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摘 要

摘 要

本论文介绍了一种实验装置，用来制备超冷锶原子和基于窄线宽互组谱线进

行里德堡态激发。超冷锶原子，作为双电子原子系统，为里德堡物理研究提供了

有趣的，尚未被探索过的机会。锶原子存在线宽很窄的互组谱线，其第二个价电

子可以用来囚禁和成像，这些是常用碱金属原子所不具备的。

我们从零开始设计和搭建实验装置。整个装置包括超高真空系统，磁场和用

于锶原子冷却、再泵浦、里德堡激发的激光系统。我们重点介绍一种新型横向装

载的二维磁光阱，用于产生冷锶原子束。在 500 ◦C适中的原子炉温度下，对于

同位素 88Sr，冷锶原子束装载到邻近三维磁光阱的速率高达 109 s−1。所有四种

稳定同位素都可以被囚禁，包括波色子和费米子。与塞曼减速器相比，冷原子束

可以避免黑体辐射和真空污染的带来的影响。

我们展示了一束 481纳米的再抽运光用于抽运 5s5p 3P2 → 5p2 3P2 跃迁，可

以提高磁光阱中原子数目一个数量级。我们也介绍了后续的激光冷却过程，包括

磁阱和基于窄线宽互组谱线的锶原子磁光阱。该锶原子磁光阱可以实现温度低

至 µK。

我们也实现了在窄线宽锶原子磁光阱中进行里德堡三重态的激发。通过原子

损失光谱，我们获得了线宽低至MHz的里德堡共振谱线。论文中介绍的技术和

结果为进一步实现基于超冷双电子原子里德堡态的量子模拟打下了很好的基础。

关键词：超冷锶原子，二维磁光阱，窄互组谱线，双电子里德堡原子
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ABSTRACT

ABSTRACT

This thesis describes an experimental apparatus which produces ultracold stron-

tium atoms and allows for their excitation to triplet Rydberg states via a narrow inter-

combination line. Ultracold strontium atoms, as two-electron systems, offer intriguing

research opportunities in the field of Rydberg physics, brought about by the presence

of metastable states and by the second valence electron which allows one to employ

trapping and imaging techniques not possible in the commonly used alkali atoms.

Starting with an empty lab, a new experimental apparatus has been designed and

realized. It comprises an ultra-high vacuum system, magnetic field sources and laser

systems which are required for cooling, repumping and Rydberg excitation of strontium

atoms. A novel feature is the implementation of a transversely loaded two-dimensional

magneto-optical trap, which serves as a source of a cold strontium atomic beam. Load-

ing rates of the atomic beam into a nearby three-dimensionalmagneto-optical trap (MOT)

exceeding 109 s−1 for the 88Sr isotope at a moderate strontium oven temperature of

500 ◦C are reported. All the four stable isotopes of strontium can be trapped, both bosons

and fermions. This cold atom source minimizes black-body radiation and vacuum con-

tamination at the position of the final experiments, as if compared to the Zeeman slower

design.

A repumping laser addressing the 5s5p 3P2 → 5p2 3P2 transition at 481 nm is

shown to increase the atom number in the MOT by one order of magnitude. Subse-

quent steps in our laser cooling procedure are described, in particular a magnetic trap

acting on atoms in the 5s5p 3P2 state and a strontium MOT operating on a narrow in-

tercombination line, with achieved temperatures in the low µK regime. At the end of

this thesis excitations of ultracold strontium atoms in the narrow-line MOT to triplet

Rydberg states are realized. By atom loss spectroscopy, a Rydberg resonance with a

∼ 1 MHz linewidth is achieved. The established techniques and results described in

this thesis pave the way for the realization of quantum simulation applications in our

constructed apparatus, making use of ultracold two-electron atoms in Rydberg states.

KeyWords: ultracold strontium atoms; two-dimensional magneto-optical trap; narrow

intercombination lines; two-electron Rydberg atoms
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NOTATION

Notation

c0 Speed of light 299 792 458 m/s

µ0 Magnetic constant 4π× 10−7 N/A
2

ϵ0 Electric constant 8.854× 10−12 F/m

h Planck constant 6.626× 10−34 J s

~ Reduced Planck constant 1.055× 10−34 J s

e Elementary charge 1.602× 10−19 C

µB Bohr magneton 9.274× 10−24 J/T

a0 Bohr radius 5.292× 10−11 m

u Atomic mass constant 1.661× 10−27 kg

kB Boltzmann constant 1.381× 10−23 J/K





CHAPTER 1 INTRODUCTION

Chapter 1 Introduction

It has been a long-standing goal in physics to gain a high degree of control over a quantum

system to mimic– or to simulate– another quantum system of interest which lacks a high

degree of controllability [1]. The realization of such a quantum simulator can be useful in order

to gain a better understanding of hard-to-change quantum systems whose complex behavior is

classically hard to compute. Systemswhose investigation by quantum simulationwere proposed

are typically systems from condensed-matter physics, ranging from Hubbard models to high-Tc

superconductivity and quantum phase transitions, but also applications of quantum simulators

in other fields of physics were proposed, such as in cosmology, in high-energy physics or in

chemistry [2].

One experimental platform which, due to the high degree of control over its properties,

allows for the realization of a quantum simulator are ultracold atoms [3, 4]. The production of

ultracold atomic gases at sub-µK temperatures and atomic densities of up to 1014 cm−3 is nowa-

days routinely achieved in laboratories worldwide by laser cooling techniques [5–10]. A wide

variety of elements, ranging from alkali atoms [11] to alkaline-earth atoms [12], lanthanides

[13] and noble gases [14] can now be cooled down by laser cooling techniques. Both bosonic

[15–17] and fermionic [18] cold atomic gases can be brought to quantum degeneracy, and the

sign and strength of interatomic interactions can be tuned for example by Feshbach resonances

[19]. The cold atoms can be held in optical lattices which are formed by the standing waves of

laser beams with controllable geometry, and imaging of the cloud with single-atom resolution

has been achieved [20].

Ultracold atoms in Rydberg states are one particularly promising candidate for the real-

ization of quantum simulators [21, 22]. Rydberg states, which are electronic states with high

principal quantum numbers n & 10, have properties which are strongly dependent on and such

tunable by n, such as their huge geometric sizes and polarizabilities in static electric fields

[23]. Most notably, interactions between Rydberg atoms are several orders of magnitude larger

than interactions between ground-state atoms, and their sign, strength, angular dependence and

distance dependence behavior can be controlled by the choice of the Rydberg state or by apply-

ing an additional electric field [24, 25]. The large Rydberg interactions lead to a phenomenon

called Rydberg blockade in which the Rydberg state of a second nearby atom is shifted out

of resonance when being subject to a narrow-band Rydberg excitation laser [26–29]. Rydberg

atoms in optical lattices with single-atom detection resolution [30] have been used to realize

1



CHAPTER 1 INTRODUCTION

an Ising-type Hamiltonian [31]. It is also possible to use single or a few Rydberg atoms in

controlled geometries [32] to study Rydberg interactions [33–35] or to build more complicated

geometries for quantum simulation applications [36, 37]. Atomic ground states can be admixed

with a weak Rydberg character, which leads to a controllable and strongly interacting but long-

lived atomic system. This technique which is called Rydberg dressing [38–41] was realized

in a few proof-of-principle experiments [42–44], but further research possibilities seem to be

ample. Other research fields of interest regarding cold Rydberg atoms are in the field of the en-

gineering and usage of optical nonlinearities due to the strong Rydberg interactions [45–47], the

study of dipole-mediated energy transport [48], the creation of single-particle sources [49, 50]

or quantum computing [51, 52].

Most of the research in the field of ultracold Rydberg atoms so far has been conducted with

alkali atoms, while the number of groups working on ultracold alkaline-earth atoms in Rydberg

states is limited [53–55]. Alkaline-earth atoms in Rydberg states, as two-electron systems, offer

intriguing possibilities in quantum simulation, but are not well explored yet. The second valence

electron allows for trapping [56] and imaging techniques of Rydberg atoms [57, 58] which

are not present in the alkali atoms. Two-electron atoms have long-lived metastable states and

associated narrow intercombination lines. If one of these lines is used as the lower transition in

a typically employed two-photon excitation scheme to Rydberg states, it can be used to decrease

the associated decoherence rate, as compared to alkali atoms. Two-electron Rydberg atoms also

feature doubly-excited perturber states [59]. There are also quantum simulation proposals only

regarding alkaline-earth atoms [60–63].

Strontium is a particularly interesting candidate for two-electron atoms, as efficient laser

cooling techniques were established for this species [64, 65]. Strontium could for the first time

be cooled in a magneto-optical trap (MOT) operating on its broad closed transition in Japan in

1990 [66], only three years after the realization of the first MOT of any species ever produced

[67]. The first strontium MOT operating on its narrow intercombination closed transition was

then realized in 1999 in Japan [68] and at NIST in the US [69]. Due to the low Doppler temper-

ature of the narrowband MOT without any evaporative cooling high phase-space densities of

0.1 in an optical dipole trap could be achieved [70], as well as temperatures of 250 nK [71, 72].

The first strontium Bose-Einstein condensates (BECs) were created in 2009 by the groups

of F. Schreck in Innsbruck (now in Amsterdam) [73] and of T. Killian in Houston [74]. The

central trick was to use the 84Sr isotope for the last evaporative cooling step, which is the stron-

tium isotope with the lowest natural abundance but with the most favorable s-wave scattering

length for evaporative cooling. Such, strontium was the third species with two valence elec-

trons which was cooled down to quantum degeneracy, after ytterbium in 2003 in Kyoto [75]
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and calcium in 2009 at PTB in Braunschweig [76]. In 2010 all other stable isotopes of stron-

tium were brought to quantum degeneracy, namely the boson 86Sr [77], the boson 88Sr [78] and

the fermion 87Sr [79, 80]. However, the largest strontium BECs so far were attained with the

original 84Sr isotope, see an article which summarizes the laser cooling techniques developed

in the group of F. Schreck in 2009-2012 [81]. With this isotope, it was also possible to create

the first BEC without evaporative cooling [82].

Currently, the main interest in ultracold strontium atoms from the scientific community

stems from its application in optical lattice clocks [83–86], which were recently reviewed in

Ref. [87]. The related sensitive measurements can have important potential applications in

geodesy [88], the search for dark matter [89] or gravitational wave detection [90]. Other re-

search interests in ultracold strontium atoms include the quest for polar open-shell molecules

[91], Sr-Sr molecules [92, 93], precision measurements of gravity [94], fundamental atom-light

interactions [95, 96] and the quest for a continuous atom laser [12].

This thesis describes the strontium Rydberg experiment which was set up from scratch

since 2014 at the USTC Shanghai Institute for Advanced Studies, which belongs to the Uni-

versity of Science and Technology of China. In Chapter 2 the experimental setup is described,

which encompasses the ultra-high vacuum system, the magnetic field sources and the laser sys-

tems required for cooling, repumping and Rydberg excitation of strontium atoms. In Chapter 3

a two-dimensional magneto-optical trap (2D-MOT) is described, which serves as a source of a

cold strontium atomic beam. In Chapter 4 further cooling steps in our experiment are described.

This includes the MOT operating on the broad closed transition of strontium and the effect of a

repumping beam operating on the 5s5p 3P2 → 5p2 3P2 transition at 481 nm. This chapter in-

cludes a short description of a MOT operating on the narrow closed transition. Then in Chapter

5 a short introduction into Rydberg physics is given, and our first experimental results regard-

ing Rydberg excitations of ultracold strontium atoms are described. Finally, a summary of the

results of this thesis as well as an outlook on future research is given in Chapter 6.
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Chapter 2 Experimental setup

The wavelength meter-based frequency stabilization scheme shown in Sec. 2.4 is described in

greater detail in the following publication:

Luc Couturier, Ingo Nosske, Fachao Hu, Canzhu Tan, Chang Qiao, Y. H. Jiang, Peng Chen,

and Matthias Weidemüller. Laser frequency stabilization using a commercial wavelength me-

ter. Rev. Sci. Instrum. 89, 043103 (2018).

In this chapter the employed experimental setup in our laboratory is described, which is

used for cooling, trapping and for Rydberg excitation of strontium atoms. First in Sec. 2.1

the properties of strontium atoms are described which are most relevant for our experiment.

After this, the design considerations and the setup of the ultra-high vacuum system in which

the experiments take place are described in detail in Sec. 2.2. The setups for the generation of

magnetic fields, which are required in our experiment, are described in Sec. 2.3. This chapter

is then concluded by a description of the laser system which is required for cooling, trapping

and for Rydberg excitation of strontium atoms in Sec. 2.4.

2.1 Strontium

In the following the physical aspects of strontium atoms which are most relevant in our experi-

ment are described. For a more extensive description of various properties of strontium see for

example the thesis of S. Stellmer [97], or a review article about degenerate quantum gases of

strontium by the same first author [64].

In Sec. 2.1.1 the chemical and nuclear properties of strontium are shortly described. The

most relevant electronic levels and transitions for our experiment are introduced in Sec. 2.1.2.

This is followed by a description of the dramatically different properties of the two transitions

which are used for laser cooling in Sec. 2.1.3, which follows from their very different natural

linewidths. After that metastable states of strontium, as well as repumping strategies from them

when performing laser cooling, are discussed in Sec. 2.1.4. This is followed by a short layout

of our laser cooling strategy in Sec. 2.1.5
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CHAPTER 2 EXPERIMENTAL SETUP

2.1.1. Chemical and nuclear properties

Strontium is a soft silvery metal which rapidly oxidizes, and such changes its chemical prop-

erties, if it is exposed to air. To maintain pure metallic strontium, which is shown in Fig. 2.1

(a), its exposure to air such has to be minimized, which is possible by storing it in a protective

atmosphere as for example argon. When putting it into an oven or a heat pipe, then this has to

be done fast if air is present, or even better inside a glove box which is filled with a protective

atmosphere.

Strontium has a low saturated vapor pressure, if compared to the alkali atoms, with its

melting point being at 777 ◦C and its boiling point at 1382 ◦C [98]. According to Refs. [97, 99],

who use the values from Ref. [100], the saturated vapor pressure for solid strontium is given

by: À

log10(P [mbar]) = 10.62− 9450/T [K]− 1.31 log10(T [K]) . (2.1)

The saturated vapor pressure and the corresponding atomic density na = P/kBT are plotted

in Fig. 2.1 (b) and (c). To achieve the same vapor pressure like the commonly used element in

laser cooling applications rubidium at room temperature, which is about 3× 10−7 mbar [105],

strontium has to be heated to a temperature of about 430 ◦C, according to Eq. (2.1).

Strontium atoms have 38 protons and such one more than rubidium atoms. An overview

over the four stable isotopes of strontium, their quantum statistics, nuclear spins and natural

abundances is given in Table 2.1. 88Sr is the most abundant isotope and thus well-suited for

experiments which work with natural-abundance strontium and for which no peculiar prop-

erty of a certain isotope is needed. Its s-wave scattering length is -1 a0 [97] and thus close to

zero, which makes it well-suited for certain metrological applications such as precision mea-

surements of the gravitational acceleration g [94]. Just as all the other bosonic isotopes, 88Sr

has no nuclear spin and such no hyperfine structure. The fermionic isotope 87Sr has a nuclear

spin I = 9/2 which is the highest of all stable alkaline-earth isotopes. It is commonly used in

optical lattice clocks based on strontium atoms [83, 86], due to its vanishing s-wave scattering

at low temperatures which prevents collisional shifts and as it possesses a more useful clock

transition than its bosonic counterparts due to hyperfine mixing [87]. The bosonic isotope 84Sr

À There are also other values given in the literature, for example in Table 2 in Ref. [101], who give the formula

log10(P [atm]) = 9.226 − 8572/T [K] − 1.1926 log10(T [K]) for the saturated vapor pressure of solid strontium.

This equation gives an about three orders of magnitude higher pressure than Eq. (2.1). It is consistent with the

formula used by [102]. On the other hand, Eq. (2.1) seems to agree better with the given temperature-dependent

atomic density of Dinneen et al. 1999 [103] and with the measured vapor pressure of Courtillot et al. 2003 [104],

so it is used throughout this thesis. However, it shall be kept in mind that the vapor pressure value is subject to a

considerable uncertainty.
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Fig. 2.1 Chemical properties of strontium. (a) Solid strontium chunks in a protective argon atmo-

sphere. (b) The saturated vapor pressure and (c) the atomic density of strontium versus

temperature.

isotope has the lowest natural abundance, but with an s-wave scattering length of 124 a0 it is

most suited for evaporative cooling to quantum degeneracy, as this scattering length lies in a

good intermediate regime between the two extremes of no sufficient interatomic thermalization

and a too high three-body collision rate which expels atoms from the shallow trap [97].

Isotope Statistics Nuclear spin Abundance

[98]
88Sr bosonic 0 82.58%

87Sr fermionic 9/2 7.00%

86Sr bosonic 0 9.86%

84Sr bosonic 0 0.56%

Table 2.1 Quantum statistics, nuclear spins and natural abundances for all stable isotopes of stron-

tium.

2.1.2. Electronic level scheme

An overview over the most important electronic levels and the addressed transitions of the stron-

tium atom in our experiment is shown in Fig. 2.2. In the level scheme hyperfine structure levels

are not shown, as they do not exist for bosonic isotopes of strontium which have zero nuclear
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Fig. 2.2 Level scheme with all addressed transitions in our experiment. Spectroscopic parameters

in this figure are taken from Ref. [98], while decay rates involving the 5s4d 1D2 state

can be found in Ref. [106]. Solid double-sided arrows are drawn for transitions which

are addressed by laser beams in our experiment, while dotted single-sided arrows denote

decay paths of transitions which are not addressed by laser beams. The vertical positions

of the energy level manifolds are drawn to scale, while the finestructure splittings are

exaggerated.

spins (I = 0). For a good description of the hyperfine structure of the fermionic isotope 87Sr

(I = 9/2) refer to Ref. [97]. Apart from the absence of hyperfine structure for bosonic isotopes,

the singlet states (S = 0) also do not have a fine structure, which makes the electronic level

scheme particularly simple. For most measurements presented in this thesis the bosonic isotope
88Sr was used.

Strontium has two closed or nearly closed transitions from its ground state: The broad

5s2 1S0 → 5s5p 1P1 transition at 461 nm with a natural linewidth of Γ461/2π = 32 MHz, and

the narrow 5s2 1S0 → 5s5p 3P1 transition at 689 nm with a natural linewidth of Γ689/2π =

7.5 kHz. These two transitions are such useful for laser cooling applications, which generally

require closed transitions [5]. The 461 nm and the 689 nm transitions are called the blue and

the red transitions in the following and throughout this thesis, as it is common in the literature

about strontium atoms.

The blue transition is not completely closed, as the upper 5s5p 1P1 state decays to the

7
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5s4d 1D2 state with a measured decay rate of Γ1P1→1D2
= 3.85(1.47)× 103 s−1 [107], which

corresponds to a branching ratio of approximately 1:50,000 if compared to the large decay rate to

the ground state. The 5s4d 1D2 state then decays further to the metastable triplet states 5s5p 3P2

and 5s5p 3P1, with the calculated branching ratio to the 5s5p 3P2 state being B1D2→3P2
≃ 1:3

[108]. While the 3P1 state decays on a relatively short time of 21 µs, the 3P2 state has a lifetime

on the order of 100 s in a room temperature environment (for more details on the metastable

state lifetimes see Sec. 2.1.4). In summary, every approximately 150,000th time an atom being

driven on the blue transition falls into the long-lived 3P2 state.

From that state an atom can be transferred back to the ground state by exciting it to the

doubly-excited 5p2 3P2 state via a repumping beam at 481 nm [64, 109]. The two main decay

channels from this state are the decays to the 5s5p 3P2 state with Γ481/2π = 14 MHz and to

the 5s5p 3P1 state with Γ472/2π = 5.7MHz [98]. After decaying to the 5s5p 3P1 state an atom

will then decay further to the ground state on the time scale of 21 µs. From these decay rates it

follows that each atom has to scatter (Γ481 + Γ472)/Γ472 ≃ 3.5 repumping beam photons on

average to return back to the ground state. Additional comparably strong decay channels from

the 5p2 3P2 state do not exist, as there are no other dipole-allowed single-photon transitions

leading to lower states. Á The dipole-forbidden decay to the 5s5p 1P1 state is much weaker

[98] and would even be beneficial for this repumping scheme.

The last type of transition which is addressed in our experiment is the transition from the

5s5p 3P1 state to a Rydberg state. To reach ionization threshold, the absorption of an ultraviolet

(UV) photon with wavelength 318 nm is needed. From the 5s5p 3P1 state, three Rydberg series

can be accessed via single-photon dipole-allowed transitions: The 5sns 3S1 series, the 5snd 3D1

series and the 5snd 3D2 series.

If strontium atoms should be excited to singlet Rydberg series, then this is possible by

the absorption of a 413 nm photon from the 5s5p 1P1 state [53, 58]. However, only triplet

Rydberg states are accessed in our experiment, as we want to benefit from the narrower natural

linewidth of the lower 5s2 1S0 → 5s5p 3P1 transition which can be beneficial in a two-photon

5s2 1S0 → 5s5p 3P1 → Ry excitation scheme.

2.1.3. The two laser cooling transitions

The dipole-forbidden closed intercombination 1S0 → 3P1 transition has a natural linewidth of

Γ689/2π = 7.5 kHz which is ≈ 4300x lower than the linewidth of the dipole-allowed closed
1S0 → 1P1 transition with a natural linewidth of Γ461/2π = 32 MHz. Due to this reason

these two transitions which are used for laser cooling have very different properties. The most

Á Also the 4d5p 3DJ (J = 1, 2, 3) manifold lies slightly higher in energy than the 5p2 3P2 state [110].
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5s2 1S0 → 5s5p 1P1 5s2 1S0 → 5s5p 3P1

Vacuum wavelength λ = 1/ν̃ 460.862 nm 689.449 nm

Natural linewidth Γ/2π 32.0+0.5
−0.5 MHz 7.5+0.1

−0.2 kHz

Natural lifetime τ = 1/Γ 5.0 ns 21 µs

Maximum acceleration amax = Γ
2
~k
m 9.9× 105 m/s

2
150 m/s

2

Saturation intensity Isat = πc
σ0

~Γ
λ 43 mW/cm

2
3.0 µW/cm

2

Doppler temperature TD = ~Γ
2kB

770 µK 0.18 µK

Recoil temperature TR = ~2k2

kBm 1.0 µK 0.46 µK

Table 2.2 Properties of the two laser cooling transitions for 88Sr. The vacuum wavelengths and

natural linewidths are computed from the wave numbers and transition probabilities

from Ref. [98], while all other values in this table are derived from them.

important properties of the blue and red closed transitions are summarized in Table 2.2. For a

more extensive overview refer to the table in the Appendix A.1.

In particular the narrow dipole-forbidden transition has a few interesting properties which

are discussed more in detail in the following:

(i) The maximum acceleration of a light field on that transition is comparably low, with

amax = Γ
2
~k
m = 150 m/s

2, while m is the mass of a strontium atom and k = λ/2π

is the wavenumber of the transition with the transition wavelength λ. The maximum

acceleration is such only about 15-times larger than the acceleration due to gravity and

falls below the gravitational acceleration from an absolute detuning of about 20 kHz on,

with respect to the atomic transition and if no power or other broadening mechanisms

are present.

(ii) Already small effects can introduce level shifts on the order of the natural linewidth, for

example velocities with vΓ = Γ/k = 5.2 mm/s due to the Doppler shift or magnetic

fields with BΓ = Γ/(µB

h gJ) = 3.6 mG due to the Zeeman shift, with gJ = 1.5 being

the Landé factor of the 3P1 state.

(iii) If an atom scatters a photon on that transition then it gains a recoil velocity of vR =

~k/m = 6.6 mm/s. This corresponds to a Doppler shift of kvR/2π = 10 kHz which is

larger than the natural linewidth. Thus, a single scattering event can kick an atom out of

resonance.

