = 𝐹 (𝐹 + 1) − 𝐼 (𝐼 + 1) − 𝐽 (𝐽 + 1) . (3.17)

The average electric field gradient of the electrons at the site of the nucleus and a non-spherical nuclear
charge distribution give rise to an electric quadrupole interaction. This interaction contributes to the
total hyperfine splitting, which is then written as
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3.3 Hyperfine structure and quantum interference

Δ𝜈HFS =
𝐴

2
𝐶 +

3
4𝐶 (𝐶 + 1) − 𝐼 (𝐼 + 1) − 𝐽 (𝐽 + 1)

2 𝐼 (𝐼 + 1) 𝐽 (𝐽 + 1) . (3.18)

Hyperfine splittings in Zn are smaller than one linewidth on the 1P1 transition (Chapter 4) and several
GHz on the 3P1 transition [113].

3.3.2 Quantum interference

For fluorescence spectroscopy on states, whose the energy difference is on the same order of magnitude
as their linewidths, the effect of quantum interference may significantly alter the lineshape of the
states. A theoretical lineshape model has been developed by Brown et. al. [114], for laser-induced
fluorescence (LIF) experiments, as performed during this work (see Chapter 4 and Appendix A). The
following section summarizes their findings to provide the theoretical background for the lineshape
observed in the measurement shown in Chapter 4 and Appendix A.

In LIF spectroscopy, laser light excites an atom from an initial state 𝑖 to an excited state 𝑒, which
decays into a final state 𝑓 . The differential scattering rate into solid angle Ω𝑠 is written as

d𝑅𝑖→ 𝑓

dΩ𝑠

=
𝜋𝐸

2
L𝜔

3
𝑠

ℎ
3
𝑐

3
𝜖0

�����∑︁
𝑒

(𝜖∗𝑠 · 𝑫𝑓 𝑒) (𝑫𝑒𝑖 · 𝜖L)
Δ𝑒𝑖 − 𝑖 Γ𝑒/2

�����2 , (3.19)

which depends on the frequency, wave vector and polarization of the incident light (𝜔L, 𝒌L, 𝜖L) and
the scattered light (𝜔s, 𝒌s, 𝜖s), the laser detuning Δ𝑒𝑖/(2𝜋) = 𝜈L − (𝜈𝑒 − 𝜈𝑖) and the electric field
amplitude 𝐸L. 𝑫𝑖 𝑗 denotes the atomic dipole matrix element. Using a vector basis with 𝑞 = 1, 0,−1
for 𝜎+, 𝜋 and 𝜎− light, the dipole matrix element can be written as

[
𝐷

𝐹
𝑒
𝑚

𝑒

𝐹
𝑖
𝑚

𝑖

]
𝑞

=
⟨𝐹𝑒 | | 𝑫 | | 𝐹𝑖⟩
√

2𝐹𝑒 + 1
⟨𝐹𝑖

𝑚
𝑖; 1𝑞 | 𝐹𝑒

𝑚
𝑒⟩ , (3.20)

where 𝑫 denotes the dipole operator. ⟨𝐹𝑖
𝑚

𝑖; 1𝑞 | 𝐹𝑒
𝑚

𝑒⟩ represents the Clebsch-Gordan coefficient
for adding |𝐹𝑖

𝑚
𝑖⟩ and |1𝑞⟩ to obtain |𝐹𝑒

𝑚
𝑒⟩ and is given by

⟨𝐹𝑖
𝑚

𝑖; 1𝑞 | 𝐹𝑒
𝑚

𝑒⟩ = (−1)𝐹
𝑒−𝑚𝑒

√︁
2𝐹𝑒 + 1

(
𝐹
𝑒 1 𝐹

𝑖

−𝑚𝑒
𝑞 𝑚

𝑖

)
(3.21)

with the brackets denoting the 3-j symbol. With the 6-j symbol written in curly brackets, the angular
momentum relation

⟨𝐹𝑒 | | 𝑫 | | 𝐹𝑖⟩ = ⟨𝐽𝑒 | | 𝑫 | | 𝐽𝑖⟩ (−1)𝐹
𝑖+𝐼+𝐽𝑒+1

√︃
(2𝐹𝑖 + 1) (2𝐹𝑒 + 1)

{
𝐽
𝑒

𝐹
𝑒

𝐼

𝐹
𝑖

𝐽
𝑖 1

}
(3.22)

can be used to reduce the matrix element. Then, Eq. (3.20) can be written as
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[
𝐷

𝐹
𝑒
𝑚

𝑒

𝐹
𝑖
𝑚

𝑖

]
𝑞

∝ (−1)𝐽
𝑖+𝑆+𝐿𝑒+1

√︃
(2𝐽𝑖 + 1) (2𝐽𝑒 + 1)

{
𝐿
𝑒

𝐽
𝑒

𝑆

𝐽
𝑖

𝐿
𝑖 1

}
×

(−1)𝐹
𝑖+𝐼+𝐽𝑒+1

√︃
(2𝐹𝑖 + 1) (2𝐹𝑒 + 1)

{
𝐽
𝑒

𝐹
𝑒

𝐼

𝐹
𝑖

𝐽
𝑖 1

}
×

(−1)𝐹
𝑒−𝑚𝑒

(
𝐹
𝑒 1 𝐹

𝑖

−𝑚𝑒
𝑞 𝑚

𝑖

)
.

(3.23)

Using Eq. (3.23) and assuming that the atom is excited with light linearly polarized along the 𝑧 axis
(with a k-vector pointing in 𝑥 direction), the corresponding excitation matrix elements are given by

𝐷𝑒𝑖 =

[
𝐷

𝐹
𝑒
𝑚

𝑒

𝐹
𝑖
𝑚

𝑖

]
𝑞=0

. (3.24)

For the calculation of the spatial radiation pattern, decay matrix elements are given as

𝐷𝑓 𝑒 =

1∑︁
𝑞=−1

[
𝐷

𝐹
𝑓
𝑚

𝑓

𝐹
𝑒
𝑚

𝑒

]
𝑞
𝜖𝑞 . (3.25)

In the following, the specific case is considered that the fluorescence power is measured with two
orthogonal detectors. They are oriented along �̂� and 𝑧, as it is the case in the measurements shown in
Chapter 4 and Appendix A. Thus, the fluorescence’s polarization vector at the detector reads

𝜖 =

(
1 + cos(𝜃)

√
2

, sin(𝜃) , 1 − cos(𝜃)
√

2

)T
, (3.26)

which equals 𝜖 = 𝑥 + 𝑖 cos(𝜃) �̂� + sin(𝜃)𝑧 in Cartesian coordinates with 𝜃 being the angle between
the laser’s polarization and the direction of detection. This parametrization allows for polarization
components along 𝑥 and �̂� measured by the detector oriented along 𝑧 and polarization components
along 𝑥 and 𝑧 for the detector oriented along �̂�.

Using Eqs. (3.25) and (3.26), the hyperfine transition spectrum including quantum interference is
finally obtained by calculating

𝑆 =
∑︁
𝑖, 𝑓

�����
(∑︁

𝑒

𝐷𝑒𝑖 𝐷𝑓 𝑒

Δ𝑒𝑖 − 𝑖 Γ2

) �����2 . (3.27)

The result is of the form

𝑆 =
Γ

2

4
{
A + [B + C] 𝑃2(cos(𝜃)) 𝑔(𝜃C)

}
, (3.28)

where 𝑃2(cos(𝜃)) is the second Legendre polynomial and 𝑔
(
𝜃C

)
= cos

(
𝜃C

)
cos2 (

𝜃C/2
)

a correction
factor accounting for the solid angle 𝜃C of the fluorescence detector. Eq. (3.28) is separated in an angle
dependent and an angle independent component: The independent part is given by A, which contains
one Lorentzian function for each hyperfine state. B and C contribute to the angle dependent part. For
each hyperfine state, B contains one Lorentzian function, providing small correction to the amplitudes
of the Lorentzians in A. C consists of cross terms between the hyperfine states, which cause the
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modification of the observed lineshape. Far from resonance, these terms decay as 1/(Δ𝐹1Δ𝐹2), where
Δ𝐹 denotes the laser’s detuning to the hyperfine state 𝐹. Thus, these terms are significant, if the
hyperfine splitting and the linewidth are comparably large. As this is the case for the 1S0 → 1P1
transition in 67Zn, quantum interference has been taken into account in the spectroscopy experiment
shown in Chapter 4 and Appendix A.
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CHAPTER 4

Hyperfine structure and isotope shifts of the
1S0 →

1P1 transition in zinc

The development of cold atom experiments relies on detailed spectroscopic information on the cooling
transitions of the respective atomic species. Before such experiments are designed and constructed to
the specific needs for Zn, it is helpful to accurately characterize the (4𝑠2)1S0 → (4𝑠4𝑝)1P1 transition
at 214 nm, which acts as the main cooling transition. In this regard, the hyperfine structure of 67Zn as
well as the isotope shifts of all stable isotopes of Zn are of particular interest [115, 116].

Previously reported isotope shift measurements on the main cooling transition in Zn have been
performed using more traditional methods. For example, light emitted from hollow cathode or
discharge lamps, or the fluorescence from an atomic beam has been analyzed with spectrometers
[19, 20, 55]. These techniques provided valuable data on the isotope shifts and hyperfine structure
of Zn, but the achieved precision has been limited by the resolution of the spectrometers and the
broad spectral lines produced by the sources. For the isotope shifts, this has lead to uncertainties
significantly larger than 50 MHz. This uncertainty corresponds to approximately 10 % of the shift
itself and to more than half the natural linewidth.

Progress in laser technology and precision experiments has enabled laser spectroscopy on transitions
in the deep UV range. Nowadays, frequency tunable, narrow line, continuous-wave laser systems can
be constructed, addressing transitions that occur below 220 nm and delivering several mW of power
(for example, see Section 2.4.1).

During this work, laser spectroscopy has been performed on the (4𝑠2)1S0 → (4𝑠4𝑝)1P1 transition
in Zn at 214 nm, by measuring the fluorescence of a cold atomic beam. The excited state’s hyperfine
coupling constants 𝐴 and 𝐵 of 67Zn have been determined, considering the lineshape altering due to
quantum interference (see Section 3.3.2). Additionally, the isotope shifts have been determined for all
stable isotopes. The precision achieved for the isotope shifts is below 5 MHz, providing a significant
improvement over previously reported values.

The measurements have been performed at the Department of Molecular Physics of the Fritz-Haber-
Institut of the Max-Planck-Gesellschaft in Berlin, in collaboration with the Cold Molecule Group.
During previous studies on molecules in this group, a cryogenic buffer gas beam source has been
developed and constructed [117, 118] based on the design in Ref. [119]. This atomic source allows
to create cold atomic beams with a large variety of elements and has been successfully utilized to
perform high resolution isotope shift measurements on various transitions in Cd [120, 121]. A similar
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experimental approach has been applied for Zn in this study.
Furthermore, these measurements may contribute nuclear structure studies and to determine differ-

ences in nuclear charge radii among the isotopes. Zn nuclei have two protons above the 𝑍 = 28 shell
closure and thus exhibit cumulative effects of single particle structure, shell closure, correlations and
deformations near the proposed doubly magic nuclei, 68Ni and 78Ni. These effects have been studied in
measurements of transitions between excited states [122–124]. Data with MHz precision on transitions
from the ground state of neutral Zn is limited to a measurement of the (4𝑠2) 1S0 → (4𝑠4𝑝) 3P1
transition1 [113].

The content of this chapter has been published in Ref. [34]. The full citation reads

Hyperfine structure and isotope shifts of the (4𝑠2) 1S0 → (4𝑠4𝑝) 1P1 transition in atomic zinc,
David Röser, J. Eduardo Padilla-Castillo, Ben Ohayon, Russell Thomas, Stefan Truppe, Gerard Meijer,
Simon Stellmer, and Sid C. Wright
Phys. Rev. A 109 (2024) 012806.

This chapter summarizes the publication, which is reprinted in Appendix A. The author of this
thesis contributed to the publication by transporting a stable ULE frequency reference cavity
to Berlin and implementing the Pound-Drever-Hall method to stabilize an M2 SolsTiS Ti:Sa
laser to the cavity. The corresponding RF-circuit, which maintains the tunability by a carrier
shift modulation with a voltage-controlled oscillator, as well as the optical setup were newly
constructed. The cavity characterization, especially a high precision measurement of the free
spectral range, has been performed by the author. Further, he was involved in taking the spectra
and participated in operating and maintenance of the setup during the measurements2.

In the following, the measurement procedure is summarized by introducing the experimental setup
and the laser system. The results are presented subsequently.

4.1 Atomic beam preparation and spectroscopy

The atom source, as depicted in Fig. 4.1 (a), contains a cell, which is used to generate the atomic beam
and placed within heat shields in a high-vacuum. The cell contains a Zn target, which is ablated by a
pulsed Nd:YAG laser at 1064 nm with a pulse repetition rate of 1 Hz. Initially, the vaporized atoms
have a temperature of several 1000 K. They are cooled by collisions with helium (He) at a temperature
of 3 K, which constantly flows through the cell. Finally, the Zn atoms reach a forward velocity of
approximately 140 m s−1 limited by the velocity of the He. Detailed reviews of the dynamics within
such a buffer gas cell and the atomic beam generation can be found in Refs. [125–127]. The remaining
He is adsorbed by a charcoal layer on the inner heat shield and the exiting atomic beam is shaped
by apertures. Hence, the transverse velocity distribution is narrowed to 2 m s−1, ultimately leading
to a Doppler broadening in the experiment of around 7 MHz, which is insignificant compared to the
natural linewidth of about 111 MHz.

1 To the very best of our knowledge
2 All co-authors have agreed to the description of my personal contribution.
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4.2 UV laser system and Pound-Drever-Hall lock

Spectroscopy is performed by guiding a laser beam at 214 nm orthogonally through the atomic
beam, see Fig. 4.1 (a). A Glan-Thompson polarizer is used for polarization cleaning and a subsequent
halfwave-plate for alignment of the polarization axis. Before each ablation pulse, the 214 nm-laser’s
frequency is tuned and the frequency is measured by a wavemeter. The fluorescence signal is recorded
5 ms to 8 ms after each ablation pulse, corresponding to the time the atoms need to reach the detection
area. To collect the fluorescence, two photomultipliers are used, oriented along orthogonal directions
to the propagation of the laser beam, see Fig. 4.1 (b). The two-orthogonal-detector method is
advantageous, as the spatial emission pattern of the bosonic isotopes follows the one of a classical
Hertzian dipole [121]: Choosing the angle 𝜃 between laser polarization and detection direction (see
Fig. 4.1(c)), the fluorescence from bosonic isotopes is maximized or suppressed for 𝜃 = 90 ◦C and
𝜃 = 0, respectively. Hence, the visibility of the fermionic isotope can be increased in the acquired
signals. Simultaneously, the fermionic lineshape is altered by quantum interference (see Section 3.3.2).

