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Abstract

Rydberg atoms, i.e. atoms with one or more highly excited electrons, show exagge-
rated properties compared to ground state atoms. For example, their energy levels
are very sensitive to external electric fields (Stark effect) and they exhibit strong
interatomic interactions, which can lead to a suppression of excitation known as the
Rydberg blockade. The latter property makes Rydberg atoms promising candidates
for quantum simulation and quantum computing. This work describes the direct
observation of the excitation blockade for highly Stark-shifted Rydberg atoms indu-
ced by controllable dipole-dipole interactions. We investigate the electric field region
around and above the classical ionization threshold, which is typically not considered
suitable for blockade experiments. We excite Rydberg atoms in the energy region
corresponding to the unperturbed 438, /, state at electric fields around 127 V/cm out
of a magneto-optically trapped cloud of 3 Rb atoms with a temperature of 150 pK.
We tune the dipole-dipole interaction by the applied electric field thus changing the
electric dipole moment of the excited state. The position of the Rydberg atoms is
detected by ionization and subsequent ion imaging; the controlled ionization of the
atoms is achieved by adiabatic transfer of the Rydberg state to an ionizing state. For
the spatially resolved detection of the atoms, a high resolution ion microscope for cold
atoms has been developed and experimentally characterized. It features a maximum
magnification of 1000 and sub-micrometer spatial resolution. A theoretical treatment
of highly Stark-shifted Rydberg states is developed introducing a complex absorbing
potential. It is capable of predicting the ionization rates of the Rydberg states for
a wide range of electric fields and energies with only one free parameter. Together
with the numerical calculations, measurements of the ionization spectra for diffe-
rent Rydberg states are presented. The 43S, /, state is measured in an electric-field
range from 125V /cm to 165V /cm (classical ionization limit 127 V/cm), the 708,
state in an electric-field range from 15V /cm to 35V /cm (classical ionization limit
16.1V/cm) and the 100S;/, state in an electric-field range from 7V/cm to 19V /cm

(classical ionization limit 3.7V /cm). Our results show an intricate energy level struc-
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Abstract

ture with broad, strongly ionizing states as well as sharp, nearly non-ionizing states.
The numerical calculations are also used for the prediction of selective field ionization
spectra and the results are used to identify Forster resonances in the Stark spectrum
of the 45D5/, state. Complementary to the spatially resolved measurements in high
electric fields, the Rydberg blockade effect is also observed via the excitation number

statistics at Forster resonances.
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Zusammenfassung

Rydbergatome, d.h. Atome mit einem oder mehreren hochangeregten Elektronen,
weisen iiberhohte Eigenschaften im Vergleich zu Grundzustandsatomen auf. So sind
zum Beispiel ihre Energieniveaus sehr empfindlich auf externe elektrische Felder
(Stark-Effekt) und sie zeigen starke interatomare Wechselwirkungen, was zu einer
Anregungsunterdriickung fithren kann, die als Rydberg-Blockade bekannt ist. Letz-
tere Eigenschaft macht Rydbergatome zu vielversprechenden Kandidaten fiir Quan-
tensimulation und Quantencomputing. Die vorliegende Arbeit beschreibt die direkte
Beobachtung der Anregungsblockade fiir hochgradig Stark-verschobene Rydbergato-
me induziert durch eine kontrollierbare Dipol-Dipol Wechselwirkung. Dabei wird der
elektrischen Feldbereich um und iiber der klassischen Ionisierungsgrenze untersucht,
welcher typischerweise nicht fiir Blockadeexperimente in Betracht gezogen wird. Ryd-
bergatome werden im Energiebereich zugehérig zum unverschobenen 43S, /o-Zustand
in elektrischen Feldern um 127V /cm aus einer magneto-optisch gefangenen Wol-
ke bestehend aus 3"Rb Atomen mit einer Temperatur von 150 pK angeregt. Die
Starke der Dipol-Dipol Wechselwirkung wird durch das angelegte elektrische Feld
eingestellt, welches das elektrische Dipolmoment des angeregten Zustands verén-
dert. Die Position der Rydbergatome wird nachgewiesen, indem sie ionisiert und
durch eine Tonenoptik abgebildet werden. Eine kontrollierte Ionisation der Atome
wird dabei durch einen adiabatischen Transfer des Rydbergzustands zu einem ioni-
sierenden Zustand gewahrleistet. Fiir den raumlich aufgelosten Nachweis der Atome
wurde ein hochaufgelostes Ionenmikroskop fiir kalte Atome entwickelt und experi-
mentell charakterisiert. Es besitzt einen maximalen Vergroflerungsfaktor von 1000
und eine sub-mikrometer Auflésung. Eine theoretische Beschreibung von hochgradig
Stark-verschobenen Rydbergzustinden wird durch die Einfiihrung eines komplexen,
absorbierenden Potentials ermoglicht. Die Theorie erlaubt die Vorhersage der Ionisa-
tionsraten der Rydbergzustande fiir einen grofien Feld- und Energiebereich mit nur
einem freien Parameter. Zusétzlich zu den numerischen Berechnungen werden die

lonisationsspektren verschiedener Rydbergzustédnde vorgestellt. Der 43S /o-Zustand



Zusammenfassung

wird in einem elektrischen Feldbereich von 125V /cm bis 165V /cm gemessen (klas-
sisches Ionisierungslimit von 127 V/cm), der 70S;/,-Zustand in einem Feldbereich
von 15V /em bis 35V /cm (klassisches Ionisierungslimit 16.1 V/cm) und der 100S; o-
Zustand in einem Feldbereich von 7V /cm bis 19V /em (klassisches Ionisierungslimit
3.7V /cm). Unsere Ergebnisse zeigen eine komplizierte Energieniveaustruktur sowohl
mit breiten, stark ionisierenden Zustdnden als auch mit scharfen, nahezu nichtio-
nisierenden Zustanden. Die numerischen Berechnungen werden zudem verwendet,
um selektive Feldionisationsspektren vorherzusagen. Die daraus resultierenden Er-
gebnisse erlauben die Identifikation von Forsterresonanzen im Stark-Spektrum des
45D5 j5-Zustands. Ergédnzend zu den rdumlich aufgelosten Messungen im hohen elek-
trischen Feld wird der Rydberg-Blockadeeffekt auch in der Statistik der Anzahl der

nachgewiesenen Rydbergatome an Forsterresonanzen beobachtet.
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1. Introduction