(iv) The saturation intensity Isat =
πc
σ0

~Γ
λ = 3.0 µW/cm

2, with the on-resonant absorption

cross section σ0 = 3λ2/2π, is comparably low.
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(v) The Doppler temperature TD = ~Γ
2kB

= 0.18 µK is very low and even below the recoil

temperature TR = ~2k2

kBm = 0.46 µK. This results in very low achievable temperatures if

performing laser cooling on this transition [71, 72]. Conversely to this, the 1S0 → 1P1

transition has a five times larger linewidth than the D2 line of rubidium [105], which

results in a five times larger Doppler temperature than rubidium of 770 µK.

2.1.4. Metastable states and repumping

The 5s5p 3PJ (J = 2, 1, 0) metastable states of the strontium atom are very long-lived, as only

the ground state 5s2 1S0 has a lower energy than these states, and as single-photon transitions to

the ground state are dipole-forbidden. However, the metastable states still gain finite lifetimes

due to higher-order processes [97, 111, 112].

The 5s5p 3P2 state has a calculated lifetime of 1050 seconds (corresponding to 17minutes),

with the largest decay contribution being the magnetic-dipole (M1) decay to the relatively short-

lived 5s5p 3P1 state [113]. The actual experimental lifetime of its low-field seekingmJ states

in a magnetic trap [114] was, however, measured to be dependent on the temperature of the

environment. In room-temperature environments, according to Ref. [115], the effective lifetime

of the 5s5p 3P2 state is limited to the order of 100 s due to black-body coupling to subsequently

decaying slightly higher-lying 5s4d 3DJ states. Its extrapolated lifetime in the limit of zero

temperature of 520 s, on the other hand, appears to roughly agree with the theoretical value

[113, 115].

A small fraction of the fast decaying 5s5p 1P1 singlet state is mixed into the 5s5p 3P1

triplet state due to spin-orbit interaction [111, 112]. Such, there is an electric-dipole (E1) decay

to the ground state with linewidth Γ689/2π = 7.5 kHz [98], which is large if compared to the

decay rates from the other two longer-lived metastable states.

The 5s5p 3P0 state of bosonic isotopes has a calculated lifetime of thousands of years,

with the dominant decay channel being the electric-dipole magnetic-dipole (E1M1) two-photon

decay to the ground state. In the case of the fermionic isotope 87Sr, with nuclear spin I = 9/2,

the 3P0 state is coupled with the 1P1 and 3P1 states with their E1 decays to the ground state,

and such gains a shorter lifetime on the order of 100 s, which corresponds to a natural linewidth

of Γ698 ∼ 1 mHz [111, 112]. The E1 transition of the fermionic isotope is used for strontium

optical lattice clocks [83–86], due to which the 5s5p 3P0 state is also called the clock state.

For practical considerations of our laser cooling experiment, which usually takes place on

a seconds timescale, the 3P2 and 3P0 states such have an infinite lifetime, while the 3P1 state,

with a lifetime of 21 µs, decays relatively fast. It was already mentioned before that every

approximately 150,000th atom in the blue cooling cycle ecays to the 3P2 state. To overcome
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Fig. 2.3 Level scheme with alternative repumping transitions from the metastable states. The ver-

tical positions of the energy level manifolds are drawn to scale, while the finestructure

splittings are exaggerated.

the problem of 3P2 atom accumulation during cooling on the blue transition, a few repumping

schemes were developed, see the level scheme in Fig. 2.3 for an overview.

The earliest repumping scheme addresses the 5s5p 3P2 → 5s6s 3S1 transition at 707 nm

and the 5s5p 3P0 → 5s6s 3S1 transition at 679 nm [103]. Also addressing the second transition

is needed for efficient repumping, as the branching ratio of the 5s6s 3S1 → 5s5p 3P0 transition

is relatively large [98].

Apart from this two-photon scheme also a few single-photon repumping schemes exist:

Repumping via the 5s5d 3D2 state at 497 nm [99, 109, 116], via the 5s4d 3D2 state at 3012

nm [117], via the 5s6d 3D2 state at 403 nm [109] and, as realized in our experiment, via the

5p2 3P2 state at 481 nm were realized. The repumping transition at 481 nm was also used in

the laboratories of T. Killian in Houston before.

2.1.5. Laser cooling strategy

In our laboratory, we heat strontium chunks to a high temperature of 450 ... 500 ◦C, to create

a sufficiently dense strontium gas. The relatively slow atoms of that strontium gas are decel-

erated in a transversely loaded two-dimensional magneto-optical trap (2D-MOT) [118, 119].
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It operates on the broad blue transition which due to its larger natural linewidth allows to slow

down more atomic velocity classes than if the 2D-MOTwould be operated on the red transition.

Additionally to the 2D-MOT cooling beams, a counter-propagating Zeeman slower beam can

enhance the captured flux in the 2D-MOT [119, 120].

The two-dimensionally trapped atoms in the 2D-MOT are then accelerated by a blue push-

ing beam along the third direction which creates a slow atomic beam. It is used to load a 3D-

MOT which also operates on the blue transition. This one is called the broad-line MOT or blue

MOT [66, 103, 106, 121–125]. As the Doppler temperature on the blue transition is with 770µK

relatively high, we then create a 3D-MOT at the same position on the red transition, which is

called the narrow-line MOT or red MOT. It can further cool down the atoms by about three

orders of magnitude, due to the much narrower linewidth of that transition [68, 69, 71, 72, 126–

129].

2.2 Vacuum system

The experiments on ultracold strontium atoms take place in an ultra-high vacuum (UHV) sys-

tem. An ultra-high vacuum is required in order to ensure that the cold atoms do not collide

with background atoms during the time scale of one experimental cycle, which for strontium

setups typically lasts for up to a few tens of seconds [81]. The goal was to create a vacuum in

the 10−11 mbar range at the position of the final experiments. The challenge is to create an

ultra-high vacuum and at the same time having a high atomic flux and good optical access in

the experiment region. Vacuum systems of other strontium setups are for example described in

Refs. [97, 130–132].

An overview over the entire vacuum system is given in Sec. 2.2.1. This is followed by a

more detailed description of the 2D-MOT chamber in Sec. 2.2.2 and by the science chamber in

Sec. 2.2.3.

2.2.1. Overview

An overview over the elements of the vacuum system in our experiment is shown in Fig. 2.4

(a). It is a two-chamber system, consisting of the 2D-MOT chamber which contains the cold

atom source [118, 119], and the science chamber in which experiments on the cold atoms are

performed. The two chambers are separated from each other by a differential pumping tube,

with diameter D = 2.0mm, length L = 22.8mm and a conductance for air at room tempera-

ture ofCtube[l/s] = 12.1×D3[cm]/L[cm] = 0.042 l/s [133]. It leads to a differential pumping

factor of Sgas/Ctube for the gas-specific pumping speed Sgas in the chamber with lower pres-
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Fig. 2.4 Vacuum system. (a) Overview over the entire vacuum system, which consists of the 2D-

MOT chamber and the science chamber. (b) A cut along the plane of the trajectory of a

strontium atom which is emitted from the oven, stopped and deflected in the 2D-MOT,

and then trapped in the (3D-)MOTs.

sure. Its entry aperture is located 14mm downstream from the 2D-MOT position, see Fig. 2.4

(b) (dimensions as in Ref. [120]). The differential pumping tube is designed to allow the sci-

ence chamber to have a lower pressure than the 2D-MOT chamber, which due to its contained

strontium chunks and its heated oven and Zeeman slower viewport parts was expected to have

a higher pressure.

All vacuum pieces are joined together by standard ConFlat (CF) flanges, in which hard

steel knife edges cut into soft-material (typically copper) gaskets and thus ensure tight joints.

The total system is ∼ 120 cm long, ∼ 50 cm wide and up to ∼ 70 cm high. The center of the

science chamber is located 35 cm above the optical table. The 2D-MOT chamber and a vacuum

piece connecting to the science chamber are supported by hollow steel cylinders which are
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welded to their bottoms. Additionally, the heavy (∼ 20 kg) science chamber is supported by

four steel pedestals with diameter 47mm, and the magnets of an ion pump connected to the

science chamber are supported by a simple hollow aluminum cylinder.

Nearly all viewports are equipped with customized 3 mm thick steel adapters between the

screw heads and the viewport steel surfaces during assembly. They allow for the mounting of

cage systems from Thorlabs holding small optics assemblies, i.e. a 60 mm (30 mm) [16 mm]

cage system on a CF63 (CF40) [CF16] viewport.

2.2.2. 2D-MOT chamber

The main piece (LEOSolutions) of the 2D-MOT chamber is a steel piece which provides eight

flanges with direct lines of sight to the 2D-MOT trappiong region: four of them are used for

CF40 cooling beam viewports, additional two flanges are used for the strontium oven (CF16)

and the Zeeman slower viewport (CF40), and the remaining two CF40 flanges are used for the

pushing beam viewport and the connection to the science chamber. Additionally, this main piece

provides flanges for the connection of an ion getter pump (SAES Getters, NEXTorr D 200-5),

an ion gauge (Agilent, UHV-24p) and a CF40 all-metal angle valve (MDC Vacuum Products,

314003). The pump includes an ion pump, with a pumping speed of ∼ 6 l/s for all gas types,

as well as a non-evaporative getter (NEG) pump, which exerts different pumping speeds for

different reactive gas types, with a maximum of 200 l/s for H2 and O2. While the NEG element

only removes reactive gases like H2, H2O and N2 from the system by chemical sorption into

the getter material (St 172), the ion pump also removes non-reactive gases such as Ar or CH4

from the system by ionization and subsequent ion acceleration into a getter material [134].

The strontium oven is connected to the main piece by a nickel gasket, as nickel is preferred

over copper at high temperatures. The oven is a simple cylinder with a height of ∼ 20mm and

an inner diameter of ∼ 47mm. The oven aperture is 125 mm below the 2D-MOT position,

to which it is connected by a tube with an inner diameter of 16 mm. The oven is heated by

a Nichrome (80% Ni, 20% Cr) resistive heating wire, with a diameter of 0.5mm, a 0.25mm

thick electrical insulation made of glassfiber and a maximum specified temperature of 800 ◦C

(Hangzhou Ualloy Materials). The heating wire is powered by a DC power supply. The readout

thermocouple is welded inside the oven steel bulk below the strontium reservoir, and the oven

is typically heated to 465 ◦C. A steel ring for water cooling welded around the tube leading to

the oven helps to keep the steel temperature around the 2D-MOT trapping region below 30 ◦C.

It would rise to ∼ 70 ◦C at our typical oven operating temperature otherwise.

To avoid strontium deposition on the Zeeman slower viewport which is located 42 cm from

the oven aperture, it is permanently heated to 330 ◦C. Details on its heating and its thermal
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insulation box can be found in the Appendix A.2. All other viewports in the 2D-MOT chamber

consist of Kodial glass and are not heated, as they do not have a direct line of sight to the

oven. All viewports in the 2D-MOT chamber are covered with∼ 430− 700 nm anti-reflection

coatings at both sides, except the Zeeman slower viewport which is only coated at its outer side,

in order to avoid possible chemical reactions with incident strontium atoms.

After the differential pumping tube a CF40 gate valve (MDC Vacuum Products, E-GV-

1500M) is placed to be able to separate the 2D-MOT and the science chambers from each

other, for example when refilling strontium into the oven. It is followed by a CF16 bellow

which connects to the science chamber and which allows for a fine-adjustment of the 2D-MOT

chamber position, with respect to the science chamber, during assembly.

2.2.3. Science chamber

The science chamber is the central piece of the vacuum system. It should allow for good op-

tical access, for convenient positioning of magnetic field systems and ideally for an electric

field control and ion detection. The possibility of electric field and ion detection is particularly

advantageous for experiments involving Rydberg atoms, due to the huge d.c. polarizability of

Rydberg atoms scaling with n7, with n being the principal quantum number of the Rydberg state

[135], and the possibility of Rydberg atom ionization by electric fields with subsequent ion de-

tection [136]. Electrodes for electric field control are preferred to be mounted inside the vacuum

system, such that charging of glass near the electrodes does not become an issue [137], and also

ion detectors require internal vacuummounting. As this is more easily done inside a steel cham-

ber, we decided to use a steel chamber instead of a glasscell. Apart from this a steel chamber is

not as fragile as a glasscell, and possible accidents can be avoided. While an electrode and ion

detection structure is not installed yet in our system, our science chamber offers the possibility

for this. Designs for similar in-vacuo setups are described in Refs. [33, 132, 138, 139].

A model of the science chamber is shown from different angles in Fig. 2.5. It is a cus-

tomized steel chamber (Kimball Physics) which offers 20 flanges. The two large flanges along

the vertical axis have CF200 sizes and are connected to two re-entrant viewports of slightly

different designs. The main reasons for using re-entrant viewport designs were the lower power

consumption of MOT coils places inside their recessed buckets (see Sec. 2.3.2) and a higher

numerical aperture for a possible future imaging system along the vertical axis. The diameter of

the glass surface of the lower re-entrant viewport, which offers the highest numerical aperture

to the atoms, is 50 mm. The upper re-entrant viewport is a CF200-CF40 steel adapter, with a

standard CF40 viewport being connected to it. In the horizontal plane totally four CF63 flanges

and six CF40 flanges are located, three of which are attached to tubes welded to the steel cham-
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Fig. 2.5 Customized steel science chamber. (a) Top view. (b) Front view. (c) Rear view.

ber. Additionally, the chamber has eight CF16 flanges at angles of±10◦ towards the horizontal

plane. An overview over the distances dvp, radii rvp and numerical aperturesNA = sin θ, with

θ = tan−1(rvp/dvp), of the science chamber viewports is shown in Table 2.3.

To one of the CF16 flanges, being out of the horizontal plane, the bellow leading to the

2D-MOT chamber is connected, in order to save optical access in the horizontal plane. The

distance between the 2D-MOT and the 3D-MOT positions is 335 mm.

Most of the flanges of the horizontal plane are equipped with fused silica viewports with

a customized multi-band anti-reflection coating for the wavelengths 318 nm, 461 nm, 532 nm,

689 nm and 1064 nm (Vacom). However, the actual coating performance is far from the orig-

inal specifications, which makes its reflection properties similar to uncoated viewports. The

CF16 flange opposite to the pushing beam is equipped with a sapphire viewport (MDC Vacuum

Products).

Just like the 2D-MOT chamber, the science chamber is pumped by an ion getter pump

(SAES Getters, NEXTorr D 500-5) and connected to an ion gauge (Agilent, UHV-24p) and a

CF40 all-metal angle valve (MDC Vacuum Products, 314003). Additionally, a 20 l/s ion pump

(Agilent, VacIon Plus 20 Starcell) is connected to it. The achieved pressure in the science

chamber is with 1.7×10−9 mbar, according to the ion gauge (around half that value according

to the nearby NEXTorr ion pump current), higher than the target pressure, which is certainly due

to a virtual leak in our science chamber region. It is paradoxically higher than the pressure in our

2D-MOT chamber, which after about one year of operation according to its ion pump current is

∼ 2× 10−10 mbar, if the oven is heated to 465 ◦C. While the pressure in the science chamber

slightly increased over time, the pressure in the 2D-MOT chamber decreased over time. The

latter is possibly due to getter qualitites of strontium. For more details on the vacuum system

installation and performance see the Appendix A.3.

At the achieved pressure in the science chamber the cold atom lifetime due to collisions
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Viewport Quantity Distance

[mm]

Radius

[mm]

Numerical

aperture

Re-entrant down 1 41 25 0.52

Re-entrant up 1 56 20 0.34

CF63 3 160 34 0.21

CF63 ext. 1 576 34 0.06

CF40 4 160 20 0.12

CF40 ext. 2 213 20 0.09

CF16 8 160 8 0.05

Table 2.3 Distances, radii and numerical apertures of the science chamber viewports.

with background atoms is measured to be ∼ 8 s, see Sec. 4.4 for details. This agrees well with

the order ofmagnitude of a few seconds at that pressure reported by other groups [114, 140, 141].

This collision-induced atom lifetime reduces the achievable atom number in our magnetic trap

acting on the 3P2 state and also imposes an upper limit to the time of future evaporative cooling

stages in an optical dipole trap. However, it is still low enough for a large variety of experiments.

2.3 Magnetic fields

The magnetic fields required for atom cooling and trapping for the 2D-MOT are introduced in

Sec. 2.3.1, and for the 3D-MOT in Sec. 2.3.2.

2.3.1. 2D-MOT

For the strontium 2D-MOT, a two-dimensional quadrupolar magnetic field with a gradient of a

few 10s of G/cm in its trapping region is required, while along the third axis the magnetic field

should be zero. One possibility to generate such a magnetic field is the usage of four magnetic

coils in the so-called Ioffe configuration [11]. However, inspired by similar designs [118, 120],

we decided to realize the magnetic field by the usage of permanent magnets, which are compact,

relatively easy to assemble and do not need a power supply.

The permanent magnet geometry and the used coordinate system are shown in Fig. 2.6

(a). We use N35 neodymium (Nd2Fe14B) magnets. Each single magnet piece has dimensions

of 25 mm × 10 mm × 3 mm and a magnetization of 6.6(1)× 105 A/m along its shortest axis.

Four stacks of permanent magnets are located symmetrically around the chamber, with center

distances of 75mm and 88mm in x and z directions, respectively. Each stack consists of nine

magnets glued together along the y axis and has the dimensions dx = 25mm, dy = 27mm
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Fig. 2.6 Magnetic field generation for the 2D-MOT. (a) Photo of the four permanent magnet stacks

in our setup. A coordinate system is introduced, with the origin being in the center of

the 2D-MOT, and the third y axis (not shown) pointing into the plane. (b) Calculated

magnetic field lines in the yz plane. The blue shaded areas denote the regions of the

2D-MOT cooling beams within their 1/e2 radii of 7.5 mm.

and dz = 10mm. The magnetization direction of the two upper stacks (positive y direction) is

opposite to the one of the two lower stacks (negative y direction).

The resulting calculatedmagnetic field [142] in the yz plane is shown in Fig. 2.6 (b). While

the magnetic field lines are perpendicular to the y axis at z = 0 and to the z axis at y = 0, they

are parallel along the cooling beam directions which have 45◦ angles to the y and z axes in the yz

plane. With the above stated geometry values, the permanent magnets generate a longitudinal

magnetic field gradient along the cooling beam center directions of ∂Br/∂r = 34G/cm, with

r =
√
y2 + z2, in the 2D-MOT trapping region.

The maximum transverse By field versus z along the center line of the z axis (at x, y = 0)

is 156 G at z = −45 mm. Its value varies across the tube between the oven and the 2D-MOT

trapping region, which has a diameter of 16 mm, by up to around ±25%. Assuming perfect

alignment, the permanent magnets generate field gradients of ∂Br/∂r ≃ 60µG/(100µm) at

the position of the 3D-MOT which is located 335 mm downstream in x direction.

As the cold atoms in the 2D-MOT accumulate on the zero line of the two-dimensional

quadrupolar magnetic field and as they subsequently shall be accelerated through a differential

pumping tube with a diameter of only 2 mm, the magnet positions have to be adjustable on this

mm length scale. Because of this reason we glued the magnet stacks on a structure which is

connected to one horizontal and one vertical translation stage, which delivers enough degrees

of freedom to fine-tune the four stacks as a whole. After the four stacks are first positioned

relative to each other carefully by hand, the position of the stack structure can be optimized by

moving the translation stages and by observing the blue 2D-MOT fluorescence by eye through

the pushing beam viewport, with the pushing beam being off. In this way the 2D-MOT can be
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moved until it overlaps with the differential pumping tube on the x axis. Additionally to the

degrees of freedom given by the two translation stages, the two magnet stacks on each x side

can be slided by hand, if respective screws are loosened, in order to change the magnetic field

gradient to up to 50 G/cm in our setup.

2.3.2. 3D-MOT

For the blue and the red 3D-MOTs a three-dimensional quadrupolar magnetic field in the trap-

ping region is needed, which can be generated by anti-Helmholtz coils. One of the design

criterions for our coils was that an axial magnetic field gradient ∂Bz/∂z of about 60G/cm can

be achieved, which is a typical gradient used during magnetic trap loading of strontium atoms

in the 3P2 state [73, 74]. In this section the z axis denotes the gravity axis, unlike in the sec-

tions before in which z points along the slightly tilted (by 10◦) axis between the oven and the

2D-MOT trapping region.

The analytic expression for the on-axis magnetic field at position z along the symmetry

axis of two current loops with counter-propagating currents, which is the anti-Helmholtz con-

figuration, can be calculated from the Biot-Savart law. It is

BAH
z =

µ0NIR2

2(R2 + (z − h)2)3/2
− µ0NIR2

2(R2 + (z + h)2)3/2
, (2.2)

with the number of turns per current loopN , the electrical current I and the radiiR and heights

±h of the current loops. From this the first Taylor expansion around the origin B
(1)
z can be

calculated. Its first derivative,

∂B(1)
z /∂z = 3µ0NI

R2h

(R2 + h2)5/2
, (2.3)

is a good estimate for the magnitude of the magnetic field gradient in the center. From this

formula it can be seen that in order to achieve a high gradient, it is desirable to place the coils as

near as possible to the trapped atoms. At the same time the consumed power per coilP = I2Rel

can be reduced, with the resistance per coil Rel = ρCu l/C, the electrical resistivity of copper

at room temperature ρCu = 1.68 × 10−8 Ωm [143] and the length l and cross section C of

the wire. This minimizes the demands upon the power supply and the water cooling system of

the coils. This consideration was one of the major reasons why we decided to use re-entrant

viewports in our science chamber.

The re-entrant viewport geometry allows a minimum coil height of 39mm above and a

minimum radius of 37mm besides the atoms. These values already take a 2 mm tolerance into

account. Another design criterion for the coils was that there should be enough space on the

steel parts of our re-entrant flanges to place high-voltage feedthroughs in the future, which could
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Fig. 2.7 Magnetic field generation for the 3D-MOTs. (a) An annotated drawing of the MOT coil

structure in the recessed bucket of a re-entrant viewport. (b) Calculated (lines) and mea-

sured (circles) magnetic fields and (c) calculated magnetic field gradients of the anti-

Helmholtz coil pair for different currents.

connect to in-vacuo electrodes and ion detectors. The outer radius of our coils was such set to

53 mm, while the inner radius of the recessed bucket is 80 mm.

The coil design is shown in Fig. 2.7 (a). We use flat 7.5 × 0.5 mm copper wires (MWS

Wire), with 32 layers in the radial and 2 layers in the vertical direction. Each coil is cooled by a

hollow copper water cooling ring which is glued (Henkel Loctite, Stycast 1266) on top of it. A

similar design can be found in Ref. [144]. We chose this design over hollow copper wires with

water cooling channels inside, as it needs a lower electrical current and power to achieve a given

magnetic field gradient at the same geometry, due to the higher filling ratio of current-carrying

wires. However, the heat contact for our coils is not very good, such that the lower re-entrant

viewport gets a temperature of ∼ 30 ◦C at an electrical current of 20 A, which corresponds to

a power dissipation per coil of 32 W. This problem is certainly due to the unsufficient thermal

conductivity of our used glue, and can certainly be overcome in future designs by the use of a

glue with a higher thermal conductivity.

The calculated [145] and measured magnetic fields and the calculated magnetic field gra-

dients for three different currents are shown in Fig. 2.7 (b) and (c). The axial gradient of the

coil pair is 2.0 G/cm per 1 A. For our chosen geometry, the difference of gradients within a

radius of 1 cm is ≃ 2%. The coil circuit is powered by two in-series power supplies (Toellner,

TOE 7621). It can be switched by an insulated-gate bipolar transistor. A gradient of up to 60

G/cm has been achieved with this setup.

Additionally to the anti-Helmholtz coil pair which is used for the generation of the MOT

gradient fields, around the science chamber three pairs of rectangular coils in Helmholtz config-
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uration are installed which allow for the compensation of the Earth’s and other stray magnetic

fields. They form a cage with dimensions of about 300 mm× 500 mm× 300 mm, centered at

the 3D MOT position. These dimensions are chosen such that they do not diminish optical ac-

cess around our science chamber. Each coil has 30 windings. Formulas for the magnetic fields

of rectangular coils are for example described in the thesis of A. Arnold [146]. The Helmholtz

coil pairs can produce magnetic fields of a few G.

