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A B S T R A C T

The exploration of quantum physics has heralded a new era of quan-
tum sensors with improved measurement precision compared to con-
ventional systems. Quantum sensors based on alkaline-earth atoms
offer a particular high accuracy and improvement in comparison to
classic sensors. Laboratory based experiments are rapidly transition-
ing to field applicable quantum sensors and have also seen a begin-
ning commercialization. To facilitate this transition, a reduction of
size, weight and power consumption in the form of miniaturization
of key components such as the magneto-optical trap is necessary.
In this work, I present design and characterization of two planar struc-
tures for cooling on a broad-line and a narrow-line transition at two
different wavelengths with a single, incident bi-chromatic beam.
The first is a two-color grating magneto-optical trap (GMOT) opti-
mized for cooling and trapping of 88Sr atoms on the first and sec-
ond cooling transition. Secondly, a quasi-planar, achromatic Fresnel
structure for magneto-optical trapping combining the advantages of
achromaticity of the tetrahedral MOT with robustness, small size and
ample optical access of the GMOT is presented.
In the GMOT, 106 88Sr atoms are initially cooled on the 1S0 → 1P1
transition at 461nm to few mK and subsequently transferred to the
second cooling stage on the narrow line 1S0 → 3P1 transition at
689nm where they are further cooled to a temperature of < 5µK. A
transfer efficiency of 25% is reached. I outline general design consid-
erations for two-color cooling with a GMOT on a broad and narrow
transition transferable to other atom species.
In the so-called Fresnel MOT a comparable number of 88Sr were pre-
cooled on the 1S0 → 1P1 transition and subsequently cooled on the
1S0 → 3P1 transition with a transfer efficiency of 50%. Here, they
were further cooled in the so-called broadband MOT to temperatures
of 20µK− 40µK. Fermionic strontium was also successfully captured
in the first stage MOT. Due to its achromaticity, the Fresnel MOT can
be used for laser cooling of any atom where materials with suitable re-
flectivity are available and can further be used for even multi-species
traps.
Furthermore, I analyze MOT dynamics in micro-gravity applications
regarding their temperature and number density and consequences
for trap design for space-borne applications.
These results enable compact, robust set-ups for multi-color MOTs
paving the way for largely miniaturized physics packages in quan-
tum sensing.
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1
I N T R O D U C T I O N

1.1 motivation

The discovery of quantum mechanics in the early 20th century has
changed the way we understand physics fundamentally, introducing
concepts and ideas that were counter intuitive to our understanding
of the universe. With the development of the laser in the 1960s [60] At the time, the laser

was referred to as "a
solution seeking a
problem" [23] by
one of its inventors,
a statement now
hard to imagine as
lasers have become a
key tool in many
areas of research and
daily life

we then gained access to advanced manipulation of quantum systems
such as neutral atoms. The development of laser cooling techniques
soon followed the invention of the laser, providing the base for the
preparation of cold atom ensembles [3, 40, 86] and already since the
middle of the last century, frequency standards based on cold atoms
have been developed. Typically, atoms are (initially) cooled to a tem-
perature in the µK range corresponding to a mean velocity of few
cm/s in so-called magneto-optical traps (MOTs). Due to their small
kinetic energy, cold atom ensembles allow longer interrogation times
and an improvement of metrological measurements by several orders
of magnitude [1, 64]. This high precision along with the sensitivity While ions are

likewise widely used
in the quantum
sensing community
and offer similar
potential [22], this
work focuses solely
on neutral atoms

of quantum systems to their external environment has opened up
the field of quantum sensing [22] pushing the limits of metrology in
many areas and revolutionizing the way we “se(ns)e” the world. This
field has seen tremendous growth in recent years and offers exciting
prospects.
For instance, interferometry with cold atom ensembles has been em-
ployed in gravimetry [44, 82], inertial sensing with applications in
navigation [34] as well as accelometry. Cold atom clouds have also
been used for the detection of magnetic fields on the microscale in
so-called quantum magnetometers [77, 111, 113] with applications in
medical imaging. In metrology, the SI second is currently defined Neutral atoms are

also of interest in the
quantum computing
community.
Quantum computers
based on neutral
atoms are also being
developed, where
individual atoms
isolated in optical
lattices to their
lattice site are used
as quantum gates
[41, 45, 83, 94].

as the frequency separation of the ground levels in cesium with a fre-
quency of 9192631770 Hz [9]. The representation of the SI second thus
relies on accurate measurements of this frequency separation which
only becomes possible with cold atoms.

New generations of atomic clocks employ transitions in the visible
spectral range and are therefore referred to as optical clocks using
atoms like ytterbium or strontium. State-of-the art optical clocks us-
ing neutral atoms offer a systematic uncertainty in the < 2× 10−18
range [15, 18, 69, 74]. As a result, a possible redefinition of the SI sec-
ond is expected to base upon optical transitions [69, 90]. These clocks
also find applications in geodesy where a systematic uncertainty be-
low the 10−18 level enables a resolution of the potential difference
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2 introduction

equal to a geometric height difference of < 1 cm [39, 68, 104]. Further-
more, a new vacuum standard based on quantum sensing with cold
atoms has been proposed [24, 96].
Due to their high precision and this vast range of applications, cold-
atom-based quantum sensors have seen a beginning transition from
the lab to field-based applications [30, 39, 54, 79] and early stages
of commercialization [70] – a transition necessary for quantum sen-
sors to reach their full potential to revolutionize sensing. However,
these systems traditionally struggle with physics package size, weight
and power consumption (SWaP) as well as complexity [64]. A large
effort has thus been placed on the development of new technology
to tackle these issues and the development of compact cold-neutral-
atom based quantum sensors [14, 63, 64, 70, 93].
Commonly, quantum sensors use alkaline atoms with one valence
electron or alkaline-earth-like atoms with two valence electrons. Al-
kaline atoms have an S ground state (L = 0) and several allowed
transitions including the well-known D lines. Typically, all relevant
states are spin doublet states (S = 1/2) so that sub-Doppler cooling
mechanisms are present and temperatures in the µK range are typi-
cally reached with cooling on a single broad transition. This, among
other things, makes them easy to handle experimentally. As a result,
tremendous progress has been made in recent years for alkaline atom
based sensors regarding compact, transportable set-ups. To highlight
a few examples, quantum gravimeters and accelerometers based on
rubidium are now commercially available. In 2016, the Bouyer group
demonstrated first inertial measurements with a cold atom sensor
on board an airplane [6]. In 2017, the first space-borne atom inter-
ferometry experiments with 87Rb Bose-Einstein-Condenstates (BEC)
were conducted on board a sounding rocket as part of the MAIUS-1
mission [8]. Atom interferometry experiments are based on atoms in
free-fall with very cold BEC atom ensembles. Due to their very low ex-
pansion rate, the sensitivity of atom interferometers is limited by the
free-fall time under normal gravitation. Micro-gravity environments
support largely extended free-fall times so that one can fully profit
from the low expansion rate allowing an immensely improved sensi-
tivity to e.g. inertial forces [47]. Follow-up missions to MAIUS-1 [5] as
well as the ISS mission BECCAL for a multi-purpose user facility [7]
are in preparation. Vast progress has also been made in reducing the
SWaP of optical clocks, and first demonstrators of rubidium clocks
for satellite missions have been developed [63].
Alkaline atoms however lack the ultra-narrow transition present in
alkaline-earth-like atoms thanks to their more complex level struc-
ture. The total spin number of alkaline-earth-like atoms can be S=0, 1
and an ultra-narrow transition is present between the singlet (S=0)
and triplet (S=1) state offering the potential to further improve ac-
curacy [43, 59]. Unlike in alkaline-atoms, the ground state is spin-
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less so that no sub-Doppler cooling processes are available for iso-
topes with no nuclear spin. To reach temperatures in the low µK
range, a cooling scheme with two cooling stages is thus commonly
employed where atoms are initially captured and pre-cooled on the Energy levels are

denoted in the
notation 2S+1LJ
[33]

strong dipole-allowed 1S0 → 1P1 transition providing a good capture
velocity and then further cooled with the narrow intercombination
transition 1S0 → 3P1. Consequently, an increased experimental effort
and more complex set-ups are necessary to cool alkaline-earth-like
atoms. Additional an increased effort is also necessary in order to
take full advantage of the accuracy the ultra-narrow transition offers
e.g in the form of ultra-stable interrogation lasers. Thus, increased
accuracy does come at a price. As a result, the technology readiness
level (TRL) of such sensors lags behind their alkaline-atom counter-
parts. Thus, an increased, continued effort in technology develop-
ment and miniaturization has been made in order to make quantum
sensors based on cold alkaline-earth-like atoms readily available for
real-world applications. Correspondingly, a lot of progress has been
made in this field in recent years as well. For instance, several trans-
portable optical lattice clocks based on strontium atoms have been
developed by the Physikalisch-Technische Bundesanstalt (PTB) and
Prof. Katori’s group at the RIKEN institute in Japan. Furthermore, a
first demonstrator of an optical lattice clock for space-borne applica-
tions has been developed [13, 80]. The Ludlow group at the National
Institute of Standards and Technology (NIST) has made significant
progress towards a transportable optical lattice clock based on ytter-
bium [31].
Miniaturization of integral parts of quantum sensing experiments
such as the MOT is vital for further progress in the development
of compact quantum sensors. A single-beam trap with one incident
beam and a planar optical element producing the additional beams
necessary for trapping constitutes the highest level of miniaturiza-
tion. Such a set-up reduces complexity significantly and combines ro-
bustness and enhanced optical access. One solution, first introduced
by McGilligan et al. [66, 67], has proven particularly successful and
shown great potential: Here, a nano-structured chip generates multi-
ple diffracted beams from a single incoming beam, all of which then
form a so-called grating magneto-optical trap (GMOT) [4, 67, 75, 110].
To date, however, this technology has been limited to the use of one
cooling stage on a relatively broad transition as common for alka-
line atoms. For alkali-atoms, sub-Doppler cooling in GMOTs to µK
temperature has been demonstrated. In contrast, alkaline-earth-like-
atom-based quantum sensors require GMOT chips that allow dual-
wavelength operation to reach µK temperatures. The design of such
GMOT chips has several inherent challenges and is not trivial.
In this work, I discuss the challenges of a two-color grating magneto-
optical trap and present the design and characterization of such a
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trap. I further present a second achromatic design which is based on
a periodic mirror structure. We have patented this design [11] and
commonly refer to it as Fresnel MOT. The work is structured as fol-
lows: Firstly, I briefly introduce the relevant properties of strontium,
the element I worked with, in the context of quantum sensing. Next,
I discuss magneto-optical trapping in different geometries. In chap-
ter 2 I review key characteristics of magneto-optical trapping in a
single-beam geometries in comparison to the standard six-beam ge-
ometry with an emphasis on narrow-line cooling in non-trivial ge-
ometries. Chapter 3 introduces the test set-up used for trap character-
ization. With these consideration I will then discuss the design and
the characterization of the Fresnel MOT in chapter 4. This is con-
trasted by the design and characterization of a grating for two-color
magneto-optical trapping in chapter 5. Lastly, magneto-optical trap-
ping in micro-gravity applications is discussed in chapter 6.

1.2 strontium as quantum sensing atom

Out of the alkaline-earth-like atoms, strontium offers a particularly
beneficial level structure with 1st and 2nd stage cooling transitions
and an ultra-narrow clock transition all in the visible range that can
be accessed by relatively cheap, commercially available diode laser
systems. This allows for compact set-ups with a low power consump-
tion. Additionally, the intercombination transition has an almost ideal
linewidth as it is broad enough to counteract gravity and narrow
enough to cool to temperatures of < 1µK.
Strontium has four stable, naturally occurring isotopes. Due to its
large abundance, 88Sr is the bosonic isotope most commonly used
in laser cooling experiments. An overview of the relevant transitions
for 88Sr is given in Fig. 1. The properties of key transitions for 88Sr
are listed in Tab. 1. The 1S0 → 1P1 transition used for initial cap-
turing and cooling of the atoms lies in the blue at a wavelength
of 461nm and a linewidth of 30.5MHz. Typical capture velocities
are 50 − 100m/s. The transition rate of the 1S0 → 3P1 is 7.4 kHz
and the transition lies at a wavelength of 689nm. As temperatures
reached after first stage cooling are typically ≈ 1mK corresponding
to a Doppler shift on the scale of MHz. The laser for 2nd stage cooling
is thus commonly modulated and broadened initially to several MHz
in order to ensure a good transfer efficiency. This is referred to as
the broadband MOT (BB MOT). In the single-frequency, narrow-line
MOT (SF MOT) the atoms are then cooled to < 1µK.
The transition from the ground state 1S0 to the 3P0 state is known as
the clock transition in strontium. For bosonic isotopes, single-photon
transitions are completely forbidden by angular momentum conser-
vation as it is a J = 0 → J = 0 transition. Instead, the transition
is only allowed via an E1M1 two-photon process with a lifetime of
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Figure 1: Energy level diagram of atomic strontium showing relevant transi-
tions for laser cooling for this work. Wavelength and linewidth of
the transitions is given. An overview of relevant properties is also
given in Table 1.
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property

1st
stage

cooling

transition

2nd
stage

cooling

transition

Transition 1S0 → 1P1
1S0 → 3P1

Frequency ν 650.503226THz 434.8289942THz

Wavelength λ 461nm 689nm

Linewidth Γ/2π 30.5MHz 7.4 kHz

Saturation
Intensity Isat

41mW · cm−2 2.95µW · cm−2

Maximal
acceleration amax

9.44 · 105m/s2 153m/s2

Table 1: Properties of the commonly used broad-line 1st and narrow-line 2nd

cooling stage transitions in 88Sr.

≈ 1000 years [95]. However, the transition can be enabled by apply-
ing a strong magnetic field [81, 102]. For the fermionic isotope with
nuclear spin I = 9/2, hyperfine interaction results in an additional
state mixing of the clock state with the 3P1, 3P2 and 1P1 state [17].
As a result, electrons can decay from the clock state to the ground
state by a weak electric dipole transition. The clock transition has a
transition rate in the mHz range for fermionic strontium and lies at
a wavelength of 698nm. The fermionic isotope 87Sr is thus also of
large interest for quantum sensing. While sub-Doppler cooling has
been demonstrated for fermionic strontium, the resulting tempera-
ture was still two order of magnitude above temperatures reached
with two-stage cooling [115]. Consequently, two-stage cooling is com-
monly applied for all Sr isotopes to reach temperatures in the low µK
range.
As the name suggests, the so-called clock transition exhibits prop-

erties making it ideal for the operation of an optical clock on this
transition. Two important criteria of suitability of an atomic transi-
tion as optical frequency standard are a narrow linewidth and a low
sensitivity to external perturbations. The clock transition in fermionic
strontium is ultra-narrow while not being too narrow and has a rel-
atively low sensitivity to most of the relevant perturbations like opti-
cal radiation and magnetic fields [58]. The two main criteria for the
evaluation of the performance of an optical clock are instability and
uncertainty. The most precise optical lattice clocks to date are based
on ytterbium or strontium atoms. Several high-performing strontium
optical lattice clocks have been demonstrated around the world with
state-of-the-art clocks reaching uncertainties of 10−18 and instabili-
ties of < 10−16/

√
τ [78, 98, 99]. Strontium clocks so far have the edge
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when it comes to compact, transportable neutral-atom-based systems.
The transportable clocks based on strontium by the PTB group and
Katori group [38, 103] are both have successfully completed measure-
ment campaigns outside the lab environment [39, 79, 84].
Beyond the use in optical lattice clocks, strontium also shows great po-
tential as quantum sensing atom in atom interferometers. For tests of
gravity with cold atom interferometers, 88Sr offers a combination of
features that are beneficial such as a ground state with no magnetic
momentum and a small collisional cross-section as well as efficient
and fast cooling down to a BEC [105]. Furthermore, atom interferom-
eters based on strontium show immense potential due to the virtual
infinite lifetime of the 3P0 state in bosonic Strontium [43]. They have
been proposed for gravitational wave detection [37, 119], test of fun-
damental physics at the border of quantum mechanics and general
relativity [62], tests of the weak equivalence principle [92], and search
for dark matter [35].
With its proven track record as excellent candidate for quantum sens-
ing and its convenient level structure, strontium is thus a good choice
for our quest for a two-color, planar, magneto-optical trap. This work
focuses on trap design for 88Sr. However, many considerations are
transferable to other atom species. Furthermore, special considera-
tions for fermionic strontium will also be discussed.

1.3 evolution of magneto-optical traps

To give a frame of reference for this work, I will detail the develop-
ments preceding the research presented here and discuss the different
MOT designs developed through the years.

six-beam mot Magneto-optical trapping was pioneered in 1987
by Raab et al. [86] using three pairs of counter-propagating beams
in combination with a quadropole field produced by a pair of coils
in anti-Helmholtz configuration to confine and cool sodium atoms.
Here, the beams propagate along the symmetry axis of the quadropole
field and atoms are trapped and cooled at the magnetic field mini-
mum. The beam pair propagating perpendicular to the magnetic field
coils has the opposite handedness as the beams in the plane parallel
to the magnetic field coils. This geometry is depicted in Fig. 2 Com-
monly, the six-beam MOT is realized with three incident beams that
are retro-reflected where a quarter waveplate is placed in front of the
mirror to ensure correct polarization.

mirror mot The so-called mirror MOT (MMOT) is a design ben-
eficial for applications that benefit from trapped atoms close to a sub-
strate surface [32, 112]. Here, the number of incident beams is re-
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Figure 2: Different MOT geometries for trapping and cooling of neutral
atoms. MOT coils are ommitted for clarity in c), d), e) and f). a)
Standard 6-beam geometry b) Mirror MOT consisting of four laser
beams. Two laser beams are reflected by an in-vacuum mirror
with an additional pair of couterpropagating beams intersecting
the overlap volume to allow trapping in three dimensions. Hand-
edness is equivalent to the standard six-beam geometry. c) Pyra-
mid MOT where a single incident beam is used and secondary
beams are reflected in a 90° angle. Handedness is equivalent to
the standard six-beam geometry. d) Tetraeder MOT designed by
Vangeleyn et. al. [109] with part of the overlap volume outside
the mirror volume. Four instead of six beams form the MOT with
the secondary beams forming an oblique angle with the symme-
try axis of the magnetic field. e) Planar, nanofabricated grating
magneto-optical trap with diffraction in one dimension f) GMOT
where light is diffracted in two directions forming a pyramidal
overlap volume above the chip.
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duced to four with two of the incident beams reflected by a reflecting
substrate surface under a 45° angle. The quadropole field is then typi-
cally oriented along one of the reflected beams to ensure handedness
of the beams corresponding to the standard six-beam configuration
[88] as depicted in Fig. 2 b). Compared to the latter, the MMOT has a
reduced overlap volume (i.e. the volume where light from all beams
is present and the intensity-weighted wave-vectors add to zero) by
1/2 given beams with the same beam diameter [64]. It further forms
few mm from the substrate surface. While the quadropole field can be
produced by a U-wire etched on the substrate surface instead of stan-
dard magnetic field coils [88], the MMOT overall offers little potential
for a reduced SWaP as the geometry of the laser beams limits possible
miniaturization. Its main purpose is thus for applications where cold
atoms near a substrate surface are required.