One of the main goals of modern physics for the past decades has been the realization
of a controllable, coherent many-body quantum system. Such a universal quantum
simulator represents a versatile tool for reproducing the dynamics of an arbitrary
interacting quantum system - a task that even with a simplified model is often beyond
the reach of classical computers for systems with more than a few tens of particles [4].
Quantum simulators promise to give new insights for example into strongly correlated
quantum systems [5] and highly entangled quantum states ﬂ§|, . They are expected
to shed light onto unresolved questions like high-temperature superconductivity

and can lead to the realization of new non-equilibrium states of matter ﬂgﬂ

Basic quantum simulators have been realized with ions , superconducting
qubits [13] and arrays of atoms [15] [16]. The latter makes use of the recently
developed quantum gas microscope, where single atoms are trapped in an optical
lattice and single site resolved detection is achieved by fluorescence imaging [17} [18].
The atoms can hereby be arranged in arbitrary two-dimensional configurations with
the most recent development allowing a defect-free atom-by-atom assembly 20].
These methods can be combined with quantum simulators based on Rydberg atoms
. Quantum Ising models have been realized with two-dimensional arrays of single
Rydberg atoms [22] [23] and studying the many-body dynamics in a 51-atom quantum
simulator and the coherent dynamics in a long-range interacting Ising chain [25]
became possible.

A large scale quantum simulator can also be a key ingredient for quantum informa-
tion processing . While classical computers store information in bits, which have
either the state 0 or 1, quantum computers use qubits, which are quantum states that
can be in a superposition between 0 and 1. Computational operations on qubits can
be realized by quantum gates . Quantum computers are interesting beyond the
scope of fundamental research because they promise a dramatic speedup of certain
computational routines like factoring integers . Several systems have been inves-

tigated with regard to the realization of quantum information processing for example



1. Introduction

trapped ions , superconducting circuits , quantum dots , linear optics
and neutral atoms . lons with their strong Coulomb interaction allow for high-

fidelity gate operations but as the interaction is always present, this also poses
a challenge in terms of scalability. In contrast to that, neutral atoms in the ground
state are weakly interacting and can be arranged in large optical lattice structures
. For the efficient performance of quantum gate operations the interaction can
be enhanced by many orders of magnitude when exciting the atoms to a Rydberg
state as proposed in , and realized in . Hybrid approaches combine
superconducting circuits and neutral atoms by coupling superconducting microwave
resonators to Rydberg atoms , . While superconducting circuits are capable of
performing fast gate operations, ultracold atoms are superior in terms of coherence
times .

Rydberg atoms are atoms with high principal quantum number n and show in
many ways exaggerated properties in comparison to atoms in low quantum states
. For alkali atoms, the spectrum is similar to that of hydrogen and the energy
levels can be quantified by

hC'RM

Buy =~ M
v (n = 0u)”

(1.1)
with the isotope-dependant Rydberg constant RMEI and the quantum defect d,;,
which depends on the principal quantum number n as well as the orbital angular
momentum [ and the total angular momentum j. The quantum defect characterizes
the deviation of the energy levels of the alkali atom compared to the levels of the
hydrogen atom. With increasing [, the quantum defect d,,; approaches zero and the
energy levels become more and more hydrogen-like. As we can see in Eq. [I.I] the
energy levels scale with the principal quantum number as n~2. Similar power laws
apply for many other properties of Rydberg atoms, for example the size of the electron
orbit scales as n?, the radiative lifetime as n?, the polarizability as n” and the van
der Waals interaction as n'! . The high polarizability makes the energy levels of
Rydberg atoms very sensitive to external electric fields (Stark effect) which results in
a rich Stark spectrum. For an electric field around and above the classical ionization
limit, the spectrum is strongly affected by ionization due to tunneling through the

potential barrier as well as direct coupling to the continuum. The classical ionization

IRy = R /(1 +m./M), with electron mass m,, core mass M and Rydberg constant for infinite
core mass Roo.



limit describes the electric field at which the electron is classically allowed to leave
the potential of the core.
The dipole-dipole interaction that makes Rydberg atoms interesting for quantum

gate operations generally scales with the interatomic separation r as 3.

At zero
electric field, Rydberg states do not exhibit a permanent electric dipole moment.
Thus, their interatomic interaction is of second order and is referred to as van
der Waals interaction with the interaction potential

Viaw = G (1.2)

r6’

As mentioned above, the Cy coefficient scales as n'!, so the van der Waals interaction
of Rydberg atoms can get extremely strong on mesoscopic length scales of a few
micrometers. In contrast to that, the interaction between ground-state atoms is
negligibly small at these distances.

In the presence of an external electric field, the Rydberg atoms can carry a per-
manent electric dipole moment and the interaction type changes from van der Waals
to dipole-dipole. The interaction potential can be expressed as

Viaa = — (1.3)

3
with C3 generally scaling as n* [43].

The strong interaction between Rydberg atoms leads to a phenomenon known as
the Rydberg blockade . When a Rydberg atom is excited, the interaction poten-
tial shifts the energy of a second excitation. If the shift is larger than the excitation
bandwidth, the excitation of a second Rydberg atom is suppressed in the vicinity of
the first one (see Fig. [l.1)). A blockade radius can be defined as the distance, where
the shift by the interaction potential equals the excitation bandwidth. If we look at
the problem in a many-body picture, the blockade effect gives even more important
implications. Within one blockade sphere, the excitation is distributed over all N
ground state atoms. The coupling to this collective state is then enhanced by v/N.
This fact is important for the usage of Rydberg atoms in quantum information proto-
cols that store the quantum information in collective states of mesoscopic ensembles
[36).

