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CHAPTER 1
Introduction

1 . 1 Quantum computation and simulation

�eoretical physicist Richard Feynman developed the idea that a quantum mechanical system
is superior to a classical computer in mimicking the behavior of another quantum mechanical
system [1]. �is is a simple consequence of the fact that the computational complexity of a
quantum mechanical system increases exponentially with the number of particles involved.
A possible solution is a “quantum computer”: a device which can overcome this problem by
exploiting properties of a quantum mechanical system, like entanglement. Since the original
idea of Feynman it has been theoretically shown that a quantum computer could outperform
a classical computer on certain set of problems [2, 3]. Furthermore, the notion of a quantum
computer plays an important role in the �eld of cryptography, both as a possible threat to
existing classical systems, as well as a possible new secure method of key distribution [4, 5].
As a consequence, future communication systems are likely to be partially based on quantum
mechanical devices [6].
Another important �nding is that a universal quantum computer can simulate the properties

of any quantum mechanical system [7], verifying Feynman’s original hypothesis. As a con-
sequence, a quantum computer could contribute signi�cantly to the understanding of quantum
mechanical systems of interest and to new applications, like high-temperature superconductiv-
ity. Whereas generic simulations require a fully functioning (and not yet existing) quantum
computer, well-controlled quantum mechanical systems can simulate speci�c quantum mech-
anical problems [8], like for example the interaction of a set of spins [9]. Furthermore, op-
timization problem could pro�t from a signi�cant speed-up by using quantum annealing and
quantum adiabatic computing [10].

1 .2 Rydberg atoms and atom chips

Given the vast set of promising applications of quantum computation and simulation, consid-
erable e�ort went into implementing a quantum computer, examining di�erent platforms as
a possible realization [11]. Ever since the successful laser cooling of atoms [12] and the rapid
subsequent development of the �elds, neutral atoms have been considered as a candidate plat-
form. Atomic ground states have a long lifetime and are relatively insensitive to environmental
in�uences, such as magnetic or electric �elds [13]. Hence, preparing atomic population in
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2 introduction

selected states of the ground state manifold is a straightforward way to implement a qubit,
the basic computational unit of a quantum computer. As a result, qubit information can be
coherently stored for up to several seconds [14, 15].�ere are several ideas how to implement
quantum gates with atoms [16], usually involving the Rydberg dipole blockade for introducing
entanglement [17]. In this context, exciting atoms to high lying Rydberg states has become
increasingly studied for quantum computation [18] and quantum simulation [19, 20]. Rydberg
atoms, exited to states of high principal quantum number n, usually experience stronger en-
vironmental in�uences. Many properties scale steeply with n, for example, the electric dipole
moment (∝ n2), van der Waals interaction strength (∝ n11), atomic radius (∝ n2) and lifetime
(∝ n3) [21]. Strong interaction strengths between Rydberg atoms can be achieved by using
states of high n [22] or by the use of Förster resonances at lower n [23, 24]. Rydberg states of
high quantum number possess long lifetimes (> 10 µs) [25], allowing coherent excitation with
su�ciently low spontaneous decay rates. Hence, the interaction between atoms is switchable
via Rydberg excitation. Given these properties, it has been shown that the dipole blockade can
be used to entangle atoms [26] and to perform gate operations [27, 28].
Several platforms are used to con�ne cold atoms for quantum information experiments:

optical lattices [29, 30], dipole traps [31] and magnetic traps [32]. Magnetic traps can be
miniaturized using atom chips [33], which o�er the prospect of an integrated system for
storage, transport and manipulation of atoms [34–39]. Atom chips have been used to study the
in�uence of the surface temperature on cold atoms [40], to probe local magnetic and electric
�elds [41], and to perform Bose-Einstein condensation [42]. Environmental in�uences on
atomic ground states are su�ciently low to achieve long coherence times on atom chips [14],
such that they are a candidate for a compact realization of atomic clocks [43]. Rydberg atoms,
however, are very sensitive to environmental in�uences and especially electric �elds. As atom
chips imply the close proximity of a surface, electric surface �elds originating from adsorbed
atoms pose a major obstacle to the coherent excitation of Rydberg states [44–49].
Besides using miniature current-carrying wires on the atom chip to create magnetic �elds,

magnetic traps can be realized by using a patterned permanent-magnetic material [50, 51].
As the patterning can be done with the well established technique of lithography, this opens
up a great freedom in design and size of these structures, even at the sub-micron scale [52].
�e “Quantum Gases & Quantum Information” group at the University of Amsterdam has
examined atom chips made from permanent magnetic material in great detail [50, 53], showing
their usefulness for quantum information and simulation experiments [54].�e current atom
chip is based on a �lm of FePt, patterned into a lattice structure with 10 µm periodicity [55].
We demonstrated successful trapping of hundreds of independent atomic 87Rb clouds on this
chip, providing a lattice of magnetic microtraps in the proximity of the chip surface.

1 .3 Outline

Rephrasing reference [56] for cold atom experiments, any platform for quantum information
science needs to provide a set of basic properties: con�ning the atoms; realization, selective
initialization and coherent manipulation of a qubit; entanglement between qubits and gate
operations; and a read-out mechanism for the qubit. In this work, we discuss all these aspects
for our permanent magnetic atom chip. We evaluate the current status of the experiment,
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its limitations and possible improvements for the next generation atom chip. In chapter 2
we describe the sequence of transferring atoms to the magnetic microtraps, addressing the
topic of con�ning atoms and their initialization in a speci�c ground state. Furthermore, we
theoretically discuss how the tight magnetic traps a�ect the trapping of Rydberg atoms. Chapter
3 provides the technical framework of the optical setup, comprising the lasers for ground state
manipulation and Rydberg excitation, and the imaging system. We put a special emphasis on
aspects relevant to quantum information experiments, like laser linewidth reduction, laser
intensity and frequency stability, free frequency tunability and laser pulse generation. In
chapter 4 we address the topic of how to selectively manipulate qubits in a lattice geometry. Our
approach is based on a liquid-crystal Spatial Light Modulator (SLM), with which we shape the
intensity of the excitation laser light into a spot pattern matching our lattice geometry. Several
important aspects, including di�erent methods for aberration correction, are demonstrated
in a model setup. Chapter 5 focuses on the optical manipulation of the atomic ground state
of 87Rb via a Raman transition.�is aspect is important as the qubit is realized in the ground
state manifold of the atom. We examine the behavior of our system at the so-called “magic
�eld", a magnetic �eld value where minimal decoherence is expected. In chapter 6 we present
a �nding resulting from the good control and coherence of our laser system. We observe the
decoupling of the electronic and nuclear spin at low magnetic �elds using Electromagnetically
Induced Transparency (EIT) in a room-temperature vapor cell. Chapter 7 examines Rydberg
excitation on our atom chip, which is needed for introducing entanglement between atoms
via the dipole blockade. We report on the measurements of the magnitude and dynamics of
electric stray �elds caused by adsorbed 87Rb atoms.�ese stray �elds have adverse a�ect for the
coherence of Rydberg excitation, such that the understanding is crucial for future experiments.
Finally, in chapter 8 we discuss possible collective scattering e�ects expected in the high-density
microtraps.�ese e�ects might strongly in�uence quantities like the number of detected atoms,
which are crucial for a high-�delity read-out of qubit information.





CHAPTER 2
Magnetic trapping and magnetic

microtraps
�is chapter addresses the question how we con�ne atoms in our quantum in-
formation platform. Our approach is based on a permanent magnetic layer as part
of our atom chip experiment, with an additional wire structure underneath.�e
magnetic layer is made from FePt and is manufactured using optical lithography.
�e shape of the FePt structure is designed such that it creates a lattice of magnetic
traps in conjunction with an external homogeneous magnetic �eld.�e design
freedom of the permanent magnetic structure enables us to create a multitude of
di�erent trapping geometries.�e current chip features two lattices, a hexagonal
and square lattice, with a trap spacing of 10 µm. Due to the small inter-trap dis-
tance, themagnetic traps feature high �eld gradients and high trapping frequencies
of several tens of kHz. In section 2.1 we give a short overview of the atom chip,
the magnetic structure and the loading procedure used to con�ne 87Rb atoms
in the magnetic microtraps. Section 2.2 shows examples of single trapping site
analysis and the use of a fringe-removal algorithm. In section 2.3 we compare
the magnetic potential created by the microtraps to the magnetic potential of
a Z-shaped current-carrying wire. Finally, we describe the implications of the
microtrap potential for the trapping of Rydberg atoms in section 2.4.

5



6 magnetic trapping and magnetic microtraps

2.1 Loading the microtraps

Usually, magnetic trapping of atoms is achieved by using a Io�e-Pritchard (IP) type trapping
arrangement [57]. Such an arrangement can either be achieved by using macroscopic magnetic
coils or, in the context of atom chips, by a Z-shaped current-carrying wire and a homogeneous
external magnetic �eld [58, 59]. Our group has a long tradition of achieving magnetic trapping
with a permanent magnetic material [50, 60, 61].�e magnetic material is magnetized out of
plane, such that the magnetization can be thought of as being created by an edge current along
the contours of the material. With this analogy, a Z-shaped permanent magnet is equivalent to
a Z-shaped wire (Z-wire). For a staircase like pattern as found in reference [50], the magnetic
structure can be thought of as a succession of independent Z-wires, creating a lattice of trapping
sites. �e magnetic material can be shaped in any arbitrary geometry using lithographic
techniques, which makes it possible to create a multitude of di�erent trapping geometries, like
square, hexagonal or Kagome lattices. As the periodicity of these structures can be adjusted
from several tens of µm down to several tens of nm, this opens up a multitude of di�erent
applications in quantum information and quantum simulation science [54]. �e magnetic
microtraps show interesting physical properties, like extremely sti� magnetic traps and sub-
poissonian atom-number �uctuation [53]. Our current atom chip features a 200 nm thick layer
of FePt as permanent magnetic material, which is divided into a square and hexagonal lattice
with a 10 µm inter-trap spacing each [55]. Compared to the stair-case structure in reference [50],
the current designs has a smoother structure without sharp edges resulting from a optimization
[62]. �e design and manufacturing of the chip is described in reference [55]. �e vacuum
setup with its components and the loading procedure (meaning how atoms are transferred from
the Magneto-Optical Trap (MOT) to the microtraps) is depicted in great detail in reference
[63].�erefore, we only give here a brief overview of the important aspects as necessary for the
understanding of later chapters.
�e major details of the the atom chip design can be seen in Figure 2.2.�e chip is facing

vertically downwards, being suspended from a long copper arm inside the vacuum apparatus
[see Figure 2.1(a)]. Along this arm, electrical wires are running from the atom chip to vacuum
feed-throughs, which makes them accessible from outside the vacuum apparatus. As part of
the vacuum apparatus, the chip is placed in a quartz cell providing su�cient optical access for
a multitude of di�erent laser beams. Our chip is divided in two independent layers, a 250 µm
thick silver foil and a layer containing the FePt structure and a gold coating. �e silver foil
is segmented by spark erosion in independent parts, which are connected at the ends to the
electrical wires of the copper arm. By connecting the vacuum feed-throughs to an external
power supply, a current up to 20A can by applied to two independent U- and Z-shaped paths
[Figure 2.2(a)]. At each side of these con�gurations there is a parallel wire, called “pinch-wire”,
as it creates a magnetic �eld similar to a pinch coil in a standard Io�e-trap.�e U- and Z-shaped
paths establish the U- and Z-wire arrangement typical for atom chip experiments.�e silver
foil is thermally contacted by an epoxy glue to a long copper arm, which transfers the heat
generated from the current in the wires away from the chip.
�e actual atom chip is clamped by springs onto the silver foil. As depicted in Figure 2.2(c),

the chip consists of several layers on top of a silicon substrate.�e patterned 200 nm thick FePt
layer is covered by a 1 µm polymer layer (SU8-photoresist) to �atten the height di�erences,
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Figure 2.1: (a) Mechanical drawing of the Copper mounting arm for the chip together with the in-vacuum
Indium Tin Oxide (ITO) coated imaging lens.�e atom chip is clamped with the springs to
the copper base, where the silver foil is electrically contacted to the wires.�e beam paths
of the cooling and imaging laser are indicated by the red beams. (b) Level scheme of 87Rb
together with all the lasers used in the loading sequence.

separating it from a 90 nm Au coating with an additional 25 nm thick layer of SiO2.�e Au
coating acts as a mirror for the cooling and imaging lasers, and the SiO2 was introduced to
decrease electric stray �elds due to adsorbed rubidium atoms.�e FePt structure consists of
two patches, one of which is placed above the center of the central wire structure and used for
trapping the 87Rb atoms [Figure 2.2(b)].
When subsequently mentioning the term loading, we refer to the whole sequence of transfer-

ring the 87Rb atoms from the background vapor to the magnetic microtraps.�e loading can
be subdivided into di�erent sequential stages: creating the background vapor of 87Rb atoms,
the mirror-MOT, the U-wire MOT (uMOT), polarization gradient cooling, optical pumping,
the Z-wire magnetic trap, evaporative cooling, compressing of the Z-wire trap and the �nal
transfer to the microtraps with subsequent resonant absorption imaging of the atoms. �e
background 87Rb vapor is generated by heating an enriched 87Rb dispenser in the beginning of
the experimental sequence. While increasing the background pressure, the cooling and repump
laser beams are switched on. Both lasers operate on the D2 line of 87Rb between the 5s1/2
ground and the 5p3/2 excited state at 780 µm [Figure 2.1(b)].�e cooling lasers is slightly red
detuned to the F = 2 to F′ = 3 transition, while the repump laser transfers atomic population
decaying to the F = 1 state back to the cooling cycle.�e cooling laser light is split into four
independent beams, which are arranged in a mirror-MOT con�guration [Figure 2.3(a)]. Two
counter-propagating horizontal beams are overlapped below the atom chip, as well as two
beams impinging at the atom chip at an angle of 45°. As these beams are re�ected by the Au
coating, this arrangement is equivalent to a standard MOT with six independent beams. An
external water-cooled magnetic �eld coil pair with anti-parallel currents creates a quadrupole
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(a) (b)

(c)

Figure 2.2: (a) Segmented silver foil beneath the permanent magnetic material introducing a wire struc-
ture. Connecting the ends of the wire to a external power supply induces an electrical current
in either a U- (green) or Z-type (red) geometry . (b) Placement of the FePt structure and its
position above the wire structure. We operate the system such that we trap atoms in the patch
placed above the central wire with segments 1 and 2. (c) Schematic cross-section of the chip,
showing the layer structure of the permanent magnetic material (FePt), the photoresist (SU8),
the gold layer (Au) acting as a mirror and an additional layer of SiO2 .

magnetic �eld centered at the overlap of the laser beams. Around 107 atoms are con�ned and
cooled in this part of the sequence.
A�er the MOT stage, the dispensers are switched o� and the magnetic �eld con�guration is

changed to establish the uMOT.�e external magnetic �eld is changed to a homogeneous
�eld by switching the current direction in one coil and running a current through one of the
U-Wires [Figure 2.3(b)]. As a result, the atoms are more strongly con�ned and transferred
closer to the chip surface. A�er loading the atoms into the uMOT, we switch o� the external
magnetic �elds and the U-wire to perform a short sequence of polarization gradient cool-
ing with the horizontal MOT beams. Preparing the magnetic trapping sequence, we switch
on the z-Wire together with an external bias �eld and optically pump the atoms into either
the ∣F = 2,mF = 2⟩ or the ∣F = 1,mF = −1⟩ ground state level. Pumping to ∣F = 2,mF = 2⟩ is
achieved by using σ+ polarized pumping laser light in the reference frame of the local magnetic
�eld, whereas for ∣F = 1,mF = −1⟩ we use σ− polarized light and switch o� the repump laser. As
both ∣F = 2,mF = 2⟩ and ∣F = 1,mF = −1⟩ are magnetically trappable states (so called low �eld
seekers), the atoms are con�ned roughly 200 µm below the chip surface in the purely magnetic
z-Wire trap. Usually, we trap around 106 atoms in this stage.�e trapping geometry is similar
to a macroscopic IP type trap, and the Io�e-�eld in the trap minimum is oriented parallel to
the chip surface.
As the atoms usually have a temperature of more than 100 µK, we lower the temperature of

the atoms using forced radio frequency (RF) evaporative cooling [64] to 10–30 µK. During the
evaporation, we compress the atoms by increasing the external bias �eld, thereby increasing the
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Figure 2.3: (a) Initial Mirror-MOT con�guration for trapping a cloud of 87Rb atoms using the gold
surface as a mirror. Two external coils introduce a quadrupole magnetic �eld and in total four
laser cooling beams are involved. Two lasers beams counter-propagate out of plane in the
drawing as indicated by the vector symbols. (b) A quadrupole magnetic �eld close to the chip
is created by the combination of a homogeneous external magnetic �eld and the magnetic
�eld of current carrying U-shaped wire. �e atoms are transported closer the surface. (c)
�e cooling lasers are switched o� and the atoms are optically pumped into a magnetically
trappable state.�en, the atoms are magnetically trapped in a IP type geometry created by a
current carrying Z-shaped wire and an homogeneous external magnetic �eld.

atomic density in the trap and the atom collision rate. Depending on the �nal temperature, we
are then le� with 3 × 105–5 × 105 atoms a�er evaporation. We compress the atoms further by
lowering the Z-wire current and increasing the bias �eld. As a result, the atoms move closer to
the surface. In a �nal sequence, we ramp the Z-wire current to zero while lowering the bias �eld
to its �nal value. While approaching the surface, the atoms are transferred into the magnetic
microtraps at a distance of around 10 µm from the surface. We then image the atoms on a CCD
camera using resonant absorption imaging [65], where the incident imaging light travels two
times through the atomic cloud a�er being re�ected by the Au surface. More details of the
imaging system are given in section 3.3. In total, we take three independent images: the actual
image with atoms in the trap I1, a reference image without atoms I2 and a background image I3
without imaging light, which is subtracted from the two previous ones. With these images we
extract the optical density, which is de�ned per pixel of the camera as OD i = − ln(I1 − I3/I2 − I3)i .
We can calculate the total number of atoms in the low saturation limit and for OD ≲ 3 by
summing the optical density of each pixel

Natom = (
dpixel
M

)

2 1
σabs
∑
i
OD i , (2.1)
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Figure 2.4: (a) Schematic of the FePt structure (gray) for the square and hexagonal lattice.�e dashed
lines indicate the unit cell of the corresponding lattice.�e red arrows show the direction of
the external bias �eld, leading to di�erent trap positions and Io�e-�elds (green arrows) (b)
Image created by averaging several absorption images of the microtrap clouds.�e clouds are
clearly arranged in the trapping geometry of the underlying FePt structure, as indicated by the
black lines.�e red line highlights the boundary between the di�erent trapping geometries.
(c) Absorption image of the microtrap cloud superimposed onto a schematic of the FePt
structure.

with dpixel being the size of the square pixels,M the magni�cation of the imaging system and
σabs the scattering cross section of the imaging transition. Alternatively, for the Z-wire trap, we
�t a 2D-Gaussian function to the complete OD image with amplitude A1 and A2 and width σ1
and σ2 in the main axes, and retrieve the number of atoms as

Natom = (
dpixel
M

)

2 1
σabs

A1 + A2
2

2πσ1σ2 . (2.2)

It should be noted that every microtrap is only populated by a few tens of atoms. With this
number of atoms we are in an intermediate regime between the shadow image of a macroscopic
cloud and the image of a single atom [66]. Furthermore, the absorption cross section σabs
in our imaging system is not equivalent to the one of the closed transition ∣F = 2,mF = 2⟩
to ∣F′ = 3,mF′ = 3⟩ (an e�ective two-level system), as our imaging light is linearly polarized
perpendicular to the quantization axis.�e implications of this are discussed in section 3.3.
An example for an image of the microtraps is shown in Figure 2.4(b), which was generated

by averaging a large number of individual absorption images to reduce �uctuations. In the
image one can clearly distinguish the square and hexagonal lattice geometry of the underlying
FePt layer. �e size and position of the Z-wire trap determines which microtraps are �lled
with atoms, as can be seen from the cigar shaped area with populated microtraps. In order to
understand the lattice geometry, one has to look at the topology of the FePt layer as shown
schematically in Figure 2.4(a) for both lattice types.�e out-of-plane magnetization of the FePt
patches leads to an e�ective edge current, which can be thought of as introducing a lattice of
Z-wires. Depending on the direction of the external bias �eld in the chip plane, magnetic �eld
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minima can be created at di�erent edges of the structure as shown for the hexagonal lattice.
�e respective minimum is repeated every 10 µm at an equivalent part of the lattice, leading
to either a hexagonal or square pattern. In Figure 2.4(c), a schematic of the FePt structure is
superimposed onto an absorption image. Clearly, the positions of the atomic clouds match to
the edges of the magnetic lattice. Compared to Figure 2.4(a) the bias �eld is reversed by 180°,
leading to trapping at the opposite edge.

2.2 Single site analysis

In a typical quantum information experiment, individual qubits are initialized, manipulated,
they interact with each other in gate sequences, and are then �nally read out. In our microtrap
lattice, the atoms con�ned in a single site are meant to constitute a qubit.�us, to ful�ll the
requirements of a quantum information sequence, we have to be able to manipulate the atoms
in a single microtrap in a well-de�ned and reproducible fashion. Ideally, all microtraps should
be identical with regard to properties which a�ect such a sequence. For example, a trap-to-trap
di�erence in number of atoms N leads to di�erent collective Rabi frequencies (∝

√
N) for the

superatoms established during Rydberg excitation. Di�erences in local magnetic �elds lead to
a relative dephasing of qubits, as well as locally di�erent excitation frequencies. In general, we
require robust detection of the number of atoms in a single site, as all information is encoded
in the number of atoms populating a speci�c ground state.
A versatile tool for gaining information about magnetic traps is to perform RF-spectroscopy

[67]. RF-spectroscopy couples atoms in magnetically trappable states to non-trappable states,
thereby introducing a temperature dependent loss mechanisms. In order to perform RF-
spectroscopy, we use the same setup as for evaporative cooling. We expose the atoms in the
microtraps to RF-radiation at a speci�c frequency, and take an absorption image a�erward to
detect the loss in atoms. Following the approach in reference [61], the number NRF of atoms in
a magnetic state mF le� in the trap a�er a RF pulse at frequency f can be described as

N( f , T)RF = Natom − a ⋅H( f − ftrap)
√

f − ftrap e
−

mF h( f− ftrap)
kB T , (2.3)

where a is a parameter for the overall amplitude, H(⋅) is the Heaviside step function, ftrap the
frequency corresponding to the magnetic trap bottom Btrap via h ftrap = gFµBBtrap, and T the
temperature of the cloud.�e parameter a depends on atomic properties, the RF-power and
the pulse length. For evaluating the measurements, we �rst take a sequence of images without
RF-radiation and average these images, such as in Figure 2.4(c). From such an average, we can
better distinguish the positions of the traps. We mark a trap in the center of the corresponding
lattice geometry, here for the example of the hexagonal one. Around the trap, we establish a
Region of Interest (ROI), which is repeated at multiples of the lattice vectors starting from
that trap.�is way we cover all traps with non-overlapping ROI’s, and evaluate the number of
atoms in each of them using Eq. (2.1). With one absorption image we can now determine the
number of atoms in a large number of individual traps. We perform measurements at di�erent
RF-frequencies for atoms trapped in ∣F = 2,mF = 2⟩, leading to traces like the one shown in
Figure 2.5(a) for the case of high, medium and low trap number of atoms. �e traces have
been �tted with Eq. (2.3), giving an estimate for the magnetic trap bottom frequency ftrap, the
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Figure 2.5: (a) RF spectroscopy on three independent microtraps with di�ering number of atoms inside
the hexagonal lattice. �e data has been �tted with Eq. (2.3) to extract temperature of the
atoms inside the microtrap, as well as the respective magnetic trap bottom. (b) number of
atoms as extracted from the �t in (a) for 96 di�erent trap sites inside the hexagonal lattice
with the corresponding �tting error.

number of atoms Natom and the temperature T . It is evident that traps with higher number of
atoms yield more reliable �tting results. In total, we evaluate 96 traps, for which the number of
atoms is shown in Figure 2.5(b), and the temperature and trap bottom in Figure 2.6 with the
corresponding �tting error.�e number labeling of the traps was chosen, such that it starts at
the bottom of the image, increments to the top and continues again at the bottom of the next
column. We can see from the measurements, that the number of atoms varies signi�cantly
between di�erent trap sites, from 20 to about 100 detected atoms.�is spread in number of
atoms is partially related to the atomic distribution in the Z-wire trap, whose contour is clearly
visible in the pattern of �lled microtraps. Hence, there are fewer atoms in the traps at the edges
and more in the traps at the center. However, also neighboring trap sites show strong variations
in number of atoms.�e individual traces in Figure 2.5 reveal that there is also a shot-to-shot
variation in the detected number of atoms per site, due to �uctuations in the loading sequence
and noise in the imaging sequence.
Regarding the results for temperature and trap bottom, we see that the values for some trap

sites have large error bars.�ese sites mostly have low number of atoms, such that the contrast
in the RF-spectroscopy is lower. Overall, we retrieve a consistent temperature of around 12 µK
for all microtraps.�e trap bottom frequency also mostly coincides at a value of 600 kHz, even
though some values deviate by more than the respective error bar. In general, the measurement
of the trap bottom variation is not precise enough to make predictions for the relative dephasing
rate of the ∣F=1,mF= − 1⟩ and ∣F=2,mF=1⟩ state, as relevant for the qubit transition in chapter 5.
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Figure 2.6: (a) Temperature extracted from �tting individual traces obtained from RF spectroscopy like
the ones shown in Figure 2.5 with the corresponding �tting error. (b) Fitted magnetic trap
bottom for the individual microtraps.

In the context of detecting small atomic ensembles, reference [68] states two methods to
improve detection quality: a fringe-removal algorithm and amaximum-likelihood estimator for
the number of atoms.�e fringe removal algorithm replaces the reference image I2 (the image
without atoms) by a linear combination of many reference images.�e linear combination is
chosen, such that it minimizes the di�erence to each image I1 in a background area without
atoms.�is method reduces noise induced by optical fringes, vibrations and minimizes the
in�uence of photon-shot noise in the reference image.�e fringe removal algorithm is used
here to evaluate data from a 40 × 40 µm piece of the hexagonal lattice shown in Figure 2.7. A
single absorption image of this area is noisy and hardly yields any spatial information about the
number of atoms. In the average of hundred equivalent absorption images one can distinguish
individual trap sites. �e same set of images is also used to generate the optimal reference
images for the fringe removal algorithm. In addition, we �t a set of 2D-Gaussian functions
to the average image, which are used as spatial mode functions for the maximum-likelihood
estimation method presented in [68]. In total, 15 independent spatial mode functions are
extracted from the average image.
�e e�ect of the fringe removal algorithm is illustrated for a measurement involving a laser

resonant to the F = 2 to F′ = 3 transition at 780 µm.�e atoms in the microtraps are exposed
to a pulse of the laser light, leading to a loss of atoms from the trap. A more detailed account of
this measurement is given in chapter 8. We use an AOM to sweep the laser frequency across
the atomic resonance and take an absorption image for each frequency.�e resultant spectrum
is shown in Figure 2.8 for the trap site marked as 14 in Figure 2.7. �e number of atoms is
calculated using the maximum-likelihood estimator, and the evaluation is performed twice:
with and without the fringe removal-algorithm.�e algorithm leads to a small reduction of the
�uctuation in the number of atoms.�e in�uence of the algorithm becomes more evident if we
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Figure 2.7: Several di�erent images created from a 40 × 40 µm piece of the hexagonal lattice.�e picture
on the le� is a single optical density image showing a noisy signal from the atomic clouds.�e
average of 100 images gives a better impression of the underlying trapping geometry, such
that independent microtraps can be identi�ed. We then �t a incoherent sum of 2D-Gaussian
functions to these microtraps, which can be used to evaluate the data of a single image.
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Figure 2.8:Number of atoms for site 14 as marked in Figure 2.7 and all the microtraps inside the
40 × 40 µm area while scanning the frequency of a laser at 780 µm across the F = 2 to F′ = 3
transition.�e spectra are taken without (blue) and with (red) the use of the fringe-removal
algorithm, showing a clear reduction of the �uctuations with fringe-removal.

evaluate the number of atoms in the complete 40 × 40 µm area by simply using Eq. (2.1).�e
noise in spectrum is clearly reduced when using the fringe-removal algorithm. Hence, for the
measurements presented in chapter 8, we always apply the fringe-removal algorithm.

2.3 Potentials of the magnetic traps

�e magnetic trapping of neutral atoms is based on the interaction of an external magnetic
�eld B with the magnetic moment of the atom, leading to an e�ective magnetic potential
V(r) = gFmFµB ∣B∣ for a ground state atom.�is expression is valid as long as the magnetic
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moment can adiabatically follow the changing magnetic �eld direction [69]. For harmonic
trapping potentials this requirement is identical to demanding that the harmonic trapping
frequency is much smaller than the Larmor frequency ωL = gFµB ∣B∣/h̷. In this case, magnetic
trapping can be described in terms of a topological evaluation of the magnetic �eld [70], as traps
are de�ned by non-zero magnetic �eld minima. We give a short summary of the mathematical
framework and apply it to both the Z-wire trap and the microtrap con�gurations.

2 .3 . 1 Mathematical description of magnetic traps

In this section we state the main results from [70] necessary to describe our trapping con�gur-
ations. Magnetic trapping of an atom is related to the coupling of the atom’s magnetic moment
µ to the magnetic �eld B, which can be expressed for a ground state atom in the Zeeman-state
mF as

V = −µ ⋅ B = µB gFmF ∣B∣, (2.4)

using the Landé factor gF and the Bohr magneton µB .�e magnetic �eld is a function of the
spatial coordinate r = (r1 , r2 , r3)⊺, B = B(r), and magnetic trapping occurs at non-zero local
minima of B (zero magnetic �eld leads to spin-�ips of atoms). Around such a minimum, the
magnetic �eld can be Taylor expanded in the relative coordinate x = (x1 , x2 , x3)⊺ as

B i(x) = u i + g i jx j +
1
2
c i jkx jxk +O(x3), (2.5)

where we have used the Einstein notation (implying summation over repeated indices) and
denote with g i j = ∂ jB i ∣x= 0 the gradient tensor and with c i jk = ∂ j∂kB i ∣x= 0 the curvature tensor
of the vector �eld B. From ∇ ⋅ B = 0 it follows that g i j is traceless, g i i = 0, and from ∇× B = 0
it follows that g i j is symmetric, g i j = g ji .�is leaves �ve independent parameters for g i j . As
∂ iB j = ∂ jB i and ∂ i∂ jBk = ∂ j∂ iBk , the tensor c must be symmetric under permutations of its
indices, c i jk = c i k j = c jk i . Furthermore, as ∂ j(∂ iB i) = ∂ i∂ jB j = ∂ j(0) = 0, the partial traces
vanish, c i i j = c i ji = c ji i = 0. In total, this leaves 7 independent components for c.
As the magnetic potential V is only dependent on ∣B∣, it is mathematically equivalent and

easier to examine U(r) = ∣B(r)∣2, which in terms of Eq. (2.5) can be written as:

U(x) = u iu i + 2u i g i jx j + (u i c i jk + g i j g i k)x jxk +O(x3). (2.6)

We require ∂ lU(0) = 0, which is equivalent to 2u i g i l = 0. For a solution at non-zero �eld, this
means that g i l has an eigenvalue zero, or det(g i l) = 0. Knowing that u i g i l = 0, Eq. (2.6) can be
simpli�ed to

U(x) = u iu i + (u i c i jk + g i j g i k)x jxk +O(x3). (2.7)

An additional requirement is that the local �eld u i in the minimum must be parallel to the
eigenvector of g i l with zero eigenvalue. �is �eld is called the axial �eld or Io�e-�eld for a
standard IP trap.
Following Eq. (2.5) and neglecting higher orders, we write the magnetic �eld as a sum of a

constant, a linear and a quadratic part in x: B(x) = Bc+Bl(x)+Bq(x).�e expression simpli�es
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in a coordinate frame (ê1 , ê2 , ê3) aligned with the eigenvectors of g i j . We choose ê3 parallel
to the eigenvector with zero eigenvalue, so that the constant part can be written as Bc = Bê3,
with B = ∣u∣. As g i j has a zero eigenvalue and is traceless, the two remaining eigenvalues
have equal magnitude and opposite sign. We can then write g i j in the new coordinate frame
as g = diag (G ,−G , 0). Altogether, the magnetic �eld approximation to second order in the
reference frame (ê1 , ê2 , ê3) is

B(x) = Bc + Bl(x) + Bq(x) =
⎛
⎜
⎜
⎜
⎝

0
0
B

⎞
⎟
⎟
⎟
⎠

+ G

⎛
⎜
⎜
⎜
⎝

x1
−x2
0

⎞
⎟
⎟
⎟
⎠

+
1
2
êi c i jkx jxk , (2.8)

where the parameters B, G and c i jk depends on the concrete realization of the magnetic �eld.
�e trapping potential of ground state atoms is given by

V = mF gFµB
√
U . (2.9)

A convenient way to describe magnetic trapping is to use a harmonic approximation V =

Vc + 1/2m (ω21 x21 + ω22x22 + ω23x23) of the trapping potential, which allows to describe the trap
dynamics in terms of the trap frequencies (ω1 ,ω2 ,ω3) and the atom mass m. Looking at
Eq. (2.7), we de�ne the symmetric tensor t jk = u i c i jk + g i j g i k . As V ∝

√
U , we can expand

√
U around the local minimum

√
U =

√
B2 + t jkx jxk ≃ B +

1
2B

t jkx jxk . (2.10)

If t jk can be diagonalized with eigenvalues (T1 , T2 , T3), then in the eigenvector reference frame
we have

√
U ≃ B + 1

2BTix2i . Comparing this with the desired harmonic expansion, one can
identify

ω i =

√
mF gFµBTi

mB
. (2.11)

�us the trapping frequencies are directly related to the eigenvalues Ti and the Io�e-Field value
B.

2 .3 .2 Comparison of the Z-wire trap and the microtraps

�e magnetic �eld of the Z-wire

�e magnetic �eld in the Z-wire trap is determined by the geometry of the wires involved
and the homogeneous external bias �eld BBias. For mathematical simplicity, we assume that
the wires are in�nitely thin and lie in a plane parallel to the chip surface, which is spanned
by the vectors x and y, while z is perpendicular to this plane and to the chip surface. �is
simpli�cation is justi�ed as the distance between the Z-wire and the trapping region is much
larger than the thickness and width of the respective wire. �e central part of the Z-wire is
supposed to be parallel to the x-direction, while both ends are thought to be in�nitely extended
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Figure 2.9: Schematic drawing (not to scale) of the Z-wire and the two pinch wires with the respective
current �ow IZ and IP .�e wires are arranged in the xy-plane parallel to the chip, with the
z-direction being perpendicular to the chip surface. We show two possible orientations of the
external magnetic bias �eld BBias , which in conjunction with the magnetic �elds of the wires
leads to trapping of 87Rb atoms.

into the y-direction (see Figure 2.9). Additionally, we have a set of pinch wires on the side of
the central part. For simplicity, we assume that they are in�nitely long wires parallel to y at a
distance d to the center of the wire.�en, assuming in�nitely thin wires, we can decompose
the Z-wire magnetic �eld into three independent parts, Bzwire = Bleft + Bcenter + Bright. �e
magnetic �eld of the center part parallel to x with length l and current IZ can be determined
using the Biot-Savart law as

Bcenter(IZ , x , y, z, l) =
µ0IZ
4π

⎛

⎝

x + l/2
√

(x + l/2)2 + y2 + z2

−
x − l/2

√
(x − l/2)2 + y2 + z2

⎞

⎠

1
y2 + z2

⎛
⎜
⎜
⎜
⎝

0
−z
y

⎞
⎟
⎟
⎟
⎠

.

�e semi-in�nite wires parallel to y create a magnetic �eld

Bleft(IZ , x , y, z) =
µ0IZ
4π

⎛

⎝
1 − y

√
y2 + x2 + z2

⎞

⎠

1
x2 + z2

⎛
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⎜
⎝

z
0
−x

⎞
⎟
⎟
⎟
⎠

, (2.12)

and a similar expression for Bright.�e �eld of the pinch wires can be expressed as the sum of
two in�nitely long wires parallel to y and displaced by d from the origin:

Bpinch(IP , x , y, z) =
µ0IP
2π

⎛
⎜
⎜
⎜
⎝

1
(x − d)2 + z2

⎛
⎜
⎜
⎜
⎝

z
0

−x + d
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⎟
⎟
⎟
⎠

+
1

(x + d)2 + z2

⎛
⎜
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⎝

z
0

−x − d

⎞
⎟
⎟
⎟
⎠

⎞
⎟
⎟
⎟
⎠

. (2.13)
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B (T) G (T/m) c333 (T/m2) c223 (T/m2) c113 (T/m2)

3.23 × 10−4 6.97 236 −219 −17.0

Table 2.1:�e trap bottom B, the gradient parameter G and the three largest elements of the
curvature tensor c i jk for the choice of parameters BBias = (0.004,−4.5, 0.45)mT,
Iz = −16.5A and Ip = 0.5A for the Z-wire trap.

�us, we obtain the total magnetic �eld as Btotal = Bleft + Bcenter + Bright + Bpinch + BBias.
We can now calculate the magnetic �eld as a function of the spatial coordinate, and numer-

ically �nd the local minimum corresponding to the trap magnetic trap bottom. We do this
for the parameters BBias = (Bx , By , Bz) = (0.004,−4.5, 0.45)mT, Iz = −16.5A and Ip = 0.5A,
which we choose because they yield a trap bottom close to the so called magic magnetic �eld at
∼ 0.323mT, whose relevance is explained in more detail in chapter 5. Around the minimum
we can now calculate the gradient g i j and curvature tensor c i jk , which describe the �eld up to
second order according to Eq. (2.8). We call the local reference frame, in which g i j is diagonal,
as the IP-frame and label the coordinates as (xIP , yIP , zIP). �e calculated �eld parameters
B, G and the three largest elements of c i jk are shown in Table 2.1. �e trapping frequencies
calculated with Eq. (2.11) a�er diagonalization of t jk are ω = (ωx ,ωy ,ωz) = (449, 445, 21)Hz.
In Figure 2.10(a) we show the Z-wire magnetic potential in the xlab,ylab-plane of the laborat-

ory reference frame as marked in Figure 2.9.�e zlab coordinate is kept constant at the value in
the potential minimum, which is highlighted with the sphere.�e potential minimum de�nes
the trap bottom of our magnetic trap. In the magnetic potential we see the structure of the
Z-wire, where the central part is aligned with the xlab-direction. At the trap bottom we plot
the vectors spanning the IP reference frame.�e zIP direction approximately coincides with
xlab, whereas xIP and yIP are approximately oriented at an angle of 45° in the ylab,zlab-plane.
�e zIP direction (or xlab direction, respectively) corresponds to the weak axial con�nement
typical for IP-type traps.�e two other directions are usually referred to as providing the radial
con�nement.�is can also be seen from the plot in Figure 2.10(b), which shows the magnetic
potential at the trap bottom along the laboratory frame vectors. �e potential along xlab is
signi�cantly shallower compared to the other directions, which explains the elongated shape of
the atomic cloud in that direction.
With B, G and the independent parameters of c i jk , we can give the second order approxima-

tion to the magnetic �eld according to Eq. (2.8).�e magnetic potential is plotted in Figure 2.11
using the actual �eld ∣B∣, and the linear ∣Bc + Bl ∣ and quadratic ∣Bc + Bl + Bq ∣ approximation.
In the radial directions xIP and yIP, the magnetic potential is already well described by the
linear approximation ∣Bc + Bl ∣. Hence, only the parameters B and G su�ce to describe the
radial magnetic �eld. In the axial direction, however, ∣Bc + Bl ∣ cannot describe the poten-
tial, which is evident by Eq. (2.8). In this case we need to use the quadratic approximation
∣Bc + Bl + Bq ∣, which gives an accurate description up to 500 µm from the trap center. �e
atomic cloud trapped in the Z-wire usually has a size of 30 µm in the radial, and 300 µm in the
axial direction.�us, the quadratic approximation is valid for our length scales, whereas the
linear approximation only applies for atoms close to the trapping center.
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Figure 2.10: (a) Z-wire magnetic potential in the plane de�ned by the x and y coordinate of the laboratory
reference frame as marked in Figure 2.9. �e z coordinate is kept constant at the value
in the trap minimum, which is highlighted with the sphere. At the bottom we show the
vectors spanning the IP reference frame, where zlab can be thought to be perpendicular to
the xlab ,ylab-plane.�e zIP direction almost coincides with xlab . (b) Magnetic �eld along the
laboratory coordinates as a function of the distance to the trap bottom.

Figure 2.11: (a) Magnetic �eld potential of the Z-wire trap in the xIP ,yIP-plane de�ned by the IP reference
frame (zIP is set to zero). We shows the actual potential ∣B∣, as well as the linear and quadratic
expansion.�e linear expansion ∣Bc + Bl ∣ is a good approximation to the actual potential.
(b) Magnetic potential of the Z-wire along zIP [xIP ,yIP is set to zero, compare length scale to
(a)].�e linear approximation cannot reproduce the axial con�nement, which requires the
quadratic term.