2.4 Laser system

The entire laser system described in this section, with the exception of the frequency doubler

for ultraviolet light generation, is located on a separate optical table, the laser table, while the

vacuum system in which the experiments take place is located on the vacuum table. The laser

light is guided from the laser table to the vacuum table by polarization maintaining fibers.

The lasers used in our experiment are used to drive the electronic transitions of strontium

which were introduced in the level scheme in Fig. 2.2. An overview over the four employed

laser units including their frequency stabilization schemes is shown in Fig. 2.8. They are de-

scribed more in detail in the following paragraphs.

(1) The blue laser system To address and cool down a large number of atoms

on the blue 5s2 1S0 → 5s5p 1P1 cooling transition at 461 nm, a laser source is needed which

delivers a high output power of a few 100s of mW and which is reliable. Typically employed

techniques to generate high-power laser light at this wavelength are injection-locked diode

lasers, whose slave laser output power can reach 100 mW in single-mode [147] or 500 mW

in multi-mode operation [148], or frequency-doubled tapered amplifiers in the infrared at 922

nm [125]. In our experiment, we employ a Ti:sapphire laser at 922 nm which is frequency-

doubled (MSquared, SolsTiS and ECD-X). Â The Ti:sapphire laser is pumped by a 10 W laser

at 532 nm. If no problems occur, this laser system represents a way to generate high single-mode

power at 461 nm, with an output of above 500 mW.

For frequency stabilization, the Ti:sapphire laser light at 922 nm is coupled to a high-

accuracy wavelength meter (High Finesse, WSU/10) via a single- or a multi-mode fiber, de-

pendent on the experiment [150]. The output signal of the wavelength meter serves as input

to a servo loop controlling the frequency of the laser. When being frequency-stabilized via

the single-mode fiber, the remaining frequency fluctuations of the blue laser light are 1.1 MHz

Â A nearby wavelength in another atomic system, for which a high power is needed, is the 4P3/2 → nS1/2/nDJ

(with n ≫ 10) transition in potassium [149].
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Fig. 2.8 Schematic of the laser system. Laser beams at the four wavelengths 461 nm, 481 nm, 689

nm and 318 nm are generated by four different laser units. The laser units at 461 nm and

481 nm are frequency-stabilized by a wavelength meter [150]. The laser unit at 689 nm is

frequency-stabilized by a high-finesse cavity, in combination with a strontium heat pipe

and a frequency-shifting acousto-optical modulator (AOM). The laser unit at 318 nm is

frequency-stabilized on a reference cavity whose length is stabilized on the 689 nm laser

frequency. For more details see text.

(RMS) over a time interval of 11 h, which is measured by the beat-note with a diode laser at

461 nm which is frequency-stabilized on the atomic signal in a hollow-cathode lamp [147] (not

shown in Fig. 2.8). The remaining frequency fluctuations are thus much smaller than the nat-

ural linewidth of the atomic cooling transition which is 32 MHz. If the Ti:sapphire laser is

stabilized by a multi-mode fiber, together with the repumping laser at 481 nm, then its RMS

frequency deviation is about 2 MHz. This worse frequency stability is due to the uncertainty

of the wavelength measurement of the wavelength meter which has its origin in phase shifts

in the multi-mode fiber. A multi-mode fiber is however needed in this configuration, as there

is no single-mode fiber available which transmits both 922 nm and 481 nm. This wavelength

meter-based frequency stabilization scheme is described in greater detail by Couturier et al.

2018 [150].

The blue laser output is coupled to an optical path system consisting of acousto-optical

modulators (AOMs), polarizing beam splitters, wave plates and fiber couplers to deliver all the

needed laser frequencies and powers which are needed for atom cooling and trapping to the

experiment, such as the 2D-MOT cooling beam, the Zeeman slower beam, the pushing beam,

etc.

(2) The cyan laser system The 481 nm light addressing the 5s5p 3P2 → 5p2 3P2

repumping transition is generated by a diode laser (Toptica, DL 100). Not much laser power is
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needed on this transition, as a few mW are more than sufficient. Ã The laser typically delivers

about 10 mW of output power after an integrated fiber dock. The laser is then split, with one

beam being used for frequency-stabilization on the wavelength meter via a multi-mode fiber,

and another one being fiber-coupled to be guided to the experiment. The latter beam can be

turned on and off by a mechanical beam shutter [152].

(3) The red laser system To generate light addressing the narrow red 5s2 1S0 →

5s5p 3P1 cooling transition, we employ a tapered-amplified diode laser at 689 nm (Toptica, TA

pro). It typically delivers a power output of 80 mW. A high power on this level is desire-

able in order to be able to efficiently capture atoms from the blue MOT during the broadband

phase of the red MOT [68], and to not be power-limited for two-photon excitation schemes to

triplet Rydberg states. However, the tapered amplifier degrades regularly and typically has to be

replaced every few months. Using the Pound-Drever-Hall technique [153, 154], it is frequency-

stabilized on an ultrastable cavity with a finesse of about 200,000 (Stable Laser Systems) [155].

By measuring the cavity transmission with the frequency-stabilized laser, the laser linewidth is

estimated to be on the kHz level.

The long-term drift of the ultrastable cavity is close to being linear and around 10 kHz per

day, as determined by day-to-day measurements of the atomic signal in a strontium heat pipe

[97, 128]. This drift can be compensated by a frequency-shifting double-pass AOM, which is

placed in front of the slowly drifting high-finesse cavity, on a daily basis. All AOM drivers

of the red laser system are based on direct digital synthesizers (DDSs), which have a higher

frequency stability than voltage-controlled oscillators (VCOs) and which are stabilized to a

rubidium atomic clock for long-term stability. The red laser beam is then split and frequency-

shifted by AOMs, to produce all the beams needed for the experiment.

(4) The ultraviolet (UV) laser system Similar laser systems of other strontium

Rydberg groups which address the 5s5p 3P1 → 5sns 3S1/5snd
3DJ (with n ≫ 10) transition at

318 nm to triplet Rydberg states are described by Refs. [156, 157]. Nearby UV wavelengths in

other atomic systems are the 6 S1/2 → nPJ (with n ≫ 10) transition in cesium at 319 nm [158,

159], the 2 S1/2 → 3P3/2 transition in lithium at 323 nm [160], and the magic wavelength of

the metastable 1s2s 3S1 and 1s2s 1S0 states in helium at 320 nm [161]. All of these laser sources

rely on frequency doubling. The fundamental is typically chosen to be the light resulting from

sum frequency generation of two high-power infrared lasers [156, 157, 159, 161]. Alternative

Ã A nearby wavelength in another atomic system, for which typically a much higher power is required, is the

5P3/2 → nS1/2/nDJ (with n ≫ 10) transition in rubidium. Here often frequency-doubled tapered amplifiers in

the infrared are used [151].
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sources of the fundamental are a dye laser [158] or a tapered-amplified optical diode laser [160].

We chose to use a frequency-doubled dye laser system, as it delivers a high power and as its

wavelength is tunable over a wide range, such that the transitions from all three metastable states

5s5p 3P2,1,0 of strontium to near the first ionization threshold can be accessed.

The dye laser (Sirah, Matisse 2 DX) at 636 nm is pumped by a 20 W laser at 532 nm

(Spectra-Physics, Millennia eV 20). If a stable frequency of the UV light is needed, then the

dye laser is frequency-stabilized to a reference cavity which acts on an electro-optical modulator

(EOM) and a fast piezo inside the dye cavity. As the reference cavity drifts by typically a few

MHz/min without any further stabilization, its length is stabilized to the frequency of a laser

beam originating from the ultrastable laser at 689 nm which is also coupled into the reference

cavity, see Fig. 2.8. The feedback loop controlling the length of the reference cavity has a low

bandwidth of ∼ 10Hz.

With this setup, the frequency change of the dye laser ∆fdye can be controlled by the

frequency change of a double-pass AOM (not shown in Fig. 2.8) ∆fAOM of the 689 nm beam

on which the length of the dye reference cavity is stabilized. The frequency relation is given

by ∆fdye = 2 (λ689/λdye)∆fAOM. The relation for the UV frequency change then contains

another factor of two,∆fUV = 4 (λ689/λdye)∆fAOM.

The dye laser light at 636 nm, with a power of around 3 W, is delivered from the laser to

the vacuum table by a 5 m long fiber (NKT Photonics, aeroGUIDE-Power), which is connected

to SMA fiber collimators (Schäfter+Kirchhoff, 60FC-SMA-T-23-A18-02). The fiber coupling

efficiency is around 50%. Even though the fiber coupling results in a significant loss of UV

power, we decided to do so because of practical reasons, as the∼ 2.5m long system consisting

of pump laser, dye cavity, reference cavity and frequency doubler would not conveniently fit

on our vacuum table. The dye laser light is then frequency-doubled on the vacuum table (Sirah,

WaveTrain 2). The UV power on the vacuum table is around 200 mW. After passing the light

through an AOM (Gooch & Housego) and polarization cleaning we typically have around 80

mW available for further experiments. The linewidth of the UV laser is around 200 kHz.
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Chapter 3 Two-dimensional magneto-optical trap

Part of this chapter is based on the following publication:

Ingo Nosske, Luc Couturier, Fachao Hu, Canzhu Tan, Chang Qiao, Jan Blume, Y. H. Jiang,

Peng Chen, and Matthias Weidemüller. Two-dimensional magneto-optical trap as a source for

cold strontium atoms. Phys. Rev. A 96, 053415 (2017).

In this chapter the characterization of a strontium 2D-MOT is described, which represents

a compact alternative cold atom source minimizing vacuum contamination and black-body ra-

diation at the experiment region, compared to a Zeeman slower. Deflected 88Sr cold atomic

fluxes of 4×109 s−1 are achieved. The longitudinal velocity of the cold atomic beam emerging

from the 2D-MOT is found to be tunable over several tens of m/s by the pushing beam intensity,

between about 20 m/s and 50 m/s, and it has a typical divergence of around 60 mrad.

In the following, first general techniques for the realization of cold atom sources are in-

troduced in Sec. 3.1. Then our experimental setup and the employed fluorescence diagnostics

are described in Sec. 3.2. A description of the characterization of the cold atomic beam follows

in Sec. 3.3. This chapter is then concluded by a discussion on future designs for strontium

2D-MOTs to gain higher atomic fluxes in Sec. 3.4.

3.1 Cold atom sources

One straightforward way to generate cold atoms is to simply create a MOT which captures

atoms from a background gas, called a vapor-cell MOT (VCMOT) [67, 162]. VCMOTs were

realized for strontium atoms, however, due to its low vapor pressure, in order to generate a

sufficiently dense background gas of strontium atoms, the MOT chamber has to be heated to

temperatures on the order of 300 ◦C [103, 106]. This high temperature is a technical nuisance

due to the higher probabiliy of an arising leak of the vacuum system and due to more generated

heat around the science chamber, which for example can lead to the distortion of laser beam

paths. Additionally, VCMOTs have the disadvantage that a relatively dense background gas is

present at all times and creates large atomic loss rates due to collisions.

Therefore MOTs in state-of-the-art cold atom experiments are typically loaded by slow

atomic beams – that means cold atomic beams –, which are generated in a second vacuum

chamber separated from the MOT chamber by a differential pumping tube. The two most com-
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mon ways to produce a cold atomic beam are the implementation of a Zeeman slower, in which

hot atoms emanating from an oven or a dispenser are slowed down by a counter-propagating

beam in a spatially varying magnetic field [7, 104], or of a 2D-MOT, in which atoms are laser-

cooled along two dimensions and then accelerated by a pushing beam along the third dimension

towards the MOT [11, 163]. Another early realized source of a cold atomic beam is the low-

velocity intense source (LVIS), in which atoms are pushed out of a VCMOT by the cooling

power imbalance created by a hole in one of the six cooling beams [164].

For cold strontium experiments, typically a Zeeman slower is employed. Its magnetic field

can be either generated bymagnetic coils [12, 68, 104] or by permanentmagnets [165–168]. The

Zeeman slower design is often combined with a collimation of the oven beam through heated

microtubes [169, 170] and a transverse optical molasses cooling stage. All cooling lasers from

the optical molasses to the first MOT typically address the broad closed 1S0 → 1P1 transition

at 461 nm. À Typical 88Sr MOT loading rates of Zeeman slowers are on the order of 109 s−1

[68], while one reference reports loading rates of up to 4× 1010 s−1 [104].

The standard Zeeman slower design exhibits a direct line of sight from the heated oven to

the MOT, which results in a constant background atomic flux and in an increased exposure to

black-body radiation at the MOT position. It is well-known that black-body radiation is a major

source of uncertainty in strontium optical lattice clocks [83, 172], due to which in clock setups

hot surfaces are preferred to be isolated from the experiment position. To avoid these problems,

an in-vacuo atomic beam shutter between the oven and theMOT can be used. Another approach

was realized in Refs. [12, 173] and consists of a 2D-MOT after a standard Zeeman slower which

brightens and deflects the cold atomic beam.

Apart from the avoidance of vacuum contamination and black-body radiation at the exper-

iment region, the 2D-MOT design, if applicable, is usually preferred over the Zeeman slower

design, due to its more compact size and the unnecessity of a dedicated design of the magnetic

field configuration or an undertaking of the effort in engineering the coil structure. A large

variety of vapor-cell 2D-MOT designs have been reported in the literature, for example for

the elements rubidium [11, 174, 175], cesium [163, 176, 177], potassium [178] and mercury

[179, 180]. This is possible due to the relatively high vapor pressures of these elements around

room temperature.

However, for elements with lower vapor pressures, such as the alkaline-earth atoms, the

À This is contrary to e.g. the alkaline-earth-like atom ytterbium. For this element the initial cooling of thermal

atoms address the broad 1S0 → 1P1 transition, while the MOT typically directly addresses the narrow intercom-

bination 1S0 → 3P1 transition [171]. That is possible as this intercombination transition in ytterbium is around

25-times broader than in strontium, which results in higher achievable decelerations in a light field and in higher

MOT capture velocities.
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vapor-cell 2D-MOT design can hardly be realized. An alternative is offered by the transversely

loaded 2D-MOT design [118, 120, 171]. Unlike the vapor-cell 2D-MOT, which is isotropically

loaded from a uniform background vapor, the transversely loaded 2D-MOT captures an atomic

beam effusing from a high-temperature oven or a dispenser. Transversely loaded 2D-MOTs

were successfully demonstrated for the two alkali atoms lithium [118] and sodium [120, 181],

which both have low vapor pressures. They have a compact design, with a small distance be-

tween the oven and the trapping region on the order of 10 cm, and are equipped with permanent

magnets for producing the required two-dimensional quadrupolar magnetic field. A similar

design was realized for the alkaline-earth-like atom ytterbium [171].

Following up on the seminal work of Tiecke et al. 2009 [118], we realized a compact,

transversely loaded 2D-MOT source for cold strontium atoms. By implementing the design of

Lamporesi et al. 2013 [120], the cold atomic flux can be increased if an auxiliary Zeeman slower

beam is added, counter-propagating to the hot oven beam. Our realized source of cold strontium

atoms is similar to the one described in Ref. [182], which is employed to load a trapped-ion

array, and to a system which includes a Zeeman slower and two 2D-MOTs for strontium which

is offered by the company AOSense, Inc. (see the Supplementary Materials of Ref. [183]). Á

Another early setup of a strontium 2D-MOT is described in Ref. [186], however only lowMOT

loading rates were achieved in that setup.

3.2 Setup and diagnostics

The setup of our strontium 2D-MOT is described in Sec. 3.2.1, and the diagnostics methods are

introduced in Sec. 3.2.2.

3.2.1. 2D-MOT setup

The schematic of the strontium 2D-MOT is shown in Fig. 3.1 (left and center). The aperture of

the oven, in which 5 g of strontium with natural isotope abundance (99.99% purity; Sigma &

Aldrich) are deposited, is located 125mm below the center of a custom-made multiway cross

vacuum chamber, which is the 2D-MOT trapping region. The oven is typically operated at a

temperature of 465 ◦C and does not have a heated microtube array for atomic beam collimation

in its aperture [104, 169, 170]. To avoid strontium coating of the opposite viewport for the

auxiliary Zeeman slower, the window is permanently heated to 330 ◦C. A differential pumping

tube separates the 2D-MOT chamber from a subsequent UHV chamber. Its entry has no direct

Á Visualizations of the source from AOSense can be seen in theses from the group of Jun Ye, i.e. in Figure 6.1

of Ref. [184] and in Figure 3.1 of Ref. [185].

27



CHAPTER 3 TWO-DIMENSIONAL MAGNETO-OPTICAL TRAP

20 cm

2D-MOT
cooling beams

Pushing beam

Ion getter
pump

y

x

z

Sr oven Differential
pumping tube

Permanent
magnets

Zeeman slower
beam (optional)

Atomic beam
(to UHV chamber

of 3D-MOT)

z
[m

m
]

Sr oven

1

2

-125

-100

- 75

- 50

- 25

0

25

50

-150-75075150
By [G]

Magnetic field

beams
Cooling

Fig. 3.1 Schematic of the 2D-MOT. Left: Experimental setup. Hot strontium atoms effusing from

the oven in the bottom of the setup are cooled and trapped in the center of the multiway

cross vacuum chamber by a perpendicular pair of retro-reflected cooling beams. Atoms

in the 2D-MOT are pushed to a UHV chamber (not shown) where they can be further

loaded into a 3D-MOT. A Zeeman slower beam (optional) is used to decelerate hot stron-

tium atoms through the top viewport of the setup. Heated parts of the setup are highlighted

in red. The vacuum of the setup is maintained by an ion getter pump. Center: Zoom-in

of the highlighted rectangle in the left part. Four stacks of permanent magnets are used

to generate the 2D quadrupolar magnetic field. A differential pumping tube is located be-

tween the 2D-MOT vacuum chamber and the UHV chamber for vacuum isolation. Right:

Magnetic field along the z direction. The red shaded area depicts the strontium oven,

while the blue shaded area represents the 2D-MOT cooling beams. For Zeeman deceler-

ation, either region 1⃝ or 2⃝ can be used.

line of sight to the oven, and no clogging of the tube is noticed by observation through the

pushing beam viewport. The pressure in the 2D-MOT chamber is∼ 2×10−10 mbar. For more

details on the vacuum system see Sec. 2.2.

Hot strontium atoms evaporated from the oven are cooled and trapped in the 2D-MOT

by a perpendicular pair of retro-reflected circularly polarized cooling beams, with 1/e2 radii

of 7.5 mm, in the σ+ − σ− configuration. Four stacks of permanent magnets create a two-

dimensional quadrupolar magnetic field with a gradient of 34 G/cm along the cooling beam

axes, as well as a transverse By field component along the z axis which coincides with the

propagation direction of the hot atomic beam (for more details on the permanent magnet setup

see Sec. 2.3.1). There are two regions of the magnetic field topology which allow for Zeeman

slowing, as labeled 1⃝ and 2⃝ in Fig. 3.1 (right). This magnetic field design enables one to

increase the 2D-MOT loading rate by implementing an auxiliary Zeeman slower beam, with a

1/e2 radius of 6 mm, through the viewport opposite to the strontium oven [120]. The captured

atoms are then accelerated along the x direction by a pushing beam with 1/e2 radius 0.7mm.

Two possible realizations of the four 2D-MOT cooling beams are shown in Fig. 3.2. They
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Fig. 3.2 Optical setup for the 2D-MOT cooling and the Zeeman slower beams. (a) Two retro-

reflected beams or (b) a single recycled beam can be used for the realization of the four

2D-MOT cooling beams. While the cooling beam paths contain quarter-wave plates (λ/4)

for the realization of the σ+−σ− configuration, in front of the Zeeman slower beam a half-

wave plate (λ/2) is installed, which maximizes the effective beam power in a transverse

Zeeman slower.

can either be formed by two retro-reflecting laser beams, see Fig. 3.2 (a), or by a single laser

beam which is guided through the vacuum chamber for four times, see Fig. 3.2 (b). The latter

realization – a single recycled 2D-MOT cooling beam– can be used for achieving about the same

flux of the cold atomic beam from the 2D-MOT, if compared to the two retro-reflected 2D-MOT

cooling beams. The optimum flux is achieved for a slight misalignment of the cooling beams

with respect to the center lines of the vacuum chamber, which is certainly due to an emerging

power imbalance of the cooling beams in that configuration which has to be compensated for

in order not to misalign the position of the cold atoms in the 2D-MOT. This setup requires a

more complicated alignment procedure but is advisable when the available blue laser power is

scarce.

A half-wave plate is installed in front of the Zeeman slower beam, see Fig. 3.2, as a Zee-

man slower beam with a linear polarization which is orthogonal to the magnetic field direction

maximizes the fraction of beam power which can be used for slowing down atoms in a trans-

verse Zeeman slower [166]. The maximum usable power for slowing in a transverse Zeeman

slower, however, is only 50% [187]. In our case, as the magnetic field points along the y direc-

tion, the optimum linear polarization of the Zeeman slower beam points along the x direction.

It is confirmed in the experiment that the flux increase due to the Zeeman slower beam can

be tuned nearly to zero by rotating this half-wave plate. All Zeeman slower optics after the

fiber coupler, which also include a polarizing beam splitter, a photodiode for power monitoring

and an additional mirror for aligning purposes (not shown in Fig. 3.2), are directly attached to
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the thermal insulation structure of the heated Zeeman slower viewport (for its design see the

Appendix A.2).

The pushing beam collimator and a 50:50 beam splitter are held by mirror mounts which

are directly attached to the vacuum system and allow for beam alignment. The beam splitter

allows for visual inspection of the blue fluorescence of the 2D-MOT and the hot oven beam,

which is clearly visible by eye, when the pushing beam is off.

3.2.2. Diagnostics

The fluorescence light of the cold atomic beam, which originates from the 2D-MOT, is collected

by a 1-inch lens with a focal length of 25 mm, which is located at a distance of 90 mm from the

atoms at a CF40 viewport. Â The fluorescence light then passes a narrowband filter for 461 nm

(Semrock, FF01-461/5-25) and hits a photodiode (Thorlabs, SM05PD1A) with a responsitivity

of R = 0.14(1)A/W at 461 nm and an active area of 3.6 mm × 3.6 mm. The photodiode

current is fed into a current preamplifier (Stanford Research Systems, SR570) whose output is

read out on an oscilloscope.

The atom number Nat can be related to the oscilloscope voltage UPD by Nat = CPD ×

UPD, with the conversion factor

CPD = (Γsc × ~ω × LΩPD Fdip ×RG)−1 , (3.1)

which has the unit [V −1]. Hereby are the scattering rateΓsc, the angular frequency of the atomic

transition ω, the optics loss factor L, the solid angle ΩPD = r2/4d2 with the lens radius r and

distance d, the enhancement factor due to the dipole radiation pattern Fdip and the gainG. The

scattering rate in a two-level system is given by [188]

Γsc =
Γ

2

I/Isat
1 + I/Isat + 4∆2/Γ2

, (3.2)

with the natural linewidth Γ/2π = 32MHz and the saturation intensity Isat = 43mW/cm2

of the blue transition (see Table 2.2), the excitation beam intensity I and the excitation beam

detuning to the atomic transition ∆. The combined average intensity of two beams is taken,

I = 2× P/(πw2), with the beam power P and the 1/e2 beam radius w.

We found that the fluorescence signal of the atomic beam depends on the angle between

the detection direction and the linear polarization direction of the excitation beam, see Fig. 3.3.

Indeed the expected angular emission pattern for π-scattered light in a pure two-level system,

as it is the case for our transition, is non-isotropic, as it follows the classical radiation pattern for
ÂThe atomic beam measurements were done in a test setup, with the 2D-MOT chamber being connected to a

CF40 six-way cross instead of the UHV chamber which hosts the 3D-MOT.
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Fig. 3.3 Angular dependence of the atomic beam fluorescence. Plotted are the measured fluores-

cence over the angle θ between the detection direction and the linear polarization direction

of the excitation beam (blue circles). The red line is a theoretical fit according to Eq. (3.3)

which describes the angular dependence of π-scattered light in a pure two-level system.

an oscillating dipole. The normalized expression of its theoretical angular dependence is given

by [105, 189, 190]

f(θ, ϕ) =
3

8π
sin2 θ , (3.3)

with θ being the angle between the photon emission direction and the linear polarization direc-

tion of the excitation beam. While there is a strong dependence on the polar angle θ ∈ [0,π],

there is no dependence on the azimuthal angle ϕ ∈ [0, 2π] in the plane which is normal to the

linear polarization direction of the excitation beam. Eq. (3.3) was fitted to the experimental

data and a good agreement was found, see Fig. 3.3.