4.2 UV laser system and Pound-Drever-Hall lock

For these measurements, a laser system has been used, which is available at the Fritz-Haber-Institut.
This laser has been utilized to drive transitions in AlF molecules and Cd atoms, but its frequency
can be tuned to the respective transition in Zn [118, 121]. Similarly to the system built in Bonn (see
Section 2.4.1), the light is derived from a titanium-sapphire laser, which is frequency quadrupled using
two consecutive frequency doubling cavities3. However, the last doubling stage relies on a spherical
mode for UV light generation, accelerating the degradation of the output power. To minimize the
degradation, the frequency doubling cavities are driven with reduced laser power, to generate a few
mW at 214 nm. The UV power at the position of the atomic beam is constantly monitored and the
fluorescence yield is related to the measured power.

For a high resolution measurement on isotope shifts, the laser undergoes a carrier shift modulation,
where one sideband is stabilized to a ULE cavity4 with a Pound-Drever-Hall locking scheme [128].
The laser’s frequency is precisely referenced to the cavity by measuring the carrier shift frequency
at a time close to the ablation pulse. After each measurement, the frequency is tuned by modifying
the carrier shift frequency, while the stabilization is active. A sketch of the lock setup is depicted in
Fig. 4.2.

This locking method fails, when the carrier shift frequency equals half of the cavity’s free spectral
range Δ𝜈FSR. To reference the laser frequency to the cavity over a wider range, the laser is locked to
different cavity modes. Therefore, the cavity’s free spectral range has been measured by scanning the
unlocked laser over the midpoint between two cavity modes, while sidebands have been applied with
an EOM at different frequencies. The resulting cavity spectrum reveals two peaks, if the sideband
frequency is far away from Δ𝜈FSR/2, while it shows a single Lorentzian peak near Δ𝜈FSR/2. By
analyzing its amplitude for different sideband frequencies and fitting the data to find the position of
maximum amplitude, the FSR it measured to be (2 992 184 ± 30) kHz.

3 M2 SolsTiS ECD-X
4 Menlo ORS-Cubic
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Figure 4.1: (a): Sketch of the buffer gas cooled beam source. The Zn atomic beam is generated by an ablation
laser pulse in the buffer gas cell and depicted in light cyan, while the laser beam is shown in red. The laser
induced fluorescence (LiF) is collected with photomultipliers (PMT) in two orthogal directions to the laser
beam. (b): LiF collection apparatus including the lens systems. (c): 𝜃 denotes the angle between detection
direction and laser polarization, while 𝜃C denotes the solid angle of LiF collection.
The figures are adapted from Refs. [34, 117, 118] and Sid C. Wright.
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Figure 4.2: Laser frequency stabilization setup. A frequency-doubled, voltage-controlled oscillator (VCO)
generates the carrier shift frequency for scanning the laser with respect to the ULE cavity. A direct digital
synthesis (DDS) generator provides the locking sidebands for the Pound-Drever-Hall lock. An identical
generator, phase-locked to the latter one, is used for demodulation of the photo detector (PD) signal. The signal
is filtered by a servo-controller and split into a fast and a slow feedback circuit, which is applied to the respective
inputs of the laser controller.

4.3 Measurements and results

During the measurement campaign, several traces of the entire Zn spectrum have been obtained. One
scan with horizontal and one with vertical polarization have been performed with a wavemeter serving
as the frequency reference5. This data has been used to determine the absolute frequency of 64Zn
as well as the hyperfine coefficients of 67Zn to 𝐴 = (20 ± 2) MHz and 𝐵 = (10 ± 5) MHz. Further,
the solid angles of the PMT detection are extracted by the lineshape of the fermionic isotope (see
Eq. (3.28)). These wavemeter traces are depicted in Fig. 4.3, illustrating the different spatial emission
pattern of bosonic and fermionic isotopes and the quantum interference of 67Zn.

To determine the isotope shifts with high accuracy, one trace has been taken with the laser locked
to the ULE cavity. The resonance of 66Zn is located at a carrier shift frequency corresponding to
Δ𝜈FSR/2, where the locking method fails. Thus, a separate trace for 66Zn has been acquired with an

5 High Finesse WS8-10, specified to 20 MHz accuracy and 0.4 MHz measurement resolution [117]
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Figure 4.3: Fluorescence measurements with the wavemeter as frequency reference. In the top row, the trace for
vertical polarization is shown, while the trace for horizontal polarization is shown in the bottom row. The figure
illustrates the spatial emission pattern for fermionic and bosonic isotopes. This figure is adapted from Ref. [34].
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acousto-optic modulator shifting the lock frequency of the fundamental.
The results are summarized in Table 4.1. A King plot analysis with available data on the 3P1

intercombination line at 308 nm [113] is depicted in Fig. 4.4. The respective King plot shows linearity,
which is expected for the measurements with MHz-precision (see Section 3.2).

In conclusion, the isotope shift between adjacent bosonic isotopes is around 500 MHz, corresponding
to a little less than five linewidths. For the fermionic isotope, the hyperfine coefficients 𝐴 and 𝐵 are
much smaller than the linewidth itself, which may be benefitial for magneto-optical trapping, as shown
in Refs. [115, 116]. The line’s center-of-gravity is around three linewidths detuned from the adjacent
66Zn. In general, the isotope shifts are large enough that a magneto-optical-trap operates isotope
selectively for all isotopes. The natural linewidth of 111 MHz is large compared to the laser linewidth
of the laser presented in Section 2.4.1. As the wavemeter6 available in this research group in Bonn
provides 5 MHz absolute accuracy, it may serve as a frequency reference regarding laser cooling.

Table 4.1: Results of the 214 nm spectroscopy. All values are given in MHz unless stated otherwise.

quantity this work literature

𝜈66 − 𝜈64 525.0 ± 3.0 480 ± 60 [19]
540 ± 60 [20]

𝜈
(CG)
67 − 𝜈64 835.0 ± 5.0
𝜈68 − 𝜈64 1039.8 ± 1.7 989 ± 60 [19]

960 ± 85 [20]
𝜈70 − 𝜈64 1495.0 ± 4.0
𝐴(67Zn) 20 ± 2 17.7 ± 0.5 [129]
𝐵(67Zn) 10 ± 5
𝜈64 [cm−1] 46 745.394 ± 0.002

𝜈(1S0 → 1P1) [cm−1] 46 745.407 ± 0.002 46 745.404 ± 0.002 [55]
𝜏 [ns] 1.440 ± 0.018 1.40 ± 0.03 [130]

6 High Finesse WS-8-5
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Figure 4.4: King plot analysis with the data reported on the intercombination line in Ref. [113]. The figure is
adapted from Ref. [34].
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CHAPTER 5

Isotope shift measurement of the 1S0 →
1P1

transition in calcium

Following the successfull hyperfine structure and isotope shift measurements on the main cooling
transition, a detailed investigation is conducted by exploring the benefits and limits of saturated
absorption spectroscopy. Therefore, isotope shifts are measured on the (4𝑠2)1S0 → (4𝑠4𝑝)1P1
transition in calcium (Ca), featuring a transition wavelength of 423 nm and a natural linewidth of
(34.5 ± 0.5) MHz [131]. On one side, the study aims for identifying parameters, which maximize
the signal-to-noise ratio and enhance the signal itself. This includes not only aspects from atomic
physics, but also technical matters, e.g., the choice of photodiodes and photodiode amplifiers, laser
intensities and beam diameters. On the other side, systematic effects like residual Doppler shifts,
collisional effects and light pressure-induced distortions of the Maxwell-Boltzmann distribution are
characterized.

The findings from this study can be directly applied to spectroscopy on the narrow intercombination
lines in Zn and Ca. Especially for the narrow transitions, careful evaluation of methodical errors
is needed, as, e.g., collisions may change the shape of a Lamb dip and can influence its amplitude
and even lead to its disappearance. Further, the goal is to achieve a measurement precision in the
10 kHz regime. Ca is an ideal test candidate for this study, as it features a natural abundance of
isotopes without hyperfine structure between 97 % and 0.004 % [50] as shown in Table 5.1. Thus, the
experiment is optimized for the detection of signals from isotopes with low abundance.

Table 5.1: Natural abundances for the bosonic isotopes of Ca in % [50].

isotope 40Ca 42Ca 44Ca 46Ca 48Ca

abundance 96.941 0.647 2.086 0.004 0.187

In general, saturated absorption spectroscopy is susceptible to systematic errors due to high cell
temperatures, the large thermal velocity of atoms, magnetic fields, e.g., from heating wires, and the
relatively large pressure of ambient buffer gas. Further, the shot noise limit can be three to four
orders of magnitude higher for saturated absorption spectroscopy than for fluorescence measurements
[36], since it measures the transmission of a relatively intense laser beam. There have been previous

37



Chapter 5 Isotope shift measurement of the 1S0 → 1P1 transition in calcium

measurements on the respective transition [131–133], the most precise among them rely on fluorescence
measurements [131] or ionization spectroscopy [132].

However, the large transition linewidth, a vast vapor cell geometry and previous work on Ca-Ar
collisions allow the precise characterization of systematic errors in saturated absorption measurements,
as discussed in the following. Hence, in this work, the isotope shifts of the four most abundant bosonic
isotopes, 40Ca, 42Ca, 44Ca and 48Ca are measured with superior precision.

The content of this chapter has been published in Ref. [35] The full citation reads

David Röser, Lukas Möller, Hans Keßler, and Simon Stellmer
Isotope Shift Measurements of the 423-nm line in Ca,
Phys. Rev. A 110 (2024) 032809

This chapter summarizes the publication, which is reprinted in Appendix B. The author of this
thesis contributed to the publication by developing the idea of performing this study and
the measurement plan. Further, the author constructed and optimized the setup1, identified
systematic errors, devised appropriate corrections and workarounds and conducted the data
analysis. Additionally, the writing process was completed primarily by the author2.

5.1 Experimental apparatus

The laser source is based on a diode laser with built-in tapered amplifier3 at 846 nm, which is externally
frequency doubled in a SHG cavity operating with an LBO crystal4. The SHG cavity resonance is
stabilized to the laser with a Hänsch-Couillaud lock. A sketch of the setup is shown in Fig. 5.1 (a).

The laser undergoes a carrier shift modulation and one sideband is frequency stabilized with a
Pound-Drever-Hall locking scheme to a ULE cavity5 [128]. The carrier shift is derived from the radio
frequency signal of a direct digital synthesis generator6. The signal is frequency quadrupled, as the
generator is limited in frequency to a maximum around 400 MHz. The first doubling is performed by
mixing and subsequent high-pass filtering two phase-locked DDS channels. The advantage of using a
mixer is to generate less pronounced harmonics of the fundamental frequency. The second doubling is
performed by a frequency doubler7 operating in the appropriate frequency regime. The lock setup is
depitcted in Fig. 5.1 (b).

Saturated absorption spectroscopy is performed by sending two laser beams counterpropagating
through a vapor cell [24]. The cell is kept at 340 ◦C to maintain a partial Ca pressure of around
10−7 mbar. The laser beams are equal in intensity, corresponding to 1.9 mW on a beam diameter of
4 mm. To actively stabilize the intensity, the power is monitored with a photo detector8 and feedback

1 along with Lukas Möller
2 All co-authors have agreed to this description of my personal contribution.
3 Toptica TA pro
4 Agile Optic SHG resonator from IR to VIS, identical to the resonator described in Section 2.4.1
5 Menlo ORS-Cubic, same cavity as in Chapter 4
6 ARTIQ Urukul
7 Mini Circuits FK-3000+
8 Thorlabs SM05PD3A with FEMTO DHPCA-100 transimpedance amplifier

38



5.1 Experimental apparatus

(a)

(c)

(b)

to
experiment

power
monitor

piezo feedback
90:10to 

PDH lock

PBS

PBS

PBS

/4
/2

/2

/2

tapered
amplifier

to wave-
meter

dichro

piezo
feedback

Hänsch-Couillaud
lock

/2

Toptica PDH module
& FALC pro

from laser

ULE
cavity

/4

AR
TI

Q
 D

D
S

To
pt

ic
a

PD
H

 m
od

ul
e

splitter

fiber
EOM

high
pass

low
pass

DC
block

frequency
doubler

x2

from
laser

intensity
stabilization

Ca vapor cell with
compensation coils

wedge

probe

pump

amplitude mod
from lock-in amp

Figure 5.1: (a): Frequency-doubled laser system. The length of the SHG cavity is stabilized to the laser by a
Hänsch-Couillaud locking scheme. (b): Setup of the Pound-Drever-Hall lock for frequency stabilization of the
laser to a ULE cavity. (c): Setup for saturated absorption spectroscopy. The figure is adapted from Ref. [35].
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on the tapered amplifier current is applied via a servo controller9 with 10 MHz bandwidth. Further,
noise is reduced with the lock-in technique by sinusoidally varying the power in the pump beam with
an AOM. The power of the probe beam, transmitted through the cell, is measured10 and demodulated
by a lock-in amplifier11.

5.2 Measurements

To measure the isotope shift for an isotope 𝑖, traces of 40Ca and 𝑖 are taken immediately following after
each other. Each trace contains two scans in opposite directions to confirm that there are no shifts
due to a too tight low pass filtering of the lock-in amplifier. Subsequently, the respective line centers
are averaged. By subtracting the average for isotope 𝑖 from the average of 40Ca, determined from a
previous trace, the isotope shift is extracted. This procedure is repeated to acquire more measurements.
As each trace takes around 2 h, errors from drifts of the ULE cavity resonance are negligibly small.
Single scans for each isotopes are depicted in Fig. 5.2.

re re
re

3

re

Figure 5.2: Single scans of all measured isotopes including the line fit and residuals. The figure is adapted from
Ref. [35].

9 Vescent Photonics D2-125
10 Thorlabs SM05PD3A with FEMTO DHPCA-100 transimpedance amplifier
11 Zurich Instruments HF2LI
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5.2 Measurements

The measured isotope shifts are subject to the following systematic errors, which have to be taken
into account:

Velocity distribution

Resonant laser light induces a distortion in the Maxwell-Boltzmann distribution by transferring
momentum on the atoms. This modifies the undisturbed Lorentzian shape by adding a dispersive term
to the observed lineshape [134–136]. This effect has been overcome by filling the cell with an Ar
buffer gas, restoring the Boltzmann distribution by collisions. Further, the net photon recoil has been
minimized by ensuring equal intensity in pump and probe beam.