�e magnetic �eld of the microtraps

�e concept of magnetic trapping with a permanent magnetic material depends on the out-of-
plane magnetization of the material. According to reference [54], the magnetizationM of an
in�nite periodic magnetic �lm can be described by a Fourier series. In terms of this series we
can write the magnetic scalar potential ϕ(r), such that B = −∇ϕ(r) with r = (x , y, z), as

ϕ(r) =
1
2
µ0hM0∑

n ,m
e−knm z[Cnm cosknm ⋅ ρ + Dnm sinknm ⋅ ρ], (2.14)

where ρ = (x , y), M0 is the magnetization of the �lm, h is the height of the �lm and knm =

nK1 +mK2 are the reciprocal lattice vectors.�e Fourier series can be truncated at wavelength
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Figure 2.12:Magnetic potential of the hexagonal (le�) and square (right) magnetic lattice in the xlab ,ylab-
plane (zlab is kept constant at the trap minimum) plotted above the magnetization pattern of
the chip. Again, the IP reference frame is shown, and in both cases zIP almost aligns with
xlab .�e green arrows indicate the magnetic �eld direction in the xlab ,ylab-plane.

short compared to the atom-chip distance, leaving a �nite number of coe�cients Cnm and Dnm
to describe the potential.�ese coe�cients result from an optimization algorithm presented in
reference [62]. In practice, we use 45 coe�cients for the hexagonal lattice and 69 for the square
lattice. �e magnetic �eld induced by the �lm is given by Bfilm = −∇ϕ(r). �e total �eld is
then just the combination of the external bias �eld and the �lm �eld:

Btotal = Bfilm + BBias . (2.15)

For the calculation, we use a magnetic bias �eld of (Bx , By , Bz) = (0.27, 1.2, 0.154)mT for the
hexagonal lattice, and (Bx , By , Bz) = (0.391, 1.2, 0.154)mT for the square lattice. In both cases,
we obtain microtraps with a trap bottom value close to the magic �eld value.�e magnetic
potential in a 20 × 20 µm part of the xlab,ylab-plane is shown for both the hexagonal and square
lattice in Figure 2.12. In this graph, zlab is kept constant at the trap minimum. For a better
reference, the potential is plotted above the magnetization pattern of the chip. Again, the
IP reference frame is shown, and in both cases zIP almost aligns with xlab. �e xIP and yIP
vectors lie predominantly in the xlab,zlab-plane. We see that the trap minimum repeats itself at
multiples of the lattice vectors, leading to a trap-to-trap distance of 10 µm.
As for the Z-wire trap, we can calculate B, G and c i jk at the trap bottom. �e resulting

parameters are shown in Table 2.2. Comparing these results with the ones from Table 2.1, we
see a large increase in G and c i jk , accounting for that fact that the magnetic potential changes
at much smaller length scales, leading to tight magnetic traps.�e calculated trap frequencies
are ω = (64, 64, 6.8)kHz for the hexagonal lattice and ω = (38, 37, 9.0)kHz for the square
lattice, three orders of magnitude larger than the trap frequencies for the Z-wire trap. With the
trap parameters we can calculate the linear and quadratic expansion of the magnetic �eld.�e
expansions in comparison with the actual potential ∣B∣ is shown in Figure 2.13 for the hexagonal
lattice. �e results are similar for the square lattice. Interestingly, the magnetic potential is
tilted in the radial direction. �is tilt is induced by the fact, that the magnetic �eld sharply
increases for smaller distances to the magnetic �lm. In both the radial and axial direction, the
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Lattice type B (T) G (T/m) c113 (T/m2) c223 (T/m2) c333 (T/m2)

Hexagonal 3.23 × 10−4 877 −5.78 ⋅ 107 2.08 ⋅ 107 3.70 ⋅ 107

Square 3.23 × 10−4 790 −7.25 ⋅ 107 −3.55 ⋅ 107 1.08 ⋅ 108

Table 2.2:�e trap bottom B, the gradient parameter G and the three largest elements of the curvature
tensor c i jk for both microtrap geometries, choosing a bias �eld BBias = (0.27, 1.2, 0.154)mT
for the hexagonal lattice and BBias = (0.391, 1.2, 0.154)mT for the square lattice.

Figure 2.13: (a) Magnetic �eld potential of the hexagonal lattice in the xIP,yIP-plane (zIP is set to zero).
We shows the actual potential ∣B∣, as well as the linear and quadratic expansion. Opposite
to the Z-wire trap, the linear expansion ∣Bc + Bl ∣ does not describe the actual potential
well. (b) Magnetic potential of the square lattice along zIP [xIP ,yIP is set to zero].�e linear
approximation cannot reproduce the axial con�nement, which requires the quadratic term.

linear expansion ∣Bc + Bl ∣ does not accurately describe the magnetic potential.�e quadratic
expansion ∣Bc + Bl + Bq ∣ is a good approximation at the length scales of interest, which are
typically 1 µm from the trap center at our temperatures.

2.4 Rydberg atoms in tight magnetic traps

In our quantum information platform we want to establish a lattice of interacting qubits.�e
interactions are envisaged to take place a�er exciting the atoms to Rydberg states. Compared
to dipole traps, magnetic traps can not quickly be switched o� during the Rydberg excitation.
As we want to create a lattice of qubits by atoms trapped in a magnetic lattice, we have to
address the question of how Rydberg atoms are in�uenced by the presence of a magnetic �eld,
in particular, can they be magnetically trapped. Rydberg atoms in magnetic �elds have been
investigated for quadrupole magnetic �elds [71, 72] and IP type �eld con�guration [73, 74].
�e most detailed account relevant for magnetic trapping has been given in reference [74] for
the case of ns, np and nd Rydberg states. With our two-photon Rydberg excitation scheme (see
section 3.2) we can address the ns and nd Rydberg states of 87Rb . Reference [74] theoretically
examines Rydberg atoms in a linear magnetic �eld B = Bc +Bl . As we have seen in section 2.3, a
linear approximation of the magnetic �eld is valid for the Z-wire trap, if we restrict the analysis
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to small axial distances. In case of the microtraps, however, a linear approximation does not
accurately describe the magnetic �eld around the trap minimum. Furthermore, the quadratic
term Bq is necessary to provide axial con�nement of the atoms.�us, we extend the theoretical
investigation of reference [74] up to quadratic contributions, B = Bc + Bl + Bq , which give a
more accurate description of our trapping con�guration.
Here the basic ideas of the theoretical approach are outlined, as the results are relevant for

the excitation of Rydberg states in magnetic microtraps. However, the detailed calculations are
beyond the scope of this work and can be found in [75]. Initially, we closely follow the approach
in [74] and extend the theoretical descriptions to magnetic �elds of type B = Bc + Bl + Bq .
In addition, we �nd that reference [74] dropped a term in the system’s Hamiltonian which
contributes signi�cantly to the result.�erefore, our approach incorporates this term, which
alters the result.

2 .4 . 1 A Rydberg atom in a quadratic magnetic �eld

�roughout this section, we use atomic units. In this unit system, the reduced Planck length h̷,
the elementary charge e, the electron mass me and the Coulomb constant 1/4πε0 are set to 1.
�e main ideas behind the theoretical model are:
• We approach the Rydberg atom as an e�ective two particle problem.�e �rst particle is
the outermost valence electron of 87Rb with mass me = 1, charge qe = −1 and position
vector re .�e second particle, the core, is comprised of the nucleus of the atom screened
by the remaining inner electrons.�is particle has a mass mc ∼ 1.60 × 105, an e�ective
charge qc = +1 and a position vector rc .�ese particles couple with their respective spin
to the magnetic �eld, −µ i ⋅ B. In the minimal coupling scheme the particles’ momentum
pi is replaced by pi − q iA, with A the vector potential of the magnetic �eld.

• We introduce relative r = re − rc and center of mass R = (mc/M)rc + (me/M)re
coordinates with M = mc + me . �is implies the momentum operators P = pe + pc
and p = (mcpe − mepc)/M. �e inverse transformations are re = R + (mc/M)r and
rc = R − (me/M)r. As mc ≫ me and mc ≈ M, we can set re = R + r and identify
R± (1/M)r→ R. Hence, the position of the center of mass is identi�ed with the position
of the core.

• We use the fact, that the Taylor expansion (see Eq. (2.5)) of B is directly related to a
similar expansion of the vector potential A. Explicitly, the nth term in the respective
expansions are related via

A(n) =
1
2 + n

B(n)(r) × r. (2.16)

�us, the quadratic expansion of the magnetic �eld, B = Bc + Bl + Bq , implies A =

Ac +Al +Aq .�roughout this chapter, we will assume that the magnetic �eld and the
vector potential can be described by the quadratic expansion.

• We decompose the system Hamiltonian H into independent parts, which are a function
of either r or R. From that we calculate an e�ective trapping potential for the center of
mass coordinate R.
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As a starting point, we take the Hamiltonian of the two particle system composed by the
valence electron and the screened nucleus. For an alkali Rydberg atom, the valence electron
experiences a electrostatic potential which is di�erent from the Coulomb potential 1/r due to
the screening of the inner electrons. A common way to account for this screening [76] is to use
a semi-analytical model potential depending on the angular momentum quantum number l :

Vl(r) = −
Z l(r)
r

−
αc

2r4
(1 − e−(r/rc)

6
) , (2.17)

where αc is the static dipole polarizability of the core, and rc is called the cuto� radius. In this
expression, the charge Z of the core is replaced by a radial charge

Z l(r) = 1 + (Z − 1)e−a1 r − r(a3 + a4r)e−a2 r . (2.18)

�e parameters rc , a1, a2, a3 and a4 are dependent on l and can be found in reference [76].
Alternatively, for solving integrals involving the radial wavefunction, one can use direct numer-
ical integration based on the Numerov method [77].�e screening e�ect of the inner electrons
is accounted for by an n, l and j dependent parameter δn , l , j , called the quantum defect. With
this parameter, the principal quantum number n is rede�ned as the e�ective quantum num-
ber n∗ = n − δn , l , j . �is quantum defect can be approximated by δn , l , j ≈ δ0 + δ2/(n − δ0)2,
for which measured values can be found in [78]. For 87Rb , δ0 = (3.131, 1.348, 1.346) and
δ2 = (0.178,−0.605,−0.594) for ns1/2, nd3/2 and nd5/2, respectively.�ese values are used later
on for evaluating matrix elements in the radial coordinate.
Additionally, to account for the �ne structure of the atom, we include an operator describing

the spin-orbit coupling

VSO(r) =
α2

r
(1 − α2

Vl(r)
2

)

−2 dVl(r)
dr

Lr ⋅ S, (2.19)

with Lr the orbital angular momentum and S the spin operator of the valence electron. Alto-
gether, the Hamiltonian describing the core and valence electron in the presence of an magnetic
�eld with coupling −µ i ⋅ B is given by

H =
1
2me

[pe +A (re)]2 +
1
2mc

[pc −A (rc)]2

− µe ⋅ B (re) − µc ⋅ B (rc) + Vl (r) + VSO (Lr , S)

=
1
2me

[p2e +A2 (re) + 2A (re) ⋅ pe] +
1
2mc

[p2c +A2 (rc) − 2A (rc) ⋅ pc]

+ Vl (r) + VSO (Lr , S) ,

(2.20)

where the second line results from applying the Lorenz gauge [note: for any vector operator
V, the notation V2 = ∣V∣2 = V ⋅V is chosen]. We use the Spin operators of the electron, S, and
nucleus, I, and identify −µe = S and µc = −

gI/2M I. We transform to the relative coordinates
r and center of mass coordinates R as mentioned above. Subsequently, using that 1/M ≪ 1,
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we set 1 + (1/M) → 1, A(R − 1/M r) → A(R) and A(R + r) + 1/MA(R − 1/M r) → A(R + r).
�is implies that we identify R with the position of the core and R + r with the position of the
valence electron. A�er the transformation, the Hamiltonian reads as

H =H f f +A (R + r) ⋅ p + S ⋅ B (R + r)

+
P2

2M
+
1
M

{A (R + r) −A(R)} ⋅ P

+
1
2
A2 (R + r) +

1
2M

gII ⋅ B(R),

(2.21)

where H f f = 1
2p
2 + Vl (r) + VSO (Lr , S) is the Hamiltonian of the Rydberg atom without

external magnetic �eld.
�en, we apply the unitary transformation

U = exp(iA(R) ⋅ r) (2.22)

to the Hamiltonian, H = UHU†. An important consequence of this transformation is that
the two most dominant terms, 1/2A2(R) and −A(R) ⋅ p, vanish. Dominant refers here to their
contribution in the perturbative treatment in subsection 2.4.2. Both terms give almost similar
contributions with opposite sign. Hence, removing these two terms makes the perturbative
treatment more robust. It should be noted that we deviate here from reference [74], where the
unitary transformation

U = exp( i
2
(Bc ×R) ⋅ r) (2.23)

is used.�is transformation includes the constant part Bc of the magnetic �eld according to
Eq. (2.5).
�e transformed HamiltonianH is decomposed into independent parts, in order to identify

terms which only depend on r or R:

H =HR ,r +HR +Hr +Hr,P . (2.24)

�e derivation of the individual terms is skipped here for the sake of brevity. In our calculations
we use the decomposition B = Bc +Bl +Bq and A = Ac +Al +Aq of the magnetic �eld and the
vector potential. We rewrite B (R + r) = B(R) + B(r) + B (R, r) as as component independent
in R and r, respectively, plus a mixed term B (R, r). Only the quadratic part contributes
to this mixed term, B (R, r) = Bq (R, r). Similarly, A (R + r) = A(R) + A(r) + A (R, r) ,
where in this case the mixed term is related to the linear and quadratic part of the expansion:
A (R, r) = Al (R, r) +Aq (R, r) .�e �rst termHR ,r contains the �eld-free Hamiltonian H f f :

HR ,r = H f f +H
′
R ,r +H

′′
R ,r . (2.25)

�e expression H
′
R ,r is the most important term in the perturbative treatment in subsec-

tion 2.4.2, with the explicit form

H
′
R ,r = (S +

1
2
Lr) ⋅ B(R) + Ã2(R, r). (2.26)
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�e combined diamagnetic terms, abbreviated as Ã2(R, r), are given by

Ã2(R, r) = 1
2
A2(R, r) +A(r) ⋅A(R, r). (2.27)

In reference [74] these diamagnetic terms are neglected, which we �nd unjusti�ed as their
contribution is comparable to other terms explicitly used in this reference. Terms which can be
safely neglected (a�er approximating the order of magnitude of their contribution in second
order perturbation theory) are given by

H
′′
R ,r = S ⋅ Bq (R, r) +

α2

2
1
r
dVl(r)
dr

(Ac(R) × r) ⋅ S + RT(R, r), (2.28)

where the explicit form of the remaining terms, abbreviated by RT(R, r), is skipped here for
brevity.�e termsHR andHr only depend on R and r respectively:

HR =
P2

2M
+
1
2M

gII ⋅ B(R) (2.29)

and

Hr = S ⋅ {Bl(r) + Bq(r)} + {Al (r) +Aq (r)} ⋅ p +
1
2
A2 (r) . (2.30)

�e �nal part of the Hamiltonian contains the product of di�erent parts of the vector potential
with the center of mass momentum operator.

Hr,P =
1
M

{A (R, r) +A (r) + (∇RA(R) ⋅ r)} ⋅ P. (2.31)

2 .4 .2 Trapping potentials

Born-Oppenheimer approximation

�e problem of magnetic trapping of Rydberg atoms in either the Z-wire or the magnetic
microtraps is mathematically identical to �nding the wave functions χ (r,R) and the corres-
ponding energies belonging to the HamiltonianH (see Eq. (2.24)). As there is no analytical
solution to this problem, we have to use perturbation theory. First, we greatly simplify the
expression by using the Born-Oppenheimer approximation to decouple the dynamics of the
core and the valence electron.�is approximation is based on the fact that ⟨p/me⟩ ≫ ⟨P/M⟩

holds for ultra-cold atoms. Hence, we can simply drop the termHr,P in Eq. (2.24). A second
implication is that one can assume that the electronic dynamics instantaneously follow changes
of the center of mass motion. Mathematically, this is identical to decouple the wavefunction
into an independent part for the core and the valence electron:

χ (r,R) = ϕ (R)ψ (r;R) . (2.32)

Due to the Born-Oppenheimer approximation, the center of mass coordinateR in the electronic
wavefunction ψ (r;R) is regarded as a mere parameter. For every di�erent R there is a di�erent
wavefunction ψ (r;R).
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With the decomposition of the wavefunction into independent parts, the dynamics of the
core is given by the combination ofHR , HR ,r andHr . �e partHR ,r can be thought of as a
“back action” of the valence electron on the core dynamics. Practically, the contribution of
HR ,r andHr is evaluated using perturbation theory at a �nite amount of grid-points for the
center of mass coordinates around the magnetic trap minimum.�is contribution is added to
the center of mass termHR evaluated at that grid point, yielding a potential surface V(R) for
the center of mass motion.�ese surfaces are identi�ed with the state which results at R = 0.

Perturbation theory

�e �eld free HamiltonianH f f yields by far the biggest contribution to the energies inH.�us,
the eigenstates ∣κ⟩ = ∣nl jm j⟩ ofH f f are a good candidate for a basis set of wavefunctions used
in perturbation theory.�e set of quantum numbers {n, l = ∣L∣, j = ∣J∣ = ∣L+S∣,m j} de�nes the
state in the �ne-structure basis with reference to a magnetic �eld pointing in the z-direction (z
coincides with zIP, previously de�ned as the Io�e-axis of the trap). We then decompose

HR ,r +Hr = H0 +H′ , (2.33)

whereH0 is identical toH f f .�e remaining termsH′ are regarded as a perturbation toH0. With
this decomposition, we apply degenerate perturbation theory in a subset of states ∣κ⟩ = ∣nl jm j⟩.
Degenerate perturbation theory is chosen, as levels with the same n, l and j, but di�erent m j
are nearly degenerate in energy with respect to the contribution of the perturbation. For a state
of interest, ∣κ⟩ = ∣nl jm j⟩ with energy Enl j , we take a su�ciently large set of neighboring states
(meaning states with di�erent n, l , j, m j). If the amount of states chosen is N , we establish a
Hermitian N × N matrix with elements

Hκ′κ = ⟨κ′∣H0 +H′
∣κ⟩ = ⟨κ∣H0 +H′

∣κ′⟩∗ . (2.34)

�e diagonal entry for a state ∣κ⟩ is simply given by Hκκ = Eκ + ⟨κ∣H′∣κ⟩, with a �rst order
correction in energy.�e o�-diagonal entries are given by ⟨κ′∣H′∣κ⟩, as the chosen basis set
is orthonormal and thus ⟨κ′∣H0∣κ⟩ = 0.�e diagonalization of this Hamiltonian at a speci�c
vector R yields N di�erent eigenvectors and eigenvalues. Evaluating these eigenvalues at a grid
of coordinates R constitutes the potential surfaces for the dynamics of the core.
�e basis states ∣nl jm j⟩ are split into their radial and an angular part, ∣nl jm j⟩ = ∣nl j⟩ ∣l jm j⟩.

Any of the terms Ô in H′ can be similarly decomposed into a product of radial Ôr and angular
Ôθ ,ϕ operators: Ô = ÔrÔθ ,ϕ . For example, the spatial coordinates r = (x , y, z) are rewritten as
the product of the radial coordinate r and spherical harmonics, using:

x =

√
2π
3

(Y−1
1 − Y 11 )r, y = i

√
2π
3

(Y−1
1 + Y 11 )r, z = 2

√
π
3
Y 01 r. (2.35)

�e components of the momentum operator are re-expressed as

px = i[H f f , x], py = i[H f f , y], pz = i[H f f , z]. (2.36)
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With this decomposition the elements of perturbation matrix are given by

⟨n′ l ′ j′m′
j ∣Ô∣nl jm j⟩ = ⟨n′ l ′ j′∣Ôr ∣nl j⟩ × ⟨l ′ j′m′

j ∣Ôθ ,ϕ ∣l jm j⟩ . (2.37)

�e radial integral ⟨n′ l ′ j′∣Ôr ∣nl j⟩ is solved using the Numerov method, whereas the angular
part element ⟨l ′ j′m′

j∣Ôθ ,ϕ ∣l jm j⟩ can be solved analytically.
A simple example for an operator in H′ contributing to the diagonal elements of the per-

turbation matrix is given by the z-component of the Zeeman-term ( 12L + S) ⋅ B(R):

{H f f + (
1
2
Lz + Sz)Bz(R)} ∣nl jm j⟩ ={Enl j +

1
2
g jm jBz(R)} ∣nl jm j⟩ ,

Explicitly, using Eq. (2.8), the z-component is given by

Bz(R) = Bc ,z + Bq ,z(R) = B +
1
2
c3 lmR lRm , (2.38)

which shows that at R = 0 the degeneracies of the di�erent m j levels is li�ed by the Zeeman-
energy 12 g jm jB. Terms other than the one above, containing the operators x, y, z, X, Y , Z,
L and S, are more di�cult to calculate. We skip the explicit calculations here for brevity. An
order-of-magnitude estimation of the matrix elements reveals that the terms summed inH

′′
R ,r

can be safely neglected, as their contribution to the eigenvalues of the perturbation matrix is
small.

Evaluation of individual terms and qualitative understanding

As mentioned above, we use degenerate perturbation theory to �nd the potential surfaces in
R for Rydberg states with principal quantum number n=20–70. �e perturbation matrix is
established by a state space spanned by the states ∣nl jm j⟩ with n=20–80, l=0–5, j = l − 1/2
. . . l + 1/2 and m j = − j. . . j. By limiting the analysis to Rydberg states with n ≤ 70, we make sure
that �ne-structure dominates over the Zeeman-energy, and the adiabatic approximation still
holds. Furthermore, the limitation in n is also justi�ed due to practical reasons, as states of
high n are subject to strong decoherence e�ects in atom chip experiments (see chapter 7).
With our approach, we can estimate the in�uence of individual terms in H′, namelyH

′
R ,r

andHr . To do so, we look at a matrix given by elements ⟨κ′∣H0 +H
′
R ,r ∣κ⟩ or ⟨κ′∣H0 +Hr ∣κ⟩,

and solve the eigenvalue problem. From such an analysis for the electronic termHr it follows
that the term A2 (r) only adds signi�cantly to the �rst order correction in energy for high n.
�is correction is small compared to the �ne-structure, and independent of R. Furthermore,
for a given j-manifold, the energy corrections to di�erent m j states are nearly identical. Hence,
our �nding is consistent with the conclusion in reference [74] that the in�uence of A2 (r) can
be regarded as a mere energy o�set and is dropped from the analysis. From the remaining
terms only S ⋅ Bq(r) and Aq (r) ⋅ p give non-negligible contributions [S ⋅ Bl(r) and Al (r) ⋅ p
only couple between di�erent l-manifolds with much larger energy separation] for nd states,
but are exactly zero for ns states.�ese terms couple states in a single l-manifold, mixing states
with di�erent m j . For the Z-wire trap they are much smaller compared to the microtraps due
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to the huge di�erence in magnitude of the curvature tensor (compare Table 2.1 and Table 2.2).
In the following we will include S ⋅Bq(r) and Aq (r) ⋅ p only for the analysis of nd states in the
microtraps.
�e remaining term H

′
R ,r consists of the Zeeman-Hamiltonian (S + 1

2Lr) ⋅ B(R) and the
diamagnetic term Ã2(R, r). �e contribution of the Zeeman-Hamiltonian is larger at the
magnetic �eld of interest, but the diamagnetic term yields non-negligible corrections. �e
Zeeman-Hamiltonian can safely be restricted to a single l manifold and is then easily evaluated,
coupling states with di�erent j.�erefore, the contribution of the Zeeman-Hamiltonian for
a ns state is simply given by 12 g jm j ∣B∣ in a reference frame where the z-axis is aligned with
the local magnetic �eld. In that regard the problem is identical to a ground state atom in a
magnetic �eld. For a Rydberg nd state, however, states with j = 3/2 and j = 5/2 are coupled.
�is in�uence becomes signi�cant at higher principal quantum numbers n, as the �ne-structure
splitting scales as n−3. When the Zeeman-energy of the Rydberg states is comparable to the
�ne-structure splitting between nd3/2 and nd5/2, the potential curves start crossing. At this
point the adiabatic approximation breaks down, and we have to limit our analysis to lower
n or smaller magnetic �elds. �e diamagnetic term Ã2(R, r) couples states with di�erent
quantum numbers n, j, l and m j . For the states under consideration, the coupling between
states with di�erent n and l is negligible. Furthermore, the diamagnetic term adds to the �rst
order correction in energy, whereas mixing between di�erent j and m j is signi�cantly smaller.
We can now compare our work to the semi-analytical approach in reference [74], which

arrives at a di�erent result.�ese di�erences are due to the fact that the magnetic �eld is only
considered up to the linear order B = Bc + Bl (which is a valid approximation for small �eld
gradients), that the termA2(R+ r) is neglected and that the calculation is limited to states with
the same quantum number j for a given l (which implies that �ne-structure dominates over
the Zeeman-energy). We �nd that the diamagnetic term A2(R + r) gives a contribution to the
potential surfaces comparable in size to the termA(R+ r) ⋅p, which is used for the perturbative
approach in reference [74].�erefore, as mentioned earlier, we do not neglect this term. It is
represented as Ã2(R, r) (compare Eq. (2.27)) inH

′
R ,r . Furthermore, in contrast to our work,

the HamiltonianH is transformed again, UrHU†r , using a unitary transformation Ur which
aligns the z-direction of the reference frame with the current magnetic �eld direction.�is way
the term ( 12L + S) ⋅ B(R) is always diagonal for the chosen basis set. However, in our case this
transformation adds additional complexity and is therefore not applied.�e �nal expression in
reference [74] is given by

UrHU†r = H f f + (
1
2
Lz + Sz)Bz(R) + GXYUr pzUr = H0 +H′ , (2.39)

with H′ = GXYUr pzUr being treated as a perturbation to H0 in second order perturbation
theory.�e term H′ = GXYUr pzUr results from simplifying A(R + r) ⋅ p for a chosen j, using
the explicit expression Ac +Al for the magnetic �eld. In our case this term vanishes as part of
the unitary transformation U = exp(iA(R) ⋅ r).
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Figure 2.14: Potential surfaces of the hexagonal lattice for the ns1/2 ,m j = 1/2, nd3/2 ,m j = 1/2 and
nd5/2 ,m j = 5/2 state, with n = 30 and n = 70.�e contour plots show the potential inside a
1 µm radius from the trap minimum in the xIP,yIP-plane (for zIP=0). In addition, we show
the potential energy along the zIP axis within 1.5 µm of the trap minimum (xIP = yIP = 0).
�e potential has been rescaled by m j g j to allow for better comparison between the di�erent
states. Here ∣B(R)∣ denotes the energy obtained by calculating m j g jµB ∣B(R)∣ in every grid
point, hence it represents the trapping potential of a ground state atom.

2.4 .3 Potential surfaces

Given the discussion above, we calculate the e�ective trapping potential V(R) by solving for
the eigenvalues of the matrix with elements ⟨κ′∣H0 +H

′
R ,r ∣κ⟩ or ⟨κ′∣H0 +H

′
R ,r +Hr ∣κ⟩.�e

latter case applies to nd states in the microtraps. At every grid point Ri in an ROI around the
trap minimum, we obtain a set of eigenvalues. We allocate every eigenvalue to a corresponding
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state ∣κ⟩, which is identical to the eigenvalue of the matrix at Ri = 0.�is way we generate a
R dependent potential V(R) for the state ∣κ⟩. Obviously, the assignment of eigenvalues to a
state ∣κ⟩ is only unambiguous when the potential surfaces are well separated in energy.�is
condition is identical with the requirement for the adiabatic approximation.

Potential of the microtraps

As an example for amicrotrap con�guration, we examine the trapping potential of the hexagonal
magnetic lattice for the set of parameters mentioned in section 2.3. We choose an appropriate
ROI around the trap minimum, meant to capture the relevant length scales of interest.�e
thermal radius of the atomic cloud in the microtraps at a temperature of 10 µK amounts to
about 0.2 µm. Instead of choosing this as relevant length scale, we base our approximation on
the harmonic approximation of the trapping potential. We look for the eigenstates of such a
harmonic trap with su�cient high occupation probability at 10 µK and arrive at eigenstates
with n = 25 in radial and n = 200 in axial direction. For these state we calculate the length at
which 99% of the corresponding probability density is captured. We arrive at a length scale of
0.3 µm in the radial and 1.5 µm in the axial direction. We choose to plot the potential up to 1 µm
in the radial direction, as some of the in�uences become more apparent. Larger length scale
are not justi�ed as the description of the magnetic �eld in terms of the quadratic expansion
(Eq. (2.8)) is increasingly inaccurate for larger distances to the trap minimum.
We restrict the analysis to the states ∣κ⟩ ∈ {∣ns1/2 ,m j=1/2⟩ , ∣nd3/2 ,m j=1/2⟩ , ∣nd5/2 ,m j=5/2⟩}

with n ∈ {30, 70}. For low principal quantum number n all these states are magnetically trap-
pable low-�eld seeking states. We choose these states as they represent well the relevant charac-
teristics of the trapping potential. For illustrative purposes we omit the magnetically trappable
states ∣nd3/2 ,m j=3/2⟩, ∣nd5/2 ,m j=1/2⟩ and ∣nd5/2 ,m j=3/2⟩, as their potential surface is less
strongly in�uenced compared to the other nd states. We evaluate the potential V(R) inside a
disk in the xIP,yIP-plane with radius 1 µm.�e corresponding grid Ri has a radial increment
of 1/15 µm, and a angular resolution of 360/96°. Furthermore, we plot V(R) along zIP within
−1.5. . . 1.5 µm from the trap minimum.�e resulting plots are summarized in Figure 2.14. In
this �gure we change from atomic units to a scale in MHz for a more intuitive understanding.
We rescale the results by m j g j , such that the trapping potentials of the di�erent states can be
compared more easily. For the same reason, we omit the o�set of the potential due to Bc at
R = 0. As a point of reference we also plot m j g jµB ∣B(R)∣, which corresponds to the magnetic
energy ( 12Lz + Sz)Bz(R) ∣nl jm j⟩ in a reference frame aligned with the local magnetic �eld at
R. Hence, this expression describes the trapping of a ground state atom.
Looking at the potential curves, one can see that the trapping potential of the ∣ns1/2 ,m j=1/2⟩

and ∣nd5/2 ,m j=5/2⟩ is only slightly altered.�e asymmetry of the potential is a consequence
of the asymmetry of the magnetic �eld topology, as discussed in section 2.3. Especially for
n = 30, there is no visible di�erence between the trapping potential of the ∣ns1/2 ,m j=1/2⟩
and ∣nd5/2 ,m j=5/2⟩ states and that of a ground state atom. At higher n the potential of both
states increases a bit more steeply with R, due to the diamagnetic term (see section 2.4.3).�e
trapping potential of the ∣70d5/2 ,m j=5/2⟩ state in the xIP,yIP-plane is slightly distorted, which
is a consequence of the termHr .�e ∣nd3/2 ,m j=1/2⟩ state is much more strongly in�uenced,
especially at n = 70. In the radial direction we only plot the potential surface up to a radius
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Figure 2.15: Potential surfaces of the Z-wire trap for the ns1/2 ,m j = 1/2, nd3/2 ,m j = 1/2 and nd5/2 ,m j =

5/2 state, with n = 30 and n = 70.�e contour plots show the potential inside a 30 µm radius
from the trap minimum in the xIP ,yIP-plane (for zIP=0). In addition, we show the potential
energy along the zIP axis within 600 µm of the trap minimum (xIP = yIP = 0).�e potential
has been rescaled by m j g j to allow for better comparison between the di�erent states. Here
∣B(R)∣ denotes the energy obtained by calculating m j g jµB ∣B(R)∣ in every grid point, hence
it represents the trapping potential of a ground state atom.

of 0.7 µm, as the potential comes very close in energy to other states at higher R, violating
the adiabatic approximation. In the xIP,yIP-plane the potential becomes anti-trapping with
increasing distance to the trap minimum. Along the zIP direction the potential is fully anti-
trapping as well. We �nd that this results from the coupling introduced by (S + 1

2Lr) ⋅ B(R)

between ∣nd3/2 ,m j=1/2⟩ and ∣nd5/2 ,m j=1/2⟩ from the same l-manifold.�e strong angular
asymmetry of the potential in the xIP,yIP-plane is again a consequence of the termHr .
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Potential of the Z-wire trap

For the macroscopic Z-wire trap we choose the thermal radius as a relevant length scale. We
analyze the same states as for the microtraps. �e potential V(R) is evaluated inside a disk
in the xIP,yIP-plane with radius 30 µm.�e corresponding grid Ri has a radial increment of
2/3 µm, and a angular resolution of 360/96°. Along the zIP direction the potential is plotted for
values within −600. . . 600 µm from the trap minimum.�e results for the Z-wire trap is shown
in Figure 2.15. Compared to the trapping potentials of the microtraps, the Z-wire potential
increases much less steeply, re�ected by the di�erence in scale.�is is a simple consequence of
the di�erences between the magnetic �eld of the trapping con�gurations.
In the radial direction, there are only minor di�erences visible between the calculated

potentials and the potential of a ground state atom.�e strongest deviations (up to 40%) are
present for ∣70d5/2 ,m j=5/2⟩, but only for large distances to the trap minimum. A much more
signi�cant change occurs for ∣70d3/2 ,m j=1/2⟩ along the axial direction of the trap. In this case,
the potential is fully anti-trapping in the ROI. Again, this is a consequence of the coupling
introduced by (S + 1

2Lr) ⋅ B(R) between ∣70d3/2 ,m j=1/2⟩ and ∣70d5/2 ,m j=1/2⟩.

Contribution of the diamagnetic term

�e most signi�cant changes visible in the trapping potentials are a consequence of the Zeeman-
term (S + 1

2Lr) ⋅ B(R). Not surprisingly, this in�uence becomes more pronounced when the
magnetic energy of the atomic levels is in the same order of magnitude as the �ne-structure
splitting, as for the ∣70d3/2⟩ and ∣70d5/2⟩ states.�e change in potential is then a trivial con-
sequence of the decoupling of the J angular momentum operator in its constituents L and S.
Compared to that, the contribution of the diamagnetic term Ã2(R, r) and the electronic term
Hr can be regarded as a consequence of the Rydberg state.�e diamagnetic term mixes relative
r and center-of-mass coordinates R, and in�uences the trapping potential of ns and nd states
in both Z-wire trap and microtraps (compared toHr). Hence, it is instructive to isolate the
in�uence of the diamagnetic term on the trapping potential.
We calculate the e�ective trapping potential with and without including the diamagnetic

term. As two instructive examples, we choose the ∣ns1/2 ,m j=1/2⟩ and ∣nd5/2 ,m j=5/2⟩ states,
which are not or only slightly in�uenced by the Zeeman-term (S + 1

2Lr) ⋅ B(R).�e principal
quantum number is increased to n = 90, as the in�uence of the diamagnetic term is more
pronounced for higher n. For the chosen states the potential surfaces remain well separated
from otherm j states at that high principal quantum number.�e resulting potentials are shown
in Figure 2.16 for both the Z-wire and the microtraps in along the line xIP = yIP. It becomes
evident that the in�uence of the diamagnetic term increases with n and R, and is larger for the
∣ns1/2 ,m j=1/2⟩ state. Overall, the correction to the potential is a purely positive o�set of less
than ∼ 10% at the chosen length scale. It should be noted that the diamagnetic corrections are
in the same order of magnitude as the deviations of the actual magnetic �eld of the microtraps
and the second order expansion given by Eq. (2.8).
Given the results in this section, one can conclude that the trapping of Rydberg atoms for

the state space of interest in not adversely a�ected by the strong gradients of the magnetic
microtraps. By appropriately choosing a speci�c Rydberg state, like ∣ns1/2 ,m j=1/2⟩, one can
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Figure 2.16:�is �gures shows the in�uence of the diamagnetic term on the trapping potential. For the
∣ns1/2 ,m j=1/2⟩ and ∣nd5/2 ,m j=5/2⟩ states, with n = 30, n = 70 and n = 90, we evaluate
the potential with and without including A(R + r)2 along the xIP = yIP direction. For the
∣ns1/2 ,m j=1/2⟩ state we only plot one line for the potential without including the diamagnetic
contributions, as all lines coincide.

ensure con�nement of the Rydberg atoms at the relevant length scales in radial and axial
direction. �is conclusion is valid when the magnetic �eld is su�ciently well described by
the second order expansion in the spatial coordinates, which should apply to the majority of
magnetic trapping con�gurations. As we predict an n-dependent in�uence on the Rydberg
level even for the macroscopic Z-wire trap (see Figure 2.16), one can expect to encounter this
e�ect in spectroscopic measurements.





CHAPTER 3
Experimental setup

In the context of quantum information with Rydberg atoms there are common
technical challenges, which can be roughly classi�ed in three categories: (i) manip-
ulating the atomic ground state, (ii) exciting the atoms to a Rydberg state, and (iii)
the spatial addressing of Rydberg atoms (which is covered in chapter 4). Transition
frequencies in (i) are usually in the microwave or radio-frequency regime, whereas
in (ii) transitions are usually optical. �e properties of Rydberg states impose
restrictions on the optical transitions.�eir long lifetimes imply narrow natural
linewidth, typically in the range of several tens of kHz.�erefore, the frequency
stability and linewidth of the excitation lasers are of the utmost importance. Fur-
thermore, the intensity of the lasers should ideally be stable over time, as it not only
in�uences the Rabi frequency of the transition, but also shi�s the atomic levels via
the AC-Stark e�ect.�ese shi�s lead to an additional dephasing mechanism [31,
79].
In this chapter we present technical solutions to the challenges arising within
category (i) and (ii). �is involves insights from di�erent �elds, such as optics,
electronics, control theory and interferometry. �e chapter is organized as fol-
lows: In section 3.1 we address category (i) by reviewing typical techniques and
presenting our realization of an Optical phase-locked loop (OPLL) for two di-
ode lasers. In section 3.2 we show a scheme for stabilizing and analyzing the
frequency and intensity of two diode lasers. �ese two diode laser are used in
a ladder type con�guration [see Figure 3.1(b)] for the two photon excitation of
Rydberg states. Given these two optical setups, we shown in section 3.3 how they
are combined with the atom chip setup and how the imaging system has to be
modi�ed. Finally, in section 3.4 we present the computer control scheme used
for the experiments.�ese sections provide the experimental framework for the
measurements presented in chapters 5 to 8.

In this chapter section 3.1 and section 3.2 closely follow the description given inOptical techniques for Rydberg physics
in lattice geometries, submitted to European Physical Journal Special Topics

35
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Figure 3.1: (a) Zeeman sub-levels of the 87Rb ground state, with the candidate qubit states ∣a⟩ and ∣b⟩,
which are less sensitive to magnetic �eld �uctuations at the magnetic magic �eld. Possible
excitation mechanisms between these states use two photons with MW-and RF-radiation,
or an optical Raman transition involving two optical photons at 780nm. (b) Two-photon
excitation to a Rydberg state ∣r⟩ using two o�-resonant lasers in a ladder type arrangement.

3.1 Raman lasers

3.1 . 1 Ground state atoms and qubits

�e hyper�ne structure of atoms o�ers the option to encode qubit information in two dif-
ferent levels of the atomic ground states.�ese states are long-lived and insensitive to many
environmental in�uences, such as DC-electric �elds, thus in principal long coherence times
can be achieved. Transitions between the hyper�ne manifolds are magnetic dipole trans-
itions and are usually in the GHz range. Depending on the choice of levels, a qubit transition
can be directly driven using a Microwave (MW) �eld [80] or a two-photon process using
MW and radio frequency (RF) �elds [14]. Figure 3.1 shows the ground state Zeeman man-
ifold of 87Rb with a spacing of ∼ 6.8GHz between the hyper�ne levels [81]. �e transition
between ∣F = 1,mF = 0⟩ → ∣F = 2,mF = 0⟩ quali�es as a clock transition, as its frequency
is insensitive in �rst order to magnetic �eld �uctuations. However, they are magnetically
non-trappable states and therefore cannot be used in magnetic traps. Another candidate is
the ∣F = 1,mF = −1⟩ → ∣F = 2,mF = 1⟩ transition between magnetically trappable states,
which is similarly insensitive to magnetic �eld �uctuations around the so called magic �eld
of B=3.23G [14]. As this transition requires a change of ∆mF = 2, it can be achieved in a
two-photon process. We drive this transition using a combination of MW and RF �elds, where
the individual frequencies are detuned from the Zeeman states (see Figure 3.1).�e atomic
population is prepared in the ∣F = 1,mF = −1⟩ state using optical pumping [82] prior to the
qubit operation.
For single-site addressing of individual traps with a few micrometer spacing, one has to

refrain from using MW radiation alone and implement an optical or optically assisted scheme
instead [83]. A standard solution for optical transitions between alkali atom ground states is
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to use a Raman transition, where two individual lasers are detuned from an excited state with
their frequency di�erence equal to the ground state splitting (see Figure 3.1). Being coupled
o�-resonantly to the excited state, the atomic population can be transferred coherently between
di�erent hyper�ne states. As the ground states are long lived states (∼ 1s), the corresponding
transition frequency is very narrow, requiring the Raman lasers to be phase coherent over
long timescales. Many di�erent schemes have been implemented to achieve a pair of phase
coherent lasers. In reference [84] the current of a diode laser is modulated, producing sidebands
with the desired frequency spacing, a�er which the carrier frequency is �ltered out by the
use of a cavity, leaving both sidebands for excitation. In [85], the 0th and 1st order of a high
bandwidth Acousto-Optic Modulator (AOM) are used as the excitation pair. Another solution
is to produce a sideband at the desired frequency by an Electro-Optic Modulator (EOM) and
then selectively injection-lock another diode laser to that sideband [86].
Besides those implementations a versatile method exists which is based on extending the

concept of phase locking from RF applications to the optical regime: the Optical phase-locked
loop (OPLL) [87, 88].�is concept, which is based on stabilizing the relative phase between
two laser sources, has also been introduced for semiconductor [89] and grating stabilized lasers
[90].�e starting point is the beat-note signal of two lasers (usually called the “master"- and
“slave"-laser), which can be used as an error signal for the slave-laser to track the frequency
and phase of the master-laser. If a frequency o�set between the lasers is required, as for our
ground state transitions, one has to down-mix the beat-note signal with the desired frequency
[91].�is is referred to as a heterodyne OPLL.

3 . 1 .2 Raman laser phase lock

Our experimental apparatus aims at driving the ∣F = 1,mF = −1⟩→ ∣F = 2,mF = 1⟩ transition
around the magnetic magic �eld value. �e setup is based on a heterodyne OPLL using a
MW generator at 6.8GHz. We present the optical and electronic components together with a
discussion of the phase lock performance.
�e optical and electronic setup for phase locking of two commercial diode lasers at 780nm

(DL100, Toptica) is shown in Figure 3.2.�e optical components mainly serve to generate a
heterodyne beat signal of the two diode lasers around 6.8GHz, where we coarsely adjust the
respective laser wavelengths using a commercial wavemeter. �e master-laser is frequency
locked to a 85Rb transition using the dispersive signal gained from polarization spectroscopy
in a rubidium-vapor cell [92].�is ensures a stable detuning from the intermediate transition
when driving the Raman transition in 87Rb. We choose polarization spectroscopy instead of
frequency-modulation spectroscopy [93], as the necessary frequency sidebands would interfere
with the phase lock. Around 20% of the laser light intensity of each laser is used to generate
the beat signal on a high-bandwidth photo diode. �e rest of the light is overlapped on a
non-polarizing beamsplitter and passes through an AOM before being coupled into an optical
�ber going to the experiment. �e AOM is used to generate square laser pulses down to
approximately 50ns width.
�e beat signal is �rst ampli�ed and then down-mixed at 6.8GHz using an analog mixer.