pyramid mot A design that offers a significant improvement in
SWaP is the pyramid MOT (PMOT) first demonstrated by Lee et al.
in 1996 [50]. Here, a hollow PMOT configuration consisting of a com-
bination of mirror pairs into pyramidal shape is employed. Each pair
of mirrors reflects the incident beam in a right angle each thus re-
placing the quarter wave-plate and retro-reflecting mirror used in the
six-beam configuration. The combination of such mirrors into a pyra-
midal shape allowed to produce three sets of counter-propagating
beams in a new way using a single incident beam. This geometry is
depicted in Fig. 2 c). An additional advantage is that given a circular
polarized input beam with the correct handedness, all other beams
will also have the right polarization and wave-vectors necessary for
MOT formation – a feat that can be more challenging to achieve in
the standard six-beam configuration with more tedious alignment.
However, the PMOT also has its disadvantages. The overlap volume
V is six times smaller than in a standard six-beam MOT with the
same incident beam waists. Furthermore, the overlap volume within
the hollow pyramid offers no optical access in the radial plane thus
making further manipulation as well as detection and imaging chal-
lenging. This is further complicated by scattered light from the mirror
structures and reflected MOT images. A hexagonal design with a cen-
tral MOT retro-reflector using the principle of total internal reflection
improves upon this and was demonstrated in 2019 by Bowden et al.
[16]. While optical access is still limited in this design, there are three
radial axes that offer optical access to the atom cloud. Their set-up fur-
ther combined the pyramidal MOT with a cavity to form an optical
lattice thus providing a platform for the operation of an optical lat-
tice clock. Indeed, the PMOT has been implemented in a number of
cold atom experiments including atom interferometers for gravime-
try measurements [10] and cold atom flux sources [87] in addition to
optical clocks.
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Micro-fabricated PMOTs etched on a silicon wafer have further been
demonstrated for use as integrated optics on an atom chip and present
another significant step in reduction of SWaP [85, 107]. However, the
number of atoms captured is limited due to the small overlap volume
withN ∝ V2 and only a few thousand atoms are captured [85], which
is not sufficient for many applications. Additionally, imaging and de-
tection becomes challenging with the problems from the macroscopic
PMOT enhanced in the micro-fabricated PMOT [85] and the manufac-
turing process is complex and costly with limitations on apex angle.

tetraeder mot In 2009 Vangeleyn et al. demonstrated their so-
called tetrahedral MOT where trapping is achieved with four laser
beams, the minimum number of beams necessary for confinement in
three dimensions [109]. Here, three mirrors are used to produce three
reflected beams with tetrahedral angle to one another as well as the
incident beam as depicted in Fig. 2 d). This approach extends the
overlap volume of the beams above the mirrors offering improved op-
tical access and easier manipulation. As a result, the mirrors can be
placed outside of the vacuum chamber to facilitate alignment. How-
ever, careful assembly of the mirrors and alignment is still necessary.
While the tetraeder geometry offers particularly beneficial properties
due to its inherent symmetry [108], generally an inclination angle φ
of the mirrors deviating from tetraeder geometry can also be chosen.
The condition to achieve a balanced radiation pressure for optical mo-
lasses i.e. intensity balance is then given for a reflectivity R = 1

3 cos(2φ) .
In the tetraeder geometry, with φ = 35.3°, the condition for intensity
balance yields a reflectivity of 1.
As the reflected beams form an oblique angle with the symmetry axis
of the quadropole field, the physics of magneto-optical trapping is
changed drastically. We will examine this in the following sections
and discuss the theory of such non-trivial single-beam geometries in
detail.

grating mot Aided by the advances in nanotechnology, non-trivial
single beam geometries as in the tetraeder MOT were then realized
with nano-fabricated grating chips. A key difference to the previ-
ous presented techniques is that the secondary beams are no longer
produced via reflection. Instead, the grating chips diffract the inci-
dent light under the diffraction angle θ given by the Bragg condi-
tion mλ = d sin(θ) where m denotes the diffraction order, λ the
wavelength, d the grating period and θ the diffraction angle. Fur-
thermore, diffracted light is compressed resulting in an effectively
higher intensity so that IjI0 = ε 1

cosθ where ε denotes the diffraction
efficiency, I0 the intensity of the incident beam and Ij the intensity
of the diffracted beams. Thus, the condition for intensity balance be-
comes ε = 1

n where n denotes the number of diffracted beams. To-
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gether with the incident beam they form the overlap volume where
cooling takes place.
The first grating MOT was realized with three separate blazed grat-
ing chips each with a size of 12.7mm× 12.7mm [110]. The grating
chips diffract the incident beam with a diameter of 23mm under an
angle of 69.4°, close to tetraeder configuration with an almost ideal
diffraction efficiency ε = 32%. This initial implementation of a GMOT
demonstrated sub-Doppler cooling of 87Rb atoms down to a temper-
ature of 30µK. In the standard six-beam configuration, temperatures
of few µK can be reached.
Succeeding work used a single chip with three segments where the
blazed grating structure is rotated by 120° between segments [21]
yielding a monolithic trapping structure and further reducing the
complexity and size of the set-up. Such a design is illustrated in Fig.
2 e). An alternate design uses a 2D-structure with a square array of
cylindrical indentations [75] as depicted in Fig. 2 f). For such a grat-

ing the Bragg condition is given as
√
m2x +m

2
yλ = d sin θ. It diffracts

beams along the x- and y-axis of the square array. The resulting over-
lap volume is thus a pyramid whose footprint is given by the chip
surface [75].
GMOTs are particularly appealing as they only need a single, mono-
lithic, planar optical element and one incident laser beam to produce
a configuration for atom confinement in three dimension. As such,
they are particularly robust, compact and offer ample optical access.
They have since been implemented in a number of experiments using
alkaline atoms including atomic clocks [28], pressure sensors [4] and
atom interferometers [49].
However, they have one downside: by moving from reflection to diffrac-
tion to generate the secondary beams, we give up achromaticity. As
a result, use of diffraction gratings for more than one wavelength is
challenging: The wavelength ratio of the broad and narrow cooling
transitions in alkaline-earth-like atoms is typically about 1.5. Design
of a 2D-grating providing 1st order diffraction for both wavelengths
with no 2nd order diffraction present is not possible for this wave-
length ratio. The large wavelength ratio further results in stark differ-
ences of the respective diffraction by a grating. As a result, intensity
balance for both wavelengths is not trivially achieved. The difference
in diffraction angles results in an axial shift of the overlap volume
complicating transfer from the 1st to the 2nd cooling stage. Further-
more, the 0th order diffraction is typically suppressed by choosing a
grating height of λ/4, a condition that can not be fulfilled for both
wavelength. How these challenges can be overcome is discussed in
chapter 5 of this thesis.





2
M A G N E T O - O P T I C A L T R A P P I N G I N A F O U R - B E A M
G E O M E T RY

Trapping in geometries with a single incident beam and secondary
beams that form an oblique angle with the symmetry axis of the mag-
netic field is non-trivial and has surprising aspects. We will firstly re-
view key aspects of “standard” Doppler cooling and magneto-optical
trapping and establish nomenclature and terminology building a foun-
dation for in-depth discussion of the physics at hand in more complex
trapping geometries.

2.1 magneto-optical trapping revisited

2.1.1 Doppler Cooling

The basic idea in Doppler cooling is that momentum  h~k is transferred
from the incident laser beams to an atom in motion via photon ab-
sorption, where ~k is the wave vector. As a photon is absorbed, the
velocity ~v of the atom becomes ~v+  h~k/M where M is the mass of the
atom. In order for an atom to be cooled with this process, the accelera-
tion due to absorption has to be velocity selective i.e. the atom needs
to experience an overall negative acceleration for positive velocities
and vice versa. An easy way to implement such velocity selectivity
and break symmetry is to make use of the Doppler effect that causes a
frequency shift ~k ·~v of the resonance frequency ωr of the atomic tran-
sition used for cooling in the laboratory reference frame. Detuning
the laser beams from the resonance frequency ωr by a frequency ∆
such that ωr = ωL +~k ·~v = ωr +∆− kv results in the atom being on
resonance with the laser beam that it is moving towards and being
off resonance with laser beams it is moving away from. To cool the
atom in three dimensions, one can then use three orthogonal pairs
of counter-propagating laser beams. The total force by a single laser
beam acting on an atom is given by [33]:

F = Fabs + δFabs + Fspont + δFspont (1)

where Fabs denotes the force resulting from absorption of photons
and Fspont denotes the force resulting from spontaneous emission
of photons. The fluctuations of these forces are given as δFabs and
δFspont respectively. The average of the force due to absorption cor-
responds to the scattering force Fscat and Fabs = Fscat. Momentum
transfer due to spontaneous emission will average to zero over a suf-
ficiently large number of scattering events as photons are emitted

13
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isotropically in all spatial directions in a first order approximation
(neglecting dipole radiation) such that Fspont = 0. For broad transi-
tions and |~v| >> 0, the fluctuation can be neglected. The force acting
on an atom is then given by the scattering force alone.
The scattering force ~Fscat acting on the atom by each laser beam j

with intensity Ij is given as:

~Fscat =  h~kj
Γ

2

sj

1+ stot + 4(∆− ~kj ·~v)2/Γ2
(2)

with sj =
Ij
Isat

and stot =
∑N
j=0 sj. Isat denotes the saturation inten-

sity of the transition and Γ denotes the linewidth. The resulting force
of one pair of counter-propagating beams, so-called optical molasses,
can then be written as:

F = −αv (3)

where α is the damping coefficient obtained by first order Taylor ex-
pansion of Eq. 2 for both laser beams in v around v = 0 which yields:

α = 16 hk2
∆s

Γ2(1+ stot + 4∆2/Γ2)2
R (4)

where R =
| ~Fscat|

| h~k|
is the scattering rate.

2.1.2 Doppler Temperature Limit

The treatment above so far would allow deceleration to v = 0 cor-
responding to a temperature of 0K as we have neglected the fluc-
tuation terms in Eq. 1 that become important at low temperatures.
Each scattering process is accompanied by a recoil kick to the atom
in random direction due to the momentum transfer by spontaneous
emission. We can think about this as a random walk of the veloc-
ity of the atom that leads to heating [33]. The resulting heating rate
corresponds to 1/3 of the scattering rate for each spatial direction as
we assume isotropic scattering. In the same way, a fluctuation in the
number of photons absorbed per time interval leads to a heating rate
proportional to the scattering rate for the direction of absorption -
here the z-axis - near zero velocity. The temperature limit reachable
with Doppler cooling in optical molasses along an axis z is given by
the point where heating and cooling balances and we can write:

1

2
Mdv̄2z/dt = (1+ 1/3)Er(2R) −αv̄z

!
= 0 (5)

where Er denotes the recoil energy. The recoil energy is given by
1/2Mv2r where vr is the recoil velocity which is in turn given by the
change in the atom’s velocity due to absorption of one photon at the
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transition wavelength, vr =
 hk
M . Using the equipartition theorem to

relate temperature to kinetic energy, we obtain:

Tlim =
 hΓ

8kB|∆|

(
1+ s+ 4

∆2

Γ2

)
(6)

which has a minimum at ∆ = −Γ/2 yielding the well-known Doppler
cooling limit TD =  hΓ/2kB for a pair of counter-propagating laser
beams [53]. Note that this derivation relies explicitly on the geometry
of the laser beams. Here namely a pair of counter-propagating laser
beams.

2.1.3 Magneto-optical Trapping

Figure 3: Principle of magneto-optical trapping in one dimension for a pair
of counter-propagating beams with the frequency ωL = ωr − ∆

along the z-axis where ωr is the resonance frequency and ∆ is
the detuning. The k-vector of the laser beams and magnetic field
vector are anti-parallel before the zero-crossing so that the +s po-
larization results in coupling to the σ− (∆mF = −1) transition. Af-
ter crossing the magnetic field minimum, k-vector and magnetic
field vector are aligned resulting in coupling to the off-resonant
σ+ (∆mF = +1).

While Doppler cooling provides a velocity-dependent force cooling
the atoms, optical molasses alone do not trap the atoms as they are
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still free to simply drift out of the optical molasses and are then lost.
A position-dependent force is needed in order to confine the atoms
in space. This is commonly achieved by making use of the Zeeman
effect.
Let us look at the first cooling stage transition in 88Sr from the 1S0
state to the 1P1 state that conveniently has a very simple level struc-
ture. In the presence of a magnetic field B the energy states of an
atom are shifted by

∆E = gFmFµBB (7)

where gF is the Landé factor, µB the Bohr magneton and B the mag-
nitude of the magnetic field and mF indicates the Zeeman sublevel.
The ground state 1S0 has a total angular momentum of 0 and thus
does not split while the excited state 1P1 has three Zeeman sublevels
with mF = {−1, 0, 1}. A quadrupole field with

~B = b{x,y,−2z} (8)

yields constant magnetic field gradients dBj/dxj near the magnetic
field minimum and results in a Zeeman splitting along each symme-
try axis of the quadrupole field as illustrated in Fig. 3. The mF = −1

state is a high-field seeker as the projection of the precession of the
total angular momentum around the magnetic field is aligned with
the latter. The mF = +1 state is anti-aligned with the magnetic field
making it a low-field seeker. Meanwhile, the angular momentum of
the mF = 0 state is orthogonal to the magnetic field so that it does not
experience an first order energy shift in the presence of a magnetic
field.
The conservation of angular momentum imposes strict selection rules
on the excitation of the different Zeeman transitions with regards to
the polarization of the exciting photon. The σ± transition mF = 0 →
mF = ±1, ∆mF = ±1 can only be excited by a photon whose spin pro-
jection along the quantization axis yields mS = ±1. The π transition
with mF = 0 → mF = 0, ∆mF = 0 can only be excited by a photon
whose spin projection along the quantisation axis yields mS = 0.
We want to emphasize here that, as pointed out by Vangeleyn, σ−,σ+

and π are the names of transitions and do not refer to polarization of
the exciting photons [108]. The easy correspondence that can be made
for light propagating along the symmetry axis of the magnetic field
can lead to misleading nomenclature where σ+ and σ− is used to re-
fer to the polarization of the exciting photons. In this simple case of
the standard six-beam MOT, we find that right circular polarized light
(+s) with a wave-vector parallel to the magnetic field vector will excite
the σ+ transition, left circular polarized light (-s) with a wave vector
parallel to the magnetic field vector will excite the σ− transition while
excitation of the π transition is forbidden in this configuration as it
would violate the conservation of total angular momentum. For light
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with a wave vector that is not parallel to the magnetic field vector, ex-
citation of the π transition is allowed for light linearly polarized along
the quantization axis given by the direction of the magnetic field.
Let us now go back to Fig. 3 and discuss the trapping dynamics in
one dimension for two circular polarized, counter-propagating beams.
We refer to the direction of the circular polarization with respect to
the propagation direction as handedness. Both beams have the same
handedness (+s) and are red-detuned. For z < 0 the beam incident
from −z (dark red) has a k-vector anti-parallel to the magnetic field
vector before crossing the magnetic field minimum corresponding to
a spin projection of mS = −1 along the quantization axis and thus ex-
citing the σ− transition. It will be resonant with the mF = −1 Zeeman
sublevel at the position where the detuning ∆ corresponds to the sum
of Zeeman shift and Doppler shift providing a restoring force and
pushing the atom back towards the magnetic field minimum. The
beam incident from +z (light red) has a k-vector parallel to the mag-
netic field vector and thus a spin projection mS = +1 coupling to the
off-resonant σ+ transition. For z > 0 symmetry is reversed and the
beam incident from +z will now have a a spin projection of mS = −1

and be resonant with the mF = −1 Zeeman sublevel, again pushing
the atom back to the trap center. As a result, atoms are trapped at the
position of the magnetic field minimum where excitation from each
laser beam has the same probability and radiation pressure is thus
balanced.
The force resulting from a single laser beam j that acts on an atom in
a magneto-optical trap is given by:

~Fj =  h~kΓ/2
sj

1+ stot + 4(∆−~kj · v− µBdB/dz z)2/Γ2
(9)

One can show that cooling and trapping of an atom in a 1D MOT can
be modeled by a damped harmonic oscillator and the total force is of
the form [33]

FMOT = −αv−
αβ

k︸︷︷︸
κ

z (10)

with the previously derived damping coefficient α and β = gfµB/ hdB/dz.
The first is known as cooling coefficient and is a measure how effec-
tively atoms are slowed in the trap while κ is referred to as trap-
ping constant and is a measure of how strongly an atom is spatially
constrained. These are two key parameters in describing a magneto-
optical trap.
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2.2 polarization projection

Figure 4: Illustration of the four-beam MOT configuration. A single laser
beam incident along the z-axis (vertical to the magnetic field coils
generating the quadrupole field) generates all laser beams neces-
sary for cooling and trapping. The secondary beams are generated
via diffraction or reflection form an oblique angle with the symme-
try axis of the quadrupole field.

As we have seen previously, other beam geometries than the afore-
mentioned beam geometry are also possible. At minimum, four beams
are required to trap in three dimensions leading to non-trivial single
beam-geometries. Let us consider a beam incident along the z-axis
of the quadrupole field and three secondary beams intersecting the
incident beam and the symmetry axis of the quadrupole field at an
oblique angle θ as depicted in Fig. 4 as the case for the tetraeder MOT
and gMOT. For such a secondary beam with the polarization defined
along the k-vector no easy correspondence can be made with regards
to excitation of the different transitions. Instead, we need to rotate
the polarization vector with a Wigner-rotation matrix to the quanti-
zation axis that we have defined by the local magnetic field. For a
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photon with angular momentum j = 1 and polarization given in po-
lar coordinates such that [1, 0, 0] ([0, 0, 1]) defines left (right) circular
polarization along the k-vector, the Wigner rotation matrix is given
as:

D =


1+cosθ
2 e−iγ+iδ sinθ√

2
e−iγ 1−cosθ

2 e−iγ−iδ

− sinθ√
2
eiδ cos θ − sinθ√

2
e−iδ

1−cosθ
2 eiγ+iδ sinθ√

2

1+cosθ
2 eiγ−iδ


where γ, θ, δ are the Euler angles in XYZ convention [25]. For a left

circular polarized beam with pol = [1, 0, 0] and intensity Ij propa-
gating along the vector 1

sin2 θ
[sin θ, sinθ, cosθ] with cos θ =

~k· ~Bz
|k·B| and

γ = 0, δ = 0, applying the Wigner rotation matrix yields the following
coupling to the ∆mF = {+1, 0,−1} transitions:

I+1 =

(
1+ cosθ

2

)2
Ij (11)

I0 =

(
sin θ√
2

)2
Ij (12)

I−1 =

(
1− cosθ

2

)2
Ij (13)

An alternative derivation that allows a more intuitive understand-
ing was presented by Vangeleyn [108] and is illustrated in the fol-
lowing for completeness. Let us consider a laser beam with intensity
Ij propagating along the z-axis with circular polarisation and hand-
edness s = {+1,−1}. We can then write the normalized electric field
vector of such a laser beam as

~Ej(z, t) = Ej
1√
2

 1

eisπ/2

0

 (14)

If we now consider a beam whose k-vector forms an angle θ with
the z-axis, we obtain the electric field by applying a rotation matrix:

~Erot =

1 0 0

0 cos θ − sin θ

0 sin θ cos θ

 (15)

The matrix multiplication ~Erot · ~Ej(z, t) then yields:

Ej√
2

 1

eisπ/2 cos θ

eisπ/2 sin θ

 (16)
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Figure 5: Illustration of polarisation projection. For photons propagating
along a k-vector forming an angle with the symmetry axis of the
magnetic field, the polarization projection onto the quantization
axis has to be calculated which then yields coupling coefficients to
the σ+, σ−, and π transition.