Power dependent shift

The resonance frequencies of all isotopes have been observed using different laser powers. From these
measurements, a power shift coefficient has been extracted to extrapolate the observed resonance
frequencies to zero light power. A possible origin might be an imperfect restoring of the Maxwell-
Boltzmann distribution. The sensitivity of this line to AC Stark shifts is calculated to be 35 mHz/cm2,
using all dipole-allowed transitions listed in the NIST atomic spectra database [137]. Comparing this
with the measurement uncertainty, AC Stark shifts cannot be detected in this measurement.

Atomic recoil

The atomic recoil leads to a splitting of the Lamb dip in two components. One component corresponds
to the absorption resonance of the ground state atoms and the other one to the emission of excited
state atoms. The splitting is not resolved in this measurement, as the natural linewidth is much larger
than the splitting. Calculating the splitting according to Ref. [138], possible errors on the isotope
shift measurement are on the kHz-scale and thus negligibly contribute to the overall uncertainty of the
measurement.

Collisions

Collisions between atoms cause a line broadening and a shift [139–142]. While the line broadening is
insignificant for this measurement, the shift has to be corrected for. The shift parameter for Ca-Ar
collisions has been measured in [143] and the correction can be calculated according to the Ar pressure
in the gas cell. Due to the low partial pressure of Ca, Ca-Ca collisions are considered as insignificant,
as line center shifts are insignificant compared to the overall measurement uncertainty.
However, it has been shown that collisions alter the atomic lineshape leading to modified Lorentzian
lineshape due to the finite collision time 𝑇d [144]. The impact approximation loses validity, as it
requires 𝑇d · Δ ≪ 1 with the detuning Δ = 𝜈 − 𝜈0. The fit function in the presence of collisions can
been obtained from Ref. [144–148] and reads

𝐼 (Δ) ∝
𝛾N + 𝛾c (Δ)

Δ
2 +

[
𝛾N + 𝛾c (0)

]2 (5.1)

with
𝛾c (Δ) = 𝛾c(0) ·

(
1 + 𝑎1Δ𝑇d

)
. (5.2)
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Here, 𝛾N denotes the natural linewidth, 𝑎1 a potential-dependent parameter, and 𝛾c (0) the collisional
broadening from the impact approximation.

Doppler shift

Residual Doppler shifts might originate, if pump and probe beam are not perfectly aligned anti-parallel
[149]. From their geometrical overlap and considering the velocity distribution for the respective
isotopes, possible Doppler shifts are accounted for by adding a 10 kHz error to the uncertainty budget.

Polarization dependent effects

Effects due to the light’s polarization are minimized by ensuring a clean linear polarization in the vapor
cell. The polarization extinction ratio is measured with a polarimeter to be larger than 30 dB before
and 25 dB after the cell. Further, the magnetic field inside the vapor cell is balanced by compensation
coils in all directions. The residual magnetic field strength is measured in the cell and is well below
5 µT and hence negligibly contributes to Zeeman shifts [131].

5.3 Results

The measured isotope shifts are displayed in Table 5.2 and are in good agreement with Ref. [131].
However, comparing to Ref. [132], there is a discrepancy for 42Ca. In Ref. [132], the resonances of
43Ca were considered as insignificant and not taken into account for fitting. This contributes to a fit
error, as the resonance of 42Ca lies on the wing of 43Ca. The uncertainty budget obtained in this work
is a factor of about five lower compared to Ref. [131] and a factor of about three lower compared to
Ref. [132], as displayed in Table 5.3.

A King plot analysis has been performed by relating this measurement to the high precision data of
Ref. [21]. The King plot, displayed in Fig. 5.3, reveals excellent linearity confirming the consistency
of our data.

Analyzing the signal-to-noise ratio, isotopes with an abundance of around 0.01 % might have been
detected with a signal-to-noise ratio of one. Relating this to the linewidth governing the absorption
cross section, a transition with a linewidth in the 10 kHz regime might have been the detection limit
for an abundance of 100 %.

Table 5.2: Measured isotope shifts for the (4𝑠2)1S0 → (4𝑠4𝑝)1P1 line in Ca in comparison to previously
reported values. All values are in MHz.

isotope this work [131] [132]
42Ca 393.09 ± 0.09 393.1 ± 0.4 393.50 ± 0.10
44Ca 773.81 ± 0.05 773.8 ± 0.2 773.80 ± 0.15
48Ca 1512.99 ± 0.07 1513.1 ± 0.4 1513.00 ± 0.20
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5.3 Results

Table 5.3: Corrections and uncertainties of the isotope shift measurement, exemplified for 42Ca. All values are
in kHz.

source correction uncertainty

residual Doppler 0 10
second-order Doppler 0.2 0
atomic recoil 0 1
power dependence 0.7 0
Zeeman effect 0 0
collisions 37 0.3
cavity drift 0 1
statistical error 0 85
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Figure 5.3: King plot with measured isotope shifts from this measurement and from Ref. [21]. The errors from
Ref. [21] are too small to be visible as errorbars. The figure is adapted from Ref. [35].
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CHAPTER 6

Outlook: Spectroscopy of the 1S0 →
3P1

transition and towards laser cooling of zinc

Having characterized the main cooling transition in Zn and having characterized systematics in saturated
absorption spectroscopy, the hyperfine structure and isotope shifts of the (4𝑠2) 1S0 → (4𝑠4𝑝) 3P1
are going to be measured. To do so, a measurement setup has been designed, which is shown in
Section 6.1. The actual measurement is beyond the scope of this thesis. Furthermore, a setup for
magneto-optical trapping of Zn has been designed and constructed, which is presented in Section 6.2.
Trapping will be attempted in future, when sufficient laser power at 214 nm is available.

6.1 Hyperfine structure and isotope shifts on the 1S0 →
3P1

transition in zinc

For spectroscopy on narrow lines, fluorescence detection can be advantageous to direct absorption
measurements. As the absorption coefficient scales linear with the transition linewidth, absorption of
a laser in a vapor cell is reduced. Furthermore, the atom’s angular momentum distribution is spread
over 4𝜋 solid angle. The share of atoms contributing to a Lamb dip depends on Γ, as the condition
®𝑘 · ®𝑣 ⪅ Γ/2 needs to fulfilled. Hence, in saturated absorption spectroscopy, the Zn vapor pressure
for transitions with kHz-linewidth needs to be orders-of-magnitude larger compared to transitions
with MHz-linewidth. Then, the evaluation of collisional effects has to be performed very carefully,
as self-collisions have to be taken into account. The governing potential is given by a dipole-dipole
potential with a long-range 𝑅−3 dependence [150]. Hence, their influence can be significant, although
the partial pressure of the atoms may be much lower than the buffer gas pressure. Zn-noble gas
collisions are governed by a Lennard-Jones potential, which decays as 𝑅−6 for large 𝑅 [150].

Fluorescence spectroscopy benefits from the background-free detection and the high detection
efficiency of photomultipliers (PMTs). Hence, the number of absorbers/emitters may be significantly
lower than in absorption measurements. In trapped atom/ion experiments, the fluorescence of a single
emitter can be collected and used for analysis with appropriate integration time [36, 140]. This allows
to perform spectroscopy, e.g., on atomic beams with a typical atom flux of up to 1015 atoms per
second. In such experiments, the influence self-collisions is minimized due to low atomic densities
in the beam. Furthermore, a buffer gas is avoided to maintain the collimation of the beam, making
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Zn-background gas collisions negligible. Residual first order Doppler broadening due to imperfect
atomic beam collimation can be eliminated sending counterpropagating laser beams orthogonally
through the atomic beam. The fluorescence power, measured by the PMT, follows a saturation signal
[40]. Different lock-in detection schemes can be applied and examined for the best signal-to-noise ratio
and precision. One way is the measurement of intermodulated fluorescence, in which the intensity of
the counterpropagating laser beams is modulated with different frequencies. The obtained signal is
then demodulated with the sum frequency. This removes unwanted background signals and only the
saturation signal remains [140]. Furthermore, detection schemes have been proposed in Ref. [151],
offering the observed linewidths to be below the natural linewidth. To exploit these advantages for
the Zn spectroscopy, a fluorescence spectroscopy experiment on a Zn beam including a frequency
reference cavity has been designed, which is discussed in the following.

6.1.1 Design and construction of a frequency reference cavity

Commonly, frequency reference cavities consist of two highly reflective mirrors, which are optically
contacted to a spacer. For having the cavity’s resonance frequency as stable as possible, changes in the
effective cavity length have to be avoided: For thermal stability, the spacer is made of a material with
a low coefficient of thermal expansion (CTE)1. Mirror substrates are mostly from fused silica and the
CTE mismatch between ULE glass and fused silica may lead to an effective CTE, which is different
from ULE. This can be compensated by contacting ULE rings to the mirror backsides [152, and
Refs. therein]. Further, the cavity is placed in vacuum, also preventing refractive index fluctuations
of ambient air. Minimizing the vibration sensitivity is achieved by choosing optimal support points.
Therefore, the mirror distance change is simulated under influence of gravitational acceleration and
the points of minimal length change are chosen. To avoid mechanical stress, the spacer is laid on its
support structure and is typically not clamped [153].

Cavity Design and Construction

Depending on specific requirements, reference cavities have been constructed with various spacer
geometries, some of which are shown in Refs. [153–159]. During this work, the spacer design is
adapted from Ref. [153] (see Fig. 6.1 (a)), while the support structure and the vacuum system are
designed entirely new. For future experiments, this design can be possibly modified such that the cavity
is transportable. Therefore, the cavity could be clamped on the ’wings’ to restrict any movement.

The spacer is 10 cm long and is fabricated from a single piece of ULE glass2. The sides are polished
for the optical contact bonding of the mirrors to the spacer. The mirrors consist of a fused silica
substrate with dielectric mirror coating on one side and an anti-reflection coating on the other side3.
However, it was not possible to contact the ULE rings to the mirror backside, which might be explained
by a too large surface roughness or dirt in between the glass surfaces. The mirror performance has been
tested with a cavity ring-down measurement [160]. The obtained finesse is 141 000 ± 1100 , which
corresponds to a cavity linewidth of around 10 kHz. Hence, the linewidth of the cavity resonance is

1 Typical spacer materials are Corning ULE 7972 and 7973 or Schott ZERODUR.
2 Corning ULE 7972
3 substrates and coating from Laseroptik Garbsen,

rms surface roughness < 0.1 nm,
𝑅1 = ∞, 𝑅2 = −500 mm
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narrow enough to provide a frequency reference for spectroscopy on transitions with kHz-linewidths
[128].

For the design of the support structure, the optimal support points have been determined using finite
element simulation4 to be 𝑥 = 20.8 mm and 𝑦 = 9.3 mm . The corresponding plot and the definition of
the reference frame for 𝑥 and 𝑦 are depicted in Fig. 6.1 (b) and (c). The predicted mirror displacement
lies within the low 10−13 m regime, which is competitive to other designs [156].

For the first test, the support structure has been designed such that the spacer lies on small Viton
cylinders on a copper support structure within two copper radiation shields. This system is placed
in an indium-sealed vacuum system made of aluminium, which is constantly pumped by a 2 L s−1

ion pump5. The achieved pressure has been 5 × 10−7 mbar , limited by the low conductance in the
vacuum system6.

Stabilizing a laser to the cavity with a Pound-Drever-Hall lock [128] and observing the laser
frequency with a wavemeter7, it has been found that the cavity resonance shifts by 10 MHz within
15 min according to the two-point control of the laboratory air condition. This shift happens in an
unexpectedly short time interval and is unexpectedly large, even with the ULE rings not contacted to
the mirrors. The frequency drift corresponds to a 4 nm change of the mirror spacing. This change
cannot be explained purely by thermal expansion of the spacer: Assuming the CTE of ULE at room
temperature to be 30 ppbK−1 8, the length change would correspond to a temperature change of
the entire cavity spacer of 1 ◦C. This appears unfeasible given the heat shields and the low heat
conductivity of glass. Possible origins might be an imperfect optical contact between mirror and
spacer, causing additional mirror displacement by thermal stress. Furthermore, the thermal coupling
of the cavity to the laboratory environment might be unexpectedly large. Additionally, as no resonance
of the 3P1 transition in Zn has been observed with saturated absorption spectroscopy, it is suspected
that the cavity support structure is too vibration sensitive to provide a kHz-stability on the timescale
of seconds.

Improved Cavity Support Structure

To address issues listed above, an optimized vacuum system and support structure has been designed,
which will be constructed and tested in future. A sketch of the setup is presented in Fig. 6.2 (a).

The vacuum system is made of stainless steel instead of aluminium and features smaller outer
dimensions compared to the previous design, as the wall thickness is drastically reduced. Within
the vacuum system, there are two copper heat shields with surface roughness below 100 nm9. This
minimizes the surface area pointing towards the cavity and thus the power of emitted blackbody
radiation. The outer shield one is going to be temperature stabilized with heating wires similarly to
Ref. [161]. For this control loop, the temperature is measured with Pt100 sensors and a proportional-
integral-derivative controller regulates the electric power sent through the wires. The space between
the heat shields is increased, promising a larger pumping speed. To enhance temperature isolation and

4 The simulation has been performed with Comsol Multiphysics
5 Agilent VacIon 2 l/s pump
6 During the writing process of this thesis, the pressure continued to fall with a speed of roughly 0.1×10−7 mbar per month.
7 High Finesse WS-8-5 specified to 100 kHz resolution and 5 MHz absolute accuracy
8 This coefficient is specified to be (0 ± 30) ppbK−1 at room temperature
9 For this application, a mirror milling process had to be established by the Feinmechanik-Werkstatt des Physikalischen

Instituts.
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Figure 6.1: (a): Dimensions of the ULE cavity spacer. The mirror dimensions are �25.4 mm × 6.35 mm. All
dimensions are given in mm. (b): Simulated mirror center displacement for an automatically optimized mesh
by the simulation software. Within the 𝑥 and 𝑦 ranges, a point grid with a spacing of 0.2 mm was simulated and
linearly interpolated. (c): Definition of the reference frame for x and y. The origin of the coordinate system is
located at the outermost corner of the spacer, where the x- and y-axes are intersecting. The little square shows
the area shown in (b). Only a quarter of the cavity is shown in top view.
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(a)

(b)

(c)

Figure 6.2: (a): Optimized cavity support structure withing two copper heat shields and a stainless steel vacuum
system. The cavity lies on a stainless steel support structure, which is connected with a self-designed floating
bearing to a glass plate. (b): Photograph of the guide rails for the glass spheres between outer and inner heat
shield. While the bottom left support point constrains translational movement, the bottom right constrains
rotations while leaving space for thermal expansion. The support point on the top does not constrain any
movement. Due to the high surface quality, the copper is highly reflective. (c): Between support structure and
glass plate, two Viton spheres are placed, which are marked in white. A screw keeps the two spheres under light
pressure such that the support structure is weakly allowed to move. At the other support points, the structure
lies on glass spheres, which are allowed to freely move.
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to absorb vibrations, the outer shield is placed on large PTFE spheres. The inner shield is separated
from the outer one by glass spheres positioned within guide rails, as shown in Fig. 6.2 (b). This ensures
that each degree of motion is constrained precisely once, avoiding stress between the shields. Glass is
preferred over PTFE in this application due to its dimensional stability. Within the inner shield, the
cavity support structure is mounted on a borosilicate glass plate10 to reduce thermal coupling towards
the outside and thus improve thermal stabilization. The cavity’s support structure is made from thick
stainless steel plates to provide enhanced stability. The structure is connected to the glass plate via
a self-designed floating bearing, which further reduces vibration transfer to the cavity, as depicted
in Fig. 6.2 (c). For the final stage of vibration absorption, the cavity itself rests on small Viton pads
placed on the support structure.