We then calculate the enhancement factor due to the dipole radiation pattern Fdip as being

the ratio of (i) the angular dependence function of the fluorescence f(θ, ϕ), which is integrated

up to the capture half-angle of the imaging system αc = tan−1(r/d) around θ = π/2where the

fluorescence signal is maximized, and (ii) the solid angle neglecting any angular dependence of

the spontaneous emission r2/4d2:

Fdip =

∫ π/2+αc

π/2−αc

dθ sin θ

∫ αc

−αc

dϕ
f(θ, ϕ)

r2/4d2
. (3.4)

This factor is 1.87 in our case. In the case of the 3D-MOT, due to averaging over many po-

larizations and angles, this factor is set to unity which corresponds to isotropic fluorescence

emission. Typical values for the photodiode setup are summarized in Table 3.1.

Additionally to the photodiode setup the fluorescence of the atomic beam is also measured

by a complementary metal-oxide semiconductor (CMOS) camera.
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Quantity Value

Excitation beam power P 2x 6 mW

Excitation beam 1/e2 radius w 2.4 mm

Excitation beam detuning∆/2π zero

Scattering rate Γsc 6.1× 107 s−1

Optics loss factor L 0.88

Solid angle ΩPD 5.0× 10−3

Dip. rad. enhancement factor Fdip 1.87

Gain G 5× 109 V/A

Conversion factor CPD 6.6× 103 atoms/V

10% to 90% rise time 3.6 ms

Table 3.1 Typical values of the photodiode setup for the flux determination of the 2D-MOT cold

atomic beam.

3.3 Characterization of the cold atomic beam

We then measure the properties of the cold atomic beam emanating from the 2D-MOT. The

properties of the cold atomic beam are of interest as they will determine the loading efficiency

of the downstream 3D-MOT.

First the atomic beam emanating from the 2D-MOT, being accelerated by the pushing

beam, is measured by the time-of-flight (TOF) method [11]. A retro-reflected laser beam on

resonance with the broad closed transition of strontium is applied to excite the cold atomic

beam emerging from the 2D-MOT. The linearly polarized excitation beam with 1/e2 diameter

dexc = 4.8mm propagates along the z direction at a distance of ℓ = 300mm downstream from

the center of the 2D-MOT. The atomic fluorescence during the excitation is collected with a

photodiode and additionally monitored by a CMOS camera.

The temporal evolution of the fluorescence signal ismeasured after suddenly turning off the

pushing laser beam by anAOM, fromwhichwe can deduce the longitudinal velocity distribution

of the atomic beam and the atomic flux. The atomic flux per longitudinal velocity is given by

Φ(vx) =
CPD

dexc

ℓ

vx

1

g(θFWHM)

(
−dUPD(t)

dt

)
, (3.5)

with the conversion factor of voltage to atom number CPD from Eq. (3.1), the longitudinal ve-

locity vx, a divergence θFWHM-dependent factor g(θFWHM) which describes the overlap of the

excitation laser beam intensity with the atomic beam density, and the voltage signal measured

from the fluorescence UPD(t). A detailed derivation of Eq. (3.5) can be found in the Appendix

B.1.

Measurement results for different parameters of the cold 88Sr atomic beam versus the push-
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Fig. 3.4 Characterization of the cold atomic beam. (a) The most probable longitudinal velocity,

(b) the divergence, and (c) the total flux of the atomic beam versus the pushing beam

light intensity. The insets in (a) and (b) show the longitudinal velocity distribution and

the transverse distribution of the atomic beam at Ip = 0.33 Isat

ing beam peak intensity Ip are shown in Fig. 3.4. For this measurement the power per 2D-MOT

cooling beam is set to 30 mW, its detuning is -50 MHz and the pushing beam detuning is set to

zero. Apart from these values, the magnetic field gradient is set to 50 G/cm, the oven tempera-

ture is 465 ◦C, and Zeeman slower loading was applied which enhanced the flux by a factor of 3

(see Sec. 4.2.3). The measured most probable longitudinal velocity vp is shown in Fig. 3.4 (a),

which is the velocity at which the atomic flux per longitudinal velocityΦ(vx) has its maximum.

One example for Φ(vx) is shown in the inset. The most probable longitudinal velocity varies

from 17m/s to 49m/s with increasing Ip, and appears to increase at a smaller rate beyond Isat.

The full-width-at-half-maximum (FWHM) divergence θFWHM of the atomic beam is mea-
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sured by fluorescence imaging using the CMOS camera for different pushing beam intensities,

which gives us the transverse density distribution of the atomic beam. The result is shown in

Fig. 3.4 (b), and an example of the transverse density distribution for Ip = 0.33 Isat is shown

in the inset. It can be seen that θFWHM is around 60mrad for small Ip and then decreases to

40mrad for large Ip. Generally a small beam divergence is desired in order to hit the trapping re-

gion of the 3D-MOT. This trend can be understood by two effects: For small Ip, the divergence

of the atomic beam is limited to around 60mrad by clipping at the differential pumping tube

of the vacuum system (with diameter 2.0mm and length 22.8mm, starting 14mm downstream

from the 2D-MOT center). The transverse density distribution of the atomic beam looks more

box-shaped for small Ip and more Gaussian-shaped for large Ip, which supports this theory as

the wings of the initially Gaussian-shaped beam are cut off by the differential pumping tube.

For large Ip, the divergence of the atomic beam is governed by the ratio of the transverse and

longitudinal velocities. Indeed it is found that in this regime the divergence is proportional to

the inverse most probable longitudinal velocity, ∝ v−1
p . It such follows the trend of the trav-

elling time of the atoms, while the radial velocities are assumed to not change significantly for

different Ip.

From the divergence at large Ip we can get an estimate on the transverse temperature in

the 2D-MOT. The cooling beam detuning ∆-dependent minimum achievable temperature due

to fluctuations in the cooling force is given by [188]

T∆ =
~Γ
4 kB

1 + (2∆/Γ)2

−2∆/Γ
. (3.6)

This temperature is simply the Doppler temperature TD = ~Γ/2kB = 770 µK at ∆ = −Γ/2.

T∆ is 1.4 mK for our cooling beam detuning and corresponds to a one-dimensional radial RMS

velocity of vr,∆ = (kBT∆/m)1/2 = 35 cm/s. Additionally, there is a radial heating of the cold

atoms by the pushing beam acceleration, due to the random nature of the spontaneous emission.

It contributes an additional Gaussian broadening with the RMS velocity vr,p = 1√
3
vR

√
N

[189, 191]. Hereby were used the recoil velocity of the blue transition vR = ~k/m = 9.8mm/s

and the number of absorbed pushing beam photons N ≃ vp/vR. At our largest measured most

probable longitudinal velocity vp this results in vr,p = 40 cm/s. A convolution of the two

Gaussian distributions, which are approximated to be independent from each other, results in the

combined radial velocity of vr,tot = (v2r,∆+v2r,p)
1/2 = 53 cm/s. With this we can approximate

the divergence of the cold atomic beam as

θFWHM ≃ CGF
vr,tot
vp

, (3.7)

which is 26mrad in this case. The prefactorCGF = 2
√
2 ln 2 ≈ 2.355 accounts for the conver-

sion from the standard deviation to the full-width-at-half-maximum of a Gaussian distribution.
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The measured value is around 50% above the theoretical one [see the highest intensity data

point in Fig. 3.4 (b)]. This is likely due to a higher transverse temperature in the 2D-MOT.

The measured divergences at high Ip fit well with a 2D-MOT temperature of 5mK, which is a

reasonable value.

With the results from the measurements of the atomic flux per longitudinal velocity the

atomic flux can be determined by integration over velocity:

Φtot =

∫ ∞

0

dvxΦ(vx) . (3.8)

It is shown as a function of the pushing beam intensity in Fig. 3.4 (c). The flux rises to 1.4 ×

109 s−1 with increasing Ip, and decreases to about 1.0 × 109 s−1 beyond saturation intensity.

The rise of Φtot for small Ip is correlated with the increase of vp, resulting in a better beam

collimation and an avoided clipping at the differential pumping tube. However, although vp

still increases with a larger Ip, the total atomic flux no longer continues to rise but instead

decreases slightly. A possible reason is that the cooling process of the 2D-MOT is perturbed by

the force exerted by the pushing beam. The optimum flux of 1.4× 109 s−1 is achieved around

the saturation intensity of the pushing beam light intensity. Without additional Zeeman slowing

it is about 4× 108 s−1.

Its order of magnitude agrees well with the theoretical order of magnitude of the 2D-MOT

loading rate for the 88Sr isotope, which can be calculated by the formula

L88
2D = a88

1

4
na v̄ Aoven ×

(
wcool

doven

)2

× 1

2

(
vc,2D
vmp

)4

, (3.9)

with the isotope abundance a88 = 82.58% [98], the atomic density in the oven na, the most

probable speed vmp =
√

2kBT/m and the mean thermal speed v̄ =
√

4/π vmp of an atom,

the oven aperture area Aoven, the 2D-MOT cooling beam 1/e2 radius wcool, the distance from

the oven bottom to the 2D-MOT doven, and the capture velocity of the 2D-MOT vc,2D. For

our parameters the 2D-MOT loading rate is calculated to be 2.0 × 108 s−1 without additional

Zeeman slowing, however there are considerable uncertainties in the 2D-MOT capture velocity

and the saturated vapor pressure of strontium. The derivation of Eq. (3.9) and the parameters

in our system are given in the Appendix B.2.

3.4 Prospects for future designs

In our setup, without an additional Zeeman slower applied and 40mW of power available in the

single recycled 2D-MOT cooling beam configuration [see Fig. 3.2 (b)], a 88Sr cold atomic flux

of 4 × 108 s−1 can be achieved at an oven temperature of 465 ◦C. Together with the Zeeman
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slower beam and at an oven temperature of 500 ◦C, this flux can be increased by one order of

magnitude to 4 × 109 s−1, without any sign of saturation versus the oven temperature. The

strontium 2D-MOT design can certainly be optimized in a few ways in future setups, in order

to increase the atomic flux. Some of the possibilities are:

• The adding of heated microtubes in the oven aperture could increase the atomic beam

collimation and such the fraction of the incident flux on the 2D-MOT trapping region

and the total flux from the oven [104, 169, 170]. A minor downside of this technique

is that the oven has to be operated at slightly higher temperatures which results in faster

atoms and a lower 2D-MOT loading rate, see Eq. (3.9). However, the positive effect

of microtubes is certainly much higher, as it can increase the incident fraction of atoms

from the current value of ≃ 0.3% (for the calculation see the Appendix B.2) to a much

higher value.

• In case there is no beam collimation due tomicrotubes, a decrease of the distance between

the oven and the 2D-MOT trapping region doven is expected to also lead to an increase

of the incident flux, which scales as ∝ d−2
oven, see Eq. (3.9). In that case heat insulation

from the oven becomes more challenging.

• Another idea is to simply put more strontium chunks inside the oven and to operate the

oven at a higher temperature, to have a correspondingly higher oven flux at the same oven

lifetime. In this case it would be insightful to measure the oven temperature at which the

2D-MOT loading rate peaks, which can for example be due to atom loss mechanisms by

collisions at the oven orifice or in the 2D-MOT trapping region [118].

• The Zeeman slower design can certainly be improved, for example by adding more mag-

net stacks in order to optimize the fringe magnetic field of the 2D-MOT for the Zeeman

slowing process. For measurements of the flux enhancement due to the auxiliary Zeeman

slower beam see Sec. 4.2.3.

• To increase the 2D-MOT loading rate, its cooling beam sizes could be increased. In this

case, however, it has to be made sure that there is still a direct line of sight from the oven

aperture to the 2D-MOT cooling beam such that the hot oven beam is not clipped. This

could for example be achieved by a slightly vee-shaped tube between the oven and the

2D-MOT trapping area.
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Chapter 4 Three-dimensional magneto-optical traps

Part of this chapter is based on the following publication:

Ingo Nosske, Luc Couturier, Fachao Hu, Canzhu Tan, Chang Qiao, Jan Blume, Y. H. Jiang,

Peng Chen, and Matthias Weidemüller. Two-dimensional magneto-optical trap as a source for

cold strontium atoms. Phys. Rev. A 96, 053415 (2017).

In this chapter, the laser cooling procedure of strontium atoms from the cold atomic beam

of the 2D-MOT to a magneto-optically trapped cloud of ultracold atoms with temperatures in

the low µK regime and with atomic densities of > 1010 cm−3 is described. 88Sr loading rates

into the blue MOT exceeding 109 s−1 are achieved. Our laser cooling procedure includes two

subsequent 3D-MOTs [67] operating on the broad closed transition at 461 nm and on the narrow

closed transition at 689 nm of strontium. As it is usual in the literature about laser cooling of

strontium atoms, these two types of MOTs are called blue MOT and red MOT, named after the

colors of their transition wavelengths.

First the blue MOT for strontium atoms in our setup will be described in detail, i.e. its

setup and diagnostic techniques in Sec. 4.1, and the achieved atom numbers and the depen-

dencies of the loading rate on various parameters in Sec. 4.2. This description is followed by

an investigation of the enhancement of the blue MOT atom number if the repumping laser at

481 nm is applied in Sec. 4.3, and by an investigation of the performance of our magnetic trap

acting on atoms in the 5s5p 3P2 metastable state which result from a loss mechanism in the

MOT cooling cycle in Sec. 4.4. In the end of this chapter the loading and operation of our red

MOT is described in Sec. 4.5.

4.1 Setup and diagnostics

The setup is shown in Sec. 4.1.1, and diagnostics methods are described in Sec. 4.1.2.

4.1.1. 3D-MOT setup

The blue and the red MOTs are formed in the center of our science chamber. The atoms are

trapped by the interplay of the magnetic field gradient, which is generated by a pair of anti-

Helmholtz coils, and by three circularly polarized orthogonal pairs of counter-propagating cool-

ing beams for each MOT, see Fig. 4.1 (a). The cooling beams are red-detuned to the respective
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Fig. 4.1 Setup of the blue and red 3D-MOTs. (a) A visualization of the science chamber, the MOT

laser beams, the repumping beam and the anti-Helmholtz coils. (b) The optical setup for

each of the three blue and red cooling beam pairs.

atomic transitions. The blue cooling beams at 461 nm address the 1S0 → 1P1 transition and

have 1/e2 radii of 6 mm, and the red cooling beams at 689 nm address the 1S0 → 3P1 transi-

tion and have radii of 3.5 mm. The blue and the red cooling beams are both split into three on

the laser table and coupled into polarization maintaining fibers to the vacuum table, where they

are overlapped on dichroic mirrors. For a visualization of the optical layout for one MOT axis

on the vacuum table see Fig. 4.1 (b). The 2D-MOT cold atomic beam hits the blue MOT at

angles of 10◦ towards the horizontal plane and of 18.5◦ towards the nearest 3D-MOT cooling

beam axis in the horizontal plane. From this tilted geometry it follows that the largest fraction

of the slowing process of the cold atomic beam is due to the blue cooling beam which is roughly

counter-propagating to the slow atomic beam.

A repumping beam at 481 nm addresses the transition from the metastable 5s5p 3P2 state

to the doubly-excited 5p2 3P2 state. It has a 1/e2 radius of 2.5 mm and is shined on the atoms

through the viewport which is opposite to the 2D-MOT, see Fig. 4.1 (a). Atoms can accumulate

in the metastable state due to the 5s5p 1P1 → 5s4d 1D2 → 5s5p 3P2 decay which has a proba-

bility of ≈ 1:150,000 if compared to the decay of the cooling transition. For more information

on the cooling and the repumping transitions refer to Sec. 2.1.2. The level scheme relevant for

laser cooling of strontium atoms is shown in Fig. 2.2.

4.1.2. Diagnostics

The blue MOT is diagnosed by collecting its fluorescence light on a photodiode, which de-

livers information about the temporal behavior of the MOT atom number, and by performing

absorption imaging on a camera, which gives information about the spatial size of the MOT.

Exclusively absorption imaging is performed to analyze the red MOT behavior, as due to the

low scattering rate on the red transition the MOT fluorescence is weak.
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The conversion factor from voltage to atom number CPD of the photodiode which is used

for fluorescence light collection from the MOT can be calculated in the same way like it was

done for the photodiode setup which was used for the atomic flux determination from the 2D-

MOT, Eq. (3.1), as was described in Sec. 3.2.2. Typical values for the 3D-MOT fluorescence

collecting photodiode which enter this formula are excitation beam power P = 7 mW (power

of a single out of six beams), excitation beam 1/e2 radius w = 6 mm, beam intensity I =

6×2P/(πw2
3D) (combined peak intensity of six beams) and excitation beam detuning∆/2π =

−30 MHz which according to Eq. (3.2) results in the scattering rate Γsc = 2.8 × 107 s−1;

and the optics loss factor L = 0.94, the solid angle ΩPD = 8.3 × 10−4 (with a 1-inch lens

at 220 mm distance from the MOT), the dipole radiation enhancement factor Fdip = 1 and

the gain G = 108 V/A which according to Eq. (3.1) results in a conversion factor of CPD =

7.6 × 106 atoms/V. With all these numbers we can such relate the signal voltage to the atom

number. At this gain the 10% to 90% rise time of the detection setup is 370 µs.

Absorption images are taken by shining an on-resonant imaging beam addressing the broad

closed transition at 461 nm on the atoms and by subsequently recording the atomic absorption on

aCMOS camera (ImagingDevelopment SystemsGmbH,UI-3240ML-NIR-GL) on the opposite

side of the chamber. The imaging beam has a 1/e2 radius of 5.5 mm and a power of typically a

few µW, which results in a low saturation parameter of I/Isat ∼ 10−4. Turning on and off the

imaging beam is controlled by an AOM, with a rise time of < 1 µs. The objective in front of

the camera has a magnification of 0.22(2), and each pixel of the camera chip in the atom plane

corresponds to a length of 24(2) µm. The imaging beam collimator and the camera are located

at two opposing CF16 viewports of our science chamber [not shown in Fig. 4.1 (a)].

In each experimental cycle we take three pictures: one with the imaging beam and atoms

(Abs), one with the imaging beam and without atoms (Div), and one without both (Bg). Fol-

lowing the Lambert-Beer law the optical density for each position (x, y) is calculated by:

OD(x, y) = − ln

(
IAbs(x, y)− IBg(x, y)

IDiv(x, y)− IBg(x, y)

)
. (4.1)

Then a two-dimensional Gaussian function with six fitting parameters is fitted to this optical

density map, i.e. the peak optical density OD0, the two Gaussian standard deviations σx and

σy, the two MOT center position coordinates x0 and y0, and an angle θ adjusting the x and y

directions. Assuming that the density distribution of the MOT is Gaussian, the atom number

can then be calculated by

Nat =
2πσxσyOD0

σabs,0
, (4.2)

with the on-resonant absorption cross section σabs,0 = 3λ2/2π = 1.01× 10−13 m2. This atom

39



CHAPTER 4 THREE-DIMENSIONAL MAGNETO-OPTICAL TRAPS

Fig. 4.2 Fluorescence pictures of the blue 2D- and 3D-MOTs. The length bar in each picture refers

to the focal plane where the atoms are located.

number is consistent with the atom number obtained by the photodiode fluorescence within a

factor of two.

We can then calculate the peak atomic density of our MOT by

na =
Nat

(2π)3/2σxσyσz
, (4.3)

whereby the MOT size along the third unseen direction is approximated with the geometric

mean of the two fitted directions, σz =
√
σx σy.

4.2 Loading of the broad-line MOT

In this section, first loading curves in different conditions and the loss mechanism in the broad-

line MOT are introduced in Sec. 4.2.1. Then the dependences of the MOT loading rates on

various 2D-MOT parameters are investigated in Sec. 4.2.2. The effect of additional Zeeman

slowing in the 2D-MOT is investigated in Sec. 4.2.3.

4.2.1. Loading and loss mechanism

The blue 3D-MOT is located 335 mm downstream from the 2D-MOT. Fluorescence pictures of

both are shown in Fig. 4.2.

Atoms of the cold atomic beam emerging from the 2D-MOT are captured by the blue

cooling beams, which typically have a power of 7 mW each and a red detuning of 30 MHz. The

magnetic field gradient is typically set to 40G/cm along the z symmetry axis. By turning the

blue cooling beams on by amechanical beam shutter andmeasuring the rising atom fluorescence

on a photodiode, MOT loading curves can be measured. The laser beams involved in the 2D-

MOT atom source and theMOTmagnetic field gradient are on during all the time. MOT loading

curves for the 88Sr isotope are shown for the four situations with repumping beam on/off and
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Fig. 4.3 Loading curves and isotope spectrum of the blue MOT. (a) 88Sr MOT loading curves with

and without the repumping and the Zeeman slower (ZS) beams. Dashed red curves are

fits which solve the MOT rate equation with a one-body loss rate. The repumping beam

enhances the MOT lifetime, while the Zeeman slower beam enhances the MOT loading

rate. (b) Isotope spectrum of the blue MOT when scanning the frequency of the blue laser

(fLaser) relative to the optimum frequency for trapping of 88Sr (f88).

the Zeeman slower beam on/off in Fig. 4.3 (a).

While an additional repumping beam at 481 nm increases the loading time, an additional

Zeeman slower beam increases the initial slope of the loading curve. Both beams increase

the atom number in steady state. The repumping enhancement, which we define as the atom

number in the presence of the repumper divided by the atom number without the repumper,

F = Nrep/Nno rep, is about one order of magnitude. As the blue MOT operates on a nearly

closed transition, it can be operated without a repumper and still trap 106 ... 107 atoms, which

is contrary to MOTs consisting of alkali atoms.

All loading curves are fitted by saturating exponentials of the form

N(t) =
L

R
[1− exp(−R t)] , (4.4)

which are solutions to the rate equation Ṅ = L− RN for the MOT atom number N , with the

loading rate L and the one-body loss rate R. From the good quality of the fits we conclude that

two-body losses are not significant in our atomic density regime. At higher atomic densities

two-body losses in a strontium MOT become important [117].

An isotope spectrum of the blue MOT without the repumper is shown in Fig. 4.3 (b). It is

obtained by scanning the frequency of the blue laser (fLaser) relative to the optimum frequency

for trapping of 88Sr (f88). Such, the frequencies of the 2D-cooling, the Zeeman slower, the

pushing and the blue cooling beams which all originate from the blue laser were changed all

together. TheMOT fluorescence for the three isotopes 88Sr, 87Sr and 86Sr are visible on this plot

at different frequencies, reflecting the isotope shifts on the blue transition. The fluorescence of a
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Fig. 4.4 Blue MOT loss rate versus the cooling beam intensity. The experimental data (blue dots)

is fitted with Eq. (4.5) (red line), with the only fitting parameter Γ1P1→1D2
.

84Sr MOT can also be seen on our photodiode at the isotope shift of−271MHz [192], however

due its low natural isotope abundance (0.56% [98]) only at a larger gain of the preamplifier, and

such it is not shown in this plot.

A measurement of the MOT loss rate R versus cooling laser intensity is presented in Fig.

4.4. The cooling beam detuning is set to ∆3D = −1 Γ. For higher intensities, the loss rate

increases from 30 s−1 to 140 s−1, which corresponds to 1/e loading times in the range from

35 ms to 7 ms. The experimental data is fitted with the curve [103, 106]

R =
1

2

I3D/Isat
1 + I3D/Isat + 4∆2

3D/Γ
2
Γ1P1→1D2

B1D2→3P2
, (4.5)

with the combined cooling beam intensity I3D = 6 Imax, the cooling beam detuning ∆3D, the

decay rate Γ1P1→1D2
= 3.85(1.47)× 103 s−1 [107] and the branching ratio B1D2→3P2

= 1/3.