This electric field vector can now be split into a projection in the x-y-
plane, orthogonal to the magnetic field vector we are considering, and
a projection onto the z-axis as depicted in Fig. 5. The latter yields the
coupling to the π transition where we recover equation 12. To obtain
the σ+ and σ− coupling we need to solve the following equation:

Exy =
Eσ+

2

 1

ei(s=1)π/2

0

+
Eσ−

2

 1

ei(s=−1)π/2

0

 =
Ej

2

 1

eisπ/2 cos θ

0


(17)

which yields Eσ− = 1+s cosθ
2 Ej and Eσ+ = 1−s cosθ

2 Ej, thus giving
the same result as Eq. 11 and 13.
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2.3 broad-line mot

With the above derivations on coupling of circular polarized beams
forming an angle with the x-, y- and z-axis of the quadrupole field,
we can now express the force contribution from one such beam in a
magneto-optical trap as follows:

F̄j =  hk̄jΓ/2sj
∑

n=−1,0,1

In/Ij

1+ stot + 4
(∆−k̄j·v̄−ngFµBB)2

Γ2

(18)

With this we can now calculate the forces in a non-trivial single-beam
geometry and develop an understanding of the trapping dynamics.
Indeed, the fact that trapping along the z-axis is possible is not obvi-
ous as the secondary beams have the exact opposite handedness than
the counter-propagating beam in a standard six-beam MOT. As a re-
sult, we expect an anti-trapping force to originate.
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Figure 6: Illustration of axial acceleration acting on an atom at rest along the
z-axis of the quadrupole field. The acceleration resulting from the
incident beam with intensity I0 = 0.5 Isat is illustrated with the
turqoise, dashed line and results from coupling to the σ− transi-
tion only. The acceleration resulting from the secondary beams is
indicated with the turqoise dot-dashed line. Also indicated are the
contributions from coupling to the σ− transition (orange), the π
transition (black), and the σ+ transition (purple). The total force is
indicated with the turqoise, solid line. The magnetic field gradient
is chosen as dB/dz = 5mT/cm and the detuning as ∆ = −Γ .

axial trapping Let us consider a system where an incident beam
propagates along the z-axis of the quadrupole field with intensity
I0 and handedness +s. Three secondary beams form an angle θ =

arccos
(
1
3

)
= 70.53° with the incident beam. In order to balance the in-

tensity I0 of the incident beam, the intenisity of the secondary beams
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Ij needs to fulfill Ij = 1
N cosθI0 where N is the number of secondary

beams. Intensity balance is characterized by the intensity-weighted
wave vectors summing to 0 and a resulting zero net force in the ab-
sence of a magnetic field. This yields a symmetric beam configuration
in tetraeder shape and thus proves convenient for an initial discus-
sion. In Fig. 6, a full-force calculation for the acceleration acting on
an atom at rest along the z-axis are plotted. The acceleration from the
circular polarized incident beam (indicated by the turquoise, dashed
line) propagating along the magnetic field direction results from cou-
pling to the σ− transition - as the case in the standard six-beam con-
figuration. The forces generated by the secondary beams are split
up into coupling to the σ−,π, and σ+ transition. As we expect, the
largest contribution to the overall force from the secondary beams re-
sults from coupling to the σ− transition for positive z-values yielding
a positive acceleration pushing atoms further away from the trap cen-
ter. For negative z-values, a small acceleration from excitation of the
σ− transition is still generated and is on a similar scale as the accel-
eration resulting from coupling to the σ+ transition. While the latter
transition is favored when we look at the polarization projection (with
I+1 = 0.44Ij), the larger detuning due to the Zeeman shifts prevents
stronger coupling. The force contribution due to coupling to the π
transition turns out to be vital for MOT operation. It is the dominant
contribution to the overall force generated by the secondary beams
for negative-values. As the mF = 0 transition is not shifted in the
presence of a magnetic field, coupling to this transition is constant,
only reduced due to saturation effects.
The overall force shows a much reduced acceleration with a maxi-
mal acceleration of 70 km/s2 compared to a standard six-beam MOT
with same intensity, detuning and magnetic field gradient where the
maximal acceleration is given as 220 km/s2. However, trapping re-
mains feasible given a zero-crossing with a net positive acceleration
for smaller z-values and a net negative acceleration for larger z-values.
The gradient at the zero-crossing is the trapping constant κ.
This geometry is characterized by major differences from theory for
the standard six-beam configuration and we will explore the conse-
quences in the following sections.

radial trapping Let us now consider trapping along a radial
symmetry axis y in the four-beam geometry. One of the secondary
beams’ projection in the x-y-plane is chosen to be aligned with the y-
axis. The remaining two secondary beams’ projection in the x-y-plane
will form an angle of 19.47° with the y-axis. The resulting acceleration
of the latter on an atom at rest is presented with dash-dotted lines in
Fig. 7, while the resulting acceleration of the secondary beam propa-
gating along y is presented with a dashed line. For clarity, the differ-
ent distributions of coupling to the σ−,π and σ+ transitions are only



2.3 broad-line mot 23

displayed for the beams whose projection in the x-y-plane forms an
angle with the y-axis. The handedness of the secondary beams does
correspond to the handedness of the radial beams in the standard six-
beam MOT so that the trapping dynamics show a lot more similarity
to that case, and coupling to the σ− transition provides the restoring
force.
The overall force is not symmetric with respect to y for the given con-
figuration with three secondary beams - the exact geometry of the
beams in the radial plane has a minor influence on the overall force
along the x- and y- axis. A configuration with four secondary beams
restores symmetry.
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Figure 7: Illustration of radial acceleration acting on an atom at rest along
the y-axis of the quadrupole field. The acceleration resulting from
the beam whose projection in the x-y-plane is aligned with the y-
axis is illustrated with the turqoise, dashed line and results from
coupling to the σ− transition only. The acceleration resulting from
the two other secondary beams is indicated with the turqoise dot-
dashed line. For these beams the indicate the contributions from
coupling to the σ− transition (orange), the π transition (black), and
the σ+ transition (purple) are also indicated. The total force is in-
dicated with the turqoise, solid line. The magnetic field gradient
is chosen as dB/dz = 5mT/cm and the detuning as ∆ = −Γ , the
intensity of the incident beam is I0 = 0.5 Isat.
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2.3.1 Angle Dependency

As we have seen in Eq. 11–13, the intensity distribution on the differ-
ent Zeeman transitions varies with the angle θ so that for an intensity
balanced MOT, the axial trapping force will depend strongly on the
angle θ the secondary beams form with the z-axis. The anti-trapping
induced by the secondary beams is maximal for a vertical beam with
θ = 0° where the beams counter-propagate the incident beam and no
trapping is possible. The axial restoring force accelerating the atom
to the trap center then steadily increases with increasing angle as de-
picted in Fig. 8. Assuming intensity balance, optimal coupling along
this direction is reached for almost horizontal beams. However, as the
required intensity for intensity balance is given by Ij = 1

N cosθI0, am-
plification is needed for angles larger than θ = arccos(1/N) as this
yields Ij > I0. For a compact, planar structure this is not feasible. For
N = 3 and N = 4, this critical angle is given as 70.53° and 75.52°,
respectively. The exception are grating chips, as diffracted light is
compressed with Ij

I0
= ε 1

cosθ where ε is the diffraction efficiency as
discussed previously. As a result, the required diffraction efficiency
for a balanced radiation pressure in a grating MOT is independent of
the angle and solely depends on the number of diffracted beams.
For a 90° angle with the z-axis, no axial trapping can be achieved, as
the secondary k-vectors’ projection onto the z-axis becomes 0. As cool-
ing largely relies on the Doppler effect that, for atoms moving along
the z-axis, is maximized for counter-propagating beams along this
axis, we observe the opposite preference here as depicted in Fig. 9.
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Figure 8: Total acceleration on an atom at rest along the z-axis as a function
of the angle θ the secondary beams form with the incident beam.

The behavior of radial trapping and cooling is trivial and optimized
for beams propagating along the radial symmetry axis with θ = 90°
corresponding to the six-beam geometry for radial trapping and cool-
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ing.
The analytical expressions for axial and radial trapping and cooling
coefficients are derived by Taylor expansions of the total force F =∑N+1
j=1

 h~kRj(v) where Rj is the scattering rate of the laser beam j. For
the z-direction all beams are contributing. For the secondary beams
we have k2z = cos2 θ. The cooling coefficient for the axial direction
then becomes [65]

αz =

(
1+

cos2 θ
cos θ

)
I0
Isat

· R8k2∆

Γ2(1+ stot + 4∆2/Γ2)
(19)

=
(1+ cos θ)

2
α (20)
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Figure 9: Angle dependency of trapping and cooling coefficients for axial
and radial direction assuming balanced molasses.

For cooling in the radial direction, the incident beam is not con-

tributing and
∑N
j=1

~ki
2
= sin2 θ/2 for x and y direction as the diffract-

ed/reflected beams are distributed symmetrically in the x-y plane by
design. We then obtain [65]:

αrad =
sin2 θ I0
2 cos θ Isat

· R8k2∆

Γ2(1+ stot + 4∆2/Γ2)
(21)

=
1

4
sin θ tan θα (22)

Note that these results only depend on the angle of the secondary
beams formed with the z-axis and not on the number of secondary
beams N.
By Taylor expanding the total force expression around z = 0, we
obtain the trapping coefficients in the same way [65]:

κz = (1− cos θ) κ (23)

κrad =
1

4
sin θ tan θ κ (24)
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where κ is the trapping coefficient for the standard six-beam geom-
etry (see Eq. 10. In Fig. 9 the radial and axial trapping and cooling
coefficients are plotted as function of the angle θ, normalized with
respect to trapping in a six-beam MOT with equivalent intensity.

2.3.2 Intensity Imbalance Dependency

So far, we have considered different configurations under the assump-
tion of intensity balance. However, experimentally this can not always
be achieved and understanding the trapping dynamics for different
degrees of imbalance is thus vital for trap design. In order to study
the influence of intensity imbalance, we introduce the intensity im-
balance parameter η with Ij = 1

N cos(θ)ηI0. In Fig. 10, the overall force
is plotted for different values of η. For η < 1, the intensity of the sec-
ondary beams is reduced and as a result the restoring as well as the
anti-trapping force from the secondary beams is reduced yielding a
decreased acceleration for negative z-values and an increased abso-
lute acceleration for positive z-values. Overall trapping weakens with
the trapping constant κ decreasing as the zero-crossing is shifted to a
point with a weaker slope. The MOT position, i.e. the point where the
acceleration is 0, is shifted as depicted in Fig. 11 a). For η < 0.4 this
shift increases rapidly and trapping eventually becomes impossible.
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Figure 10: Total force on an atom at rest along the z-axis for different degrees
of intensity imbalance. Y-axis and x-axis are indicated in black.

The case η > 1 again corresponds to Ij > I0 and as previously men-
tioned needs amplification which is unrealistic for a compact, pla-
nar structure. The exception are diffraction gratings due to intensity
compression so that η > 1 is mostly of concern for grating struc-
tures. For η > 1, the restoring as well as the anti-trapping force from
the secondary beams increases yielding an increased acceleration for
negative z-values and a decreased absolute acceleration for positive
z-values. For large η, the anti-trapping force eventually becomes dom-
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inant resulting in a positive acceleration for all z-values. The zero-
crossing vanishes and atoms can no longer be trapped. Again, the
overall trapping force decreases for η > 1.
Fig. 11 b) further shows the dependency of the cooling and trapping
coefficients on intensity imbalance normalized with respect to a six-
beam MOT with equivalent intensity and η = 1.
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Figure 11: Axial position and traping and cooling coefficients as function of
the intensity imbalance parameter η. a): Axial MOT position for
different degrees of intensity imbalance η. b): Trapping and Cool-
ing coefficients κ and α as a function of the intensity imbalance
parameter η
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2.3.3 Temperature

Generally, the Doppler temperature limit is given by the ratio of heat-
ing taking place due to absorption and subsequent emission and the
the damping/cooling coefficient for velocity α [65]. We have alreadyAs previously, we

assume that
spontaneous

emission is isotropic
and neglect dipole

radiation.

derived the damping coefficient as function of angle in Sec. 2.3.1. The
heating rate is calculated from the number of scattering events due to
absorption and spontaneous emission where the latter is assumed to
be isotropic in order to simplify calculations. The contribution to the
heating rate due to spontaneous emission is thus given as  h2k2Rj/3

for each spatial direction. Meanwhile, the contribution to the heating
rate due to absorption in the x-,y-, and z-direction is proportional to
the intensity in that direction/projection of the k-vector of each beam.
The total heating rate D in each direction x−,y−, z is then given by
[65]:

Dx =

N∑
j=0

 h2siR

(
k2jx +

k2j

3

)
(25)

=  h2s0R

(
1

3
+

1

cos θ

(
1

2
sin2 θ+

1

3

))
(26)

Dy =

N∑
j=0

 h2sjR

(
k2jy +

k2i
3

)
(27)

=  h2s0R

(
1

3
+

1

cos θ

(
1

2
sin2 θ+

1

3

))
(28)

Dz =

N∑
j=0

 h2sjR

(
k2jz +

k2j

3

)
(29)

=  h2s0R

(
4

3
+

1

cos θ

(
cos2 θ+

1

3

))
(30)

We can now express the temperature in radial and axial direction
for our geometry compared to the standard six-beam geometry and
obtain [65]:

Tradial =
Tlim
6

(
3+

1

sin2 (θ/2)

)
(31)

Taxial =
Tlim
6

(
3+

1

cos θ

)
(32)

where Tlim is the previously derived Doppler temperature in op-
tical molasses i.e. the standard six-beam configuration given in Eq.
6. This shows explicitly the dependence of the minimal temperature
achievable with Doppler cooling in a magneto-optical trap on the an-
gle the secondary beams form with the vertical axis. For typical val-
ues of θ, we find that the radial temperature lies above the Doppler
cooling limit of the standard six-beam configuration and the axial
temperature typically lies below this limit.
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2.4 narrow-line mot

So far we have considered the 1S0 →1 P1 transition with a linewidth
of 32MHz operated with a detuning of ≈ −Γ . We will now venture
into new territory and discuss narrow-line transitions in non-trivial
single beam geometries. First, let us review some key characteristics
of narrow-line transitions. For strong transitions, such as the 1st stage
cooling transition in strontium, the maximum acceleration is typically
several orders of magnitude larger than the gravitational acceleration
on earth. For strontium, the maximum acceleration on the 1S0 →1 P1
transition is five orders of magnitude larger than the gravitational ac-
celeration g = 9.81m/s2 (see Tab. 1). However, as seen in Tab. 1, for Indeed, the

intercombination
transition is so weak
in some light
alkaline earth atoms,
that the
gravitational
acceleration
dominates and no
MOT can form

the the 1S0 → 3P1 transition in 88Sr, the ratio of the maximum accel-
eration by photon scattering to the gravitational acceleration is only
a factor of 16 and 4000 times smaller than for the 1st stage cooling
transition. Gravity thus plays a significant role for 2nd stage cooling
and can no longer be neglected.
Similarly, the ratio of the transition linewidth to the photon recoil fre-
quency Γ/ωrecoil is much reduced in the narrow-line MOT. While
this ratio is on the order of 103 for the broad-line transition, it is 1.6
for the narrow-line transition [17].
Furthermore, as the linewidth is more than a factor 4000 smaller for
the narrow-line transition, the saturation intensity is much reduced.
As a result, intensities of several thousand saturation intensities are
feasible in experiments and are indeed used, resulting in a power-
broadened transition linewidth with ΓE =

√
1+ s Γ . Generally, three

different regimes are differentiated for narrow-line cooling [17, 56]:

Regime I: s >> 1, |∆| >> ΓE
For intensities much larger than saturation intensity and a detuning
significantly larger than the power-broadened linewidth, the dynam-
ics of the narrow-line MOT differ significantly from the broad-line
MOT and its friction-like force. Scattering from a single beam domi-
nates and the atoms collect close the position where the beam coun-
teracting gravity is resonant. As a result, so-called shell formation can
be observed where the atoms occupy the lower boundary of an ellip-
soid depending on detuning and magnetic field gradient [17]. The
force resulting from each laser beam can be imagined as walls that
the atoms are bounced off of.

Regime II: s >> 1, |∆| < ΓE
For large intensities and a detuning smaller than the power-broadened
linewidth, the trapping dynamics resemble those of the 1st cooling
stage. The effect of gravity plays a subordinate role.

Regime III: s ≈ 1, Γ ≈ωrecoil

For intensities on the same scale as the saturation intensity, the pho-
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ton recoil plays a significant role and a semi-classical treatment of
MOT dynamics no longer accurately describes the light-atom interac-
tion.

With these considerations in mind, we now shift our focus back to
non-trivial single-beam configurations.
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Figure 12: Acceleration on an atom at rest along the axial and radial direc-
tion in the narrow-line cooling stage for a single-beam, non-trivial
geometry. a): Total axial acceleration for the narrow-line transi-
tion along the z-axis with contributions from coupling to the σ+,
π, and σ− transition b): Total radial acceleration along the y-axis
for the narrow-line transition along the y-axis with contributions
from coupling to the σ+, π and σ− transition. The laser inten-
sity of the incident beam is chosen as s = 500 with a detuning
∆ = −70Γ and the magnetic field gradient is dB/dz = 0.9mT/cm

Fig. 12 a) and b) illustrate the contributions of the different tran-
sitions to the overall acceleration in axial and radial direction on an
atom at rest on the narrow-line MOT respectively. Parameters cho-
sen correspond to Regime I with s = 500, ∆ = −70Γ and dB/dz =

0.9mT/cm. In contrast to the 1st cooling stage, we observe that cou-
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pling to the π, and σ+ transition is negligible as MOTs in this regime
are operated with large detunings. Indeed, trapping results from cou-
pling to the σ− transition as it is the case for the standard six-beam
geometry. For a few hundred saturation intensities, the weak cou-
pling to this transition by the secondary beams no longer decreases
MOT performance as dramatically as for the strong transition. Due to
the large intensity, coupling to the σ− transition from the secondary
beams results in a peak acceleration corresponding to ≈ Γ

4
 hk
M ≈

75m/s2.
For positive z-values the peak acceleration is ≈ Γ

12
 hk
M ≈ 25m/s2.