The new design is designed to provide significantly increased thermal and vibrational stability
compared to the first test setup. With contacting the ULE rings to the cavity mirrors, this design offers
a promising starting point for a fully functioning frequency reference for narrow line spectroscopy.

6.1.2 Fluorescence spectroscopy setup

The CAD design of the fluorescence setup is depicted in Fig. 6.3. The main components for the
fluorescence setup are the atom source including the collimators and the excitation and measurement
section and are introduced in the following.

oven reservoir
atomic beam collimation

to valve and
turbo pump

to valve and
turbo pump laser beam

laser beam

lens system
for fluorescence
collection

PMT

f=38.1mm
mirror

2l/s ion pump

Figure 6.3: Fluorescence spectroscopy setup.

Atomic beam generation

The oven reservoir consists of a small tube section with a CF40 flange, in which Zn can be vaporized
with the use of heating tapes. The reservoir is connected to a double-blind flange, with an 1.5 mm
aperture, through which atoms are effusing. The aperture is heated with cartridge heaters above the

10 Borosilicate glass is chosen for its ease of machining with CNC machines using diamond mill heads.
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melting temperature of Zn to avoid clogging. A similar collimation stage is located around 30 cm
downstream the beam narrowing the transverse velocity distribution. Following Refs. [162, 163],
around 1013 atoms/s can be expected in the measurement chamber, assuming a reservoir temperature
of 350◦. The residual transverse Doppler width is calculated to be around 30 MHz. At this level, the
Knudsen number is already around one, indicating a transitional flow regime between continuum and
free molecular flow. Ref. [163] shows that the number of atoms flowing freely in the atomic beam
remain unaffected by the transitional regime. Nevertheless, it might not be possible to increase the
atom flux by another order of magnitude.

Measurement chamber

As the atomic beam passes the measurement cell (see Fig. 6.4), the atoms get excited by the laser.
The respective viewports are separated from the chamber by CF16 extension tubes to avoid scattered
light from the windows on the PMT. 15 mm downstream the atomic beam, a 2 inch collection lens is
located outside the vacuum, 37 mm away from the beam, before the light is focused on the PMT11 by
an additional lens. Opposing the PMT, a concave mirror with 𝑓 = 38.1 mm is placed to enhance the
fluorescence collection efficiency.

As in Ref. [51] a good agreement between the calculated fluorescence intensity and the experiment
has been found, this work follows this particular reference in calculating the fluorescence yield. The
Rabi frequency has been calculated with

ΩR =

√︄
𝐼

𝐼sat
· Γ/

√
2 (6.1)

and the effective Rabi frequency is given by

Ωeff =

√︃
Ω

2
R + Δ

2
, (6.2)

where Δ denotes the detuning, 𝐼 is the light intensity, 𝐼sat the saturation intensity and Γ = 2𝜋 Δ𝜈 the
linewidth of the transition. The probability of finding an atom in the excited state is given by

𝑒 =
Ω

2
R

Ω
2
eff

sin2 (
𝜏Ωeff

)
(6.3)

with the approximation that the interaction time 𝜏 is given by 𝜏 = 2𝑤0/𝑣. Here, 𝑤0 denotes the laser
beam waist and 𝑣 the atom’s velocity. Following the Maxwell-Boltzmann distribution for the forward
velocity12, a distribution of interaction times is calculated. Assuming a laser power of 10 mW/cm2, it
is found that the excitation probability is 𝑝 = 0.008 for an atom on resonance. The laser power may
be still increased to achieve a higher excitation probability. For estimating the number of collected
photons, it is assumed that the atomic beam is characterized by the numbers given above and that
only atoms with a Doppler shift smaller than Γ contribute to the signal. The decay of the excited state

11 Hamamatsu H9306-05
12 The atomic beam actually follows a modified Maxwell-Boltzmann distribution, dependent 𝑣3 exp

(
𝑣

2/𝜎
)
, as stated

in [162]. Ref. [51] finds that the excitation probability is larger for slow atoms. Hence, a pure Maxwell-Boltzmann
distribution describes their experiment more precise and is assumed here.
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starts immediately after the excitation and is taken to be exponential governed by the natural linewidth.
The time delay between excitation and detection is calculated and the number of photons emitted into
the detection system is estimated by the detector’s solid angle divided by 4𝜋. This estimation shows
that more than 5 × 106 photons are detected for the total number of atoms in the atomic beam. This
corresponds to a PMT signal of approx. 500 mV for the most abundant and approx. 10 mV for the least
abundant isotope. The PMT’s electronic noise floor is specified below 1 mV. Further signal-to-noise
enhancement by several orders of magnitude may be achieved with lock-in detection, as described
above. This way, a signal-to-noise ratio larger than 100 appears to be possible for the least abundant
Zn isotope.

viewports for
fluorescence collection

viewports for
laser beam

atomic beam

Figure 6.4: Measurement chamber for atom excitation and fluorescence collection.

6.2 Towards magneto-optical trapping of zinc

The foundational step towards a clock operating on Zn is successful laser cooling and magneto-optical
trapping, which, to the best of our knowledge, has not been reported in literature yet. The theoretical
framework of magneto-optical traps (MOTs) can be found in various references, including Ref. [78].
An experimental setup for the first Zn-based MOT has been constructed, comprising of a vacuum
chamber and magnetic field coils. When sufficient laser power becomes available (see Section 2.4.1),
this system will be activated. Its design is presented in Fig. 6.5 (a) and is discussed in the following
sections.

6.2.1 Vacuum System

The vacuum system is constructed from standard vacuum parts made of stainless steel and is depicted
in Fig. 6.5 (b). The magneto-optical trap (MOT) is located at the center point of a CF40 cube,
providing optical access along three orthogonal axes for the trap laser beams. The viewports are
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high current
connector

MOT
coil

water cooling
ion pump

(a)

(b)

valve

to
ion pump

Zn source

Zn dump

Zn dump

to
to valve and
turbo pump

viewport

Figure 6.5: (a): CAD drawing of the entire MOT setup including the MOT coils, their watercooling system and
the vacuum pumps. (b): Vacuum system used in the MOT setup. The Zn source and the dump are explicitly
shown in Fig. 6.6.

53



Chapter 6 Outlook: Spectroscopy of the 1S0 → 3P1 transition and towards laser cooling of zinc

commercial flanges with the windows sealed with Viton o-rings13. The windows are custom-built14

from Corning 7980 KrF glass, with dimensions �1.5” × 4 mm, ensuring a line of sight next to the
laser beams for MOT fluorescence collection. The vacuum is pumped by a turbo pump and maintained
at a background pressure of around 10−8 mbar by an ion pump15. Special components are the atom’s
source and dump as well as the MOT coils, which are introduced in the following sections.

6.2.2 Atom source and dump

The designs of the Zn source and dump are based on standard CF40 straight connectors and depicted
in Fig. 6.6. A small reservoir tube with 5 mm inner diameter contains approximately 15 g of zinc
shot16. The reservoir tube is silver-brazed under an angle of 15◦ to the straight connector such that it
points towards the MOT volume. Silver-brazing is advantageous to welding, as the the tubes can be
connected under any angle to each other and the braze flows into the system avoiding virtual leaks (see
Fig. 6.6 (b)). A high temperature braze has been used so that the tube can be kept at around 400 ◦C to
evaporate Zn into the MOT volume. Therefore, a heating cartrigde17 providing 100 W power, can be
clamped to the reservoir and isolated by wool. The opening angle of the Zn beam is approximated to
be 20◦.

Although the atom flow points away from the viewports, the windows could still get coated with Zn
scattered from the walls [56]. To minimize the probability of a scattered atom reaching the windows,
a Zn dump has been constructed consisting of a tube of 16 mm inner diameter silver-brazed to a CF40
extension tube. The dump’s position is chosen such that atoms evaporated from the source head
towards the dump and its angle is adapted to simplify the production.

6.2.3 Magneto-optical trap and magnetic field coils

To generate a magnetic field gradient for the MOT, the coil design follows the Anti-Helmholtz
configuration, as depicted in Fig. 6.7 (a) and (b). The coils are directly mounted onto the CF40 cube
with a PTFE mat providing electrical insulation and feature an inner diameter of 73 mm to allow
space for the viewports. They are manufactured by waterjet cutting seven turns, each 5 mm wide with
0.8 mm spacing, from a 4 cm thick rigid copper plate. Four dc power supplies18, each delivering up to
400 A, are used in parallel to drive the coil system with maximum current of 𝐼 = 1600 A. The low
winding number allows faster gradient switching times, which leaves the opportunity to transfer atoms
from a broad MOT into a narrow line MOT. However, a suitable ring-down ("snubber") circuit still
has to be designed and might be adapted from Ref. [164] for a large current.

For the design work, the gradient has been simulated assuming a uniform current density across the
winding cross section. Each macroscopic coil winding is decomposed into 1701 current loops with
each of them guiding a current of 𝐼/1701 using the magpylib package for Python [165]. For 𝐼 = 800 A,
the gradients were 62 G cm−1 in the horizontal and 124 G cm−1 in the vertical axes, indicated in Fig. 6.7
(b). After construction of the coil system, the gradients have been measured to be 57 G cm−1 and

13 Thorlabs VC234
14 Lens Optics
15 Agilent Technologies VacIon 55 L s−1 Star Cell
16 Alfa Aesar, Zinc shot, 1-6 mm, Puratronic, 99.9999 % (metals basis)
17 HS Heizelemente S/HS-6,5/60/100/24-D
18 TDK Lambda GEN8-400
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(c)

(b)(a)

Figure 6.6: (a): CAD drawing of the Zn source. (b): CAD drawing of the Zn dump. (c): Photograph of the
joints between the reservoir tube and the CF40 tube depicted from outside of the system (top) and the inside
(bottom).

119 G cm−1, as depicted in Fig. 6.7 (c) and (d). The deviation between simulation and measurement is
on the percent level and might originate from manufacturing tolerances and the current connectors.
As the gradient scales proportional to the current, the measured gradient can be increased by a factor
of two.

Based on the internal current and voltage measurement from the power supply, the total resistance
of the coil setup is approximated to be 700 µΩ, which is achieved by maximizing contact surfaces and
hence minimizing contact resistances. At 𝐼 = 1600 A, the entire coil system heats up with 1.8 kW
power. As the coils might heat up the Viton seals in the viewports, watercooling is required. The
cooling components are slotted to avoid eddy currents, whenever the B-field gradient is altered and
are placed as indicated in Fig. 6.5.

For a vertical gradient at 1600 A, the capture velocity of the MOT has been modeled with the help
of the python PyLCP package, assuming the cooling force to be quasi-static [166]. For a total power
of 50 mW in each MOT beam, a beam radius of 𝑤0 = 5 mm and a MOT light detuning of 1.5Γ, this
results in a capture velocity of 35 m s−1. This agrees well with an analytical approximation, in which
the cooling force is assumed to be maximal throughout the MOT volume and equals 𝐹c = 𝐼 ℏ𝑘Γ/(2𝐼sat).
Then, the capture velocity is calculated as

𝑣c =

√︄
4𝐹c 𝑤0
𝑚Zn

≈ 32 m s−1
, (6.4)

where 𝑚Zn denotes the mass of the Zn atoms. Comparing to an average atomic velocity of 470 m s−1

at 𝑇 = 400 ◦C, a small, but reasonable amount of atoms might be captured. To further increase the
atom number in the trap, a slow atom source would need to be constructed requiring, e.g., a Zeeman
slower or a 2D MOT [167].

At the Doppler temperature of around 2.7 mK, the atoms’ velocity is around 1 m s−1. Looking
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Figure 6.7: (a): Close up drawing of the MOT coil geometry. (b): Coordinate system indicating the 𝑥 and 𝑧 axes,
along which the magnetic field simulation and measurement is shown. (c): Simulation and measurement of
the magnetic field in the horizontal axis 𝑥. A measurement along the 𝑦 axis, the horizontal axis perpendicular
to 𝑥, shows minimal deviation, which arise from the bars connecting both coils to the power supply. This
measurement is not shown here. (d): Simulation and measurement of the magnetic field in the vertical axis
𝑧. Simulation and measurement have been performed with a current of 800 A. Generally, simulation and
measurement show good agreement, as the deviation is on the percent level of the gradient itself.
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ahead towards the operation of a possible Zn clock, the atoms need to be transferred into a MOT
operating on the narrow 308 nm transition. Using the approximation above, the capture velocity of the
narrow MOT is estimated to be around 1 m s−1, which may be still enhanced by frequency modulating
the MOT beams of the narrow MOT [17]. Its limit is given by the atomic recoil at around 3 µK, at
which the atoms would be transferred into an optical lattice.