The direct observation of the Rydberg blockade requires spatially resolved de-
tection of Rydberg atoms. The most common technique for the detection of ultracold

atoms is absorption imaging with a laser beam resonant to an atomic transition [45].
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IR, g)
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Figure 1.1.: Illustration of the blockade effect. Depicted is the energy E with respect
to the interatomic separation 7 of a two-atom state with both atoms in the ground
state |g, g), one atom excited to a Rydberg state |R, g) and both atoms excited to a
Rydberg state |R, R). The state |R, R) is shifted out of resonance by the interaction
potential for small separations.

By quantifying the absorption, the atomic density of the sample can be determined
and with that also the overall number of particles. After the imaging process, the
atoms are lost out of the trap, so a new cloud has to be prepared for the next expe-
rimental cycle. The destruction can be circumvented for example by phase contrast
imaging or fluorescence imaging as for example used in the quantum gas mi-
croscopes for single atom detection , . Rydberg atoms can be detected either
by pumping the Rydberg states back to the ground state or by detecting losses in the
ground state population. An alternative approach to achieve single atom resolution
is ionization of the neutral atoms and detection of the resulting ions or electrons.
This can also be used for spatially resolved imaging, for example by accelerating the
ions in a divergent electric field and detecting them by a microchannel plate
detector (MCP). Another detection method uses the electron beam of a scanning
electron microscope to ionize the sample sequentially [49].

In this work, a new approach is presented for in-situ and real-time imaging of
ultracold atomic gases . An ion-optical system with four consecutive lenses has
been developed, realized and experimentally characterized by ionization out of a
continuously operated magneto-optical trap (MOT) of rubidium atoms. For spatially

resolved single ion detection, an MCP with delay-line detector is placed in the image



plane of the ion-optical system. The microscope features a theoretical resolution
of 100nm and a variable magnification up to 1000. Besides detecting ground state
atoms via direct photoionization, the microscope can also be used to detect Rydberg
atoms. State selective detection is achieved by field ionization and subsequent ion
imaging. The system constitutes a new tool for measuring Rydberg atoms in external
electric fields as well as their interaction with each other.

With our experimental setup, the ionization spectra of 8’Rb were measured and
theoretically modelled by a complex absorbing potential (CAP) for different Rydberg
states in electric fields up to far above the classical ionization threshold . The
very good agreement between theory and experiment showed that our numerical
calculations can be used to accurately predict energy, ionization rate and electric
dipole moment of highly Stark-shifted Rydberg states. Therefore, the CAP theory
was used to predict selective field ionization spectra and the numerically calculated
spectra were compared to spectra obtained when exciting Rydberg atoms to so-called
Forster resonances.

Despite the fact that the high-field region is generally governed by ionization, our
work showed that there are still sharp resonances with Rydberg states that have
a very small ionization rate and are therefore relatively long lived. These results
led to the direct oberservation of the Rydberg blockade in high electric fields in the
vicinity of the classical ionization limit with our ion microscope. Up to now, the
blockade effect has been observed in a zero electric field environment [44, and
in small electric fields . The rich level structure of the the high-field Stark
spectrum gives us the opportunity to find states with very different dipole moments
and by that with different interaction strengths. Furthermore, we developed a novel
ionization scheme for subsequent spatially resolved detection by our ion microscope.
By adiabatic transfer of the Rydberg population from the initial non-ionizing state
to an ionizing state, which only requires a small changes in the electric field, we gain

precise control over the detection process .






2. An ion microscope for cold atoms

The foundation of all the measurements presented in this work is an ion microscope
for cold atoms. In this chapter, the ion-optical system as well as the laser system
that is used to cool, trap and excite the atoms will be discussed. The microscope
is used to image ions out of a cold atomic sample with high temporal and spatial
resolution and single particle sensitivity. Therefore, it enables us to directly measure
spatial and temporal Rydberg-Rydberg correlations. The system is also suitable to
perform high precision spectroscopy on Rydberg states with or without an external
electric field applied. It is worth noting that despite the fact that, throughout this
work, the ion microscope is mainly used to detect Rydberg excitations ionized by field
ionization, it can also be used to detect ground state atoms with a suitable ionization
scheme for example by photoionization as demonstrated in Sec. The microscope
has been designed by Hannah Schefzyk in the framework of her PhD thesis [53] and

put into operation in collaboration with her.

2.1. Laser system

In order to cool and trap ®Rb atoms, a standard six-beam magneto-optical trap
(MOT) is used (see Fig. [2.1)). A cooling laser at around 780.246 nm wavelength
drives the cooling transition |55 /9, F' = 2) — |5P5/5, F' = 3) with about 12 MHz
red detuning (25 mm beam diameter). The cooling laser is a grating stabilized diode
laser in Littrow configuration with the frequency stabilized via a beat lock to
a reference laser, which itself is stabilized with a Rb saturation spectroscopy to
the crossover resonance between |5P;, F' = 3) and |5P;, F' =2). A second laser
(repumper) drives the transition 5519, F = 1) — |5P55, F' = 2) in order to pump
back atoms into the cooling cycle, which they may have left due to off-resonant
scattering of the cooling light. The repumper is injection locked to another laser,
which itself is beat locked to the reference laser at the frequency of the ground-state

hyperfine splitting (around 6.8 GHz). By shifting the frequency of the blue laser



2. An ion microscope for cold atoms

MOT
neg. extractor

dispenser holder

pos. extractor

20 mm

cooling rods
MOT coil

Figure 2.1.: Part of the setup where the magneto-optical trap (MOT) is formed by
six intersecting laser beams and a magnetic field formed by two coils. The MOT is
located in the center between the two extractor electrodes. The positive extractor
consists of transparent glass coated with indium tin oxide (ITO) to allow for optical
access from this direction. The MOT is loaded with 8"Rb atoms provided by current-
heated dispensers. Figure and caption taken from [1] and adapted.