�e 6.8GHz signal is generated by a commercial MW-generator, which has been modi�ed
such that it is internally phase locked to a commercial, computer-controlled RF-generator.�is
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Figure 3.2:�e optical phase lock of the master- and slave-laser at 780 nm.�e master-laser is frequency
stabilized using polarization spectroscopy in a vapor cell.�e beat-note signal between the two
lasers created at a high-bandwidth photo diode is down-mixed using an analog mixer and a
MW source. A secondmixer creates an error signal using a RF generator at 25MHz.�e error
signal is processed by a commercial PID-controller and fed back to the current modulation
input of the slave-laser. Additionally, the error signal is sent via an integral-controller to the
piezo element of the laser-cavity for the frequency locking of the slave-laser (not shown).

allows for steering of the MW-frequency with sub-Hz precision.�e down-mixed signal is
ampli�ed using an RF-ampli�er, and split into two parts. One part is compared to a 25MHz
frequency reference with a digital phase/frequency discriminator (AD9901, Analog Devices),
whose output is low-pass �ltered to yield an error signal proportional to the phase di�erence
between signal and reference. We use a low pass �lter with a cuto�-frequency of 10 kHz, and
feed the resulting error signal to the cavity piezo in the slave-laser using an integral-controller.
�ereby we achieve a frequency lock of the slave-laser to the master-laser at the desired o�set
frequency.�e other part of the down-mixed signal is again mixed with the 25MHz reference
to obtain an error signal, which is processed by a commercial high-bandwidth PID-controller
(mFalc, TOPTICA) and fed back to the current modulation input of the slave-laser.�is high
bandwidth feedback achieves the phase locking.
Part of the heterodyne beat signal is split o� with a 20 dB coupler before the down-mixing and

subsequently probed with a spectrum analyzer.�is allows for a measurement of the absolute
frequency o�set between the lasers. Before the second down-mixing with the 25MHz reference,
another part of the signal is split o� and analyzed by a spectrum analyzer for simultaneous
control of the phase lock performance. As all the frequency sources in this setup, including the
spectrum analyzer, are phase-locked to a commercial 10MHz rubidium clock, we can get an
accurate account of the phase-lock absolute frequency.



3.1 raman lasers 39

Any signal delay in the feedback loops leads to a restriction of the achievable feedback
bandwidth [94].�e two main sources of signal delay are the optical path length of the beat
setup and the cable length of the involved electronics. In our setup we try to minimize both
lengths, achieving around one meter each.�is results in a signal delay of approximately 5 ns.

3 . 1 .3 Phase lock performance

As a rule of thumb, the bandwidth of the feedback system has to exceed the combined linewidth
of the lasers, which we �nd to be around 1.5MHz from the beat signal of the frequency lock in
Figure 3.3 (b). A �xed limit to the bandwidth is introduced by the PID-controller (measured
bandwidth of 10MHz) and the signal delay. In order to properly evaluate the feedback system’s
properties, and to subsequently choose proper loop �lter settings [95], we have to know the
transfer function of the involved components. We use the methods which are described in
more detail in subsection 3.2.2 and section 3.2.3 to evaluate the system’s response to a small
sinusoidal input on the laser current modulation. To do so, the frequency lock is engaged and
the phase-discriminator is used with a higher cuto�-frequency to produce an error signal,
which is monitored with a spectrum analyzer. As explained in section 3.2.3, when we solely
apply feedback to the piezo, the system will only stay part of the time on the linear slope of
the error signal.�is indirectly dampens the response. To calibrate the overall magnitude we
measure the DC response of the system, which can be inferred from the frequency shi�s of
the laser due to DC current changes and the properties of the error signal. Initially we achieve
only a poor phase lock (see inset in Figure 3.3 (b)), with insu�cient noise suppression and
strong spikes resulting from ringing e�ects in the feedback loop.�is can be understood from
the frequency response measurement shown in Figure 3.3 (a), which reveals a sharp drop at
frequencies of approximately 104Hz e�ectively reducing the feedback bandwidth.�e reason
for achieving phase lock at all is that the PID-Controller partially compensates with increasing
gain at high frequencies. We use this information to improve the bandwidth of our feedback
loop, by removing active components with insu�cient bandwidth and signi�cantly reducing
the cable lengths and the optical beam path. Introducing additional MW- and RF-ampli�ers
with low noise �gure enhances the open-loop gain and improves the signal-to-noise ratio of
the error signal. With those measures the bandwidth is su�ciently increased, such that we
achieve a phase-lock with strong noise suppression (Figure 3.3 (b)), using mostly the integral
and proportional part of the PID-controller to assure very high gain at frequencies of up to
several MHz.�e central feature of the beat spectrum has a linewidth limited by the resolution
of the spectrum analyzer (10Hz), and more than 40dB di�erence in magnitude to the noise
background. To further validate the quality of the phase-lock, we measure the holding and
acquisition range. In both cases, we switch o� the frequency locking. �e holding range is
estimated by changing the laser frequency with the piezo element, and observing at which
frequency the lock is lost.�e acquisition range is measured by setting the slave-laser frequency
close to the desired frequency, engaging the feedback and noting the frequency at which the
lock is acquired. In both cases we get a range of more than 10MHz, verifying the good loop
performance. In general, the frequency lock does not contribute to the phase noise reduction,
but it enlarges the holding and acquisition range to several 100MHz, which is indispensable for
long term stability.
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Figure 3.3: (a) Measured response of the initial loop components to a small sinusoidal input at the laser
current modulation input. �e bandwidth drops sharply compared to a standard current
FM-response (dashed line), hinting at bandwidth limiting components in the feedback loop.
Additionally, the PID transfer function is shown for the acquired phase lock. �e drop at
frequencies ∼ 102Hz can be ascribed to the feedback of the frequency lock. (b) Beat signal
frequency spectrum referenced to the o�set frequency for the �nal loop design, with a strong
improvement in noise suppression as compared to the initial settings (inset).

In conclusion, the phase lock provides strong noise suppression and long term stability.
Additionally, the o�set-frequency can be tuned with sub-Hz precision using the external
frequency reference as observed with the spectrum analyzer on the beat signal.�e quality
of the phase lock proves su�cient to perform transfer of atomic population in our cold atom
experiment. Care must be taken in order to ensure su�cient bandwidth in the feedback
loop. For an even longer coherence time between the lasers the signal delay must be reduced
further, which can be achieved by integrating all electronic components on a PCB and using
micro-optics.

3 . 1 .4 Polarization spectroscopy

According to reference [92], polarization spectroscopy is based on the anisotropy in refractive
index for di�erent light polarizations in a medium. In our setup, this anisotropy is induced by
a pump beam at 780 nm in a cell of naturally abundant Rb vapor. A second linearly polarized
probe beam, from the same laser source as the pump beam, travels through the vapor cell and
is then split by a polarizing beam splitter into two independent polarization components. Each
component is guided to one input of a high-gain di�erential ampli�ed photo diode. By blocking
one of the beams we can measure the components individually. Other than that we retrieve the
di�erential signal which is used for locking the laser source to the spectrum.
�e pump beam, usually at several 100 µW laser power, and the probe beam, usually at

10 µW, are arranged such that they counter-propagate in the cell. In that respect Polarisation
spectroscopy (PS) is similar to Saturated absorption spectroscopy (SAS), as evident from
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Figure 3.4: Polarization spectroscopy signal as measured for the 85Rb F = 3 → F′ transition on the
individual photo diodes (PD1 and PD2) while scanning the laser frequency (signals have been
shi�ed vertically).�e photo diodes detect a signal for two perpendicular linear polarization
components of the probe laser.�ese components are di�erently in�uenced by the anisotropy,
which is induced by the pump laser at the closed transition F = 3→ F′ = 4.�is results in a
dispersion like slope on the di�erence signal between the diodes.

Figure 3.5 (a). As in SAS, the pump laser is responsible for the sub-Doppler features visible in
the recorded spectrum of the 85Rb F = 3 → F′ and 87Rb F = 2 → F′ line. However, with PS,
the pump laser is circularly polarized (either σ+ or σ−) by a Quarter-wave plate (QWP) before
the vapor cell. �e pump laser introduces the anisotropy experienced by the two di�erent
polarization components of the probe laser. Reference [92] explains this anisotropy by an
optical pumping e�ect induced by the pump laser. Initially, the atomic population is spread
evenly among the Zeeman-levels of the ground state. With the pump light, the population is
redistributed. For example, for σ+ polarized pump light and the 85Rb F = 3→ F′ = 4 transition,
the atomic population is optically pumped to the F = 3,mF = 3 ground state. For our set of
beam waists and laser powers, this redistribution happens su�ciently fast such that an atom
traversing the beam will experience the anisotropy.
In Figure 3.4 we show the PS signal for the 85Rb F = 3→ F′ transition. As expected from the

underlying optical pumping e�ect, the anisotropy is only noticeable for the closed transition
F = 3→ F′ = 4.�e di�erence in the individual diodes’ signal results in a dispersion like output
signal. We use the slope of that signal in conjunction with PI-feedback on the External Cavity
Diode Laser (ECDL) piezo to lock the laser to spectroscopy.
A direct way to show the anisotropy induced by the pump light is to introduce an extra QWP

before the polarizing beam splitter. If the QWP is adjusted appropriately, we can project the σ+
or σ− component of the probe light on one of the linear component a�er the cube.�e signal
of one diode measuring that component is shown in Figure 3.5(b) for the 85Rb F = 3→ F′ = 4
transition. With using σ+ polarized pump light, the atomic population is optically pumped
towards F = 3,mF = 3, which enhances the absorption of the probe light component driving σ+
transitions. On the other hand, the component driving σ− transitions is less strongly absorbed.
Both e�ects are clearly visible in the measured spectrum.
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Figure 3.5: (a) Probe spectroscopy measured by one of the two photo diodes while scanning the laser,
with and without the pump light present.�e pump light induces the sub-Doppler features.
(b) Spectroscopy signal at the 85Rb F = 3→ F′ transition, showing the in�uence of a Quarter-
wave plate (QWP) introduced before the polarizing beam splitter.�e anisotropy in the vapor
cell leads to increased or decreased absorption of the probe light as visible in the spectrum.

3.2 Rydberg lasers

3.2 . 1 Technical challenges of Rydberg excitation

Ideally, for a cold atom or quantum optics experiment we prefer monochromatic light with �xed
absolute frequency and reproducible intensity. For example, in the �eld of Rydberg physics
and quantum information, uncontrolled imperfections tend to lower the �delity of quantum
gates [27, 96].�e necessary accuracy is governed by the involved atomic levels. Rydberg states
of alkali atoms have a lifetime of tens to hundreds of µs [21, 97], corresponding to natural
linewidths down to 10 kHz. Schemes which excite atoms to Rydberg states in one-, two- or
multi-photon processes [18, 98] have to provide an absolute and relative frequency accuracy
of the order of the natural linewidth of the Rydberg states.�us, sources of laser light have to
be stabilized to that order of magnitude in absolute frequency and linewidth.�is precision
can usually not be achieved by locking to atomic spectra [93, 99], but necessitates the use of
external frequency references.
Changes in the laser light intensity can induce changes in the e�ective Rabi frequency,

and thus, for example, lower the contrast in measurements, such as those performed in [26].
Furthermore, AC-Stark shi�s scale with the laser light intensity. Fluctuations in intensity will
therefore induce shi�s of the atomic levels, which can be in�uential in dipole traps or during
Rydberg excitation [79], leading to additional decoherence. Sources of intensity �uctuations
are numerous: from the laser source itself, laser beam pointing as well as thermal and acoustic
noise in optical �bers. �us, in some cases active stabilization of the laser light intensity is
necessary.
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Figure 3.6: (a) Components of the intensity stabilization setup.�e intensity is measured a�er an optical
�ber using a photo diode (PD), guided to a PID-Controller, which controls the RF-amplitude
of an Acousto-Optic Modulator (AOM) through a Voltage-variable attenuator (VVA). (b)
Representation of the components in a linear negative feedback loop model. Every block
represents the linear transfer function of the respective component.�e noise sources present
in the system, intensity (Si), controller (Scontr), electronic (Sel) and detector noise (Sdet), are
added at their respective place in the feedback loop.

3.2 .2 Intensity stabilization

Intensity noise of laser light is introduced by several sources, such as optical �bers, which are
subjected to thermal and acoustic noise.�is noise also introduces �uctuations in the phase of
the laser light, which needs to be compensated in order to deliver laser linewidths down to a
few Hz through optical �bers [100]. In the context of Rydberg excitation this is normally not
required as the bandwidth of those noise sources is lower than the natural linewidth of Rydberg
atomic levels. Standard methods to stabilize the intensity of laser beams are either passive,
such as mechanical rigidity of optical mounts, or active, such as de�ecting a variable part of
the light by an Acousto-Optic Modulator (AOM) [101, 102] or changing the transmittance
of an Electro-Optic Modulator (EOM) [103]. For laser diodes, the current of the diode can
be modulated to achieve intensity stabilization. However, this is accompanied by unwanted
changes in frequency.
Here we present a setup based on an AOM to stabilize the laser light intensity. We also brie�y

introduce elements of control theory.�ey are necessary to understand the principles discussed
in subsection 3.1.3 and subsection 3.2.3, and can easily be evaluated for this system. Figure 3.6
(a) shows the intensity stabilization setup. A variable fraction of the light is de�ected into the
�rst order of an AOM and blocked while the zeroth order is coupled into an optical �ber. A�er
the �ber, part of the beam intensity is guided to a photo diode by a beam sampler, and compared
to a reference level.�e resulting error signal is processed by a PID-Controller and fed back
to a voltage-variable-attenuator, which modi�es the RF-Power driving the AOM, thereby
stabilizing the light intensity in the zeroth order.�is setup is an electronic negative feedback
system.�e characteristic curve of control voltage against intensity is locally su�ciently linear
to ensure that linear control theory can be applied. For the description of our system and
the subsequent analysis we follow [104]. A simple representation of our system in terms of
control theory is shown in Figure 3.6 (b). Each element (VVA: voltage-variable attenuator, PD:
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photo diode, PID: PID-Controller) can be described by an individual transfer function: XVVA,
XAOM, XPD and XPID with [WRF /V], [WLi ght/WRF], [V/WLi ght] and [V/V] as their respective
unit conversion (V: Volts, W: Watt). Usually, the system under scrutiny is split into a �xed
element, referred to as the plant, and an element whose properties can be changed to optimize
the feedback system, here the PID-controller. We can ascribe a transfer function to the plant,
XPlant = XVVA ⋅ XAOM ⋅ XPD, which can be measured. For our system, the open-loop transfer
function is given as XOL = XPlant ⋅XPID.�e system comprises several noise sources, which can
be added to the feedback system at their respective position (compare Figure 3.6 (b)) with their
noise spectral density. Here we identify electronic noise from the controller (Scontr [V2/Hz]),
electronic noise from the RF-source, the VVA and the ampli�er (Sel [W2/Hz]), intensity noise
from the laser and the �ber (Si [W2/Hz]) and noise from the photo detector (Sdet [W2/Hz]).
As we are interested in reducing the intensity noise, we want to know the noise spectral density
(Sout) of the closed loop.�is can be expressed, following the treatment of noise sources in
[104], as

Sout =
1

(1 + XOL)2

× (SI + Sel ⋅ X2AOM + Scontr ⋅ X2VVA ⋅ X
2
AOM + Sdet ⋅ X2PID ⋅ X

2
VVA ⋅ X

2
AOM) . (3.1)

If we assume a high open loop gain, XOL ≫ 1, which is necessary to suppress all the additional
noise sources, this expression can be approximated as

Sout = Sdet ⋅
1

X2PD
. (3.2)

Consequently, with optimal loop performance, the closed loop intensity noise is just limited by
the noise performance of the photo detector. We measure the noise in between photo detector
and PID-controller while blocking the light before the photo diode.�e measured white noise
part of the noise spectrum is consistent with the speci�ed photo detector noise. To ensure that
both e�cient noise reduction and closed loop stability can be achieved by properly adjusting
the PID-Controller settings, the plant transfer function has to be known. For our system, the
transfer function can easily be retrieved from a frequency response measurement. We apply a
small sinusoidal signal to the VVA with varying frequency, and measure amplitude and phase
of the signal a�er the photo detector. From that we can retrieve the Bode plot of the plant
transfer function shown in Figure 3.7.�e measured frequency response can be well described
in terms of a second order system (similar to a damped mechanical oscillator) with a transfer
function

XPlant(s) =
k

1 + 2η s
ωn
+ ( s

ωn
)
2 , (3.3)

with �tted parameters k = 0.14, η = 0.6 and eigenfrequency ωn = 1.31 × 105 rad/s. We can use
this theoretical description to �nd optimal PID-controller settings. Additionally, we need to
convert the controller settings to a transfer function model of type XPID(s) = Gp +

1
Ti s
(we



3.2 rydberg lasers 45

Freq [Rad/s]
Freq [Rad]

G
ai

n 
[d

B
]

Freq [Rad/s]

P
ha

se
 [°

]

Figure 3.7: Bode plot of the plant transfer function of the intensity stabilization setup, with measurements
(dots) and a theoreticalmodel (line).�emeasurements are taken from the frequency response
of the plant to a small applied sinusoidal signal.�e theoretical model is based on a second
order system with �tted parameters.

neglect the di�erential part in our setup), based on a frequency response measurement from
which we extract the proportional gain Gp and the integral time constant Ti . Now that we have
a theoretical description for Xplant and XPID, we can calculate the open loop transfer function
(for unity feedback) XOL = Xplant ⋅ XPID and the closed loop transfer function XOL/(1 + XOL).
Furthermore, we calculate the system response to a unit step input and retrieve the root locus
plot with the proportional gain Gp as a free parameter.
We measure the noise in the closed loop system a�er the photo detector using a spectrum

analyzer which can measure close to DC signals. From all measurements we subtract the signal
which is obtained when the light is blocked. �e measured spectrum of the intensity noise,
obtained without closing the loop, is shown in Figure 3.8 (a). In the subsequent measurements
we close the loop and apply a �xed integral and varying proportional gain.�e plot reveals the
in�uence of the feedback system on the intensity noise. For very low proportional gain there is
almost no suppression of noise visible. If the gain is increased to 75, there is signi�cant noise
reduction over the whole frequency range. Increasing the gain even further leads to a noise
increase at high frequencies.�e noise at 50Hz and odd multiples stems from ground loops
introduced by di�ering ground levels between two di�erent laboratories, and can, in principle,
be avoided.�e feedback system cannot compensate for the uncorrelated ground loop noise.
�e measurements match nicely to the theoretical evaluation of the loop performance. In
Figure 3.8 (b) the open-loop gain for the di�erent Gp settings is displayed. For Gp=5 the open
loop gain is small, insu�cient for noise suppression as we demand XOL ≫ 1.�e other two
gain settings yield su�cient open-loop gain for noise suppression, which is also evident in the
measurement.�e increased noise at Gp = 500 can be understood by looking at the system’s
unit step response in Figure 3.8 (c). For high proportional gain the system is highly oscillatory
at the eigenfrequency ωn of the second-order system, which also shows up as a gain increase in
the closed loop at high frequencies.�e root locus plot shows that the closed loop poles are
moved parallel to the imaginary axis when increasingGp , rendering the systemmore oscillatory
and undamped.�us, this example illustrates the trade o� between su�cient gain for noise
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Figure 3.8: (a) Noise spectral density as measured a�er the photo diode measured without feedback
(intensity noise) and with feedback for di�erent proportional gain values Gp . Noise at 50Hz
and odd multiples are related to ground loops between di�erent laboratories. (b) Simulated
open-loop gain for the corresponding Gp values. (c) Simulated response of the system to a
unit step, showing a highly oscillatory response at high gain, and a slow response for low gain.
�e time axis was chosen logarithmically to show the di�erent time scales.

suppression and the stability of the feedback system. It should be mentioned that the intensity
stabilization mechanism might interfere with laser pulse generation if the bandwidth of both
overlaps. In this case, a hybrid solution might be preferable, for example, an AOM for intensity
stabilization and an EOM a�er the optical �ber for pulse generation.

3 .2 .3 Frequency stabilization

�ere are a multitude of di�erent methods to stabilize a laser source to an external reference in
the frequency domain: locking to a frequency comb [105–107], using transfer cavity locking
[108], and, if a stable external laser source is available, beat note locking [109] or injection
locking [110]. In many applications optical reference cavities are used [111, 112], as they provide
a robust and relatively simple way of reducing the laser linewidth to the Hz [113] and even
sub-Hz regime [114]. As the locked laser source inherits the frequency stability of that cavity,
great care must be taken to limit the frequency dri� of the reference. A crucial ingredient is
that the material used for mounting the cavity mirrors has a low thermal expansion coe�cient
[115, 116], as any change in cavity length changes the cavity mode’s frequency. Furthermore,
the cavity is usually mounted in vacuum using vibration-insensitive components, actively-
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Figure 3.9:Optical setup for the frequency stabilization and analysis of the 480nm and 780nm laser
(PD: photo diode, AOM: acousto-optical modulator, EOM: electro-optical modulator, violet
beam: shared beam path). �e lasers are locked to the same high-�nesse cavity using the
Pound-Drever-Hall method. �e linewidth of both lasers can be measured using a self-
heterodyne �ber beat involving a 12 km long broadband telecommunication �ber.�e laser
light is used for Doppler-free absorption and EIT spectroscopy on room temperature vapor
cells to calibrate the absolute laser frequency.

temperature stabilized and passively temperature shielded. All these measures are meant to
reduce environmental in�uences on the cavity.
As mentioned before, Rydberg excitation requires linewidths of a few kHz, which mitigates

the requirements for the reference cavity compared to systems used for optical clocks [113].
�ose systems need cavities with high optical �nesse (usually > 105), intricate solutions for �uc-
tuations induced by vibrations [117, 118] and are even limited by thermodynamical �uctuations
in the mirror coatings [119].
Our external reference is a commercial Fabry-Pérot cavity (Stable Laser Systems) with a

�nesse of about 2 × 104 and free spectral range of 1.5GHz, which is temperature stabilized
around a point of zero thermal expansion. We stabilize two diode lasers onto the cavity using
a sideband-locking scheme [120], achieving linewidths of a few kHz. We measure that the
absolute frequency shi�s to be less than 1MHz within one month.�is proves su�cient for
the excitation of Rydberg atoms. We present an overview of the optical setup, which is used to
stabilize commercial diode lasers, to analyze their linewidths and to get an absolute frequency
calibration from spectroscopy. We explain the methods involved and give a brief review about
similar approaches.
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Optical setup

�e optical setup is sketched in Figure 3.9, consisting of two commercial diode lasers at 780nm
and 960nm wavelength (DL Pro and TA-SHG Pro, Toptica), the latter of which is frequency
doubled to 480nm. �e output powers are 60mW and 450mW respectively and the free-
running linewidth is roughly 200 kHz.�ese two lasers are used for the two-photon excitation
scheme of 87Rb as depicted in Figure 3.1 (b). For both lasers part of the light is guided into a
�ber-coupled EOM with high bandwidth (PPM785 and PPM960, Jenoptik), which introduces
sidebands through phase modulation of the incoming light. A�er traveling the �ber the light is
out-coupled into the high-�nesse cavity passing through mode-coupling optics (a combination
of telescopes and an imaging lens).�e Gaussian beam pro�le of the light a�er the �ber helps
to e�ciently couple the light to the Gaussian TEM00 mode of the cavity. For the design of
our cavity, consisting of a �at and convex mirror, the best mode matching is achieved when
the minimal waist of the Gaussian beam matches the waist of the cavity mode at the entrance
mirror [121]. With this arrangement our coupling e�ciency is around 80%, as measured by
the drop of the re�ected signal when scanning across the cavity resonance. A combination
of dichroic optics and optical bandpass �lters ensures that the di�erent wavelengths can be
coupled simultaneously into the cavity, whose mirrors are coated for these two wavelengths.
Light re�ected from the cavity is detected by a fast photo diode, whereas transmitted light is
guided to a slow photo diode and a camera for spatial mode investigation.�e bandpass �lter
prevents light from one wavelength leaking into the photo diode dedicated to the other, which
would be detrimental for the subsequent error signal generation.
Another part of the light at these two wavelengths is �ber coupled to the self-heterodyne

�ber beat setup for analyzing the linewidths (see section 3.2.3), which is built with components
supporting both wavelengths. Independent examination of the two lasers’ linewidth can be
achieved by exchanging the input �bers. �e light is split into two parts, the �rst of which
is guided to an AOM in double-pass con�guration, which was chosen over a single-pass
con�guration to make the setup independent of the wavelength. �e AOM is required in
order to shi� the laser beat signal away from DC.�e other part is coupled into a 12 km long
telecommunication �ber, which strongly attenuates the light intensity at the near-infrared
wavelengths, thus requiring high input powers of tens of mW to achieve µWoutput powers.
�e out-coupled light is overlapped with the light from the AOM on a photo detector, yielding
a beat signal.
�e rest of the light is una�ected by the modi�cations made in these two setups (e.g. the

sidebands introduced in the EOMs) and is used for Rydberg excitation in the main exper-
iment. A small fraction of the light is branched o� in order to simultaneously monitor the
laser frequency on a commercial wavemeter, as well as to perform Doppler free absorption
spectroscopy at 780nm in a rubidium vapor cell.�is allows us to have an in-situ analysis of
the wavelength while performing experiments.�e light can also be switched to enter another
rubidium vapor cell in a counter-propagating arrangement, allowing for EIT measurements as
described in section 3.2.3.
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Cavity locking

We stabilize our laser frequency to the high-�nesse cavity using the Pound-Drever-Hall (PDH)
locking scheme [122, 123], which uses the response of the cavity in re�ection [124] as recorded
by the photo diodes in Figure 3.9. To obtain the typical error signal of the PDH, sidebands at
2MHz are modulated onto the light by means of the �ber-coupled EOM.�e signal of the
photo diodes is demodulated with the sideband frequency using an analog mixer, yielding the
error signal.�e modulation depth of the sidebands is tuned to increase the error signal slope
at the zero crossing.�e sideband frequency is chosen to allow for broad non-zero frequency
ranges around the slope, which assist in acquiring the lock.
If we stabilize our laser to the cavity modes, which are �xed in frequency space (besides

thermal dri�s etc.), we naturally encounter the problem that those frequencies domost likely not
match the atomic transition frequencies (the free spectral range (FSR) of the cavity is 1.5GHz).
Several solutions to this problem exist. One method is to change the cavity mode’s frequency
by changing the cavity mirror spacing using piezo-electric transducers.�is solution usually
entails reduced mechanical rigidity and increased sensitivity to thermal �uctuations. Another
approach is to use high bandwidth AOMs or cascades of AOMs to shi� the laser frequency,
introducing the problem of beam-pointing and reduced laser intensity.�erefore, we choose to
use the o�set sideband-locking scheme as suggested in [120], which o�ers free tunability of the
laser frequency and similar noise characteristics as the PDH locking scheme.�e basic principle
is that instead of locking the carrier frequency of the laser, we use sidebands introduced via
the phase modulation of the EOM. By changing the frequency of those sidebands we can, in
principle, address any desired frequency, if the bandwidth is su�cient to cover at least half the
FSR of the cavity. In practice a higher bandwidth is bene�cial. For ideal phase modulation, we
optimize the modulation depth to get maximum power in the �rst order sidebands, which we
use for locking. In order to achieve sideband locking with the PDHmechanisms we combine the
frequency of the locking sidebands and the frequency of the PDH sidebands using a combiner,
and send both to the EOM. �is allows for creating an error signal at the o�set sideband
frequency.
Similar to the analysis in subsection 3.2.2, we need to investigate the feedback system for

optimal stabilization and noise suppression.�e main source of noise is the laser linewidth,
which is translated into voltage noise by the PDHmechanism. Figure 3.10 (b) shows a simpli�ed
representation of our feedback systems. For simplifying the representation, the PDH module
in the representation comprises several independent components like the cavity, photo diodes
and the electronics of the demodulation. All of those components have an individual transfer
function, which we do not analyze independently for simplicity.�e error signal is compared
to 0V for a perfectly symmetric error signal and the di�erence signal is fed to a commercial
digital PID-controller (Digilock, Toptica), where the error signal is split into two independent
PID-modules.�e integral component of one module is used to control the voltage of the laser
piezo element to compensate for long term dri�s in laser frequency.�e bandwidth here is
limited to a few 100Hz.�e other module is used to control the laser frequency through the
modulation input of the laser a�er 26dB of attenuation, which converts a change in voltage
into a change of laser current and thereby frequency. Due to the higher bandwidth of several
MHz, this part is responsible for the linewidth reduction of the laser. At the input of the current
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Figure 3.10: Gain measurement of the feedback loop transfer function using either feedback to the laser
cavity piezo or solely involving the integral part of the laser current feedback.�is leads to a
partial lock of the laser, in�uencing the transfer function up to the respective bandwidth of
piezo and integral part (103Hz and 105Hz).�e dashed lines shows the current FM-model
described in the text. (b) Representation of the feedback loop components (26 dB: attenuator,
Mod In: laser current modulation input, PDH: all components involved in the PDH error
generation.�e main noise sources are laser phase noise (SLaser), electronic noise (Sel) and
controller noise (Scontr).

module, we engage a third-order bandpass �lter with a 2MHz cuto�-frequency. All those
elements are described by the transfer functions XPID, X26 dB, XMod In, XLaser and XPDH with
[V/V], [V/V], [A/V], [Hz/A] and [V/Hz] as their respective unit conversion.�e dominant
noise sources are the laser linewidth, entering as SLaser, the electronic noise Sel and controller
noise Scontr.
As shown in subsection 3.2.2, a high open loop gain suppresses the noise in the closed

loop system, and thereby reduces the laser linewidth. To achieve a high open loop gain for
the whole bandwidth of laser noise, we need to know the plant transfer function Xplant =
X26 dB ⋅ XMod In ⋅ XLaser ⋅ XPDH to adjust the PID parameters accordingly. However, a frequency
response measurement similar to the one for the intensity stabilization is not straightforward
to implement, as the system does not reside in the linear part of the PDH error signal without
applying feedback. In principle, the response of each independent component can be measured,
for example the frequency modulation (FM) response of the laser to the laser current, or the
characteristics of the PDHmodule.�is adds additional complexity, so we choose for a simpler
approach instead. We engage either the piezo-feedback or the I-Part of the current feedback,
which results in the system oscillating back and forth around the slope of the error signal, as
the feedback is too weak to ensure tight locking.�en we introduce a small sinusoidal signal,
add it to the error signal and observe the amplitude of the response with the built-in network
analyzer of the PID-controller.�e measurement for the 780nm-laser is shown in Figure 3.10
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Figure 3.11: Bode plot of the frequency stabilization open-loop transfer function. �e Bode plot is
calculated from the measured transfer function of the plant and the PID-controller. Red
bars indicate the positive gain- and phase-margins respectively, which are a criterion for the
closed-loop stability.

(a), which clearly features the bandwidth of the relative feedback mechanisms as suppression
of the signal at low frequencies. We compare it with a theoretical prediction combining the
FM-response of the laser described by the absolute value of

XFM(iω) = −
C
3
×
3 −

√
i ω

ωc

1 +
√

i ω
ωc

(3.4)

as an empirical model for the carrier-induced and thermal FM [125–127] (C and ωc are �t
parameters, the parameter b in [127] was chosen to be 3), and the transfer function of the third
order bandpass �lter at 2MHz. �e model accurately describes the system response in the
range where the signal is not a�ected by the relative feedback mechanism. Furthermore, we
retrieve the DC-response of our system by calibrating the laser frequency shi� at DC-inputs to
the current modulation and by measuring the slope of the error signal.�e measured DC-gain
of around 40dB is consistent with the model prediction.�e high gain of the plant transfer
function explains why the laser can be locked by just feeding back the error signal to the laser
current, without involving any PID-controller.
Additionally, we calibrate the PID-module settings with a frequency response measurement,

converting it to the standard form XPID(s) = Gp+
1
Ti s
+Td s. Nowwe can calculate the open-loop

transfer function XOL = XPID ⋅Xplant for our locking parameters.�e optimal set of parameters
can be retrieved empirically from themeasurements in section 3.2.3, yielding a laser linewidth of
less than 10 kHz. For this set of parameters the open-loop transfer function with the respective
phase and gain margins is plotted in Figure 3.11. From the plot, we can understand the loop’s
ability to e�ciently suppress noise. A Fourier transform analysis of the error signal shows that
the laser frequency noise is limited in bandwidth to 500 kHz, with dominant contributions at
low frequencies. High open loop gain at those low frequencies is necessary to suppress the noise
and is provided by the I-Part of the feedback, which shows up as the -20dB linear slope per
decade at low frequencies.�e third order bandpass �lter at 2MHz allows for su�cient noise
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suppression at low frequencies, and �lters uncorrelated high frequency noise.�e steep slope
of the �lter provides su�cient phase margin despite high overall gain. If we increase the gain
even further, the small gain margin vanishes completely, and the system becomes oscillatory,
which is clearly evident on the error signal and the heterodyne-�ber beat measurement.

Absolute frequency calibration

An important aspect of optical experiments is to get an absolute frequency reference for spec-
troscopic experiments. Several methods exist, for example, referring the laser frequency to
a frequency comb [128], or using a commercial wavemeter. Commercial wavemeters o�er a
precision of up to a few tens of MHz, which usually requires frequent recalibration or the use of
built-in reference lasers. Even if the laser frequency is known with su�cient accuracy, the the-
oretical knowledge of the atomic transition frequency might not match that accuracy. A simple
way to �nd atomic transition frequencies for cold atom experiments is to use spectroscopy of
room temperature vapor cells, as shown in Figure 3.9. First, we performDoppler free saturation
spectroscopy with the 780nm laser, to �nd the 5s1/2 → 5p3/2 transition frequencies of 87Rb.
�en, we �x a sideband of the o�set-locking scheme such that the laser frequency matches
the transition frequency. We are le� with �nding the 480nm-laser frequencies correspond-
ing to 5p3/2 → ns1/2 and nd3/2,5/2. A common scheme is to use electromagnetically-induced
transparency (EIT) [129] with two on-resonant lasers in a ladder-type excitation scheme. EIT
spectroscopy can yield sub-MHz precision of Rydberg transition frequencies [78], and can also
be used to stabilize the 480nm laser [99].
Our setup is similar to the one described in [130], featuring two counter-propagating laser

beams in a vapor cell at 480nm and 780nm. �e vapor cell is magnetically shielded using
mu-metal to minimize systematic deviations due to Zeeman splitting of atomic lines. �e
transmitted 780nm laser light is recorded with a photo diode, with maximal absorption if
there is no 480nm light present. If the frequency of the 480nm laser is scanned such that it
matches the Rydberg transition, the medium is rendered partially transparent, increasing the
transmitted 780nm light intensity. We scan the laser frequency by sweeping the sidebands
of the o�set-locking scheme. If the slew rate of that sweep is su�ciently smaller than the
bandwidth of the locking system, the locked laser follows the sideband frequency smoothly.
�e signal-to-noise ratio is largely improved by chopping the 480nm light and using lock-in
detection, yielding Rydberg spectra as shown for the 22s1/2 state in Figure 3.12, with su�cient
resolution to distinguish between di�erent Rydberg hyper�ne-states. We �t our EIT spectrum
with the analytical expression found in [131] (see red line in Figure 3.12), with a �tting error
usually a few tens of kHz for the transition frequency.
In conclusion, EIT measurements in a room-temperature vapor cell allow for sub-MHz

accuracy inmeasuring the transition frequency of Rydberg states. If the on-resonance frequency
of both lasers is known from such a measurement, a well de�ned detuning can be introduced
via the o�set-locking scheme allowing for two-photon o�-resonant excitation as shown in
Figure 3.1 (b).
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Figure 3.12: Electromagnetically induced transparency (EIT) as measured by the transmitted 780 nm light
while scanning the frequency of the 480nm laser.�e red line shows a �t to the data using
an analytical model as mentioned in the text.�e measurements shows the two hyper�ne
levels (F=1,2) of the 22s1/2 state with sub-MHz resolution.

Linewidth determination

A�er introducing the cavity locking scheme we need to verify that the achieved reduction in
linewidth is su�cient for the particular application, in our case o�-resonant Rydberg excitation,
requiring linewidths of around 10 kHz. In principle, the laser linewidth can be deduced from
the spectral distribution of the closed-loop error signal [132]. We refrain from that approach
as we �nd electronic noise uncorrelated to the laser linewidth in our error signal, most likely
originating from leakage of frequencies of the o�set-locking into the demodulation of the PDH
setup. If two identical laser sources (e.g. two lasers locked to the same reference cavity) or an
independent narrow-linewidth reference laser is present, the linewidth can be deduced from a
heterodyne beat measurement of those laser sources [133]. Furthermore, the laser linewidth can
be inferred from a time-domain measurement of the Allan deviation of the frequency [134]. As
we do not have two identical laser sources, and also want to optimize our lock-settings in-situ,
we chose a self-heterodyne measurement (see Figure 3.9 and section 3.2.3 for the optical setup),
as �rst introduced in [135].
As in the case of a heterodyne beat measurement the linewidth is inferred from a beat signal.

�e delayed light traveling through a long �ber acts as the second laser source. To visualize
that idea, one can regard the delayed light as an independent, uncorrelated laser source if the
delay time of the light τ0 in the �ber exceeds the coherence time τcoh of the laser. In this regime
(τ0 > τcoh) the resulting beat linewidth can be converted into the laser linewidth by correcting
with a factor of 1/2 or 1/

√
2 for the case of Lorentzian or Gaussian linewidth. An example for a

beat signal in that regime can be found in Figure 3.13 (a), for the case of the free running laser
at 780nm and the same laser with feedback.�e resulting free running linewidth is measured
to be around 230 kHz for a Lorentzian lineshape, consistent with the speci�cations of that laser.
�e feedback system yields a signi�cant reduction in laser linewidth, clearly evident in the
beat signal. If we optimize our locking parameters such that the resulting laser linewidth drops
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Figure 3.13: (a) Frequency spectrum of the self-heterodyne beat signal for the free-running 780nm laser
(linewidth 230 kHz) and the same laser locked to the high �nesse cavity. (b) High resolution
frequency spectrum for the best performing feedback loop of the 960nm laser.�e strong
interference fringes indicate that the laser coherence time exceeds the delay time in the 12 km
�ber.�e spectrum can be �tted using an analytical model based on the assumption of white
phase noise, yielding a laser linewidth of 3.2 kHz and a delay time of 65 µs.

beneath the inverse delay time 1/τ0 ≈ 16 kHz, the simple approximation for the laser linewidth
obtained from the beat signal breaks down.�is case is shown in Figure 3.13 (b) for the 960nm
laser, where the spectrum features equidistantly spaced fringes, that become more pronounced
if τcoh ≫ τ0. With the assumption that only white noise is present in the phase �uctuations of
the laser, yielding Lorentzian line shapes, one can �nd an analytical expression for the spectral
noise distribution in the �ber beat signal [136]:

S( f )∝
1
π

∆ f
(∆ f )2 + ( f − f0)2

×

(1 − e−2π∆ f τ0 [cos(2πτ0( f − f0)) +
∆ f sin(2πτ0( f − f0))

f − f0
]) ,

(3.5)

where f0 is the modulating frequency of the AOM and ∆ f is the laser linewidth. It should be
noted that in reality there are additional noise sources on the laser, such as 1/ f noise at low
frequencies. In such cases the relation between noise and linewidth is more complicated [137],
but in principle, assuming a certain noise distribution, the linewidth can also be inferred from
the self-heterodyne measurement [138]. However, there is acoustic and electronic noise in the
self-heterodyne beat setup itself, especially acoustic noise in the long �ber.�us, measuring
linewidths less than 1 kHz is not feasible in this setup.
We restrict ourselves to the analytical expression in �tting the data. We use τ0, ∆ f and

an overall o�set as free parameters, and exclude frequencies within -30 to 30 kHz to retrieve
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acceptable results. �e �t yields a realistic �ber delay time of τ0 = 65 µs, a linewidth of
∆ f = 2.3 kHz and reproduces the features of the spectrum. From the reasoning above it is clear
that this estimate of the linewidth has limited accuracy. However, if we also take into account
that the spectral fringes are strongly pronounced, as predicted by theory for ∆ f ≪ 16 kHz, we
can safely assume to have a linewidth of less than 10 kHz, matching the requirements.
In conclusion, we achieve absolute frequency stabilization and linewidth reduction of two

diode lasers, su�cient for o�-resonant Rydberg excitation as observed in our cold atom exper-
iment.�e decrease in linewidth is also visible in EIT measurements, as shown in Figure 3.12
compared to similar measurements with free running lasers.