Again, we see that that the acceleration is reduced significantly by
coupling to the σ− transition from the secondary beams generating
an anti-trapping contribution at this position.
Forces acting on an atom at rest along the radial axis results pre-
dominantly from coupling to the σ− transition thus resembling the
standard six-beam geometry as depicted in Fig. 12 b).
While a key characteristic of Regime I in standard six-beam MOTs is
that atoms moving along the x-,y- or z-axis will only interact with
one laser beam at a time in a first order approximation, this no longer
holds for this geometry. Atoms moving along the z-axis will scatter
photons from all secondary beams on one side of the magnetic mini-
mum and from all beams on the other side of the magnetic minimum.
This aspect as well as the asymmetry of the forces in the given geom-
etry demands a careful choice of the orientation of the beams with
respect to gravity. In any case, as the atoms collect at the beam(s)
counteracting gravity, they will now also experience heating due to
absorption orthogonal to the direction of gravitational acceleration.
A question that immediately arises is the resulting consequences for
the temperatures that can be achieved, which will be discussed in
Sec. 2.4.4.
In Fig. 13, the resulting acceleration on an atom at rest along the
y-axis, as well as the potential energy for an incident beam aligned
(anti-)parallel to gravity is presented for different detunings. As the
detuning is decreased, we transition from Regime I to Regime II. In
this regime coupling to the π transition becomes significant again as
the detuning approaches the power-broadened linewidth of the 3P1
to 1S0 transition. For a detuning of −200 kHz, a (in the area of inter-
est) constant force is added (subtracted) to the slope which is given
by the gravitational acceleration for larger detunings. For MOT oper-
ation in Regime II the asymmetry of the forces is particularly striking.
However, Fig.13 b) and c) also illustrate the asymmetry for large de-
tunings well. As a result, how structures are mounted with respect to
gravity is one of consequence and an orientation where the secondary
beams counteract gravity appears preferential.
Similarly, Fig. 14 shows the transition from Regime I to Regime II as

the intensity increases and thus the linewidth is broadened reducing
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the relative detuning. Again, Fig. 14 b) and c) illustrate the asymmetry
of the MOT forces. With increasing intensity and therefore transition
to Regime II, the deviation of the slope from a slope given by the grav-
itation potential increases as well as the asymmetry in the “barrier”
of the potential pot.
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Figure 13: Detuning dependency of the trap dynamics a) Radial acceleration
on an atom at rest along the y-axis. b) Potential for an atom at rest
with the incident beam counteracting gravity c) Potential on an
atom at rest with the secondary beams counteracting gravity
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Figure 14: Intensity dependency of the trap dynamics a) Radial acceleration
on an atom at rest along the y-axis. b) Potential for an atom at
rest with the incident beam counteracting gravity c) Potential for
an atom at rest with the secondary beams counteracting gravity
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2.4.1 Angle Dependency

As for the 1st stage MOT previously, we again study the angle de-
pendency of the forces in the MOT. Here, we consider a narrow-line
MOT operated in regime I with the intensity of the incident laser cho-
sen as s = 200, the magnetic field gradient is dB/dz = 0.9mT/cm,
and ∆ = −400 kHz. Fig. 15 depicts the total acceleration a acting
on an atom at rest along the z-axis for different angles θ. The angle
dependency of the overall acceleration on an atom at rest along the
axial axis behaves similar to the strong transition. Again, we observe
that for an increasing angle θ the overall trapping force improves
as anti-trapping due to coupling to the σ− transition for negative z
decreases. However, while for the strong transition the total accelera-
tion for even θ = 20° is still on the order of several 103m/s2 due to
the large linewidth of the transition, we find that |a| < |g| for z > 0

for the narrow-line MOT. Here, this corresponds to a configuration
where the incident beam counteracts gravitational acceleration and
we conclude that in this configuration geometries with θ <≈ 40° do
not provide stable operation at low intensities as the atoms can not
be held against gravity.
Indeed, operation at low intensities remains a concern for |a| > |g|

for z > 0 as the atom only stays on resonance for a small number of
scattering events and can be pushed out of the trap by coupling to
the σ− transition from the secondary beams quickly so that θ should
be chosen as close to tetrahedral configuration as possible.
This further illustrates that a geometry where the secondary beams
counteract gravity is preferential.
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Figure 15: Total axial acceleration for the narrow-line transition on an atom
at rest along the z-axis for different angles θ. The intensity of
the incident beam is s = 200, the magnetic field gradient is
dB/dz = 0.9mT/cm and the detuning is ∆ = −400 kHz, cor-
responding to regime I. The black dashed lines indicate gravi-
tational accleration for an orientation of the trap where the in-
cident beams counteract gravity (negative sign) and where the
secondary beams counteract gravity (positive sign).
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2.4.2 Intensity Imbalance

We have investigated the influence of intensity balance for the 1st

stage MOT extensively and found that a balanced radiation pressure
is crucial. Again, we analyze the 2nd stage MOT in a similar way.
Figure 16 shows the overall acceleration in the 2nd stage MOT for an
atom at rest along the z-axis for an intensity of s = 10 and s = 1000 of
the incident beam and different values of the previously introduced
intensity imbalance parameter η. As before, a reduced intensity in the
secondary beams leads to a reduced anti-trapping force and signifi-
cantly improves trapping for positive z-values. However, this effect
no longer comes at the price of a much reduced trapping force for
negative z or an overall negative impact on the trapping constant.
The high saturation results in sufficient coupling to the σ− transition
so that the effect on the acceleration for z < 0 is only noticeable for
low intensities with s < 10.
One does need to keep in mind though that typically atoms are ini-
tially transferred to a so-called broad-band MOT operating in Regime
II where the laser is modulated and thus artificially broadened. This
improves transfer efficiency from the first to the second cooling stage
as atoms are still relatively hot with a temperature of 1mK corre-
sponding to a Doppler shift on the order of MHz. In this regime in-
tensity imbalance will have a negative impact on the cooling process
as previously analyzed for the first cooling stage.
Overall, while an approximate intensity balance is vital for the first
cooling stage, small reductions in intensity of the secondary beams
can be tolerated and even improve the overall force of the single-
frequency narrow-line MOT.
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Figure 16: Total axial acceleration for the narrow-line transition on an atom
at rest along the z-axis for laser intensities of s = 10 and s = 1000
of the incident beam and different degrees of intensity imbalance
η = 0.6, 1.0, 1.4. The detuning is chosen as ∆ = −75Γ and the
magnetic field gradient is dB/dz = 0.9mT/cm
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2.4.3 Acceleration in Phase-space

Figure 17: Phase Space diagram for the narrow line MOT along the z-axis.
Different parameters are varied to illustrate their effect. a) Phase-
space diagram with default parameters s = 250, ∆ = −400 kHz,
θ = 70.53°, dB/dz = 0.9mT/cm b) Phase-space diagram with
∆ = −700 kHz, all other parameters as in a). c) Phase-space dia-
gram with s = 2000, all other parameters as in a). d) Phase-space
diagram with θ = 50°, all other parameters as in a).

So far we have limited ourselves to atoms at rest which limits our
understanding of atomic motion in the trap. Phase-space diagrams,
that show the acceleration acting on an atom for any given velocity
along an axis, allow a deeper understanding of the trap dynamics.
Figure 17 presents phase space diagrams for variation of detuning,
laser intensity and angle θ the secondary beams form with the inci-
dent beam. We observe three distinct purple bands indicating positive Phase-space diagram

of a six-beam MOT
with ∆ = −300 kHz
and s = 2000 for
reference. Other
parameters are kept
as given in the text.
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acceleration resulting from the secondary beams as well as one dis-
tinct orange band indicating negative acceleration resulting from the
incident beam. The orange band is readily understood as coupling to
the σ−/+ transition from the incident beam. As the beam becomes
resonant when Doppler shift and Zeeman shift match the detuning
of the beam, the resonance position depends on velocity and posi-
tion. The three purple bands in the phase-space graph result from
coupling to the π and σ−/+ transition. As we have seen in Fig. 12,
acceleration resulting from coupling to the σ+ transition is negligible
for MOT operation in regime I and velocity near 0m/s. Excitation of
the σ− transition by the secondary beams results in two bands with
axial symmetry corresponding to the symmetry of the Zeeman shift
along the axis. The position where this transition is resonant is given
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by the condition ∆ = ~k · ~v + ∆E(z) so that the slope of the purple
bands deviates from the slope of the orange band due to the oblique
angle the secondary beams form with the z-axis.
The horizontal band results from coupling to the π transition as the
mF = 0 states do not experience a position-dependent Zeeman shift
and thus the resulting force is independent of position.
An increase in detuning shifts all lines away from v = 0 as, now, a
larger Doppler shift is needed for the atom to become resonant with
the laser beams as seen by comparing Fig. 17 a) and b). In particu-
lar, the band resulting from excitation of the π transition is moved
to higher velocities. This illustrates the increased coupling to the π
transition with decreasing detuning as we e.g. move from Regime I
to Regime II.
An increase in intensity from s = 50 to s = 2000 results in a broad-
ened linewidth as seen in Fig. 17 c) where the bands are broadened.
A decrease of the angle θ yields a higher acceleration from the sec-
ondary beams. Furthermore, the slope of the σ− line is decreased as
the frequency shift resulting from the Doppler effect depends on the
angle between the wave vector and velocity vector of the atom.

2.4.4 Temperature

While a theoretical derivation of the Doppler cooling limit was fea-
sible using a semi-classical model for the strong transition, the same
considerations do not apply in the case of a narrow-line transition.
For the strong transition, we considered an atom at the magnetic field
minimum where the trap coefficient κ and the cooling coefficient α
described confinement and cooling for the region of interest where
we expect the atom cloud to form. The shape of the force in the SF
phase differs significantly from the strong transition. We think of the
atom as trapped between hard wall boundaries. The MOT will form
at one of those walls where gravitational acceleration experienced by
the atoms is balanced by the acceleration resulting from the MOT
beams. The exact position is given by the detuning and for a narrow-
line MOT operated in regime I it is no longer at the magnetic field
minimum. The model of a restoring force and a friction force with apyLCP is a powerful

tool for modelling
light-atom

interaction with a
optical Bloch

equation model, a
rate equation model,

and a heuristiq
model and was

developed by
Stephan Eckel et al.
at the University of

Maryland/NIST.
[25]

given coefficient is thus no longer a good model – both coefficients
would depend strongly on the exact position and velocity of the atom.
Furthermore, the photon recoil becomes significant, in particular for
low intensities. The semi-classical model we have used thus no longer
describes the dynamics of a narrow-line MOT accurately.

A more realistic picture is given by a rate equation model provided
by the Python package “pyLCP” focusing on the populations in the
different states [25]. This model calculates the motion of an atom in
the MOT using pumping and decay rates/probabilities for each time
step considering transition strengths as well as the exact position and
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velocity of the atom. It further considers photon recoil effects from
spontaneous emission. The motion of the atom is then given as [25]:

r̈ =
∑
i

 hki
2M

∑
j,k,l,m

R
k→j
lm,i

(
Njm −Nkl

)
+ g (33)

where Rk→jlm,i denotes the optical pumping rates due to laser beam i

between states l and m in manifolds k and j and Nkl denotes state l
in manifold k. A detailed explanation can be found in Ref. [25]. Co-
herent processes given by the optical Bloch equations are neglected
in this model.
For reference, we simulate the temperature in a 88Sr MOT in a stan-
dard six-beam configuration with a detuning of −650 kHz for differ-
ent intensities. Results are in good agreement with the experimen-
tal data from Boyd [17] who further found that the data follows
T(s) =  hΓ

√
1+ s/2kB h for s > 10.

We simulate the motion of a sample of 400 atoms in a single-beam
MOT for different angles θ of the secondary beams, an intensity of
the incident beam of s = 200, a detuning ∆ = −650 kHz, and a mag-
netic field gradient of dB/dz = 0.9mT/cm. As we have seen that the
potential in the narrow-line MOT is asymmetric, we separately con-
sider a geometry with the incident beam parallel and anti-parallel to
the gravitational acceleration.
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Figure 18: Simulated temperature of atoms in the narrow-line MOT for an
intensity of the incident beam of s = 200, ∆ = −650 kHz and
dB/dz = 0.9mT/cm as function of angle θ. Radial temperatures
are given in blue and axial temperatures in orange. Results are
given for an incident beam parallel (chip down) and anti-parallel
(chip up) to gravitational acceleration as indicated by the marker.
The black dashed line indicates the Doppler cooling limit for a
six-beam MOT with equivalent intensity.
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For the case where gravitational acceleration is anti-parallel to the
k-vector of the incident beam (chip up), we observe a higher temper-
ature than for the case where gravitational acceleration is parallel to
the k-vector of the incident beam (chip down) in both axial and ra-
dial direction. For radial direction, the difference is particularly large.
This is readily explained by the large number of scattering events
from the secondary beams in addition to scattering from the incident
beam counteracting gravity. This results in excess heating. A larger
angle θ results in an increased additional heating rate in radial di-
rection and thus slightly higher temperatures, contrary to 1st stage
cooling where we obtain lower temperatures for increasing angle θ
due to the higher cooling coefficient playing a dominant role. For ax-
ial temperatures, we also observe a clear increase in temperature with
increasing angle θ, in agreement with the results for strong transition
laser cooling where the dependency on angle however is small. With
the gravitation acceleration on a similar scale as acceleration from
scattering, efficient cooling plays an enhanced role. As we have seen
previously, two counter-propagating beams (corresponding to θ = 0°)
are ideal for cooling so that a small angle θ is beneficial. Interestingly,
for θ < 60° we obtain lower temperatures than in the standard six-
beam MOT. Here, atoms scatter photons almost solely from the beam
counter-acting gravitational acceleration. Adding beams accelerating
the atom in the opposite direction and providing additional cooling is
thus indeed beneficial and has a stronger impact than the additional
heating rate for small angles θ. Of note is further a relatively large
ratio of radial to axial temperature in this geometry. For θ = 40° this
ratio is ≈ 3 and decreases to 1.5 for θ = 70°.
For the orientation “chip down” with the secondary beams counter-
acting gravity, cooling is more isotropic reaching similar temperatures
in axial and radial direction. We observe the same qualitative depen-
dence of radial and axial temperature on the angle θ. For the radial
temperature a similar argument can be made as previously. As the
atom in this configuration will almost exclusively experience scatter-
ing from the secondary beams all forming an angle with the z-axis,
the angle dependence of the temperature is stronger. As this config-
uration provides isotropic cooling to ≈ 1µK, it is the preferential
choice in agreement with our considerations in Section 2.4.1.
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2.5 considerations for isotopes with hyperfine struc-
ture
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Figure 19: Hyperfine splitting of the 1st and 2nd cooling stage in 87Sr. The
excited states are split into F = {I− J, I, I+ J}. Frequency shifts of
the hyperfine states are indicated.

As 87Sr possesses a non-zero nuclear spin I = 9/2, cooling and
trapping dynamics become more complicated compared to the sim-
ple bosonic case. Coupling of the total orbital momentum J and the
nuclear spin I to the quantum number F with ~F = ~I +~J results in
hyperfine splitting of each 2S+1LJ state into 2J+ 1 levels with I− J 6
F 6 I+ J. Each of these levels is frequency-shifted with the shift de-
pending on the quantum numbers F, I, and J as well as the magnetic
dipole and electric quadrupole interaction constants. The resulting
hyperfine splitting for the 1st and 2nd cooling stage in strontium is il-
lustrated in Fig. 19. In the presence of a magnetic field, each Zeeman
sublevel mF is shifted by ∆E ≈ mFgFµBB. Due to the large nuclear
spin, the 1S0 ground state has 10 Zeeman sublevels. For cooling, an
Fg → Fe = Fg + 1 transition is advantageous as σ± and π transitions
than exist for all mF states including the stretched states, where pure
σ± coupling provides a quasi-closed cooling transition. The excited
states with F = 11/2 then possess 12 Zeeman sublevels.
This added complexity to the level structure has important conse-
quences for laser cooling and trapping for both the first and second
cooling stage.
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Figure 20: a)-d) Comparison of hyperfine splitting in alkaline and alkaline-
earth atoms. e) Illustration of “untrappable” Zeeman sublevels. f)
Relative transition strengths of the σ−, π and σ+ transitions for
Fg = 9/2, Jg = 0 → Fe = 11/2, Je = 1 in 87Sr. Adapted from [17,
72, 101]
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2.5.1 Broad-line MOT

The 1P1 state used for 1st stage laser cooling has three hyperfine states
with F = {7/2, 9/2, 11/2}. To fulfill the condition Fg → Fe = Fg+ 1, the
F = 11/2 state is used for laser cooling/trapping which is shifted
by 6MHz. However, the hyperfine structure is not resolved with the
other two hyperfine states shifted by 37MHz and 23MHz for the
F = 7/2 and F = 9/2 state respectively. With the frequency shifts on
the order of the transition linewidth, excitation of the other hyperfine
states is inevitable.
For alkali atoms, the Landé g-factor for ground state and excited state
are usually comparable. As both ground and excited states experience
similar Zeeman shifts, the resonance frequency of a σ−, π or σ+ tran-
sition is nearly independent of the Zeeman sublevel of the ground
state occupied by the atom. As a result, the trap dynamics are simi-
lar to a simple J = 0 → J = 1 as considered for 88Sr thus far. This
is illustrated in Fig. 20 a) and b). For atoms such as rubidium, the
atom dynamics in a MOT thus have sufficient resemblance with a
J = 0 → J = 1 MOT and can be modeled as such. For alkaline-earth-
like atoms on the other hand, the Landé g-factor of the excited state
is much larger than the g-factor of the ground state as the latter is
only given by the nuclear momentum with J = 0, F = I. We can thus
approximate the energy of the ground state as independent of the
Zeeman sublevelmF populated by the atom. The slope of the Zeeman
shift of the excited state on the other hand depends strongly on the
Zeeman sublevel m ′F such that ∆E(mF,m ′F) ≈ ∆E(m ′F) = g ′FµBm

′
FB.

Consequently, the resonance frequencies for σ− , π or σ+ transitions
depend strongly on the mF Zeeman sublevel of the ground state with
∆m ′F = mF − 1,mF,mF + 1.
This situation is illustrated for 87Sr in Fig. 20 c) and d). Indeed, we
find that for some Zeeman sublevels trapping is not possible. Such
a case is depicted in Fig. 20 e). Here, we consider an atom in the
mF = −9/2 state in the standard six-beam configuration with a pair
of counter-propagating laser beams. For z < 0 we find that the beam
pushing the atom back towards the center of the trap drives a σ− tran-
sition to the m ′F = −11/2 state where the detuning corresponds to the
sum of Zeeman shift and Doppler shift. On the other hand, the laser
beam pushing the atom further away from the trap center drives a
σ+ transition to the m ′F = −7/2 state. Both beams are off-resonant for
z > 0 leaving the atom free to escape the trap. The transition probabil-
ities are given by the Clebsch-Gordan coefficients as depicted in Fig.
20 f). We find that the ratio between restoring and expulsive force is
beneficial and as large as 55 : 1 for the stretched state mF = −9/2 pro-
viding a quasi-cycling transition once atoms are pumped to this state.
Additionally, an argument can be made for a broad transition that
atoms are optically pumped out of states that cannot be trapped into
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states that can quickly due to the large number of scattering events
[72]. As a result, averaging over many photon absorption processes
yields an overall restoring force enabling magneto-optical trapping.
Indeed, experimentally it was found that a fermionic strontium MOT
on the 1P1 →1 S0 transition can be realized with the same life time
as the bosonic MOT in the standard six-beam configuration.
However, things change for the single-beam geometries discussed
in this section. We have seen that the secondary beams forming an
oblique angle with the symmetry axis of the quadrupole field couple
to σ−, σ+ as well as π transitions with the latter being vital for a restor-
ing total force. For π transitions driven by the secondary beams and
σ+ transitions driven by the incident beam, the ratio of the Clebsch-
Gordan coefficients giving the transition strength is less beneficial for
the outer Zeeman sublevels. For the Zeeman sublevel mF = ±− 9/2

of the ground state the ratio is given by 10 : 1 instead of 55 : 1 as previ-
ously for pure σ−/σ+ coupling. Additionally, upon excitation to the
Zeeman sublevelm ′F = ±9/2 of the excited state via a π transition, the
atom can decay to the Zeeman sublevel mF = ±7/2 so that spin po-
larization is likely significantly worse. The consequences for the atom
dynamics in the MOT are complex and require a complex Monte-
Carlo simulation or experimental investigation. We will see later that
fermionic strontium was successfully trapped in the Fresnel-MOT.