with acousto-optic modulators (AOMs), a beam resonant to the [5S;,2, F =2) —
|5Ps/2, F' = 3) transition and another beam that is 133 MHz blue detuned to this
transition are provided. This enables us to choose between three different excitation

paths for Rydberg S or D states via the intermediate [5Ps/5) state:
5512, F' = 2) = [5P3)9, F = 3) — [nS,nD), (2.1)

with the first transition either resonant or off-resonant with 12 MHz red or 133 MHz
blue detuning (cf. Fig. . When a far off-resonant path like the latter is chosen, it
is convenient to use a blue detuning in order to avoid population of the lower lying
hyperfine substates of the 5P/, level.

The upper transition to a Rydberg state or for direct ionization above threshold
is provided by a second laser (Toptica DL SHG) running at a wavelength of around
480nm. For direct ionization from the |5P;/,, F' = 3) state, the zero field ionization
threshold has to be exceeded, which corresponds to a wavelength of the laser of
< 479.06 nm. Below threshold, Rydberg states can be excited down to n ~ 32, which

corresponds to about 482nm. The Rydberg laser consists of a grating stabilized
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---------------------------------- ionization threshold

——— [nS,nD)
% < 479nm
[<b}
ﬁ ~ 479 — 482 nm
133 MHz
12MHz {___*___ ‘5P3/2>
~ 780 nm
— |5Sl/2)

Figure 2.2.: Laser excitation scheme for rubidium Rydberg states or direct photoioni-
zation. For the lower transition, laser light tuned on resonance can be used as well
as the cooling laser from the MOT with a red detuning of 12 MHz or an off-resonant
beam with a blue detuning of 133 MHz. The upper transition can be used to excite
Rydberg S and D states or can be tuned above threshold for direct photoionization.

diode laser running at about 960 nm and a frequency doubling unit with a PPLNH
doubling crystal in a bow-tie cavity. The laser is frequency stabilized to a HighFinesse
Wavelength Meter WS—UEl With the help of a fast AOMEl, the light can be switched

with a rise time of around 10ns for short excitation pulses.

2.2. lon-optical system

The ion-optical system of the microscope consists of a pair of extractor electrodes, a
set of four consecutive einzel lenses and a micro channel plate (MCP) in conjunction
with a delay line detector. The complete setup is depicted in Fig. [2.3] The MOT
is placed in the center between the extractor electrodes (cf. Fig. , which form
the electric field to extract ions out of the cold atomic cloud. The magnified imaging
is done with the einzel lenses, each one forming a magnified, intermediate image.

An einzel lens is a type of lens for charged particles that consists of three axially

!Periodically Poled Lithium Niobate.

2A WS-U30 with 30 MHz absolute accuracy and 5 MHz measurement resolution and later a WS-U2
with 2 MHz absolute accuracy and 0.5 MHz measurement resolution was used.

3AA Opto Electronic MT200-A0.5-VIS (200 MHz, 0.5 x 2mm? aperture).
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MCP stack einzel lens 4 einzel lens 3 einzel lens 2
pos. extractor

einzel lens 1

T*’W

‘;

é'— : F P}

delay line anode

drift tube 4 drift tube 3 drift tube 2  drift tube 1
MOT coil

Figure 2.3.: Cross-section of the full ion optics setup inside the vacuum chamber.
Each einzel lens consists of three electrodes. Usually, the two outer electrodes are
held at the same electric potential; the focal length of the lens can be varied by
the potential of the inner electrode. The outer electrode of einzel lens 1 that faces
towards the MOT also acts as the negative extractor electrode. Figure and caption
taken from [1| and adapted.

symmetric electrodes with apertures. The outer electrodes are typically held at the
same potential, such that the particle’s energy remains unchanged after exiting the
lens. With the voltage at the center electrode, the focal length of the lens can be
tuned. The MCP together with the delay line detector is used to achieve a spatially
resolved ion image. The MCP has a pore distance of 17pm, so with the Nyquist
Shannon sampling theorem M x 2 x 17pm poses the fundamental limit of the
resolution of the microscope. Here, M denotes the magnification of the system.
The design of the ion-optical system was done by means of the charged particle
trajectory simulation program SIMION. To optimize the resolution of the imaging
system, the relevant aberrations were considered and minimized as far as possible.
Spherical aberration was limited by the use of several einzel lenses instead of a single
one. Aperture size and length of the electrodes were optimized to get an acceptable
compromise between smallest possible spherical aberration on the one hand and the
geometrical dimensions and magnitude of the applied voltages on the other. Other
aberrations that were considered are astigmatism and distortion, which are inherent
features of einzel lenses, and chromatic aberration. The latter arises due to the fact
that the ions typically have a starting energy distribution. This energy is dominated
by the kinetic energy of the atoms in the MOT and the excess energy from the
photoionization process. The temperature of the MOT is typically around 150 pK,
which corresponds to a kinetic energy of 12.9neV. The excess energy (see Fig. [2.2))

10



2.3. Experimental characterization of the microscope

is distributed on electron and ion correspondingly to their mass ratio. With the blue
laser tuned to 479.04 nm (excess energy of 104 1eV), the energy transferred to the ion
is 0.65neV. The simulations show that the resolution limit of the imaging systems
is not affected by chromatic aberration for an upper limit of the starting energy of
2.5peV. Furthermore, the microscope was designed to have a depth of field of 50 pm
in order to be able to image thee-dimensional samples. The overall resolution of the
system depends on the distance to the optical axis. Close to the optical axis, it is
better than 10 nm, but further away the resolution limit lies at around 50 nm. This
result is nicely visualized in Fig. where the imaging of several test patterns of

different sizes has been simulated.