3.3 Laser beam assembly and imaging

�e optical setup in the atom chip experiment is designed to allow for imaging of the atoms,
Raman and Rydberg excitation, and to allow for a Spatial Light Modulator (SLM) to be incor-
porated at a later stage.�e central feature of the optical setup is the ITO coated in-vacuum
lens (NT47-727, Edmund Optics) (see section 2.1) with a diameter of 15mm and a nominal focal
length of 18.75mm at 587 nm. Due to dispersion of the lens material, the e�ective focal length
is 18.52mm at a wavelength of 480 nm and 18.96mm at a wavelength of 780 nm. As the lens
was adjusted such that it focuses a collimated beam at 780 nm at the chip surface, we assume
18.96mm to be the actual chip-lens distance.�e Au-coating on the atom chip acts as re�ective
surface for the probe light. All laser beams have to pass through the in-vacuum lens, as the
high Numerical Aperture (NA) of the lens is required for optical single site-addressing and
imaging.�e geometric constraints of our setup require all beams to have the same beam path
before the in-vacuum lens. We address this issue by the combination of a broadband Polarizing
beam splitter (PBS) and a Non-polarizing beam splitter (NPBS) with 90% transmission and
10% re�ection at both 480 nm and 780 nm wavelength, as shown in Figure 3.14. �e linear
polarization of the probe light and the Rydberg excitation lasers has been chosen to be perpen-
dicular with respect to each other, such that the �rst transmits through the PBS towards the
camera, while the latter get re�ected towards the chip.�e 90/10 NPBS only re�ects 10% of the
incoming probe light towards the chip (which is acceptable as we have su�cient probe laser
power), but transmits 90% of the re�ected probe light and of the scattered light from the 87Rb
atoms. Furthermore, also 90% of the excitation laser light is transmitted, which is especially
important as laser power is crucial for the 480 nm laser. Hence, this optical setup ensures that
we have e�cient Rydberg excitation and e�cient imaging at the same time while using the
same beam path.
�e incoming collimated probe light passes through a lens with 210mm focal length, which

is placed 219mm before the in-vacuum lens in a telescope arrangement. A�er the in-vacuum
lens, the probe light is collimated again with a 1/e2 beam waist of approximately 1mm, which
is su�ciently large compared to the atomic cloud size (∼ 0.2mm) to ensure near-uniform laser
intensity.�e re�ected probe light from the atom chip becomes divergent a�er passing through
the lens a second time, but is made nearly collimated by a lens of 250mm focal length a�er the
PBS.�is beam reaches the Charge-Coupled Device (CCD) camera.�e probe light scattered
by the 87Rb atoms is collected by the in-vacuum lens and partially collimated, as the cloud is
positioned close to the focal point of the lens. A�er passing through the PBS the scattered light
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Figure 3.14: Schematic representation of the laser beam arrangement (not to scale). �e x and y lab
frame coordinates lie in a plane parallel to the chip surface, while the z coordinate axis is
perpendicular to the chip surface. DM: Dichroic Mirror, PBS:polarizing beam splitter, λ/2:
HWP, 50/50 and 90/10: non-polarizing 50/50 and 90/10 beam splitter.�e lenses are labeled
with their respective focal length.

is imaged by the 250mm lens onto the CCD camera, to create an absorption image together
with the re�ected light. �e lenses chosen results in an magni�cation factor of 13.2 for the
imaging system.
�e Rydberg excitation light at 480 nm and 780 nm is overlapped at a dichroic mirror with

equal polarization. At a future stage of the experiment, a SLM is supposed to steer both
excitation beams for optical addressing of the microtraps (see section 4.6). For now we pass
both laser beams through two individual lenses with 75mm focal length, rendering the beams
divergent before reaching the in-vacuum lens. We chose this arrangement over a collimated
beam, as a collimated beam would be focused down to a few µm at the atomic cloud, reaching
an insu�cient amount of atoms for experimental purposes. Measuring the waists of the laser
beams before the 75mm lenses and using Gaussian beam propagation, we predict a beam
waist of 140 µm at 780 nm and 40 µm at 480 nm close to the atom chip surface.�is is in good
agreement with the size of the local depletion we �nd in chapter 7 and chapter 8, which are
induced by the excitation lasers. Both laser beams pass through a 1:1 telescope with 50mm
lenses, where one lens is mounted on a micrometer translation stage. By defocussing this
telescope we can increase the laser beam size at the atomic cloud.
�e Raman lasers and the 780 nm Rydberg laser use the same beam path in the atom chip

setup, which is convenient as their wavelength is identical. Both Raman laser beams are �rst
overlapped at a 50/50 NPBS (see section 3.1), pass through an AOM for pulsing the light,
and are then coupled into a polarization maintaining optical �ber. A�er the optical �ber, the
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Figure 3.15: (a) Atomic cloud atom number measured a�er Time of Flight (TOF) expansion from the
magnetic trap as a function of the probe laser frequency. During TOF a magnetic bias
�eld was established pointing in the y-direction with �eld values of 5G and 10G. In one
measurement, the linear polarization of the probe is aligned with the x-direction, in the other
with the y-direction. (b) TOF measurement, where the magnetic bias �eld points in the
z-direction and the polarization vector is aligned with either the x-direction, the y-direction
or at an angle of 45° with both.

Raman laser light is overlapped with the 780 nm Rydberg light at another 50/50 NPBS, and
subsequently coupled into the optical �ber going to the atom chip experiment.�e Rydberg
laser at 780 nm is pulsed with another AOM before being overlapped with the Raman light,
whereas the 480 nm laser is pulsed by an EOM a�er the optical �ber (see subsection 3.4.1).

Imaging

As the polarization vector of the probe laser light is oriented such that the light transmits
through the PBS, the polarization should be aligned with the x-direction of the laboratory
frame (see Figure 3.14 and section 2.3 for the chosen coordinate frame).�e x-direction almost
coincides with the direction of the Io�e-�eld in the magnetic trap, whereas the y-direction is
perpendicular to x in the plane parallel to the chip. Finally, the z-direction stands at 90° to the
chip plane.
In order to verify the alignment of the probe polarization with respect to the laboratory

frame, we image the atomic cloud a�er TOF expansion from the Z-wire trap with a well
de�ned magnetic bias �eld pointing in either the y-direction (Figure 3.15(a)) or the z-direction
(Figure 3.15(b)). �e duration of the TOF sequence before the imaging is chosen such that
the magnetic �eld of the external coils can settle at a static value and direction. �e probe
light polarization is arranged with a HWP in two ways: (1) such that the transmittance of the
light through the PBS is maximized, (2) at an angle of 90° to that direction. In the latter case
we introduce an extra HWP before the PBS to be able to image the probe light on the CCD
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Figure 3.16:Normalized absorption cross section of the F = 2 → F′ = 3 transition as a function of the
probe laser frequency for di�erent magnetic �elds and saturation parameters s of the probe
laser. Here, the magnetic �eld direction and the light polarization vector are chosen (a)
parallel and (b) perpendicular with respect to each other.

camera. We expect the polarization in case (1) to be aligned with the x-direction, and in case
(2) with the y-direction.
�e measurements in Figure 3.15 show the detected atom number as a function of the probe

laser frequency being scanned along the 5s1/2 , F = 2→ 5p3/2 , F′ = 3 transition. In Figure 3.15(a),
with a bias �eld in the y-direction, we see a single peak for case (2), and two independent peaks
for case (1), whose splitting increases with increasing bias �eld.�is con�rms our assumption
that case (1) is indeed aligned with the x-direction, as we are able to excite σ0 =

√
1/2(σ+ + σ−)

transitions with respect to the magnetic �eld quantization axis. We attribute the two peaks to
the closed transitions F = 2,mF = 2→ F′ = 3,mF′ = 3 and F = 2,mF = −2→ F′ = 3,mF′ = −3,
whose di�erence in frequency increases with the magnetic �eld. Atomic population initially in
F = 2,mF = 2 gets transferred via optical pumping to F = 2,mF = −2 such that we see the second
transition. If we decrease the probe laser power, the peak at negative frequencies vanishes,
while the peak at positive frequencies does not change.�is observation supports the role of
optical pumping. Opposite to that we only excite π transitions in case (2), which leads to less
optical pumping and to transition frequencies which are less sensitive to changes in magnetic
�elds. Indeed, if we change the bias �eld to point along the z-direction in Figure 3.15(b), we
see two distinct peaks in both case (1) and (2), as both polarizations are perpendicular to the
z-direction. Finally, setting the polarization at an angle of 45° with respect to x and y, we obtain
a similar result.
Besides the qualitative explanation given above, we also present a quantitative approach. As

mentioned in section 2.1, we have to address the question of how our imaging constellation
a�ects the amount of detected atoms as given by Eq. (2.1) and (2.2). As discussed before, we
relate the optical density OD i measured at the ith pixel to the atom column density n i via
the absorption cross section σ of the imaging transition: OD i = n iσ . For a closed transition,
like the F = 2,mF = 2 → F′ = 3,mF′ = 3 transition of the 87Rb D2 line, one can simplify the
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problem to an e�ective two-level system.�e on-resonance scattering cross section σ0 for a
closed transition with frequency ω, natural decay rate Γ and saturation intensity Isat is given by
σ0 = h̷ωΓ/(2Isat) [81].
With the geometrical constraints of our experimental apparatus, however, we cannot select-

ively drive the closed transitions of the D2 line. Hence, we have to account for the multilevel
structure of the atom, as constituted by the 12 Zeeman-levels of the F = 2 ground and F′ = 3
excited state (we neglect decay to F = 1 for simplicity). We establish the master equation, as
presented in more detail in chapters 5 and 6, for the density matrix of these 12 states. �e
equation accounts for the atom-probe light interaction, the Zeeman-splitting mF gFµBB, spon-
taneous decay and the probe laser linewidth. We numerically solve the time dependent master
equation (the atomic population is initially in F = 2,mF = 2), such that we can calculate the
scattering cross section σ(t) (using the density matrix elements and Clebsch-Gordan coe�-
cients) at any time t. During the imaging sequence, we use a �nite exposure time T . For this
exposure time we can calculate an e�ective scattering cross section σeff = ∫

T
t=0 σ(t)dt/T .

�e normalized (de�ning the on-resonance cross-section σ0 as 1) e�ective scattering cross
section σeff is shown in Figure 3.16 for di�erent magnetic �elds and probe laser intensities
(expressed in the saturation parameter of the closed transition).�e magnetic �eld strength of
3G corresponds to a typical bias �eld as found in the z-Wire or microtraps.�e �eld strength
of 10G corresponds to the measurements presented in Figure 3.15. We show two constellations,
in which the probe polarization vector (the probe is linearly polarized) and the magnetic �eld
are either parallel or perpendicular to each other. As seen for the measurements in Figure 3.15,
the �rst results in a single peak, whereas the latter shows two distinct peaks.�e frequency
spacing of these peaks matches the di�erence in transition frequency between the closed
transitions F = 2,mF = 2 → F′ = 3,mF′ = 3 and F = 2,mF = −2 → F′ = 3,mF′ = −3 at 10G.
�e basic features of the measurements are well reproduced, while the discrepancies (peak
height, linewidth) can be explained by inhomogeneous magnetic �elds, imperfect polarization,
imperfect alignment of polarization and magnetic �eld, and the polarization selective �ltering
e�ect of the PBS before the camera.
With regard to measurements in the Z-wire trap and microtraps, where we do not have

an independent way to estimate the atom number, the result in Figure 3.16(a) at 3G gives a
good reference. �e e�ective cross section is reduced to about 0.32 times the value for the
closed transition. Hence, we expect the measured optical density to be reduced by the same
factor, such that we would underestimate the amount of 87Rb atoms by naively using σ0. For
most of the measurements presented in this work only relative atom numbers are of relevance.
However, in 8 we investigate density dependent e�ects and will correct the measured atom
number by this factor to properly determine the atomic density in the trap.

3.4 Computer control

�e computer control is based on two independent Python-based programs named scanalyzer
and labalyzer. Scanalyzer is a simple program implemented to conduct the measurements
presented in chapter 6. �ese measurements are based on scanning the frequency of the
480 nm laser by changing the frequency of the sideband in the sideband-locking scheme
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(section 3.2), and detecting the change in the 780 nm laser absorption. �e sidebands for
both lasers are generated by an evaluation board (ADF4351, Analog Devices).�e computer
program communicates to the user interface via User Datagram Protocol (UDP), and changes
the frequency of the sideband incrementally. A�er each step, the signal of the lock-in detector
(LIA-MV-140, Femto) is acquired 100 times by an analog data acquisition card (PCI-MIO-16E-4,
National Instruments), averaged and saved. Between each step, there is a su�cient dwell time
such that the feedback system can follow the change in sideband frequency, and that there is
su�cient time for data acquisition.�e frequency scans are linear scans between a start and an
end value with a variable step size.�e scan goes �rst from the start to the end value, and then
back the other way, giving two independent measurements per frequency.�ese measurements
are again averaged, yielding the �nal spectrum.
�e main atom chip experiment is controlled by the program labalyzer, which was imple-

mented by Atreju Tauschinsky and is far more complex than scanalyzer. We expanded the
program to be able to control the Raman and Rydberg lasers, and added the capability to
interface with two additional Analog Output cards (NI6713, National Instruments). Labalyzer
is based on a timeframe, which contains a list of timestamps at which a speci�c device is set to a
speci�c value. One timeframe corresponds to one experimental run of about 20 s.�e devices
involved are a digital Input/Output (I/O) card (DIO64, Viewpoint) with 64 digital channels,
two analog output cards (NI6713, National Instruments) with 16 analog output channels of
±10V each, and several instruments which are interfaced via a General Purpose Interface
Bus (GPIB)-hub.�ese instruments are two function/arbitrary waveform generators (33220A,
Agilent), a 3.3 GHz signal generator (SMIQ03, Rhode&Schwarz) and a digital pulse generator
(DG535, Stanford Research Systems).�e devices and their interfaces are schematically shown
in Figure 3.17.

Labalyzer processes the timeframe and converts the information into commands which are
sent to the individual devices.�e GPIB instruments are programmed in the beginning of the
experimental cycle using Virtual Instrument So�ware Architecture (VISA) commands.�is
leaves su�cient time to properly set the devices, as they are used in the end of the experimental
cycle.�e time-critical execution steps are sent to the DIO64 card and the two NI6713 cards.
�eir outputs are used in the loading sequence (section 2.1) and for imaging the atoms.�ey
steer mechanical shutters, Voltage-Controlled Oscillator (VCO)s, electronic switches and
trigger other instruments via Transistor–Transistor Logic (TTL) signals.�e RF frequencies
necessary to perform evaporative cooling (section 2.1) and RF-spectroscopy (Eq. (2.3)) are
provided by a Direct Digital Synthesis (DDS) evaluation board (AD9959, Analog Devices),
which is programmed with 16 independent outputs of the DIO64 card.�e DIO64 card has a
2MHz on-board clock, which is used to time the execution of commands.�e analog output
cards are triggered by one channel of the DIO64 card each, and they execute the commands
sequentially on arrival of the trigger signal.�e three images of the experimental sequence
are recorded with a back-illuminated deep-depletion CCD camera (iKon-M 934,Andor) with
1024 x 1024 pixels of 13 × 13 µm2 in size and is cooled to -80 ○C to reduce dark counts.�e pixel
information is digitized with 16 bit accuracy, and the total CCD image is read-out and retrieved
from the camera for postprocessing.
Labalyzer has further been modi�ed to be able to remotely control the program. In the

remote control mode, labalyzer is provided with a timeframe in text-format by another program.
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Figure 3.17: Schematic representation of the computer control and the components involved.

�is timeframe is then compiled once per experimental cycle, and executed in the subsequent
cycle. �e images retrieved from the camera are exported to an external hard drive, from
which they are accessible to other programs. We use this remote control mode to interface
labalyzer with imaging so�ware programmed by Shimon Machluf in Matlab. Imaging so�ware
can scan di�erent parameters at a time in multi-dimensional loops, and uses sophisticated
image postprocessing tools, including fringe-removal and single-site analysis of the microtraps.

3 .4 . 1 Laser pulse generation

�e time resolution of the experimental sequence is limited by the 2MHz clock speed of the
DIO64 card. For the Raman and Rydberg lasers we want to implement laser pules with sub µs
resolution.�us, we have to utilize external pulse generators which in return are triggered by
the DIO64 card.�e laser pulses for the Raman and Rydberg lasers at 780 nm are accomplished
by using a TTL based switch in between an RF-source and an AOM. �e AOM is used
in single-pass con�guration for the Raman-lasers, and in double-pass con�guration for the
Rydberg laser.�e �rst order is coupled into an optical �ber, such that switching o� the RF
source leads to switching o� of the lasers. �e Rydberg laser at 480 nm is switched o� and
on with an EOM for higher power e�ciency.�e EOM is operated by a high-voltage pulse
generator, which turns the polarization of the 480 nm light such that it either transmits through
or re�ects o� a polarizing beam splitter.�e suppression of the EOM between the on-o� mode
is usually a factor of 100.
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Figure 3.18: (a) Pulse of the Raman light of 200 ns length measured a�er the �ber to the atom chip
experiment with a photo diode. In addition, we show the trigger signal sent by the DIO64
card, which occurs about 700 ns before the pulse.�e signals have been rescaled for better
illustration. (b) Two pulses of 200 ns and 1 µs length for both the 480 nm and 780 nmRydberg
light measured before overlapping the beams. Again, the trigger signal from the DIO64 card
is shown as well, which reveals a delay of 600 nm between trigger and pulse.

�e switch of the Raman lasers is operated from one of the 3320A arbitrary waveform
generators in pulse mode, which sends a TTL pulse a�er receiving a trigger signal from the
DIO64 card. Figure 3.18(a) shows a Raman laser pulse of 200 ns length measured with a photo
diode a�er the optical �ber to the atom chip experiment.�e pulse has a 700 ns delay to the
initial DIO64 trigger signal. For Rydberg excitation, the 480 nm and 780 nm laser pulse have
to occur at the same time. Due to their di�erent pulse mechanisms, they have a signi�cant
di�erence in time delay, which was measured to be 330 ns. We use the multi-output DG535
pulse generator to switch both lasers, and to compensate for the di�erence in time delay. A�er
receiving the DIO64 trigger signal, the DG535 pulse generator �rst sends a TTL pulse to the
780 nm laser switch, and 330 ns later to the high voltage pulse generator of the EOM.�ereby
both pulses overlap, as can be seen in Figure 3.18(b) for two pulses of 200 ns and 1 µs length.
For both the Raman and Rydberg lasers, the slope of the pulses has a width of about 25 ns,
which limits achievable pulse times to more than 50 ns.
In addition, we use the AOM of the 780 nm laser to scan the laser frequency in the 100MHz

bandwidth of the AOM centered around 300MHz.�is frequency is generated by the SMIQ03
frequency generator and is computer controlled by labalyzer.�e e�ciency of the AOM varies
by a factor of 3 within this bandwidth, such that the laser intensity undergoes the same changes.
In order to achieve constant intensities in the laser pulses, we use the SMIQ03 frequency
generator to adjust the RF-output power according to the frequency.�is way we can ensure
a constant, frequency-independent laser power. To verify the reproducibility of the pulses
generated, we take statistics on the laser pulse height by measuring the pulses with a photo
diode over a period of time. �e Raman lasers are pulsed constantly over the duration of
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two hours, and the pulse height is recorded.�e standard deviation in pulse height is 0.6%
of the mean measured value. For the 780 nm Rydberg laser, we change the AOM frequency
from 250–350MHz in 81 steps for 50 µs and 100 µs long pulses. Here the measured standard
deviation is 3% of the mean value.
Another feature of the SMIQ03 frequency generator is that it can perform frequency sweeps

with user adjusted step size, start and end frequency. We use this feature to change the sideband
frequency of the 480 nm Rydberg laser in the sideband-locking scheme, as the frequency sweep
is su�ciently slow to allow the laser lock to follow the change in frequency.�us, we have two
independent measures of changing the frequency in the Rydberg excitation scheme: varying
the frequency of the 780 nm laser by the AOM, or sweeping the sideband of the 480 nm laser.





CHAPTER 4
Spatial Light Modulator

In this chapter we describe the shaping of the spatial intensity distribution of laser
light, for the purpose of creating trapping geometries or to selectively excite atoms.
�ere exists a multitude of di�erent realizations, either static or dynamic: dipole
trap arrays generated bymicrolens arrays [139], beam steering with acousto-optical
modulators [84], coupling atoms to optical waveguides [140], using Digital Mirror
Device (DMD)s in a binary amplitude modulation [141, 142] or holographic mode
[143, 144], projecting a binary mask [145], or using liquid-crystal SLM [146, 147].
Spatial light modulators in general describe devices which modulate amplitude,
phase or polarization of light, based on micro-electromechanical systems, di�ract-
ive optical elements or liquid crystal technology [148, 149]. DMDs are a versatile
tool for light modulation, also in commercial applications [150, 151].�ey o�er
high update rates (in the kHz range) and high optical resolution, up to 106 pixels.
Liquid crystal type spatial light modulators have lower update rates of up to 60Hz,
but similar resolution, a high dynamical range and higher e�ciency. Our experi-
ment aims at spatial addressing of atoms in a magnetic lattice, both for Raman type
transitions and Rydberg excitation.�is requires a change of the spatial excitation
pattern once per experimental cycle (∼ 20 s).�erefore we do not depend on high
update rates. Rydberg excitation however depends on high laser power at 480nm
in the two-photon excitation scheme, thus high e�ciency of the light shaping
is preferred. As a consequence we opt for a SLM based solution. In general, if
conversion e�ciency is more important than fast update rates, like for dipole trap
arrays [152] or Rydberg excitation [146], SLM devices have become increasingly
popular in the �eld of cold atoms for their versatility and ease of operation.
For the excitation or con�nement of atoms in lattice geometries the SLM can
be used to create di�raction limited spot patterns. In conjunction with high
numerical aperture (NA) lenses, great care has to be taken to produce reproducible
spot patterns of homogeneous intensity. As recently shown in [152], it requires
compensation of the non-�at surface of the SLM (“factory correction”) and the

Most of this chapter closely follows the description given inOptical techniques for Rydberg physics in lattice geometries,
submitted to European Physical Journal Special Topics
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aberrations of the imaging system (aberration correction), as well as introducing
an in-situ feedback system for the spot intensity.
�is chapter explains the basic working principle of our SLM, the optical setup
and necessary calibrations in sections 4.1 to 4.3. In sections 4.4 and 4.5 we show
that the corrections mentioned above can be obtained by solely using the SLM
device in interferometric measurements. Finally, in section 4.6 we give an outlook
on how the SLM can be incorporated in the atom chip experimental setup.



4.1 the spatial light modulator 67

4.1 �e spatial light modulator

Due to intensive research for scienti�c and commercial applications [148, 153], SLMs and their
working principle are well understood. Usually, the beam shaping is done bymeans of geometric
beam shaping [154] or the Iterative Fourier Transform Algorithm (IFTA) [155]. Geometric
beam shaping is based on dividing the SLM into independent areas of locally di�erent phase
gradients for beam steering.�is method is simple to implement, but su�ers from low e�ciency
due to the fact that just part of the SLM contributes to a given point in the image plane.�e
IFTA method utilizes the fact that for light originating from the SLM and being imaged by a
lens, the light �elds at the SLM and focal plane of the lens are related by a Fourier transform in
the Fresnel approximation. For a review of these two methods and an e�cient implementation
of the IFTA method, see [156].
Aiming at high di�raction e�ciency, we choose for a parallel-aligned nematic SLM, as this

type o�ers a high �ll factor of up to 90% [147]. �e �ll factor refers to the active, voltage
controlled part of the pixelated SLM surface. Any light hitting the SLM at the inter-pixel space
leaves the device unde�ected. Usually this part of the light is referred to as the “zeroth order"
de�ection, and cannot be used for beam-steering purposes. Our SLM (HoloEye Photonics
AG, PLUTO-BB HES 6010 BB) has a �ll factor of 87%, which yields a theoretical di�raction
e�ciency of (�ll factor)2 = 76%, which we indeed �nd experimentally.�e SLM is a phase-only
modulator with 1920 × 1080 pixels, operating in the re�ective mode, such that the light passes
the active area twice and themodulation depth is twice as large as for transmission.�e working
principle is based on electrically changing the optical properties of an anisotropic liquid-crystal
[157]. By controlling the applied voltage, the molecular alignment can be altered from parallel
to perpendicular with reference to the display [158, 159].�is rearrangement leads to a change
in the refractive index and introduces a phase-shi� on the incident light. As the voltage of
each pixel can be modi�ed independently, the SLM imprints a two-dimensional phase pattern
ϕ(x , y) onto the re�ected light.�e modulation depth, meaning the maximal achievable phase
shi�, is usually a in the order of 2π. �erefore, phase information ϕ(x , y) is usually sent as
ϕ(x , y)mod 2π to the device.
To ensure optimal phase modulation with minimal amplitude modulation, the polarization

of the incoming light has to be aligned with the crystal axis. An advantage of the parallel-
aligned nematic SLM is that they do not alter the polarization state of the re�ected light, which
is indispensable in quantum optics experiments.

4.2 �e optical setup

We require our SLM setup to steer both the 480nm and the 780nm light beams independently,
both for ground state transitions and two-photon excitation of 87Rb to Rydberg states (compare
section 3.2). Using two wavelengths at the same time adds additional complexity, �rst and
foremost because the phase of the SLM pixels strongly depends on the wavelength. In addition,
the optical components have refractive index dispersion which must be compensated. �e
atom chip experiment [55] features an imaging lens of high numerical aperture (NA=0.4),
which is able to resolve individual traps in a 10 µm lattice. In our spatial addressing scheme this
lens serves to transfer the SLM phase pattern to a desired intensity distribution at the trapped



68 spatial light modulator

λ/2

SLM

λ/2

16x

DM

DM

DM

NA=0.4

CCD

PM fibers

Figure 4.1:Optical setup of the spatial light modulator (SLM, DM: dichroic mirror). Laser light at 480 nm
(blue) and 780nm (red) are coupled out of an optical �ber and expanded to match half the
SLM screen in size. A�er leaving the SLM, the beams are separated at a DM, and enlarged by
another factor of two, such that they match the diameter of the high NA imaging lens.�e
beams are overlapped again at another DM and focused by the lens.�e intensity distribution
in the focal plane is magni�ed by a factor of 16 using a microscope objective and imaged onto
a CCD camera.

atoms’ location. We built a test setup with an identical imaging lens, as seen in Figure 4.1. Both
wavelengths are coupled out of optical �bers to achieve a Gaussian beam pro�le. Subsequently
they are expanded with a telescope, such that their diameter matches the height of the SLM
display (the display size is 15.36mm×8.64mm).�is maximizes the amount of available SLM
pixels per beam.�e beams are aligned next to each other by means of custom-made dichroic
mirrors and guided such that each hits the center of one half of the SLM. Being re�ected o�
of the SLM, the beams are separated using another dichroic mirror, and expanded again by a
second telescope.�e beams are overlapped by another dichroic mirror and focused by the
lens.�e beam sizes match the diameter of the imaging lens, thus, we exploit the full NA of
this lens.�e intensity distribution in the focal plane is magni�ed by a factor of 16 by means of
a microscope objective, and imaged with a CCD camera.�is extra magni�cation is required
to gain su�cient spatial resolution of the intensity distribution, as the di�raction limited spot
size in the focal plane is less than the camera pixel size.
�e wavelengths are split into independent beam paths, as ray tracing simulations show that

even with the use of achromatic optical elements, di�raction limited spot patterns in the focal
plane cannot be achieved in a single beam path due to residual wavelength dispersion of the
optical components. Independent optical components also allow for �ne tuning. For example,
the spacing of the telescope lenses can compensate for the di�erence in the imaging lens’ focal
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Figure 4.2: (a) Mach-Zehnder interferometer as used to linearize the phase response of the SLM for both
480nm and 780nm.�e laser light is expanded to �ll two holes in a mask, whose spacing
matches half the SLM horizontal length.�e resultant beams hit one half of the SLM each,
get re�ected in zeroth order, pass through a polarizing beam splitter (PBS) and are overlapped
with a lens onto a CCD camera. (b) Typical interference created at the camera. (c) Response
of one horizontal line taken from the interference pattern to a change in gray level on the
SLM

length at 480nm and 780nm. �e second telescope, in between the SLM and the imaging
lens, is operated in a 4f-con�guration.�is means that the spacing between SLM and the �rst
telescope lens, and between the second telescope lens and the imaging lens, has to match the
respective focal lengths. As pointed out in [152], this con�guration ensures that the de�ected
beam hits the center of the imaging lens independent of the de�ection angle at the SLM. We
found earlier that without the 4f-con�guration, we could only achieve small displacements in
the focal plane without losing e�ciency, especially for large beam sizes (compared to the lens)
and long beam paths.�e size of the telescope lenses and mirrors have been chosen such that
we can achieve displacements of up to 300 µm in the focal plane.
�e angle between the incoming and re�ected beam at the SLM was chosen to be 12○, which

ensures that the beams can be separated at acceptable distances from the SLM, as well as
that the angle of incidence at the SLM is around 6○. �e latter is the optimal angle for the
performance of our SLM. In general the di�raction e�ciency of SLMs strongly depends on the
angle of incidence of the incoming beam [160]. To further maximize the di�raction e�ciency,
we introduce a λ/2-waveplate to align the light polarization with the long axis of the SLM
display.
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4.3 Linearization of phase response

As mentioned before, the SLM is operated in a mod 2π-mode, meaning that the maximum
phase shi� is 2π. �e phase shi� ϕ(x , y) of every pixel is digitally programmed by an 8-bit
value, called gray level, resulting in 256 di�erent phase values. Ideally, the resultant phase values
are equally spaced increments of 2π/256. In practice, we need to calibrate the relationship
between the gray levels and the voltage which is applied to the nematic crystals in order to
achieve a linear phase response up to 2π [158].�is calibration curve can be sent to the SLM,
and serves as an interface between digital and phase information.
In order to calibrate the phase response we have to measure the actual phase value on the

SLM. A simple approach is to use an interferometric measurement similar to a Mach-Zehnder
interferometer, depicted in Figure 4.2 (a). We expand a laser beam out-coupled from an optical
�ber at either 480nm or 780nm respectively, such that it �lls a mask with two identical holes.
�e mask divides the beam into two independent parts, each of which hits the center of one half
of the SLM. A�erwards, the two beams which are re�ected from the backplane of the SLM
are focused down, making them overlap and interfere on a CCD-camera. In Figure 4.2 (b)
we show a typical interference pattern resulting from optical path length di�erences between
the beam paths.�ese patterns are sensitive to thermal �uctuations and vibrations, inducing a
shi� of the interference fringes. In order to measure the relative phase value corresponding to a
gray level, we change the gray level on one half of the SLM, leaving the other half unaltered.
When ramping the gray levels from 0 to 255, the interference pattern is shi�ed, as can be seen
in Figure 4.2 (c). �e translation x of the phase pattern is compared to the average spacing
of the fringes X̄, to give the SLM phase as ϕ = 2π × x/X̄. We take the spatial average of one
fringe in the x-direction and plot the corresponding value against the applied gray value (see
Figure 4.3 (a)).�e measurements are performed with the default factory curve, and both show
non-linear behavior and a phase shi� of more than 2π.�ere is a clear di�erence between the
total phase stroke for 480nm and 780nm, which is expected as the ratio in phase shi� should
scale as the ratio 480nm/780nm. We use the information from the phase curves to change the
gray value calibration curve to yield a linear response. A second measurement (Figure 4.3 (a))
shows the respective phase curves a�er applying the new calibration for 480nm and 780nm.
�e total phase shi� matches 2π, and the phase curve behaves more linearly. We are limited in
our precision by the width of the fringes and the �uctuations mentioned above. In practice the
applied calibration curves prove su�cient to produce high resolution spot patterns in the focal
plane of Figure 4.1.
As mentioned in section 4.2, we use the SLM for 480nm and 780nm laser light at the same

time. However, only a single phase calibration curve can be introduced to the SLM, such that
the maximal phase shi� for one wavelength does not equal 2π. In order to compensate for that,
we change the gray values on one half of the SLM using the control so�ware. If we use the
calibration curve for 780nm, we naturally achieve a 2π phase shi� for that wavelength and a
larger one for 480nm. We rescale the gray values g on the right half of the SLM, where the blue
laser is incident, by g̃ = α ⋅ g+ goffset. In this formula, α and goffset are free parameters, which we
optimize empirically by the resultant intensity patterns for 480nm. One would assume α = 480

780
as the optimal solution, but it proves to be α = 0.4. We show for the optimal parameters the
phase pattern on the SLM for a 2x2 spot pattern with 10 µm spacing in Figure 4.3 (b). �is
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Figure 4.3: (a) Phase response before (dashed line) and a�er the linearization (solid line) of the SLM
response. (b) SLM phase pattern to create a 2x2 spot pattern compensating for the di�erence
in phase response between 480nm and 780nm light. (c) Resultant normalized intensity
pattern in the focal plane of the high NA lens with a 10 µm spacing between the spots.

pattern yields the intensity distribution shown in Figure 4.3 (c) in the focal plane of the high
NA lens. For both wavelengths we achieve a spot pattern with well de�ned spacings of 10 µm.
�e di�erence in wavelengths is apparent in the di�erent resolution limited spot sizes.

4.4 Correction for the backplane non-�atness

Due to the fabrication process the backplane of the SLM is not �at [161], with measured
deviations up to 3λ [162]. As the phase modulation depth of the SLM is 2π, the curvature of
the backplane is su�cient to degrade the image quality in the focal plane. Hence we need to
compensate for that deviation by introducing a corrective phase pattern on the SLM. To derive
the spatial coordinates of a surface from the phase patterns of interferometric measurements
using that same surface is a well know problem [163]. A common, multi-image solution is
to use a modi�cation of the original Le Carré algorithm [164], the so called Phase-shi�ing
interferometry (PSI) [165]. In PSI, an interference image is created from two independent
surfaces, one of which is known to be optically �at.�en the relative phase of the light coming
from both surfaces is changed, e.g. by varying the optical path length, inducing changes in the
interference pattern. Measuring that pattern for four di�erent known phase values allows for
retrieval of the phase deviation of the non-�at surface. In our approach we follow the methods
presented in [166] in order to apply PSI to our system.
�e test setup, shown in Figure 4.4 (a), is very similar to a Michelson-interferometer.�e

optically �at reference surface is implemented by a dielectric mirror with a surface �atness
of better than λ/10.�e incident laser light at 780nm is expanded and split by a 50/50 non-
polarizing beam splitter into two arms, �lling most of the SLM backplane and the mirror.�e
light is re�ected in zeroth order from the SLM, and partially overlapped at the same beam
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Figure 4.4: (a) Michelson type interferometer involving the interference between a mirror and the SLM
surface.�e light is split and overlapped at a non-polarizing 50/50 beam splitter (BS) and
projected with a telescope ( f3 and f4) onto a CCD camera. (b) Four di�erent images obtained
for the relative phase values 0, π/2, π and 3π/2 in phase shi�ing interferometry.

splitter with the light originating from the mirror.�e overlapping beams are projected onto
a CCD camera such that the size of the interference pattern matches the size of the camera
chip. �e change in relative phase is achieved by introducing a phase shi� on the SLM. As
the interference pattern is sensitive to environmental in�uences, we swi�ly ramp the phase
on the SLM from 0 to 2π, triggering the camera to take four images during the ramp yielding
interference pattern at a phase of 0, π/2, π and 3π/2, shown in Figure 4.4 (b). We optimize the
interference pattern such that it shows the minimal number of fringes.�en we can assume
normal incidence on both surfaces which simpli�es the mathematical analysis.
�e resultant four images contain a two-dimensional array of intensity information I i(x , y)

with i ∈ {1, 2, 3, 4} in the camera plane (x and y denote the spatial coordinates of the relative
camera pixel), from which we want to extract a similar array of phase values ϕ(x , y). For the
four step algorithm it can be shown that images taken with the relative phase of δ i = (i − 1) ⋅ π

2
yield the following relation [167]:

I1(x , y) = I0(x , y) + Ifr(x , y) cos[ϕ(x , y)] (4.1)
I2(x , y) = I0(x , y) + Ifr(x , y) cos[ϕ(x , y) + π/2] (4.2)
I3(x , y) = I0(x , y) + Ifr(x , y) cos[ϕ(x , y) + π] (4.3)
I4(x , y) = I0(x , y) + Ifr(x , y) cos[ϕ(x , y) + 3π/2], (4.4)
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Figure 4.5:�e principle of the factory correction, showing the images and phases on the camera and
in the SLM plane.�e coordinate transformation f (x , y) between camera and SLM plane
is found by introducing a pattern of regularly spaced spots with some voids on the SLM,
and imaging the corresponding intensity pattern on the camera. �e phase found by PSI
at the camera has to be unwrapped before transforming the values to the SLM plane.�e
transformed values have to be interpolated, accounting for the lower resolution of the camera.
�e resulting phase pattern has to be wrapped mod 2π. �e inverse of that is used as the
factory correction.

where I0 is the summed individual beam intensity and Ifr is the fringe modulation.�ese are
four equations per pixel for the three unknowns I0, Ifr and ϕ, which can be solved for ϕ(x , y):

I4 − I2
I1 − I3

=
sin[ϕ(x , y)]
cos[ϕ(x , y)]

= tan[ϕ(x , y)]. (4.5)

We can use the inverse tangent with two arguments, as the sign of numerator and denominator
are known, to retrieve ϕ(x , y) in the range [−π, π) . Now the phase values are known mod
2π in the camera plane (see Figure 4.5), which in principle would be su�cient as the SLM
phase is encoded in the same fashion. However, we need to relate the measured phase values
in the camera plane to the relative phase values in the SLM plane.�is relation is given by a
transformation describing the imaging properties of our optical system. We �rst have to retrieve
the actual phase from the values mod 2π, because this phase is more robust to the applied trans-
formation. Retrieving the actual phase is a non-trivial problem in more than two dimensions
[167], usually referred to as phase unwrapping. A multitude of di�erent algorithms have been
developed to minimize errors and mathematical artifacts [168, 169] in the phase unwrapping.
We unwrap the measured phase array ϕ(x , y) and retrieve a smooth two-dimensional phase
pattern Φ(x , y) with values up to 4π, consistent with the previously mentioned literature
values. We are le� with transforming the phase values Φ(x , y) to the corresponding values
Φ′(x′ , y′) in the SLM plane.�erefore, we need to measure the coordinate transformation
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Figure 4.6: In�uence of the backplane curvature correction on the outcome of the phase-shi�ing inter-
ferometry.

f (x , y) between the SLM (x′ , y′) and the camera (x , y) coordinates. We introduce a pattern
of regularly spaced spots (with some defects for better reference, see Figure 4.5) onto the SLM,
and observe the resulting intensity pattern in the camera plane. Every spot is clearly identi�able
besides those which are not captured by the imaging system or outside of the laser intensity
pro�le. As there is now a one-to-one correspondence between spots in the camera and SLM
plane, we can retrieve the desired transformation function f for the spatial coordinates and
apply Φ′(x′ , y′) = Φ( f −1(x′ , y′)). �e resultant phase pattern does not �ll the whole SLM
canvas, as not all spots are imaged on the camera. Furthermore, there are missing pixel values as
the resolution of the camera is smaller than the SLM resolution. We �ll those missing elements
by interpolating between neighboring pixel values.�e resultant phase Φ′(x′ , y′) is mapped by
mod 2π to values ϕ′(x′ , y′), from which we retrieve the correction sent to the SLM as 2π − ϕ′.
�is correction is usually called factory correction, as it accounts for the non-�atness of the
surface due to the manufacturing process.

4.5 Aberration correction

Optical aberrations are an unwanted feature of an optical system, degrading its imaging quality.
In practice, every optical system su�ers from a variety of di�erent aberrations, which have to
be determined and compensated for.�ere is a multitude of ways to measure aberrations in
an optical system [167], and many measures can be taken to improve the performance. For
example, one can compensate for chromatic aberrations by introducing achromatic optical
elements, or for spherical aberrations by using aspheric lenses. Besides that, it is common
to use adaptive optics as an active compensation method, for example in astronomy [170]
or biology [171]. �is is especially useful if there are time-varying aberrations present, like
atmospheric turbulence in astronomy, or if the aberrations are complex. A standard technical
device for aberration analysis is the Shack-Hartmann (SH) sensor [172], which is o�en used
with adaptive optics [173]. As an example, SH sensors are used in astronomy for telescopes
[174], or in biology to measure the aberration of the human eye [175].�e SH sensor consists
of a multi-lenslet array, which images the incoming wavefront to an array of single spots on
a CCD camera.�e basic working idea is to use the measured displacement in the imaging
plane to estimate the local wavefront tilt incident on an individual lenslet.�e SH sensor is
calibrated with a near-perfect plane wave to localize the optimal spot position on the CCD
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Figure 4.7: (a) Concept of the SLM based Shack-Hartmann sensor. On the SLM we place an aperture
with diameter 500 µm positioned at (x i , y j).�e aperture contains a linear grating su�cient
to steer the light inside that aperture away from the 0th order of the SLM.�e local wavefront
gradient is transformed by the lens of the imaging system into a translation (x′i , y′j) in the
focal plane. (b)�e SLM pattern (zoom in) corresponding to a single measurement at a given
position (x i , y j). (c) Part of the resultant pattern of translation vectors (x′i , y′j) plotted at the
respective position (x i , y j) in the SLM plane for the 780nm light.�e area available for the
measurement is 4 × 4mm in size corresponding to most of the le� half of the SLM dedicated
to the 780nm light.

camera. Any wavefront with a local phase gradient will lead to a deviation from that optimal
position.
Naturally, a SLM quali�es as a candidate for adaptive optics, as we can adjust the local phase

of an incident wavefront with high resolution. Additionally, we want to use the SLM as a sensor
for optical aberrations of our imaging system without necessitating an additional commercial
device. Our scheme mimics the working principle of the SH sensor, and resembles the one
presented in [176]. We aim primarily at improving the quality of spot patterns in the focal
plane of our high NA lens, which can be achieved by compensating aberrations with the SLM
itself [152].�e idea behind our method is depicted in Figure 4.7 (a). If light propagates in the
z-direction, it can be described at a given point z = z0 by the wavefront Ψ(x , y). For a surface of
equal phase, we de�ne Ψ(x , y) as the deviation at (x , y) in z-direction from a �at surface. For
a perfect plane wave, the wavefront is �at, hence Ψ(x , y) = 0m and ∂Ψ(x0 ,y0)

∂x =
∂Ψ(x0 ,y0)

∂y = 0
at any point (x0 , y0). Optical aberrations in the beam path will in�uence the wavefront,
introducing non-vanishing gradients. Locally the wavefront can be thought of as tilted by
an angle θ with respect to the plane perpendicular to the z-direction. Such a tilt leads to a
displacement from the focal point of a lens imaging that wavefront. In our setup we introduce a
pattern like shown in Figure 4.7 (b) onto the SLM.�e pattern consists of a spot with diameter
500 µm, containing a linear grating which steers the light away from the zeroth order of the
SLM. �e rest of the light coincides with the zeroth order and is blocked in the focus of
the second telescope in Figure 4.1. Hence the spot acts like a local aperture, selecting only a
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small part of the wavefront. We image the de�ected light on our CCD camera, and measure
the displacement in the focal plane compared to the image of the complete wavefront. All
measurements are performed with the factory correction from section 4.4 present on the SLM.
We move the spot around the SLM canvas in steps of 250 µm in x- and y-direction, thus
super-sampling the wavefront. Any change in the wavefront smaller than the diameter of the
spot cannot be distinguished. In order to increase the resolution of this method, we need to
decrease the spot size. However, there is a limit to the spot size due to two reasons: the intensity
of light coming from smaller spots is too low to be detected by the CCD, and smaller spots
mean an e�ective decrease in NA of the imaging lens, thus leading to larger images which
increase the uncertainty in the image center position. Using the mentioned spacing, we obtain
a displacement vector (x′i , y′j) in the focal plane for every spot position (x i , y j) on the SLM
[see Figure 4.7 (c)] from �tting a 2D-Gaussian function to the image.�e data is limited to a 4
x 4mm area around the 780nm beam center on the SLM due to the �nite beam size.
�ere is a simple geometric relation between the local gradient of the wavefront Ψ at (x i , y j)

and the measured displacement (x′i , y′j):

∂Ψ(x i , y j)
∂x

=
x′i
f ′

(4.6)

∂Ψ(x i , y j)
∂y

=
y′j
f ′
, (4.7)

where f ′ = m ⋅ f is the modi�ed focal length of our imaging system (m is the magni�cation
of the second telescope). From our measurements, we receive an array of estimators for the
local gradient of the wavefront in the x- and the y-direction. We now need to retrieve the
actual wavefront from those gradients.�is is a well known problem, for which two methods
have been developed, called the zonal and modal reconstruction methods [177]. �e zonal
method reconstructs the wavefront from the gradients in every measurement point, whereas
the modal method expresses the wavefront as a superposition of basis functions, and tries to
�t the gradients to the data. Both methods have advantages and disadvantages depending on
the speci�c application.�erefore we use both methods in our case and evaluate which one
performs better. Mathematically, we use the approach depicted in [178] based on the Singular
value decomposition (SVD).�e zonal approach necessitates a set of basis functions, for which
one normally uses Zernike polynomials, as they allow a direct interpretation in terms of optical
aberrations [167]. As Zernike polynomials are de�ned on the unit sphere, they have to be
transformed to be pairwise orthogonal in a rectangular geometry, matching our measurement.
We take the �rst 15 rectangular Zernike polynomials as de�ned in [179].
We convert the wavefront Ψ obtained from bothmethods to a phase information ϕ according

to

ϕ(x , y) = 2π ⋅ Ψ(x , y)
λ

, (4.8)

and use the inverse of that for our correction on the SLM.�e resultant phase pattern for both
the modal and zonal method are shown in Figure 4.8 (a). As the zonal method yields a set of
discrete values with 250 µm spacing, the zonal phase pattern is interpolated.�ere are visible
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Figure 4.8: (a)�e correction pattern imposed on the SLM as obtained from the zonal and modal
method. (b) Resultant 3x3 spot pattern with a 10 µm spacing in the horizontal direction
obtained in the focal plane for applying no correction, or using the zonal or modal correction.
(c)�e normalized intensity in a 700 nm x 700nm area around the spot maximum of all spots
depicted in (b), using no correction, the zonal or the modal correction.

di�erences between both patterns, as well as structural similarities. Naturally, the modal phase
pattern is smoother due to the underlying functional description. Both patterns do not allow
for an easy explanation in terms of standard aberrations. However, the term corresponding to
a tilt in the x-direction is the largest coe�cient in the Zernike decomposition. To validate that
the correctional phase patterns compensate for the aberrations in our optical system, we look
at intensity spot patterns created in the focal plane. Ideally those spots are resolution limited
and possess identical intensity and shape.�e spot patterns are shown for the example of a
three by three pattern with a 10 µm x 20 µm spacing for the case of no correction, the zonal and
the modal correction in Figure 4.8 (b). Visually, the spots become more uniform in intensity
and shape. �e spot pattern without correction shows a strong decrease of intensity in the
x-direction, which is related to the tilt in that direction predicted from the zonal method. To
better quantify the performance we de�ne an easy �gure of merit by the summed intensity in
an area of 700nm x 700nm around each spot center, roughly corresponding to the atom cloud
size in our magnetic microtraps.�e results are normalized to the highest summed intensity
in every pattern, and plotted in Figure 4.8 (c), which show that there is a spread of up to 33%
in the uncorrected case.�is spread in intensity is reduced by both correction patterns, with
the modal correction performing better than the zonal correction. �is can be most likely
related to the fact that the modal method compensates better for the �nite resolution of our
SH method.
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Figure 4.9: Schematic representation of the future atom chip optical setup where the SLM is used to
address individual microtraps (not to scale). DM: Dichroic Mirror, PBS: polarizing beam
splitter, λ/2: HWP, 50/50 and 90/10: non-polarizing 50/50 and 90/10 beam splitter. �e
lenses are labeled with their respective focal length.