This formula follows from the model that the MOT loss rate is determined by the 5s5p 1P1 →

5s4d 1D2 → 5s5p 3P2 decay channel, which depends on the fraction of atoms in the 5s5p 1P1

state and on the subsequent decay rate and branching ratio. Atoms decaying to the 5s5p 3P1

state are not lost from the MOT, as this state is relatively short-lived and atoms do not leave

the MOT capture volume on that time scale. The decay rate due to collisions with background

atoms (∼ 0.1Hz) is small and can be neglected, see Sec. 4.4. The only fitting parameter is

Γ1P1→1D2
. The fitted result is 2.4× 103 s−1 which is still within the error bar of the literature

value [107].

Except being lower by one order of magnitude, the loss rate in the presence of the re-

pumping beam follows the same cooling beam intensity dependence (not shown in Fig. 4.4).

Similarly to this intensity dependence, smaller loss rates were observed for larger cooling beam

detunings. The findings about the dominant loss channel from the blue MOT are thus consistent

with earlier studies [103, 106].
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While the loss rate has a clear dependence on the cooling beam intensity, the atom number

is roughly constant in the cooling beam intensity range of 20 ... 100 mW/cm
2, both without

and with the repumper. The atom number reaches a peak around ∼ 7 × 107 atoms around a

small magnetic field gradient of 20 G/cm, in the presence of the repumping beam. For higher

gradients the atom number decreases to ∼ 2 × 107 atoms at 60 G/cm. Here the atom number

largely follows the shrinking MOT volume, while the atomic density stays roughly constant

around 6× 109 cm−3.

The temperature of the MOT is measured by a time-of-flight technique expansion tech-

nique [193]. The cooling beam is extinguished by a mechanical beam shutter and the originally

trapped atoms expand for a variable time t, after which their shadow is imaged on a camera. The

magnetic field gradient is kept on during the atom expansion and is turned off 100 µs before the

imaging pulse. To the measured MOT size two Gaussians are fitted, with standard deviations

σx and σy. The squares of these standard deviations are then plotted over the squared time, see

Fig. 4.5. To the experimental data we then fit the formula σ2(t) = σ2
0 +

kBT
m t2, with the mass

of a strontium atom m = 88u, and with the only fitting parameter being the temperature T .

The fit results are 4.9(1) mK for the x axis and 2.8(1) mK for the y axis. While the reason for

the different temperatures along the two axes is unclear during the time of writing this thesis,

the approximate value of a few mK is in agreement with the reported values of other groups

[125, 194]. It is a few times larger than the Doppler temperature of the cooling transition of

770 µK. One reason for the higher temperature could be the relatively large cooling beam in-

tensity in this measurement, as it is known from the literature that the temperature in a strontium

blueMOT rises to a few times over the Doppler limit for high cooling beam intensities and small

detunings [106].

4.2.2. Dependences on 2D-MOT parameters

The MOT loading rate as a function of the pushing beam intensity Ip is shown in Fig. 4.6

(a). The loading rate reaches a peak at pushing beam intensities around Ip = 0.2 Isat, beyond

which it decreases rapidly as Ip becomes larger. The red triangles depict the following model

calculation, in which wemultiply the atomic fluxΦtot from Fig. 3.4 (c) with the normalized lon-

gitudinal velocity distribution f(vx) and the normalized transverse density distribution T (r, σr)

of the atomic beam, with its standard deviation from the center axis σr, which are integrated up

to a finite capture velocity vc and capture radius rc of the MOT:

L = Φtot

∫ vc

0

dvx f(vx)

∫ rc

0

dr 2πr T (r, σr) . (4.6)

The capture radius is set to the 1/e2 radius of the MOT cooling beams of 6mm. Thus, the
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Fig. 4.5 Blue MOT temperature. The used method is the time-of-flight technique. The squares of

the MOT sizes (Gaussian standard deviations) along two directions are plotted versus the

squared expansion time with the cooling beams off. The linear fits to the data show that

the atoms have temperatures of a few mK.

only free parameter in the model is the capture velocity vc. As the 3D-MOT loading rate was

measured under slightly different conditions as the data given in Fig. 3.4 concerning 2D-MOT

parameters, we have also included a scaling parameter of the loading rate, which we find to

range between 0.2 and 2. Comparison with measured data as shown, e.g., in Fig. 4.6 (a), yields

3D-MOT capture velocities between 20m/s and 30m/s, which lies slightly below an estimate

based on the actual parameters of the 3D-MOT laser intensities and beam sizes.

From this model, we deduce that the initial increase of the loading rate reflects the increase

of the total flux of Fig. 3.4 (c), while the decrease at larger pushing beam intensities results

from the finite capture efficiency of longitudinal velocities beyond the capture velocity, see

Fig. 3.4 (a) for the longitudinal velocity trend. Larger pushing beam intensities lead to a better

collimation of the atomic beam, but also to too high velocities such that the atoms can not be

captured anymore. The estimated capture efficiency at maximum loading rate is around 10%.

The loading rate as a function of I2D, which is the peak intensity of the four 2D-MOT

cooling beams combined, is shown in Fig. 4.6 (b). It rises monotonically with increasing I2D

beyond a threshold value of about Isat, while at larger intensities it begins to saturate. The data

is fitted by the function L = a [(I2D/b)/(1 + I2D/b)]
2. The setup of this function is motivated

by i) the 2D-MOT loading rate scaling with the fourth power of the 2D-MOT capture velocity,

L2D ∝ v4c,2D, see Eq. (B.18) in the Appendix B.2 about the model for the 2D-MOT loading

rate, and ii) by the scaling vc,2D ∼ [s/(1 + s)]1/2 with s = I2D/b [118, 162]. Hereby it is

assumed that the loading rates of the 3D- and the 2D-MOTs are proportional to each other,

L ∝ L2D. The fitted values are afit = 3.0(3) × 108 s−1 and bfit = 3.7(4) Isat. This means

that according to the fit the 3D-MOT loading rate saturates around the point when the combined
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Fig. 4.6 Blue MOT loading rate as a function of 2D-MOT parameters. For each panel, the un-

varied parameters are set to Ip = 0.2 Isat, I2D = 4 Isat (four beams combined), and

Toven = 465 ◦C, respectively. (a) Loading rate versus the pushing beam light intensity.

The triangles indicate results of a model calculation. (b) Loading rate versus the 2D-MOT

cooling beam light intensity. The solid line represents a fit with a model. (c) Loading rate

versus the oven temperature, using flux enhancement of the 2D-MOT by the decreasing

field Zeeman slower for this set of measurements. The solid line represents a model cal-

culating the flux from the strontium vapor pressure and the 2D-MOT capture efficiency.

Details on all model calculations can be found in the text.
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average intensity of two 2D-MOT cooling beam reaches Isat. While this model quantitatively

captures the essential trend of the observed data, it fails to qualitatively reproduce the observed

threshold of the loading rate at smaller intensities.

The loading rate versus the oven temperature is shown in the double-logarithmic plot in

Fig. 4.6 (c). It increases with temperature and shows no sign of saturation. The same behavior

was measured for the flux of the cold atomic beam. The data is fitted by the function L =

a×P (T )×T−5/2, with the single fitting parameter a and the saturated vapor pressure of solid

strontium P (T ) at temperature T [101]. Here we again assume that the loading rates of the

3D- and the 2D-MOTs are proportional to each other, L ∝ L2D. According to Eq. (B.18),

L2D ∝ P (T ) × T−5/2. Comparing to this model, we conclude that there is no additional loss

mechanism up to oven temperatures of 500 ◦C. We obtain the maximum 3D-MOT loading rate

of 1.4 × 109 s−1 for 88Sr in our experiment. We expect to achieve higher loading rates by

further increasing the oven temperature, but so far did not dare to do so in order to avoid rapid

depletion of the oven or possible damage to our apparatus, in particular the Zeeman slower

viewport. At the oven operating temperature of 465 ◦C the pressure in the oven is about two

orders ofmagnitude lower than at 600 ◦C, the latter being a common oven operating temperature

in strontium setups employing a Zeeman slower [64, 104].

The pushing beam detuning can be varied in about the range−Γ ...+Γwithout significantly

lowering the 3D-MOT loading rate, if the pushing beam intensity is accordingly adjusted for

each detuning. For the red-detuned side the optimum pushing beam intensity is higher than for

the blue-detuned side.

By adjusting the laser frequencies appropriately, we have operated the 2D- and 3D-MOTs

under conditions to capture each of the stable isotopes of strontium. Their loading rates at

our typically used oven temperature of 465 ◦C are summarized in Table 4.1. We find that for

the bosonic isotopes the loading rates in this experimental run are consistent with the natural

abundancies, which indicates that the physical processes of the 2D- and 3D-MOTs do not depend

on the isotope, as expected from the simple level structure. The slightly lower loading rate for

fermionic 87Sr is likely due to its unresolved hyperfine structure on the cooling transition.

We also measured the influence of a repumping beam in the 2D-MOT on the MOT loading

rate. The repumping beam, with a 1/e2 radius of 4mm and an average intensity of 10mW/cm
2,

is overlapped with the Zeeman slower beam. On resonance it enhances theMOT loading rate by

about 20%. This enhancement is observed for a wide range of parameters, such as for different

repumping beam sizes, for different 2D-MOT cooling beam intensities and with or without an

applied additional Zeeman slower beam. The optimum repumping frequency is red-detuned

as if compared to the optimum frequency in the 3D-MOT, which is an indication for that the
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Isotope Statistics Abundance

[98]

∆f [MHz] [192,

195]

L [106 s−1] Lrel

88Sr Bosonic 82.58% 0 480(18) 1
87Sr Fermionic 7.00% -51.9 35(2) 0.87(6)
86Sr Bosonic 9.86% -124.8 61(2) 1.06(5)
84Sr Bosonic 0.56% -270.8 3.5(8) 1.0(3)

Table 4.1 Overview of achieved blue MOT loading rates at an oven temperature of 465 ◦C for

all stable isotopes of strontium. Atomic flux enhancement of the 2D-MOT by the de-

creasing field Zeeman slower was used for this set of measurements. ∆f is the relative

frequency shift to 88Sr for the singlet cooling transition. Lrel shows the relative loading

rate to 88Sr, scaled with the natural abundance.

repumping enhancement stems from atoms which are not completely slowed down yet along

the axis to the Zeeman slower viewport. However, in our setup we do not permanently shine a

repumping beam on the 2D-MOT, as it would need additional optics and add to the complexity

of the setup.

4.2.3. Effect of Zeeman slowing

Motivated by the results for a sodium 2D-MOT reported by Lamporesi et al. 2013 [120], we

investigated the effect of an auxiliary Zeeman slower realized in the fringe field of the permanent

magnet configuration. The fringe magnetic field, with the increasing field region 1⃝ and the

decreasing field region 2⃝, is shown in the right graph of Fig. 3.1, while the coordinate system

used in the following is introduced in the left part of Fig. 3.1.

By switching the Zeeman slower beam on and off, we measure the enhancement factor

of the 3D-MOT loading rate with and without the Zeeman slower beam for different Zeeman

slower beam powers and frequencies in the decreasing field region 2⃝, see Fig. 4.7. Using the

decreasing field region 2⃝, a maximum enhancement of 4 is observed at an optimum detuning

of∆Z = −210MHz (corresponding to−6.6Γ) and a maximum available peak intensity of the

Zeeman slower beam of IZ = 1.2 Isat (1/e2 radius 6mm) at the position of the atoms. This

beam intensity corresponds to a laser power of 37 mW before the vacuum system. We find

that for a smaller detuning the enhancement factor is generally smaller and saturates at a lower

light intensity. For example, at the detuning of ∆Z = −175MHz (−5.5Γ), we observe an

enhancement factor of 3 at a low intensity of IZ = 0.3 Isat, where it already shows clear signs

of saturation versus power.

In the increasing slope region 1⃝ of the magnetic field we also find a Zeeman slowing
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Fig. 4.7 Blue MOT loading rate enhancement due to an additional Zeeman slower beam. The

loading rate enhancement is shown for different Zeeman slower beam detunings∆ZS and

intensities IZS.

effect, at an about 300 MHz higher red-detuning, yet with a smaller enhancement factor of 2.

This region should in principle be better suited for slowing strontium atoms, as it has a smaller

magnetic field slope at most of its positions, and as at a too high slope the atoms can not be

decelerated fast enough in the Zeeman slower beam light field anymore. Nevertheless, we find

that region 2⃝ is more effective for Zeeman slowing. One possible reason is that the slowing

effect is disrupted in region 1⃝ before atoms are trapped in the 2D-MOT, due to collisions with

surrounding hot atoms.

As a comparison, using the increasing slope region of the fringe magnetic field Lamporesi

et al. 2013 [120] measured an enhancement factor of 12 for sodium atoms at laser intensities

corresponding to an order of magnitude higher saturation for the Zeeman slower and using larger

beam diameters capturing more atoms. Therefore, we would expect a larger enhancement effect

of the Zeeman slower if more laser power was available in our setup.

4.3 Repumping from the 3P2 state

To gain a better understanding about the repumping enhancement, we perform frequency scans

of the repumper over resonance for different repumping beam average intensities. The scan

speed is ≈ 80 MHz/100 ms. Resulting example spectra for the 88Sr isotope are shown in Fig.

4.8 (a). It can be seen that for higher intensities the enhancement becomes larger on- as well

as off-resonance. The on-resonant enhancement and the FWHM linewidth of the repumping

enhancement deduced from these spectra are then shown in Fig. 4.8 (b). The enhancement sat-

urates around 10 for high intensities. However, in our experiment we observed an enhancement

of up to about 20 for the low-abundance isotope 84Sr in another measurement, which is certainly
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Fig. 4.8 Atom number enhancement in the blue MOT due to the repumping beam. (a) Enhance-

ment spectra for for different repumping beam intensities and detunings. (b) On-resonant

enhancement and FWHM linewidths for different repumping beam intensities.

related to the lower steady-state MOT atom number of that isotope as there is no saturation. The

linewidth is ∼ 70 MHz for low intensities, and then rises proportional to the square root of the

intensity from a repumping intensity of a few 100s of µW/cm
2 on. From this measurement it

can be seen that the requirement on the frequency stability of the repumping beam is not high,

as for intensities from around 10 mW/cm
2 on the repumping enhancement has a linewidth of

a few 100s of MHz.

One possible reasons for the limited repumping enhancement on resonance are the not very

well-known decay channels 5s5p 1P1 → 5s5p 3P0 and 5s5p 1P1 → 5s4d 3D1 → 5s5p 3P0

[109]. The branching ratios from the 5s5p 1P1 to the 5s5p 3P0,1,2 states were estimated to

be about < 0.01 : 2 : 1 [109]. Another possible reason is that atoms leave the repumping

beam (with 1/e2 radius 2.5 mm) before they get repumped. The latter loss mechanism could

be especially important for atoms falling into anti-trapped mJ states of the transient 5s4d 1D2

state or the metastable 5s5p 3P2 state, such that the available time for repumping is lower due

to the acceleration of the atoms in the magnetic field.

4.4 Magnetic trapping of 3P2 atoms

Neutral atoms can be magnetically trapped in a quadrupolar magnetic field [196, 197]. Follow-

ing theoretical proposals for magnetic trapping of metastable two-electron atoms [113, 198],

experimentally realized magnetic trapping of strontium atoms in the 5s5p 3P2 state was for the

first time described in Ref. [114].
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Fig. 4.9 Magnetic trap lifetime. (a) Example for a fluorescence burst when the repump and cooling

beams are turned on after a variable waiting time. (b) The maximum of the fluorescence

burst is plotted over waiting time. The data is fitted by a decaying exponential, with a 1/e

decay time of 7.9(1) s. Themagnetic field gradient is set to 58 G/cm for this measurement.

The depth of the magnetic trap is given by [114]

UMT = −µB = µB gJ mJ
∂Bz

∂z

√
x2

4
+

y2

4
+ z2 , (4.7)

with the Landé g-factor for the 5s5p 3P2 state gJ = 3/2, the magnetic quantum numbermJ and

the magnetic field gradient along the symmetry axis of the quadrupole coil ∂Bz/∂z. From this

it can be seen that only atoms in the low-field seekingmJ = 1 andmJ = 2 states are trapped.

With mJ = 2, with the maximum magnetic field gradient in our setup of 60 G/cm and with

the maximum distance along the z direction of 30 mm, which is given by the distance from the

MOT to the lower re-entrant glass surface, the magnetic trap depth corresponds to 760 MHz,

which translates to a temperature of 36 mK and a velocity of 3 m/s. From this it can be seen

that only cooled atoms from the MOT can be trapped in the magnetic trap, but not possibly

existing metastable atoms emerging from the 2D-MOT in the cold atomic beam, whose atoms

typically have velocities which are larger than 10 m/s.

To get information about the lifetime of the 5s5p 3P2 atoms in our magnetic trap, the mag-

netic trap is first loaded for a constant loading time of 5 s, and then the blue cooling beam

is turned off for a variable waiting time while the magnetic field is still on. Then the blue

cooling beam is turned on again together with the repumping beam, and the amplitude of the

fluorescence spike originating from the repumped atoms is measured, see Fig. 4.9 (a). The

fluorescence maximum is plotted versus waiting time in Fig. 4.9 (b). An exponential decay

function is fitted to the experimental data, with the fitted 1/e decay time of 7.9(1) s.

The atom lifetime due to collisions with background atoms, also called vacuum lifetime,

is given by [141, 199]

τbg =

√
πmkB T

8

1

σ P
, (4.8)
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with the mass of an atom m, the environment temperature T , the collision cross section of a

trapped atom with a background atom σ and the background pressure P . At room temperature,

at a pressure of 1.7×10−9 mbar (which is the pressure in our science chamber according to the

ion gauge readout) and with a collision cross section of 10−17 m2 (which is the typical order of

magnitude for collisions between trapped atoms and background atoms [199]), we calculate a

vacuum lifetime of 9 s. This is very close to our measured value of 7.9(1) s. This good agree-

ment might be coincidental, as there is a large uncertainty in the theoretical calculation, due to

the uncertainty of the collision cross section of a strontium atom with background atoms, which

are most likely N2 molecules in our case. Our result also agrees well with the measurement of

the pressure dependence of the magnetic trap lifetime in Ref. [114].

Lifetimes of 5s5p 3P2 atoms in the magnetic trap of 30 s [97] and of 54 s [173] were mea-

sured by other groups, which in presence of a good vacuum are limited by black-body coupling

to subsequently decaying slightly higher-lying 5s4d 3DJ states [115]. At this background our

atom lifetime is most likely limited by collisions with background atoms.

When the blue MOT is operated for a few seconds and the repumping beam is suddenly

turned on, then 5s5p 3P2 atoms get pumped back into the ground state and a huge fluorescence

spike is seen on the photodiode, see Fig. 4.10 (a). The 5s5p 3P2 state acts as a reservoir state,

and the fluorescence spike corresponds to atoms stored in that reservoir. In our setup, it can

be up to 50 times higher than the MOT fluorescence without repumper. This fluorescence

spike is followed by an exponential fluorescence decay on the time scale of the MOT lifetime

with repumping beam on, ∼ 100 ms. The fluorescence then equilibrates at the steady-state

fluorescence level of the blue MOT with the repumping beam continuously on. We measure

the magnetic trap atom number over loading times for different magnetic field gradients, by

recording the fluorescence spike when turning on the repumper, see Fig. 4.10 (b). It can be

seen that at a low gradient of 15 G/cm the magnetic trap is not efficient, certainly due to the low

trap depth. It works the best with the highest gradient realized in our setup, 58 G/cm.

In Ref. [200], a higher magnetic trap loading rate and atom number were achieved by

shining an additional laser beam at 688 nm addressing the 5s5p 3P1 → 5s6s 3S1 transition of

strontium during the magnetic trap loading phase. Like this, atoms decaying from the 5s4d 1D2

to the 5s5p 3P1 state are pumped to the 5s6s 3S1 state and then have a high probability to decay

to the 5s5p 3P2 state and to enter the magnetic trap (for a level scheme of strontium see Fig.

2.2). Atom number gains in the magnetic trap of 65% were achieved for the bosonic isotopes

of strontium [200].

The idea of pumping atoms from the 5s5p 3P1 to one of the two long-lived metastable

5s5p 3P2,0 states could also have interesting applications in Rydberg physics. If performed at
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Fig. 4.10 Magnetic trap loading. (a) Example for a fluorescence burst when the repumping beam

is turned on during the blue MOT after a variable loading time. (b) The maximum of the

fluorescence burst is plotted over loading time for three different magnetic field gradi-

ents.

the end of the red MOT or in an optical dipole trap, then the atoms could already have gained a

higher phase space density than achievable in the blue MOT or its accompanying magnetic trap.

The metastable atoms could then be trapped in a dipole trap acting on a metastable state, and

they could be coupled to Rydberg states with a single-photon transition, at wavelength 318 nm,

with the advantages of having high potential Rabi couplings to the Rydberg state and having

no additional decay term due to an intermediate state. The atom could then be coupled to the

5sns 3S1 Rydberg series, which due to its isotropic van der Waals interactions is often preferred

over P Rydberg series. The clock 5s5p 3P0 state is certainly preferred over the magnetically

trappable 5s5p 3P2 state as it has a lower two-body loss rate [201] and would such allow for

higher metastable state densities.

4.5 Narrow-line cooling and trapping

After strontium atoms are accumulated in the magnetic trap in the 5s5p 3P2 state, they are

repumped to the ground state by an a few ms long light pulse at wavelength 481 nm and trapped

in the red MOT [68, 69, 71, 72, 126–129, 202]. The red MOT is operated at a lower magnetic

field gradient than the blue MOT, as high gradients in order to achieve high magnetic trap

depths are not necessary during this stage and can be even disadvantageous, as the magnetic

field gradient shifts the atoms out of resonance on a too small length scale and thus limits the

size of the MOT. When loading atoms into the red MOT, the magnetic field gradient is ramped

down from 40 G/cm to 5 G/cm within 100 µs.

During the operation of the red MOT, the blue cooling beams are blocked by a mechan-

52



CHAPTER 4 THREE-DIMENSIONAL MAGNETO-OPTICAL TRAPS

Fig. 4.11 Operation of the red MOT. (a) Detunings to the 1S0 → 3P1 transition ∆, numbers of

frequency sidebands Nf and saturation parameters s during the different phases of the

red MOT. (b) An absorption picture of the red MOT during its last single-frequency

phase. The cold atoms accumulate below the magnetic field center (B = 0) at position

δz where the Zeeman shift equals the detuning of the cooling beam. The direction of the

gravitational acceleration is indicated by the single-sided white arrow.

ical beam shutter. À The repumped atoms initially have a temperature of a few mK which

corresponds to a Doppler width of a few MHz. As this width is three orders of magnitudes

larger than the natural linewidth of the atomic transition addressed by the red cooling beam,

Γ689/2π = 7.5 kHz, the cooling beam is frequency-broadened in the first phase of the red

MOT in order to address all velocity classes.

This first phase of the red MOT is called the first broadband phase, see Fig. 4.11 (a). In

that phase, the 3 mW power of each cooling beam is near equally distributed on Nf = 351

frequency sidebands, which are equally spaced each γ = 16 kHz in the frequency range

which corresponds to detunings of −0.4 ...−6 MHz from the atomic transition. The gen-

eration of frequency sidebands is achieved by sending a comb of RF frequencies to the red

cooling beam AOM. The RF frequency comb is generated by the DDS-based AOM driver

(Moglabs, XRF421), through sending commands controlling the microcontroller and FPGA

inside the driver. The saturation parameter per frequency sideband of the red cooling beam,

s = I/(Nf Isat), with Isat = 3 µW/cm
2 on the red transition, is around 15 in the first broad-

band phase. Hereby I is defined as being the peak intensity of a single cooling beam, following

the definition in Refs. [71, 72]. This saturation parameter corresponds to a power-broadened

linewidth of Γ′ = Γ689

√
1 + s = 30 kHz, which is larger than the frequency sideband spacing

γ. Such, the red cooling beam addresses all velocity classes.