2.3. Experimental characterization of the microscope

For the experimental characterization of the microscope, cold atoms from the MOT
were photoionized in a two-step process. The first step from the |55/, F = 2) to
the |5P5/9, ' = 3) state is provided by the cooling laser, the second step from the
5P state to the continuum by the blue laser tuned to a wavelength of 479.04 nm.
Relatively big structures with a structure size down to 20 pm were imprinted onto
the MOT with the blue laser via light-optical imaging of a USAF 1951 resolution
test target (see Fig. [2.5h). The structures are mapped onto the ion image as the
photoionization rate is proportional to the light intensity. These structures could be
imaged with a contrast near 1 and were used to characterize the behavior of each
lens individually. The results are in accordance to the simulations.

For smaller structures, a variable standing wave pattern was overlapped with the
MOT by superimposing two blue beams under a variable angle. In this way, structu-
res down to 2.7 pm could be realized and imaged (see Fig. [2.5p). The fringe contrast
in this measurement was 0.32. It is not possible to calculate a resolution limit out
of this contrast as the large depth of field of our microscope adds an offset to the
ion signal coming from areas with low overlap of the interfering beams. Even so, the
2.71m is clearly resolvable, so the results imply that the actual resolution limit lies
lower.

The ultimate resolution limit could be tested with smaller structures for example
by the standing wave pattern of a retro-reflected ionization laser. As this fringe
spacing with 240 nm would be more than one order of magnitude smaller than the

smallest structure demonstrated in this work, a variable fringe distance similar to the

11
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Position on detector, x [mm|]

—-0.02 0 0.02
Position on detector, y [mm)]

Figure 2.4.: Simulated imaging of several test patterns near (top row) and 19 pm away
(bottom row) from the optical axis (ion optics set to a magnification of 1000). The
test structures consist of cuboids of different sizes filled with ions: a) 1 pm X 1pm,
b) 100nm x 100nm, ¢) 10nm x 10nm. The extent along the optical axis is always
50 nm, the starting energy 9.3neV. Figure and caption taken from [1] and adapted.
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2.3. Experimental characterization of the microscope

technique implemented for this work is advisable. Besides the aberrations mentioned
above, the resolution of the system also depends on the stability of the voltage sources
of the electrodes. Simulations suggest a stability of +0.05% in order to not limit the
resolution; a requirement that should be met by our voltage supplies as measurements
indicate a short term stability of £0.02%. Further limiting factors for the resolution
of the system are deviations from rotational symmetry, the signal characteristics of

the delay line and the detector electronics.

13
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Figure 2.5.: lon-optical imaging of a MOT onto the MCP with the ionization laser
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intensity spatially modulated. a) Modulation by projection of a USAF1951 test
structure onto the MOT. The visible bar structure (next to the number six) has a
center to center distance of 80 pm at the position of the MOT. The magnication is
about 50. b) Modulation by an interference structure with fringe spacing of 2.7 pum.
The magnification is 1050. The bright spot in the middle is produced by ions from
outside of the detection region whose trajectories are diverted back into the image

plane. Figures taken from [1].



3. Rydberg Stark spectroscopy

The Stark effect describes the shifting and splitting of atomic energy levels in the
presence of an external electric field. While this effect is negligible for ground state
atoms at electric field strengths that we can produce in our experimental setup (up
to around 300 V/cm), Rydberg atoms with their high polarizability experience strong
Stark shifts. Furthermore, at sufficiently high field strengths, the Stark spectrum is
altered by varying ionization rates of the different Stark-shifted states. Both theore-
tical calculations and experimental observation of Stark spectra in different electric
field regimes are presented in this chapter. With a profound understanding of the
Stark spectra, the calculations can be used for calibrating the electric field in the
experiment and predicting selective field ionization signals (Chap. . They are also
the basis for making use of the Stark shift in order to control Rydberg-Rydberg in-
teractions and the ionization behavior of highly Stark-shifted Rydberg states (Chap.

5.

3.1. Stark effect

The Hamiltonian & for an atom in an external electric field F in z-direction can be

written in atomic units as
H=Hy+ F3, (3.1)

with Hy representing the unperturbed Hamiltonian. The hyperfine splitting is omit-
ted as it is below the frequency resolution of our measurements. It is on the order
of 100kHz for Rydberg S-states with principal quantum numbers n > 40 used in
this work (for D-states, it is completely negligible) [57-59]. While, for hydrogen, the
problem is separable in parabolic coordinates, for alkali atoms this is not the case
anymore due to the finite sized ionic core. From the field-free eigenstates |n, [, j, m;)

only m; remains a good quantum number. States that are independent in the hydro-
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3. Rydberg Stark spectroscopy

genic case are now coupled and do not cross like in hydrogen but exhibit anticrossings.
Solutions with the same |m;| are degenerate; the solutions of different |m;|-values are
independent. In the |n,l, j, m;) basis, the Stark-shifted states in an electric field are
mixtures of different zero-field eigenstates. In order to numerically solve the problem
for alkali atoms, a matrix representation of H in a subset of the basis given by Hy is
used , . Hy is diagonal and contains the unperturbed atomic energy levels de-

termined with experimentally obtained values for the corresponding quantum defects

(Eq. [57], [62H64]. The matrix representation of F'2
(n,l,3,m;|Fz|n’, ', 5, m;> = F - (n,l,j,mj|rcos®©|n,l', j, m;> (3.2)
is essentially calculated by evaluating the radial overlap integral
(n, 1,3, mylr|n’, 1, 5", m}) (3.3)
and the angular matrix elements
(I, my| cos B|1",my) . (3.4)

For the radial part, the knowledge of the radial wavefunctions of the states is neces-
sary. They can be obtained by numerically solving the radial Schrodinger equation
with a parametric model potential . The resulting matrix representation of His
then diagonalized for every value of ' and by that, the Stark-shifted energy levels are
obtained. The results for the 41S;,, Rydberg state of Rb can be seen in Figs.
and d. A measure for the transition strength can be introduced by calculating the
transition dipole matrix elements for the transition between the 5P and the Rydberg
state [61]:

D =Yty |(Ryd | &n7| 5Pyyo, F = 3,mp)| . (3.5)

mpg

The matrix elements are weighed by a factor 7,,,., which accounts for the transition
between the 5S and 5P state and is calculated by evaluating the transition dipole
matrix elements between those states. (Ryd| denotes the Stark-shifted Rydberg state,
€g is the polarization of the Rydberg laser.
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3.1. Stark effect
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Figure 3.1.: Stark spectrum near 415;/5. The detuning is given relative to the un-
perturbed state. (a) and (c) show the detected ion signal from the experiment. The
measurement does not start at 0V/cm as there is a small residual field when the
extractors are at 0 V. The decrease of the count rate for fields > 125V /cm is due to
a decrease in detection efficiency. (b) and (d) show the results from the numerical
calculations following the method described in Sec. with m; = 0.5 (red), 1.5
(green) and 2.5 (blue). We applied a linear scaling to match the electric field from
the experiment to the theoretical results. The transition strength D is omitted in
this plot. The classical ionization threshold is located at ~156 V/cm.
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3. Rydberg Stark spectroscopy

3.2. lonization spectra and complex absorbing

potential

While the method presented in Sec. can accurately predict the energy levels of
Stark-shifted Rydberg states even in high electric fields above the classical ionization
threshold, it cannot correctly reproduce the spectra obtained at high fields as the
shape of the resonances is dominated by ionization. For hydrogen, the ionization
rate (and with that the width of the resonance) grows exponentially with the electric
field . Alkali-metal Rydberg states, however, have a more interesting spectrum
with strongly varying ionization rates where even in high fields states with nearly
suppressed ionization can be found .

To include this coupling to the continuum in the existing numerical calculations, we
extended the Hamiltonian of Eq. by introducing a complex absorbing potential
(CAP). This artificial potential absorbs the asymptotic part wavefunction and makes
all eigenfunction L?. The CAP method was first introduced for the time-dependent
wavepacket propagation in order to avoid reflections at the end of the numerical grid
[67]. It was later shown, that the method can also be used in a time-independent
context to calculate resonance energies and widths and has been applied to study
the Stark effect .

In our case, we chose a complex absorbing potential of the form

Veap = —inW (7, F) (3.6)
W(ﬁ F) = G(T - TC(F)) X (T - TC(F))Ga (37)

with the cut-off radius r., a free parameter 1 and the Heaviside step function ©. The
cut-off is represented by the saddle point of a Coulomb potential in the electric field
F with r.(F) = F~'/2. This point also defines the classical ionization threshold (in

atomic units):
Eion = —2VF. (3.8)

Using this field dependent choice of the potential, the free parameter n only has to
be determined once for a large span of both energy and electric field of the spectrum.
This is done by variation of n at different electric field values and identifying a region,

where a change in 7 leaves the resulting eigenvalues mostly unchanged. Conventio-
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3.3. Measurement of Stark spectra

nally, the free parameter of the CAP would have to be adapted for every point in
the spectrum.
When diagonalizing the matrix representation of this new Hamiltonian, we obtain

complex eigenvalues of the form

r
Ec=E, — Z?’ (3.9)
with the real part E, representing the energy level of the resonance and I' its ioni-
zation rate. A plot of the expected spectrum can then be created by summing up
Lorentzian peaks scaled with the transition strength D at the specific positions of

the resonances I, and with the corresponding widths I'.

3.3. Measurement of Stark spectra

For the measurement of Stark spectra, the experimental setup described in Chap.
is used. Rydberg atoms are excited by continuously shining in the blue laser tuned
to a certain frequency around the transition to the corresponding Rydberg state.
The lower transition from the 5S to the 5P state is provided by the cooling beams
(total power of 20mW). The voltages applied to the extractor electrodes are ramped
linearly with a slew rate of 1V/s in order to cover the desired electric field region.
The ions that are produced during the ramp are simultaneously detected by our
ion-optical system. This time resolved ion signal can then be converted to a field
dependent ionization spectrum by calculating a histogram. To obtain a full Stark
spectrum, the field ramp is repeated for several frequency steps of the blue laser.
The Stark spectrum in the energy region around the unperturbed 415/, state
was measured up to the classical ionization limit of 156 V/cm. For the Rydberg
excitation, the blue laser was shone in perpendicular to the ion-optical axis with a
power of 2mW and focused to a 1/e? beam diameter of 15um at the position of
the MOT (cf. Fig. [3.2). The beam had linear polarization oriented perpendicular
to the ion-optical axis and with that also perpendicular to the electric field. The
numerical calculations shown in Figs. and d are in very good agreement with
the measurements shown in and c, which implies that the theory can be used
to determine the electric field at the position of the atoms by measuring the Stark
shift. The ion signal is weak for low electric fields because of low ionization rates.

For this region, the measurement scheme of Sec. has to be applied.
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3. Rydberg Stark spectroscopy
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Electrodes

Coupling
Beam

Figure 3.2.: Schematic diagram of the experimental setup. Rubidium atoms are
trapped at the intersection of the MOT beams (red). Atoms from the MOT are
continuously excited to Rydberg states by the Rydberg laser (blue) at various electric
fields, which are applied via the extractor electrodes. The field is also used to guide
the ions (green) to the ion optics. Figure and caption taken from [2] and adapted.