6.3 Calculation of the magic wavelength

The theory behind dipole traps and optical lattices can be found in various publications and theses, e.g.,
in Ref. [168]. However, trapping atoms in a lattice shifts the clock transition frequency due to the AC
Stark effect. Fortunately, there are certain ’magic’ wavelengths, at which the AC polarizabilities of the
ground- and excited state are equal, eliminating the light shift. For the 1S0 →3 P0 clock transition in
Zn, the magic wavelength for bosonic isotopes has been calculated to be 410 nm, following Ref. [116]
by summing up the contributions to the AC polarizability from all relevant transitions. An overview
over the transitions is provided in Tables 6.1 and 6.2 and a plot of the AC polarizabilities of ground
and excited state is shown in Fig. 6.8. By calculating the magic wavelength of Sr with the same code
and comparing the result, an error of ±5 nm is estimated. Hence, this calculation is close to the results
of Refs. [169, 170], stating the magic wavelength to be 413 nm and 416 nm, respectively. Assuming
a future clock setup, in which the lattice is created by an optical lattice with a finesse of 𝐹 = 300,
100 mW light power coupled into the cavity and a mode waist of 𝑤0 = 50 µm, the lattice depth is
calculated to be 22.7 recoil energies while the scattering rate is around 0.4 Hz for the 1S0 and 3P0
state. Scattering lattice photons heats the atoms and limits the trap lifetime to several seconds. By
fitting the trapping potential within one full-width-half-maximum with a harmonic oscillator model,
the trap frequency is approximated to be 150 kHz, which is well above the recoil frequency and the
clock transition linewidth. Following Ref. [116], it can be concluded that this trap confines Zn in the
Lamb-Dicke regime with resolved sidebands. As the trap potential is two orders of magnitude larger
than the thermal energy at the Doppler temperature of the narrow MOT, 𝑘B𝑇D, 308 nm, atoms could be
efficiently loaded.

Table 6.1: Transitions from the1S0 state involved for the calculation of the magic wavelength in Zn.

transition 𝜆 [nm] 𝐴 [s−1] source

4𝑠4𝑝 1P1 213.9 7.1 × 108 [137]
4𝑠5𝑝 1P1 159.0 85.5 × 106 [171]
4𝑠6𝑝 1P1 145.8 12.5 × 106 [171]
4𝑠7𝑝 1P1 140.4 5.6 × 106 [171]
4𝑠8𝑝 1P1 137.7 2.8 × 106 [171]
4𝑠4𝑝 3P1 307.6 3.8 × 104 [137]
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Table 6.2: Transitions from the3P0 state involved for the calculation of the magic wavelength in Zn. Experimental
values from Ref. [172] are preferred over theoretical values from Refs. [173, 174].

transition 𝜆 [nm] 𝐴 [s−1] source

4𝑠5𝑠 3S1 468.0 13.5 × 106 [173]
4𝑠6𝑠 3S1 307.2 4.0 × 106 [172]
4𝑠7𝑠 3S1 267.1 1.9 × 106 [172]
4𝑠8𝑠 3S1 253.0 1.5 × 106 [173]
4𝑠4𝑑 3D1 328.2 90.0 × 106 [172]
4𝑠5𝑑 3D1 275.7 34.0 × 106 [172]
4𝑠6𝑑 3D1 257.0 18.7 × 106 [173]
4𝑠7𝑑 3D1 248.0 8.5 × 106 [173]
4𝑝2 3D1 208.0 2.8 × 108 [174]
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Figure 6.8: This figure shows the AC polarizabilities for the ground state in blue and the excited state in orange.
The magic wavelength is around 410 nm, as the the polarizabilities for ground and excited states are equal.
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CHAPTER 7

Conclusion

As shown in Chapter 2, Zn is as an interesting candidate for a future optical clock based on neutral
atoms trapped in a lattice. Zn offers a favorable natural isotopic abundance, with one fermionic and four
bosonic isotope. The level scheme exhibits a typical structure for earth-alkaline and earth-alkaline-like
atoms, where the involved transitions lie in the deep-UV (Section 2.2.1). A broad transition at 214 nm
with a linewidth of 111 MHz enables efficient momentum transfer on the atoms, allowing efficient
laser cooling in Zeeman slowers and MOTs. A narrow transition with 4.7 kHz linewidth at 308 nm
can be utilized for further cooling with commercially available lasers (Section 2.4.2). The clock
transition at 310 nm exhibits a line-Q similar to Sr (Section 2.3.1), but its sensitivity to black-body
radiation is one order-of-magnitude lower (Section 2.3.2). The transition can be interrogated by
a frequency-quintupled telecom-wavelength laser, whose fundamental can be distributed through
existing fiber networks without the need of a frequency comb (Section 2.3.3).

This laser system has been established by three conversion stages, including one doubling stage
and two sum-frequency generation stages, eventually resulting in 0.5 mW power. To prepare the
way to laser cooling of Zn, a laser at 214 nm has been constructed by frequency quadrupling a
titanium-sapphire laser in two subsequent frequency-doubling cavities yielding around 10 mW power
(Section 2.4.1). To achieve the first laser cooling of Zn and operate a MOT with sufficient capture
velocities and large atom numbers, the power still has to be significantly increased.

One main achievement of this work is the spectroscopic characterization of the 214 nm transition in
collaboration with the Cold Molecule Group at the Fritz-Haber-Institut (Chapter 4 and Appendix A).
Using a cryogenic buffer gas cooled atomic beam of Zn and a two-detector fluorescence collection,
the isotope shifts for all stable isotopes of Zn are measured and the hyperfine 𝐴 and 𝐵 coefficient are
determined. By referencing the laser frequency to a ULE cavity, the precision in the isotope shift
measurements surpass previously reported values by more than one order-of-magnitude and lies in the
percent-level of the linewidth. To the best of our knowledge, this measurement provides the first laser
spectroscopy on this transition.

Furthermore, isotope shifts have been measured on the 423 nm transition in Ca using saturated
absorption spectroscopy, while applying lock-in detection with amplitude modulation of the pump
beam (Chapter 5 and Appendix B). Although saturated absorption spectroscopy is significantly more
prone to systematic errors than fluorescence collection on atomic beams, their careful analysis has
led to an improvement of existing values by a factor of 3 to the permille-scale of the linewidth. The
insights from this study can be directly applied to other lines, e.g., the narrow cooling transition in Zn.
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As the narrow lines require significantly higher atom densities, strong Zn-Zn collisional effects come
into play. Hence, a setup and a measurement plan for fluorescence collection on a Zn atomic beam
has been designed (Section 6.1), exploiting a low atom density in the beam and the large detection
efficiency of photomultipliers.

To achieve the required frequency stability in narrow lines, a ULE resonator has been designed and
its optimal support points were simulated to achieve a minimal vibration sensitivity of its resonance
frequency (Section 6.1.1). After construction and locking a laser to its resonance, the frequency
drifted within minutes on scales much larger than the atomic linewidth. To improve the setup, a new
vacuum system has been designed for faster evacuation. A new support structure promises enhanced
rigidity and reduced thermal coupling to the surrounding, while an active temperature stabilization
will improve the thermal stability. The new design will be constructed in the future featuring an active
temperature stabilization and promising improved rigidity and thermal isolation.

To prepare the path towards a Zn lattice clock, a MOT setup has been constructed (see Section 6.2),
with the vacuum maintained at 10−8 mbar (Section 6.2.1). The setup includes, a suitable atom source
(Section 6.2.2) and an Anti-Helmholtz coil pair (Section 6.2.3) and provides a promising platform for
demonstration of the first laser cooling of Zn. This setup will be made operational to demonstrate the
first laser cooling of Zn, when sufficient laser power is available.

In conclusion, during this work high precision spectroscopy on atomic transitions has been performed.
The insights lay a foundation for future spectroscopy on narrow lines, not only for the intercombination
line in Zn, but also in Ca. Furthermore, it established the groundwork for the construction of deep UV
lasers with powers larger than 100 mW, sufficient for laser cooling of Zn. Fundamentals in the design,
the simulation and the construction of ULE cavities have been explored, additionally which may be
further continued in this research group. Ultimately, it shows an experiment, in which laser cooling
could be achieved. Once attempts for laser cooling on the 214 nm transition has been successful, effort
may be put into transferring the atom into a narrow MOT operating on the intercombination line. To
obtain an operating optical clock, a more elaborated experimental setup would be needed, suitable for
an optical lattice at the magic wavelength and interrogation of the clock transition along the same axis.
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We report absolute frequency, isotope shift, radiative lifetime, and hyperfine structure measurements of
the (4s2) 1S0 → (4s4p) 1P1 (213.8 nm) transition in Zn I using a cryogenic buffer gas beam. Laser-induced
fluorescence is collected with two orthogonally oriented detectors to take advantage of differences in the
emission pattern of the isotopes. This enables a clear distinction between isotopes whose resonances are
otherwise unresolved, and a measurement of the 67Zn hyperfine structure parameters, A(67Zn) = 20(2) MHz and
B(67Zn) = 10(5) MHz. We reference our frequency measurements to an ultralow expansion cavity and achieve
an uncertainty at the level of 1 MHz, about 1 percent of the natural linewidth of the transition.
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I. INTRODUCTION

The alkaline-earth-metal (AEM) elements are identified by
two valence electrons and a J = 0 electronic ground state.
These two features give rise to a number of unique prop-
erties. First, the level structure decomposes into singlet and
triplet states, with broad transitions within each system and
narrow intercombination lines between them. Just as in the
helium atom, the lowest triplet states are metastable. Second,
states with zero electronic angular momentum are free of
hyperfine structure. In addition, even-mass isotopes have even
proton and even neutron numbers, leading to zero nuclear
spin and absence of hyperfine structure in all electronic states.
These properties enable a wealth of applications, including
optical clocks [1], precision metrology [2], quantum comput-
ing [3–5], and Rydberg physics [6,7]. In recent years, AEM
elements have played a major role in the search for yet undis-
covered scalar gauge bosons through high-precision isotope
shift spectroscopy [8], and various studies with neutral AEM
atoms have been presented on this topic [9–14].

Alongside the AEM elements, and sharing these attractive
properties, are the so-called group-IIB elements zinc, cad-
mium, and mercury. The broad singlet 1S0 → 1P1 transitions
for these elements lie deep in the ultraviolet range of the
spectrum, with natural linewidths in excess of 100 MHz. They
possess a multitude of even- and odd-mass isotopes, with
the latter showing hyperfine structure. The resonance lines
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of the different isotopes are convoluted and often cannot be
resolved in conventional Doppler-free spectroscopy. While Cd
and Hg have already been employed for the development of
optical clocks [15–17], there is very modest work towards
this application with zinc thus far [18], mainly limited by the
available laser technology. The wider chain of radioactive zinc
isotopes is of interest for nuclear structure studies. For this
reason, their isotope shifts have been measured in the triplet
manifold [19,20], with new experiments ongoing [21,22].

Here, we present high-resolution spectroscopy of the
(4s2) 1S0 → (4s4p) 1P1 transition near 213.8 nm in neutral
zinc. Experiments were conducted over a two-week campaign
in which an ultralow expansion cavity and required deep ul-
traviolet optics (University of Bonn) were transported to an
atomic beam machine at the Fritz Haber Institute in Berlin.
Our measurements are based on laser-induced fluorescence
of a cryogenic beam of atoms extracted from a helium buffer
gas cell. We employ a two-detector method to enable a clear
distinction between even-mass isotopes with nuclear spin zero
from the spin-5/2 67Zn isotope. As a result, we are able to
use zinc samples of natural isotopic abundance in the exper-
iments. Isotope shifts and hyperfine interaction constants are
determined with an uncertainty of the order of 1 MHz. This
method provides a blueprint for measurements of hyperfine
structure in strong optical transitions, and a convenient and
direct way to measure the true collection solid angle of a
fluorescence detector. Our approach can be readily adapted
to other species with several naturally occurring isotopes,
e.g., Sn, Ni, and applied in the study of radioactive nuclei.

II. EXPERIMENTAL SETUP

Figure 1(a) illustrates our experimental apparatus and laser
system. We use a cryogenic buffer gas source to produce a
cold, slow atomic beam of zinc. The atoms are produced
by laser ablation of a solid Zn target (natural abundance)
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FIG. 1. (a) Experimental setup for 1S0 → 1P1 laser-induced fluorescence spectroscopy of Zn, showing the cryogenic buffer gas beam, and
213.8 nm laser system. We also show a side view of the detector geometry, showing the two photomultipliers used, and the angles θ1 and θ2

relative to the linear polarization angle of the excitation light. These angles determine the emission pattern observed at the two detectors. (b) A
typical time-of-flight fluorescence trace observed at the 64Zn resonance. The inset shows a zoom-in of the region 0 < t < 25 ms. Observation
windows for the buffer gas cooled and thermal background components of the signal are shown by the shaded bars. (c) Fluorescence spectra
for the observation windows in (b).

and are cooled in the cell by collisions with a He gas at a
temperature of 3 K, and exit the cell with a typical velocity
of 140 m/s along the z axis. The ablation laser is fired at a
rate of 1 Hz which sets the repetition rate for the experiments.
At a distance 70 cm downstream of the cell exit, we excite
the 1S0 → 1P1 transition with a single probe laser beam near
213.8 nm, which intersects the atomic beam perpendicularly.
A 2 × 2 mm square aperture restricts the range of transverse
velocities in the atomic beam to below 2 m/s. Around 107

atoms per pulse pass through the detector.
Continuous wave laser light is produced by twice fre-

quency doubling the infrared light of a Ti:sapphire laser
near 855.2 nm. Each frequency doubling stage consists of
an enhancement resonator containing a nonlinear crystal; to
reach 213.8 nm from 427.6 nm, we use beta barium borate
(β-BBO). The 855.2 nm light from the Ti:sapphire laser
is frequency stabilized either by referencing to a commer-
cial wave-meter (High Finesse WS8-10 calibrated with a
temperature-stabilized HeNe laser) or via an ultralow expan-
sion (ULE) optical cavity (Menlo ORC) with a measured free
spectral range of 2.992 184(30) GHz. We also record the in-
termediate 427.6 nm light on the wave-meter since this light is
immune from parasitic multimode content at the fundamental

wavelength. The wave-meter option offers an absolute accu-
racy of about 30 MHz when measuring the 427.6 nm light, a
resolution of about 1 MHz, and enables continuous scanning
over the entire spectrum. Scanning via the reference cavity
reduces the linewidth of the laser and improves the linearity of
the frequency axis. To do this, light at the fundamental wave-
length of the Ti:sapphire laser is coupled into a fiber phase
modulator (EOM, Jenoptik) driven with two rf frequencies,
νPDH = 18 MHz and νscan ∼ 1 GHz. The phase-modulated
light reflected from the cavity is collected on a fast photo-
diode, demodulated at the frequency νPDH which produces
a Pound-Drever-Hall (PDH) signal with sharp zero crossing
points when the laser frequency is at a cavity resonance νc,
or at νc ± νscan. We lock the laser to the latter and scan the
laser frequency by varying νscan. A camera is used to monitor
the light transmitted through the cavity and ensure locking
to the TEM00 mode. This locking scheme enables continuous
scanning of the Ti:sapphire laser frequency up to one-half of
the cavity free spectral range, corresponding to 6 GHz at the
213.8 nm detection wavelength.