After the first broadband phase, which typically lasts for 50 ms, the range of frequencies of

À This is necessary, as if the blue cooling beams are only extinguished by turning off an AOM in their beam paths,

then the red MOT can be disturbed by the residual ∼ 1% power leaking through the turned-off AOM. This can be

understood by comparing the involved light forces of the blue and the red cooling beams: The residual ∼ 1% blue

cooling light power still accelerates the atoms on the order of 1000 m/s2, which is one order of magnitude larger

than the maximum achievable light force on the red transition of 150 m/s2.
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the red cooling beam is continuously narrowed down in a ramp lasting for 1 ms. After that the

second broadband phase follows, lasting for 100 ms and with 172 frequency sidebands in the

frequency range with detunings of −0.26 ... −3 MHz. Also in this phase the power-broadened

linewidth per frequency sideband is larger than the frequency sideband spacing.

The single-frequency phase follows as the final phase of the red MOT, with a typical red

detuning of 600 kHz, a saturation parameter of 10 and a power-broadened linewidth of 25 kHz.

In this phase the red MOT has a pancake shape, as can be seen on the absorption picture in

Fig. 4.11 (b). This distinctive shape is characteristic for the red MOT when the cooling beam

detuning ∆ is much larger than the power-broadened linewidth, |∆|/Γ′ ≫ 1 [71, 129]. In that

regime, as due to the small involved cooling beam light forces gravity plays an important role

in distributing the atoms, they accumulate on the lower shell of the ellipsoid where the cooling

beam detuning equals the Zeeman shift. Along the vertical axis they accumulate at the position

δz ≃ ∆
µB

h gJ mJ
∂Bz

∂z

, (4.9)

with the Landé g-factor of the 1S0 → 3P1 transition gJ = 1.5. At a cooling beam detuning

of ∆/2π = 600 kHz and a magnetic field gradient of 5 G/cm, the atoms such accumulate

∼ 600 µm below the magnetic field center, at a magnetic field of ∼ 300 mG.

The atoms are measured to have a 1.3 µK temperature in the final single-frequency phase,

measured by the TOF technique. Lower temperatures would be attainable in the ‘quantum’

regime when the saturation parameter drops below unity, s 6 1 [71, 72, 129]. This is opposite

to the so-called power-broadened regime in which the saturation parameter s > 1 [129]. In our

setup, we trap up to 106 atoms of the 88Sr isotope at peak densities of 1010 cm−3.
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Chapter 5 Ultracold strontium Rydberg atoms

After a cloud of strontium atoms is laser-cooled to temperatures in the low µK regime, the

unwanted Doppler broadening is reduced to a low level of about 100 kHz. Apart from this, the

atoms often can be approximated to be stationary on the time scale of the Rydberg state lifetime

of about 100 µs, which is called the frozen Rydberg gas approximation. In this condition, we

want to excite strontium atoms to Rydberg states, in order to investigate their properties and to

ultimately use them for quantum simulation applications.

In this chapter first the properties of Rydberg atoms in general as well as of strontium

Rydberg atoms in particular are introduced in Sec. 5.1. Then the first experimental results of

excitations of strontium atoms to triplet Rydberg states in our laboratory, both in the blue and

in the red MOTs, are described in Sec. 5.2.

5.1 Properties

General properties of Rydberg atoms, including related experimental techniques, were recently

reviewed by Refs. [25, 51, 135, 203–205]. An excellent overview about the properties of

Rydberg atoms can also be found in the thesis of P. Schauß [206].

In this section first the extreme scalings of the property values of Rydberg atoms with the

principal quantum number n of the Rydberg state are introduced in Sec. 5.1.1. This is followed

by a description of the huge and tunable interatomic Rydberg interactions in Sec. 5.1.2. While

these two sections describe the properties of single-electron Rydberg atoms, in the next Sec.

5.1.3 some of the specific properties of the strontium Rydberg atom are described, which is

a two-electron system. The latter section includes a discussion about when the single-electron

treatment is valid for an accurate description of strontiumRydberg atom properties, and in which

cases the second valence electron has to be taken into account in the description.

5.1.1. General properties

The discussion in this section largely follows the book of T. F. Gallagher about Rydberg atoms

[23]. Rydberg atoms are atomswith an electron being in a highly excited state, with the principal

quantum number n & 10. Their understanding and study played an important role in the history

of atomic physics. The frequencies of visible transitions to Rydberg states of the hydrogen atom

were for the first time described by the Balmer formula in 1885. Swedish physicist J. Rydberg
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then analyzed the measured transition frequencies of hydrogen and of other alkali atoms, and

he realized that an additional term δnlj is needed to describe the frequencies for a certain series

of an atom species.

The term δnlj is nowadays known as the quantum defect. It is unique for each Rydberg

series of an atom species, which comprises all Rydberg states with different principal quantum

numbers n but with the same orbital quantum number l and total angular momentum quantum

number j. While the quantum defect mostly depends on the orbital quantum number l, addi-

tional weak dependences on n and j exist. For a single-electron system, the binding energy of

a Rydberg state is given by

En = − Ry∗

(n− δnlj)2
= − Ry∗

(n∗)2
, (5.1)

with Ry∗ = 1
1+me/m

Ry for an atom with mass m and with the electron mass me, and the

Rydberg unit of energy being given by

Ry =
mee

4

8ϵ20h
2
= 13.6 eV . (5.2)

Hereby the effective principal quantum numbern∗ was introduced, which is simply the principal

quantum number n which is lowered by the quantum defect δnlj . The physical origin of the

quantum defect is the non-complete screening of the Coulomb potential of the positively charged

nucleus by negatively charged inner electrons. Because of this the quantum defect is zero for the

hydrogen atom as here no inner electrons exist. It is larger for Rydberg states with low orbital

quantum numbers l, as their Rydberg electron wave functions have larger amplitudes towards

the nucleus, such that the nuclear potential can not be completely screened by the inner electrons.

This results in the quantum defects for Rydberg series with low angular quantum number l, i.e.

the ns1/2, npj and ndj series for the alkali atoms, having distinctively different values which

results in non-degenerate energy levels. The quantum defect for alkali and alkaline-earth-like

atoms has values of up to ≈ 4 for l = 0 states [207]. Contrary to this, the quantum defects

for high-l states for l > 3 are close to zero, which results in the so-called degenerate hydrogen

manifold.

The quantum defect can be expanded by the Rydberg-Ritz formula, which reveals its n-

dependence:

δnlj = δlj,0 +
δlj,2

(n− δlj,0)2
+

δlj,4
(n− δlj,0)4

+ ... . (5.3)

Various properties dependent on n∗ of Rydberg atoms are summarized in Table 5.1. They are

highlighted further in the following. From Eq. (5.1) it can already be seen that the binding

energy of a Rydberg atom scales as∝ (n∗)−2. At large n, the energy spacing between adjacent
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Quantity n∗ scaling

Binding energy En∗ (n∗)−2

Level spacing δEn = En − En+1 (n∗)−3

Orbital radius rorb (n∗)2

Dipole matrix element µgr = ⟨r|d|g⟩ (n∗)−3/2

Dipole matrix element µrr′ = ⟨r|d|r′⟩ (n∗)2

Radiative lifetime τrad (n∗)3

Ionizing electric field Eioniz (n∗)−4

d.c. polarizability αd.c. (n∗)7

Table 5.1 Overview about n∗-scalings of Rydberg atom properties.

n-levels scales as δEn ∝ (n∗)−3. Additionally, the orbital radius rorb of the Rydberg electron

scales as∝ (n∗)2, which results in a scaling of the geometrical cross section of a Rydberg atom

as∝ r2orb ∝ (n∗)4. This large geometrical cross section for example leads to fast collision rates

of Rydberg atoms in dense thermal gases.

The scalings described so far can be deduced from the Bohr model of the atom. For the fol-

lowing discussions, however, the quantum mechanical wave functions of the Rydberg electrons

are needed. The dipole matrix element µgr = ⟨r|d|g⟩, with the dipole operator d = −e r and the

electron position r, from a low-lying state |g⟩ to a Rydberg state |r⟩ scales with∝ (n∗)−3/2, as

with higher n the location probability of the Rydberg electron near to the core becomes smaller.

From this it follows that the value of the Rabi frequency on that transition (at a fixed laser elec-

tric field) scales in the same way, Ωgr ∝ µgr ∝ (n∗)−3/2. On the other hand, dipole matrix

elements between neighboring Rydberg states, |r⟩ and |r′⟩, scale as µrr′ ∝ (n∗)2.

The lifetime of a Rydberg state is determined by several effects. A Rydberg state can decay

by a collisionwith another atom, which can lead to a de-excitation or to ionization of the Rydberg

atom. The latter ionization process is also called Penning ionization. In cold Rydberg gases,

however, due to the small velocity and the short typical time scale of the experiment, collisions

typically can be neglected. Apart from collisions, Rydberg states can decay to a lower-lying

state by the spontaneous emission of a photon. In the dipole approximation, the spontaneous

decay rate of state |i⟩ to state |f⟩ in free space scales as [188]

Γ|i⟩→|f⟩ ∝ ω3
0 µ

2
fi , (5.4)

with the angular frequency ω3
0 and the dipole matrix element µfi of the respective transition.

From this formula it can be seen that the decay rate from a Rydberg state |r⟩ to a low-lying

state |g⟩ scales as ∝ µ2
gr ∝ (n∗)−3, as in this case the transition frequency is about constant.

For the decay rate scaling from a Rydberg state to a nearby lower Rydberg state the additional
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∝ ω3
0 dependence has to be taken into account, and the decay rate scales as ∝ (δEn)

3µ2
rr′ ∝

(n∗)−9+4 = (n∗)−5. From these scalings it can be seen that decays to low-lying states are

the dominant decay channels, if they are dipole-allowed. Decays to nearby Rydberg states,

however, are the dominant decay channels for high-l states, which results in a ∝ (n∗)5 scaling

of their lifetimes. On the other hand, the lifetime of low-l states due to spontaneous decay scales

as ∝ (n∗)3.

Another decay or population redistribution mechanism is absorption of or stimulated emis-

sion by a black-body photon. The absorption scales as ∝ (n∗)−2 [208]. This depopulation

dominates over the radiative decay to the ground state for n & 40. Absorption of a black-body

photon can also lead to photoionization of a Rydberg atom [209, 210]. Combining the radiative

decay and the black-body contributions, the Rydberg state lifetime is given by:

τRy =

(
1

τrad
+

1

τbbr

)−1

. (5.5)

The ionizing electric field of a Rydberg state is given by Eioniz ≃ E0/(16 (n∗)4), with E0 =

5.1× 109V/cm being the electric field which is experienced by a ground state electron in the

hydrogen atom. This has the result that already a small electric field allows for the ionization of

a Rydberg atom, after which the resulting ion can be detected by ion detection techniques. For

low-l states and for weak electric fields E the Stark shift is quadratic, ∆EStark = −1
cαd.c.E ,

with the d.c. polarizability αd.c. scaling as ∝ (µrr′)
2/δEn ∝ (n∗)7.

The hyperfine splitting for Rydberg l = 0 states scales as ∝ (n∗)−3 [211, 212]. Also the

isotope shift due to the volume effect for l = 0 states scales as ∝ (n∗)−3 [211].

5.1.2. Rydberg interactions

To understand interactions between Rydberg atoms, a model is helpful which is outlined in

Fig. 5.1 (a). Two interacting atoms A and B are approximated to be three-level systems. All

the three states |s⟩ (with energy Es), |r⟩ (with energy set to zero) and |t⟩ (with energy Et) are

Rydberg states, and both individual atoms are initially in state |r⟩. The |r⟩ ↔ |s⟩ and |r⟩ ↔ |t⟩

transitions are connected by the dipole matrix elementsµs andµt, while the |s⟩ ↔ |t⟩ transition

is dipole-forbidden.

To simplify the description of our system, one can perform a multipole expansion of the

Coulomb interactions in the range of interatomic separations RLR ≪ r ≪ λ/2π, where RLR

is the LeRoy radius and λ/2π is the reduced transition wavelength, with the wavelength of

the involved |r⟩ ↔ |s⟩ or |r⟩ ↔ |t⟩ transition λ [24]. The LeRoy radius is the distance to an

atom from where the wave functions of the two Rydberg atoms do not overlap with each other

and exchange interactions can be neglected. It can be approximated by the formula RLR ≈
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Fig. 5.1 Dipolar interactions between two Rydberg atoms. (a) Atomic level structure: Both atoms

have the same three-level structure and dipole matrix elements, with all of the states being

Rydberg states. The intermediate Rydberg state |r⟩ is offset from the center of the two

other Rydberg states |s⟩ and |t⟩ by half the Förster defect ∆F . (b) Eigenvalues of the

combined two-atom system in the pair state basis {|rr⟩, |st⟩} according to Eq. (5.8) for
different Förster defects ∆F at a constant interatomic distance r. The continuous lines

are the pair state energies with interaction, while the dashed lines are shown for vanishing

interaction. At the Förster resonance of ∆F = 0 the pair state energies show an avoided

crossing, with an energy gap of 2×C3/r
3 between the two pair states. The vertical dashed

lines denote the crossover regions between the resonant dipole-dipole (scaling as ∝ r−3)

and the van der Waals interactions (scaling as ∝ r−6) at∆F = ±2C3/r
3.

5a0(n
∗)2 for alkali atoms [213] and is ≃ 0.6 µm for n = 50. The maximum interatomic

distance is given by the reduced transition wavelength which is on the order of 1 mm for the

|50s1/2⟩ → |50pj⟩ transition of rubidium. Typical values for distances between next neighbors

in ultracold gases are r ≈ n
−1/3
a = 1 ... 20 µm, corresponding to atomic densities of na =

1012 ... 108 cm−3. They such usually lie in the range for which the multipole expansion is

justified. The leading order of the multipole expansion is the dipole-dipole interaction potential,

felt by each of the two atoms: À

Udd =
1

4πϵ0

(
µs · µt

r3
− 3 (µs · n) (µt · n)

r3

)
. (5.6)

À In a more rigorous derivation, the dipole-dipole interaction potential has an additional r−1 term, differing by a

factor of≈ (kr)2 to the r−3 term, with k being the wave number of the associated transition [24, 25]. This so-called

retarded dipole-dipole potential has its physical origin in the finite speed of the electromagnetic interaction. While

the angular integral of the r−3 term vanishes, the angular integral of the r−1 term is finite. As its magnitude is small

in ultracold Rydberg gases, however, it was not needed to describe experimental data up to now.
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Here, the unit vector of the interatomic separation vector n = r/r was used. For simplicity, in

the following we ignore the angular-dependence term of the dipole-dipole interactions on the

right side of Eq. (5.6), which is valid for isotropic interaction, such thatUdd = (4πϵ0)
−1µsµt/r

3.

Apart from that, to get some insight into the interactions, it is then instructive to restrict our-

selves to the pair state basis {|rr⟩, |st⟩}, out of the originally nine pair states of the two-atom

system of three-level atoms. Then the system Hamiltonian is given by

H =

 0 Udd

Udd ∆F

 . (5.7)

Hereby the Förster defect ∆F = Es + Et is introduced, with ∆F ≪ Es,t in our system. The

eigenvalues of this Hamiltonian are given by:

Urr,st =
∆F

2
∓
√

∆2
F

4
+

C2
3

r6
. (5.8)

In this step, the C3 coefficient was introduced, as C3 = (4πϵ0)
−1µsµt. The eigenenergies

are plotted in Fig. 5.1 (b). Dependent on the size of the interaction, C3/r
3, compared to half

the Förster defect, ∆F /2, two limiting cases of the electric dipole-dipole interaction can be

described: the van der Waals and the resonant dipole-dipole interaction.

(1) Van derWaals interaction This interaction type occurs in the regimeC3/r
3 ≪

∆F /2. These interactions are often present between two atoms in the same Rydberg state. A

Taylor expansion yields the energy shift for the |rr⟩ and |st⟩ states,

UvdW
rr,st = −∆F

2
∓
(
∆F

2
+

C6

r6

)
. (5.9)

Here the van derWaals coefficientC6 = C2
3/∆F is defined. It is worth noting that ground-state

atoms, having a positive Förster defect∆F , always display attractive van derWaals interactions,

while excited atoms can both interact attractively or repulsively, dependent on the neighboring

level structure. An interesting feature of the C6 coefficient is its strong n∗-dependency:

C6 ∝ C2
3

∆F
∝ µ4

rr′

∆F
∝ (n∗)8

(n∗)−3
= (n∗)11 . (5.10)

(2) Resonant dipole-dipole interaction This interaction type occurs in the

regime C3/r
3 ≫ ∆F /2, that means if the Förster defect approaches zero and the two pair

states become degenerate. In this case, the energy shifts are much larger than in the van der

Waals case, and they are given by:

∆U res
rr,st =

∆F

2
∓ C3

r3
. (5.11)
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The energy shift has a weaker n∗-dependency with ∝ (n∗)4. By setting the two interactions

equal, one can estimate the crossover distance at which the transition between these two inter-

actions occurs:

rshort =

(
C3

∆F

)1/3

. (5.12)

For typical experimental and atomic parameters it is below 1µm. If present, the resonant dipole-

dipole interaction yields much bigger interaction strengths between two Rydberg atoms at a

given bigger distance than the van der Waals interaction. It is possible to tune the value of

rshort ideally to infinity by tuning the Förster defect to zero. An experimentally widely em-

ployed technique for this is the application of an electric field, taking advantage of different d.c.

polarizabilities of the different atomic states. Enhanced resonant dipole-dipole interactions, as

if compared to the van der Waals case, can also occur at certain distances and angles where the

energies of two pair states cross.

Two other aspects are worth noting: First, resonant dipole-dipole interactions will gen-

erally be present between two atoms in different Rydberg states ϕ1 and ϕ2, via the exchange

interaction channel |ϕ1ϕ2⟩ ↔ |ϕ2ϕ1⟩. And second, the populations of the two pair states os-

cillate at a frequency of fosc = 2|C3/r
3|/h [34], on typically a much faster time scale than

the Rydberg state lifetime. The population transfer can be coherent at cold temperatures [214].

This means that resonant energy transport can be observed in cold Rydberg gases, similar to

FRET (Förster Resonant Energy Transport) in biology [215], which was the reason to call the

degeneracy between two pair states a Förster resonance [216].

The exact form of the angular dependence of the resonant dipole-dipole interaction de-

pends on the absolute change of the combined magnetic quantum number |∆M | = |∆mjA|+

|∆mjB| ∈ {0, 1, 2}, with ∆mjA,∆mjB ∈ {−1, 0,+1} being the changes of the magnetic

quantum numbers of atoms A and B [217]. The three types of theoretically expected angular

dependencies were experimentally confirmed [34, 218].

As the van der Waals interaction is the most commonly present in cold Rydberg atom

experiments, the calculation of C6 coefficients is of special importance. For the determination

of the van der Waals interaction between a pair of atoms in the pair state |rr⟩ one has to sum

C2
3/∆F over all the possible dipole-coupled pair states. Due to the many coupled channels,

the angular dependency of van der Waals interactions is not trivial and can in some cases be

both positive and negative for different angles. A truncated basis of thousands of pair states is

usually employed to let the C6 coefficient converge. [213, 217, 219] The multipole expansion

approach, however, fails to describe interactions accurately at small interatomic distances. At
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Fig. 5.2 Illustration of Rydberg blockade in a two-atom system. a) Level scheme of two interacting

two-level Rydberg atoms which are subject to a laser field. The laser field is resonant

with the atomsic bare transitions in the absence of interatomic Rydberg interactions Urr.

b) Illustration of the blockade radius rb. For r > rb the two-atom system oscillates with

the single-atom Rabi frequency between the states |gg⟩ and |rr⟩. For r < rb the doubly-

excited state |rr⟩ is shifted out of resonance, as its interaction shift 2Cµ/r
µ is bigger

than the excitation linewidth w. In this case, the two-atom system oscillates between the

ground state and the symmetric singly-excited state with the collective Rabi frequency
√
2Ω.

these small distances the complete Hamiltonian has to be constructed and diagonalized [220].

Avoided crossings and state mixing between interacting pair states at low interparticle spacings

are then predicted, a feature that the multipole expansion approach fails to describe [220–222].

The strong Rydberg interactions can lead to a phenomenon called Rydberg blockade [26,

27]. The respective physical situation is illustrated in Fig. 5.2 (a). Two atoms are both ap-

proximated by a two-level system with a ground state |g⟩ and a Rydberg state |r⟩, whereby the

latter one decays with spontaneous decay rate Γ. The two atoms are driven by a laser beam, in

resonance if Rydberg interactions can be neglected and with Rabi frequency Ω. Additionally,

the two Rydberg states experience the energy shift Urr due to the Rydberg interaction.
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The resulting two-atom level scheme is shown in Fig. 5.2 (b). For small interatomic dis-

tances r the long-range Rydberg interaction Urr = Cµ/r
µ can exceed the excitation bandwidth

w, which for typical experiments is either given by the Rabi frequency Ω or the laser linewidth

γ, such that the doubly-excited state |rr⟩ is shifted out of resonance. For van der Waals inter-

action µ = 6 and for resonant dipole-dipole interaction µ = 3. The crossover distance between

the blockaded and the not blockaded regime is given by

rb =

(
2|Cµ|
~w

)1/µ

, (5.13)

which is calculated by setting the Rydberg interaction equal to the excitation bandwidth. As the

blockade volume is a sphere for isotropic interaction, rb is also called the blockade radius. It is a

measure for the transition between the two regimes of resonant driving (r > rb) and suppressed

excitation (r < rb).

Furthermore, if double-excitations are suppressed in a blockade sphere with N atoms in-

side, the Rydberg excitation is shared among these atoms. In the case of perfect blockade there

are only two allowed states, i.e. the collective ground and the collective excited state. Due to

this simple two-level structure this situation is called a superatom [223]. These two collective

states couple with an enhanced collective or many-body Rabi frequency Ωcoll =
√
NΩ. A

superatom has a bigger optical cross section and is robust versus particle fluctuation or loss as

compared with a single atom. Furthermore it can be used as a single-photon [49], single-atom

[224] or single-ion source [50, 225] and for quantum information processing [51].

5.1.3. Strontium Rydberg atoms

After a few general properties of Rydberg atoms were introduced, we now take a look on the

specific properties of strontium Rydberg atoms.

The experimental study of ultracold strontium Rydberg gases was pioneered by the groups

of M. Jones in Durham [53, 57, 132, 157, 226, 227] and of T. Killian and B. Dunning in Houston

[54, 58, 228–232]. There also exist recent related studies in strontium atomic beams [233–239].

Recent experimental progress on two-electron Rydberg physics was reviewed by Dunning et al.

2016 [55].

Fitted values for the quantum defects for the Rydberg series of strontium are given in Ref.

[207]. For the 3S1 series they are given by δ0 = 3.371(2), δ2 = 0.5(2) and δ4 = −1(2)× 101.

The quantum defect δ0 such has a large uncertainty on the 10−3 level, which is also the case for

the 3D2,1 series and which is due to the limited accuracy of experimental data. For these triplet

Rydberg series of strontium the uncertainty of the quantum defect is such around two orders of

magnitudes larger than for the 2s1/2 and 2d5/2,3/2 series of rubidium in the 1980s [240], and
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around three to four orders of magnitudes larger than for these series of rubidium nowadays

[241].

As the overlap of the wave functions of the Rydberg electron and the second valence elec-

tron is small, the single active electron treatment is often a good approximation also for two-

electron Rydberg atoms [207], and it can such serve for the calculation of Rydberg interactions.