The region from around the classical ionization limit up to far above it was measu-
red with the same experimental setup with the difference that the Rydberg laser had
a power of 7mW and was focused to a light sheet with 1/e? beam diameters of 9 pm
along the ion-optical axis and 80 pm perpendicular to it. Ionization spectra were
obtained for states in the energy region of the unperturbed 435/, (Fig. , 7051 /2
(Figs. and and 100S; /2 (Fig. [3.6). For these states, the classical ionization
thresholds lie at 127 V/cm, 16.1 V/cm and 3.65 V /cm, respectively. For the first two,
numerical calculations with a complex absorbing potential as described in Sec.
were performed with a basis size of 4000 and 10000 states, respectively. We find very
good agreement between calculations and measurements, the resonance shapes are
reproduced correctly even in the very high field region. This proves that our method
is suitable for predicting the ionization rates and spectra of highly Stark-shifted Ryd-
berg states. Theory and experiment show the expected broadening of the resonances
with increasing electric field but also sharp resonances with low ionization rate even

in high electric fields.
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3.3. Measurement of Stark spectra
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Figure 3.3.: lonization Stark spectrum near 43S;,,. (a) Detected ion signal from
the experiment. (b) Results from the numerical calculations for = 1-10°. The
detuning is given relative to the unperturbed state. We have applied a linear scaling
to match the electric field from the experiment to the theoretical results. The
classical ionization threshold is located at ~127V/cm. Figure and caption taken

from [2].
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Figure 3.4.: lonization Stark spectrum near 70S;,,. (a) and (c) show the detected
ion signal from the experiment. (b) and (d) show the results from the numerical
calculations for 7 = 2 - 10°. The detuning is given relative to the unperturbed state.
We have applied a linear scaling to match the electric field from the experiment to
the theoretical results. The classical ionization threshold is located at ~16.1V /cm.
Figure and caption taken from |2 and adapted.
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Figure 3.6.: Ionization Stark spectrum near 100S;,5. Depicted is the detected ion
signal from the experiment. The detuning is given relative to the unperturbed state.
The classical ionization threshold is located at ~3.7V/cm. A numerical calculation
was attempted up to a basis size of 14000 states but did not converge. A larger
basis would be necessary for convergence, which is however computationally very
expensive and would lead to a high calculation time of several days per spectrum.



4. Selective field ionization

Selective field ionization (SFI) is a widely used tool for state selective detection of
Rydberg atoms. Typically, the Rydberg atoms are excited at low or zero electric
field and after the excitation pulse, a field ramp with a rise time on the order of
nanoseconds to microseconds is applied in order to ionize the Rydberg population
[42]. From the time resolved shape of the ion signal, inferences can be made about
the initial state or state distribution. In general, the state with lower energy is
ionized later (cf. Eq. and thus a state change can be detected in a shift of the
ionization peaks to earlier times in case of a change to a higher state or later times
in case of a change to a lower state (assuming a monotonically increasing ramp).
However, the zero field separation of the states does not necessarily translate linearly
into a separation of the ionization peaks. When we have a look at a Stark map
(e.g. Fig. [3.1), we immediately see that the evolution of an initial state at zero
field can get very complicated when traversing through the intricate energy level
structure governed by many avoided crossings. In general, the state will redistribute
into many states depending on the slew rate and the splitting of the anticrossings.
Furthermore, as already discussed in Sec. [3.2] the ionization rates of different Stark-
shifted states can vary a lot and the simple picture of an onset of ionization at the

classical ionization threshold does not hold for nonhydrogenic atoms.

4.1. Numerical calculation

The traversal through an avoided crossing of two states with energetic splitting
|Vi2|, initial populations P, and energies Ej o (see Fig. can be described with
the Landau-Zener theory [70]. In this model, the probability to evolve diabatically
through the crossing is given by

) : (4.1)

dFE dF
D = exp (—27T|V12|2/‘1 - =
25

dt dt



4. Selective field ionization
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Figure 4.1.: Avoided crossing with energy splitting |Vj2|, initial populations P; o and
final populations Pj 5 after the evolution through the crossing (cf. Egs. and
. The opacity of the resonance lines depict the population of the corresponding
states. In this example, an initial population in P; evolves partly diabatically to P
and partly adiabatically to P,.

The time derivative of the energy dE) »/dt can be rewritten as dE, o/dF' - dF/dt with
the electric field F'. As we can see, the diabatic probability is dependent on the slew
rate of the electric field and the slope of the resonances. Thus, a diabatic traversal
becomes more probable for avoided crossings with small energy separation as well as
with a fast slew rate of the electric field ramp or large slope of the resonance lines.

The populations P; 5 after traversing the avoided crossing are given by

Py =DP, + APy, (4.3)

with the adiabatic probability being A =1 — D.

The Landau-Zener model is instructive but due to the large number of avoided
crossings that have to be considered, it can be quite cumbersome to calculate selective
field ionization dynamics with it. Furthermore, the model describes the evolution of
the population but not the ionization process. Nevertheless, SFI dynamics of Li
and Rb have been predicted by applying a multichannel Landau-Zener model .
The ionization process is included in the calculations by a semi-empirical formula
for the ionization rate of hydrogen derived by Damburg and Kolosov . Instead

of using a Landau-Zener model, SFI dynamics have also been calculated with a fully
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4.1. Numerical calculation

quantum-mechanical time evolution of the Schrodinger equation together with the
Damburg-Kolosov model for ionization .