2.5.2 Narrow-line MOT

The 3P1 state used for 2nd stage cooling again has three hyperfine
states with F = {7/2, 9/2, 11/2} where the F = 11/2 state is used for
cooling and trapping. Unlike in the 1st stage MOT, the hyperfine struc-
ture is resolved: The F = 9/2 and F = 7/2 state are shifted by more
than a GHz away from the F = 11/2 state. We also find that the pho-
ton recoil shift is on the same order of magnitude as the transition
linewidth so that the atom will only stay in resonance with the red-
detuned laser beams for a few scattering events. Thus, we can no
longer rely on fast randomization through optical pumping to solve
the issue of Zeeman sublevels that cannot be confined. Indeed, it was
found that the lifetime of the fermionic narrow-line MOT is dras-
tically reduced compared to the bosonic narrow-line MOT [72]. To
overcome the limitation in lifetime, a second so-called stirring laser
is used to drive the Fg = 9/2 → Fe = 9/2 transitions. This scheme
was first introduced by the Tokyo group [72]. The Zeeman shifts for
this hyperfine level are significantly smaller so that the atoms stay
in resonance longer. This stirring laser then provides additional opti-
cal pumping and resulting state randomization. This scheme allows
for the same narrow-line MOT lifetime for fermionic strontium as for
bosonic strontium.
However, the consequences for a single-beam geometry where the
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secondary beams form an oblique angle with the symmetry axis of
the magnetic field discussed for the strong transition also apply here.
Again, a detailed Monte-Carlo simulation and experimental investiga-
tion is needed to understand how the atom dynamics in the trap are
changed. A group at the University of Maryland has started this in-
vestigation and found that in principle, operation of a red 87Sr MOT
should be possible but so far has not been able to prove this experi-
mentally [26]. As we will see later, narrow-line cooling in the Fresnel-
MOT was not attempted in this work due to a poor signal in the
first stage MOT. Trap dynamics in the narrow-line MOT for 87Sr for
complex geometries thus remain an open question.
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T H E T E S T S E T- U P F O R T R A P C H A R A C T E R I Z AT I O N

In this chapter, we present the test set-up built for the experimental
characterization and investigation of the GMOT and the Fresnel-MOT.
The focus of the set-up lies on facilitating a fast exchange of test struc-
tures, ample optical access for thorough investigation, and providing
an easy possibility to realize a standard six-beam geometry as well.
As a result some compromises were made with respect to an ideal
geometry for GMOT and Fresnel MOT operation. The test set-up is
presented in the following section as is a more detailed description of
the home-built 689nm laser set-up for narrow line laser cooling.

3.1 experimental set-up

The test structure is mounted in an ultra-high vacuum system con-
sisting of a standard spherical octagon. We choose to mount the grat-
ing such that gravitational acceleration is anti-parallel to the incident
beam due to practical reasons such as easier alignment of the incident
beam (configuration “chip up”, see Chapter 2.4.4). As a result of the
anti-trapping force impacting the SF MOT in this case as outlined in
Chapter 2.4, this constitutes the “worst case” scenario. By operating
in this configuration, the general feasibility of trapping on a narrow-
line transition in the GMOT/Fresnel MOT geometry can be shown
independent of orientation. This further supports functionality in mi-
crogravity applications where atoms will again move between both
potential barriers created by the GMOT/Fresnel MOT (see Chapter 6).
The MOT coils are mounted in vacuum so that the reduced distance
lowers the power consumption to reach the targeted gradient of up to
6mT/cm. The coils have a distance of 26mm and a radius of 14mm
with 16 windings each. We use currents of up to 10A. The maximum
gradient achievable is limited by heating and successive out-gassing
of the coils. Additional coils outside the vacuum on both the radial
axis and the z-axis allow compensation of external magnetic fields.
The axial coils in z-direction also allow the application of an external
magnetic field to shift the magnetic field zero of the quadrupole field
towards the geometric center of the trapping volume.
The atom source is an oven following [97] heated to typically 350 °C−

400 °C. The atomic beam is radially incident to the center of the vac-
uum chamber. This leaves the z-axis available for the realization of
a six-beam MOT which proved useful throughout the experimental
characterization of the Fresnel MOT and the two-color GMOT. How-
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Figure 21: Experimental Set-Up of the test chamber with beam paths out-
lined. Details can be found in the text. NEG – nonevorable getter
pump, PMT – photo-multiplier tube.

ever, the capture velocity in this direction is lower than in loading
geometry along the z-axis (see Sec. 5.2.1) as realized by Sitaram et al.
[100].
While most set-ups commonly use a Zeeman slower to initially slow
higher velocity classes to velocities smaller than the capture velocity,
we do not employ such a scheme. Instead, we use a deceleration beam
counter-propagating the atom beam with a detuning of −220MHz, a
diameter of 3mm, and 20mW power corresponding to a saturation
of s = 0.5. The optimal detuning was found experimentally and de-
pends on the intensity of the deceleration beam. The distance between
the oven and the MOT center is 14 cm, facilitating a high atom flux at
the MOT position which partially compensates the lower portion of
slow atoms.
The system utilizes two vacuum pumps, an 80 l/s nonevaporable get-
ter (NEG) pump positioned directly at the oven and a 40 l/s ion pump
positioned on the opposite side of the vacuum chamber. The NEG
pump was added to the set-up to counter strong outgassing of the
oven that led to a pressure increase to the 10−8mbar range as no
differential pumping is employed. The base pressure of the system
is 2 · 10−10mbar. Outgassing from the oven continued to limit the
vacuum pressure to 5 · 10−9mbar at an operational temperature of
390 °C.
Due to decay via the 1D2 to the metastable 3P2 state, the 1S0 → 1P1
transition is not closed, and atoms can get trapped in this so-called
dark state. This is solved by using a repumping scheme: Here, we
use a first repumper that excites the atoms from the 3P2 dark state to
the 3S1 state. As the atom may decay into the 3P0 state from there, a
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second repumper is used on the 3P0 to the 3S1 transition (see Fig. 1)
[29]. This way, atoms will eventually decay from the 3S1 state to the
3P1 state and from there to the ground state. For fermionic stron-
tium, the hyperfine splitting affects the repumping scheme. The 3P2
state has five hyperfine states with F = {5/2, ..., 13/2}. Similarly, the
3S1 state has three hyperfine states with F = {7/2, 9/2, 11/2}. The hy-
perfine states of both the 3P2 state and the 3S1 state span a frequency
range of a few GHz each. To be able to address all of these transitions,
as repumping efficiency otherwise drastically decreases [17], the re-
pumpers are modulated rapidly in frequency.
For the first cooling stage at 461nm, as well as for the repumping
at 679nm and 707nm light, commercially available extended cavity
diode lasers (ECDL) are used. Two 461nm lasers are used, one pro-
ducing the light for the incident MOT beam while the other provides
the deceleration beam and a detection beam. All diode lasers are
locked to a wavelength meter with a resolution of 0.1MHz. Laser
light with a narrow linewidth for the second cooling stage at 689nm
is generated with a home-built laser system detailed in the following
section.
A dichroic mirror combines the 461nm and 689nm light. A beam
shaping unit consisting of a variable telescope followed by a flat-top
beam shaper produces an 18mm diameter bichromatic laser beam
with flat-top intensity profile and circular polarization. The profile of
the output beam can be adapted by changing the input diameter with
the variable telescope, which allows fine-adjustment of the intensity
profile.
The repumpers are radially incident on the atoms with a retro-reflected
beam as depicted in Fig. 21. Another radial axis is used for the retro-
reflected detection beam.
To optimize imaging, we use an imaging system consisting of a lens
with a focal length f = 125mm that initially collimates the fluores-
cence light from the detection beam. A pair of lenses with f = 100mm
produces an intermediate focus where an aperture is placed to filter
out stray light. Finally, another lens with f = 100mm focuses the light.
A flip mirror allows to select between imaging onto a CCD camera or
a photo-multiplier tube (PMT).

3.2 689 nm laser

For excitaton of the narrow-line transition, locking of a diode laser on
the wavelength meter does not suffice to fulfill requirements of a sta-
ble, narrow-line light source. Instead, an in-vacuum cavity is used as
absolute frequency reference. As free running laser diodes typically
have a spontaneous linewidth of MHz, the linewidth of the laser
diode used is initially narrowed with a self-injection lock to ensure
good coupling to the cavity mode and feasibility of a stable Pound-
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Figure 22: Home-built laser set-up for generation of narrow-line, single fre-
quence laser light at 689 nm. A single-frequency laser diode is
self-injection locked and employed as a master laser. A lock to
an in-vacuum optical resonator ensures long-term frequency sta-
bility with feedback loops to a piezo in the self-injection path
and the laser current. A high-power slave laser diode is injection
locked to this master laser.

Drever-Hall (PDH) lock.
The laser system used for generation of 689nm light is based concep-
tually on previous work by Lin et al. [55]. The set-up is depicted in
Fig. 22. A single-frequency laser diode by Eblana photonics is used
as master laser. The laser diode is temperature-stabilized to a temper-
ature of 30.4°C to reach the wavelength of the 1S0 → 3P1 intercom-
bination line in 88Sr and operated at a current of 94mA. A pick-off
reflects 5% into the self-injection locking arm consisting of a mirror
mounted on a piezo, a polarizing beamsplitter (PBS) and a 1m single-
mode fibre with a mirror on its end for retro-reflection. The PBS in
front of the fiber allows to control the fraction of the light that will
be reflected back into the single-frequency laser diode. The light then
passes through an optical isolator to avoid back reflection from other
surfaces. A sequence of λ/2 waveplates and PBS controls the fraction
of the light passed to the slave laser, wavelength meter, and an in-
vacuum optical resonator serving as absolute frequency reference to
achieve long-term frequency stability. A PDH locking scheme to a
sideband with tunable offset-frequency from the carrier allows fine-
tuning of the laser frequency. A slow feedback loop passes the error
signal to the piezo in the self-injection path and a fast feedback loop
passes the error signal to the laser current.
Different regimes are observed, depending on the feedback level cho-
sen. For feedback around −43dB, we observe line narrowing and
single-mode operation. Reducing the feedback further leads to a regime
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where the linewidth is broadened significantly, while increasing the For more details on
the underlying
physics of the
self-injection lock,
the interested reader
is pointed to Ref. [2,
42, 106]

feedback leads to multi-mode operation. These observations corre-
spond to the observations of Lin et al. [55]
The frequency reading on the wavelength meter with a resolution of
100 kHz was stable on relevant time scales (with an exposure time of
few µs).
To increase the laser power available at the experiment, we employ an
injection lock to a high-power slave laser diode which then inherits
its spectral properties from the self-injected locked single-frequency
laser diode used as master laser. The feedback level used in the in-
jection lock is controlled with a half-wave-plate and a PBS. The light
from the master laser is reflected into the slave laser diode via a beam
pick-off plate. The maximum power available at the experiment is
15mW.





4
A P L A N A R , A C H R O M AT I C F R E S N E L M O T

This chapter presents the novel Fresnel MOT. In the first section, its
design is presented followed by the experimental characterization in
the test set-up.

4.1 design

Figure 23: Schematic illustration of the beam propagation in the Fresnel
MOT. The incident beam (a) is reflected by the Fresnel reflector
(b), creating secondary beams (c). Adding a magnetic quadrupole
field with its minimum within the beam overlap volume (d) leads
to cooling and trapping of atoms. The red dashed lines show the
equivalent mirror surfaces of a tetrahedral MOT (see Fig. 2) pro-
ducing an equivalent beam geometry.

The basic idea of the Fresnel MOT is to combine the advantages of
the tetraeder MOT and the gMOT (see Chapter 1.3) into one planar
reflector that allows the formation of a magneto-optical trap from a
single incident beam in combination with a quadropole field. Such a
reflector combines the unrestricted radial access and the mechanical
stability that the gMOT offers with the achromatic beam steering of
reflective designs. To realize this, the bulky mirrors of the tetrahedral
mirror MOT are replaced with surface-structured Fresnel reflectors.
This structure is obtained by folding the surfaces of the tetrahedral
mirror MOT in regular intervals onto a common plane. Surfaces re-
flecting towards the center of the trap that participate in cooling and
trapping of the atoms then alternate with surfaces reflecting the inci-
dent light outwards. The latter are ideally parallel to the secondary
MOT beams to avoid multiple reflections as this may cause intensity
imbalance with additional reflected beams passing trough the trap-
ping volume.
The period of the structure is in principle arbitrary as long as it is
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Figure 24: Reflectivity needed for balanced radiation pressure and MOT vol-
ume as a function of mirror inclination angle/reflection angle.
The MOT volume has been determined numerically, while the re-
flectivity is calculated according to R = 1

Ncosθ . The black dashed
line indicates the mirror inclination/reflection angle for the Fres-
nel structure.

large compared to the wavelength employed thus avoiding diffrac-
tion. It dictates the height of the structure. In the limit of very large
periods, this yields the tetrahedral MOT. A schematic drawing of the
Fresnel MOT design is depicted in Fig. 23

The idea has been patented with patent no. 10 2020 102 222 at the
Deutsches Patent- und Markenamt (DPMA) [11].
A first-generation prototype has been designed and manufactured
from oxygen-free copper by the scientific instrumentation department
at PTB. This material is well-suited as a surface with optical quality
can be achieved by high precision milling processes without addi-
tional polishing necessary. A surface root-mean-square roughness of
the copper substrate of ≈ 7nm was obtained this way. The copper
substrate was sputter-coated with a 100nm aluminum layer yielding
a highly reflective surface for visible radiation. Both copper and alu-
minum are conductive. The use of dielectric materials may be prone
to the accumulation of charges yielding an electric field which in turn
results in a large, varying DC-Stark frequency shift for the clock tran-
sition [16] – a problem for high-accuracy quantum sensors using spec-
troscopy of the clock transition.
In principle, the inclination angle can be freely chosen for this type of
structure. However, as we have seen previously, a tetrahedral configu-
ration corresponding to a mirror inclination angle of γ = θ/2 = 35.26°
is ideal and requires a reflection coefficient of 1 for intensity balance.



4.1 design 57

Figure 25: Photographic image of the Fresnel structure prototype. The proto-
type is manufactured from oxygen-free, high-conductivity copper
and sputter-coated with a 100nm aluminum layer. The inlination
angle of the inward reflecting surfaces is 34 degrees.

The reflectivity necessary for intensity balance, R = 1
3cosθ , is pre-

sented as a function of mirror inlination/reflection angle in Fig. 24.
Aluminum has a reflection coefficient of ≈ 0.9 for visible radiation.
To obtain balanced radiation pressure, this yields a mirror inclination
angle of γ = 34°, close to the ideal tetrahedral configuration.
Figure 24 shows further how the MOT volume, i.e. the overlap vol-
ume of the incident beam and all secondary beams, scales with mir-
ror inclination angle/reflection angle. The atom number N has been
shown to scale with the trap volume in MOTs. However, realizing
a configuration with (almost) ideal trapping and cooling coefficients
takes precedence as their impact on atom number and final tempera-
ture dominates.
The Fresnel structure prototype is shown in Fig. 25. The structure
has a diameter of 25.4mm and consists of three distinct segments. A
triangle-shaped hole is in the center of the sample structure to avoid
parasitic reflection and allow for the formation of a standard six-beam
MOT with the structure in the test chamber. The Fresnel MOT is
placed in a flexure mount that also holds one of the in-vacuum mag-
netic field coils.
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4.2 experimental characterization

The prototype of the Fresnel MOT was characterized in the test set-up
described in the previous chapter. Aligning the incident beam proved
challenging as no retro-reflection is available for easy alignment. Ra-
dial support beams were employed to obtain an initial signal. Their
intensity was then slowly reduced under constant realignment and
optimization of the fluorescence signal until stable trapping with the
Fresnel MOT alone was achieved. The results of the experimental
characterization of 1st and 2nd stage MOTs of 88Sr as well as 1st stage
cooling of 87Sr and 86Sr are presented in the following.

4.2.1 1st Stage Cooling of 88Sr
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Figure 26: Typical loading curve of the 1st cooling stage Fresnel MOT with
(orange) and without (blue) deceleration beam. The magnetic
field gradient is dB/dz = 7.2mT/cm and the laser intensity
s = 0.5. Error bars are smaller than the size of data points and
thus not visible.

We successfully trapped and cooled 88Sr atoms on the 1st cooling
transition with the Fresnel structure. In order to characterize the Fres-
nel MOT, we measure the life time τ and the temperature T of the
atoms as well as the atom number N and the loading rate R. All
of these but the temperature can be extracted from loading curves,
where the atom number is recorded as a function of time t while the
MOT is loading. Each data point presents the average atom number
after repeatedly loading the MOT for a time t and subsequent detec-
tion. The error corresponds to the uncertainty on the mean atom num-
ber. Here, we extract the atom number from fluorescence imaging.
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Throughout experiments with the Fresnel MOT as well as the gMOT,
we observe that the deceleration beam contributes a significant radi-
ation pressure to the 1st stage MOT resulting in intensity imbalance
and a decreased lifetime. Thus, the loading curves for life time char-
acterization are recorded with the deceleration beam turned off and
the MOT being loaded directly from the hot atom beam. Where light-
assisted collisions can be neglected, the atom number during loading
then follows

N = Rτ︸︷︷︸
N0

(
1− exp

(
t

τ

))
(34)

where N0 denotes the steady-state atom number. In Fig. 26, a typi-
cal loading curve is presented, recorded with a magnetic field gradi-
ent of dB/dz = 7.2mT/cm and an intensity of the incident beam of
s = 0.5. As in Ref. [100], we conclude from the quality of the fit that
the above assumption of negligible light-assisted collisions is valid.
For comparison, a loading curve with deceleration beam turned on
using the same parameters is also presented. Here, the loading rate
is improved dramatically, and we further observe a reduction of life
time. Overall, this still results in a significantly higher equilibrium
atom number N0 = Rτ.
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Figure 27: Life time, loading rate and atom number as a function of mag-
netic field gradient. The intensity of the incident MOT beam is
s = 0.5 and the vacuum pressure is 5 · 10−9mbar. The uncertainty
is taken from the fit and corresponding error bars are smaller than
the size of data points and thus not visible.

Figure 27 shows the parameters life time, atom loading rate and
atom number as functions of the magnetic field gradient. They all
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increase with increasing magnetic field gradient. The life time in-
creases from 28ms to 102ms. The vacuum pressure during these
measurements was measured as 5 · 10−9mbar corresponding to a
background-gas-collision limited lifetime of 200ms [73]. Assuming

1
τvacuum

+ 1
τFMOT

= 1
τtotal

, a lifetime of up to τFMOT = 208ms is ob-
tained. The loading rate shows a much weaker dependency on mag-
netic field gradient than the life time and is nearly constant from
5.5mT/cm to 6.9mT/cm. This is in agreement with expectations of a
weak dependency on magnetic field gradient from simulations. The
behavior of the equilibrium atom number is dominated by the effect
of the increasing life time.
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Figure 28: Life time, loading rate and atom number as a function of laser
intensity. The magnetic field gradient is dB/dz = 7.2mT/cm and
the vacuum pressure is 5 · 10−9mbar. The uncertainty is taken
from the fit and corresponding error bars are smaller than the
size of data points and thus not visible.