Thus, theC6 coefficients, which are often the interaction parameters being of the highest interest

in experiments involving cold Rydberg atoms, can be computed from the Rydberg energy levels

using the aforementioned quantum defects and from the dipole matrix elements between these

levels, as it is the case for single-electron Rydberg atoms. The second valence electron does,

however, influence the C6 coefficients by altering the wave functions of the Rydberg electron,

which results in different energy levels and dipole matrix elements. This leads to the 1S0 series

of strontium being attractive, which is contrary to all 2s1/2 series of alkali atoms which are all

repulsive [213]. On the other hand, the 3S1 series of strontium displays repulsive interactions,

which are stronger by a factor of around two if compared to the 2s1/2 series of rubidium. The

n-dependent C6 coefficient of the 3S1 series of strontium is calculated to be: [207]

C6[GHz µm6] = 1.4448× 10−19 n11(−2.387× 10−3 n2 + 1.211n− 21.18) . (5.14)

Another consequence of the modified energy levels is the greater scarcity of Förster resonances,

as compared to the alkali atoms. For strontium, only the 2×5s35p 3P1 → 5s35s 3S1+5s36s 3S1

and the 2× 5s37d 3D2 → 5s34f 3F3 + 5s35f 3F3 channels were identified, while for Rydberg

states of ytterbium and calcium, both being other examples of two-electron systems, no Förster

resonances were found [207].

Anothermore fundamental difference of singly-excited two-electronRydberg atoms caused

by the second valence electron is the existence of perturber states and interseries couplings.

Specifically, if a doubly-excited state has the same angular momentum J and parity P as the

singly-excited Rydberg state and is nearby in energy, then the doubly-excited state is known

as perturber state and is mixed into the Rydberg state wave function, which manifests itself

as an energy shift. The condition of the perturber state being nearby in energy to the singly-

excited Rydberg state implies that both electrons occupy low-excited states. Additionally, as

perturber states are typically very short-lived if compared to Rydberg states, even their small

admixtures into the Rydberg state wave functions are responsible for a non-negligible decrease

of the Rydberg lifetimes. For strontium, most of the perturber states are made up of the lowest

electronic Sr+ excitations, e.g. 4d3/2, 4d5/2, 5p1/2, 5p3/2 and 6s1/2. A partial level scheme of

the singly-charged strontium ion Sr+ is shown in Fig. 5.3.

One method to calculate the wave functions of Rydberg states, taking into account mixing
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Fig. 5.3 Level scheme of the singly-charged strontium ion Sr+. The values for the transition wave-

lengths are taken from Ref. [242].

with perturber states, is multichannel quantum defect theory (MQDT) [59]. A channel is a

Rydberg series including its continuum. It can be either a singly-excited channel, e.g. 5sns 3S1,

or a doubly-excited channel, e.g. 5pnp 3P1. In MQDT, the wave function is expressed as a

linear superposition of wave functions from other channels. It relies on input of experimental

data of the quantum state energy levels.

For strontium, according to Vaillant et al. 2014 [243], the 5sns 3S1 series appears to be

weakly perturbed by the 5p2 3P1 doubly-excited state, however more accurate level energies

are needed to confirm this result. The 5snd 3D2 and 5snd 3D1 series are strongly perturbed at

n < 20. Additionally, the triplet 5snd 3D2 series and the singlet 5snd 1D2 series are strongly

coupled to each other. These perturbations or channel fractions become smaller at higher n

[243, 244]. Series perturbations due to perturber states and interseries interactions also can

influence the Rydberg interactions [245]. This leads to the predicted spin-changing Förster

resonance 2 × 5s30d 3D2 → 5s28f 1F3 + 5s27f 3F3, in which a triplet Rydberg state evolves

into a singlet Rydberg state and vice versa [246].

The second valence electron can be used for the detection of Rydberg atoms. In general,

the ion core of a strontium Rydberg atom can be excited at visible wavelengths, see Fig. 5.3.

TheD2 andD1 lines of the strontium ion Sr+ are the 5s1/2 → 5p3/2 transition at 408 nm and the

5s1/2 → 5p1/2 transition at 422 nm, see Fig. 5.3. For low angular quantum numbers L of the

Rydberg electron, an excitation of the ion core results in fast autoionization on the picosecond

timescale, due to the large overlap of the Rydberg and the low-lying excited state electrons.

The resulting ion can then be accelerated in an electric field and be detected on an ion detector,

e.g. on a micro-channel plate [53]. Due to a laser beam which addresses the ion transition, this

Rydberg detection method is spatially selective, which is an otherwise hard-to-achieve feature

in detection schemes of Rydberg atoms. By this method the electric field distribution could be

measured accurately, due to the large Rydberg d.c. polarizability [57].
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For high angular quantum numbers L of the Rydberg electron no autoionization occurs,

but theD2 andD1 ion transitions are closed transitions, at least if one does not consider decays

to the metastable 4dj states. Thus it is possible to use those transitions for fluorescence imaging

of Rydberg atoms and to distinguish between different L states [58].

5.2 Experimental results

In this section experiments on excitations of ultracold strontium atoms to triplet Rydberg states

are described, with the atoms being held either in the blue or in the narrowband red MOT. By

atom loss spectroscopy, a Rydberg loss feature in the red MOT with a ∼ 1 MHz linewidth is

achieved. First the excitation level scheme and the loss channels are described in Sec. 5.2.1.

Then the actual experimental results for the Rydberg excitations are described for the blue MOT

in Sec. 5.2.2, and for the red MOT in Sec. 5.2.3.

5.2.1. Principle of Rydberg loss spectroscopy

In our laboratory, we perform Rydberg excitations by a two-photon excitation scheme, see Fig.

5.4. A successful excitation to a Rydberg state can be shown by the loss of ground state atoms.

The used method is called atom loss spectroscopy. Atoms are lost due to decay channels from

Rydberg states to the two long-lived metastable 3P2,0 states, which have lifetimes on the order

of 100 s at room temperature and of thousands of years for bosonic isotopes, respectively (see

Sec. 2.1.4 for more details on the metastable state lifetimes). These lifetimes are much longer

than the time scale of our experimental cycles.

To get an estimate about the fraction of atoms which decay from a Rydberg state to one

of the two long-lived metastable dark states, the Wigner 6J symbols for the respective direct

decays are calculated. This is only an estimate, as no indirect decay paths are taken into account

in our calculation, which could alter the decay fractions. An additional weak dependence on

the transition wavelengths of the dipole matrix elements is neglected, as it only creates changes

of the relative decay rates on the percent level. The result for the 5sns 3S1 series are the decay

probabilities of 5/9 to 3P2, 3/9 to 3P1 and 1/9 to 3P0, see also Ref. [156]. In other words,

about 2/3 of the Rydberg atoms decay to one of the two long-lived metastable states. This loss

mechanism due to decays to metastable states, which is specific for triplet Rydberg states of

alkaline-earth atoms, is qualitatively similar to loss due to decays to another hyperfine ground

state, which also exists in alkali atoms.
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Fig. 5.4 Level scheme for Rydberg excitation. A triplet Rydberg state is excited by a two-photon

excitation scheme from the ground state via the metastable 5s5p 3P1 state. It can then

ultimately decay to the metastable 5s5p 3P2,0 states which are lost from the experiment.

5.2.2. Rydberg excitation in the broad-line MOT

In this experiment we excite strontium atoms via the 5s2 1S0 → 5s5p 3P1 → 5s45s 3S1 two-

photon pathway. While the lower transition is addressed by a red laser beam at 689 nm, the upper

transition is addressed by a UV laser beam. To avoid confusion regarding the UV excitation

wavelength, it shall be noted that while from the 5s5p 3P1 state a 318.2 nm ≈ 318 nm photon

is needed to reach the first ionization threshold, the transition to the 5s45s 3S1 Rydberg state

is addressed with a 318.8 nm ≈ 319 nm photon. The UV beam is linearly polarized along the

gravity (z) axis, has a 1/e2 radius of 0.8mm and is generated by frequency doubling of a dye

laser (for more details on the laser system see Sec. 2.4).

The experimental setup and sequence for Rydberg loss spectroscopy in the blue MOT are

shown in Fig. 5.5 (a) and (b). While the blue MOT is continuously loaded by the cold atomic

beam resulting from the 2D-MOT, it is exposed by both the UV and the red excitation beams,

with the latter originating from the red cooling beam collimators. For each UV frequency, the

MOT fluorescence is recorded on a photodiode without and with the UV beam for 100ms each.

The fluorescence average of the last 20ms of each of these two steps is converted into the atom

numbersN1 andN2. Only the last 20ms are taken in each step, as the blueMOT needs sufficient

time to equilibrate on a time scale of∼ 10ms. Then the fraction of remaining atoms during UV

exposure N2/N1 is recorded for each UV frequency.

A Rydberg loss spectrum of the 5s45s 3S1 state in the blue MOT is shown in Fig. 5.5 (c).

For this measurement the atom number in the blue MOT is about 2 × 105, and the red and

UV intensities are set to about 100 mW/cm
2 and 10 mW/cm

2, respectively. The detuning of

the red beam, which addresses the lower transition, is set to zero, and no repumping beam is

applied during this experiment. The blue MOT spectrum exhibits two large loss minima with a

separation of about 15MHz.
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Fig. 5.5 Rydberg excitation in the blueMOT. (a) Top view of the schematic science chamber setup.

(b) Experimental sequence. The atom numbersN1 andN2 are measured without and with

the Rydberg excitation beam in a steady-state blue MOT. (c) Rydberg loss spectrum for

the 5s45s 3S1 state. The experimental data is fitted by two overlapping Gaussians. The

zero point of the relative UV frequency fUV,rel is chosen arbitrarily.

Two overlappingGaussians are fitted to these lossminima, with full-width-at-half-maximum

(FWHM) widths of about 10MHz. The widths of the individual loss features agree well with

the expected width due to Gaussian Zeeman and Doppler broadenings in the blue MOT. For

different principal quantum numbers n and Rydberg series different spectrum shapes were ob-

served, with typically two or three clearly distinguishable peaks. Measurements on population

transfer in the blue MOT to and from the 5s5p 3P1 state, in the situations when a near-resonant

red beam is suddenly turned on or off with the UV beam being off all the time, indicate that the

sub-structure at least partially has its origin in this vee-type sub-system. Overall, the Rydberg

excitations in the blue MOT represent a complicated situation with many laser beams and con-

tinuous atom loading being involved, and apart from this the Zeeman and the Doppler effects

are responsible for a ∼ 10MHz broadening of the lines.

Another aspect is worth noting: An atom loss of around one half can already be seen at low

UV intensities of ∼ 10 mW/cm
2. In other words, this coupling to Rydberg states introduces
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another loss mechanism in the MOT, which is on the order of the blue MOT one-body loss rate

of ∼ 100Hz. Also loss features of high-n states at n ∼ 90 can be seen in the blue MOT.

5.2.3. Rydberg excitation in the narrow-line MOT

The experimental setup and sequence for Rydberg loss spectroscopy in the narrowband red

MOT are shown in Fig. 5.6 (a) and (b). First the narrowband red MOT is prepared according

to the procedures described in Sec. 4.5. 20ms after the beginning of the red MOT narrowband

phase, which corresponds to t = 0 in Fig. 5.6 (b), the atoms are imaged on a camera to measure

atom numberN1, with the red cooling beams and the magnetic field gradient being on. Then the

UV beam is turned on for a variable excitation time τ . The UV excitation time τ is controlled

by the UV AOM. Á 5.8 ms later the red cooling beams and the magnetic field are turned off,

and the atoms are imaged again 200µs after that to measure atom number N2.

The resulting Rydberg loss spectrum in the red MOT is shown in Fig. 5.6 (c). The fraction

of remaining atoms N2/N1 is additionally scaled with the factor κ in order to set it to one if

the Rydberg excitation beam is off-resonance. It represents a physically more clean situation

than in the blue MOT, due to the much lower Doppler and Zeeman broadening and the absent

a.c. light shift of the blue cooling beams. In this measurement the red MOT contains about

2 × 105 atoms, has a horizontal (vertical) 1/e2 radius of 750 (100) µm and a peak atomic

density of about 2 × 109 cm−3. The average intensity of the six red beams combined is about

100µW/cm
2, and a UV beam with an average intensity of about 800mW/cm

2 is turned on

for an excitation time of 1 ms. In this experiment only a single Rydberg loss feature is visible.

A Lorentzian is fitted to the experimental data, with a full-width-at-half-maximum width of

1.02(15) MHz. This is somewhat larger than the UV laser linewidth of about 200 kHz and

the FWHM Doppler width at the UV wavelength of ∆fD = 2
√
ln 2 vmp/λ ≃ 100 kHz [247],

with the most probable velocity vmp =
√

2 kBT/m and a typical red MOT temperature of

2µK. It is, however, comparable to Zeeman broadening of the 3P1 state in the cloud along

the vertical direction, µB

h gJ(
3P1) ∂Bz/∂z×∆z ≃ 1MHz, with gJ(3P1) = 1.5, the magnetic

field gradient ∂Bz/∂z = 5G/cm and the vertical FWHMdiameter of the cloud∆z = 100µm.

The level scheme of this experiment is shown in Fig. 5.7 (a). Due to the pancake shape

of the narrowband red MOT [for a typical absorption picture of its shape see Fig. 4.11 (b)]

there is an offset magnetic field of about Bz = 300 mG at its position. Such, the atoms are

predominantly excited by σ−-polarized red cooling light shining on the atoms from the bottom,

Á Additionally to this time, in our experiment, due to the timing of the UV mechanical shutter, there is still

residual UV light with a 0.5% power of the power at turned-on AOM which shines on the atoms for a few 100s of

µs before and for a few ms after the set UV exposure time τ .
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Fig. 5.6 Rydberg excitation in the red MOT. (a) Top view of the schematic science chamber setup.

(b) Experimental sequence (time axis not to scale). t = 0 corresponds to the time 20 ms

after the beginning of the narrowband phase. The atom numbersN1 andN2 are measured

before and after the Rydberg excitation pulse with variable duration τ . (c) Rydberg loss

spectrum for the 5s45s 3S1 state. The experimental data is fitted by a Lorentzian, with a

FWHM width of 1.02(15)MHz.

and then by π-polarized UV light. This small offset magnetic field is also expected to result in a

small shift of the Rydberg line, µB

h [gJ(
3S1)−gJ(

3P1)]mJ Bz ≃ −200 kHz, with gJ(3S1) = 2

andmJ = −1.

The UV excitation time τ in the red MOT is then varied. Rydberg loss spectra for different

excitation times are shown in Fig. 5.7 (b). The loss is clearly visible for excitation times being

larger or equal than 300µs. For large times, nearly no atoms are left on resonance, and at the

same time the Rydberg line broadens. The data for the smallest excitation time 300 µs can be

fitted by a Lorentzian with a width of 0.5(1) MHz. For an excitation time of 100 µs or shorter

no unambiguous Rydberg loss is visible in our experiment [not shown in Fig. 5.7 (b)].

The observed loss spectra appear to be largely consistent with the solution of a model

based on the optical Bloch equations for our system and our experimental parameters, using the

Rydberg state lifetime from Ref. [248] and the dipole matrix element of the 5s5p 3P1(mJ =

1) → 5s24s 3S1(mJ = 1) transition from the measured Autler-Townes splitting in Ref. [54],
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Fig. 5.7 5s45s 3S1 loss spectra in the red MOT for different excitation times. (a) Level scheme in

the narrowband red MOT. At the position of the atoms in the pancake-shaped red MOT an

offset magnetic field is present which defines the quantization axis during the experiment.

(b) Experimental results. The loss feature due to Rydberg excitations becomes larger on-

and off-resonance for higher excitation times.

both being scaled to our value of n = 45with the general∝ (n∗)3 and∝ (n∗)−3/2 scaling laws,

respectively. However, no attempt of further data extraction from this measurement, regarding

atomic parameters, is undertaken in the framework of this thesis.

In conclusion, we excited strontium atoms to Rydberg states both in the blue and in the

red MOTs. We detected the Rydberg states by atom loss spectroscopy. While the loss feature is

broadened to a ∼ 10 MHz width in the blue MOT, we achieved a ∼ 1 MHz loss feature in the

red MOT.
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Chapter 6 Conclusion and outlook

This thesis described an experimental setup and procedure for the generation of ultracold

strontium atoms, as well as first experimental results on subsequent excitations to triplet Ry-

dberg states. The experimental setup comprises the ultra-high vacuum system in which the

experiments take place, the magnetic field sources and the laser systems which are used for

cooling, repumping and for Rydberg excitation of strontium atoms. The lasers addressing the

broad cooling and the repumping transitions of strontium are frequency-stabilized by a wave-

length meter [150], with an achieved RMS cooling laser frequency deviation of 2 MHz.

While the laser cooling scheme and findings largely follow established routines of other

groups [64], one key innovative component of the setup is a 2D-MOT for strontium atoms

[119]. It minimizes black-body radiation and vacuum contamination at the position of the final

experiments, as if compared to a Zeeman slower. The 2D-MOT chamber has a low background

pressure of ∼ 2× 10−10 mbar at an oven temperature of 465 ◦C. A model of the theoretically

captured flux of the 2D-MOT is presented, and the flux and divergence of the cold atomic beam

emerging from the 2D-MOT are characterized by a TOFmethod and by fluorescence imaging on

a camera. The properties of the cold atomic beam, i.e. its longitudinal velocity distribution and

its divergence, are particularly sensitive on the pushing beam intensity. FWHM divergences of

the cold atomic beam are between 60 and 40 mrad, dependent on the longitudinal velocity of the

cold atomic beam. An auxiliary Zeeman slower beam which makes use of the transverse fringe

field of the quadrupolar magnetic field of the 2D-MOT increases the atomic flux by a factor of

up to four. Both the increasing and the decreasing field parts of the fringe magnetic field can

be used for Zeeman slowing. 88Sr MOT loading rates exceeding 109 s−1 are achieved in our

setup. The 2D-MOT can serve as a cold atom source of all four stable isotopes of strontium,

with both bosonic and fermionic quantum statistics. No saturation of the atomic flux or of the

MOT loading rate versus temperature of the strontium oven were noticed up to a maximum

temperature of 500 ◦C. Prospects for future designs of strontium 2D-MOTs were discussed,

for example the addition of heated microtubes in the oven aperture to increase the oven beam

collimation. A further miniaturization of the cold atom source seems to be possible, which

might be advantageous for satellite-based atomic clock setups which require a low exposure to

black-body radiation in the MOT region and for which space and weight are limited.

The setup of the 3D-MOTs operating on the blue broad closed and the red narrow closed

transitions of strontium were described. The broadband blue MOT contains up to about 5×106
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atoms in the absence of a repumping beam, with the dominant loss channel from the MOT

being the 5s5p 1P1 → 5s4d 1D2 → 5s5p 3P2 decay, and with a temperature of a few mK. If an

additional repumping beam at 481 nm addressing the 5s5p 3P2 → 5p2 3P2 transition is shined

on the atoms, the atom number is enhanced by about an order of magnitude. The linewidth of

the atom number enhancement in the blue MOT in presence of a continuous repumping beam

is found to be power-dependent and can be up to a few 100s of MHz. Additionally, it is shown

that 5s5p 3P2 atoms can be accumulated in a magnetic trap [114]. The lifetime of atoms stored

in the magnetic trap is determined by the collision rate with background atoms in our vacuum

system and is about 8 s.

In the narrowband redMOT the atoms are then cooled down to temperatures in the low µK

regime. In its last phase the redMOT has a pancake shape, as the atoms accumulate on the lower

shell of the ellipsoidwhere the Zeeman shift of the quadrupolarmagnetic field equals the cooling

beam detuning of the lower beam. In the end of this thesis Rydberg excitation spectra both in

the broadband blue and in the narrowband red MOT were shown, by shining an ultraviolet laser

beam at 319 nm on the atoms. This is possible by atom loss spectroscopy, due to the decays from

the Rydberg state to the long-lived metastable 5s5p 3P2,0 states. While the Rydberg spectra in

the blue MOT are Zeeman and Doppler broadened, the Rydberg spectra in the red MOT have

a linewidth of ∼ 1 MHz for low excitation times of the Rydberg excitation beam. This makes

our experiment comparable to other state-of-the-art setups investigating triplet Rydberg states

of ultracold strontium atoms [54, 157].

Future experiments in our laboratory will aim for a systematic determination of the energy

levels of triplet Rydberg states of strontium, whose literature values still have large uncertainties

on the order of a few GHz [207, 249]. With these measurements the determination of more

accurate quantum defects would be possible. Also series perturbations, which are especially

pronounced for states with n ≈ 15 for the 3D2 and the 3D1 series of strontium [243], could be

studied.

Another possible line of research, which does not rely on atom loss spectroscopy, is to

record the absorption or the fluorescence of the lower narrow line in the two-photon 5s2 1S0 →

5s5p 3P1 → Ry excitation scheme. This signal is generally very weak due to the small photon

scattering rate on that transition. Additionally, for untrapped atoms the lower excitation beam

pulse has to be short in order not to accelerate the atoms out of the narrow resonance [250].

Former studies on the fluorescence characteristics of this narrow line [96], which constitutes

a pure two-level system, could be pursued with an additional Rydberg coupling beam in the

future. In this case already very small a.c. light or Rydberg interaction shifts could shift the

atoms out of resonance, which could be used for precise measurements.
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A systematic investigation of Rydberg loss spectra in the red MOT, similar to the one

presented in Sec. 5.2.3, can certainly be used for the determination of the dipole matrix elements

of the 5s5p 3P1 → Ry transitions and of the Rydberg state lifetimes [248]. An alternative way

for the determination of the dipole matrix elements is Autler-Townes spectroscopy [54, 212].

Furthermore it would be insightful to measure from which atomic density and which Rydberg

principal quantum number n on Rydberg interactions alter the loss spectrum [54].

Again another line of research is to pursue Rydberg dressing with strontium atoms [54,

227], to use them as quantum simulators for other physical systems. In our three-level system,

this could either be done by adiabatically eliminating the intermediate state at large detunings

of the lower and the upper laser beams to reduce the system to an effective two-level system

[40], or on two-photon resonance with an intermediate state detuning [251, 252]. In both cases

the narrow linewidth of the lower transition would increase the ratio of achieved dressed-atom

interaction strength over the decoherence rate of the system, as compared to alkali atoms which

have broad linewidths of the lower transition [251]. One could even think about single-photon

Rydberg dressing from one of the two metastable 3P2,0 states to the 3S1 Rydberg series. This

would then constitute a two-level system coupling to an isotropically interacting Rydberg state,

which does not exist in alkali atoms.

To keep the atoms trapped during shining the Rydberg dressing lasers on them, one could

employ an optical lattice at a magic wavelength, that means here with the same a.c. polarizabil-

ity of the ground and the Rydberg state. For two-electron Rydberg atoms the a.c. polarizabilities

at such magic wavelengths are usually larger than in single-electron Rydberg atoms, due to the

additional polarizability contribution from the second valence electron [56]. This larger a.c.

polarizability allows for deeper potentials at a fixed trapping laser intensity. Magic wavelength

trapping in general could also be beneficial to minimize heating and decoherence rates in quan-

tum gates based on Rydberg atoms [52].

In conclusion, we now have an experimental platform available, which allows for the study

of ultracold strontium atoms in triplet Rydberg states. The narrow linewidth of the intercombi-

nation line, which serves as the lower transition in a two-photon excitation scheme to Rydberg

states, leads to an only minimal decoherence during the excitation process and to a high sensi-

tivity. The teaming up of this narrow linewidth with the huge Rydberg interactions could open

up a series of experiments on a new level of precision.
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Appendix A Supplementary material for Chapter 2

A.1 Properties of the two laser cooling transitions

In Table A.1 a few parameters of interest for the blue broad closed 5s2 1S0 → 5s5p 1P1 tran-

sition and the red narrow closed 5s2 1S0 → 5s5p 3P1 transition of the 88Sr isotope are listed.

This isotope has a mass of m = 88u. The table contains more information than Table 2.2 in

Sec. 2.1.3.

All formulas in Table A.1 including their derivations are for example given in Ref. [188].