In conclusion, we showed that we can use the SLM for both analyzing and correcting optical
aberrations in our system.�e detected aberrations can be related to the SLM itself, as for the
non-�atness of the backplane, or to the optical components in the rest of the imaging system.
�e backplane curvature can be corrected to yield an e�ective SLM surface with a �atness
of around λ/10, whereas the modal correction pattern signi�cantly improves the imaging
performance. Both the factory and modal correction are required on the SLM. However,
with all corrections present, we still have a spread in intensity of around 15% in our spot
patterns. Furthermore, the performance decreases if the number of spots is increased, as the
�nite resolution of the SH methods becomes more in�uential. To achieve more uniform spot
patterns we have to involve an active feedback system, as was previously found in [152].

4.6 Interface with atom chip experiment

�e current atom chip optical setup (see Figure 3.14) was designed such that the SLM can be
incorporated at a later stage. A possible implementation is shown in Figure 4.9, where the SLM
is introduced as a re�ective component in between the �ber outcouplers and the PBS.�e set of
lasers is the same as in the current atom chip setup, including the two Rydberg excitation lasers
at 480 nm and 780 nm, and the Raman excitation lasers at 780 nm.�e lasers at 780 nm share
the same beam path, as they are coupled into the same optical �ber. Both beams at 480 nm and
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without SH with SH without SH with SH

hexagonal lattice square lattice

Figure 4.10: Images of two di�erent spot patterns at 480 nm taken a�er the microscope objective (the
color scale in each lattice is the same for both images). Both patterns are created with and
without using the SH correction.�e minimal distance between spots is 10 µm in the focal
plane of the high NA lens.�e spot geometry matches to the hexagonal and square part of
the microtrap lattice.

780 nm are expanded a�er the �ber with a telescope such that their beam diameter matches half
the horizontal axis of the SLM.�e beams are positioned next to each other with a dichroic
mirror, and guided to the center of each half of the SLM.�e SLM introduces a phase pattern
which is used to generate spot patterns in the plane of the atomic chip.
�e beams are split again into independent beam paths with another dichroic mirror, and

guided to an 1:2 telescope. We choose individual beam paths as ray tracing simulations show
that even with the use of achromatic we cannot achieve collimated beams at both wavelengths.
A divergent or convergent beam would lead to an unwanted change in beam size at the atom
chip.�e telescope is arranged in a 4 f -con�guration, which means that the distance between
the SLM and �rst telescope lens matches the focal length of this lens (300mm), and that
the distance between the second lens and in the in-vacuum lens matches the respective focal
length (600mm). With the 4 f -con�guration we ensure that both beams hit the center of the
in-vacuum lens independent of the displacement introduced by the SLM. �e size of the
components have been chosen such that we can shi� the beams by 400 µm in the atom chip
plane without the beams clipping at any optics.
A few percent of the laser light transmits through the PBS and can be used for analyzing

purposes. A�er the PBS we copy the exact same beam path as for optically addressing the
atoms.�at means all relevant optical component (90/10 NPBS, in-vacuum lens) and distances
have to be represented one to one.�e image created in this beam path a�er the in-vacuum
lens can be detected with a CCD camera and used for analyzing purposes. �at can be a
live-analysis of the excitation spot pattern or an active feedback mechanism.
�e purpose of our SLM setup is to steer the excitation light such that we can address

individual trap sites in the microtrap lattice. As shown in Figure 2.4, our atom chip features
both a hexagonal and square lattice with a 10 µm trap-to-trap spacing each. For ensuring
maximal experimental freedom, we have to create an intensity spot pattern of the excitation
light which matches any desired position in the microtrap lattice. Practically, we �rst de�ne
the underlying lattice by choosing two lattice vectors v1 = (Nx ,Ny)

⊺ and v2 = (N ′
x ,N ′

y)
⊺ at
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multiples of the horizontal and vertical focal units. �ese two vectors already fully de�ne a
2D-lattice. Subsequently, we identify the desired positions inside the lattice which are to be
addressed by the laser. We can do this by labeling a lattice spot (x , y) by the coe�cients α and β
in (x , y) = αv1 + βv2. By choosing a �nite set of coe�cients (α i , β i), we can de�ne the desired
intensity pattern in the focal plane. For this intensity pattern we use the IFTA algorithm to
calculate the necessary phase pattern on the SLM.
In Figure 4.10 we show two intensity patterns of the 480 nm laser whose underlying lattice

is arranged such that it matches the hexagonal and square microtrap lattice (compare with
Figure 2.4).�e minimal spot distance in the focal plane matches the 10 µm lattice spacing. In
both patterns, a �nite amount of spots (twelve and eight, respectively) have been selected at
random positions in the lattice. As in Figure 4.8, the SH correction improves the result with
reference to overall intensity, intensity distribution and spot shape.
As for the 780 nm light, we can create similar spot patterns. To overlap the resulting patterns

at both wavelength, we have to account for the dispersion of the high NA lens, leading to a
signi�cant di�erence in e�ective focal length (18.52mm compared to 18.96mm).�e di�erence
can be compensated by introducing a quadratic lens phase on one half of the SLM. In future
experiments, both the lattice vectors and the lens phase need to be calibrated against the actual
magnetic lattice. One possible method is to create a pattern of resonant 780 nm light, which
selectively depletes the microtraps (see chapter 8).�en both the lattice vectors and the lens
phase can be optimized for maximal depletion.



CHAPTER 5
Raman transitions between hyper�ne

clock states in a magnetic trap

Magnetic trapping of atoms also implies sensitivity to magnetic �eld variations in
the environment, thus opening a source of decoherence. For the alkali metals a
possible solution is to use a pair of clock states in the ground state manifold with
vanishing linear di�erential Zeeman shi� [80].�is pair of states is then a good
candidate for a qubit. For 87Rb the 5s1/2 ground state has two di�erent hyper�ne-
levels F = 1 and F = 2 with a 6.8GHz splitting. Two magnetically trappable states,
∣F = 1,mF = −1⟩ and ∣F = 2,mF = 1⟩, experience the same �rst order Zeeman-shi�
at a magnetic �eld of B = 3.23G, called the “magic �eld" [180, 181]. As a result,
coherence times of several seconds [14, 15] have been achieved.�e long coherence
time makes 87Rb atoms on atom chips a candidate for atomic clocks [43].
�is transition can be driven using the combination of a Microwave (MW) and
a radio frequency (RF) photon [182]. However, this does not allow for spatial
addressing of qubits in the sub-millimeter regime. For addressing it is necessary
to use either a fully optical approach or an optically assisted scheme [83]. In
section 5.1 we present a description of our experimental procedure involving a pair
of Raman lasers via an o�-resonant excited level [84, 183].�e Raman excitation
lasers are realized by two diode lasers in a heterodyne optical phase-locked loop
(OPLL) [90, 91].
In section 5.2 we explain that this constellation can be approximated as a Lambda
type three-level system [86, 184].�is model reveals that the Raman transition
su�ers from a suppression by destructive interference of multiple excitation path-
ways via di�erent intermediate states [185]. As a consequence one cannot reduce
the e�ect of spontaneous emission by going to larger detunings. Additionally, we
present a full description based on the multi-level structure of the atom [186].
We �nd that there is an optimal intensity ratio of the two Raman lasers for which
the di�erential light shi� of the qubit levels vanishes. Our experimental results

�is chapter is based on the paper Raman transitions between hyper�ne clock states in a magnetic trap, accepted for
publication in Physical Review A
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presented in section 5.3 con�rm the theoretical predictions, and highlight the role
of the optimal intensity ratio in our measurements. Furthermore, we uncover sev-
eral sources of decoherence in our system, which limit the �delity of single-qubit
operations. Finally, in section 5.4, we investigate the predictions of our theoretical
model for an uniform intensity of the Raman lasers, and discuss possible solutions
to increase the �delity for future experiments based on cold atoms in magnetic
traps.
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Figure 5.1: (a) Saturated absorption spectrum in a Rb vapor cell as used for polarization spectroscopy.
�e hyper�ne splitting of the 87Rb ground state is visible as frequency o�set between the two
outermost Doppler pro�les. �e master laser is locked to the F = 2 → F′ = 3 transition of
85Rb, e�ectively introducing a detuning of about −2.7GHz for both master and slave laser
to the hyper�ne manifold of the 5p3/2 state of 87Rb. (b) Zeeman manifold of the atomic
states involved in the D2 line of 87Rb. �e ground states F = 1,mF = −1 and F = 2,mF = 1
(marked in red) constitute the magnetic clock states at a magnetic �eld of B = 3.23G.�e
Raman laser pair has a di�erence frequency matching the ground state hyper�ne splitting of
approx. 6.834GHz. With reference to the quantization axis, the laser beams have both σ+ and
σ− polarization components, introducing two possible transfer paths of atomic populations
through F′ = 1,mF = 0 and F′ = 2,mF = 0 (red border). In addition, coupling to several
other states (marked in gray) induces AC stark shi�s. (c) Sketch of the optical setup. �e
master and slave laser beams are overlapped, guided through an AOM for pulse generation
and coupled into an optical �ber. A�er the �ber, the laser beam is expanded by a lens and
guided to the atom chip experiment. A lens focuses the laser beam to a 1/e2 radius of 100 µm
at the atomic cloud, which is con�ned at 30 µK in a magnetic z-wire trap with the Io�e-�eld
pointing parallel to the chip surface. A change in the beam path leads to the two con�gurations
labeled 1 and 2, where the �rst corresponds to a traveling wave and the latter to a standing
wave induced by the re�ection of the atom chip.

5.1 Experimental methods

Before performing the actual experiment, we prepare the 87Rb atoms in the IP magnetic trap
as explained in section 2.1.�e atoms are optically pumped into the ∣F ,mF⟩ = ∣1,−1⟩magnetic
Zeeman level of the 5s1/2 ground state [187].�e atomic cloud is cooled in the IP trap by forced
RF evaporation to a temperature of ∼ 30 µK.
A�er the evaporation 105 atoms are le� in the magnetic trap.�ey are detected by absorption

imaging using a laser resonant to the 5s1/2 , F=2 → 5p3/2 , F′=3 transition (see section 3.3).
Atoms transferred to the ∣F ,mF⟩ = ∣2, 1⟩ state via the Raman transition are thus detected, while
the population remaining in ∣F ,mF⟩ = ∣1,−1⟩ is not visible in the absorption images. As an
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independent measure of overall atom number, we can transfer atomic population from the
F = 1 to the F = 2 ground state by using an independent laser on the transition F=1 → F′=2
before the imaging.
At the heart of the optical setup there is a heterodyne Optical phase-locked loop (OPLL)

stabilizing the relative phase and frequency of two diode lasers at 780nm.�is setup is described
in greater detail in section 3.1.�e two Raman lasers, called “master laser” and “slave laser”
according to their role in the locking-scheme, are o�set in frequency by ∼ 6.834GHz. �is
frequency o�set is generated by down-mixing the beat signal of the two lasers with the signal
of a commercial microwave generator, and matches the hyper�ne splitting of the ground state.
�e master laser is locked to the F = 2 → F′ = 3 transition of 85Rb by means of polarization
spectroscopy [92] in a Rb vapor cell (see subsection 3.1.4), e�ectively introducing a �xed
detuning of ∼ −2.7GHz for both master and slave laser to the hyper�ne manifold of the
5p3/2 state of 87Rb [see Figure 5.1(a)]. Here, the master laser operates at a higher frequency,
aiming at the atomic population in ∣1,−1⟩.�roughout the paper we de�ne red detunings as
∆ i < 0.�e relative frequency of the lasers, denoted ∆01 (or δ as relative frequency), can be
computer-controlled to a Hz precision by changing the frequency of the microwave generator.
As depicted in section 3.3, the light of both lasers is overlapped and then guided through

an Acousto-Optic Modulator (AOM), the �rst di�raction order of which is coupled into a
polarization maintaining optical �ber [see Figure 5.1(c)]. �e AOM is used for generating
square shaped pulses down to 50ns length (see subsection 3.4.1). A�er the �ber, the laser
light is guided to the atom chip experiment, passing through a lens of f = 75mm focal length
which renders the beam slightly divergent. �e beam then reaches the in-vacuum imaging
lens (NA=0.4, f = 19mm, for a detailed description see section 3.3), and is narrowed down
to a waist (1/e2 beam radius) of ∼ 100 µm at the atomic cloud (the minimal waist lies behind
the chip).�e beam alignment is altered to yield two di�erent paths labeled 1 and 2 as shown
in Figure 5.1(c). Beam path 1 is arranged such that the retro-re�ected beam does not hit the
atomic cloud. In contrast, the beam in path 2 is re�ected back into the cloud and induces a
standing wave pattern at the overlap with the incoming beam. As both beams propagate almost
perpendicular to the Io�e-axis of the trap, they contain σ+ and σ− polarization components
relative to the quantization axis as determined by the magnetic �eld.
Spectroscopic measurements are performed by scanning the relative frequency of the Raman

laser pairs and taking an absorption image of the cloud. In every experimental cycle (duration
∼ 20 s) the atoms are loaded in the magnetic trap in the ∣F=1,mF=−1⟩ state. �ey are then
exposed to a well-de�ned pulse of the Raman laser light, inducing population transfer to the
∣F=2,mF=1⟩ state. Atoms in this state are detected by the imaging laser.

5.2 �eory

5.2 . 1 �ree level approximation

�e master and slave laser are far-detuned (∼ −2.5GHz) from the hyper�ne manifold of the
5p3/2 level. If their relative frequency matches ∆01, the frequency of the ∣0⟩ = ∣F=1,mF=−1⟩ and
∣1⟩ = ∣F=2,mF=1⟩ transition, atomic population can undergo transfer between the two states.
Excited states which are o�-resonantly coupled by the Raman lasers serve as a virtual level for



5.2 theory 85

this transition. As the total change in angular momentum is ∆mF = +2, the transition must
involve the σ+ component of the master laser and the σ− component of the slave laser. Two
states which can act as an intermediate state for the Raman transition are ∣e1⟩ = ∣F′=1,mF′=0⟩
and ∣e2⟩ = ∣F′=2,mF′=0⟩ from the excited state manifold [see Figure 5.1(b)].
In the state space de�ned by ∣0⟩, ∣1⟩ and ∣e1⟩ (and similarly for ∣e2⟩), the levels are coupled

with Rabi frequencies Ω0,e1 = 1/̷h ⟨e1∣d̂ ⋅ EM(rat)∣0⟩ and Ω1,e1 = 1/̷h ⟨e1∣d̂ ⋅ ES(rat)∣1⟩. Here d̂
denotes the atomic dipole operator, and EM/S(rat) is the electric �eld of the master and slave
laser respectively at the atom location rat. Using the rotating wave approximation (RWA) and
adiabatically eliminating ∣e1⟩ (which is a valid assumption if ∣∆1∣ ≫ Ω0,e1 , Ω1,e1), the system
reduces to an e�ective two-level system, where ∣0⟩ and ∣1⟩ are coupled by the two-photon Rabi
frequency Ω1 = Ω0,e1Ω1,e1/(2∆1). Likewise, the same analysis for ∣0⟩, ∣1⟩ and ∣e2⟩ yields the
Rabi frequency Ω2 = Ω0,e2Ω1,e2/(2∆2).
We have to add the contributions from both excitation paths established by ∣e1⟩ and ∣e2⟩

coherently. To calculate the matrix elements, we use the dipole operator in the circular basis,
d̂ = e (r̂−1 , r̂0 , r̂1), with r̂0 = ẑ and r̂±1 = (x̂ ± i ŷ)/

√
2. By applying the Wigner-Eckart theorem

we calculate the matrix element between ground ∣FmF⟩ and excited ∣F′mF′⟩ states as

⟨F′m′
F ∣d̂∣FmF⟩ = ⟨F′∣∣d̂∣∣F⟩⟨FmF 1 q∣F′mF′⟩. (5.1)

�e term ⟨F′∣∣d̂∣∣F⟩ represents the reduced matrix element, and ⟨FmF 1 q∣F′mF′⟩ is the Clebsch-
Gordan coe�cient describing the coupling of di�erent magnetic sublevels for q ∈ {−1, 1}.
For the Rubidium D2 line with transition frequency ω0 = 2πc/λ and natural linewidth
Γ/2π = 6MHz, the reduced matrix element can be written as ⟨F′∣∣d̂∣∣F⟩ = DdFF′ , with
D =

√
3πε0c3 h̷Γ/ω30. �e unitless coe�cient dFF′ is a function of the angular momentum

quantum numbers F and J of the states involved.
As ⟨1∣r−1∣e1⟩⟨0∣r1∣e1⟩ = −⟨1∣r−1∣e2⟩⟨0∣r1∣e2⟩, we see that the two excitation pathways interfere

destructively.�e Rabi frequency of the Raman transition is given by [184]

ΩR =
Ω0,e1Ω1,e1
2∆1

+
Ω0,e2Ω1,e2
2∆2

=
Ω0,e1Ω1,e1
2∆1

D(∆1), (5.2)

with D(∆1) = (∆2 − ∆1)/∆2 = ∆21/(∆1 + ∆21). �e term D(∆1) is e�ectively a reduction
resulting from the destructive interference of the two excitation paths. For our choice of
detuning, ∆1 = −2π×2290MHz, and ∆21 = −2π× 157MHz, we getD(∆1) ≈ 0.07. Furthermore,
for large detuning ∣∆1∣ ≫ ∣∆21∣ the destructive interference essentially changes the scaling of
ΩR to ∼ 1/∆21 .

5 .2 .2 Light shi�s

Besides being coupled to the states ∣e1⟩ and ∣e2⟩, the ground states ∣0⟩ and ∣1⟩ are also o�-
resonantly coupled to additional excited states. Due to the master and slave laser polarization,
in total 7 states (denotedS) are coupled to the ground states [states labeled gray in Figure 5.1(b)].
�ese couplings induce light shi�s of the ground state atomic energies.�e master laser couples
∣0⟩ and the slave laser ∣1⟩ to the excited states, with ∆0 . . . ∆3 as the relevant detunings. It should
be noted that there are non-negligible contributions from light shi�s due to the master laser on
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Figure 5.2: Optimal intensity ratio IM/IS of master and slave laser as a function of detuning ∆3 from
5p3/2 , F = 3 for positive (a) and negative (b) detuning. �e optimal ratio is de�ned by the
intensity ratio at which the di�erential light shi� ∆E = ∆E1 − ∆E0 given by section 5.2.2
vanishes.

∣1⟩, and from the slave laser on ∣0⟩ as well.�e relevant detunings are just given by the sum of
∆0 . . . ∆3 and the ground state hyper�ne-splitting.
As the lasers are far o�-resonant, the light shi�s can be described as a second-order perturb-

ation to the ground state energies [188]. For either of the ground states ∣g⟩ ∈ G = {∣0⟩, ∣1⟩}, the
shi� in energy can be approximated as

∆Eg

h̷
=
Γ2

8
IM
Isat
∑
l∈S

q=−1,1

∣dFgF′l ε
M
q ⟨FgmFg 1 q∣F′lmF′l ⟩∣

2

∆M
l g

+
Γ2

8
IS
Isat
∑
l∈S

q=−1,1

∣dFgF′l ε
S
q⟨FgmFg 1 q∣F′lmF′l ⟩∣

2

∆S
l g

. (5.3)

Here IM , IS is the intensity of master and slave laser, Isat = 1.6mW/cm2 is the saturation
intensity of the F=2→ F′=3 transition, and ∆M

l g , ∆
S
l g are the respective detunings of the lasers.

With εM(S)q we denote the polarization components of the master (slave) laser and set εM(S)1 =

εM(S)−1 =
√
1/2, εM(S)0 = 0. In section 5.2.2 we neglect the o�-diagonal components in the light-

shi� Hamiltonian.�is is a good approximation as long as the two-photon Rabi frequency is
small compared to the di�erence in Zeeman shi�s of the corresponding mF states. Evaluating
the di�erential light shi� between the ground states, ∆E = ∆E1 − ∆E0, we �nd that ∆E is
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a bilinear function aIM − bIS of the two laser intensities. �e coe�cients a, b are rational
functions of the detuning ∆3 and the overall intensity as follows from section 5.2.2. One can
thus �nd an optimal ratio R = IM/IS for a given detuning to the excited state, for which the
di�erential light shi� vanishes. �is optimal ratio is plotted for both positive and negative
detunings expressed as ∆3 in Figure 5.2. In our experiment, ∆3 = −2π × 2792MHz, for which
an optimal ratio of R = 0.40 is predicted by section 5.2.2.

5 .2 .3 O�-resonant scattering and trap loss

�e o�-resonant coupling introduced by the Raman lasers also induces o�-resonant scattering
from the excited state manifoldS [states labeled gray in Figure 5.1(b)].�is results in atomic
population transfer within the ground state manifold, leading to decoherence on the Raman
transition and loss of atoms to other magnetic sublevels. In the low saturation limit (∣∆∣ ≫ Ω),
we can write the scattering rate from ∣g i⟩ = ∣FimFi ⟩ ∈ G to another ground state ∣g f ⟩ = ∣F fmF f ⟩

as the sum of all possible scattering paths through excited states ∣l⟩ ∈ S induced by the Raman
lasers:

Rg i→g f =
Γ3

8Isat
×

⎛

⎝
IM∣∑

l∈S
q1=−1,1

d l εMq1 ⟨F fmF f 1q2∣F′lmF′l ⟩⟨FimFi 1q1∣F′lmF′l ⟩

∆M
l g i

∣

2

+ IS ∣∑
l∈S

q1=−1,1

d l εSq1⟨F fmF f 1q2∣F′lmF′l ⟩⟨FimFi 1q1∣F′lmF′l ⟩

∆S
l g i

∣

2
⎞

⎠
. (5.4)

In this expression, the parameter q2 obeys q2 = mFl −mF f and we write d l = dFi F′l dF f F′l . Note
that for each laser we use the coherent sum of the o�-resonant scattering amplitudes [189].
�e o�-resonant scattering populates all ground states, ofwhich only ∣F=1,mF=−1⟩, ∣F=2,mF=1⟩

and ∣F=2,mF=2⟩ are magnetically trappable.�us atoms can leave the trap by optical pumping
into non-trappable states.�e escape rate is related to the magnetic trap frequencies. In order
to include these e�ects in the description of the Raman transition, we describe the dynamics in
terms of the density matrix ρ of the ground state manifold G.�en the time evolution of the
system is governed by the master equation

d
dt

ρ = −
i
h̷
[Hcoh , ρ] +Lscat(ρ) +Lloss(ρ). (5.5)

�e operator Hcoh describes the coherent dynamics of the system, incorporating the Raman
coupling between states ∣0⟩ and ∣1⟩ given by Eq. (5.2), the light shi�s given by section 5.2.2
and the Zeeman energy E = µB gFmFB.�e magnetic �eld B is chosen to be the magic �eld
B = 3.23G, where the di�erential linear Zeeman shi� between ∣0⟩ and ∣1⟩ vanishes.�e Lindblad
super-operator Lscat(ρ) describes the decoherence induced by the o�-resonant scattering:

Lscat(ρ) =
1
2∑j

(2c jρc†j − c†j c jρ − ρc†j c j). (5.6)
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�e sum runs over all possible combinations of j = (∣g i⟩ , ∣g f ⟩) which are coupled by Eq. (5.4).
�e jump operators c j are given by c j =

√
Rg i→g f ∣g f ⟩ ⟨g i ∣.�e third term in Eq. (5.5) describes

the trap loss induced by the atomic population in magnetically non-trappable states. We can
express this as

Lloss(ρ) = −
γloss
2 ∑j

(Pjρ + ρPj), (5.7)

where the sum includes all non-trappable states ∣ j⟩ and Pj is the projector on state ∣ j⟩. In this
expression, γloss is the e�ective loss rate from the trap, here assumed to be independent of j.
As a low decoherence rate is desired, it should be noted that lower scattering rates can usually

be obtained using a larger detuning ∆. According to Eq. (5.4), the scattering rate scales as
R ∝ 1/∆2. However, due to the two-path interference the Rabi-frequency ΩR given in Eq. (5.2)
scales as ΩR ∝ 1/∆2 as well for large detunings (∣∆∣ ≫ ∆12).�erefore, increasing the detuning
does not solve the problem of scattering induced decoherence.

5.3 Experimental results

For each absorption image taken a�er the excitation, which detects the atoms in the ∣F=2,mF=1⟩,
we �t a two-dimensional Gaussian function to the atomic cloud. From that, we extract the peak
optical density which is plotted against the relative frequency of the Raman lasers.
�e Raman transition includes the absorption and stimulated emission of a photon via the

virtual level. As the frequencies of the two Raman lasers are almost identical, we expect that we
obtain a Doppler-free spectrum for two co-propagating (co-p.) beams.�is is opposite to the
situation in saturated absorption spectroscopy, where counter-propagating (cn-p.) pump and
probe beams yield Doppler-free features. As a proof of principle, we observe the spectrum for
beam alignment 1 [compare Figure 5.1(c)], which corresponds to the co-p. case. We obtain a
spectrum which is well described by a Lorentzian function with FHWM of 8.8 ± 1.0 kHz.
We then switch to alignment 2, which contains also a counter-propagating component

because of the re�ected beam. �e spectrum is clearly broadened as compared to align-
ment 1. Additionally, the amount of transferred atoms is largely reduced. For the Gaus-
sian function �tted to the spectrum in Figure 5.3, we �nd a FWHM ∆ f = 321 ± 24kHz.
Following reference [190], the linewidth of a far o�-resonant two-photon Raman transition
(∆ f ≪ ∆) for two counter-propagating beams is related to the temperature T of an atomic
gas by ∆ f = (2 fR)

√
8kBT ln 2/(mRbc2). Neglecting the di�erence between the Raman lasers’

frequency, fR represents either the slave or master laser frequency. For our value of ∆ f , we �nd
a temperature of T = 29 ± 4 µK, in good agreement with an independent measurement of the
cloud temperature by RF spectroscopy.
In all subsequent measurements we choose the Doppler-free alignment 1.

5 .3 . 1 Intensity ratio and light shi�s

From our evaluation in subsection 5.2.2 we expect to see an in�uence of the intensity ratio of
master and slave laser on the spectrum. Notably, the relative frequency between ∣0⟩ and ∣1⟩
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Figure 5.3: (a) Raman spectrum obtained for the beam path 1 (co-propagating) as depicted in Figure 5.1.
�e curve shows the �t of a Lorentzian function with a FWHM of 8.8 kHz. (b) Spectrum
obtained for beam path 2 (counter-propagating), where the incoming and re�ected laser
beams partially overlap.�e spectrum is clearly broadened as compared to (a), indicating
Doppler-broadening. �e curve is based on a Gaussian function with FWHM of 321 kHz.
Note also the change in vertical scale for the two �gures.

should be a linear function of that ratio. Furthermore, at a speci�c ratio the relative frequency
shi� is supposed to vanish. �is ratio is IM/IS = 0.40 for the detuning ∆3 chosen in our
experiment.
In order to examine this in�uence, we tune the relative frequency of the Raman lasers close

to the theoretically expected value. We reduce the laser powers to values around 1 µW, in order
to minimize the e�ects of spectral power broadening. At the ratio of R = IM/IS = 0.40, we
�nd spectral lines which are only a few hundreds of Hz in width (in fact the line width is pulse
time limited). �en, we intentionally change R and observe the in�uence on the spectrum.
�e result is shown in Figure 5.4. In this plot, the �tted center frequency for R = IM/IS = 0.40
corresponds to an absolute relative Raman frequency of Ω01 = 2π × 6, 834, 678, 300 ± 50Hz
(note: in the �gures we use the relative frequency δ instead of the absolute frequency Ω01) as
measured by the heterodyne beat signal of the two lasers.�e theoretically predicted frequency
at themagic-�eld B = 3.229G amounts to Ω01 = 2π×6, 834, 678, 113±20Hz.�e discrepancy of
187Hz can be ascribed to di�erences between our experimental trap bottom and the theoretical
value, as well as to a frequency dri� of our 10MHz frequency reference. We clearly see a shi�
of the spectral lines with changing the ratio, as well as a broadening e�ect for ratios di�erent
than R = 0.40.�e broadening e�ect results from the Gaussian intensity distribution of the
exciting laser beams.
If we �t the spectra to obtain the center frequencies, and plot these frequencies against the

ratios (see Figure 5.4), we obtain a linear dependency as expected. We �t the expression, which
we obtained from section 5.2.2 by setting ∆E0 − ∆E1 = 0, to the data. We use ∆3 and the power
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Figure 5.4: (a): Raman spectra taken for di�erent intensity ratios R = IM/IS , which are shown next to the
corresponding spectrum. A clear shi� in frequency is visible, as well as a broadening e�ect
for ratios di�erent than R = 0.40.�e spectra are �tted to extract the center frequency. (b):
�e center frequencies are plotted against the intensity ratio.�e shi� in frequencies is clearly
a linear function of the intensity ratio as expected from section 5.2.2, with �t parameters
∆3 = −2π × 2781MHz and PM = 0.77 µW.

of the master laser PM (which is trivially related to the peak intensity for a Gaussian beam) as
free parameters. From the �t, we obtain ∆3 = −2π × (2781± 53)MHz and PM = 0.77± 0.01 µW.
�e �rst is in good agreement with our locking point at ∆3 = −2π × 2792MHz, the latter
is consistent with the laser power chosen for this measurement. �e measurements clearly
con�rm the predicted in�uence of the light shi�s.

5 .3 .2 Asymmetric line shape

One distinctive feature of the Raman spectra in Figure 5.4 is a clear broadening e�ect for ratios
di�erent from R = 0.40. When we perform the measurements with higher laser power we see
two di�erent e�ects: (1) a clear broadening of the spectral lines, even for R = 0.40, and (2) an
asymmetric line shape.�e �rst e�ect can be explained by power broadening, the second needs
a more elaborate explanation. In Figure 5.5 we show three experimental lines for R = 0.38, 0.44
and 0.58, showing the relative atomic population transferred to ∣1⟩ a�er a Raman pulse of 5ms.
�e relative population is obtained by referencing the atoms detected in ∣1⟩ to the overall atom
number in the magnetic trap. For ratios R < 0.40 we see a clear asymmetric lineshape with a
tail towards negative frequencies, for R > 0.40 the asymmetry is shi�ed to positive frequencies.
Again, the spectrum at R = 0.58 is signi�cantly broadened compared to the other ratios closer
to R = 0.40.
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Figure 5.5: (a): Relative atomic population transferred to ∣1⟩ a�er a Raman excitation pulse of 5ms taken
for di�erent intensity ratios R = IM/IS at overall higher intensities compared to Figure 5.4.
For ratios di�erent from R = 0.40 we see an asymmetric broadening to either negative or
positive frequencies for lower or higher ratios, respectively. (b): Simulated spectra for the
same intensity ratios, PM = 25 µW and a 5ms excitation pulse.�e simulation is based on
the dynamics of the e�ective two-level system {∣0⟩ , ∣1⟩} for a Gaussian intensity pro�le of the
excitation beam. Here, δ = 0 refers to the frequency o�set at the magic �eld and for vanishing
di�erential light shi�s.

In order to get a better understanding of the underlying e�ect, we take Hcoh from Eq. (5.5)
and reduce it to an e�ective Hamiltonian Heffcoh describing the dynamics of the two-level sys-
tem constituted by the states ∣0⟩ and ∣1⟩. Using this approximation we numerically solve the
Schrödinger equation i h̷Ψ̇(t) = HeffcohΨ(t) for di�erent relative frequencies of the Raman lasers.
Assuming Ψ(t) = ∣0⟩, we extract ∣⟨1 ∣Ψ(t)⟩ ∣2 at t = 5ms.�e theoretical spectra obtained this
way just show a frequency shi� for di�erent ratios R, but no asymmetric feature.
�e asymmetric lineshape can only be explained if we account for the fact that our excitation

laser has a Gaussian intensity pro�le with a waist w = 100 µm. We solve the same Schrödinger
equation as before, but this time we average the results over the Gaussian intensity pro�le
of the excitation laser and the distribution of the atoms in the magnetic trap. �eoretical
spectra obtained this way indeed feature an asymmetric lineshape for R ≠ 0.40, with an
increasing asymmetry for longer pulse times. �e asymmetric tail appears consistently at
negative frequencies for R < 0.40, and at positive frequencies for R > 0.40, which can be
qualitatively understood from the light shi�s. As a comparison to the experimental data we
plot the theoretical spectra for R = {0.38, 0.44, 0.58}, a master laser power of PM = 25 µW
and t = 5ms in Figure 5.5. Even though the theoretical description is simpli�ed, the data is
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qualitatively well described. We reproduce the asymmetry, the overall frequency shi� and the
di�erence in transferred atomic population.�is measurement again con�rms the signi�cance
of the optimal intensity ratio R = 0.40. Furthermore, the asymmetry can clearly be ascribed to
the non-uniform intensity distribution of the excitation laser.

5 .3 .3 Temporal dynamics

Ideally, in the context of quantum information, one aims at the fully coherent transfer of
atomic population between ∣0⟩ and ∣1⟩. As discussed in subsection 5.2.3, the dynamics of our
system are not fully coherent due to o�-resonant scattering [Eq. (5.6)] and trap loss [Eq. (5.7)].
Furthermore, the non-uniform intensity of our Gaussian laser beams will lead to additional
dephasing.

Trap loss

In order to get a better quantitative understanding, we need to specify the parameter γloss in
Eq. (5.7).�is parameter empirically describes the rate at which atoms in non-trappable states
leave themagnetic trap. During the Raman excitation, these states are populated by o�-resonant
scattering through excited levels. We can obtain an estimate for γloss by measuring the total
number of atoms in the trap a�er the Raman excitation pulse.�erefore, using the repump
laser, we transfer all the atomic population to the F = 2 ground state before taking an absorption
image. As a reference, we perform this measurement while blocking the Raman lasers, giving a
nearly constant number of atoms (blue data in Figure 5.6) with time.�e number of atoms
detected is referenced to the mean value of this data.�e line features typical �uctuations due
to a changing number of atoms in the magnetic trap and noise in the imaging sequence.�en
we perform the measurement using each of the Raman lasers at a power of 100 µW. Clearly,
atomic population is lost from the trap with increasing pulse length (red data in Figure 5.6).
As the total atomic population is equivalent to the trace Tr(ρ(t)) of the system’s density

matrix, we can directly compare our measurement to the theoretical predictions of Eq. (5.5).
�en, numerically solving Eq. (5.5) for ρ(0) = ∣0⟩ ⟨0∣ and varying parameters γloss, we �t
Tr(ρ(t)) to the data. �e resultant best �t is shown in Figure 5.6(a) for γloss = 2π × 164Hz.
�is loss rate is in the same order of magnitude as the larger of the trapping frequencies of our
magnetic trap.�e �t describes the data well, despite the fact that we neglected the non-uniform
intensity of the Raman lasers for computational reasons.

Population transfer

A�er having extracted an estimate for γloss, we can give a full theoretical account of the temporal
evolution of ρ(t) by solving Eq. (5.5) for ρ(0) = ∣0⟩ ⟨0∣ and compare it to the data. We measure
the atomic population transferred to ∣1⟩ as a function of the Raman pulse length at the optimal
intensity ratio. Instead of a coherent Rabi �opping between ∣0⟩ and ∣1⟩, we see a build-up of
population in ∣1⟩ with a subsequent decay for longer pulse times [see Figure 5.6(b)].�e fact
that we observe the maximum population transfer at 20 ms con�rms the e�ective reduction of
the Raman Rabi-frequency as described by Eq. (5.2).
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Figure 5.6: (a): Total atomic population detected in the magnetic trap a�er a Raman pulse with varying
pulse length.�e blue data set is measured without the Raman lasers and shows the typical
�uctuations of detected atoms in the magnetic trap.�e red data set is measured using 100 µW
for the master and slave laser power, and shows a decay in the amount of detected atoms with
increasing pulse time.�is loss results from atoms being optically pumped into non-trappable
states.�e red, dashed line shows a theoretical �t of Tr(ρ) for γloss = 2π × 164Hz. (b): Atomic
population in the ∣1⟩ state for varying pulse length of the Raman lasers, at the optimal power
ratio.�e red, dashed line is a simulation assuming a master laser power of 4 µW.

In principle, we obtain a theoretical prediction by solving Eq. (5.5) and extracting ⟨1∣ ρ(t) ∣1⟩.
However, we have to account for the non-uniform intensity of the Raman lasers. In order
to do so, we �rst simplify the problem by assuming a one-dimensional atomic distribution.
�is simpli�cation is justi�ed by the fact that our trap is very elongated along the axial trap
dimension (σx = 266 µm, σy ,z = 23 µm), and that the radial dimensions are smaller than the
beam waist w = 100 µm. We numerically solve Eq. (5.5) for a number of discrete distances
x from the beam center, with a laser intensity of I(x) = I(0) ⋅ exp(−2x2/(100 µm)2). Here,
I(0) is the peak intensity in the beam center. �en we weight the resulting ⟨1∣ ρ(t) ∣1⟩ with
the atomic distribution∝ exp(−x2/2 (266 µm)2) and average the results over the discrete set
of x. �e resultant curve for a master laser power of 4 µW is shown in Figure 5.6 (b). �e
initial build-up and subsequent decay is well described by our model, as well as the maximally
transferred population. We do not measure the slightly oscillatory behavior predicted by the
theory.�is is most likely caused by �uctuations in our system, especially in the relative laser
intensity as discussed in section 5.4. Furthermore, at timescales of tens of ms, the atoms travel
signi�cant distances in the magnetic trap, probing areas of di�erent intensities.
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5.4 Discussion and conclusion

Many of our observations, such as the asymmetric lineshape and the temporal behavior, can be
ascribed to the non-uniform intensity distribution of the lasers. Furthermore, the net e�ect
is unwanted decoherence with respect to the Raman transition. In optical dipole traps [191],
optical lattices [192], as well as in our magnetic microtraps [55], atoms can be strongly con�ned
such that they experience a near-uniform intensity distribution even for a Gaussian beam. For
such a uniform intensity distribution, we can simulate the Raman transition by solving Eq. (5.5).
�e temporal evolution of the atomic population in ∣1⟩ is plotted for a master laser power of
PM = 35 µW and the optimal intensity ratio in Figure 5.7.�e population undergoes coherent
Rabi �opping between ∣0⟩ and ∣1⟩, but never exceeds 80% population in ∣1⟩ due to o�-resonant
scattering and trap loss. Hence, achieving a transfer of atomic population with an e�ciency
needed for quantum information experiments is not possible in this arrangement. Furthermore,
the coherent transfer is highly sensitive to relative �uctuations in the laser intensities due to
the induced light shi�s. As visible in Figure 5.7, relative changes of a few percent signi�cantly
deteriorate the population transfer. For a relative change in power of 5% almost no atomic
population is transferred to ∣1⟩. A possible solution is to stabilize the intensity of the Raman
lasers or take both frequencies from the same laser source as in reference [84].
�e issue of o�-resonant scattering can be mitigated by changing the excitation scheme to the

D1-line. As evident from Eq. (5.2), the larger splitting ∆21 between the F = 1 and F = 2 excited
states (817MHz compared to 157MHz for the D2 line) will lead to a relative increase of the Rabi
frequency compared to the scattering rate. For example, for a detuning of ∆1 = −2π×3000MHz
to the F = 1 level, the di�erence amounts to a factor of ∼ 4. Alternatively, one could resort to
a scheme involving two-photon excitation with MW and RF radiation in combination with
optical addressing as in reference [83].
It should be noted thatwe donot observe any indication of population transfer in themagnetic

microtraps when performing the samemeasurement as in the Z-wire trap. We can name several
possible reasons, which are partially based on observationsmade by independentmeasurements
using MW and RF radiation.�ese measurements reveal that there is a signi�cant variation
in the magnetic trap bottom between di�erent microtraps, and that the contrast of the Rabi
�opping between the qubit states is largely reduced compared to the Z-wire trap.�e latter is
most likely related to the �nite temperature of the atoms, which, in conjunction with the high
magnetic �eld gradient of the microtraps, leads to decoherence of the qubit states. Furthermore,
o�-resonant scattering to untrappable states leads to a stronger lossmechanism in themicrotraps
as compared to the Z-wire trap, caused by higher trap frequencies and the proximity to the atom
chip surface. All these e�ects together might explain the absence of any population transfer.
Future atom chip generations could resolve some of these limitations, for example a reduction
of trap-to-trap variations due to more sophisticated manufacturing techniques, and reduction
of temperature by more e�cient RF-evaporative cooling.
Two important aspects of the Raman transition are the e�ective reduction of the Rabi-

frequency due to the two-path interference (see Eq. (5.2)), and the light shi� caused by the
o�-resonant coupling to the excited state manifold (see section 5.2.2).�e di�erential light shi�
between ∣0⟩ and ∣1⟩ is linear in the relative intensity of the Raman lasers, which is con�rmed by
our measurements (Figure 5.4). Furthermore, there is an optimal ratio R = IM/IS of the laser
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Figure 5.7: Simulated temporal evolution of the atomic population in ∣1⟩ assuming a uniform intensity
distribution of the Raman laser beams at PM = 35 µW.�e simulation is performed for
di�erent intensity ratios, expressed as {1.00, 1.01, 1.02, 1.05} times the optimal ratio R. It
reveals that even a small deviation from the optimal ratio leads to a signi�cant reduction of
the Rabi �opping between ∣0⟩ and ∣1⟩. As a comparison, the total remaining atomic population
is shown.

intensities for which this relative light shi� vanishes. For our detuning, ∆3 = −2π × 2792MHz,
we �nd R = 0.40 which is again consistent with our measurements (Figure 5.4 and Figure 5.5).
�e light shi� in conjunctionwith the non-uniform intensity of the lasers leads to an asymmetric
lineshape, if we deviate from the optimal ratio (Figure 5.5).�is asymmetry is well described by
a two-level approximation to Eq. (5.5) and the integral over the Gaussian beam intensity. Instead
of a coherent Rabi �opping between ∣0⟩ and ∣1⟩, we see incoherent build-up of atomic population
in ∣1⟩ with a subsequent decay. Maximally 25% of the atomic population is transferred to ∣1⟩.
�is can be explained by solving Eq. (5.5) for di�erent intensities in the Gaussian beam and
performing an average.
Even for the case of uniform laser intensity we see from Figure 5.7 that we cannot achieve full

transfer of population. We are limited by the in�uence of o�-resonant scattering, which can, in
principle, be reduced by changing the excitation scheme to the D1 line. From Figure 5.7 we can
also conclude that the Raman transition is highly sensitive to relative intensity �uctuations of
the lasers.�e combination of stable laser intensities and the excitation scheme via the D1 line
could yield a signi�cant improvement for the Raman transfer of the magnetic clock states.