At the atomic beam machine, we purify the laser polar-
ization with a polarizing beam cube and control its linear
polarization angle relative to the direction of the atomic
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beam with a λ/2 plate. The probe light propagates along the
x axis and has a peak intensity I = 10−3Isat, where Isat =
πhc�/(3λ3) = 1.5 W/cm2 is the two-level saturation inten-
sity of the transition. Orthogonality between the laser and
atomic beam direction is ensured using a set of alignment
irises mounted on the detection chamber, and by aligning light
through the atomic beam aperture and a small hole in the
back of the buffer gas cell. We estimate that an atom traveling
through the maximum intensity of the excitation light scatters
five photons at resonance. The resulting laser-induced fluores-
cence (LIF) is collected and imaged onto two photomultiplier
tubes (PMTs), whose photocurrents are delivered to sepa-
rate transimpedance amplifiers and recorded as time-of-flight
traces. The two PMTs are oriented to collect fluorescence
emitted parallel and perpendicular to the direction of the
atomic beam, as shown in Fig. 1(a). The angle θi between the
laser polarization and the direction of detector i, illustrated in
the inset to the figure, determines the portion of the fluores-
cence emission pattern collected by the two detectors. This
enables discriminating between even- and odd-mass isotopes
[13,23,24]. We record the laser power after the machine with
a calibrated optical power meter and compensate for drifts in
the probe intensity over a scan (typically 5–10%).

Figure 1(b) shows a typical time-of-flight trace observed
in detector 1 when exciting the 64Zn resonance. The signal
comprises an initial intense peak from the buffer gas cooled
atomic beam at roughly 5 ms, followed by an extended tail
which appears for several tens of ms later. The extended tail
consists of thermalized Zn atoms which leave the cell and
collide with the vacuum walls without sticking; it persists
even when the direct line of sight from the source to the
detector is blocked, and leads to a broad background signal
in the fluorescence spectra, whose Doppler width is consistent
with the laboratory temperature. Example spectra showing the
two signal components are shown in Fig. 1(c). Compared to
a continuous atomic vapor source, signal from the thermal-
ized atoms is significantly reduced simply by choosing an
appropriate time-of-flight observation window.

III. ANALYSIS OF SPECTRAL LINE SHAPES

The five naturally occurring isotopes of zinc (Z = 30) can
be separated into four even-mass isotopes and a single odd-
mass isotope with mass number 67. In the following, we
discuss the line-shape models used for these two cases in order
to fit the experimental spectra. Here we use νL to label the
laser frequency and assume that the laser linewidth is much
less than the natural linewidth of the transition.

Line shape for even-mass isotopes. The even-mass zinc
isotopes, all with nuclear spin IN = 0, exhibit no hyperfine
structure and the total angular momenta of the ground and ex-
cited states are F = 0 and F ′ = 1, respectively. The resonance
line of an even-mass isotope e can be simply described with
the line function,

S(e) = �2/4

�2/4 + �2
e

[1 − P2(cos θ )g(θC )]. (1)

Here, �/(2π ) is the Lorentzian linewidth of the transition,
�e/(2π ) = νL − νe is the detuning of the laser from the res-
onance frequency νe, and P2(cos θ ) = 1

2 (3 cos2 θ − 1) is the
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FIG. 2. Simulated fluorescence spectra for 67Zn. (a) Level
scheme labeling the total angular momenta F, F ′ for the ground and
excited states, respectively. (b) Simulated spectra for detection along
θ = 0, for different values of the ratio A/� and with B = 0. We show
the results with and without quantum interference included in the
calculation. The sticks above the spectra correspond to the energies
of the levels in (a). As A/� approaches zero (negligible hyperfine
interaction), the emission pattern including interference converges to
that of an ideal Hertzian dipole, meaning the emission is zero along
θ = 0.

second Legendre polynomial, with θ the angle between the
detection direction and the electric field of the linearly polar-
ized excitation light. The factor g(θC ) = cos(θC ) cos2(θC/2)
corrects for the effect of the finite solid angle of the detection
optics, with θC the half angle of a circular collection lens.
For θ = 0, S (e) → 0 as θC → 0, as would be expected from
the well-known Hertzian dipole radiation pattern. Importantly,
adjusting θ or θC changes the amplitude of S(e) observed at the
detector.

Line shape for odd-mass isotopes. There exists a single
naturally abundant odd-mass isotope of Zn with nucleon num-
ber 67 and a nuclear spin IN = 5/2. The nuclear spin couples
with the electronic angular momentum J to give total angular
momentum F , resulting in a single 1S0, F = 5/2 hyperfine
level and three 1P1, F ′ excited levels with F ′ = 3/2, 5/2, 7/2.
These energy levels are shown in Fig. 2(a). We assume the
hyperfine energies E (F ) are given by

E (F ) = A

2
C + B

3
4C(C + 1) − IN (IN + 1)J (J + 1)

2IN (2IN − 1)J (2J − 1)
, (2)
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with C = F (F + 1) − IN (IN + 1) − J (J + 1). Here, A =
A(1P1) describes the strength of the magnetic dipole interac-
tion between the electron and the nucleus. The coefficient B =
B(1P1) describes the interaction strength between the nuclear
electric quadrupole moment and the electric field gradient at
the nucleus.

Following Brown et al. [25], the fluorescence spectrum of
67Zn, S(o) can be separated into three terms:

S(o) = �2

4
{A + [B + C]P2(cos θ )g(θC )},

A = 1

9

(
2

�2/4 + �2
3/2

+ 3

�2/4 + �2
5/2

+ 4

�2/4 + �2
7/2

)
,

B = − 1

225

1

�2/4 + �2
3/2

− 64

525

1

�2/4 + �2
5/2

− 2

21

1

�2/4 + �2
7/2

,

C =
[

− 8

45

1

(�/2 + i�7/2)(�/2 − i�3/2)

− 6

35

1

(�/2 + i�7/2)(�/2 − i�5/2)

− 1

25

1

(�/2 + i�5/2)(�/2 − i�3/2)

]
+ c.c. (3)

Here, �F ′/(2π ) = νL − νF ′ is the detuning of the laser from
the excited state with total angular momentum F ′; we as-
sumed all Zeeman sublevels in the 1S0 state are equally
populated in the source and neglected optical pumping during
the interaction with the probe light.

Important for the experiments is the fact that when the
hyperfine structure is barely resolved, the emission pattern
and hyperfine structure become strongly coupled. This is il-
lustrated by Fig. 2(b), which shows simulated fluorescence
spectra along θ = 0 for different ratios of A/�. Each panel
compares Eq. (3) with the result when interference is removed
from the model, i.e., C is deliberately set to zero. The calcula-
tions show that as A/� → 0, interference between scattering
paths is destructive, leading to complete suppression of the
fluorescence along this direction. There is an intuitive expla-
nation for this effect: when the hyperfine interaction with the
nucleus becomes negligible, the emission pattern must con-
verge to that of the (spinless) even-mass isotopes. Conversely,
one can produce the reverse effect in the even-mass isotopes
by deliberately applying a magnetic field along θ = 90◦. This
is the so-called Hanle effect [26,27] and, while understood for
about a century, is often overlooked. The behavior illustrated
in Fig. 2(b) shows that interference in the emission pattern of
barely resolved lines contains useful information which can be
used to constrain the hyperfine structure. The central spectrum
in the figure, where A/� = 0.2, is near the value observed
in the experiments. This results in a total span of the 1P1

levels of 1.2 �, and reduces the peak scattering rate by about
40% with respect to that of the even-mass isotopes. Optical
pumping between Zeeman sublevels of the ground state by the
excitation light results in a time-dependent emission pattern,
and a slight change to the fluorescence line shape. We simu-

lated population changes using rate equations and include this
effect in our uncertainty analysis.

Combined line function. The total fit function used in this
study is given by

S(tot) = a67S(o) +
∑

e

aeS(e) + abge−(νL−νbg)2/(2w2
bg). (4)

Here, a67 and ae represent the relative abundances of the
odd- and even-mass isotopes, respectively. The final term in
Eq. (4) approximates the residual thermal background in the
spectrum, whose amplitude abg is typically 5 to 10 percent
of the 64Zn resonance peak. The center frequency νbg and
width parameter wbg can be either fitted as free parameters or
introduced as fixed parameters by first fitting the data at late
arrival times when only the thermal background component
is present. The fitted values for the isotope shifts in these two
cases are consistent within the statistical error of the fits.

IV. RESULTS

A. Determination of the 67Zn hyperfine structure
by a two-detector method

Figures 3(a) and 3(b) show two sets of spectra obtained
using the High Finesse wave-meter as a frequency reference.
The data constitute two separate scans where the input po-
larization of the laser is along the y axis [Fig. 3(a)] and
along the z axis [Fig. 3(b)], and for each panel, we show the
fluorescence spectrum recorded by the two detectors 1 and 2.
For clarity, each is labeled with a schematic showing the laser
polarization, the detector orientation, and the dominant emis-
sion pattern for the even-mass isotopes. The different emission
pattern of the 67Zn isotope (relative natural abundance 4.1%)
dramatically increases its visibility in detector i when θi = 0.
We show the fitted 67Zn line shape with a black dashed line in
each panel to illustrate this effect.

We use these spectra to determine solid angles of the col-
lection optics and hyperfine structure of the 67Zn isotope. The
four spectra in Fig. 3 were fitted as a single dataset, fixing
the detection angles θi to their values in the experiment, and
enforcing the natural abundance of Zn isotopes [28]. This fixes
the relative peak heights in each spectrum so that the detector
solid angles θC,1, θC,2, and the hyperfine structure constants A
and B of the 67Zn isotope, can be determined. All resonance
frequencies νe for all even-mass isotopes e, ν1/2,3/2,5/2 for
the 67Zn isotope, and a common Lorentzian linewidth � are
shared fit parameters between the datasets. From this data,
we conclude θC,1 = 0.281 ± 0.005, θC,2 = 0.145 ± 0.005 ra-
dians. The uncertainties are the range of values obtained when
fitting the data with various reasonable assumptions, such
as fixing the values of wbg and νbg in the fit function using
the signal at late arrival times. The value of θC,2 is very
close to the half angle subtended by the collection lens at
the fluorescence region, 0.156(5) radians. The value of θC,1 is
significantly below the half angle subtended by its in-vacuum
collection lens, 0.43(1) radians, and consistent with this lens
being placed about 5 mm too close to the atomic beam, a result
of incorrectly extrapolating the focal length from the visible to
the deep ultraviolet.

012806-4
65



HYPERFINE STRUCTURE AND ISOTOPE SHIFTS OF THE … PHYSICAL REVIEW A 109, 012806 (2024)

Frequency offset (GHz) Frequency offset (GHz)

Frequency offset (GHz)Frequency offset (GHz)

LI
F

(a
rb

.u
ni

ts
)

LI
F

(a
rb

.u
ni

ts
)

R
es

.
R

es
.

(a)

(b)

1

1

2

2

64Zn
66Zn 67Zn

67Zn

68Zn

70Zn

67Zn

67Zn

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0 0.5 1.0

1.5

1.5 2.0-1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

-0.5 0.0 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0 0.5 1.0 2.01.5-1.0

0.1

-0.1

0.0

0.1

-0.1

0.0

-0.5 0.0 0.5 1.0 2.0

FIG. 3. Polarization sensitive fluorescence detection of Zn isotopes. Each spectrum is labeled by the probe laser polarization and detector
configuration. The relative line intensities of the even- and odd-mass isotopes are strong functions of the angle θ between the laser polarization
and the detector direction, and the solid angle of the collection optics. Blue lines show experimental data, red solid lines are fits as described
in the text, and black dashed lines show the fitted 67Zn line shape. Underneath each spectrum, the residuals are shown in a separate plot (Res).
(a) Laser polarization along the y axis. (b) Laser polarization along the z axis.

For the hyperfine interaction parameters, we obtain
A(67Zn) = 20 ± 2 MHz and B(67Zn) = 10 ± 5 MHz. Fitting
the data with B = 0 returns A = 21 MHz but noticeably re-
duces the goodness of the fit near the 67Zn peak. Fitting to
a model which ignores interference may be done by sim-
ply setting C = 0 in Eq. (3); this gave the best-fit values
A = 9.5 MHz, B = 0.6 MHz, θC,1 = 0.37, and θC,2 = 0.20,
and line centers consistent with the full interference model.
In this case, the fitted value of θC,2 is larger than the geo-
metric solid angle presented by the collection lens, and the
fit residuals clearly indicate that only the interference model
can adequately describe the signal observed in both detectors.

B. High-resolution measurements with the cavity

Having constrained the 67Zn hyperfine structure and solid
angle of the collection optics, we proceeded to scan the laser
via the ULE reference cavity to more accurately determine

the isotope shifts. Figure 4 shows spectra obtained when
scanning νscan with the laser locked to the ULE cavity, and
with the probe laser horizontally polarized. The scan rate
corresponds to approximately 0.8 MHz/s for the 213.8 nm
probe light, where the frequency νscan was measured near the
time of the ablation laser pulse, and then stepped discretely
after each measurement. By happenstance, the 66Zn resonance
appeared almost exactly at the midpoint between two cavity
resonances, where the locking method fails. We therefore
frequency shifted the Ti:sapphire laser light by 90 MHz be-
fore delivery to the cavity with an acoustic optic modulator,
moving the unstable lock point by 360 MHz in the deep
ultraviolet. The upper (lower) dataset in the figure is taken
with (without) the frequency shifting method applied, on the
same day but ablating different spots on the Zn target, which
enabled measuring all isotopes. We fit the two spectra as
a single dataset with shared resonance line positions in a
Monte Carlo routine, where the values of θC,1, θC,2, A, and
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for each spectrum. The plot underneath shows the residual from the
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B are drawn from uniform distributions whose ranges are
given by the limits constrained in Sec. IV A. Enforcing the
relative natural abundance of Zn in the fits leads to small
changes in the best-fit values compared to allowing the line
intensities to float, and we include this when estimating the
uncertainties. We combine the best-fit values and errors for the
isotope shifts to give a weighted mean and statistical error for
these parameters, and assume a 1 MHz systematic frequency
uncertainty which derives from the ∼200 kHz uncertainty of
νscan and the frequency shifting AOM, considering the two
successive stages of frequency doubling. Doppler shifts due
to slight misalignment of the probe laser light contribute an
uncertainty ∼2 MHz to the absolute resonance frequencies,
and negligibly to the isotope shifts. Recoil from absorption
of the probe laser light leads to a Doppler shift of roughly
0.6 MHz across the detection volume, and the differential shift
across the range of isotopes is an order of magnitude smaller.
We neglect this contribution to the isotope shift uncertainty.
The ambient magnetic field in the detector was measured as
below 0.3 Gauss, corresponding to an upper bound to the
line-shape broadening of 0.5 MHz.