Only two digits are given for all values which depend on the natural linewidth Γ, as they can

change by a few percent due to the uncertainty in Γ. The frequency isotope shifts for the two

transitions are on the order of ∼ 100 MHz/amu.
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5s2 1S0 → 5s5p 1P1 5s2 1S0 → 5s5p 3P1

Spectroscopic wave number ν̃ 21 698.462 cm−1 [98] 14 504.338 24 cm−1

Angular wave number k = 2πν̃ 1.363 35× 107 m−1 9.113 344 493× 106 m−1

Vacuum wavelength λ = 1/ν̃ 460.862 nm 689.448 896 8 nm

Frequency f = c0/λ 650.504 THz 434.829 121 318 (10) THz

[253]

On-resonant absorption cross section

σ0 = 3λ2/2π

1.014 11× 10−13 m2 2.269 580 275× 10−13 m2

Landé g-factor of the excited 2S+1LJ

state gJ = 3
2 + S(S+1)−L(L+1)

2J(J+1)

1 1.5

Natural linewidth Γ/2π 32.0+0.5
−0.5 MHz [98] 7.5+0.1

−0.2 kHz [98]

Natural lifetime τ = 1/Γ 5.0 ns 21 µs

Maximum acceleration amax = Γ
2
~k
m 9.9× 105 m/s

2
150 m/s

2

Saturation intensity Isat = πc0
σ0

~Γ
λ 43 mW/cm

2
3.0 µW/cm

2

Dipole matrix element µ =(
3ϵ0~Γλ3

8π2

)1/2
3.1 ea0 0.087 ea0

Velocity which corresponds to a Doppler

shift of the natural linewidth vΓ = Γ/k

15 m/s 5.2 mm/s

Doppler temperature TD = ~Γ
2kB

770 µK 0.18 µK

Doppler velocity vD =
√

~Γ
2m =

vR

(
TD

TR

)1/2

(1D rms velocity)

270 mm/s 4.1 mm/s

Recoil temperature TR = ~2k2

kBm 1.0 µK 0.46 µK

Recoil velocity vR = ~k
m 9.8 mm/s 6.6 mm/s

Table A.1 Extended table of the properties of the two laser cooling transitions for 88Sr. All values

in this table are derived from the spectroscopic wave number (blue) or frequency (red)

and the natural linewidths (blue and red) of the respective transitions.
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A.2 Heating of the Zeeman slower viewport

To avoid strontium coating which would deteriorate its optical transmission properties, the Zee-

man slower viewport which is located directly opposite to the strontium oven has to be heated

to a high temperature. To get a rough estimate about the required minimum temperature of the

viewport, the deposited flux from the oven on the viewport is compared with the evaporated

flux from the viewport. In a simple model these two fluxes are given by:

Φdepos =
1

4
novenv̄ovenAoven ×

Avp

π d2
, (A.1a)

Φevap =
1

4
nvpv̄vpAvp . (A.1b)

Hereby ni = Pi/kBTi is the strontium atomic density at pressure Pi and temperature Ti, Pi

is the saturated vapor pressure of strontium which is given by log10(Pi[mbar]) = 10.62 −

9450/Ti[K] − 1.31 log10(Ti[K]) [97], and v̄i = (8kBTi/πm)1/2 is the most probable veloc-

ity in a Maxwell-Boltzmann distribution. Furthermore, Aoven = 2 cm2 is the oven aperture

area, Avp = 5 cm2 is the window area (limited by the 1-inch diameter vacuum tube before the

viewport), and d = 42 cm is the distance between these two areas.

We demand the evaporated flux to be larger than the deposited flux to avoid strontium

coating, Φevap > Φdepos, from which we calculate a minimum viewport temperature which

fulfills this condition. At an oven design temperature of 500 ◦C the viewport such has to have

a minimum temperature of ≃ 320 ◦C. While Eq. (A.1a) for the deposited flux should be quite

accurate, Eq. (A.1b) for the evaporated flux has a large uncertainty, as this is the formula for

the flux of a gas being in thermal equilibrium with its environment which effuses out from an

aperture, and we do not know about the chemical details of strontium deposition and re-emission

from the window surface. However, we take this estimate of 320 ◦C as the design temperature

for the Zeeman slower viewport.

The design of the heating system of the Zeeman slower viewport is shown in Fig. A.1. We

use a CF40 sapphire viewport (MDCVacuum Products) with a maximum specified temperature

of 450 ◦C, limited by the glass-to-metal sealing. À A nickel gasket (Lesker, GA-0275NIA)

instead of a copper gasket is used at the flange to a full nipple, due to its better temperature

resistance. The heating is done by a band heater (Chromalox, 142-053939-020), with maximum

sheath temperature 482 ◦C, which is clamped around the viewport. For temperature insulation

reasons, an aluminum cylinder is built around the viewport. It is screwed on two aluminum

ÀIn our case sapphire is brazed to the steel type 304L. If a higher temperature is needed, then the sapphire can be

brazed to 316LN, which would result in a higher tolerable temperature.
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Fig. A.1 Heating of the Zeeman slower viewport. (a) An annotated cut through a model of the

vacuum tube and the surrounding heating system. (b) A photo of partial strontium coating

of the window surface after about three months of operation.

plates which are clamped around the vacuum tube, with aluminum foil in between. Á With this

design the whole structure is only fixed to the vacuum system, and not directly to the optical

table. The latter would not be convenient in our setup as the viewport is located at a height

of around 70 cm above the optical table surface. The aluminum cylinder has holes for wires

connecting to the band heater and to three thermocouples. We additional put glass wool and

aluminum foil around the aluminum cylinder for thermal insulation. The cylinder has a 1-inch

internal thread, to which a Thorlabs lens tube made of aluminum with two optically uncoated

windows can be attached. It additionally has screw holes to which additional optics can be

installed.

The Zeeman slower viewport was first tested and baked in a separate setup. After the first

heating the uncoated windows connected to the black anodized lens tube got dirty, but they

could be cleaned. After a second bakeout the optical surfaces stayed clean, and the combined

transmission of all three windows at 461 nm was measured to be 82%. The Zeeman slower

viewport was then installed to the 2D-MOT chamber in a protective nitrogen atmosphere, and

no vacuum degradation in the 2D-MOT chamber due to the heating or the installation of the

viewport was noticed.

Partial strontium coating was, however, observed after about three months of operation,

when the viewport was examined at room temperature. This coating only seems to have oc-

curred around a spot relatively close to the center, possibly where the Zeeman slower beam was

Á This design bears the risk that a leak in the full nipple occurs, as the clamping is done at room temperature, and

aluminum has a higher temperature expansion coefficient than steel. However, we chose aluminum due to its lower

weight, and no problems occurred in our setup.
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located. However, no degradation of the flux enhancement of the 2D-MOT due to the addi-

tional Zeeman slower beam over time was noticed. Usually, in our setup, the viewport is heated

continuously at∼ 330 ◦C. The maximum temperature which we used was∼ 350 ◦C. No water

or air cooling is used.
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A.3 Vacuum system installation

Prior to assembly, the steel pieces were washed in an ultrasonic bath of 99.7% purity ethanol at

50 ◦C for 20 minutes. We first installed the 2D-MOT chamber, with a CF40 full nipple and a

CF40 six-way cross after the gate valve, to test our 2D-MOT. The system was baked at 150 ◦C

for eleven days, in order to speed up the outgassing and such to reduce the finally attainable

pressure at room temperature. This was done in a customized bakeout tent, with a temperature

homogeneity of about 5 ◦C across the setup. The pressure evolution in that high-temperature

phase is shown in Fig. A.2.

In the end of the 150 ◦C phase the NEG element of the NEXTorr pump was conditioned

at ∼ 250 ◦C for one hour, which decreased the pressure by one order of magnitude from 2.4×

10−7 mbar to 2.1 × 10−8 mbar. After ramping the system down to room temperature, the

system pressure was in the low 10−10 mbar range. The ion pump was flushed, and the NEG

element was activated by heating it to ∼ 450 ◦C for one hour, with the ion pump being turned

off in order not to saturate it. When the ion gauge was off, the obtained pressure was in the low

10−11 mbar range, according to the ion pump current.

The system was vented with a buffer gas to atmospheric pressure two times after the initial

bakeout: One time when 5 g of 99.99% purity dendritic strontium pieces (Sigma & Aldrich,

441889-5G) were put into the oven, and one time when the initial blank flange opposite to

the oven was replaced with the Zeeman slower viewport, whose heating was tested prior in a

separate setup. For both used buffer gases argon and nitrogen, each with purity> 99.999%, no

harm to the vacuum degree or to the strontium pieces was noticed. New system bakeouts after

the vents were such not necessary. When the oven was heated for the first time with strontium

inside, the pressure rose up to an oven temperature of∼ 110 ◦C, fell by a factor of two up to∼

260 ◦C, and then rose again. This partial pressure decrease versus oven temperature is possibly

due to getter qualities of strontium. After around one year of operation the pressure in the 2D-

MOT chamber is < 10−10 mbar if the oven is at room temperature, and ∼ 2× 10−10 mbar if

the oven is at the operating temperature of 465 ◦C, according to the ion pump current.

Later the science chamber was installed to our system and we baked the entire system at

150 ◦C for another eleven days. However, only a pressure in the low 10−9 mbar range could

be achieved in our science chamber after the bakeout. No external leaks were found, when

performing tests with a helium leak detector (Agilent, VS MD302). To find the reason for this

relatively high pressure, we performed pressure rise tests by turning off the science chamber

ion pump in different situations, see Fig. A.3. If the gate valve to the 2D-MOT chamber was
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Fig. A.2 Pressure during the 2D-MOT chamber bakeout. The data, except the first data point

when the system did not reach thermal equilibrium yet, is fitted with the function P (t) =

P0 × tq.

closed, the pressure rose at a fast rate of about 10−8mbar/min. This rate was slightly lower if

the gate valve was open and the ion pump in the 2D-MOT chamber was off, certainly because

the outpouring gas from the science chamber had to fill a larger volume and thus needed more

time for it. If the gate valve was open and the ion pump of the 2D-MOT chamber was running,

however, the pressure saturated at a value of about 4×10−8mbar after 10 minutes. That strong

influence of the ion pump is an indication for the major gas type of that pressure rise being a

non-reactive gas, which is solely pumped by the ion pump but not by the continuously pumping

NEG element.

This assumption was confirmed by a later measurement with a residual gas analyzer (Stan-

ford Research Systems, RGA200) which was installed to our system. When detecting the gases

in our vacuum system, after a pressure rise and when they were released by opening a nearby

angle valve, the biggest peak in the residual gas analyzer was found at atomic mass unit (amu)

40, which corresponds to argon (40Ar). The residual gas did not consist of hydrocarbons, which

could have resulted from a contamination of the system and would be visible at high amu num-

bers. If the system has a leak, then gases with the atmospheric composition of 78% nitrogen,

21% oxygen and∼ 1% argon stream inside. While the first two gases are continuously pumped

by the NEG element, argon, which is the third most abundant gas in the atmosphere, can not be

pumped anymore if no ion pump is working. As we could not find an external leak, we con-

cluded that we most likely have an internal leak in our system, also called a virtual leak, which

is a small constantly outgassing cavity inside the system. According to our pumping rates, sys-

tem volume and achieved pressures we estimate it to be in the low 10−7 mbar l/s range. Â

Â This is the same order of magnitude as the leak rate of an external leak which we orignally found at the position

of a welding of the science chamber body to one of its extended CF40 tubes. We shipped our chamber back to
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Fig. A.3 Pressure rise tests in the science chamber. Pressure evolutions are shown in different

situations after the science chamber ion pump is turned off at t = 0. The results indicate

the presence of a virtual leak, for details see text. Legend: GV = gate valve, 2D-IP =

2D-MOT chamber ion pump.

During one of our attempts to solve that problem we installed an additional 20 l/s ion pump at

our science chamber. However, it only decreased the finally attained pressure by around 30%.

In conclusion, the pressure in our atom source chamber is about ∼ 2× 10−10 mbar when

the strontium oven is on, and the pressure in the science chamber is 1.7×10−9 mbar. The latter

pressure certainly has that relatively high value because of a virtual leak inside the system.

Kimball Physics, who could not locate a leak, after what we finally agreed on that the chamber should be sent back

to us. But when the chamber was washed before the shipment, resealed and again leak tested, Kimball Physics could

locate the (external) leak. This was explained by the rare situation that micro-debris got lodged into the problem

area, which was dislodged by the ultrasonic bath. After rewelding the tube no external leak was found. However, in

the end we can not be sure if the science chamber itself, a viewport or another part in the science chamber region is

responsible for our virtual leak.
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Appendix B Supplementary material for Chapter 3

B.1 Atomic flux determination by the TOF method

The density of an atomic beam can be determined be measuring its fluorescence when it is

subject to an excitation laser beam. The atomic flux, however, does not only depend on the

atomic density but also on the longitudinal velocity distribution. One method to measure the

longitudinal velocity distribution is to turn off the atomic beam at its origin and then to record the

time-dependent fluorescence drop in a downstream detection region. The quantitative details

of this time-of-flight (TOF) method are shown in the following.

B.1.1. Density and flux

We first look at the case in which all atomsmovewith the same velocity vx in x direction through

the yz plane, with nv(r⃗) the density of atoms moving at velocity vx. Velocity components in

other directions are approximated to be negligible. Then the total atomic flux is given by:

Φtot,1v = vx

∫∫
dydz nv(r⃗) . (B.1)

We then write the density as nv(r⃗) = n̂v T (y, z), with n̂v the one-dimensional line den-

sity of atoms moving at velocity vx and T (y, z) the normalized transverse distribution, with∫∞
−∞ dy

∫∞
−∞ dz T (y, z) = 1. Then the total atomic flux (integrated over the whole radial

plane) is simply the product of longitudinal velocity and line density:

Φtot,1v = vx n̂v . (B.2)

We then introduce other longitudinal velocities, with a normalized distribution f(vx) such that∫∞
0

dvx f(vx) = 1. We can then write the line density of atoms moving at all velocities, or total

line density, as n̂ =
∫∞
0

dvx f(vx) n̂v. The total atomic flux is then given by:

Φtot =

∫ ∞

0

dvx vxf(vx) n̂v

=

∫ ∞

0

dvxΦ(vx) . (B.3)

In the last step the atomic flux per velocity Φ(vx) was introduced, with unit [m−1] or atoms per

second per velocity. We then introduce a time dependence of the line density of atomsmoving at

velocity vx in the detection region at x = ℓ, by n̂v(t) = n̂v Θ(ℓ/t− vx). Due to the introduced
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Heaviside step function it is larger than zero only for sufficiently small times with t < ℓ/vx.

Then the total line density can be expressed as:

n̂(t) =

∫ ℓ/t

0

dvx f(vx) n̂v

=

∫ t

∞
dt′

(
− ℓ

t′2

)
f(ℓ/t′) n̂v . (B.4)

In the latter step the substition t′ = ℓ/vx was done. We then take the time derivative of the total

line density:

d

dt
n̂(t) = − ℓ

t2
f(ℓ/t) n̂v

= −v2x
ℓ
f(vx) n̂v

= −vx
ℓ
Φ(vx) . (B.5)

In the first step it was assumed that the primitive becomes zero for t′ → ∞, and then the relation

vx = ℓ/t was used. Such, after all, we see that the time derivative of the total line density is

proportional to the atomic flux per velocity.

B.1.2. Measuring the flux

The geometry of the TOF setup in our experiment is shown in Fig. B.1. An atomic beam

has its origin at the point (x = y = z = 0), propagates along positive x direction and has a

full-width-at-half-maximum (FWHM) diameter of dat at x = ℓ. It is assumed to have radial

symmetry in the yz plane. It is excited by an on-resonant retro-reflected laser beam with 1/e2

diameter dexc which propagates along z direction and is centered at (x = ℓ, y = 0). The

excitation beam addresses the 1S0 → 1P1 transition of strontium, with saturation intensity

Isat = 43mW/cm
2 and natural linewidth Γ/2π = 32MHz. The detection volume V of the

photodiode is approximated to be a cube with length 2 a being centered around the point (x = ℓ,

y = 0, z = 0).

The spatially dependent saturation parameter of the atomic transition due to the excitation

beam is given by

s(x, y) =
I0
Isat

exp

(
−2[(x− ℓ)2 + y2]

(dexc/2)2

)
, (B.6)

with I0 = 4P/πw2 the peak intensity of the retro-reflected beam and P the power of a single

beam. The total fluorescence power emitted from the atoms in the detection region is given

by the convolution of the saturation parameter-dependent scattering rate Γ
2

s
s+1 and the atomic

density n(r⃗, t), multiplied by the photon energy ~ω:

P (t) =

∫ ℓ+a

ℓ−a

dx

∫ a

−a

dy

∫ a

−a

dz
Γ

2

s(x, y)

s(x, y) + 1
~ω n(r⃗, t) . (B.7)
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Fig. B.1 TOF setup geometry for the 2D-MOT atomic flux determination. Shown in the xz plane

are the cone-shaped atomic beam in red with a FWHM diameter of dat at position x =

ℓ, the cylindrical excitation beam in light blue with 1/e2 diameter dexc, and the square

detection region with dark blue edges with length 2 a. Lengths are to scale for the values

in the experiment ℓ = 300mm, dexc = 4.8mm, dat ≃ 18mm and 2 a = 9.4mm.

The voltage on the oscilloscope is given by UPD(t) = η̂ P (t), with η̂ = LΩpd FdipRG.

Hereby are the optics loss factor L, the solid angle Ωpd, the enhancement factor due to the

dipole radiation pattern Fdip, the photodiode responsitivity R and the gain G. Apart from that

the density can be written as n(r⃗, t) = n̂(t)T (y, z). Insertion into Eq. (B.7) gives:

UPD(t) =
Γ

2
~ω η̂ n̂(t)

∫ ℓ+a

ℓ−a

dx

∫ a

−a

dy

∫ a

−a

dz
s(x, y)

s(x, y) + 1
T (y, z)

≈ Γ

2

2Iav/Isat
2Iav/Isat + 1

~ω η̂︸ ︷︷ ︸
=1/CAB

dexc n̂(t)

∫ a

−a

dy

∫ a

−a

dz
s(x = l, y)

s(x = l, y) + 1
T (y, z)︸ ︷︷ ︸

=g(θFWHM)

=
dexc
CAB

n̂(t) g(θFWHM) . (B.8)

Hereby Eq. (3.1) for the conversion factor of voltage to atom number CAB is used, and the

dimensionless factor g(θFWHM) is defined, with g(θFWHM) 6 1, which describes the overlap

of the excitation laser beam intensity with the atomic beam density in the yz plane. It approaches

unity if the transverse atomic beam distribution is entirely within the detection region and in the

limit of large saturation parameters across the whole beam (s → ∞). In our experiment we

approximate T (y, z) by a two-dimensional Gaussian function with radial symmetry:

T (y, z) =
1

2πσ2
r

exp

(
−(y2 + z2)

2σ2
r

)
. (B.9)

Then there is the relation θFWHM = 2
√
2 ln 2σr/ℓ. For our experimental parameters g(θFWHM) ≈

1/10.

By combining Eq. (B.5) and Eq. (B.8), we can solve for the atomic flux per velocity:

Φ(vx) =
CAB

dexc

ℓ

vx

1

g(θFWHM)

(
−dUPD(t)

dt

)
. (B.10)

85



APPENDIX B SUPPLEMENTARY MATERIAL FOR CHAPTER 3

The total flux, with unit [s−1], can be obtained by integration over velocity:

Φtot =

∫ ∞

0

dvxΦ(vx) . (B.11)

This is the total flux encompassing all longitudinal velocities vx and radial positions r. If we

want to know the flux in a certain range of these quantities, i.e. with the conditions vx 6 vc

and r 6 rc, then this partial flux can be calculated by only partially integrating the normalized

distributions for the longitudinal velocity and the radial position:

L = Φtot

∫ vc

0

dvx f(vx)

∫ rc

0

dr 2πr T (r, σr) . (B.12)
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B.2 Model for the 2D-MOT loading rate

To estimate the expected loading rate of the 2D-MOT, the oven flux model of Tiecke et al.

2009 [118] is used in the following to describe our oven flux. As a high 2D-MOT loading rate

is generally desired, this model can give insights into which parameters of the system have to

be changed in order to achieve this.

The total emitted flux from the oven is given by

Φtot =
1

4
na v̄ Aoven , (B.13)

where na = P/(kBT ) is the atomic density, P is the saturated vapor pressure of solid stron-

tium which is given by log10(P [mbar]) = 10.62 − 9450/T [K] − 1.31 log10(T [K]) [97],

v̄ = (8kBT/πm)1/2 withm the mass of an atom is the (3D) mean thermal speed, andAoven ≃

2 cm2 is the area of the oven aperture. At the oven operating temperature of 465 ◦C this results

in a pressure in the oven of about 10−6mbar, a density of about 1010 cm−3 and a total flux of

2.4× 1014 s−1. The expected oven lifetime when it is continuously heated can be estimated by

the formula τoven = (mchunks/matom)Φ
−1
tot, with the mass of the strontium chunks in the oven

mchunks and the isotope-averaged mass per atom matom. It is about five years for our values.

Indeed, after operating the oven for one year, during which the oven temperature was ramped

down during the nights, no degradation of the atom flux from the 2D-MOT has been noticed.

One possible reason why an emitted atom does not get captured by the 2D-MOT is that

it does not hit the trapping region. The normalized angular dependence function of the atomic

flux in the half-sphere above the oven follows a cosine law and is given by

D(θ, ϕ) =
1

π
cos θ . (B.14)

Hereby is the polar angle (the angle from the aperture normal) θ ∈ [0,π/2] and the azimuthal

angle ϕ ∈ [0, 2π]. In the following we neglect any effects resulting from an atom being emitted

from different parts of the oven aperture and assume for simplicity that all atoms are being emit-

ted from its center. Then the capture angles can be approximated as θc = tan(wcool/doven) ≈

wcool/doven as wcool ≪ doven, with the 1/e2 radius of the cooling beam wcool = 7.5mm and

the distance from the oven bottom to the 2D-MOT doven = 145mm, and ϕc = 2π. The incident

flux on the 2D-MOT trapping region can then be written as:

Φinc = Φtot ×
∫ θc

0

dθ sin θ

∫ ϕc

0

dϕD(θ, ϕ)

≈ Φtot ×
(
wcool

doven

)2

. (B.15)
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Due to geometrical reasons the theoretical incident flux in the 2D-MOT region such is 6.3 ×

1011 s−1, which is only ≃ 0.3% of the total flux.

Another possible reason why an emitted atom does not get trapped is that it is faster than the

capture velocity of the 2D-MOT vc. The normalized Maxwell-Boltzmann velocity distribution

of a 1D beam, with v ∈ [0,∞], is given by [247]

fbeam(v) =
2

v4mp

v3e−v2/v2
mp , (B.16)

with the most probable velocity in a 3D gas vmp =
√
2kBT/m. It scales with ∝ v3, which is

contrary to the velocity distribution in a 3D gas which scales with ∝ v2 [247]. We introduce

the 2D-MOT capture velocity vc. The captured flux by the 2D-MOT, or in other words the

2D-MOT loading rate, for the isotope iSr, with the abundances ai being listed in Table 2.1, can

then be written as:

Li
2D = aiΦinc ×

∫ vc,2D

0

dv fbeam(v)

≈ aiΦinc ×
1

2

(
vc,2D
vmp

)4

. (B.17)

Or, plugging Eq. (B.13) and Eq. (B.15) into Eq. (B.17), we can write:

Li
2D = ai

1

4
na v̄ Aoven ×

(
wcool

doven

)2

× 1

2

(
vc,2D
vmp

)4

. (B.18)

Here the 2D-MOT capture velocity vc,2D was defined, and in the last step the approximation

vc,2D ≪ vmp was made. This loading rate scaling to the fourth power of the capture velocity is

the same as for VCMOTs [162]. A rough estimate for the capture velocity is [118]

vc ≃
√
wcool amax

s

s+ 1
, (B.19)

with the maximum deceleration amax = 9.9 × 105 m/s
2 and the saturation parameter s =

I/Isat. Hereby I = 2P/πw2
cool is chosen to be the combined average intensity of the two

upper Gaussian cooling beams which slow the hot atoms down, and Isat = 43 mW/cm
2 is the

saturation intensity. For a typical cooling beam power of 40 mW we obtain a capture velocity

of 62 m/s. According to Eq. (B.18) the 88Sr 2D-MOT loading rate is then 2.0×108 s−1, which

is≃ 300 ppm of the incident flux and≃ 1 ppm of the total flux. While it has to be kept in mind

that the saturated vapor pressure of strontium is subject to a large uncertainty (see Sec. 2.1.1),

this oven flux model gives an estimate on the 2D-MOT loading rate and its dependencies on

geometrical and other parameters.
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