CHAPTER 6
Electromagnetically induced

transparency with Rydberg atoms
across the Breit-Rabi regime

Electromagnetically Induced Transparency (EIT) is in essence a Fano-like in-
terference between di�erent excitation paths in an atom. Typically, experiments
involving cold atoms are performed with two excitation lasers in either a Λ- or
ladder-type arrangement, where one transition (“coupling transition”) is meant
to in�uence the other (“probe transition”) [129, 131].�e coupling light strongly
changes the optical properties of the medium, rendering it partially transparent for
the probe light and making the refractive index a steep function of the probe laser
frequency.�ese properties were used for the creation of slowly propagating light
[193] and photon storage and retrieval [194–196], opening up new possibilities for
quantum information and non-linear optics.
EIT in a three-level ladder (or “Ξ”) scheme, involving an atomic Rydberg level, is
also an attractive technique to gain spectroscopic information on Rydberg levels
[78] or environmental in�uences [46, 107, 197–199], and can also be used for
frequency stabilization of lasers [99]. Next to the multitude of spectroscopic
applications, Rydberg EIT opens new paths for quantum information [200] and
light-matter interaction, comprising single-photon sources [201], non-linear optics
with single-photons [202], entanglement of light and atomic excitation [203, 204],
photon-photon interaction [205] and single-photon switches [206] and transistors
[207]. Hot atomic vapor cells in conjunction with EIT [195, 208, 209] or Rydberg
excitation are a well-established technique, where micrometer-sized vapor cells
could provide low cost, scalable arrays of interacting qubits [210].
Here we describe EIT experiments in a room temperature vapor cell for the 87Rb
ns-states with principal quantum number n = 19 − 27. We drive the transition

�is chapter is based on the paper Electromagnetically induced transparency with Rydberg atoms across the Breit-Rabi
regime, submitted to New Journal of Physics
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from the 5s ground state level to Rydberg levels using a two-photon transition
via the intermediate 5p level.�e upper 5p − ns transition serves as the coupling
transition, and we measure the e�ect on a weak, resonant probe laser tuned to
the 5s − 5p transition. Despite the fact that our measurements are performed in a
Doppler-broadened room-temperature vapor cell, we retrieve spectrally narrow
EIT signals with a resolved Rydberg hyper�ne splitting. Remarkably, the spectra
change signi�cantly already upon magnetic �eld variations of ∼ 0.1G.
In section 6.1 we give a short summary of the experimental apparatus. Section 6.2
describes the theoretical approach to simulate EIT spectra. For Rydberg EIT it is
known that the polarization of the light in�uences the spectrum [211, 212] through
optical pumping e�ects [213]. A full evaluation has to consider the multi-level
structure of an actual atom [214], typically the hyper�ne and Zeeman substructure
[213–217]. In order to explain our observations, we calculate the full density matrix
for all involved Zeeman levels by solving the Optical Bloch Equations (OBE)
on a supercomputer. In section 6.3 we compare the measured spectra with the
theoretical predictions. From the analysis we conclude that decoupling of the
electronic J and nuclear I angular momenta in the Breit-Rabi regime strongly
in�uences the spectra.�ese results are important for all future applications using
Rydberg excitation in the presence of magnetic �elds. As an example, the famous
“magic �eld” of 3.23G [180] is right in the Breit-Rabi regime for low-lying Rydberg
states. Hence, the �ndings are important in the context of magnetically trapped
qubits.
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6.1 Experimental setup

�e heart of the experimental setup [see Figure 6.1 (a)] consists of two laser beams at 480nm
(coupling beam) and 780nm (probe beam), counter-propagating in a room temperature Rb
vapor cell.�ese laser beams are provided by the set of Rydberg lasers presented in section 3.2,
while the EIT experiment is part of the optical setup presented in Figure 3.9. Our experimental
setup is similar to the one mentioned in reference [130], with the addition that the narrow
linewidth (about 10 kHz) of the excitation laser leads to an improvement in spectral resolution.
Scanning of the laser frequencies is done by varying the corresponding sideband locking
frequencies as described in section 3.4.�e laser beams are spatially overlapped in the vapor cell,
with a 1/e2 beam radius of 0.9mmand 0.5mm for the 480nm and 780nm light respectively.�is
con�guration ensures that the probe light experiences a mostly uniform intensity distribution
of the coupling light, and at the same time minimizes the e�ect of transit time broadening.
Transit time broadening, due to the �nite interaction time of Rb atoms at room temperature
with the laser light, is estimated to be 400kHz for the chosen value of probe beam radius.
Typical laser powers are 10 µW for the probe and 150mW for the coupling laser.
�e vapor cell is 12 cm in length and is placed inside a 11 cm long coil consisting of 80

windings, introducing a near-homogeneous longitudinal magnetic �eld B along most of the
vapor cell. Both vapor cell and coil are surrounded by a cylinder of mu-metal with a length
of 175mm and a diameter of 100mm. We measure with a �uxgate magnetometer that the
mu-metal reduces the parallel ambient magnetic �eld from 550mG to 40mG in the center, and
54mG at the entrance plane of the cylinder.�e magnetic �eld in the radial direction almost
completely vanishes in the center.
Before taking EIT spectra, we �x the frequency of the probe laser at the 5s1/2 , F = 2 →

5p3/2 , F′ = 2 transition of 87Rb by adjusting the sideband frequency of the locking. �is
frequency is referenced to Doppler-free absorption spectroscopy in an additional Rb vapor cell
(compare Figure 3.9). We then scan the frequency of the coupling laser across the Rydberg
states ns1/2 , F′′ = 1, 2 for n = 19 − 27, where we can still distinguish the individual hyper�ne
levels [see Figure 6.1(b)].�e frequency is scanned by stepping the locking sideband frequency,
typically in equal steps of a few tens of kHz. A�er each step, we measure the transmission of
the probe laser with a photo diode. An optical chopper in the coupling laser beam is used in
combination with lock-in detection of the probe transmission to enhance the signal-to-noise
ratio. We take one spectrum for each chosen magnetic �eld value inside the vapor cell.

6.2 �eoretical model

We investigate EIT in a con�guration of four independent hyper�ne levels as depicted in Fig.
6.1, consisting of the ground state 5s1/2 , F = 2, the intermediate state 5p3/2 , F = 2 and the
Rydberg levels ns1/2 , F = 1, 2 for n = 19 − 27. As expected from earlier �ndings [211, 212], we
observe that the EIT spectrum changes with di�erent polarizations of probe and coupling
laser.�erefore, we incorporate the substructure of magnetic Zeeman-levels for all the involved
hyper�ne states. Additionally, we measure a strong in�uence on the spectrum when applying
a longitudinal magnetic �eld to the vapor cell.�e changes are already noticeable for small
magnetic �elds of around 100mG, and depend on the direction of the applied �eld. We therefore
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Figure 6.1: (a) Sketch of the experimental setup, showing the Rb vapor cell and the two diode lasers at
480 nm and 780nm in a counterpropagating arrangement.�e two laser beams are separated
a�er traveling through the vapor cell by two dichroic mirrors, and detected by a photo diode.
�e vapor cell is magnetically shielded by several layers of mu-metal, and surrounded by a coil
with 80 windings and 11 cm in length.�e 480nm light is chopped by a wheel to generate a
reference frequency for the lock-in detection ampli�er. In addition, we perform Doppler-free
saturation spectroscopy in another Rb vapor cell with the 780 nm laser. (b) EIT ladder scheme
with the four involved hyper�ne states of the ground, intermediate and Rydberg levels (HFS:
Hyper�ne-Splitting), and the probe and coupling laser. (c) Magnetic Zeeman levels mF of the
ground state, the intermediate state and the Rydberg states involved in the ladder type EIT
scheme (note: For the Rydberg level the F ,mF states are only good quantum numbers in the
limit of low magnetic �elds). We show the excitation paths for the combination of (σ+,σ+)
polarization for the probe and coupling light respectively. �e gray (light) lines show all
possible decay paths for atomic populations in the excited states.�e atomic levels 5s1/2 , F = 1
and 5p3/2 , F ≠ 2 do not participate directly in the EIT ladder scheme, but they are populated
by decay of atomic population.

take into account the couplings and level shi�s of magnetic sublevels leading to the Breit-Rabi
diagram for the Rydberg manifold.
In reference [130] the spectrum of the two Rydberg hyper�ne levels ns1/2 , F = 1, 2 for n =

20 − 25 is �tted by the sum of two individual solutions to the analytical model of a three level
ladder system. In other references, including [213], the Zeeman substructure is accounted for
by a sum over the involved levels for a given light polarization, weighted by the corresponding
Clebsch-Gordan coe�cients. Neither approach can explain the in�uence of the magnetic �eld
that we see in our experiment.�erefore, we consider the full dynamics of the density matrix ρ
of all the 18 Zeeman levels of the four hyper�ne states depicted in Figure 6.1(c).�e atomic levels
5p3/2 , F = 0, 1, 3 are only included indirectly as a decay channel for the atomic population in the
Rydberg state, subsequently decaying to either 5s1/2 , F = 1 or 5s1/2 , F = 2. Atomic population
decaying to 5s1/2 , F = 1 is treated as loss, as these atoms no longer participate in the excitation
dynamics.



6.2 theoretical model 101

Due to the geometry of our experiment (the laser beams propagate parallel to the magnetic
�eld B), we can only achieve either σ+ or σ− polarization in the quantization axis set by B.
Hence, we limit our analysis to a combination of (σ+, σ+) or (σ+, σ−) polarization for probe
and coupling laser [note: the cases (σ−, σ−) and (σ−, σ+) correspond to an inversion of the
magnetic �eld].
We describe the dynamics of the system including the atom-light interaction, spontaneous

decay and other decoherence e�ects by the master equation

ρ̇ =
i
h̷
[ρ,H] +Ldecay(ρ) +Ldeph(ρ), (6.1)

yielding a set of linear di�erential equations (Optical Bloch equations). Here, the Hamiltonian
H describes the coherent part of the dynamics, whereas the Lindblad superoperators Ldecay(ρ)
and Ldeph(ρ) describe e�ects causing decoherence.

6 .2 . 1 �e Hamiltonian

We decompose the Hamiltonian as H = HA +HM +HAL , where the individual terms describe
the �eld-free atomic energies, themagnetic energy and the atom light interaction for all involved
levels. As a basis set we choose the magnetic sublevels F ,mF expressed in terms of the total
angular momentum F and the magnetic quantum number mF . While F ,mF are not good
quantum numbers for the Rydberg levels, we �nd this basis nevertheless convenient.
�e (magnetic-�eld free) atomic Hamiltonian is written using the dressed basis states and

the rotating-wave approximation (RWA). It has a simple diagonal form,

HA = ∆pP5s − ∆cPns ,F=1 − (∆c + ARyd) Pns ,F=2 (6.2)

Here we de�ned the following symbols: ∆p(∆c) is the detuning of the probe (coupling) laser,
the latter de�ned relative to the F = 1,mF = 0 Rydberg state, P5s is a projection operator onto the
5s1/2 , F = 2 subspace, and similar for the Pns projection operators.�e 5p3/2 , F = 2 intermediate
level has been arbitrarily chosen as the zero of energy. Finally, ARyd is the hyper�ne splitting in
the Rydberg level.
For the 5s and 5p subspaces the magnetic Hamiltonian HM is written as HM = gFµBFzB,

choosing the magnetic �eld as B = Bẑ. In our basis set, this results in eigenvalues HM ∣FmF⟩ =

gFµBmFB. An important aspect for the Rydberg states is that the atomic energies experience a
transition from a linear energy dependency inmF at small magnetic �elds to a decoupling of the
magnetic quantum numbermI andmJ at high magnetic �elds, called the Paschen-Back regime.
�e transition between these regimes, the Breit-Rabi regime, is shown for the example of 23s1/2
in Figure 6.2(a). For the Rydberg levels, we write HM = gSµBszB + gIµBIzB (as jz = sz for the
ns1/2 states). In the following we neglect the second, nuclear spin term.�e �rst, electronic
spin term has diagonal as well as o�-diagonal matrix elements in the chosen ∣F ,mF⟩ basis.�e
o�-diagonal elements couple states of equal mF but unequal F,

⟨F ,mF ∣ sz ∣F′ ,mF⟩ = ∑
ms ,mI

ms ⟨F ,mF ∣s,ms , I,mI⟩ ⟨s,ms , I,mI ∣F′ ,mF⟩ , (6.3)
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yielding ⟨1,−1∣ sz ∣2,−1⟩ = ⟨1, 1∣ sz ∣2, 1⟩ =
√
3/4 and ⟨1, 0∣ sz ∣2, 0⟩ = 1/2.�e diagonalization of

HA + HM in the Rydberg ns subspace yields the Breit-Rabi diagram shown in Figure 6.2(a).
We �nd that these o�-diagonal elements are crucial to accurately describe the measured EIT
spectra. If we tentatively express the Rydberg Zeeman energy linear inmF , we cannot reproduce
our experimental observations. Remarkably, the o�-diagonal elements contribute signi�cantly
already at small magnetic �elds around 100mG, which is much less than the hyper�ne �eld
h̷ARyd/µB ≈ 3G and therefore far from the Paschen-Back regime.
�e matrix elements of the atom-laser interaction Hamiltonian HAL are given by the usual

products of a reduced dipole matrix element and a Clebsch-Gordan coe�cient. For the 5s − 5p
transition, we can write the matrix elements of HAL as

⟨5s(F = 2,mF)∣HAL ∣5p(F = 2,m′
F)⟩ =

1
2
h̷Ωpεq ⟨2,mF , 1, q ∣2,m′

F⟩ , (6.4)

with εq the component of the laser amplitude with polarization q = ±1. Similar expressions
apply for the 5p − ns transitions. In this case we write Ωc for the Rabi frequency.

6 .2 .2 Dissipative terms

�e second term in the sum of Eq. (6.1) accounts for the spontaneous decay and optical pumping.
It can be written by means of the Lindblad superoperator Ldecay(ρ) as

Ldecay(ρ) = ∑
{i , f }

[C f i ρ C†f i − 1/2 (C
†
f iC f i ρ + ρ C†f iC f i)], (6.5)

where C f i =
√
Γf i ∣ f ⟩⟨i∣ is a quantum jump operator for the transition i → f , with correspond-

ing rate Γf i .�e summation is performed over all allowed pairs {i , f } of F ,mF sublevels.�e
decay rate Γf i is expressed as the product of the decay rate of the involved hyper�ne-level (Γ5p ,
Γns ,F=1 and Γns ,F=2) and the square of the corresponding Clebsch-Gordan coe�cient.
For �nal states f outside the considered subspace of 18 levels we omit the term C f i ρ C†f i ,

which thus leads to loss of total atom population. For example, atomic population in the
intermediate state 5p3/2 , F = 2 can decay to either the 5s1/2 , F = 1 or F = 2 ground state, where
the �rst is treated as loss of atoms. As we treat atomic population decaying to 5s1/2 , F = 1
as a loss mechanism, we omit the term Ck ρ C†k in Eq. (6.5) for this level. For simplicity, we
assume that atomic population in the Rydberg states predominantly decays to the 5p3/2 level.
We further simplify the problem by assuming that the atomic population decaying to 5p, F ≠ 2
undergoes an immediate subsequent decay to either the 5s1/2 , F = 1 or F = 2 ground state.�is
is justi�ed by the fact that the 5p, F ≠ 2 levels are far o�-resonant with respect to the probe
laser, and that Γ5p ≫ Γns ,F=1 , Γns ,F=2.
�e third term Ldeph(ρ) in Eq. (6.1) describes all dephasing e�ects, including the in�uence

of the �nite laser linewidth of the probe γp and coupling γc laser. For simplicity, we include
additional broadening e�ects such as transit time broadening and collision-induced broadening
in γc . In this case, we express Ldeph as

Ldeph(ρ) = ∑
k=p ,c

γk [Ck ρ C†k − 1/2 (C
†
kCk ρ + ρ C†kCk)] , (6.6)
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Figure 6.2: (a) Calculated atomic energies of the magnetic sublevels of 23s1/2 , F = 1 and n = 231/2 , F = 2
in the Breit-Rabi regime. For small magnetic �elds (≪ 1G) the atomic levels of the hyper�ne-
states F = 1, 2 are labeled by the magnetic quantum numbers mF and shi� linearly with B.
For higher magnetic �elds (> 3G) the nuclear spin I and the electron angular momentum
J decouple, and the magnetic levels group according to m J . (b) Comparison of the time-
dependent to the steady-state solution of the Optical Bloch equations.

where Cp = −P5s + P5p + Pns and Cc = P5s + P5p − Pns are expressed in terms of the projection
operators as de�ned earlier.

6 .2 .3 Steady state solution and susceptibility

If we solve for the steady state (ρ̇ = 0) of, for example, the system depicted in Figure 6.1(c), we
obtain the obvious result that the atomic population resides in the dark states 5s1/2 , F = 2,mF = 2
and 5s1/2 , F = 1. Hence, this simple steady-state solution cannot explain our experimental data.
In order to �nd an adequate description of the excitation dynamics, we follow two approaches:
(1) Starting from an equal distribution among the ground state Zeeman levels, we calculate
the time-dependent solution of the OBE, and evaluate it at the average time an atom at room
temperature resides in the probe beam, or (2), we assume a constant �ux of new atoms entering
the probe beam, which re�lls the atomic population in the magnetic ground states.�is re�lling
is described by an extra Lindblad superoperator. For the latter approach we obtain a steady-state
solution with atomic population also being in non-dark states. Figure 6.2(b) shows simulated
spectra obtained for both approaches. It should be noted there that we subtract a background
spectrum (with ∆c being far o�-resonant) from the time-dependent solution. We can conclude
that both approaches yield similar results. As the second approach is closer to the experimental
reality, we proceed with this one for the rest of this chapter.
�e probe absorption is proportional to the imaginary part of the susceptibility χ. We

relate the susceptibility χ of the probe transition to the density matrix [131]. For the probe
transition with polarization q = ±1, we look at the elements ρ i j corresponding to a transition
from a ground state ∣g i⟩ = ∣F = 2,mF⟩ to an intermediate state ∣e j⟩ = ∣F′ = 2,mF + q⟩, with
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Clebsch-Gordan coe�cient c i j . We approximate the probe absorption as follows,

Im(χ)∝
vmax

∫
−vmax

∑
i
c i jIm(ρ i , j)N(v) dv . (6.7)

Here N(v) is a one-dimensional Maxwell-Boltzmann velocity distribution for the atoms in
the vapor cell at room temperature.�e elements ρ i j become velocity dependent through the
Doppler shi�s ∆p → ∆v=0

p − kp v and ∆c → ∆v=0
c + kc v. We numerically evaluate the integral

in Eq. (6.7) for a su�ciently large vmax, e�ectively averaging our expression over the velocity
distribution of the atoms.

6 .2 .4 Computational methods

We implement numerical solvers for both the time-dependent and the steady-state model
using FORTRANmodules to solve the master equation [Eq. (6.1)], employing routines from
the odepack library to solve the resulting system of complex di�erential equations. �ese
FORTRAN modules are combined with a Python wrapper for the velocity-class integration of
Eq. (6.7) as well as for the loading of experimental data, �tting the model to experimental traces
and storing the results. For a given experimental trace the measured data will be sampled for a
�xed range of coupling frequencies using spline interpolation if necessary to gain control over
the sampling density for numerical performance. We then call out to the FORTRAN solver to
obtain solutions to the model on an appropriate grid of probe- and coupling frequencies.�ese
are integrated in Python over a range of velocity classes, taking appropriate Doppler shi�s into
account. Finally the result is compared to the experimental trace. Fitting is performed using
the lm�t routines in Python.
In �tting the experimental data we initially determine a magnetic �eld calibration based on

the data for 20s presented below in Figure 6.3.�is �eld calibration is used for all subsequent
�ts presented here. In �tting the data for a given principal quantum number n and polariz-
ation, we always �t all traces (measured at di�erent applied magnetic �elds) with the same
set of parameters and the �eld calibration obtained in the �t for 20s. We generally �t a linear
combination of both the (σ+, σ+) and the (σ−, σ+) cases to account for imperfect polarization.
�e free parameters varied in the steady-state �ts are the Rabi frequencies of the red and blue
transitions, Ωp and Ωc respectively for both polarizations, the e�ective linewidths of these
transitions γp and γc , the hyper�ne splitting of the state, the re�lling rate for the ground-state
as well as a global amplitude of the signal and an absolute frequency o�set.
�e system of complex di�erential equations is large due to the 18 involved Zeeman levels.

Calling the odepack library during the �tting procedure is therefore computationally intensive.
When performing the velocity class integration necessary to obtain a single data point, we
need to solve the system of equations for each velocity class separately.�is further increases
the computational complexity. In order to obtain results on acceptable timescales, we use the
supercomputing capabilities of the Lisa Compute Cluster (as part of the SURFsara Research
Capacity Computing Services). �e �tting routine for a given Rydberg state and a given
polarization is allocated to one node of the Lisa Cluster, which consists of 16 independent cores.
Running the program for about 5 days on one node gives a su�cient amount of iterations to



6.3 experimental results 105

obtain acceptable �tting results. By employing di�erent nodes for di�erent states at the same
time, we can evaluate the data in parallel.

6.3 Experimental results

Figure 6.3:Measured (LIA: Lock-in ampli�er signal) and simulated EIT spectra for the 20s1/2 Rydberg
level for both the (σ+ , σ−) and (σ+ , σ+) combination of probe and coupling laser polarization.
�e density plot of the data shown consists of 31 and 41 individual EIT spectra, respectively,
with a frequency resolution of 80 kHz in ∆c .�e choice of 0MHz is arbitrary. Each spectrum
is taken at a di�erent magnetic �eld value ranging from −15. . . 15 G. A part of the data between
−5. . . 5 G is omitted as it does not contain relevant spectroscopic features.�e simulated data
is based on the �tted theory parameters evaluated at the same magnetic �elds and frequencies
as the data.

Our measurements are based on acquiring the EIT signal at a speci�c detuning ∆c of the
coupling laser whilst keeping the probe laser at a constant frequency. Scanning the detuning ∆c
as described in section 6.1 at a speci�c applied magnetic �eld value, we acquire a magnetic �eld
dependent EIT spectrum. To exclude a possible in�uence of electric stray �elds, we measure
the spectrum in an additional vapor cell with incorporated electric �eld plates.�ese plates
allow for applying a near-homogeneous electric �eld (see reference [130]) inside the cell. For
small applied electric �elds (a few Vcm−1) we do not observe a change in the spectral features
besides an overall frequency shi� due to the electric Stark e�ect.
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We aim at investigating the Breit-Rabi transition of the Rydberg states’ magnetic sublevels,
from a linear behavior in mF at low magnetic �elds to a decoupling of mF into its components
mI andmJ at highermagnetic �elds (the Paschen-Back regime). We probe this transition for the
20s1/2 Rydberg level by applying a range of magnetic �elds from −15 G to 15G and measuring
EIT spectra.�ese spectra constitute the density plots shown in Figure 6.3, which are based on
measurements for either (σ+ , σ−) or (σ+ , σ+) probe and coupling laser polarization.�e choice
of either σ+ or σ− polarized light leads to the simplest description of the system’s dynamics,
as the laser light polarization cannot have a component in the magnetic �eld direction (see
section 6.1). We verify for selected EIT spectra that the spectrum for the (σ− , σ+)/(σ− , σ−)
con�guration closely resembles the one at (σ+ , σ−)/(σ+ , σ+) a�er inverting the magnetic �eld.
Hence, the resulting magnetic �eld dependence can be obtained by simply mirroring the data
in Figure 6.3 about the frequency axis. Furthermore, by creating an equal superposition of σ+
and σ− polarization for both lasers, we obtain a spectrum which resembles a mixture of both
data sets shown. Independent of these �ndings, we allow for a small admixture of the opposite
polarization in the �tting procedure (see subsection 6.2.4).�is accounts for the fact that we
always have imperfect polarizations in the actual experimental apparatus. For example, the
change in polarization introduced by the waveplates in the optical setup before the vapor cell
[compare Figure 6.1(a)] is wavelength dependent (e.g. when changing between di�erent n).
Also, the glass cell itself might introduce further modi�cations of the laser polarization which
is di�cult to predict.
Both data sets show a multitude of di�erent lines, originating from the two hyper�ne levels

F′′ = 1 and F′′ = 2 of the Rydberg state, which are resolved at magnetic �elds close to 0G. In
order to gain a qualitative understanding of the data, one can identify that two photons with
(σ+ , σ−) and (σ+ , σ+) polarization lead to a change of ∆mF = 0 and ∆mF = 2, respectively.
�us, in the case of (σ+ , σ−) we expect the transition frequencies to stay roughly constant
with increasing magnetic �eld, whereas for (σ+ , σ+) the transition frequencies are expected to
increase with the applied magnetic �eld. Indeed, this expected behavior is visible in the data
sets shown by the most pronounced lines in each plot. At higher magnetic �elds (> 5G) the
frequencies of the observed experimental lines shi� linearly with the applied magnetic �eld.
�is can be well understood in terms of the linear energy shi� of the ground statemF levels, and
the linear shi� of the Rydberg state mJ levels in the Paschen-Back regime [see Figure 6.2(a)].
Hence, the transition frequency between these levels is also linear in the applied magnetic �eld.
�e multitude of di�erent magnetic sublevels involved [compare to Figure 6.2(c)] lead to a
range of di�erent transition frequencies, which show a di�erent magnetic �eld dependence.
�is is re�ected by the di�erence in slope of the experimental lines. It should be noted that
the measured spectra are not a trivial reproduction of the simple Breit-Rabi diagram, as it also
contains the magnetic �eld substructure of the ground and intermediate levels.
Besides the qualitative description, we also provide a theoretical account based on solving

Eq. (6.1) for the system under investigation and using the �tting routine as described in sub-
section 6.2.4. We show the theoretical result for both combinations of laser polarization in
Figure 6.3. Comparing the theoretical predictions and the actual data, we �nd that it matches
very well for the full range of applied magnetic �elds. All major experimental lines are repro-
duced, as are their relative strength and magnetic �eld dependence. Our model also describes
the non-linear behavior in the Breit-Rabi regime at magnetic �elds between 1. . . 5 G equally
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well as the near linear behavior for magnetic �elds in the Paschen-Back regime. Overall, the
good agreement between measurement and theoretical simulation veri�es our theoretical
assumptions made in section 6.2.

19s σ+  σ+ 21s σ+  σ+ 23s σ +  σ -

Figure 6.4:Measured (LIA: Lock-in ampli�er signal) and simulated EIT spectra for the 19s1/2 , the 21s1/2
and the 23s1/2 Rydberg level and di�erent combination of probe and coupling laser polariza-
tion.�e measured spectra are taken at nine equidistant magnetic �eld values in the range
from −0.8. . . 0.8 G. �e frequency resolution of the spectrum is 100 kHz and the choice of
0MHz is arbitrary.�e data of one Rydberg state are �tted with a single set of parameters,
resulting in the theoretical spectra shown beneath the respective Rydberg state. Note: the
measured signal of the 21s1/2 state is truncated above 10V by the data acquisition system.

In order to examine the Breit-Rabi regime of the Rydberg magnetic sublevels in more detail,
we investigate the response of the EIT spectrum to small changes in the applied magnetic �eld.
�erefore, we acquire EIT spectra at nine equidistant magnetic �eld values in the range from
−0.8. . . 0.8 G. We present these spectra for the 19s1/2, the 21s1/2 and the 23s1/2 Rydberg level and
di�erent combination of probe and coupling laser polarization in Figure 6.4.�e F′′ = 1 and
F′′ = 2 hyper�ne levels are visible as two distinct peaks, separated by the hyper�ne-splitting of
the respective Rydberg state.�e acquired spectrum for the 19s1/2 Rydberg state only shows a
weak in�uence of the applied magnetic �elds.�e in�uence is much more pronounced for the
21s1/2 and 23s1/2 Rydberg levels. In the latter case we can observe an inversion of the relative
peak height with changing the magnetic �eld polarization from negative to positive values.
Furthermore, we present the simulated EIT signal for the respective Rydberg states. Again,

the simulation is based on �tting the result of Eq. (6.1) to the data set under investigation (see
subsection 6.2.4). As for the measurement in Figure 6.4, the theoretical prediction closely
reproduces the main features of the measured spectra as relative peak height and magnetic �eld
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dependence.�e inversion of the relative peak height for the 23s1/2 state also appears in the
simulated spectra. Given the accurate description in terms of our theoretical framework, this
behavior can be well understood from the presence of o�-diagonal term as given by Eq. (6.3) in
the magnetic Hamiltonian HM .�ese terms result from the decoupling of the J and I quantum
numbers of the Rydberg states in the Breit-Rabi regime, and introduce an e�ective mixing
of the F states. �is e�ect increases with decreasing hyper�ne-splitting, which explains the
di�erences between the spectra of the 19s1/2 and 23s1/2 state. Hence, we can indirectly observe
the Breit-Rabi transition in our spectrum, even at small magnetic �eld values.

6.4 Discussion and conclusion

Looking at the spectra in Figure 6.3, it is obvious that the transition from low to high magnetic
�elds is not a simple reproduction of the Breit-Rabi diagram of the Rydberg levels as shown in
Figure 6.2(a).�e reason is that the spectrum is also in�uenced by the level shi�s of ground and
intermediate states’ Zeeman substructure, optical pumping e�ects and the residual Doppler-
broadening. However, the spectrum clearly reproduces the selection rules introduced by the
laser light polarization, and shows that the high �eld behavior is a linear function of the applied
magnetic �eld.�is is a direct result of the Paschen-Back regime for the Rydberg levels (linear
in mJ) and the linear energy shi� of the ground state levels (in mF). A remarkable observation
is that magnetic �elds, small compared to the hyper�ne �eld ARyd/µB , strongly in�uence the
spectra.�is in�uence increases with decreasing hyper�ne splitting ARyd of the Rydberg levels,
as can be seen by comparing the n = 19 and n = 23 Rydberg level in Figure 6.4. For n = 23 (and
also for n = 24 − 27) the change in magnetic �eld (−0.8. . . 0.8 G) leads to a complete inversion
of the relative height between the peaks attributed to F′′ = 1 and F′′ = 2. As discussed earlier
we can attribute this to the in�uence of the o�-diagonal elements in Eq. (6.3), which express
the decoupling of the total angular momentum F into the components J and I in the Breit-Rabi
regime. We veri�ed this by calculating the corresponding spectra based on a model where
the Rydberg states shi� linearly in energy with mF .�e result did not reproduce the observed
change in peak height, but solely predicts a frequency shi� of the total spectrum. �is shi�
is observed for the spectrum at n = 19, where the hyper�ne splitting ARyd/h (∼ 9MHz) is
relatively large so that the in�uence of the o�-diagonal elements is less pronounced.
A consequence of the spectrum’s complexity is that we cannot simply extract the hyper�ne

splitting ARyd of the Rydberg levels at B = 0. In our �tting routine, we use ARyd(n) as a
�tting parameter for the complete data set at a given n. Rescaling the results by ARyd(n)/n∗
[n∗ = (n− δ) being the e�ective principal quantum number], we �nd a spread of values similar
to the ones in [130].�is is most likely a consequence of the large number of necessary �tting
parameters and the �nite signal-to-noise ratio of the data.
As a summary, our measurements show that the EIT spectrum for the ns1/2 Rydberg states

with n = 19 − 27 is strongly in�uenced by the presence of small magnetic �elds (< 1G) (see
Figure 6.4). Furthermore, the polarization of the involved laser beams changes the measured
spectrum strongly (see Figure 6.3). We investigate the EIT spectrum of the 20s1/2 Rydberg state
for a wide range of magnetic �eld values (Figure 6.3), showing a transition from two resolvable
hyper�ne levels to a multitude of lines with a linear frequency scaling. �e experimental
observations are well reproduced by the theoretical approach provided in section 6.2. Our
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theoretical model accounts for the multi-level structure of the 5s1/2 , F=2 ground state, the
5p3/2 , F′=2 intermediate state and the two Rydberg states ns1/2 , F′′=1, 2. A crucial aspect for
the Rydberg states is the decoupling of the F angular momentum into its components I and J in
the Breit-Rabi regime. From the measurements in Figure 6.3 we can both retrieve the Rydberg
states’ behavior at small magnetic �elds and in the Paschen-Back regime, where the magnetic
sublevels group according to their mJ quantum number (see Figure 6.2).�e behavior of the
magnetic sublevels in the Breit-Rabi regime also accounts for the strong changes observed in
the spectrum for the magnetic �elds below 1G presented in Figure 6.4. Even though we cannot
resolve individual magnetic sublevels in the measurements at low magnetic �elds, we are able
to clarify their in�uence on the spectrum due to the accurateness of our theoretical model.





CHAPTER 7
Rydberg excitation on an atom chip

�e investigation of Rydberg atoms close to a surface is of great importance and
interest for areas ranging from surface physics [218–220] to quantum information
[18, 48, 221–223], particularly in the context of atom chip [224, 225] experiments.
�eir high sensitivity to environmental in�uences [226] makes Rydberg atoms
suitable as a surface probe.
However, noise sources can strongly in�uence Rydberg atoms’ energy levels. A
typical example of a noise source in atom chip experiments is stray electric �elds
caused by ad-atoms that stick to the surface during the experimental cycle [44, 45].
�e interaction between the ad-atoms and the surface leads to e�ective electric
dipoles on the surface, building up to a macroscopic electric �eld in the proximity
of the surface [46, 47]. Atom chip experiments have to address this issue, and
several methods to reduce the surface �elds have been suggested [45, 48, 49].
In section 7.1 we restate some features of the experimental apparatus as necessary
for the understanding of this chapter, and present the methods used for acquiring
data. section 7.2 shows our attempts to create an Electromagnetically Induced
Transparency (EIT) condition with our excitation lasers in the magnetic trap
and in Time of Flight (TOF) measurements. As these measurements suggest
that strong electric �elds are presents, we measure the Stark shi�, induced by
DC electric �elds, of the 23d5/2 and 25s1/2 states of 87Rb in section 7.3. From the
measured Stark shi� we infer that the Rb ad-atoms are themain source for the stray
electric �elds.�en we examine several methods for reducing the stray �elds. We
observe the in�uence of Ultra Violet (UV) light at 365nm, provided by an array
of Light Emitting Diodes (LED)s, and of the 480nm excitation laser on the stray
�elds. Finally, in section 7.4, we put our results in perspective to other �ndings
in literature and summarize possible in�uences on surface �elds generated by Rb
ad-atoms.

Except for section 7.2 this chapter is based on the paper Adsorbate dynamics on a silica-coated gold surface measured
by Rydberg Stark spectroscopy, Journal of Physics B: Atomic, Molecular and Optical Physics 21, 9 (2016)
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Figure 7.1: (a) Schematics of the apparatus (not to scale).�e Si atom chip and the fabricated layers are
shown. �e atom chip is facing downwards, and the atomic cloud is magnetically trapped
∼ 100 µm below the surface, in a Io�e-Pritchard �eld BIP in the x-direction.�e in-vacuum
lens is used for high-resolution imaging (19mm from the surface, NA=0.4, and resolution of
∼ 1 µm), and it is covered with Indium Tin Oxide (ITO) such that a homogeneous electric
�eld in the z-direction, Eapp, can be applied between the lens and the Au layer of the atom
chip. (b) Level diagram of the two-photon excitation scheme with 780nm and 480nm laser
light.�e detuning ∆/2π is chosen to be 1.5GHz. (c) An example of an optical density image
of the cloud at ∼ 170 µm distance from the chip surface, with the position of the excitation
lasers visible as a hole in the cloud.�e �ne substructure in the cloud is due to imperfections
in the atom chip surface and fringes in the imaging laser. (d) A sample spectrum of the 23d5/2
state at a distance of ∼ 170 µm in a near electric-�eld-free environment achieved a�er exposing
the chip surface to UV light, see Sec. 7.3.2 for details. �e ratio of the number of atoms in
the “hole" area (Nhole) to a “reference" area (Nref ), both marked in the cloud image in (c), is
plotted as a function of the frequency of the 480 nm laser. Note that this ratio does not reach 1
because Nhole < Nref , even without excitation lasers.�e detuning is relative to the transition
frequency as measured by electromagnetically induced transparency measurements in a room
temperature vapor cell without electric and magnetic �elds.�is zero-detuning frequency is
kept throughout this paper.�e spacing between the di�erent transitions is 7.4 ± 0.3MHz,
corresponding to BIP = 4.4 ± 0.2G at the trap bottom. From independent measurements of
the trap bottom we get BIP = 4.2 ± 0.1G.

7.1 Experimental methods

�e relevant parts of our atom chip experiment is shown in Figure 7.1(a). As explained in
section 2.1, atoms are trapped in Z-wire magnetic trap a�er optical pumping to the ∣F ,mF⟩ =

∣2, 2⟩ Zeeman sublevel. We cool the cloud by forced RF evaporation to ∼ 30 µK and position it
at di�erent distances of 10-200 µm below the atom chip by varying the bias magnetic �eld. We
use two di�erent Rydberg excitation schemes. For the measurements presented in section 7.2
and Figure 7.7 we use the combination of the 480 nm Rydberg laser (see section 3.2) with the
imaging laser at 780 nm (see section 3.3). Both lasers are on resonance with respect to the
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intermediate level shown in Figure 7.1(b). Hence we create Rydberg excitation while taking
the image of the atomic cloud. In these measurements we either scan the frequency of the
imaging laser with an AOM, or we scan the frequency of the 480 nm Rydberg laser by steering
the locking sideband as explained in section 3.4.
For the other measurements presented in this chapter we use both Rydberg excitation lasers

at 480 nm and 780 nm in a two-photon process with a detuning of ∆/2π = +1.5GHz from the
intermediate 5P3/2 level, see Figure 7.1(b) for a level diagram.�e laser powers are 140mW and
80 µW respectively. In all the measurements involving the o�-resonant two-photon scheme
we scan the frequency of the 780 nm laser by an AOM (see section 3.4).�e cloud is exposed
for 100 µs to the two laser beams, which both have ∼ 100 µm beam waist (1/e2 radius), smaller
than the axial size of the cloud but comparable to the radial size.�e beams propagate in the
z-direction (perpendicular to the atom chip surface) with linear polarization (see section 3.3),
such that both contain σ+ and σ− polarization with respect to the magnetic �eld at the trap
minimum BIP, which is tilted by a few degrees from the x-direction. Both beams are re�ected
back by the Au surface, such that they overlap with the incoming beam. �e two-photon
transition excites the exposed atoms to either the 23d5/2 or 25s1/2 state, from which they decay
to non-detectable states or are ionized, such that they appear as lost from the absorption image.
�e image is taken shortly (100 µs) a�er the excitation pulse to prevent neighboring atoms
from re�lling the depleted area. In addition, we verify that exposing the atoms to the 480nm
or 780nm light separately did not lead to visible depletion.
Figure 7.1(c) shows a sample optical density image of the cloud immediately a�er the excitation

pulse showing the lost atoms as a hole, and the tilt between BIP and the x-direction.�e number
of atoms in the depleted area is normalized against an unexposed reference area in the cloud.
�is greatly suppresses noise from shot-to-shot �uctuations of the overall number of atoms
and improves the visibility of the spectrum. We measure the spectrum of the excited sublevels
by taking absorption images at di�erent excitation frequencies.�e typical duration of one
experimental cycle is ∼ 20 s. Figure 7.1(d) shows an example of such a spectrum in a near
electric-�eld-free environment (< 1V/cm). Our light polarization allows for transitions with
∆mJ = 0,±2, so that starting from the stretched ground state (mJ = 1/2) we address 23d5/2 with
mJ = −3/2, 1/2, 5/2.�e transitions to mJ = −5/2,−1/2, 3/2 are also visible, due to imperfect
polarization and remaining electric �elds, albeit suppressed relatively to the others.