Figure 28 shows the parameters life time, atom loading rate and
atom number as a function of laser intensity of the incident MOT
beam during loading. Loading rate and atom number both increase
with increasing intensity, while the life time decreases. An increase
in loading rate is readily understood and also observed in standard
geometries [116]. The decrease in life time from 160ms to 100ms
however is surprising. Assuming again 1

τvacuum
+ 1
τFMOT

= 1
τtotal

, a
lifetime of up to τFMOT = 800ms is obtained at s ≈ 0.18 so that the
dependency of lifetime on laser intensity is even stronger than ap-
parent at first glance. Closer investigation reveals that the atoms are
significantly hotter for increasing laser intensities. With atoms mov-
ing faster, they are more likely to be able to escape the MOT between
entering a dark state and being repumped and returned to the cool-
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ing cycle.
To measure the temperature of the atom cloud, we use the time of
flight (TOF) technique. Here, the width of the freely expanding atom
cloud is recorded as a function of time with fluorescence imaging.
The width σ of the atom cloud is

σ2(t) = σ20 + (kBT/M)× t2 (35)

where σ0 is the initial size of the atom cloud at t = 0 s. Record-
ing the size of the atom cloud as a function of expansion time t then
allows to extract the temperature from a fit following the equation
above.
The temperature is measured as a function of intensity where the
MOT is initially loaded with the MOT beams at full intensity and the
deceleration beam on. The intensity is then quickly ramped to the
target intensity and the deceleration beam turned off. After the atom
cloud is thermalized, the MOT beam is then also turned off and the
atom cloud expands for a time interval t before detection on the cam-
era where the atoms are illuminated with the retro-reflected detection
beam. Its exposure time is chosen as small as possible while still yield-
ing a good signal. Longer exposure times were observed to cause ar-
tifacts as a systematic error on the temperature results from the atom
cloud continuing to expand during exposure. The atom cloud width
is extracted from the fluorescence images with a Gaussian fit. To im-
prove the SNR, pixels are binned in vertical/horizontal direction to
extract horizontal/vertical cloud size.
Figure 29 a) shows an exemplary plot of the extracted atom cloud

widths as a function of time for axial and radial direction correspond-
ing to the lowest point in Fig. 29 b) with an intensity s = 0.057. This
yields a temperature of (3.87 ± 0.10)mK in the axial direction and
(4.28 ± 0.12)mK in radial direction where the error corresponds to
one standard deviation. The ratio of radial to axial temperature agrees
with the theoretical ratio obtained from Eq. 31 of 1.09 within one
standard deviation. However, it is four times the theoretical Doppler
cooling limit for this configuration. The temperature increases further
with increasing intensity for both radial and axial direction. In axial
direction, the temperature increases to 7mK at I = 0.4 Isat with a
steeper increase in radial direction to 12mK. According to Doppler
theory, the temperature increase expected with intensity should be
much weaker.
Similar behavior is also observed in the standard six-beam geome-
try for alkaline-earth atoms [57, 76, 116, 117]. The underlying cause
was identified by Chanelière et al. as intensity fluctuations transverse
to the propagation direction of the laser beams leading to an addi-
tional heating mechanism [19]. They found that an additional, con-
stant force results from intensity fluctuations, adding to the friction
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a)

Figure 29: a) Atom cloud size squared as a function of time squared for a
laser intensity of I = 0.06 Isat. This measurement corresponds
to the lowest intensity point in the graph below. b) Temperature
in the 1st stage Fresnel MOT as a function of laser intensity. The
magnetic field gradient is dB/dz = 0.72mT/cm and the laser de-
tuning ∆ = −Γ .
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force from Doppler theory. Intensity fluctuations in the Fresnel MOT
in particular can result from imperfection in the top-hat intensity pro-
file of the incident beam, misalignment, as well as manufacturing im-
perfections e.g. in the form of varying reflectivity of the surfaces and
at the edges between the adjacent surfaces that can result in wave-
front errors and parasitic reflection. In the absence of sub-Doppler
cooling processes as it is the case for ground states with zero angular
momentum, the additional force resulting from intensity fluctuations
dominates for small velocities. The final velocity distribution of the
atom cloud then depends on the ratio of the time scales of the inten-
sity fluctuations and cooling to steady-state. This effect scales with
intensity and temperatures closer to the theoretical Doppler limit can
be obtained by reducing the intensity of the cooling beams accord-
ingly.
For alkaline atoms with sub-Doppler cooling mechanisms present,
the friction force becomes intensity independent and the effect of the
intensity-dependent, constant force resulting from intensity fluctua-
tions thus becomes negligible.
These considerations are further supported by the positive impact of
a high magnetic field gradient on the trapping characteristics as this
compresses the atom cloud further, limiting the number of segments
of the periodic Fresnel structure needed for trapping and cooling.
While intensity fluctuations are likely to limit the temperature, atoms
are cooled sufficiently to be transferred to a BB MOT with good effi-
ciency when the intensity of the cooling beams is lowered, yielding
colder temperatures so that the first stage Fresnel MOT fulfills its pur-
pose. However, this does reduce the loading rate and atom number
as well.
Suggested improvements for the Fresnel MOT are 1) the addition of a
plane ring around the Fresnel structure for easier alignment of the in-
cident beam, 2) choosing a period as large as conveniently possible so
that the volume of cold atom cloud obtained after first stage cooling
can be illuminated with a minimal number of segments and 3) an im-
proved milling and coating process yielding a higher surface quality
and improved reflective properties. Figure 30 depicts the atom num-
ber signal as a function of detuning. The maximum number of atoms
is trapped with the incident beam red-detuned by one linewidth. This
is in agreement with the typical detuning in the standard six beam
configuration. The full width at half maximum (FWHM) of the atom
number peak is 0.4 Γ .
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Figure 30: Number of 88Sr atoms in the 1st stage MOT as a function of
detuning. The magnetic field gradient is 7.2mT/cm and the laser
intensity is s = 0.5. Error bars correspond to the size of the data
points.
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4.2.2 2nd Stage Cooling of 88Sr

After loading and cooling in the first stage MOT, the 689nm laser is
turned on at full power. The laser linewidth is broadened to 1.6MHz
using a modulation frequency of 50 kHz. The intensity of the 1st stage
cooling laser is then ramped down linearly to s = 0 and the magnetic
field gradient switched to 0.3mT/cm. In this BB MOT, the atoms are
cooled for an additional 60ms. The transfer to the BB MOT is im-
proved by reducing the intensity of the first stage cooling laser al-
ready during initial loading to s = 0.3, yielding a transfer efficiency
of 50%.
The temperature of the atom cloud after cooling in the BB MOT is
again determined with the TOF method. The atom cloud size in ra-
dial and axial direction as a function of wait time t before detection is
presented in Fig. 31, where data is averaged over several subsequent
measurements. The error bar for each data point corresponds to one
standard deviation on the mean value. Evaluation yields an axial tem-
perature of (25± 3)µK and a radial temperature of (43± 4)µK.
It can be expected that atoms could be cooled further as demonstrated
in the gMOT in the following chapter by applying a SF phase where
the modulation is switched off and intensity reduced linearly.
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Figure 31: Temperature measurement of the atom sample after cooling in
the BB MOT. The laser intensity is s = 1000 and the laser
linewidth is broadened to 1.6MHz. The magnetic field gradi-
ent is 0.3mT/cm. The linear fit yields an axial temperature of
(25± 3)µK and a radial temperature of (43± 4)µK.
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4.2.3 1st Stage Cooling of 87Sr and 86Sr

Besides 88Sr, we have also captured the fermionic isotope 87Sr as well
as 86Sr. The abundances and isotope shifts of the four stable isotopes
of strontium are listed in Tab. 2. No attempt was made to capture
84Sr due to the low abundance. In Fig. 32, the atom number is de-
picted as a function of frequency of the MOT beams. Here, we have
used the frequency with the maximal atom number for 88Sr as ref-
erence. The data for 88Sr corresponds to the data from Fig. 30. Data
for 87Sr and 86Sr was recorded at an oven temperature of 390°C and
a vacuum pressure of 8 · 10−9mbar. The fluorescence image for 88Sr
is recorded with an exposure time of 100µs. For 87Sr and 86Sr, the
images were recorded with an exposure time of 300µs to improve
the signal to noise ratio (SNR). Additionally, the images are averaged
over a recorded sequence of fluorescence images and an averaged
background sequence is subtracted for all isotopes.
The frequency shift between the 87Sr and 86Sr isotope to the 88Sr

isotope abundance nuclear spin isotope shift

84Sr 0.56% 0 −270MHz

86Sr 9.9% 0 −124.8MHz

87Sr 7.0% 9/2 −46.5MHz

88Sr 82.6% 0 (reference)

Table 2: Natural occurring isotopes of strontium. The isotope shift is given
for the 1S0 →1 P1 transition with respect to 88Sr.

isotope is in agreement with the isotope shifts of −46.5MHz and
−124.8MHz, respectively. We further observe that, while 86Sr and
87Sr have a similar abundance, the 87Sr peak in the spectrum is much
weaker. One possible reason is insufficient power in the repumping
beams as the laser needs to be scanned over several GHz to cover
all hyperfine states. While this is a challenge that also presents itself
in the standard six-beam geometry, additional problems might arise
from nature of the geometry as outlined in Sec. 2.5. Additionally, it
was previously observed that collisions with 88Sr atoms from the hot
atom beam can limit the 87Sr MOT [17] which might also be a prob-
lem here.
Furthermore, the 87Sr MOT required a shift of the magnetic field zero
away from the Fresnel structure with respect to 86Sr and 88Sr which
was realized by reoptimzing the current in the compensation coils.
This is possibly a consequence of the non-trivial trap dynamics dis-
cussed previously. This phenomenon has also been observed by the
Maryland group [27].
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2nd stage cooling for fermionic Strontium was not attempted due
to the poor signal to background ratio obtained for 1st stage cooling.
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Figure 32: Atom number as a function of laser detuning for 88Sr, 87Sr, and
86Sr. The frequency detuning is given relativ to the laser fre-
quency yielding the maximum number of 88Sr. Data for 88Sr
are recorded at an oven temperature of 370°C with the deceler-
ation beam turned off. Data for 87Sr and 86Sr are recorded at
an oven temperature of 390°C with the deceleration beam turned
on. Fluorescence images of the atom cloud for each isotope at
optimal detuning are shown as insets where the atom cloud is il-
luminated with the retro-reflected detection beam. The exposure
time is 100µs for 88Sr and 300µs for 87Sr and 86Sr. Error bars are
smaller than the data point markers and thus not visibe.





5
A T W O - C O L O R G R AT I N G M O T

While the design of a grating for the trapping of 88Sr is discussed
here in particular, a majority of the considerations can be transferred
to grating designs for other elements. We will first look at the design
process, then move on to present the final design followed by simula-
tions of capture velocity as well as temperature and conclude with its
experimental characterization.

5.1 design process

Figure 33: Diffraction angle as a function of grating period for 1st order
diffraction of 461nm (blue) and 689nm (red) as well as 2nd or-
der diffraction of 461nm (blue dashed). The black vertical line
indicates the grating period of the final design used in this work.

A diffracting grating with grating period d diffracts light with
wavelength λ which is normally incident according to λ = d · sin(θ).
Figure 33 shows the diffraction angle as a function of grating period
for 1st order diffraction of 461nm (blue) and 689nm (red) as well as
2nd order diffraction of 461nm (blue dashed). The inset again illus-
trates the angle dispersion of the diffraction grating.
This wavelength dispersion of the angle of diffraction in combina-
tion with the wavelength dispersion of the diffraction efficiency con-
stitutes a number of design challenges: Firstly, the trapping volume
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formed by the incident beams and the diffracted beams, in which
the intensity-weighted k-vectors add to zero, will be axially shifted
for different wavelengths. A small overlap of trapping volumes for
first and second stage cooling challenges transfer from the first to
the second cooling stage in the magneto-optical trap. Secondly, an
ideal diffraction efficiency is difficult to achieve simultaneously for
two transitions with a large wavelength ratio. Thirdly, the optimal
diffraction angle cannot be chosen for both wavelengths. And lastly,
we would like to suppress 0th order diffraction as it results in an anti-
trapping force and an unbalanced radiation pressure, which again is
not trivial for two wavelengths as this is commonly achieved by choos-
ing the grating height as λ/4. How these challenges can be overcome
will be the focus of this section.

With the grating period determining the diffraction angle, it is a
key parameter in the design with influence on the sizes of the trap vol-
umes, overlap of the trap volumes, radial and axial trapping as well as
temperature, and finally the degree to which the desired diffraction
efficiencies can be achieved. We will first look at angle dispersion and
its consequences in detail and then at diffraction efficiency dispersion
and infer the choice of grating period for this work.

5.1.1 Wavelength Dispersion of the Diffraction Angle

Figure 34: Trapping volume for the first (blue) and second (red) cooling
stage transitions as well as overlap volume of both trapping vol-
umes (purple) as a function of grating period. All trapping vol-
umes are plotted for a three-part grating (solid) and a four-part
grating (dashed) and a beam diameter of 18mm as produced by
the beam shaping unit of the test set-up.
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Trap Volume

In Fig. 34, one can see that the trapping volumes, as well as their
overlap, depend on the grating period and increase roughly linearly
with increasing grating period. The inset illustrates the problem of a
limited overlap of the trapping volumes resulting from the axial shift,
with the trap volume of the blue first cooling stage further away from
the chip than the trap volume of the second cooling stage. Typically,
the atom number increases with trap volume so that large trap vol-
umes are beneficial. An increase in the overlap of the trap volumes
of first and second cooling stage should further improve the trans-
fer efficiency. However, as the trap volumes also become increasingly
elongated, the scaling of the atom number with trap volume is likely
worse than for the standard six-beam geometry or the pyramid MOT.
Changing the number of secondary beams from three to four leads to
a minor decrease in trap volume and overlap volume.

Confinement and Trapping Characteristics

We have previously analyzed the angle dependency of the trapping
constant κz and κrad for the first cooling stage yielding Eq. 24, where
both benefit from larger diffraction angles as the anti-trapping contri-
bution decreases. We have also analyzed the dependency of axial and
radial restoring force on intensity imbalance, which is particularly rel-
evant in this case due to the aforementioned wavelength dispersion of
diffraction efficiency and resulting challenges regarding the optimiza-
tion of diffraction efficiency to a target value for two wavelengths.
Figure 35 shows the trapping coefficients κz and κrad as a function
of diffraction angle/ grating period and intensity imbalance for an
intensity of the incident laser beam of s = 0.5, magnetic field gra-
dient of 5mT/cm, and detuning ∆ = −Γ . We observe that for larger
diffraction angles intensity balance becomes less critical for axial trap-
ping. For small angles, intensity imbalance η 6= 1 rapidly results in a
decreased trapping coefficient, especially for an increased diffraction
efficiency (η > 1). Here, η denotes the previously introduced inten-
sity imbalance parameter (see Sec. 2.3.2) where the intensity in the

secondary beams Ij is given as Ij = η
1

N cos(θ)
I0︸ ︷︷ ︸

“ideal”
Diffraction Efficiency

.

The grating period needs to be larger than the wavelength for the sec-
ond cooling stage in order to generate diffraction for this wavelength,
too. As a result, grating periods that would produce an ideal angle
for the first cooling stage and are relatively insensitive to intensity
balance are not available. The diffraction angle for the first cooling
stage is limited to θ < 42°.
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Figure 35: Axial (top) and Radial (bottom) trapping constant as a function
of the intensity imbalance parameter η and the diffraction angle
θ. The values for the trapping constant are given relative to the
trapping constant in the standard, intensity-balanced six-beam
geometry.
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Temperature and Cooling Characteristics
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Figure 36: Axial (orange) and radial (blue) temperature in the 1st cooling
stage MOT as a function of diffraction angle/ grating period.

As we have seen in the previous theoretical discussion, the temper-
ature in the Doppler cooling limit depends on the angle of the sec-
ondary beams with respect to the quantization axis. For the first cool-
ing stage, the radial temperature decreases with increasing diffraction
angle (and thus decreasing grating period) while the axial tempera-
ture increases with increasing diffraction angle (and decreasing grat-
ing period). The axial and radial Doppler temperatures as resulting
from Eq. 31 are plotted as a function of grating period and diffraction
angle in Fig. 36. While the axial Doppler temperature still remains
below 1mK for diffraction angles ranging between 20° and 50°, the
radial Doppler temperature increases from ca. 1.5mK at 50° diffrac-
tion angle and a grating period of 600nm to ca. 6.5mK at a diffraction
angle of 18° corresponding to a grating period of 1400nm. As hotter
atoms are more challenging to transfer to the second cooling stage, a
minimal temperature in both dimensions is desirable which in turn
requires small grating periods.
For the second cooling stage, angles with θ < 40° result in unsta-
ble trapping at s = 200 and temperatures decrease with decreasing
diffraction angle for both orientations in axial as well as radial di-
rection (see Sec. 2.4.4). The angle dependency is however generally
weaker for the second cooling stage than for the first cooling stage.

Summary

To summarize up to this point, trapping and cooling for the first cool-
ing stage benefit from large diffraction angles while the overlap vol-
ume increases with decreasing diffraction angle. For the second cool-
ing stage, a diffraction angle θ > 40° is beneficial to ensure stable
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trapping at low intensities. With trapping and cooling being more
crucial than the size of the overlap volume, this results in a desired
grating period of 800 − 900nm. This choice of grating period then
also avoids second order diffraction of the 461nm light.