V. DISCUSSION

Table I summarizes the results of our measurements and
compares them to the available literature values. Our final
values for the isotope shifts are presented relative to the 64Zn
resonance since this isotope is of highest abundance and its
line center has the smallest statistical uncertainty. We com-
bine measurements from the cavity and spectra taken using
the wave-meter, and include a systematic frequency error of

TABLE I. Summary of the results obtained for the (4s2) 1S0 →
(4s4p) 1P1 transition in Zn. Hyperfine constants and the radiative
lifetime refer to the excited state. Results are given in MHz unless
otherwise stated. CG: center of gravity. The isotope-averaged line
center, ν̄(1S0 -1P1), is computed as the average of the individual
isotope line centers weighted by their isotopic abundance.

This work Literature

ν66 − ν64 525.0(3.0) 480(60) [30]

540(60) [31]

ν
(CG)
67 − ν64 835(5)

ν68 − ν64 1039.8(1.7) 989(60) [30]

960(85) [31]

ν70 − ν64 1495(4)

A(67Zn) 20(2) 17.7(5) [29]

B(67Zn) 10(5)

ν64/cm−1 46745.394(2)

ν̄(1S0 − 1P1)/cm−1 46745.407(2) 46745.404(2) [32]

τ/ns 1.440(18) 1.40(3) [33]

2.1 MHz for the wave-meter values, which derives from di-
rectly comparing frequency intervals measured by the cavity
scan method with the wave-meter. For the 67Zn isotope shift,
we increased the error bar by 1 MHz to account for the
effect of optical pumping within the detection volume. Our
values are two orders of magnitude more precise than previous
measurements, also given in the table. Our value of A(67Zn)
is consistent with the value measured by Kowalski and Träger
[29], by level crossing spectroscopy of enriched 67Zn. How-
ever, this study was unable to experimentally constrain the
value of B(67Zn) and we therefore recommend the values from
our measurements.

The absolute frequency of the 64Zn resonance mea-
sured through our experiments is 1 401 391.66(6) GHz
[46 745.394(2) cm−1] and given in Table I. The uncertainty
in our value is dominated by the wave-meter accuracy as
specified by the manufacturer. The average of the line cen-
ters weighted by isotopic abundance, ν̄(1S0 − 1P1), is also
given in the table. It is in excellent agreement with the
(isotope-unresolved) hollow cathode lamp measurements pre-
sented in Ref. [32].

Our best-fit value of the Lorentzian linewidth is �/(2π ) =
110.5(1.4) MHz, where the error derives from the standard
deviation of the Monte Carlo fitted values combined with
the frequency uncertainty from the cavity scanning method.
Fitting with a Voigt line shape did not change the value of
� within the uncertainty of the fit, and returned a Gaussian
contribution to the linewidth of 7(7) MHz full width at half
maximum. The radiative lifetime τ = 1/� given in the table
is consistent with the weighted average of five measurements
collated by Doidge [33], and is a factor of two more precise
than previous measurements.

King plot. We combine our isotope shift results with values
reported for the 1S0 → 3P1 intercombination transition [34]
on a King plot as follows. We calculate the reduced iso-
tope shifts δν̄A,A′ = δν/μA,A′

, with μA,A′
the difference in the
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1S0 → 3P1 (308 nm, Ref. [34]) transitions in Zn. The black solid line
shows a linear fit to the data as discussed in the text. Red dashed lines
indicate the 68% confidence interval of the fit.

inverse nuclear masses of the isotope pair (A, A′), and present
the data in Fig. 5. The data are fitted to a linear relationship
according to the recipe described in Ref. [35]. Briefly, we
first define a mixing matrix to shuffle the 308 nm reduced
isotope shifts so that they are referred to 64Zn. We then cal-
culate the covariance matrices, taking into account the mixing
matrix and the reported errors. The most-probable values of
the adjusted parameters, the intercept and slope, are found
by minimizing a generalized χ2 test statistic. To assign confi-
dence intervals to the fitted parameters, we perform a Monte
Carlo estimation procedure of repeated measurements drawn
from a normal distribution centered at the most probable fitted
values. The most probable value and 68% confidence interval
of the fitted line is plotted in Fig. 5. That the value of the
best-fitted slope, 1.18 ± 0.12, is close to 1 reflects the fact that
the (4s2)1S0 ground state is common to both transitions. The
remaining field shift likely stems from electron correlation
effects, contributing to small but non-negligible field shifts for
the 4s4p states.

An additional hyperfine interaction between the different
electronic states in Zn would additionally shift the gravity cen-
ter of the 67Zn resonance lines, ν (CG)

67 , relative to the even-mass
isotopes, and is often referred to as an “off-diagonal” hyper-
fine interaction. Such shifts should be detectable in a King
plot as deviations of isotopes with nuclear spin from linear fits
to the data of spin-zero isotopes (see, for example, Ref. [9]).
To test for this, we repeat the fitting procedure without the
(64,67) pair, and calculate its predicted values in each iteration
of the Monte Carlo procedure to obtain its distribution. The
resulting 68% confidence interval for the frequency difference
ν

(CG)
67 − ν64 is from 818 to 834 MHz, which agrees with our

measured value [835(5) MHz] within its uncertainty. We infer
that the difference in off-diagonal hyperfine shifts of the 67Zn
resonances, for this pair of transitions, is less than 10 MHz.

This closely follows results of isotope shift measurements for
the lowest lying, and analogous, transitions in cadmium [13],
another group-IIB element. It may be of interest considering
recently observed strong hyperfine mixing effects for higher-
lying transitions in zinc in the collinear resonance ionization
spectroscopy (CRIS) experiment [22].

VI. SUMMARY AND OUTLOOK

We have reported isotope shifts, radiative lifetime,
and hyperfine structure measurements for the (4s2) 1S0 →
(4s4p) 1P1 transition in neutral Zn by cw laser-induced fluo-
rescence spectroscopy of an atomic beam. Our measurements
considerably improve upon the published literature for this
transition and contribute to the study of the 67Zn nucleus,
where unexpected isotope shifts have recently been observed
in collinear laser spectroscopy at the ISOLDE facility [22].
With its multitude of nuclear spin-zero isotopes and various
narrow optical transitions, zinc is a candidate for further iso-
tope shift spectroscopy at the sub-kHz level.

The two-detector method and analysis procedure described
here takes greater advantage of the information available in
atomic fluorescence measurements and has several benefits.
First, it enables reliably extracting hyperfine parameters from
barely resolved peaks. Second, two spectra are obtained si-
multaneously in which the visibility of isotopes can be tuned
based on their fluorescence emission pattern. This approach
allows disentangling otherwise overlapping lines and, in the
case of atomic Zn studied here, enables a measurement of
the isotope shifts and hyperfine structure at the ∼1 MHz level.
The approach can readily be adopted to other elements which
feature broad transitions and many isotopes. It may be of
benefit for accelerator-based collinear laser spectroscopy ex-
periments, in particular those involving nuclear isomers which
are difficult to separate by nuclear mass (see, for example,
Ref. [36]). In addition, there are often multiple fluorescence
decay channels from a given excited state, to final states
with different values of the angular momentum J . Isolating
fluorescence from specific decay path with a spectral filter
necessarily selects a specific emission pattern for each isotope,
a further tool in spectral analysis.
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We report on saturated absorption spectroscopy measurements of the (4s2) 1S0 → (4s4p) 1P1 transition for the
four most abundant even-mass isotopes in calcium. By referencing the laser locked to an ultralow expansion
cavity and carefully investigating systematic errors, isotope shifts are determined with a precision below
100 kHz, improving previously reported values by a factor of about 3. A King plot analysis, employing literature
values of the 729- nm transition in Ca+ ions, shows excellent linearity. The field and mass shift parameters are
determined from King plots with other transitions.

DOI: 10.1103/PhysRevA.110.032809

I. INTRODUCTION

Laser spectroscopy plays a key role in investigating the
atomic or molecular structure [1]. Over the past decades,
spectroscopic techniques have been developed and improved
to outstanding precision on the single Hz level [2–7]. These
measurements can be used to define frequency standards or
explore physics beyond the standard model, e.g., to search for
temporal variations in fundamental constants [8], breaking of
local Lorentz invariance [9,10], CPT violation [10], or a new
gauge boson [5,11–17].

The term “isotope shift” refers to the energy difference of
electronic states between different isotopes. The main contri-
butions to the isotope shifts are the mass and the field shift.
The mass shift originates from a change of the electron’s
reduced mass and momentum correlations of electrons and is
proportional to the relative mass difference between isotopes.
The field shift arises from a different nuclear charge distribu-
tion due to different neutron numbers [18].

In a simplified case, the field shift is assumed to be pro-
portional to the difference of the squared nuclear charge radii.
Then, isotope shifts of different transitions in atoms or ions
of the same species are linearly related to each other, when
they undergo a King plot analysis [19]. The degree of ob-
served linearity provides insights into the nuclear potential,
and higher-order corrections or new physics terms might be
determined [5,20].

It has been found that strong nonlinearities can occur due
to large nuclear deformation. Here, the simple field shift
approximation fails, as the quadratic field shift and the next-
higher-order Seltzer moment have to be taken into account
[5,13]. Still, the combination of various transitions in the Yb
system allowed researchers to constrain the parameter space
for the new boson coupling (see Refs. [6,21] and references
therein).

For isotope-shift measurements, group-II elements are of
particular interest. Their even-mass isotopes feature an even

*Contact author: roeser@physik.uni-bonn.de
†Contact author: stellmer@uni-bonn.de

number of protons and an even number of neutrons leading
to zero nuclear spin. The absence of hyperfine structure cir-
cumvents center-of-gravity determinations and thus enhances
measurement precision.

Among the group-II elements, calcium holds particular sig-
nificance, as it offers two “doubly magic” nuclei. They feature
a closed proton and a closed neutron shell, resulting in nonde-
formed nuclei [22]. Isotope-shift measurements on neutral or
ionized Ca have been measured on numerous transitions with
different methods, e.g., Refs. [3,4,7,12,15,23–29]. Especially
the shifts on the 4s 2S1/2 → 3d 2D5/2 quadrupole transition at
729 nm in Ca+ have been measured with outstanding pre-
cision [3]. Reported King plots show excellent linearities,
further narrowing the bounds on the coupling strength of a
new possible boson [7]. An overview about previous work up
to 2020 can be found in Ref. [30].

The (4s2) 1S0 → (4s4p) 1P1 transition in Ca I is at 423 nm
with a natural linewidth of 34.5(4) MHz and saturation in-
tensity of 54(5) mW/cm2. Isotope shifts on this line have
been measured with different methods, e.g., ionization spec-
troscopy [24] and fluorescence detection of an atomic beam
[25,26]. The values reported have typical 1σ uncertain-
ties of several hundred kHz. While the reported values of
Refs. [24,26] agree in general, there remain open questions
from Ref. [30] regarding the measurements and the given error
budget.

In this paper, we report on a saturated absorption spec-
troscopy measurement in a gas cell, narrowing down the
uncertainty to the sub-100-kHz range. A King plot analysis
proves linearity between our measurement and isotope shifts
on the 729- nm line in Ca+ [3]. The field and mass shift coeffi-
cients for the 423- nm lines are determined from isotope-shift
data on dipole transitions in Ca+ [29].

II. EXPERIMENTAL APPARATUS

A. Optical setup

The laser light used in the experiment is derived from an
infrared diode laser system equipped with a tapered amplifier
operating at 846 nm (Toptica TA pro). A vibration-isolated
and temperature-stabilized ultralow expansion (ULE) cavity

2469-9926/2024/110(3)/032809(7) 032809-1 ©2024 American Physical Society
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(Menlo Systems ORC-Cubic) serves as a frequency refer-
ence. The laser undergoes a carrier shift modulation and the
sideband is frequency stabilized with the Pound-Drever-Hall
method to the ULE cavity. The carrier shift frequency can be
tuned with a direct digital synthesis generator with a Hz level
precision. The performance of the lock has been evaluated by
locking two identical lasers with different carrier shifts to the
same cavity mode. Their beat signal linewidth is smaller than
2 Hz on a timescale of 1 s.

The light is converted to 423 nm with second harmonic
generation (SHG) in a nonlinear crystal within an optical cav-
ity, which is locked to the laser using the Hänsch-Couillaud
method [31]. A polarization-maintaining fiber is used to clean
the mode profile and guide the linearly polarized light to the
experiment table.

To suppress intensity noise in the experiment, the light
power is measured on the experiment table. A proportional-
integral-derivative controller is used to stabilize it by applying
feedback on the tapered amplifier current. The locking band-
width is measured to approximately 80 kHz, which is mainly
limited by the slow response of the SHG cavity.

The laser light is split into two beams of equal intensi-
ties (1.9 mW on a Gaussian beam diameter of 4 mm), with
one serving as the pump and the other as the probe beam.
Saturated absorption spectroscopy is performed by sending
both beams counterpropagating through a 1.5-m-long stain-
less steel vacuum system acting as a gas cell [1]. Lenses
are slightly tilted from normal incidence, and all other op-
tics, including the vacuum viewports, are wedged to avoid
etaloning effects due to reflections or stray light impinging on
the photodiodes or interacting with the probed velocity class
of atoms.

A lock-in technique is employed by sinusoidal amplitude
modulation of the pump beam with an acousto-optic modu-
lator (AOM). The lock-in frequency is set to 11 kHz, as the
spectral noise amplitude is minimal here and all electronic
components reach the white noise floor.

The AOM is driven at a frequency of 200 MHz. Thus, inter-
ference effects between pump and probe beam are modulated
much faster than the atomic linewidth. To reduce residual
Doppler shifts, proper overlap of pump and probe beam is
ensured by coupling the probe beam into the AOM and ob-
serving the diffraction orders [32].