7.2 EIT and beam alignment

Previous measurements with an older version of the atom chip used Electromagnetically
Induced Transparency (EIT) to measure electric stray �elds caused by Rb adatoms on the chip
surface [46]. We adopt a similar scheme here, using the combination of the probe/imaging
laser at 780 nm and the Rydberg 480 nm laser.�e probe laser is resonant to the 5s1/2 , F = 2→
5P3/2 , F = 3 transition, and the Rydberg laser is resonant to the 5P3/2 , F = 3 → 23d5/2 or the
5P3/2 , F = 3→ 25s1/2 transition.�is way we try to generate the transparency condition in the
absorption image.�ere is a large di�erence in beam waist between probe laser (∼ 1mm) and
480 nm laser (∼ 60µm).�is arrangement facilitates the beam alignment of the 480 nm laser,
as transparency is only visible where this laser hits the atomic cloud. In the measurements of
reference [46] both beams counter-propagate parallel to the chip surface. In contrast to that, in
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Figure 7.2: (a) Number of atoms inside the area where both laser beams overlap (normalized against a
reference region) for a Z-wire trap close (∼ 20 µm) to the chip surface.�e measurements are
performed for di�erent powers of the probe laser.�e 480 nm laser is switched on during the
imaging, leading to the observed reduction in apparent number of atoms.�is reduction is
stronger for larger probe powers and increases with the exposure time. (b) Absorption image
taken with 32 µs and (c) 64 µs exposure time for 20 µW probe power. �e local decrease is
more clearly visible a�er longer exposure times. Both images have been normalized to the
same optical density value.

our setup both beams co-propagate perpendicular to the chip surface, probing di�erent heights
in the atomic cloud.
We perform the measurements in two di�erent con�gurations: in the Z-wire trap at di�erent

heights to the atom chip surface or a�er TOF expansion of the atomic cloud for 5ms. In the
�rst case we probe di�erent distances to the atomic chip as de�ned by the radial cloud diameter
of 40 µm and the center position of the cloud. In the latter case, accounting for the release height
at 30 µm, the acceleration due to gravity and thermal expansion, we probe heights between
0 µm to 400 µm.
Typically, in EIT measurements (see chapter 6) one laser is operated at low power (called

the probe laser) and one at high power (called the coupling laser). In our measurements the
480 nm laser acts as the coupling laser, and the imaging laser as the probe laser. Normally, we
expect the coupling laser to render the atoms transparent to the imaging light when being on
resonance.�us the in�uence of the coupling laser is supposed to locally lower the apparent
number of detected atoms in an absorption image. In contrast to our expectations, we do not
�nd any local decrease of absorption in the image (exposure time 60 µs) at low probe powers in
the Z-wire trap. However, when we increase the probe power we see an area of local depletion
in our atomic cloud. As an example we show absorption images taken in the Z-wire trap at
20 µm distance to the surface in Figure 7.2. As the cloud is positioned close to the surface, the
magnetic potential of the microtraps in�uences the atomic distribution in the cloud. We take
absorption images for di�erent probe exposure times and di�erent probe powers (as a point
of reference: 29 µW correspond to the saturation intensity of this transition). Longer camera
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Figure 7.3: (a) Measured number of atoms a�er TOF expansion of the atomic cloud inside the depleted
area visible in picture 1. �e atom number is detected as a function of the probe exposure
time with (blue lines) and without (red lines) 480 nm laser.�e presence of the 480 nm laser
causes a drop in detected atom number, which is independent of the exposure time. (b) Atom
number inside the depleted area as a function of the probe frequency for di�erent 480 nm
laser powers. (c) Picture 1 corresponds to an absorption image at maximal transparency as
marked in the spectrum of (b), whereas picture 2 shows an absorption image at an o�-resonant
probe frequency.�is e�ect is only visible at high laser powers.�e red circle indicates the
blue laser beam.

exposure times also imply a longer exposure of the atoms to the probe light. Exposure times
less than 20 µs cannot be evaluated as the absorption images are too noisy.�e graph shows
the atom number measured inside the area of local depletion normalized against a reference
area in another part of the cloud.�is way we partially account for the fact that an increase in
probe power leads to less detected atoms when approaching the saturation intensity.
We clearly see a stronger decrease in absorption for higher probe powers and longer exposure

times. For all probe powers the detected atom number shows an exponential decay with
increasing exposure time.�ese �ndings are inconsistent with EIT, which would yield strong
transparency at low probe power, which is independent of the exposure time. Instead, the more
plausible explanation is that we observe on-resonant two-photon excitation to the Rydberg
level with subsequent decay to a non-detectable state or ionization. Indeed, if we switch on
the repumping laser (see section 2.1) during the imaging sequence, the decreased absorption
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partially vanishes.�is can be attributed to the fact that the repumping laser transfers atomic
population decaying to 5s1/2 , F = 1 back to the probe transition.
In contrast to the Z-wire trap, we see a stronger transparency in the TOF measurements as

shown in Figure 7.3, where the laser is resonant with the 23d5/2 state. In fact, we use the TOF
absorption images to position and align the 480 nm laser. �e measured time-dependence
[Figure 7.3(a)] is strikingly di�erent from the Z-wire trap as the decrease in absorption is
independent of the exposure time. Furthermore, this decrease is also visible for low probe
powers. Hence, our measurements indicate that the transparency is due to EIT. Another
indication that these measurements cannot be explained by on-resonant two-photon excitation
is given by Figure 7.3(b). In this measurement we scan the probe laser frequency in the presence
of the 480 nm laser with varying laser powers. �e frequency of the 480 nm laser has been
adjusted such that the transparency is maximal when the probe laser is on resonance. In this
case, the presence of the 480 nm laser causes an increase in apparent number of atoms if the
probe laser is o�-resonant. �is feature disappears if we decrease the 480 nm laser power.
�is observation is consistent with Autler-Townes splitting of the intermediate level due to the
480 nm laser coupling to the Rydberg state [227]. However, even if we decrease the 480 nm
laser power even further than 29mW, we never �nd a narrow transparency window as expected
for EIT. We attribute this to the presence of strong electric stray �elds and �eld gradients.
To summarize our �ndings, we cannot achieve EIT conditions in the Z-wire trap close

to the surface. �e local decrease in absorption visible in the atomic cloud can be ascribed
to depletion due to two-photon on-resonant Rydberg excitation. In TOF our observations
cannot be explained by the two-photon excitation alone, which indicate the presence of EIT,
However, we do not �nd a narrow transparency window when scanning the probe frequency
as in reference [46]. We attribute these observations to the presence of strong electric surface
�elds, with strong electric �eld gradients close to the surface. As electric �elds induce frequency
shi�s of the Rydberg levels, strong �eld gradients inside the atomic cloud will lead to a strong
spread of transition frequencies. �is explains why we do not �nd EIT in the Z-wire trap,
but do �nd it in the TOF measurements, as a large fraction of the atoms is at distances of
more than 100 µm from the surface. However, as the laser beams probe di�erent heights and
thereby di�erent electric �elds, we do not �nd a narrow transparency window in the TOF
measurements.�is phenomenological explanation based on electric surface �elds is veri�ed
by the measurements in section 7.3.

7.3 Rydberg Stark spectroscopy and adsorbate dynamics

7.3 . 1 Measuring stray electric �elds

�e future goal of the experiment is to excite atoms to a Rydberg state in traps only 10 µm
from the atom chip surface [54, 55], which requires a good knowledge of the local stray electric
�elds. We probe these �elds by positioning the cloud at di�erent distances to the surface
and measuring the excitation spectrum to the 23d5/2 state. Figure 7.4 shows these spectra at
di�erent distances. Upon approaching the surface, the depletion peaks are shi�ed to negative
frequencies, and a reduction and broadening of the spectrum is visible. Both these e�ects
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Figure 7.4: Depletion spectra for the 23d5/2 Rydberg state at di�erent distances from the atom chip surface.
We plot the normalized depletion 1 − Nhole

R Nref
as the color scheme (color bar is linear here and

throughout the chapter), where R = 0.77 is the ratio between Nhole to Nref without the excita-
tion lasers.�e distance to the surface, represented as vertical shi� between di�erent curves,
is taken from magnetic potential calculations which are calibrated to the experiment. Already
at a distance of 169 µm there is a shi� of ∼ −10MHz compared to the transition frequency
presented in Figure 7.1(d), which was obtained in a nearly �eld-free environment a�er using
UV-light. In addition, comparing the absorption at 134 µm to 98 µm the spectrum almost
completely disappears a�er a change of only 36 µm, together with a signi�cant broadening.

suggest increasing electric �elds and increasing electric �eld gradients with decreasing distance
from the surface.
To better examine the underlying mechanism, we use the fact that we can compensate the

electric �eld Ez in the z-direction by applying a homogeneous �eld Eapp using the in-vacuum
lens covered with ITO. �e minimum frequency shi� of the spectrum occurs when Ez is
e�ectively canceled by Eapp, so we take spectra for di�erent applied electric �elds. Figure 7.5(a,b)
shows two measurements using the 23d5/2 state at two di�erent heights. To extract realistic
�eld values from these measurements, we evaluate the atomic transition frequencies for a given
magnetic BIP and electric �eld.�e magnetic �eld is measured independently and is directed
predominantly in the x-direction [we neglect the small tilt between BIP and the x-direction
visible in Figure 7.1(c)]. We assume a linear Zeeman shi� for the mJ states and write the
Zeeman Hamiltonian for a quantization axis de�ned by the total electric �eld, constituted by
(Ex , Ey , Ez−Eapp).�e Stark shi�s are taken from the diagonalization of the Stark-Hamiltonian
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in a su�ciently large set of Rydberg states that are close in energy. Subsequently we diagonalize
the combined Zeeman-Stark Hamiltonian to obtain the atomic energies. If we plot these
energies as a function of the applied �eld Eapp, we can well reproduce the peak positions in
the experimental spectra for a given set of stray electric �elds (Ex , Ey , Ez). For example, the
measurement in Figure 7.5(a) yields (Ex , Ey , Ez)=(5,8,22)V/cm. We �nd a similar value for Ez
by an independent measurement for 25s1/2.
�e extracted stray �eld values Ez are plotted in Figure 7.5(c), which shows a strong increase

in electric �eld from 22V/cm to 45V/cm with decreasing distance to the surface.�e observed
�elds are about one order ofmagnitude larger thanwhatwas found in a previous chip experiment
with a plain Au-surface [46]. Our measurement shows that the stray �elds’ z-component points
away from the surface.�is is consistent with a �eld induced by Rb ad-atoms [46, 49].�e
electric �eld above the center of a Gaussian patch of Rb ad-atoms can be described in the
z-direction as [46]

Ez =
d0
2wε0

[−Z + e
1
2 Z

2
√

π
2
(1 + Z2)Erfc( Z

√
2
)] (7.1)

with the e−1/2 patch radiusw, d0 the peak dipole density, Erfc the complementary error function,
and Z = z/w. When we �t this expression to our data in Figure 7.5(c), we retrieve a patch radius
w = 70 µm and a peak dipole density d0 = 1.2 × 107Debye/µm2. Assuming a dipole moment of
12 Debye per ad-atom [49], we retrieve an average ad-atom spacing of 1 nm, which is comparable
to the value found in [49], but an order of magnitude smaller than what was found in [46].�e
gradient at a height of 134 µm above the center of the patch is ∂Ez/∂z = 6200V/cm2.
In order to estimate the x-component of the electric �eld gradient, we further analyze the

measurement in Figure 7.4 taken at a distance of 134 µm. In this measurement the 480nm
laser was pulsed for 200ms (see Sec. 7.3.3) and the 780nm laser for 100 µs. Instead of de�ning
a region-of-interest (ROI) that includes the entire excitation beam area [the “hole” square
in Figure 7.1(c)], we divide this ROI into smaller areas in the x-direction, each 10 µm wide,
and plot the spectrum for the di�erent sub-areas (Figure 7.6). A strong change in transition
frequency is visible over only 100 µm. In order to extract the corresponding �eld gradient, we
use the theoretical description of the atomic energy levels assuming a linear �eld gradient in
the x-direction. From that we can extract a gradient value of ∂E/∂x = 3500V/cm2, comparable
to the value found for the z �eld gradient. We do not observe a gradient in the y-direction,
possibly because we are naturally limited by the smaller cloud size in that direction.
Our atom chip features a 200nm thick micro-structured FePt layer beneath the Au coating.

�e FePt layer is magnetized, such that, together with a homogeneous external magnetic �eld, it
creates both a square and hexagonal lattice of magnetic micro-traps close to the surface. Details
of the chip design and the trapping procedure are given in reference [55]. In order to obtain
data close to the surface (∼ 10 µm), where the magnetic trapping potential is in�uenced by the
magnetic micro-traps, we change our excitation scheme to obtain a higher Rabi frequency.
Contrary to the rest of the measurements in this paper, we tune our lasers on resonance
(∆ = 0MHz) with the intermediate 5P3/2, F = 3 level, leading to a two-photon on-resonance
transition with much higher Rabi frequency to the 25s1/2 state.�e imaging laser is used here
for the excitation to the intermediate level at 780nm with a pulse time of 100 µs.�e 480nm
laser is on for 200ms. Figure 7.7 shows optical density images while changing the frequency
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Figure 7.5: Depletion spectrum of the 23d5/2 Rydberg state taken at distances of (a) 169 µmand (b) 134 µm
from the surface for di�erent applied �elds Eapp in the z-direction, showing a clear dependency
of the overall frequency shi� of the spectrum on the applied �eld.�e solid lines are theoretical
predictions for the peak positions based on the method described in the text, where the stray
�eld parameters have been chosen to best match the observed spectral dependency on Eapp.
(c) Extracted stray �eld values in the z-direction, together with a �t based on the electric �eld
of a Gaussian patch of Rb ad-atoms (see text).

of the 480nm laser or the applied electric �eld Eapp. As in Figure 7.1(c) atoms excited to a
Rydberg state are lost and appear as a hole in the cloud.�e size of this hole is much smaller
than the laser beam diameters.�e hole thus marks where the excitation is resonant. We use
two di�erent trap con�gurations: a macro-wire trap where the lower part of the atomic cloud
is already in�uenced by the micro-trap potential [Figure 7.7(a)-(f)], and atoms con�ned in the
micro-traps [Figure 7.7(g)-(i)]. In those images, a change in excitation frequency results in a
spatial translation of the depletion area in the y-direction. Similarly, a change in applied �eld
Eapp leads to a spatial shi� in the same direction.�is points at strong electric �eld gradients in
the y-direction. Remarkably, the transition frequency changes by 100MHz over a distance of a
few tens of micrometers, corresponding to a gradient of about ∂∣E∣/∂y = 1700V/cm2. Varying
the applied voltage on the lens, the depletion area traverses only half of the cloud, which suggests
that we only cancel the Ez with strong �elds Ex , Ey still present. For our measurements at that
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Figure 7.6:Depletion spectra of the 23d5/2 Rydberg state for equally spaced 10 µm wide sub-areas along
the x-direction in the area marked as “hole” in Figure 7.1(c).�e strong position dependence
indicates a strong electric �eld gradient in the x-direction. �e theoretical lines assume a
linear �eld gradient in the x-direction.

small distance, the spatial depletion changes from shot to shot, and the involved frequencies
from day to day, making a quantitative analysis unreliable.

7 .3 .2 Reduction of the stray electric �elds

�e presence of strong stray electric �elds and gradients near the surface poses an obstacle
for exciting Rydberg atoms at the chip. Reducing these �elds is crucial to our goal, and we
investigate several methods for removing the source of these �elds.
One method, as suggested in [49], is to excite all the atoms in the MOT to a Rydberg

state, which will lead to subsequent ionization of a large fraction of the excited atoms. �e
resulting charges can settle on the surface and compensate for the electric stray �eld. Contrary
to the �ndings in [49], where a low number of electrons signi�cantly reduces the positive
ad-atom �eld, we do not see any compensation e�ect. Looking at the di�erences between the
experiments, a possible explanation might be that we do not have a bulk mono-crystalline layer
of SiO2, and that the exposure of the surface to the excitation lasers might remove the free
charges.
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Figure 7.7:Optical density images normalized to the same value close to the atom chip surface, such that
the magnetic micro-traps are in�uencing the magnetic trapping potential. Atoms which are
excited to the 25s1/2 Rydberg state are lost and appear as a hole in the cloud. Here, the detuning
is relative to an independent electromagnetically induced transparency measurement. (a-c)
Changing the frequency of the 480nm excitation laser changes the position that matches
the excitation frequency, due to electric �eld gradients. (d-f) Changing Eapp changes the
excitation position. Images (a-f) were taken with the cloud ∼ 15 − 20 µm from the surface.
�e main potential is supplied by a macroscopic z-shaped wire, but the lattice created by the
permanent magnet layer on the atom chip is starting to be visible. (g-i) Exciting to Rydberg
state while the atoms are trapped by the magnetic lattice, only ∼ 10 µm from the surface.�e
depletion is much weaker compared to (a-f), and only visible as a dark shading in the image.
�e �eld-of-view of all the images is 300 by 200 µm in the x- and y-directions, respectively.

In a second attempted method we deliberately deposit large atomic clouds on the surface, as
it was found in [48] that a more homogeneous layer of adsorbed atoms can decrease the stray
�elds. In our case, however, this procedure increases the stray �elds.
As a third method, we illuminate the atom chip with UV light at 365nm as we expect UV

light to in�uence the surface ad-atoms via the light-induced atomic desorption (LIAD) e�ect
[228, 229].�e UV light is provided by an array of nine 1W LEDs, which is brought in close
proximity to the vacuum quartz cell with the UV light partially collimated towards the chip
surface.�e LEDs are switched on during the entire MOT stage of the experimental procedure
(8 s out of 20 s), but switched o� before themagnetic trapping to reduce the background pressure
and increase the in-trap lifetime.�e UV light largely increases the number of magnetically
trapped atoms before the excitation pulse, due to LIAD from the vacuum quartz cell walls,
releasing a lot of additional Rb atoms. To quantify the e�ect on the electric stray �elds, we
perform the same measurements as in Figure 7.5.�e results are shown in Figure 7.8(a,b), and
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Figure 7.8:Normalized depletion spectra of the 23d5/2 Rydberg state at two heights [(a): 169 µm and
(b): 134 µm] and with di�erent applied external electric �elds while using the LEDs (LEDs
have been switched on for the �rst time on the day this data was taken).�e spectrum for
Eapp = 0 in (a) is shown in Figure 7.1(d) as well, and indicates small (< 1V/cm) electric stray
�eld at that height. A clear reduction in the stray electric �eld is visible a�er using the UV
light, but the �eld does not vanish completely. (c)�e extracted electric stray �eld value Ez in
z-direction plotted against the distance to the surface. Compared to Figure 7.5(c) the �eld is
strongly reduced.

show a spectrum with small electric stray �eld at 169 µm, as indicated by the equally spaced
depletion peaks. As shown in Figure 7.1(d), the level spacing is consistent with the Zeeman
splittings. If we decrease the distance, we �nd an increasing electric �eld. In general, even
though the data is less well reproduced by our theory a�er using the LEDs, the Ez value can
still be estimated well (compared to Ex,Ey) from the spectrum.�e �eld in the z-direction and
a �t to a Gaussian patch model (Eq. 7.1) are plotted in Figure 7.8(c), showing a strong reduction
compared to Figure 7.5(c), although the �elds are still larger than those of reference [46]. We
can also conclude from the poor �t that the Gaussian patch model no longer represents the
underlying ad-atom distribution.

7 .3 .3 Temporal behavior of the stray �elds

In order to better understand the in�uence of the UV light on the stray �elds, we look at the
temporal dynamics of this e�ect. Within one day of illuminating the cell and the atom chip with
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Figure 7.9:Number of atoms and electric stray �elds in the �rst week of using the UV LEDs at a distance
of 134 µm to the surface. �e electric stray �eld is measured by applying an external �eld,
Eapp , and measuring the excitation spectrum, as in Figure 7.8.�e decay time of the number
of atoms is equal to the increase time of the stray �elds, ∼1 day.�e data marked with an open
blue circle is not included in the number of atoms �t because it belongs to a data set with a
colder, hence smaller, cloud.�e corresponding measurement of the stray �elds is included in
the stray �elds �t because the �eld measurement is independent of the number of atoms.

UV light continuously, leading to a strong initial reduction of stray �elds, the number of atoms
starts to decrease and simultaneously the stray �elds increase.�e reduction of the number of
atoms indicates that the UV illumination cleans the inside of the vacuum quartz cell from Rb
atoms accumulated there. However, it is unclear why this leads to an increase of the stray �elds.
Figure 7.9 shows the reduction of the number of atoms a�er the evaporation stage and the
corresponding increase of the stray electric �eld during the �rst week of operating the LEDs,
at a height of 134 µm. Both exponentials have the same time constant of ∼ 1 day, suggesting a
negative correlation between number of atoms and stray �elds under our operating conditions.
A�er a week of operating the LEDs, the decrease in number of atoms does not leave su�cient
atoms in the magnetic trap for taking spectra. When we increase the background pressure
again by switching o� the LEDs and operating the system normally for several hours, we can
retrieve the original number of atoms. If we then switch on the LEDs we see the same increase
in number of atoms and reduction of stray �elds. At longer time scale the number of atoms
drops and the stray �elds increase, as in Figure 7.9.
In order to show that the reduction of stray electric �elds due to UV light occurs within

one experimental cycle (∼ 20 s) a�er switching on the LEDs, we use the following procedure:
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Figure 7.10: Temporal behavior of the stray �eld as the LEDs are turned on. (a)�e excitation lasers are
on and tuned to the �eld-free frequency [detuning of 20MHz, as shown in Figure 7.1(d)].
Experimental cycle 0 de�nes the �rst cycle with LEDs turned on. In that cycle we observe a
small increase in the number of atomswith corresponding increase in the ratio 1−Nhole/RNref ,
indicating the fast change of the stray �elds. (b-d) Optical density images (�eld-of-view of 100
by 50 µm) corresponding to three experimental cycles: (b) the image taken before turning
on the UV LEDs, (c) the �rst image taken a�er turning on the UV LEDs, and (d) an image
taken a�er a few experimental cycles showing the reduction in the total number of atoms
without a corresponding increase in the stray �elds.

(i) build up Rb pressure by normally operating the system without LEDs, usually for several
hours, (ii) tune the excitation lasers to the low-�eld transition frequency as measured in Figure
7.8, yielding no depletion at all, and (iii) turn on the UV light. In this procedure, the depletion
becomes visible only if the stray �elds decrease. Figure 7.10 is the result of such a procedure,
where the LEDs are turned on in the beginning of experimental cycle 0. An immediate
reduction of the stray �elds in one experimental cycle is visible. A�er a few more experimental
cycles we had to stop the measurement in order to rebuild the Rb pressure.
�e temporal dynamics shown in Figure 7.9 and Figure 7.10 suggest that the dominant e�ect

of the UV light is not the removal of ad-atoms from the surface itself, as the stray �elds increase
again while the UV light is present. We speculate that we in�uence the ad-atom distribution
by increasing the Rb background pressure thereby creating a more uniform or larger layer,
resulting in a decrease of stray �elds.
We also examine the in�uence of the 480nm excitation laser on the stray �elds.�e laser

hits the atom chip surface at normal incidence with a ∼ 40 µm 1/e2 radius. We estimate that
permanent exposure with that laser increases the local surface temperature by ∼ 50K (this
number is based on our laser intensity, surface re�ectivity, and the thermal conductivities of the
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Figure 7.11: Depletion spectra of the 23d5/2 Rydberg state at 169 µm for varying pulse times of the 480 nm
laser.�e laser illuminates the atom chip surface before the 780nm excitation laser creates
Rydberg atoms.�e four spectra are taken for (from bottom to top): no additional 480nm
pulse, 100ms and 200ms long pulses, and continuously open (marked with∞). With in-
creasing pulse length the spectrum is shi�ed to more positive frequencies and more peaks
can be discriminated, indicating smaller stray �elds.

Au �lm, the SU8 layer, and the Si substrate).�is temperature increase can cause desorption
of ad-atoms which reduces stray �elds as shown in reference [49]. In addition, we expect an
e�ect due to LIAD, as the local light intensity is orders of magnitude higher than for the LED
array. If the surface is exposed to the laser for several seconds a�er the excitation pulse and the
imaging sequence, there is no change of the stray �elds in the next shot (∼ 15 s delay). On the
other hand, if the surface is illuminated before the excitation pulse, we measure a reduction of
the electric stray �eld, which increases with the exposure time, as shown in Figure 7.11.
�is reduction is also present in Figure 7.6 and 7.7 compared to Figure 7.5, as those measure-

ments were taken with 200ms long 480nm pulses.�e minimum stray �eld in the x-direction
in Figure 7.6 roughly corresponds to the beam center. Furthermore, in Figure 7.7 the depletion
is only visible in the beam center.�e electric stray �elds corresponding to the detuning of
-116, -76 and -36MHz in Figure 7.7(a-c) are 25, 20.25 and 14V/cm, which is signi�cantly lower
than the �elds in Figure 7.5(c).
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7.4 Discussion and conclusion

In reference [44] electric surface �elds were measured ∼ 10 µm from di�erent surfaces by a
change in oscillation frequency of a Bose-Einstein condensate.�e �elds were attributed to
Rb ad-atoms on the surface. When BK7 glass is used as surface material, the stray �elds are
signi�cantly lower compared to Si or Ti surfaces, less than 1V/cm. Similarly low electric �elds
were found in [230] where fused silica was used as surface material. A low �eld was also found
in micro-metre size glass vapor cells [231]. In contrast to this, measurements with Yttrium [45]
and Au [46, 47] show larger stray �elds which increase with the amount of deposited Rb on the
surface. In comparison, this seems to suggest that a dielectric surface is superior to a metal
surface in terms of stray �elds. However, for our SiO2 coating we �nd stray �elds which are
roughly one order of magnitude larger than for our earlier atom chip with an Au surface [46].
Our �nding is consistent with the measured stray �elds found in [49] for SiO2. Furthermore,
as the sign of the electric dipole moment can be used to distinguish between chemisorbed and
physisorbed ad-atoms [221], our measurements supports chemisorbed ad-atoms compared to
a weaker binding due to van der Waals forces as assumed in [44].�is again is consistent with
[49].
In contrast to the measurements in [49], we do not see a decrease of stray �elds when

producing free charges by Rydberg excitation in the MOT. �is might be related to two
di�erences in the experiments: We do not have amono-crystalline bulk of SiO2, and our 480nm
laser impinges directly on the surface. Both e�ects might interfere with the compensation e�ect
due to a small number of surface electrons observed in reference [49].
We do see an immediate improvement a�er exposing the surface and vacuum cell to UV

light.�e temporal dynamics of that e�ect suggest that rather than directly removing ad-atoms
from the surface, the UV light creates a more uniform layer of Rb atoms by transferring atoms
from the vacuum windows to the chip surface. Such a uniform layer was used in reference [48]
to lower the stray �elds. In our case the increase in Rb background pressure might increase the
adsorbate coverage on the surface [221].�is is also consistent with the observation that the
stray �eld increases again with decreasing background pressure and number of atoms in the
magnetic trap.
Finally, the 480nm laser clearly lowers the local electric �eld around its contact area with

the surface.�is suggests that, in contrast to the UV light, we desorb ad-atoms, either by LIAD
or by a local increase in temperature that was found to lower the stray �elds [45, 49, 221]. It is
important to note that the lowering of the stray �elds is only visible if the surface is exposed to
the 480nm laser immediately before the excitation pulse. Most likely Rb atoms produced in
the next experimental cycle replenish the desorbed ad-atoms.
In summary, we have found that a coating of SiO2 on our Au surface signi�cantly increases

the electric stray �eld compared to a plain Au surface. We can reduce the stray �eld by using
UV-light, but at the expense of the number of atoms in the magnetic trap. It may thus be
possible to strike a balance between these two e�ects and �nd an optimum working point.
Whereas reference [49] shows that a signi�cant decrease of the stray �eld is possible for SiO2
as a bulk material, we could not achieve this improvement, and it is unclear if this is possible
for micro-traps in close proximity to the surface (∼ 10 µm) and in the presence of a high-power
480nm excitation laser. Our results also suggest that heating the surface by a few tens of K is a
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viable option to signi�cantly reduce the stray �elds.�e �ne interplay between the Rb atoms
being adsorbed on the chip surface, the Rb atoms on the vacuum glass cell, and the in�uence
of the UV-light and the temperature-increase causes both fast (single-cycle) and slow (∼day)
changes that need to be carefully considered in future experiment.





CHAPTER 8
Collective e�ects in magnetic

microtraps
Cooperative or collective e�ects in dense atomic samples are known since the work
of Robert Dicke [232], who discovered that a collection of nearly identical atoms,
in the presence of an exciting light �eld, can experience an enhancement (“su-
perradiance”) or a suppression (“subradiance”) in light scattering. For an atomic
sample with density ρ and an incident light wave with wavevector k, collective
e�ects become increasingly in�uential if ρ/k3 ∼ 1. More intuitively, this condi-
tion can be interpreted such that the inter-atom spacing is in the same order of
magnitude as the wavelength of the excitation light. Cooperative e�ects, shi�ing
the scattering transition in frequency, are the Lorentz-Lorenz shi� [233] and the
cooperative Lamb shi� [234].�e �rst can be understood by means of classical
electrodynamics, whereas the latter is a result of the exchange of virtual photons
between the scattering atoms. Both e�ects, which can be derived with the same
formalism, are proportional to the density ρ and have been veri�ed experimentally
[235, 236]. Collective e�ects also in�uence the radiation pressure experienced by
an atomic cloud [237]. Besides these radiative e�ects, dense samples also show
signi�cant collective e�ects related to collisions between the atoms [238], leading
to line shi�s and broadening [239].
A typical system of interest is a N-atom ensemble with a near-resonant incident
laser and only one excitation present. �is corresponds to low excitation limit
and can be achieved with low laser light intensities (far below the saturation
intensity). �e system can be described by means of the single-photon wave
function theory [240], which proves to be equivalent to describing the atoms as a
collection of emitting classical dipoles [241]. An evaluation of the dipole-dipole
interactions beyond a mean-�eld approach shows that there are light induced
correlations present in a sample [242], which suppress the Lorentz-Lorenz and the
collective Lamb shi� in a homogeneously broadened medium [243]. Recently this
assumption was veri�ed for a cloud of cold 87Rb atoms [244].�e dipole-dipole
interactions are predicted to lead to linewidth broadening in samples of average
density (ρ/k3 ≪ 1), where the size, shape and orientation of the sample in�uence
the behavior [245]. For a dense cloud of cold 87Rb atoms homogeneous broadening

129
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of an atomic line and pronounced suppression of scattering was found in reference
[246].
�e magnetic microtraps of our atom chip experiment (see chapter 2) have trap
frequencies of tens of kHz and are �lled with up to 100 atoms having a temperature
of ∼ 10 µK (see section 2.2). �eir properties are comparable to the trapping
geometry presented in reference [246], with atomic densities of ρ > 1014 cm−3.
Hence, we expect to �nd collective e�ects like suppression of scattering at the
780 nmD2-transition line of 87Rb .�ere are, however, crucial di�erences between
the experiments. In reference [246], the atoms are con�ned in an optical dipole
trap, which is switched o� during the excitation pulse. Furthermore, the atoms
are excited on the closed ∣F = 2,mF = 2⟩ → ∣F′ ,mF′ = 3⟩ transition of the D2
line, and the scattered photons are detected as �uorescence. In our apparatus the
atoms are imaged while being trapped, using absorption imaging with a linearly
polarized laser leading to signi�cant optical pumping and linewidth broadening
(see section 3.3). Instead of using the imaging laser, we shine a narrow-linewidth
780 nm laser (see sections 3.3 and 7.2) on our microtraps, which locally results in
the loss of atoms. We examine the behavior of this depletion with increasing laser
pulse length, and make a comparison between two microtrap con�gurations and
the Z-wire trap. �e Z-wire trap serves as a reference for a low density sample
(ρ ∼ 1010 cm−3), where no collective e�ects are expected to occur.
We experimentally observe di�erences between the microtraps and the Z-wire
trap in terms of the temporal behavior of the depletion. However, lacking a full
theoretical understanding of our �ndings, we cannot �rmly ascribe the observa-
tions to collective e�ects in the microtraps. Here, we describe the experimental
procedure, discuss several environmental in�uences on our measurements and
present our preliminary experimental results.
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Figure 8.1: (a) A�er being transferred to the corresponding magnetic trapping con�guration, the 87Rb
atoms reside for a time ttrap in the trap.�en a part of the cloud is exposed for a time tpulse to a
780 nm laser pulse, which leads to local depletion. A�er an extra delay tdelay (speci�ed later) we
image the atomic cloud. (b) Absorption image of both the Z-wire and microtraps taken a�er
laser pulses of duration tpulse = 15 µs and tpulse = 75 µs.�e red rectangle shows an example
for a Region of Interest (ROI) placed at the center of the laser beam. �e atom number is
measured in this ROI and normalized against the atom number in the white reference ROI,
which minimizes the in�uence of shot-to-shot �uctuations in the number of atoms. For these
images we do not apply the fringe-removal algorithm, whereas all other images in this chapter
are processed with this algorithm.

8.1 Experimental methods

8.1 . 1 Experimental sequence

In the beginning of the experimental sequence the atoms are prepared in the ∣F = 2,mF = 2⟩
ground state and trapped in either the Z-wiremagnetic trap or themicrotraps using the sequence
described in section 2.1. A�er a waiting time ttrap, the atomic cloud is exposed to a 780nm laser
pulse of length tpulse (see Figure 8.1).�is laser pulse leads to the local depletion of atoms being
in the absorption images. We use the 780nm laser used for Rydberg excitation as described
in section 3.2.�e laser is stabilized to a high-�nesse cavity with a linewidth of ∼ 10 kHz, the
frequency is scanned using an AOM, which is also used for pulsing.�e laser beam alignment
corresponds to the setup presented in section 3.3, such that the laser beam waist is ∼ 100 µm at
the atomic cloud. As explained in section 3.3, the laser beam’s focal point is positioned behind
the chip, such that the beam is convergent.�e beam is partially re�ected back into the atomic
cloud by the Au layer on the chip. To ensure that the re�ected and incoming beam are of
similar size at the cloud in the Z-wire trap, we position the atomic cloud close (∼ 40µm) to
the surface for the measurements presented in subsection 8.2.2. �is way we prevent areas
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of highly non-uniform laser intensity, which would be the case if the re�ected beam is much
smaller in size than the incoming beam, and we make the results of the microtraps and the
Z-wire trap more comparable with regard to laser beam intensity. Furthermore, by measuring
the size of the depleted area, we verify that the laser beam size is hardly changing at distances
up to 100 µm from the surface, which is consistent with theoretical predictions. As the overlap
between incoming and re�ected laser beam is expected to establish a standing wave pattern, we
look for possible in�uences on the depletion for the tightly con�ned microtraps. We scan the
external magnetic bias �eld to change the distance of the microtraps to the surface, without
noticing any di�erence in the depletion. We ascribe this to the thermal motion of the atoms
during the excitation pulse, probing areas of di�erent intensity inside the standing wave and
thereby averaging out the intensity changes.
With a delay tdelay a�er the laser pulse (tdelay will be speci�ed in subsection 8.1.2), we image

the atoms using absorption imaging as described in section 3.3, detecting the atoms in the F = 2
ground state. Our theoretical model presented in Figure 3.16 indicates that we underestimate the
atom number by roughly a factor of 3 due to the multi-level structure of the imaging transition.
�is implies that the atomic density is higher by the same factor. Even with this correction, we
do not expect any collective e�ects in the Z-wire trap. As this factor is not yet experimentally
veri�ed, we just point at the likelihood that we underestimate the atomic density.�is, however,
should not in�uence measurements of relative changes in the number of detected atoms, and
the principal di�erence between the Z-wire trap and the microtraps.
For the measurements presented in this chapter we apply the fringe-removal algorithm

as described in section 2.2, which greatly enhances the signal-to-noise ratio. Furthermore,
as for the measurements in section 7.3, we use the fact that we can reduce the in�uence of
shot-to-shot �uctuations in atom number by normalizing the atom number in the depleted
area to a reference area inside the atomic cloud. We refer to this as normalized atom number in
this chapter.
�e laser beam is positioned inside the hexagonal part of the microtrap lattice throughout

this chapter. In section 8.2 we use two microtrap con�gurations, named trap A and trap B,
which di�er by the choice of the external magnetic bias �eld. Trap A and B di�er signi�cantly
in the magnetic trap bottom, which is measured to be 5.59(5)G for trap A and 1.88(3)G for
trap B as measured by RF-spectroscopy (see Eq. (2.3)). Numerically, we �nd the theoretical
trap bottom according to Eq. (2.15) to be 5.68G and 1.87G, respectively, in good agreement
with the measurements.�e simulated trapping frequencies of the traps according to Eq. (2.11)
are (ωx ,ωy ,ωz) = 2π×(25, 22, 6)kHz and 2π×(39, 38, 5)kHz. For a trap �lled with 100 atoms
at 10 µK [as measured in Figure 2.6], the two trapping con�gurations correspond to atomic
densities of 2 × 1014 cm−3 and 4 × 1014 cm−3.

8 . 1 .2 Excited states and decay channels

In the beginning of the experimental sequence the atomic population resides in the ∣F = 2,mF = 2⟩
ground state. �e atoms are then exposed to laser light at the D2-line of 87Rb , resonant to
either the F′ = 1, F′ = 2 or F′ = 3 excited state.�e laser light is in an equal superposition of σ+
and σ− polarization in the quantization axis set by the magnetic �eld in the trap minimum.
Hence, the atomic population is excited to the ∣F′=1,mF′=1⟩ state, the ∣F′=2,mF′=1⟩ state or the
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Figure 8.2:�is diagram shows the 5s1/2 , F = 1 and F = 2 ground state manifolds of 87Rb , as well as the
5p3/2, F′ = 1 − 3 excited states’ manifolds. �e blue dot indicates the ∣F=2,mF=2⟩ ground
state, in which the atomic population is initially prepared.�e red lines indicate the 780 nm
laser in resonance with the F′ excited levels in the quantization axis set by the magnetic �eld.
�e Zeeman sublevels are connected with lines corresponding to possible dipole allowed
transitions.�e respective transition strength is represented with a number at that line, where
the transition strength of the ∣F=2,mF=2⟩→ ∣F′=3,mF′=3⟩ is normalized as 1.

∣F′=3,mF=1⟩ / ∣F′=3,mF′=3⟩ state, respectively. In Figure 8.2 we diagrammatically show all di-
pole allowed transitions for the atomic levels involved. Evidently, there is a qualitative di�erence
between excitation to the F′ = 1 and F′ = 2 states on one hand, and the F′ = 3 state on the other
hand. In the �rst case, the atomic population partly decays to the F = 1 ground state, whereas
in the latter case the atomic population resides in the closed F = 2→ F′ = 3 transition. Atoms
in the F = 1 state are far o�-resonant for the imaging transition, such that these atoms cannot
be imaged and appear to be lost from the atomic cloud. Looking at the respective transition
strengths in Figure 8.2, we can conclude that atomic population excited to the ∣F′=1,mF′=1⟩
state predominantly decays to the F = 1 ground state. A�er a few scattering events the atoms
are lost from the absorption image. In addition, they are also transferred to magnetically
non-trappable states (∣F=1,mF=1⟩ and ∣F=1,mF=0⟩). On the contrary, the atomic population
excited to the F′ = 3 state predominantly scatters along the closed ∣F=2,mF=2⟩→ ∣F′=3,mF′=3⟩
transition, but will eventually undergo optical pumping to other mF states. As ∣F=2,mF=0⟩,
∣F=2,mF= − 1⟩ and ∣F=2,mF= − 2⟩ are magnetically non-trappable states, atomic population
in these states escapes from the trap. To summarize, the depletion visible in the absorption
image in Figure 8.1 is expected to be caused by two di�erent mechanisms: decay to the F = 1
ground state, or decay to a magnetically non-trappable state.�e �rst e�ect is expected to be
dominant for the excitation to the F′ = 1 and F′ = 2 state, whereas the latter should be the main
loss channel for excitation the the F′ = 3 state.
In order to better distinguish between these two e�ects, we measure the in�uence of tdelay

as de�ned in Figure 8.1. We expose the atoms in either the Z-wire or the microtraps to the
laser light, and take an absorption image with a delay tdelay a�er the pulse.�e corresponding
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Figure 8.3: (a) Detected number of atoms in the depleted area as a function of the time tdelay between the
laser pulse and the imaging sequence.�e measurements reveal a striking di�erence between
the excitation to the F′ = 1 and the F′ = 3 state, as well as between the Z-wire trap and the
microtraps. A�er excitation to the F′ = 1 state the atoms are almost immediately lost from the
trap, whereas the F′ = 3 state shows a slow decay. In the Z-wire trap the depleted area is �lled
by the remaining atoms in the trap, which does not occur in the microtraps. (b) Absorption
images taken with t1 = 100 µs and t2 = 4ms delay.�e images show that the atomic cloud at
t1 is locally enlargened for excitation to F′ = 3, whereas for F′ = 1 the corresponding area is
fully depleted.

measurement for excitation to the F′ = 1 and F′ = 3 state is shown in Figure 8.3(a) (excitation
to the F′ = 2 state yields a result similar to F′ = 1).�ere is a clear di�erence between F′ = 1
and F′ = 3. While the atoms appear immediately lost a�er the excitation pulse to F′ = 1, there is
a signi�cant amount of atoms le� a�er excitation to F′ = 3. Furthermore, for F′ = 3, there are
fewer atoms visible with increasing tdelay (note: in case of the Z-wire trap, the local depletion
gets replenished by the remaining atoms inside the trap.�is e�ect is similar for both F′ = 1
and F′ = 3.) In case of the microtraps, the atoms decay exponentially with a decay constant of
∼ 1ms−1.
�is behavior can be qualitatively understood by looking at the absorption images in Fig-

ure 8.3(b), taken at a delay time of t1 = 100 µs and t2 = 4ms for both excitation paths. At
t1 = 100 µs and excitation to F′ = 1, the atomic cloud is locally fully depleted in both the Z-wire
trap and the microtraps. For the excitation to F′ = 3, however, we see that the atoms are spread
out over a larger area where the excitation beam hits the respective trapping geometry. In
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Figure 8.4: (a) Number of atoms in the depleted area a�er excitation to F′ = 1 as a function of tpulse for
di�erent laser powers.�e number of atoms decreases with tpulse , and the decay is faster with
higher laser powers.�e solid lines represent a �t of an exponential decay curve to the data.
(b) Decay rate as obtained from the �ts in (a) as a function of the laser power.�e decay rate
increases nearly linear for laser powers < 100 nW, and seems to reach saturation at higher
laser powers. �e solid line represents a �t based on the saturation behavior of an atomic
transition.

case of the microtraps, the underlying microtrap structure is locally not visible anymore. At
t2 = 4ms, both excitation paths yield similar absorption images.
�ese observations are consistent with the assumptions made above. Atoms excited to F′ = 1

quickly decay to the F = 1 ground state and vanish from the absorption image. On the contrary,
atoms excited to F′ = 3 get transferred to magnetically non-trappable states by means of optical
pumping.�ey can still be imaged, but escape from the trap, which is visible as a local increase
in size of the atomic cloud. As the depleted area in the Z-wire is replenished by the remaining
atoms, and the atoms have not yet fully escaped from the trap for F′ = 3, the depletion appears
weaker compared to F′ = 1.
With these measurements we can understand the qualitative di�erence between the di�erent

excitation paths.�is di�erence is a consequence of the decay channels and transition strengths
presented in 8.2. In order to obtain maximal depletion in all measurements in this chapter, we
�x tdelay = 200µs for F′ = 1 and F′ = 2, and tdelay = 2ms for F′ = 3.