5.1.2 Wavelength Dispersion of the Diffraction Efficiency

We now shift our attention from the angle dispersion of the grating
to the diffraction efficiency dispersion. As we have seen, intensity
balance is crucial for broad transitions, especially for small diffrac-
tion angles, while narrow transitions can benefit to an extent from
a reduced diffraction efficiency (see Sec. 2.4. In order to achieve in-
tensity balance, a diffraction efficiency of 1/N is needed where N is
the number of secondary beams produced by the grating structure.
Additionally, equal diffraction efficiencies of both TE and TM modes
are necessary in order to conserve the incident circular polarization.
Polarization impurity results in a reduced radial trapping force for
both cooling stages. TE polarization corresponds to p polarization
with the oscillation direction of the electric field parallel to the grat-
ing grooves and TM polarization corresponds to s polarization with
the oscillation direction of the electric field perpendicular to the grat-
ing grooves. Both waves must have equal amplitudes and maintain a
phase shift of π/2 to yield circular polarization. The ratio of TE and
TM polarization can be adjusted by variation of the filling factor [21,
67].
To determine the quality of the diffraction properties for a given grat-
ing structure we devise a cost-function that allows its quantization
in a single number. The cost function is a sum over relative devia-
tions of all diffraction efficiencies from their target value multiplied
with a weighing factor chosen according to their importance. In this
cost function, we also include 0th order diffraction for the first cool-
ing stage. As 0th order diffraction solely leads to an anti-trapping
contribution for axial trapping and no contribution to radial trap-
ping [21], it is desirable to suppress it. For first-stage cooling, this
is mainly achieved by adjusting the grating height. As typically a
grating height of ≈ λ/4 is necessary to minimize 0th order diffraction
efficiently, it cannot easily be suppressed for second stage cooling
in the same way. Instead, we cut a 3mm hole in the wafer to pre-
vent back-reflection to the relevant volume for second stage cooling
and trapping as atoms will already be confined in a volume close
to the trap axis. The cost function can take values from zero to five
where zero indicates ideal diffraction properties and five corresponds
to maximal deviations from the target value for all parameters.
We use rigorous wave coupling analysis (RWCA) [71] to analyze diffrac-
tion properties of gratings with aluminum or silver substrate for
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Figure 37: Cost function minimum describing how well target efficiencies
are met for different grating periods. A cost function of 0 corre-
sponds to ideal diffraction efficiencies. Cost function minima of
a three-part aluminum grating are indicated with black circles as
markers. The cost function minimum for a four-part grating with
a thin gold layer is marked with a red square as marker. The inset
shows the cost function as function of grating height and filling
factor for the latter.

different grating periods, scan height, and filling factor. We found
that for our wavelengths, an aluminum substrate yields better results.
The minimum of the cost function of aluminum gratings for grat-
ing periods between 800 and 1200nm is depicted in Fig. 37 (black
markers) for a three-part grating with a clear minimum at 950nm
and very high cost function indicating poor diffraction properties for
800− 900nm – our targeted grating period.
In particular, we observe that the diffraction efficiency for 689nm is
too low. To overcome this issue, we employ a 4-part geometry lower-
ing the target diffraction efficiency for first order diffraction to 25%.
We further use a thin gold layer to balance the diffraction efficiency
of blue and red light. Gold has an absorption spectrum that peaks Reflectivity of a thin

gold layer for the
visible spectrum [91]
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for short wavelengths so that the diffraction efficiency for 461nm is
lowered with a neglectable impact on 689nm.
Careful optimization regarding the thickness of the gold layer finally
yields a cost function minimum of 0.82 at a grating period of 900nm,
a clear improvement to a three part geometry at a grating period
within the desired range. The inset of Fig. 37 shows the cost function
value as function of grating height and filling factor for this design.
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5.2 final design

A 900nm grating period corresponds to diffraction angles ofΘ461 = 31°
and Θ689 = 50° for 461nm and 689nm, respectively. The grating is
further characterized by filling factor, grating height and gold layer
thickness.
The cost function minimum is found for a grating height of 109nm
and a filling factor of 0.283. The latter corresponds to a groove width
of 645.3nm.

parameter

gradient for

1
st

order diff . eff .
461 nm

gradient for

1
st

order diff . eff .
689 nm

te tm te tm

Duty cycle 0.07%/nm 0.02%/nm 0.03%/nm 0.2%/nm

Grating height 0.3%/nm 0.1%/nm 0.6%/nm 0.2%/nm
Gold layer
thickness

−0.3%/nm −0.8%/nm 0.3%/nm 0.1%/nm

Table 3: Parameter Sensitivity of the diffraction properties for the designed
grating

In order to estimate the accuracy with which the grating must be
manufactured, we calculate the gradient of the first order diffraction
efficiency at the design value of filling factor (duty cycle) and gradi-
ent height. An overview of these values is given in Table 3.
The grating chip has been manufactured in the clean room facilities
of the Physikalisch-Technische Bundesanstalt. In a first step, a sili-
con wafer is coated with a 100nm aluminum layer that serves as the
base layer. The grating lines are then produced with electron-beam
lithography and a lift-off process. A titanium layer is used as bond-
ing layer. The grating structure is then subsequently coated with a
thin gold layer using an evaporation process. As for the Fresnel MOT,
all materials used are conductive to circumvent the collection of sur-
face charges.
After initial manufacturing runs, a 8nm oxide layer was identified

under the gold layer through scatterometry originating due to the
nature of the manufacturing process. As a consequence, the first or-
der diffraction efficency at 461nm and 689nm was reduced by 3%
and 2% respectively. To compensate this deviation from the designed
geometry, we reduce the gold layer thickness from 20nm to 10nm in
the final design used for experimental investigation in this work. This
grating chip as well as a schematic representation of the unit cell are
depicted in Fig. 38. Again, the gradient of the first order diffraction
efficiency at the target gold layer thickness was calculated and is also
listed in Table 3.
The grating geometry was evaluated with atomic force microscopy
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Figure 38: Left: Unit cell of the designed grating magneto-optical trap with
a grating height of 109nm, a duty cycle of 0.283 corresponding
to a groove width of 654.3nm. The gold layer has a thickness of
10nm. Due to the nature of the manufacturing process, a 8nm
oxide layer formed under the gold layer. Right: Photograph of
manufactured grating chip.

and electron microscopy in addition to scatterometry and, in general,
good agreement between design and manufactured geometry was
found. The diffracting properties of the grating were measured and
compared to the simulated values. A good agreement between both
was found as presented in Tab. 4. The ratio of TE and TM polarization
mode is 1 for 461nm and 0.89 for 689nm. The measured intensity im-
balance factor η is 1 for the first cooling stage and 0.72 for the second
cooling stage. Deviations between measurement and simulations are
likely a result of uncertainties in the material dispersion properties of
thin-film layer as well as measurement uncertainties on the gold and
oxide layer thicknesses.

0th
order 1

st
order

simulated measured simulated measured

461 nm 8.4 7(1) 26.6 25(1)

689 nm 46.6 50(2) 21.4 18(1)

Table 4: Diffraction efficiencies for 0th and 1st order of the grating as de-
signed and as measured. Diffraction efficiencies are averaged over
TE and TM modes.
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5.2.1 Simulation of Properties for the Designed Grating

Key characteristics of a MOT are achievable temperatures in laser
cooling as well as loading rates indicated by the capture velocity. For
the final design of the two-color GMOT, a theoretical study of these
parameters is thus presented in the following.

Capture Velocity

The capture velocity was analyzed with the rate equation model us-
ing pyLCP [25]. It is given by the maximal intensity an atom can have
and still be captured in the GMOT.
The parameters used correspond to experimental parameters used
and are a laser intensity of s = 0.5, a magnetic field gradient of
5mT/cm, a beam diameter of the incident beam on the grating of
18mm, and a detuning ∆ = −Γ . In Fig. 39, the acceleration generated
by the 1st stage MOT beams is depicted in phase space for the axial
and radial directions as well as the trajectories of atoms with different
initial velocities in the radial and axial direction. The capture veloc-
ity for axial direction is around 50m/s with a peak acceleration of
300m/s2 from the incident MOT beam. In radial direction, the cap-
ture velocity is around 35m/s with a peak acceleration of 70m/s2.
It depends strongly on the beam diameter as well. Deceleration for
atoms incident along the z-axis is a lot stronger providing better load-
ing characteristics. As mentioned previously, atoms are loaded in ra-
dial direction in this work for practical reasons.
Typical capture velocities in the six-beam MOT are 50− 100m/s.

Temperature

For the first cooling transition, Eq. 31 yields a Doppler cooling limit
of Taxial = 0.6mK and Trad = 2.7mK for axial and radial direction,
respectively.
For the second cooling stage, we again deploy our pyLCP rate equa-
tion model to look at the light-atom dynamics and determine the
Doppler cooling limit for different intensities this way (see Fig. 40).
The temperature in radial direction is approximately twice as large
as the temperature in axial direction for high intensities. In radial di-
rection, a minimum is reached at an intensity of s = 10 − 20. The
temperature then increases from around 1.5µK to just under 2µK.
The minimal temperature in axial direction is reached for s = 10 cor-
responding to the Doppler temperature TD =

 hΓ
2kB

. The curve then
flattens out and stays at this temperature for lower intensities.
The increase in radial temperature is not readily understood but also
observed experimentally as we will see in the following section.
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Figure 39: Capture trajectories of atoms with the first cooling stage MOT
beams of the designed GMOT. Top: Acceleration given by the
MOT beams and capture trajectories for the axial direction. Bot-
tom: Acceleration given by the MOT beams and capture trajecto-
ries for the radial direction.
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Figure 40: Simulated axial (orange) and radial (blue) temperatures in the
2nd cooling stage MOT for different intensities of the incident
MOT beam for the designed grating with θ689 = 51°. The black
dashed line indicates the doppler cooling limit for the standard
six-beam MOT for reference.
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5.3 experimental characterization

As the axial shift of the overlap volumes complicates the transfer be-
tween the cooling stages, a vital achievement lies in the experimental
sequence achieving and optimizing this transfer. As such, we will first
discuss the experimental sequence used for the generation of ultra-
cold 88Sr atoms with a two-color GMOT. We will then look at the
experimental results of 1st and 2nd cooling stage in detail. The grat-
ing MOT was mounted in the vacuum chamber so that the magnetic
field zero of the quadropole field lies in the overlap region of both
trapping volumes. Specifically, the 18mm flat-top laser beam results
in an overlap volume with its center, i.e. the height with maximal
radial expansion of the overlap volume, 7.5mm above the laser chip.
The chip is mounted in a way such that this corresponds to 1.5mm
above the geometric center of the in-vacuum magnetic field coils. This
is compensated by applying an offset field in axial direction using an
additional pair of coils.
0th order reflection allowed an easy alignment of the angle of the
incident beam and (contrary to the Fresnel MOT) no radial support
beams were needed for initial alignment.

5.3.1 Experimental Sequence

The experimental sequence optimizing transfer efficiency from the 1st

to the 2nd cooling stage is depicted in Fig. 41. Initially, approximately
106 atoms are loaded into the 1st stage MOT using a quadropole
field with a magnetic field gradient of 5mT/cm. During the loading
sequence, the deceleration beam is on (not depicted). When the de-
celeration beam is switched off during the loading phase, the loading
rate is reduced by a factor >100.
After a loading time of 300ms, the deceleration beam used to initially
slow the atoms from the oven beam is switched off, slightly modify-
ing the position of the atom cloud as its radiation pressure is removed.
To load into the BB MOT, the 689nm laser used for second-stage
cooling is then turned on at maximum power and its frequency is
modulated at 50 kHz broadening the laser linewidth to 1.6MHz. The
magnetic offset is then ramped down moving the magnetic field min-
imum towards the grating chip and thus towards the overlap volume
of the second cooling stage. Simultaneously, the intensity of the first
stage cooling laser is also ramped down to zero. This combination of
ramping the magnetic field offset and the laser intensity of the first
stage cooling laser with the second-stage cooling laser already on at
full power proved to be vital to maximize transfer efficiency between
the MOT stages. After this transition, the magnetic field gradient is
reduced to 0.3mT/cm. Following further cooling in this broadband
phase for 20ms, the magnetic field gradient is then steadily increased
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Figure 41: Timing diagram showing the experimental sequence. Black:
Magnetic field gradient of the applied quadropole field, Grey:
Strength of the axial offset field, Blue: Intensity of the first stage
cooling laser, Red: Intensity of the second-stage cooling laser. Flu-
orescence images of the atom cloud after initial loading and cool-
ing on the first cooling stage, after the broadband phase of the
second cooling stage, and after the subsequent single-frequency
phase are shown at the top. This figure has been previously pub-
lished in Ref. [12].
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over a period of 40ms to a value of 1mT/cm, and the laser intensity
steadily decreased, further cooling and compressing the atom cloud.
The laser modulation is then turned off and the power in the 689nm
beam increased to maximum, initiating the single frequency phase.
As the Doppler limit for the temperature scales with the saturation
broadened linewidth, the intensity is then again steadily decreased
over a period of several tens of ms, continuously cooling the atoms to
lower temperatures.

5.3.2 1st Stage Cooling of 88Sr
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Figure 42: Life time in the first-stage MOT as function of a) magnetic field
gradient at a laser intensity of the incident beam of I = 0.48 Isat
and b) as a function of laser intensity of the incident MOT beam
with a magnetic field gradient of dB/dz = 5mT/cm. Error bars
are approximately the size of the data points. This figure was
previously published in Ref. [12].

Unlike in the Fresnel MOT, a neglectable amount of atoms is trapped
when the deceleration beam is turned off. We thus perform lifetime
measurements by loading the MOT, subsequently switching off the
deceleration beam, and observing the atom number decay in the
MOT by variation of the wait time before detection. Lifetimes of up to
700ms are measured. During these measurements, vacuum pressure
is measured to be 3 · 10−9mbar. This upper limit is in agreement with
a vacuum-limited lifetime [73]. However, we observe that the lifetime
depends on the laser intensity and magnetic field gradient and lower
lifetimes are achieved when the magnetic field gradient and/or laser
intensity is decreased (see Fig. 42). These observations are in agree-
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ment with the results published by Sitaram et al. [100]. This behavior
is linked to the reduced trap depth and reduced trapping coefficient
in the given GMOT configuration with θ461 = 31°. The axial trapping
coefficient κz is reduced to ≈ 10% of the trapping coefficient in a
six-beam configuration with the same beam intensity and magnetic
field gradient as seen in Fig. 35 a). From Eq. 24, we expect an increase
in trap depth with magnetic field gradient as long as the laser de-
tuning remains larger than the Zeeman shift within the trapping vol-
ume [118]. The trapping coefficient increases further with s/(1 + s)
for laser intensity. As a result, both a high magnetic field gradient
or high laser intensity strengthens confinement and closes the loss
channel. The fact that loading effectively stops with the deceleration
beam turned off can also be traced back to the strongly reduced trap-
ping coefficient and trap depth as well as a reduced capture velocity
in comparison to the Fresnel MOT. The latter results from the larger
angle with the radial axis in the GMOT yielding a reduced cooling
effect on the atoms in the thermal atom beam originating from the
oven.

Atom number

The atom number reached in the 1st stage MOT depends on a num-
ber of experimental parameters including magnetic field gradient, the
intensity of the incident MOT beam, the intensity of the deceleration
beam as well as the oven temperature. The relation between atom
number and these experimental parameters has been measured. Re-
sults are presented in Fig. 43. We observe a strong increase of the
atom number with oven temperature (see Fig. 43 a)) explained by an
improved loading rate as the evaporation rate of strontium in the ther-
mal atom source increases exponentially. We also observe an increase
in atom number with increasing intensity in the deceleration beam
that eventually saturates around I = 0.2Isat (see Fig. 43 b)). This is
explained by a higher scattering rate and more efficient slowing of
the atom. The increase in atom number with increasing intensity in
the MOT beams (see Fig. 43 c)) and increasing magnetic field gradi-
ent (see Fig. 43 d)) and is due to the increase in lifetime discussed in
the previous section. At typical operation parameters, 106 atoms are
trapped in the first-cooling stage.

Temperature

Temperature measurements are again performed with TOF measure-
ments as for the Fresnel MOT. Again, the laser intensity is kept con-
stant after loading long enough for the atom cloud to thermalize. For

a diffraction angle of 31°, we obtain a theoretical ratio of TradTax

!
= 4.08

of radial to axial temperature. Experimentally, we again observe a
strong dependency of the temperature on the laser intensity although
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Figure 43: Atom number as a function of a) oven temperature, b) intensity
of the deceleration beam, c) intensity of the incident MOT beam
and d) magnetic field gradient. Where the individual parameter
is not varied, the laser intensity of the incident MOT beam is
I = 0.4 Isat, the magnetic field graient is dB/dz = 5mT/cm, the
oven temperature is T = 380°C and the intensity of the decelera-
tion beam is I = 0.2 Isat. Typical parameters are indicated with
vertical dashed lines.
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Figure 44: Temperature in radial and axial direction in the first stage MOT
as a function of laser intensity of the incident MOT beam. Laser
intensity is kept constant after loading for an extended period
of time to allow the atoms to thermalize (circulsr marker) or the
intensity is linearly ramped to 0 (triangular marker).

the intensity stays below s = 0.5 as depicted in Fig. 44. This behav-
ior is similar to the observations for the Fresnel MOT where we have
discussed the underlying cause of intensity fluctuations in detail. The
temperature increase is however less severe, indicating that intensity
fluctuations play a lesser role in the GMOT.
Minimal temperatures are reached when the intensity of the blue
MOT beams is linearly ramped to 0. Here, we achieve an axial tem-
perature of (1.2± 0.3)mK and a radial temperature of (4.5± 0.3)mK
corresponding to the expected ratio of 4.08 within one standard devi-
ation. The temperatures exceed the theoretical Doppler limit factor of
2.

5.3.3 2nd Stage Cooling of 88Sr

With the experimental sequence described above, we typically reach a
transfer efficiency of 25% from the first cooling stage to the SF phase
of the second cooling stage resulting in a sample of 2.5×105 atoms be-
ing cooled to µK temperatures. A phenomenon typical for SF narrow-
line MOTs of bosonic strontium is the formation of so-called shells.
As the atom cloud forms where the gravitational acceleration is bal-
anced by the acceleration resulting from scattering from the MOT
beams and their resonance position depends on detuning (see Sec.
2.4), so does the position of the atom cloud. A fluorescence image of
the atom cloud for different detunings was recorded and is depicted
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Figure 45: Detuning dynamics in the GMOT. Fluorescence images are
shown on the left wth corresponding acceleration profiles on the
right for detunings of 200 kHz, 400 kHz, 600 kHz and 800 kHz. For
large detunings, the atoms accumulate at the lower boundary of
the ellipsoid indicating resonance. The brightness decreases with
increasing detuning due to a decreasing (number) density.
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in Fig. 45. Alongside the fluorescence images for different detunings
the simulated axial acceleration on an atom at rest with the corre-
sponding detuning and parameters as in the experiment is shown.
The dashed ellipsoids indicate the resonance boundary. The detuning
at which the SF MOT is typically operated is chosen as approximately
−220kHz. This leads to a compressed atom cloud whose width is
well described by a Gaussian functions in axial and radial direction.
For smaller detunings, a decrease in atom number was observed.
Further, a cold atom cloud with temperature in the µK range is

Figure 46: Time-of-flight measurement of the expanding cold atom cloud in
free fall. The white points mark the center of the atom cloud, the
red dashed line indicates the free fall parabola with z = 0.5 · g · t2
with g = 9.81m/s2

recorded expanding for 10ms illustrating the TOF method (see Fig.
46) The low velocity and expansion rate of the atom cloud allows ob-
servation of the free fall of the atom cloud. The calibration of the imag-
ing system was tested by fitting a parabola with z(t) = a+ 0.5 · b · t2
to the position over time of the falling atoms. The fit parameter b
was found to agree with the gravitational acceleration g = 9.81m/s2

within its uncertainty.
With the TOF method, temperatures in the BB MOT and the SF MOT

were again analyzed in detail. The temperatures in the BB phase and
the SF phase for different intensities are depicted in Fig. 47. In the
BB MOT atoms are cooled down to a temperature of around 10µK.
This result is comparable to results reached in the conventional six-
beam configuration [84]. The atoms continue to be cooled in the SF
MOT, reaching minimal temperatures < 5µK in both axial and ra-
dial direction. Axial and radial temperature initially decreases with
intensity as expected with the minimal temperature being reached at
around 20 Isat − 30 Isat. In this section, the experimental data quali-
tatively agrees with the theoretical values obtained from the pyLCP
simulation. For intensities lower than s = 20, we observe an increase
in temperature in both axial and radial temperature. The increase is
particularly pronounced for the radial direction. While we observe a
slight increase in the simulated date for the radial direction as well
and in the axial direction temperature flattens, the strong increase in
the experimental data is a deviation from the simulated data. The rea-
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Figure 47: Temperature in axial and radial direction as function of laser in-
tensity in the BB MOT and the SF MOT. This figure was previ-
ously published in Ref. [12]

son behind this could not be identified through analysis of the atom
dynamics in simulations. Possibly, this effect is linked to the home-
built laser, which was not fully characterized and has a linewidth
broader than the transition linewidth. Furthermore, we have seen in
the simulations that for intensities smaller than s = 20 the confine-
ment becomes so weak that atoms start to be lost from the trap which
potentially leads to measurement artifacts.
With a temperature of < 5µK, the atoms are cold enough to be loaded
into an optical lattice with a typical trap depth of 10µK. We have fur-
ther seen that mounting the grating such that the secondary beams
counteract gravity and thus eliminating the anti-trapping force for
the SF MOT and additional scattering, should allow cooling to even
lower temperatures (see Section 2.4.4). A GMOT in this configuration
was realized by the Maryland group where temperatures of 4.5(6)µK
and 2.9(1)µK for radial and axial direction respectively were mea-
sured [26].

fermionic strontium

Attempts to capture fermionic strontium in the GMOT where unsuc-
cessful. One possible explanation lies in the fact that the position
where the 87Sr MOT forms is further away from the grating as also ob-
served for the Fresnel MOT where the difference in position depends
on the exact geometry [27]. In combination with a high background
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and small trapping coefficient, alignment as well as detection of small
signals becomes challenging.