The Lamb dip is measured with a photodiode followed
by a low noise transimpedance amplifier (FEMTO DHPCA-
100), which is then connected to a lock-in amplifier (Zurich
Instruments HF2LI). The demodulated signal is low pass fil-
tered, typically with a time constant of 5 s. Measurements are
performed by shifting the laser frequency and a subsequent
settling time of twice this time constant. Afterwards, the lock-
in signal is recorded and used for evaluation. This procedure
leads to a gain in signal-to-noise ratio of four orders of magni-
tude compared to unmodulated spectroscopy. A sketch of the
optical setup is shown in Fig. 1.

B. Systematic effects

Five grams of naturally abundant calcium are placed into
a 1.1-m-long reservoir region, which is kept at 340 ◦C by a

FIG. 1. Sketch of the saturated absorption spectroscopy setup.

magnetic-field-compensating heating tape. The temperature
inhomogeneity is monitored with sensors and measured to be
smaller than 10 ◦C.

The vapor pressure of Ca is estimated to be 10−7 mbar,
leading to approximately 20 % absorption of each beam [33].
At this level, Beer-Lambert’s law can be utilized to show that
the combined light power of probe and pump beam remains
constant within the uncertainty margin of our power measure-
ment.

To further minimize systematic errors, any magnetic fields
including the Earth’s magnetic field are compensated with
coils in all directions. The remaining field is significantly
smaller than 5 µT and reduces Zeeman splitting and thus po-
larization dependent effects.

Residual Doppler shifts can be estimated with the geomet-
ric overlap of pump and probe. We estimate that the separation
is smaller than 10 µm on a traveling path of 3 m. We estimate
an upper bound on the Doppler shift of 10 kHz. The second-
order Doppler effect shifts the lines by less than 1 kHz and is
thus neglected in the analysis of our measurement.

In test measurements, pump and probe beam have been
deliberately set to a significant power imbalance to enhance
light pressure-induced modifications of the atomic velocity
distribution. This results in line-shape asymmetry, which can
be characterized by incorporating a dispersive function into
the Lorentzian profile [34]. The asymmetry is suppressed
by filling the cell with 1-mbar argon buffer gas to restore
the Maxwell-Boltzmann distribution by “strong” collisions.
In strong collisions, the change of velocity is approximately
on the order of v0, where v0 represents the velocity of the
class of atoms interacting with the pump beam. In precision
measurements, it is essential to exercise caution in select-
ing the type of buffer gas, as a too high number of “weak”
collisions may cause a Gaussian line shape of the Lamb
dip [35]. Additionally, by ensuring equal intensity between
probe and pump beam, the net momentum transfer on the
atoms is minimized. Thus, we can effectively avoid this
asymmetry.

Ca-Ar collisions cause a line broadening γc and a shift δc

[36,37]. While the broadening insignificantly deteriorates the
line center determination, the shift has to be corrected for. For

032809-2
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FIG. 2. The figure shows the demodulated and low pass filtered lock-in signal exhibiting the measured Lamb dips of 40Ca, 42Ca, 44Ca,
and 48Ca including the fit residuals. ν denotes the frequency offset from 40Ca in natural frequencies, while the lock-in signal is depicted in
arbitrary units. The resonances are scaled by a factor of 100, 50, and 300 for 42Ca, 44Ca, and 48Ca, respectively, and the offset is adjusted for
better visibility.

our measurement, it is determined as

δc = σCa−ArvnAr , (1)

where σCa−Ar denotes the collisional cross section, which is
precisely measured in Ref. [38], v denotes the mean relative
collision velocity, and nAr denotes the argon density. For each
Ca isotope, we calculate

v =
√

8kBT / (3πmred ) (2)

with

mred = MAmAr / (MA + mAr ) (3)

to accommodate the specific velocity distribution of each iso-
tope A with its mass MA [36,37].

Recoil effects are not measurable, as the atomic linewidth
is much larger than the recoil splitting of the line. With
Ref. [39], it can be shown that the recoil splitting is symmet-
rical around the resonance up to 800 Hz. We expect this to be
the common mode for all resonances, but nevertheless an error
of 1 kHz is added to the uncertainty margin.

III. MEASUREMENTS

A. Modified Lorentzian line shape

It has been shown in previous theoretical and experimental
work that the Lamp dip profile is modified in the presence
of collisions and thus exhibits asymmetry [40–42]. This orig-
inates from a finite collision time resulting in failure of the
impact approximation, which requires Td� � 1 . Here, Td

denotes the finite collision time and � = ν − ν0 the laser
detuning from the atomic resonance ν0 [42]. The actual line
shape that is used to evaluate the data from this experiment
thus reads

I (�) ∝ γN + γc(�)

�2 + [ γN + γc(0) ]2 (4)

with

γc(�) = γc(0)(1 + a1�Td ) , (5)

whereas γN is the natural linewidth, a1 is a potential-
dependent parameter, and γc(0) is the collisional broadening
from the impact approximation [40,41].
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The fit of 40Ca (see Fig. 2) exhibits small and symmetric
but systematic residuals. The accuracy of the fitted line center
is investigated by deliberately fitting inaccurate fit models like
a modified Gaussian function that increases the residuals by
a factor of 50 without altering their shape. We find that the
extracted line centers agree with our model and consider the fit
to be correct. For other isotopes, the residuals are dominated
by noise and show much weaker systematic deviations. Other
possible fit models like (generalized) Voigt profiles and a
Hartmann-Tran profile [43–45] show either similar residuals
or do not fully converge.

For all isotopes, the background is approximated by a
second-order polynomial. This accounts for the fact that the
resonances of all isotopes lie on the far wing of 40Ca and that
all other isotopes add a small background to the 40Ca reso-
nance. While a first-order polynomial leads to a systematic
trend in the residuals noticeable with a linear fit, a third-order
polynomial worsens the fit convergence without altering the
line centers within their errors. Further, it turns out that an
additional background term is needed for 42Ca, as the wings of
43Ca and 44Ca contribute significantly to the background seen
at the position of the 42Ca resonance. This term is identified
by a comprehensive scan over the resonances of 42Ca, 43Ca,
and 44Ca and a heuristic fit, which is optimized to describe
the shape of the wings most precisely at the position of
42Ca. Using a purely second-order polynomial background,
the fitted line center of 42Ca would shift by 55 kHz to higher
frequencies and the residuals would exhibit a significant trend
on the wings. Additionally, one hyperfine transition of 43Ca
falls within the scan range of 44Ca. This is accounted for by
adding a second resonance in the fit, which shifts the line
center of 44Ca by approximately 15 kHz.

B. Lamb dip measurement

In this paper, the Lamb dips of 40Ca, 42Ca, 44Ca, and
48Ca are measured. Their abundances are 97.0, 0.6, 2.1, and
0.2 %, respectively. The hyperfine components of 43Ca are
not determined, as the lines are not well separated from the
crossover resonances. The abundance of 46Ca is 0.004 %,
which is too low to determine its line center with competitive
precision [46].

Each isotope undergoes multiple scans in opposite direc-
tions to confirm that the measurement does not suffer from
systematics arising from too tight low pass filter settings in the
lock-in amplifier. For each scan, Eq. (4) is fitted more than 100
times to the data, each time with a different fit range to analyze
further systematic fit errors. The ranges are both symmet-
rically and asymmetrically varied between 0.5 × FWHM <

|�| < 3 × FWHM. The extracted line centers are averaged
and the standard deviation of their distribution is considered
as the statistical error of this scan. The experimental stability
is confirmed, as the line centers for each scan are equal within
their uncertainty interval, which are around 25, 160, 90, and
120 kHz for 40Ca, 42Ca, 44Ca, and 48Ca, respectively. In total,
there are four scans for 42Ca and 44Ca and three for 48Ca.
In between scans of 42Ca, 44Ca, and 48Ca, which take around
1 h, the resonance frequency of 40Ca is determined to ensure
that the measurement precision does not suffer from drifts of
the ULE cavity resonance, which are well below 30 kHz d−1.

FIG. 3. The resonance of 40Ca is measured for different light
powers and is shown as deviation from the extrapolated line center
at zero intensity. An error of 2 % is estimated for the power mea-
surement, while the displayed uncertainty of �ν40 originates from
the fit.

Thus, the cavity drift does not add a correction term, but
contributes with 1 kHz to the uncertainty budget of the isotope
shifts.

As the absorption coefficient exhibits the Doppler broad-
ened profile, the light absorption within the cell differs among
the isotopes. Hence, the total power of pump and probe beam
as well as their power imbalance within the cell alter for dif-
ferent isotopes. To account for possible errors, the resonance
frequency of 40Ca is measured for different light powers.
The data are shown in Fig. 3. By fitting a linear function,
the slope is determined to be −10.0(1.5) kHz/(mW/cm2).
Measurements on the other isotopes agree with this value.
The resonance frequencies are corrected by determining the
total light power in the cell during the measurement and
extrapolating the resonance frequencies to zero power. The
corrections on the isotope shifts are smaller than 10 kHz and
thus are one order of magnitude lower than the statistical
errors. Compared to Ref. [26], our slope is approximately a
factor of 5 lower in absolute value indicating that our exper-
iment is less prone to power-dependent systematic errors. To
improve the precision of our measurements, a more elaborate
work on power-dependent shifts would be necessary to rule
out all possible sources of shifts, which goes beyond the scope
of this paper. Using all dipole transitions listed in the NIST
atomic spectra database [47], the influence of the AC Stark
shift is calculated to be approximately 35 mHz/(mW/cm2)
and thus excluded as a possible origin. A possible explanation
might be an incomplete cancellation of the light pressure-
induced changes in the velocity distribution. Although the line
shape appears symmetric and the amplitude of the dispersive
function is minimal, it can still shift the observed resonance
frequency on the parts-per-thousand scale of the linewidth.

Our measured isotope shifts are presented in Table I. The
results for 44Ca and 48Ca agree well with Ref. [24]. However,
there is a discrepancy for 42Ca, which might arise from the
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TABLE I. Measured isotope shifts relative to 40Ca compared
with previously reported values. All values are in MHz.

Isotope This paper [26] [24]

42Ca 393.09(9) 393.1(4) 393.50(10)
44Ca 773.81(5) 773.8(2) 773.80(15)
48Ca 1512.99(7) 1513.1(4) 1513.00(20)

exclusion of the 43Ca hyperfine lines from the fit, as stated in
Ref. [24]. However, our measurement agrees for all isotopes
with Ref. [26]. The uncertainty ranges of our measurement
are smaller by a factor of about 5 compared to Ref. [26], but
only a factor of 3 lower than the measurements presented in
Ref. [24]. The corrections, corresponding to the systematic
effects in our measurement, and the uncertainty budget (ex-
emplified for 42Ca) are displayed in Table II. The Lamb dips
including the fits and the respective residuals are shown for
each isotope in Fig. 2.

C. King plot analysis

To further investigate our data, a King plot analysis is
performed, as shown in Fig. 4. We use isotope shifts of
the 4s 2S1/2 → 3d 2D5/2 quadrupole transition at 729 nm in
trapped Ca+ with uncertainties below 10 Hz [3].

In our King plots, modified isotope shifts mδ729 nm are
plotted against our measurement mδ423 nm, with the actual shift
being scaled by gA,A′ = (1/mA′ − 1/mA)−1. Here, mA and mA′

denote the nuclear masses of the respective isotopes A and
A′ [20]. For each isotope, the masses are calculated from the
respective atomic mass [48] as

mnucleus = matom − 20 me +
20∑

i=1

Ebind
i . (6)

Here, me denotes the electron mass and Ebind
i the binding

energy of each electron i, which is derived from the NIST
database [12,47].

A linear function

mδ729 nm = K729 nm − F729 nm

F423 nm
K423 nm + F729 nm

F423 nm
mδ423 nm (7)

is fitted to the data, with Fi and Ki the field and mass shift
parameters of the transition i, respectively [20].

TABLE II. Corrections and uncertainties of the isotope-shift
measurement, exemplified for 42Ca.

Source Correction (kHz) Uncertainty (kHz)

Residual Doppler 0 10
Second-order Doppler 0.2 0.0
Atomic recoil 0 1
Power dependence 0.7 0
Zeeman effect 0 0
Collisions 37 0.3
Cavity drift 0 1
Statistical error 0 85

FIG. 4. King plot generated with our measurements and isotopes
shifts of the 4s 2S1/2 → 3d 2D5/2 transition at 729 nm in trapped Ca+

[3]. The error bars of δm729 nm are too small to be visible.

Our King plot reveals an excellent linearity between
our measurement and Ref. [3], as the line intersects all
uncertainty intervals of our data points. This suggests relia-
bility of our data, as the linearity of Ref. [3] is proven with
another sub-10-Hz-accuracy measurement in Ref. [7]. From
the fit, we find F729 nm/F423 nm = 2.073 36(85) and K729 nm −
(F729 nm/F423 nm )K423 nm = 16.4290(29) × 105 MHz u .

From isotope-shift measurements of the 2S1/2 → 2P1/2

and 2D3/2 → 2P1/2 transitions in trapped Ca+, Ref. [29]
determines the field and mass shift coefficients for the re-
spective transitions. Using their data to perform a King
plott analysis, we can deduce the field and mass shift
coefficients F423 nm = −178.4(3.2) MHz/fm2 and K423 nm =
363.6(1.4) GHz u. To prove consistency, we have fitted
our data against the mean-squared charge radii differ-
ence �〈r2

A,A′ 〉 [30], as mδ423 nm = K423 nm + F423 nm �〈r2
A,A′ 〉:

We obtain F423 nm = −181.8(7.3) MHz/fm2 and K423 nm =
362.7(0.9) GHz u.

IV. CONCLUSIONS AND OUTLOOK

We have reported isotope shifts for the most abundant
isotopes, 42Ca, 44Ca, and 48Ca, relative to 40Ca. Our mea-
surement reduces the uncertainty by a factor of roughly 3
compared to Ref. [24], lowering it to the parts-per-thousand
scale of the linewidth.

By performing a King plot analysis with data from Ref. [3],
we find excellent linearity. Furthermore, by comparison to the
field and mass shift parameters determined in Ref. [29], the
field and mass shift constants are calculated for the 423- nm
line.

For future measurements, different spectroscopic tech-
niques, e.g., polarization spectroscopy, will be applied
to evaluate their signal-to-noise performance compared to
saturated-absorption spectroscopy [49]. For this, detailed
studies about the line shape in the presence of collisions have
to be performed. Further, also double modulation schemes
with an amplitude-modulated pump beam in modulation
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transfer spectroscopy can be applied. This is advantageous, as
the frequency can be modulated with several hundred MHz.

Further, changing to copropagating pump and probe beams
eliminates the crossover resonances and allows for pre-
cise determination of the hyperfine coupling constants in
43Ca [50].
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