8 . 1 .3 Dynamical e�ects

Saturation intensity

In order to avoid e�ects like power broadening in our measurements and to make sure that
we are in the low excitation limit, we need to calibrate the power of our excitation laser.�is
calibration is necessary as we can only estimate the attenuation of the 780 nm laser beam caused
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by the in-vacuum optical components. Furthermore, the laser beam size at the atomic cloud
is only indirectly known, for example through the size of the local depletion. For a closed
transition, like ∣F=2,mF=2⟩ → ∣F=3,mF′=3⟩, the laser power can be calibrated by the width
of the atomic line. �e intensity I (and then trivially the laser power) of the laser can be
referenced to the saturation intensity Isat of the respective atomic transition.�e signal S of an
atomic spectral line (ignoring Doppler broadening) with frequency ω0 and scattering rate Γ, as
response to a laser with frequency Ω is a Lorentzian pro�le:

S ∝
I/Isat

1 + (2∆/Γ)2 + (I/Isat)
, (8.1)

with ∆ = ω − ω0.�is pro�le has a FWHM of Γ
√
1 + I/Isat, so that I can be calibrated against a

measurement of the linewidth.
For our measurements, however, this method cannot be directly applied, as other broadening

e�ects partially mask the saturation broadening. Atoms excited to F′ = 1 and F′ = 2 decay
to the F = 1 ground state, such that our excitation scheme corresponds to an open system,
and undergoes optical pumping to di�erent mF levels. Excitation to F′ = 3 implies optical
pumping as well, which leads to an e�ective broadening in conjunction with the magnetic
�eld of the respective trap. Instead, we look at the temporal dynamics of the decay for the
example of the F′ = 1 state. Atomic population excited to the ∣F′=1,mF′ = 1⟩ state decays
predominantly to the F = 1 ground state. Hence, we can simplify the problem by assuming that
atomic population transferred to ∣F′=1,mF′ = 1⟩ can be regarded as being lost from the system.
In this case, saturation of the ∣F=2,mF = 2⟩→ ∣F′=1,mF′ = 1⟩ transition should correspond to
a slower-than-linear increase of the amount of depleted atoms with increasing laser power.
In the measurement presented in Figure 8.4(a) we look at the temporal dynamics of number

of atoms inside the depleted area with increasing pulse time tpulse for di�erent laser powers
measured outside the vacuum apparatus.�e measurements are performed in the Z-wire trap,
where no collective e�ects are expected to be present.�e detected number of atoms decreases
with increasing tpulse and increasing laser power. We approximate the temporal dynamics
at each laser power with an exponential decay of type a exp(−α ⋅ t) + c, with a decay rate α
and �tting parameters a and c. �e resulting decay rates α at each laser power are plotted
in Figure 8.4(b). For low laser powers there is a linear dependence, which goes over into
saturation at higher laser powers. �e solid line is a �t assuming a lineshape according to
Eq. (8.1), suggesting that at a laser power of about 220 nW we reach the equivalent saturation
intensity Isat of the respective transition. For the measurements presented later in this chapter,
we usually choose an excitation laser power of around 50 nW.

Untrapped atoms

For the depletion measurements in the microtraps we �nd that the time ttrap (the time the
atoms reside in the trap before the excitation pulse, see Figure 8.1) strongly in�uences the
outcome of the result. Hence, it is crucial to understand the underlying mechanism, so that it
does not conceal possible collective e�ects in the microtraps. In the measurement presented in
Figure 8.5(a) we examine the in�uence of ttrap on the detected atom number without using the
780 nm excitation laser.�is way we e�ectively measure the lifetime of the atoms inside the
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Figure 8.5: (a) Number of atoms measured in the microtraps designated A and B without the depletion
pulse for di�erent dwell times ttrap . Everymeasurement point is the average of two independent
measurements. �ere are two di�erent regimes with di�erent decay constants: a very fast
decay for ttrap < 10ms and a slow decay for ttrap > 20ms. (b) Absorption images of trap B
taken for ttrap = 1ms and ttrap = 15ms.�e image at ttrap = 1ms shows a halo of untrapped
atoms around the microtraps.�ese atoms account for the fast decay at short trap lifetimes,
and are not visible at ttrap = 15ms and longer lifetimes.

microtraps. In the trapping con�gurations named A and B we encounter two regimes with very
di�erent decay constants. In the beginning, we have a fast decay with a decay constant of about
10ms−1 (note: this fast decay cannot be ascribed to three-body decay, as expected decay rates
would be about 1Hz). For ttrap > 20ms we observe a much slower decay which is consistent
with previous lifetime measurements in the microtraps [63].�is slower decay with a decay
rate of about 1 s−1 is governed by one-body decay of 87Rb atoms with the background pressure
and 87Rb three-body decay due to the high density of the microtraps.
In order to understand the fast initial decay, one has to refer to individual absorption images

taken at di�erent times ttrap as shown in Figure 8.5(b).�e image taken at ttrap = 1ms reveals
a halo of untrapped atoms around the microtraps. �ese atoms remain from the loading
sequence as explained in section 2.1, without being con�ned in the microtraps. Most likely,
their temperature is so high that they eventually escape the microtraps. At ttrap = 15ms these
untrapped atoms are not visible anymore in the absorption image, which by then only features
well distinguishable individual microtraps. Hence, the initial fast decay can be ascribed to
untrapped atoms which disappear from the absorption image, most likely due to interactions
with the nearby surface (at about 10 µm distance).
�e untrapped atoms are likely to in�uence the outcome of the depletion measurements.

In order to verify that assumption, we measure the temporal dynamic of the depletion with
increasing pulse length tpulse. One measurement is performed at ttrap = 2ms (where the
untrapped atoms are still present at the time of the excitation), the other at ttrap = 20ms (where
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Figure 8.6: (a) Number of atoms as a function of tpulse for the microtrap con�gurations A and B, with a
delay time tdelay of either 2ms or 20ms. For tdelay = 2ms, the atoms in the two traps decay
at very di�erent rates, whereas they behave nearly identical for tdelay = 20ms. (b) Number
of atoms measured for a collection of small ROIs around the actual microtraps positions
in con�guration B (“sites”), and for ROIs measuring the number of atoms in between the
actual traps (“holes”).�e holes are aimed at measuring the untrapped atoms, visible as halo
in Figure 8.5.�e atoms inside the microtraps decay at a faster rate compared to the atoms
measured inside the holes, while the decay rate is independent of tdelay .�e slowly decaying
untrapped atoms account for the di�erence between con�guration A and B in (a).

these atom are no longer present). �ese measurements are shown in Figure 8.6(a) for the
trapping con�gurations A and B.�e excitation laser is resonant with the F′ = 1 excited state.
Trap A and B have very di�erent decay constants for ttrap = 2ms. Atoms in trap B decay at a
much slower rate. At ttrap = 20ms, however, both traps decay at the same rate, which is similar
to the one for trap A at ttrap = 2ms. We ascribe the slowing of the decay for trap B to the
presence of the untrapped atoms.�e untrapped atoms experience a magnetic �eld dominated
by the microtrap potentials, such that they are exposed to high magnetic �eld gradients.�is
results in an e�ective energy shi� due to the Zeeman e�ect, and renders the untrapped atom
o�-resonant from the excitation laser.�is, in return, implies a slower decay. Trap B has a lower
trap bottom and hence larger �eld gradients, which seems consistent with the observation that
the e�ect is more pronounced for this trap.
We can verify our assumptions by separating the role of the trapped and untrapped atoms

in the measurement. Instead of just summing the number of atoms inside the depleted area,
we de�ne a collection of small ROIs around the microtrap positions [referred to as “sites”
in Figure 8.6(b)], and a similar collection (referred to as “holes”) in the space between the
microtraps.�e �rst collection is assumed to predominantly capture the e�ect of the trapped
atoms, whereas the latter should be dominated by the untrapped atoms. �e measurement
in Figure 8.6(b) for trap B shows that there is indeed a di�erence in decay rate between these
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Figure 8.7:Normalized atom number in the depleted area as a function of the frequency of the 780 µm
laser a�er excitation to the F′ = 3 excited state. �e laser pulse length is tpulse = 30 µs at
70 nW laser power.�e plots show the corresponding measurement inside the Z-wire trap
and inside the microtraps. In both cases a con�guration with a high magnetic trap bottom
(∼ 10G) is chosen, which allows for the separation of the two dominant peaks. We attribute
these two peaks to the ∣F=2,mF= − 2⟩→ ∣F′=3,mF′= − 3⟩ and ∣F=2,mF=2⟩→ ∣F′=3,mF′=3⟩
transitions, which we would expect at -14 and +14MHz for this trap bottom.

two collections of ROIs. �e atoms in the collection “holes” decay at a signi�cantly slower
rate than the atoms in the collection “sites”. Furthermore, the di�erence in decay rate is also
independent of ttrap, even though the number of atoms in “holes” strongly decreases.
As we have found that the untrapped atoms in�uence the decay rate of the atoms in the

depleted area, we have to ensure that they do not spoil our measurements with regard to
possible collective e�ects. �erefore, we set ttrap = 20ms in the subsequent measurements
in this chapter.�is way we ensure that the large majority of untrapped atoms are no longer
present and do not slow down the depletion of the atoms [see Figure 8.6(a)].

8.2 Experimental results

8.2 . 1 Linewidth measurements

Reference [246] shows that collective e�ects lead to a broadening of the ∣F=2,mF=2⟩ →
∣F=3,mF′=3⟩ transition of 87Rb with increasing atomic densities. It seems obvious to look for a
similar e�ect in our measurements. However, as explained in section 8.1.3, our measurements
are largely complicated due to optical pumping, the presence of magnetic �elds, and decay to
the F = 1 ground state. We probe the linewidth of the ∣F=2,mF = 2⟩→ ∣F′=1⟩ / ∣F′=2⟩ / ∣F′=3⟩
transitions by scanning the 780 nm laser across the transition and measuring the resulting
depletion of atoms. We choose to measure the number of atoms in a ROI which is smaller than
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the beam waist, such that we minimize the e�ect of di�erences in laser beam intensity.�e
measurements presented here take usually up to several hours, during which the number of
atoms in the respective trap undergoes strong �uctuations (change in the background pressure
in the loading sequence, instabilities in the cooling lasers, etc.). In order to limit the in�uence
of these �uctuations, we normalize the number of atoms in the depleted area against a ROI in
another part of the atomic cloud, greatly enhancing the signal to noise ratio as in chapter 7. Fur-
thermore, we rescale all the normalized number of atoms using the the maximal and minimal
value to values between 0 and 1. In all the measurements presented in this section, we perform
this rescaling as we use di�erent tpulse, di�erent laser powers and trapping con�gurations. It
should be noted that even for maximal depletion (corresponding to a rescaled value 0) we make
sure that there is a �nite number of atoms le� to avoid saturation e�ects.

Excitation to the F′ = 3 excited state.

We veri�ed in subsection 8.1.2 that the excitation to F′ = 3 is qualitatively di�erent, as we have a
closed transition ∣F=2⟩→ ∣F′=3⟩, and the depletion is caused by optical pumping to untrapped
mF states. As there is a sub-structure present in the measured transition line, we perform the
measurements in a Z-wire trap and microtraps with high magnetic trap bottom of about 10G.
�is way we are able to better separate the two distinct peaks visible in Figure 8.7. We attribute
the depletion peak at lower frequencies to the ∣F=2,mF= − 2⟩ → ∣F′=3,mF′= − 3⟩ transition,
and the one at higher frequencies to the ∣F=2,mF=2⟩ → ∣F′=3,mF′=3⟩ transition. �e �rst
transition is only accessible a�er atomic population is optically pumped to ∣F=2,mF= − 2⟩
state.�is process is weaker than the strong ∣F=2,mF=2⟩→ ∣F′=3,mF′=3⟩ transition, but more
e�cient in terms of trap loss as the atoms reside in magnetically non-trappable mF states. We
attribute the fact that we see loss at the ∣F=2,mF=2⟩→ ∣F′=3,mF′=3⟩ transition to heating of
the atoms during the excitation pulse.
�e linewidth measurements con�rm the role of optical pumping for this transition. Fur-

thermore, the transition is signi�cantly broader for the microtraps compared to the Z-wire trap.
Naively, one could attribute this broadening to the presence of collective e�ects. However, we
saw in Figure 8.3 that the atoms escape from the trap due to optical pumping to non-trappable
states or heating. For themicrotraps, the atoms experience strongmagnetic �eld gradients while
leaving the traps during the pulse, which results in signi�cant broadening of the atomic line.
�is e�ect should be less pronounced in the macroscopic Z-wire trap. We cannot independently
quantify the broadening due to changing magnetic �elds, and moreover, we cannot distinguish
the broadening due to collective e�ects from this. �erefore, we do not pursue to look for
cooperative e�ects in the excitation to the F′ = 3 excited state.

Excitation to the F′ = 1 and F′ = 2 excited states.

Similar measurements for the excitation to F′ = 1 and F′ = 2 shown in Figure 8.8 only feature
one distinct peak. We crosscheck this observation in a trap with higher trap bottom, which
does not reveal any further substructure.�is observation is consistent with our reasoning for
the F′ = 1 state in section 8.1.3, that the ∣F=2,mF=2⟩ → ∣F′=1,mF′=1⟩ transition resembles a
two-level system, as atomic population transferred to ∣F′=1,mF′=1⟩ can be regarded as lost from
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Figure 8.8:Normalized atom number in the depleted area as a function of the frequency of the 780 µm
laser a�er excitation to the F′ = 1 and F′ = 2 excited state. �e measurements are shi�ed
in frequency for better comparison.�e laser pulse length varies between tpulse = 30 µs and
tpulse = 150 µs at 70 nW laser power.�e microtraps used for the measurement at F′ = 2 cor-
respond to con�guration B.�e individual measurements have been �tted with a Lorentzian
function.

the absorption image.�e depletion measurements in Figure 8.8 can be well approximated
by a Lorentzian function. �e �ts yield a FWHM of Γ = 7.92(39)MHz, Γ = 11.30(21)MHz
and Γ = 19.63(63)MHz for the measurements of F′ = 1, and Γ = 17.36(58)MHz and Γ =

20.63(62)MHz for the measurements of F′ = 2. In general, all measurements have a linewidth
which is larger than the natural linewidth of Γ = 6MHz.�e measurements for F′ = 1 suggest
that the linewidth increases with a longer pulse length tpulse, which could be related to optical
pumping e�ects.�e linewidths for F′ = 2 is signi�cantly larger than the one for F′ = 1 at similar
pulse times. Looking at Figure 8.2, this behavior can be related to the fact that atomic population
is more widely distributed to other mF levels a�er excitation to ∣F′=2,mF′=1⟩, compared to the
excitation to ∣F′=1,mF′=1⟩. Overall, the measurements do not reveal a conclusive di�erence
between the Z-wire trap (as a reference for a low-density sample) and the microtraps with
regard to the linewidth.�e measured linewidth is signi�cantly broadened compared to the
natural linewidth of the transition, for the Z-wire trap and for the microtraps, which might
be related to the multi-level structure of the transition. Hence, the linewidth of the atomic
transition is not an appropriate measure to look for collective e�ects in the dense microtrap
traps. As the pulse time has a large in�uence on the measurement, we choose instead to look at
the depletion dynamics to �nd di�erences between the Z-wire trap and the microtraps.

8 .2 .2 Decay curves

We examine the temporal dynamics of the depletion involving the F′ = 1 and F′ = 2 excited
state, for the microtrap con�gurations denoted A and B, as well as for the Z-wire trap. For
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Figure 8.9: Absorption images of the Z-wire atomic cloud and the microtraps.�e red rectangle marks
in both images the 50 × 48 µm ROI placed in the center of the laser beam.�is ROI is again
divided in 6 equally spaced ROIs along the short axis of the cloud.�ey are labeled 1 to 6,
and the atom number is evaluated in each of them individually.

di�erent detunings of the 780 nm depletion laser, we measure the number of atoms in the
depleted area as a function of tpulse. �roughout this chapter, a frequency of 0MHz refers
to the frequency of the 780 nm laser which results in maximal depletion. �is frequency is
dependent on the excited state involved and the trapping con�guration (due to di�erences in
magnetic trap minimum).�e Z-wire trap and the microtraps are slightly shi�ed with respect
to each other, which is a result of the loading sequence.�is shi� is small compared to the waist
(1/e2 radius) of the 780 nm laser beam.�e Z-wire cloud is positioned close (about 40 µm) to
the atom chip surface, which ensures that the laser beam waist is of comparable size for the
trapping con�gurations and that the retro-re�ected beam overlaps with the incoming beam.
In order to look for density related e�ects in the microtraps, we subdivide an area around

the center of the laser beam into a collection of 6 independent ROIs (see Figure 8.9), each
of them 50 µm wide and 8 µm high.�e individual ROIs are labeled with 1 to 6 as shown in
Figure 8.9. With this subdivision along the short axis of the cloud, the outermost ROIs (1 and
6) comprise microtraps with lower number of atoms, whereas the ones in the center (3 and 4)
have higher number of atoms.�is di�erence in atom number results from the radial atomic
density distribution of the Z-wire trap in the loading sequence. For the sake of comparison we
use the same subdivision for the Z-wire. In each of the ROIs we analyze the number of atoms
a�er a laser pulse of length tpulse. �is number is normalized against the number of atoms
in a ROI outside the depleted area, which greatly suppresses the in�uence of shot-to-shot
�uctuations (this e�ect is more pronounced in the Z-wire trap).
For a set of detunings spanning 40MHz, we obtain the normalized depletion as a function of

the laser pulse time tpulse.�ere is a noticeable di�erence in decay for short pulse times (tpulse ≤
15 µs) compared to longer pulse times, which seems more pronounced in the microtraps. In
both regimes the time dynamics can be well described by an exponential decay. When plotted
logarithmically as in Figure 8.10 for the example of ROI 3, the normalized atom number
decreases linearly with tpulse in the two regimes. However, the slope di�ers signi�cantly, being
smaller at shorter pulse times. In order to quantify this observation, we subdivide the data
set according to tpulse ≥ 15 µs and tpulse < 15 µs. Each subset is �tted with a linear function,
which yields the respective exponential decay rate. For a detuning of 0MHz, the resulting �t is
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Figure 8.10:�e individual plots show the natural logarithm of the normalized number of atoms in ROI
3 as a function of tpulse (note: the maximal values is about -2 due to the larger number of
atoms in the reference area used for the normalization).�e measurements are performed
for di�erent trapping con�gurations and excitation to either F′ = 1 or F′ = 2. We show a
subset of the measurements taken at the laser detunings of 0, 4 and −8MHz (note: 0MHz
corresponds to the laser frequency with maximal depletion for each trap).�e data points
for tpulse ≤ 15 µs and tpulse > 15 µs are �tted independently with a linear curve (solid and
dashed, respectively), representing the two di�erent regimes in exponential decay.�ese
curves are shown here for a detuning of 0MHz.

shown in Figure 8.10 for both excited states and all trapping con�gurations. For the other laser
detunings we repeat the exact same procedure, for every trap, excited state and ROI. It should
be noted that the choice of tpulse = 15 µs for the division of the data set is purely empirical, and
not predicted by any theoretical approach. However, it allows for an easy comparison between
di�erent data sets and captures the two di�erent regimes.
From these measurements, we obtain two decay rates at every laser detuning. We show the

decay rates measured in ROI 3 for the F′ = 2 excited state in Figure 8.11. Clearly, the decay rate
decreases for frequencies di�erent than 0MHz, and is nearly symmetric around that frequency.
�ey can be well approximated by a Lorentzian function, which is �tted to each set of decay
rates.�e decay rates extracted for tpulse ≤ 15 µs have larger error bars compared to the decay
rates for tpulse > 15 µs.�is is a simple consequence of the fact that there are less measurement
values at lower pulse times. For this example, there is a visible di�erence between the two decay
rates in trap A and trap B.�is di�erence is much less pronounced in the Z-wire trap. �e
decay rate extracted for short pulse times is signi�cantly lower than the one at longer pulse
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Figure 8.11:�e data sets show the decay rates as obtained from the �tted linear curve described in
Figure 8.10 for the example of F′ = 2.�e decay rate is plotted against the respective frequency
detuning for every trapping con�guration.�e data sets for tpulse ≤ 15 µs and tpulse > 15 µs
are �tted with a Lorentzian function indicated by the solid and dashed line, respectively.

times. Taking the Z-wire trap as a reference, the values obtained suggest that there is a slowed
initial decay in the microtraps, which then speeds up to a rate which is higher than the one of
the Z-wire trap.
One could speculate here that this di�erence in behavior is a result of collective e�ects

inside the microtraps. As mentioned before, trap A is predicted to have lower atomic densities
compared to trap B from simulations of the magnetic trapping potentials. However, this is
based on a harmonic approximation of the trapping potential as described in subsection 2.3.1,
which is not accurate for distances far from the trap minimum.�ese distances are probed by
atoms with higher temperature, such that the actual atomic density varies inside the trap.�e
trap bottom of both microtraps is largely di�erent (5.6G compared to 1.9G), while the Z-wire
trap takes an intermediate value of about 2.8G.�is suggests that the visible di�erence is not
simply the result of a shi� in magnetic trap bottom.
A similar analysis as for the example of ROI 3 and F′ = 2 is performed for the full collection

of ROIs, trapping con�gurations and excited states. For each of them, we obtain two sets of
decay rates which are �tted with a Lorentzian function as in the example above. We then extract
the amplitudes of these Lorentzian functions, and plot them against the number of atoms
measured in the respective ROIs.�e summary of all these values is presented in Figure 8.12.
At �rst glance, there is a di�erence between the microtrap con�gurations and the Z-wire trap.
For the latter, with the exception of the central ROIs and the excitation to F′ = 1, the decay
rates for tpulse ≤ 15 µs and tpulse > 15 µs are identical within the size of the error bar. For the
microtraps, however, there is a signi�cant di�erence in the values, which exceeds the width of
the respective error bars. We the exception of the measurements for Trap B and F′ = 2, the data
consistently supports that there is an initial slowed decay, which accelerates for higher pulse
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Figure 8.12:Overview of the decay rates in the depletion measurements for both F′ = 1 and F′ = 2,
obtained for the three di�erent trapping con�gurations.�e decay rate shown is taken from
the amplitude of the Lorentzian �t as depicted in Figure 8.11. �e corresponding value is
plotted against the atom number measured in the respective ROI. Note: the number of
atoms in the microtraps varies, as the measurements for di�erent trapping con�gurations
and excited states were performed at di�erent days with overall changing number of atoms.

times.�e decay rate then exceeds the value measured in the Z-wire trap. Overall, this e�ect is
most pronounced for trap A and excitation to F′ = 2, while being hardly visible for trap B. For
excitation to F′ = 1 both trapping con�gurations support the observation.
Given the striking di�erence between microtraps and Z-wire trap, one is tempted to ascribe

this e�ect to the obvious di�erence in atomic density in both trapping con�gurations, possibly
caused by collective e�ects in the microtraps. However, as there is yet no full theoretical
explanation in terms of collective e�ects, we must exclude other possible di�erences between
themicrotraps and the Z-wire trap, whichmight account for our observations. Amore elaborate
discussion of this topic is given in section 8.4. Our measurement indicate that there is no clear
trend with the number of atoms inside the ROI. With respect to possible collective e�ects,
this might be related to the fact that the atomic densities in the microtraps assigned to the
outermost ROIs are still very high (>1014 cm−3).
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Figure 8.13: Simulated atomic population as a function of tpulse for excitation to either the F′ = 1 and
F′ = 2 excited state. We show the population in F=2,mF=2 (blue lines), and the combined
population of the F = 1 (green) and F = 2 (red) Zeeman states. �e solid line shows the
simulation for a magnetic �eld matching the trap bottom of trap A, the dashed line shows
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8.3 Simulating single-atom multilevel dynamics

As mentioned before, there is no comprehensive theoretical treatment of our experimental
observation in terms of collective e�ects. Nonetheless, even without collective e�ects, the single-
atom dynamics are already rather complex due to the multi-level structure of the involved
atomic states, the present magnetic �eld and the multiple decay channels. By understanding
these dynamics, one can better distinguish possible collective e�ects from other in�uences, like
optical pumping. We simulate the multi-level system presented in Figure 8.2 for the excitation
to the F′ = 1 and F′ = 2 state. Including all the Zeeman levels of the F = 1 and F = 2 ground
states, the corresponding system comprises 11 or 13 di�erent states, respectively. We use the
same theoretical approach as presented in chapter 6, solving a Master-equation of type

ρ̇ =
i
h̷
[ρ,H] +Ldecay(ρ) (8.2)

for the density matrix ρ spanned by the Zeeman levels. �e Hamiltonian H describes the
coherent dynamics, whereas the Lindblad superoperator Ldecay accounts for the spontaneous
emission from the excited state.�e fact that the atomic population initially resides in ∣i⟩ =
∣F=2,mF=2⟩ is represented by setting ρ(0) = ∣i⟩ ⟨i∣. As in chapter 6, the Hamiltonian H =

HM +HA +HAL is decomposed into independent parts, describing the magnetic energy, the
bare atomic energies and the atom-light interaction. For a given Zeeman-level we simply obtain
HM ∣FmF⟩ = gFµBmFB, making HM diagonal in the chosen basis set. �e operator HA is
expressed in the dressed basis (a�er applying the rotating-wave approximation) as a function
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of the laser detuning δp : HA = −∆pP5p , where P5p represents the projection operator on either
the 5p3/2 , F′ = 1 or 5p3/2 , F′ = 2 subspace. �e matrix elements of the operator HAL can be
written as the product of the Rabi-frequency of the D2 line as given by the 780 nm laser and the
Clebsch-Gordan coe�cient of the involved atomic levels.�e laser polarization is described as
a superposition of σ+ and σ− in the quantization axis set by the magnetic �eld. Spontaneous
decay of the excited levels distributes the atomic population over the F = 1 and F = 2 ground
state manifolds according to the transition strengths given in Figure 8.2. Eventually, this results
in the atomic population being fully transferred to the F = 1 ground state, as this level is
far o�-resonant and thus e�ectively a dark state. �is process is described by the Lindblad
superoperator L, whose explicit expression is skipped here for brevity (a more detailed account
is given in chapter 6).
We represent the trapping con�gurations A and B in HM by adapting B to their respective

magnetic �eld in the trap bottom.�is, of course, can not reproduce more complex di�erences
in the topology of their magnetic potential.�e resulting set of equations is numerically solved
for the initial condition mentioned above. Varying the pulse time tpulse, we can simulate the
temporal dynamics of the atomic population. In Figure 8.13 we present the dynamics for the
initial state ∣i⟩, and the summed population in both the F = 1 and F = 2 ground state. As
discussed qualitatively in subsection 8.1.2, the population is transferred from ∣i⟩ to the other
magnetic sublevels. A�er a pulse time of 75 µs, most of the atomic population is optically
pumped into the F = 1 ground state, whereas ∣i⟩ is fully depleted. As our imaging system
detects the atoms in the F = 2 ground state, the temporal dynamics of the atomic population in
this state should represent the observations in our experiment. Comparing the two trapping
con�gurations, the transfer of atomic population to F = 1 is faster for trap B.�is can be easily
understood from the lower trap bottom of this trap, leading to smaller Zeeman splitting of the
levels and thereby smaller detuning with respect to the driving laser.
In order to compare our theoretical predictions to the measurements in Figure 8.10, we plot

the natural logarithm of the atomic population of F=2,mF=2 and F = 2 (summing over all mF
levels) in Figure 8.14(a).�e state F=2,mF=2 decays exponentially, which is represented by the
linear slope in the logarithmic plot.�e combined population in F = 2 slightly deviates from an
exponential decay, with a lower decay rate for tpulse ≲ 20µs and a faster subsequent decay.�is
results from the optical pumping occurring between the ground states in the presence of the
driving laser. As we identify the population in F = 2 with the one wemeasure in our experiment,
the di�erence in decay rates seem to partially reproduce the experimental observations (compare
this to the measurement for the Z-Wire trap in Figure 8.10).�e decay occurs faster for the
F′ = 2 state, consistent with our measurements for the Z-wire in Figure 8.12. Overall, the order
of magnitude of the decay rate is well reproduced by the theoretical simulations.
For the measurements in Figure 8.8 we discussed the broadening of the observed linewidth

with increasing tpulse, and the fact that we observe linewidths larger than the natural linewidth.
In order to explain this with our theoretical model, we solve the master equation for a given
pulse time tpulse as a function of the laser detuning ∆p (here for trap A and F′ = 1). �e
resulting curve is rescaled against its maximal and minimal value, as it was done for the
measurements in Figure 8.8. As can be seen in Figure 8.14(b), the depletion broadens for larger
tpulse. Approximating the curves with a Lorentzian function, we retrieve linewidths up to
20MHz, well in excess of the natural linewidth of 6MHz. Our theoretical model reproduces
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Figure 8.14: (a)�e atomic population in F=2,mF=2 and F = 2 (summing over all mF levels) as given
in Figure 8.13, plotted logarithmically. �e combined atomic population in F = 2 decays
at two di�erent rates, slower in the beginning and slightly faster for higher tpulse. A linear
line (black) is added to one decay curve in order to better highlight this transition. On the
contrary, the population in F=2,mF=2 decays exponentially (with the exception of a slow
down at tpulse > 60 µs). (b) Rescaled normalized depletion a�er excitation to the F′ = 1 state
as a function of the laser detuning.�e observed linewidth increases for longer pulse length
tpulse , reproducing the experimental observations presented in Figure 8.8.

the observed broadening of the atomic line. Hence, this broadening can be attributed to the
multi-level structure of the involved states, possibly masking any contribution due to collective
e�ects.

8.4 Discussion and conclusion

Given the experimental observations, we discard excitation to the F′ = 3 excited state as a
detection scheme for collective e�ects. Excitation to F′ = 1 and F′ = 2 seems more favorable, as
the depletion in the magnetic trap is caused by optical pumping to the F = 1 ground state. In
reference [246] homogeneous broadening of the atomic line is measured as a result of collective
e�ects. In our measurements, however, the atomic linewidth is broadened signi�cantly due
to optical pumping to di�erent Zeeman levels and the non-vanishing magnetic �eld. Hence,
homogeneous broadening is not reliable as a detection mechanism either. We are le� with
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looking for the expected suppression in photon scattering.�e measurements summarized in
Figure 8.12 indicate that there is a di�erence in the depletion dynamics between the microtrap
con�gurations A and B and the Z-wire trap, our reference for low atomic densities.�e most
striking observation is the slow decay measured for short laser pulse times, when most of the
atomic population still resides in the F=2,mF=2 ground state. Subsequently, the decay changes
to a higher decay rate.�is behavior is also present in the theoretical model for single-atom
multilevel dynamics presented in section 8.3, albeit much less pronounced compared to our
experimental observations.�us, our measurements are suggestive of possible collective e�ects
in the high density microtraps, inhibiting and/or enhancing the depletion of atoms.
A comprehensive theoretical approach should describe these observations in terms of col-

lective e�ects in the microtraps. Besides, several aspects have to be taken into account:

• When being optically pumped to a non-trappable Zeeman state, atoms start to escape
from the trap. For the atomic temperatures measured in the microtraps we can estimate
that an atom travels a distance of 1 µm in about 10 µs. Hence, an atom escaping from
the trap can in fact only contribute to collective e�ects during that time ( taking the
wavelength of 780 nm as a reference).

• �e imaging of the atoms is also expected to be subject to collective e�ects, as the
transition to the F′ = 3 excited state is used for detection of the atoms. One has to
properly account for this, especially in the case of changing atomic densities during the
depletion measurements. Furthermore, even without accounting for collective e�ects,
the properties of such dense clouds with respect to absorption imaging need to be
understood, as they are in an intermediate regime between the image of a single atom
and the image of a macroscopic cloud.

• One has to rule out that characteristics of the microtrap magnetic trapping potential are
responsible for the observations.

In summary, we have shown that there is a di�erence in the temporal dynamics of the
detected depletion between microtraps and the Z-wire trap. For the microtraps we �nd two
di�erent regimes in term of the laser pulse length tpulse, in which the detected atomic population
undergoes an exponential decay with di�ering decay constants. In order to prove that this
di�erence is due to collective e�ects, further theoretical investigation is necessary.
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Summary
Since the original proposal of theoretical physicist Richard Feynman in the 1980s, the concept of
the quantum computer has become increasingly popular. With the increasing miniaturization
of electronic components according toMoore’s law, structures reach length scales where the laws
of quantum mechanics will eventually become in�uential. Simply put, a quantum computer
aims at solving computational problems using genuine quantum mechanical e�ects. It could
o�er a signi�cant speed-up for a certain set of tasks, as well as optimization problems. Another
important feature is that a quantum computer can simulate the behavior of any other quantum
mechanical system. �is could facilitate the understanding of physical systems which are
computationally too complex for classical computers. Furthermore, quantum devices are
predicted to enable secure communication through quantumkey distribution, likely to in�uence
future forms of data transmission.
With this large number of possible applications, researchers examine di�erent systems for

the implementation of a quantum computer, including quantum dots, nuclear spin systems,
superconducting circuits and trapped ions, to name a few. Our platform uses neutral atoms,
which are cooled to a few µK using lasers and other cooling techniques. �e advantage of
neutral atoms is that they are comparably insensitive to environmental in�uences. Naturally,
they o�er a way to implement a qubit, the basic computational unit of a quantum computer.
Qubits can be prepared in a superposition of two di�erent states carrying the information of a
classical bit.�is is a quantum mechanical state which is highly sensitive to the environment,
which needs to be preserved su�ciently long for actual computation. Whereas low sensitivity
to the environment is bene�cial on one side, it has the disadvantage that neutral atoms hardly
interact. Interaction between qubits is necessary to implement quantum mechanical gates,
which are the basic building block of a quantum computer besides single qubit manipulation.
To overcome this problem, atoms are excited to states with high principal quantum number and
mesoscopic radius, which can interact at distances of several µm. Atoms with these properties
are called Rydberg atoms. For a working quantum computer, the interaction of Rydberg atoms
and the environment has to be precisely controlled.
Our platform o�ers a unique solution to the issue of scalability, meaning the ability to extend

the system size (e.g. number of qubits involved) su�ciently for a given task.�e system features
an atom chip with a permanent magnetic material, structured in a way to produce a lattice of
magnetic microtraps for 87Rb atoms.�e design freedom in patterning the material enables
di�erent trapping geometries and di�erent lattice spacings, with 10 µm in the present chip.�is
work aims at examining di�erent aspects of this atom chip with regard to quantum information
experiments. In particular, we investigate if we can implement and manipulate a qubit using
the atoms in the magnetic traps, and if we can excite Rydberg atoms close to the surface of the
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atom chip.�e �ndings are important for future atom chip experiments, while we give concrete
suggestions for possible improvements.
In chapter 2 we describe the trapping of atoms in the magnetic lattice, with a focus on the

trapping of Rydberg atoms, which is theoretically investigated. Chapter 3 provides the technical
framework of the optical setup, which is used to manipulate the qubit and to excite the atoms
to Rydberg states. In chapter 4 we address the topic of how to selectively manipulate qubits
in a lattice geometry. Our approach is based on a commercial device called liquid-crystal
Spatial Light Modulator (SLM), with which we can produce arbitrary spot patterns of the
laser excitation light. Chapter 5 focuses on the implementation of a qubit in the ground state
manifold of 87Rb , where we manipulate the qubit by a pair of lasers. In chapter 6 we present a
�nding related to the decoupling of the electronic and nuclear spin at lowmagnetic �elds, called
the Breit-Rabi regime. We measure this process using a technique named Electromagnetically
Induced Transparency (EIT) in a room-temperature vapor cell. Chapter 7 examines Rydberg
excitation close the atom chip surface. We report on the dynamics of electric stray �elds caused
by adsorbed 87Rb atoms, which pose an obstacle to coherent excitation of Rydberg atoms.
Finally, in chapter 8 we discuss possible collective scattering e�ects in the magnetic microtraps,
which can occur if the spacing of the atoms matches the wavelength of the excitation light. Due
to the high atomic density of the microtraps, collective e�ects are expected to in�uence the
measurements.



Samenvatting
Vanaf hetmoment dat de theoretisch natuurkundige Richard Feynman zijn oorspronkelijke idee
voor het ontwikkelen van een kwantumcomputer introduceerde, is de populariteit van dit idee
alsmaar toegenomen. Na de voortdurende miniaturisering van elektronische componenten,
in overeenstemming met de wet van Moore, worden vandaag de dag lengteschalen bereikt
waar de wetten van de kwantummechanica een grote rol spelen. Een kwantumcomputer kan
beknopt worden omschreven als een apparaat dat gebruik maakt van kwantummechanische
e�ecten om computationele/rekenkundige vraagstukken op te lossen. Dit maakt het mogelijk
om bijzondere “kwantum algoritmes” uit te voeren, waarmee problemen opgelost kunnen
worden die voor de hedendaagse computers onmogelijk zijn om op te lossen. Daarnaast kan
een kwantumcomputer gebruikt worden om alle mogelijke kwantumsystemen te simuleren.
Hierdoor kan inzicht worden verkregen in kwantum systemen die computationeel te complex
zijn voor de hedendaagse computers. Verder is de verwachting dat “kwantum-gadgets” de
mogelijkheid verscha�en tot gegarandeerd veilige communicatie door gebruik te maken van
“kwantum-versleuteling” (quantum key distribution), wat mogelijk een grote invloed zal hebben
op toekomstige vormen van communicatie.
Gezien het grote aantal mogelijke toepassingen, zijn wetenschappers uiteenlopende syste-

men aan het onderzoeken voor de mogelijke implementatie van een kwantum computer. Deze
systemen kunnen onder andere bestaan uit zogenoemde “quantum dots”, supergeleidende
schakelingen, optisch ingevangen ionen en kernspins. In ons experiment gebruiken we neutrale
atomen die we met behulp van lasers en andere koeltechnieken afkoelen tot enkele µK. Deze
atomen worden gebruikt als “qubit”, het primaire element voor het uitvoeren van berekeningen.
Een voordeel van het werken met neutrale atomen is dat deze atomen relatief ongevoelig zijn
voor externe invloeden. De qubits kunnen in een zogenoemde superpositie worden gebracht
waarbij ze zich als het ware gelijktijdig in beide mogelijke toestanden van de klassieke bit
bevinden. In deze toestand zijn ze zeer gevoelig voor externe invloeden, terwijl ze deze toes-
tand voldoende lang moeten kunnen behouden om ermee te kunnen rekenen. Hoewel de
ongevoeligheid enerzijds zeer wenselijk is, hee� die anderzijds het nadeel dat de atomen zwak
wisselwerken. Een wisselwerking tussen de qubits is nodig om de benodigde kwantummech-
anische logische poorten te kunnen verwezenlijken die samen met de mogelijkheid tot het
individueel manipuleren van de qubits, de bouwstenen vormen van de kwantumcomputer.
Om een sterke wisselwerking tussen de atomen mogelijk te maken kunnen de atomen worden
aangeslagen naar een toestand met een zeer hoog hoofd kwantumgetal en een mesoscopis-
che afmeting. Atomen in zo’n toestand heten Rydberg-atomen. De Rydberg-atomen kunnen
wisselwerken over een afstand van enkele µm. Voor het verwezenlijken van een kwantumcom-
puter is het van belang om een nauwkeurige controle te hebben over de wisselwerking tussen
de Rydberg-atomen en de omgeving. Onze benadering biedt een unieke oplossing voor het

171



172 samenvatting

probleem van schaalbaarheid, de mogelijkheid tot het uitbreiden van het aantal qubits in het
systeem. Het systeem werkt met een atoomchip waarop een permanent magnetische structuur
is aangebracht zodat een rooster van magnetische vallen ontstaat voor het vangen van 87Rb
atomen. Het fabricageproces maakt het mogelijk om roosters met verschillende structuren
en roosterafstanden te creëren. Zo bedraagt de roosterafstand op de huidige chip 10 µm. In
dit proefschri� worden verscheidene aspecten van de atoomchip, die betrekking hebben op
kwantum-informatie experimenten, bestudeerd. We onderzoeken of we het manipuleren van
een qubit kunnen realiseren en of we de atomen dicht bij het oppervlak kunnen exciteren naar
Rydberg-niveaus. De bevindingen zijn van belang voor toekomstige atoomchip experimenten.
Bovendien doen we enkele concrete voorstellen voor verbeteringen.
In hoofdstuk 2 beschrijven we het invangen van atomen in een magnetisch rooster, waarbij

de nadruk ligt op een theoretische studie naar het invangen van Rydberg-atomen. Hoofdstuk
3 beschrij� de technische aspecten van de optische opstelling die wordt gebruikt voor het
manipuleren van de qubits en voor het exciteren van atomen naar Rydberg-toestanden. In
hoofdstuk 4 leggen we uit hoe atomen in een rooster selectief worden gemanipuleerd. In onze
aanpak maken we gebruik van een commercieel verkrijgbare SLM (Spatial Light Modulator)
waarmee willekeurige stippen-patronen van laser excitatie-licht gevormd kunnen worden.
Hoofdstuk 5 behandelt de implementatie van een qubit in de verzameling van de subtoestanden
in de grondtoestand van 87Rb , waar we de qubit manipuleren met een tweetal lasers. In hoofd-
stuk 6 presenteren we een bevinding gerelateerd aan de ontkoppeling van de elektron- en de
nucleaire-spin bij zwakke magnetische velden, in vaktermen bekend als het Breit-Rabi regime.
We doen metingen aan dit proces gebruikmakende van “Electromagnetic Induced Transpar-
ency” (EIT) in een cell op kamertemperatuur. Hoofdstuk 7 behandelt Rydberg-excitatie vlakbij
het oppervlak van de atoomchip. We beschrijven de dynamiek van de elektrische strooivelden
van geadsorbeerde 87Rb atomen, die een obstakel vormen voor het coherent exciteren van
Rydberg-atomen. Tot slot, beschouwen we in hoofdstuk 8 collectieve verstrooiingse�ecten in
de magnetische vallen, die zich kunnen voordoen wanneer de afstand tussen de atomen klein
is vergeleken met de gol�engte van het excitatie-licht. De verwachting is dat vanwege de hoge
dichtheid van atomen in de microvallen deze collectieve e�ecten een rol zullen spelen.
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