6
M A G N E T O – O P T I C A L T R A P P I N G I N
M I C R O – G R AV I T Y

As we have seen previously, the forces on the narrow-line transition
are on the same order of magnitude as gravitational acceleration
resulting in the formation of so-called shells for bosonic strontium
depending on the detuning and magnetic field gradient chosen. We
have emphasized the different trapping characteristics of the incident
beam aligned and anti-aligned with gravity. As the Fresnel MOT and
the two-color gMOT was designed with the use in transportable and
also space-born applications in mind, we now revisit this topic and
shift our attention to key aspects of a narrow-line MOT operation in
micro-gravity.
In the absence of a constant acceleration, atoms can move freely within
the ellipsoid limited by the resonance boundary where the detun-
ing of the laser beams corresponds to the sum of Zeeman shift and
Doppler shift. Atoms will thus spend a significant amount of time
near the center of the ellipsoid and fill the ellipsoid entirely instead
of forming shells. For MOT operation in Regime II with s >> 1 and
|∆| < ΓE coupling to the π transition results in a constant acceleration.
For parameters corresponding to Regime I with s >> 1 and |∆| >> ΓE,
a neglectable amount of photons are scattered between the resonance
peaks. In both cases, no cooling takes place. With this change in trap
dynamic for the narrow-line MOT, the important question arises what
the consequences are for number density and temperature – both im-
portant quantities for further cooling to a Bose–Einstein condensate
or transfer to an optical lattice.
For fermionic strontium, each mF → m ′F transition has a different
resonance frequency resulting in a number of shells that all overlap
with one another so that ultimately, the whole ellipsoid is filled even
in the presence of gravitational acceleration and light-atom interac-
tion takes place for all atom positions within the trap [101]. Here, the
transition to micro-gravity thus likely has a smaller impact on the SF
MOT dynamics.

91
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6.1 temperature and number density

Temperature and number density in the SF MOT both scale with de-
tuning. For the SF MOT in micro-gravity, we find that temperature
increases faster with increasing detuning than in the presence of grav-
itational acceleration. For MOT operation in regime I, the number
density decreases significantly faster than with gravitational acceler-
ation present. Consequently, it is desirable to operate the SF MOT at
low detuning. Transfer from the BB MOT is than facilitated by a com-
pression phase where the magnetic field gradient is already ramped
up during the BB MOT phase as also realized in the experimental
sequence used in this thesis.
Here, we operated the SF GMOT at a detuning of ∆ ≈ −220 kHz
and a magnetic field gradient of dB/dz = 0.5mT/cm. For smaller
detunings, the atom number rapidly decreased. This is readily under-
stood as the detuning than corresponds to the saturation broadened
linewidth ΓE at s = 1000 and strong coupling to the π transition dras-
tically reduces the trap depth. Further reducing the detuning also
leads to the resonance peaks starting to overlap. Eventually, the zero-
crossing vanishes.
In order to compare MOT dynamics in micro-gravity with MOT dy-
namics in the presence of gravitational acceleration for both gravity
parallel (chip down) and anti-parallel (chip up) to the incident beam
and develop a first intuition, we return to our pyLCP rate equation
model and choose parameters as in our GMOT experiment. As the
GMOT offers the highest level of miniaturization, it would be an ideal
candidate for space-borne quantum sensing missions.
Figure 48 shows position, velocity and temperature for the different
configurations in axial direction. In the first row the position as a
function of time for all three configurations is depicted. The second
row shows a histogram of the position. The third row shows the z-
component of the velocity as a function of time while the fourth row
shows the evolving axial temperature. Initial velocity and position are
randomly distributed within the capture range. As expected, while
atoms occupy a small region inside the ellipsoid given by the reso-
nance boundary, the volume is fully occupied in the micro-gravity
case with the majority of the atoms near the magnetic field mini-
mum. The distribution is slightly asymmetric, which is explained by
the asymmetry of the trapping potential we have observed earlier
(see Section 2.4). The temperature in axial direction is slightly higher
than in the presence of gravitational acceleration. This difference was
found to be increasing with increasing detuning as also observed by
Ren et al. [89].
Figure 49 shows position, velocity, and temperature for the different
configurations in radial direction. For radial direction, all configura-
tions show a distribution in position around the magnetic field min-
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imum. In the case of micro-gravity, the width of the distribution is
increased yielding again a decreased number density. Again, we ob-
serve slightly higher temperatures for the micro-gravity case as well.
As quantum sensors like optical lattice clocks require transfer of the
atoms from the SF MOT to an optical lattice, let us now look at how
transfer efficiency is impacted by the change in trap dynamics.
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"chip up" "chip down" micro-gravity

Figure 48: Atom dynamics in axial direction in all gravity cases. The first
column corresponds to gravitational accleration anti-prallel to the
wavevector of the incident beam (chip up), the second column to
gravitational accleration prallel to the wavevector of the incident
beam (chip down) and the third column corresponds to the case
of a gMOT in microgravity. The first row shows the z-position
of a sample of atoms as a function of time. The initial position
is randomly distributed within the MOT volume. The trajectory
of a single atom is illustrated in black and serves as examplary
trajectory. The second row shows the position of the atoms of the
last 50ms as histogram. The third row shows the z-component
of velocity of the atoms as function of time where the initial ve-
locity is again randomly chosen within the capture range. Lastly,
the fourth row shows the average axial temperature of the atom
ensemble as a function of time spent in the SF MOT. Parameters
are given in the text.
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"chip up" "chip down" micro-gravity

Figure 49: Atom dynamics in radial direction in all gravity cases. The first
column corresponds to gravitational accleration anti-prallel to the
wavevector of the incident beam (chip up), the second column to
gravitational accleration prallel to the wavevector of the incident
beam (chip down) and the third column corresponds to the case
of a gMOT in microgravity. The first row shows the y-position
of a sample of atoms as a function of time. The initial position
is randomly distributed within the MOT volume. The trajectory
of a single atom is illustrated in black and serves as examplary
trajectory. The second row shows the position of the atoms of the
last 50ms as histogram. The third row shows the y-component
of velocity of the atoms as function of time where the initial ve-
locity is again randomly chosen within the capture range. Lastly,
the fourth row shows the average radial temperature of the atom
ensemble as a function of time spent in the SF MOT. Parameters
are given in the text.
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6.1.1 Transfer Efficiency to an Optical Lattice

We look at a simple model to investigate transfer efficiency to an op-
tical lattice with lattice depth U0 where the optical lattice is given by
a cylindrical volume with radius ω0 = 65µm. The magic wavelength
for strontium is 813nm resulting in a Rayleigh range of 2 cm so that
the atom cloud is much smaller than the Rayleigh range. A cylinder
is thus a reasonable approximation. With a given lattice depth U0, we
will consider an atom as captured, if it is within the lattice volume
with a velocity v < vcap where vcap denotes the capture velocity
given as

vcap =

√
2 ·U0
M

(36)

This is of course an oversimplification and results should be in-
terpreted more qualitatively than quantitatively. The purpose of this
approach is to develop a first intuition.
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Figure 50: Simulated transfer efficiency to an optical lattice from the SF MOT
with ∆ = −200 kHz, s = 200 and dB/dz = 0.5mT/cm for the
grating MOT with gravity and in microgravity. For comparison,
results for a six-beam configuration with gravity are also shown.
“Chip up” corresponds to a geometry as used in this work with
the incident beam counteracting gravity and “chip down” cor-
responds to a geometry where the diffracted beams counteract
gravity. Due to the simplicity of the model, the figure should be
understood as a qualitative comparison.

The transfer efficiency as a function of lattice depth for both grating
orientations with gravity as well as the micro-gravity case is given in
Fig. 50. For comparison, transfer efficiency as simulated for the six-
beam geometry in the presence of gravitational acceleration is also
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shown. We observe that comparable transfer is reached in this model
for lattice depth of U0 > 60Er.
Typically, the optical lattice where spectroscopy of the clock transi-
tion takes place is operated at low intensities in order to suppress
the lattice light shift that increases with increasing lattice depth [52].
However, at trap depth of around 100 Er the lattice light shift can
still be determined at a mid 10−19 uncertainty thus currently not lim-
iting clock performance [46]. Furthermore, a deep lattice results in
increased power demands on the laser system.
To improve number density and temperature and thus transfer effi-
ciency, one can continuously decrease detuning while simultaneously
decreasing intensity yielding a higher number density and lower tem-
perature. The limit here is likely given by the anti-trapping force pro-
ducing a loss channel whose effect becomes stronger for low intensi-
ties as well as acceleration resulting from coupling to the π transition
accelerating atoms and allowing them to escape.
While this might allow to relax the requirements on lattice depth dur-
ing initial loading into the lattice, the question arises if a deep lattice
is needed during interrogation for space-borne optical clocks either
way as the tunnel shift is no longer suppressed by gravitational accel-
eration. We will explore this in the next section.

6.1.2 Tunneling

The approximation that atoms are localized to their lattice site only
holds for deep lattices. For shallow lattices, the wave function of
the atom extends to the neighboring lattice sites and tunneling takes
place [52]. To gain an understanding of the resulting dynamics and
effects on transition fequency, let us take a closer look at the energy
eigenstates of a shallow lattice. The external Hamiltonian in the pres-
ence of an optical lattice becomes

Hext =
 h2k2

2M
+
U0
2

(1− cos(2klx)) (37)

where ~kl is the wave vector of the optical lattice. The eigenstates |n,q〉
are given by the two quantum numbers n and q where n denotes the
energy band and q the quasi-momentum along the x-axis. Solutions
will be periodic in q as stated by Bloch’s theorem so that we can limit
ourselves to the first Brillouin zone q ∈ [−kl,kl]. With plane wave
representation we then obtain: A detailed derivation

can be found in [52]
or, for the
French-speaking
readers, in [48]

Hext|k〉 =
(

 h2k2

2M
+
U0
2

)
|k〉− U0

4
(|k+ 2kl〉+ |k− 2kl〉) (38)

Solving this problem numerically [36] and finding the eigenvectors
and eigenstates then allows to calculate the energy bands for differ-
ent lattice depth [48, 52]. Figures 51 a) and b) compares the energy
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bands for two different lattice depths U0 = 10 and U0 = 100. For a
shallow lattice, the energy bands have an increasing bandwidth with
increasing quantum number n. For a deep lattice, the energy bands
can be approximated as straight with a negligible bandwidth and
closely resemble the eigenenergies of the harmonic oscillator [48]. The

0.50 0.25 0.00 0.25 0.50
q (kl/2)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

En
er

gy
 (E

r)

0.50 0.25 0.00 0.25 0.50
q (kl/2)

0

50

100

150

En
er

gy
 (E

r)
0 100 200

Lattice Depth (Er)

10 6

10 3

100

103

Ba
nd

 w
id

th
 (H

z)

n=0
n=1
n=2
n=3

Figure 51: a) Energy bands of an optical lattice with U0 = 10 Er b) Energy
bands of an optical lattice with U0 = 100 Er c) Band width of
the first four energy bands as a function of lattice depth U0. For
lattice depth shallower than the energy band, the bandwidth is
depicted as dashed line.

bandwidth of the energy bands populated by the atoms determines
the severity of the effect on the clock transition line and can result in
both a frequency shift as well as line broadening. Figure 51 c) shows
the energy bandwidth as a function of lattice depth for the first four
energy bands. Let us consider two cases to deepen our insight into
the dynamics at hand. In the case of a pure state |n,q〉, the carrier fre-
quency will be shifted from the atom frequency by  h(ωn.q−ωn.q+ks)

as atom will transition from the pure state |n,q〉 in the ground state
to the state |n,q+ ks〉 in the excited state. Here, ~ks is the wave-vector
of the clock laser [48, 52]. In contrast, if atoms are populating the
n = 0 band uniformly, they will also uniformly populate the energy
band in the excited state. Thus, the different frequency shifts of the
single atoms will average out and the carrier frequency is no longer
shifted from resonance. Instead, this results in inhomogeneous line
broadening [48, 52].
While tunneling is easily suppressed in the presence of gravitational
acceleration as it lifts the degeneracy of the energy levels in the lattice
sites and effectively suppresses tunneling entirely, tunneling is an on-
resonance process in micro-gravity and not trivially suppressed.
Figure 52 shows a worst case estimate of the frequency shift from
tunneling as a function of lattice depth and temperature of the atoms.
In this simple model, we assume a pure state. Temperature yields the
population distribution of the different energy bands and for each
individual band the bandwidth is taken as frequency shift. Radial
motion and its consequences are neglected.
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In order to limit this shift to the mHz range corresponding to a rela-
tive frequency inaccuracy in the 10−18 – 10−18 range, lattice depths
of > 100Er are necessary.
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Figure 52: Tunnel shift as a function of optical latice depth and atom tem-
perature.

An argument can thus be made that a probable reduced transfer
efficiency for shallow lattices does not come into play if a high inten-
sity lattice needs to be used to suppress the tunnel shift in the first
place. However, due to the aforementioned lattice shift scaling with
trap depth, it might be desirable to find an alternative method to
suppress the tunnel shift. Indeed, some suggestions have been made
utilizing a dynamic control of the lattice [114] or a geometry utilizing
a 2D lattice where the Gaussian beam profile from the opposite lattice
direction yields an energy offset [51].
To summarize, the atom dynamics in the SF MOT and an optical
lattice in micro-gravity differ significantly from atom dynamics in
the presence of gravitational acceleration. In micro-gravity, one has
to handle higher temperatures and a reduced number density and
experimental parameters optimized for experiments in the presence
of gravitational acceleration will need to be re-optimized for micro-
gravity. While a deeper lattice might be necessary to load atoms from
the SF narrow-line MOT, a deeper lattice is also required to suppress
the tunnel shift so that the change in MOT dynamics alone does not
increase power consumption of space-borne quantum sensors.
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S U M M A RY A N D O U T L O O K

7.1 summary

This work investigates the design and describes the successful opera-
tion of two planar structures for two-color magneto-optical trapping.
The Fresnel MOT presents an achromatic design that is thus usable
for all atom species where a suitable reflectivity at the cooling transi-
tion wavelengths can be obtained. The aluminum coating used here
has a reflectivity of ≈ 90% in a range from 150nm to 800nm covering
i.e. all commonly used cooling transitions for strontium, ytterbium
and rubidium. As such magneto-optical trapping of multiple atom
species is also enabled. The advantage of achromaticity is combined
with ample optical access known from the GMOT.
Here, two-color cooling of 88Sr on the 1P1 → 1S0 transition and in a
BB MOT on the 3P1 → 1S0 transition to a temperature of (25± 3)µK
in the axial and (43± 4)µK in radial direction was demonstrated. Fur-
ther cooling is possible by adding a SF phase on the narrow-line cool-
ing transition. Loading directly from the hot atom beam produced by
the thermal atom source was demonstrated, illustrating a good cap-
ture velocity.
A parameter-dependent lifetime was observed in the first stage MOT
with the lifetime increasing with decreasing intensity and increasing
magnetic field gradient. This was linked to a strong increase in tem-
perature with increasing intensity reducing the efficiency of the re-
pumping scheme attributed to an extra heating mechanism originat-
ing from intensity fluctuations [19]. For the Fresnel-MOT geometry,
intensity fluctuations can result from a slight misalignment of the
incident beam, an inhomogeneous intensity profile as well as manu-
facturing imperfections.
Furthermore, trapping and cooling of fermionic strontium in the first
stage MOT was demonstrated where the MOT formed further away
from the trap surface. The atom number ratio between fermionic and
bosonic strontium was much smaller than expected from the isotope
abundance. As possible reasons, the complex trap dynamics as well
as technical difficulties were identified. A transfer to the second cool-
ing stage was not attempted due to the poor signal to background
ratio.
Furthermore, the design and operation of a two-color GMOT for
strontium was also presented. The considerations outlined in the de-
sign of the two-color GMOT are largely transferable to other atom
species with a strong and a narrow-line cooling transition and can
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serve as a guideline. 2.5× 105 88Sr atoms were trapped and cooled to
a temperature of < 5µK. Atoms are thus sufficiently cold to be trans-
ferred to an optical lattice where a trap depth of 10µK or more is typi-
cal. One can expect that the atom number can be greatly improved by
loading from the vertical axis or with a higher flux of (slow) atoms.
The results obtained prove that GMOTs are compatible with multi-
color magneto-optical trapping.
In the GMOT, a vacuum-limited lifetime was observed for high laser
intensities and magnetic field gradients. Unlike in the Fresnel MOT,
the lifetime was found to increase with increasing laser intensity. This
was linked to the reduced trapping coefficient and trap depth due to a
large anti-trapping contribution resulting from a less favorable angle
between incident beam and secondary beams. This was likely also the
underlying cause for no significant number of atoms being trapped
with the deceleration beam turned off, i.e. only a small number of
slow atoms, while atoms could be loaded directly from the thermal
atom beam in the Fresnel MOT.
Confinement in the GMOT improves with increasing laser intensity
and magnetic field gradient. Further, atoms were colder at high laser
intensities than in the Fresnel MOT hinting that intensity fluctuations
are less problematic here. In conclusion, it is suspected that signifi-
cant intensity fluctuations in the Fresnel MOT result from the Fresnel
structure. For low laser intensities, the temperature ratio of axial and
radial temperature corresponds to theory for both the Fresnel MOT
and the GMOT.
GMOTs present a monolithic chip-design and thus provide the high-
est level of miniaturization. However, a as we have seen, they require
deviation from an ideal trapping geometry.
The work presented enables further miniaturization necessary for
a transition of quantum sensors based on alkaline-earth-like atoms
from the lab to field applications including space-borne set-ups.
As such, the changed trap dynamic in a narrow-line MOT in micro-
gravity was also analyzed finding challenges in the form of a reduced
number density and higher temperatures that, however, proved man-
ageable.
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7.2 outlook

Building on the research presented in this thesis, next steps include
combination with a miniaturized atom source and vacuum chamber
to take full advantage of the compact trapping geometry both the
Fresnel MOT and in particular the GMOT provide. A micro-hotplate
have for instance previously been demonstrated for ytterbium and a
similar wafer-based atom source would be a good candidate [61]. In-
tegration of the MOT coils on a chip has also been demonstrated for
a rubidium experiment [20]. Further research and development thus
provides the exciting perspective of a physics package with a volume
of a few cm3 for alkaline-earth-like atoms.
A new prototype of the Fresnel MOT is planned addressing some of
the issues identified for an improved performance.
An open question that remains and lends itself for immediate fur-
ther investigation is the search for a 87Sr second stage MOT as this
isotope is for instance primarily used in optical lattice clocks. Com-
plications arising from the hyperfine structure for trapping in this
geometry were outlined in Chapter 2.5 with simulations performed
by the Maryland group indicating a 87Sr second stage MOT is in prin-
ciple possible [26].
An upgrade of the test set-up in the form of an aperture between
the oven and the main chamber would allow for an increased oven
temperature, improved vacuum pressure, and reduced background
fluorescence. Consequently, a higher atom number and improved sig-
nal for the first stage 87Sr MOT can be achieved enabling the search
for a 87Sr second stage MOT.
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