In this work, we apply a quantum-mechanical time evolution of the CAP-Hamil-
tonian presented in Sec. [3.2] which automatically takes ionization into account. The
time evolution of a system with Hamiltonian H can be described with the time
evolution operator U(t,ty), which propagates an initial state W(ty) from the time ¢,
to ¢:

U(t) = Ut to)U(to). (4.4)

In the case of a Hamiltonian that is not explicitly time dependent, there is an analytic

solution in the form of a matrix exponential:

A

Ut to) = exp (=1 H - (t — to)) . (4.5)

However, in our case, the Hamiltonian

A

H(t) = Hy + F(t)2 — inW (7, F(t)) (4.6)

is explicitly time dependent, since the electric field F(t) is changing over time. A
numerical solution for the time evolution can be found by slicing the problem into
small time steps 7. These steps have to be small enough for the Hamiltonian to be
considered approximately time independent within the step. The propagator for one
time step can then be calculated with the matrix exponential of H(t). There are
different methods for the calculation, one is by diagonalization of H () to the matrix
D(t) with the eigenvalues on its diagonal. The matrix exponential of a diagonal
matrix can then be calculated trivially by exponentiation of the diagonal entries in
D: the transformation from the diagonal to the original basis is provided by a matrix

S with the eigenvectors of H (t) in its columns:

A

U(t+7,t)=exp(—iH(t) 7) = Sexp(—iD(t) - 7) 57", (4.7)

The stepwise application of the propagator yields the time evolution of the initial

state through the Stark map:

A

U(t+7)=Ult +7,8)0(t). (4.8)
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4. Selective field ionization

The state W(t) is thereby represented in the unperturbed basis of H,. The ionization
process modeled by the CAP can be seen in a decrease of the total population N(t)

over time:
N(t) = [t (4.9)

The time derivative of the population

AN

N(t) = o (4.10)

corresponds to the expected ion detection rate.

The calculation was implemented in MATLAB and since the number of time steps
can be between 10° and 10* depending on the field ramp, it was optimized for speed
with the help of parallelization and support of calculations on the GPU (graphics
processing unit). In this way, the time evolution of a state from zero field to complete

ionization can be achieved in a calculation time of around 10 h.

A typical field ramp when the extractor voltage is switched by a fast solid state

switch has approximately the from
F(t)=Fy- (1-¢"7) + R (4.11)

F,. denotes the asymptotic value of the electric field, Fy the electric field before
switching and 7 the exponential slew rate. In Fig. [1.2] the time evolution of the
45D5 2, |m;| = 0.5 state with Fl, = 172V /em, 7 = 4ps and Fy = 0 is depicted. The
form of the electric field ramp is plotted in Fig. [4.3l The initial state is distributed
over several of the high angular momentum states crossing the D-state from above.
The ionization happens mainly around the classical ionization limit but Fig.
shows, that the resulting ion signal exhibits a special form with several peaks. The
detailed form of the signal is strongly depending on the field ramp, even small changes
can alter the substructure quite severely as simulations with slightly different ramp
forms have shown. The calculated ion signals for two neighboring states, 43F and
47P, which are 54 GHz above and below the 45D state, are also shown in Fig. .3
The data shows that the states can be clearly distinguished with the applied selective

field ionization ramp. This will be used for the detection of Forster resonances (see

Sec. [£.3).
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Figure 4.2.: Time evolution of state 45D5 5, |m;| = 0.5. The opacity of the states is
proportional to their population. A population of > 0.7 corresponds to completely
opaque (capped for better visibility), a population of 0 to completely transparent.
The complete Stark map is depicted in light gray in the background (only states
with [m;| = 0.5). The black line depicts the classical ionization limit. The evolution
of the population is shown in the inset. We see that an initially “clean” state gets
redistributed over several states during the electric-field ramp through the Stark
map due to a mixture of diabatic and adiabatic traversal of the many anticrossings
(depending on the ramp speed, the energetic separation of the anticrossings and the
slope of the resonance). Around the classical ionization limit, the states begin to
ionize and the population vanishes.
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Figure 4.3.: Expected ion signal for the Rydberg states 45D5 /5, 47P3/, and 43F7 5.
The electric field ramp is depicted in blue. For the sake of clarity, only the |m;| = 0.5
substates are plotted. The ion signals for the other |m;| levels have a similar general
form but differ in their substructure. This way, even the different |m| levels of the
same state can be distinguished via SFI.

4.2. Electric field calibration

The controlled excitation of Rydberg atoms requires a quantitative knowledge of the
electric field at the position of the atoms. When simply switching both extractor
electrodes to ground potential, the region between them is not field free because of
stray fields from the other electrodes of the ion-optical system. This can be compen-
sated partially by a small voltage at one or both of the extractor electrodes with an
opposite sign with respect to the voltage for extraction. By measuring the spectrum
of a Rydberg state, the electric field with respect to the compensation voltage can
be determined by comparison with the theoretical calculations. As the polarizability
of Rydberg atoms drastically increases with their principal quantum number, even
small fields can be measured accurately by using a state with appropriately high n.
When using a state with more than one |m;| sublevel, for example a D-state, the ca-
libration can be done by evaluating the energy differences between the different |m;|
levels which are degenerate only at zero field. This way, the result is only depending

on the relative but not the absolute knowledge of the laser frequency.

In contrast to the continuous measurement of large parts of a Stark spectrum

described in Chap. [3] the excitation and detection is now realized in a pulsed mode.
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Figure 4.4.: Stark map of the 75D5/, state. The colorplot shows the measurement.

For each datapoint, the ion counts of 250 excitation pulses with 1ps duration were
averaged. The blue laser was focused to a light sheet (cf. Sec. with a power of
1 mW and horizontal polarization (i.e. parallel to electric field). The lower transition
between 5S and 5P was driven by a resonant beam with 2mm 1/e? diameter and
0.5 mW power counterpropagating to the blue beam. In the white areas, no data was
taken as the measurement was restricted to the vicinity of the expected positions of
the resonances. The solid lines depict the theory curves from a numerical calculation
(see Sec. with [m;| = 0.5 in red, |m;| = 1.5 in green and |m;| = 2.5 in blue with
a specific mapping of the total electric field to the compensation voltage Ucomp. This
mapping is shown in the inset. The datapoints in blue were determined by evaluating
the frequency difference of the measured |m;| = 0.5 and |m;| = 1.5 resonances
and determining the corresponding electric field from the results of the numerical
calculation. The fit in red follows Eq. yielding aresidual field £; = 0.103V/cm
that cannot be compensated by Ucomp and a field £ = 3.67V/cm, which can be
compensated by applying Ucomp = 28.5V to the negative extractor electrode.
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4. Selective field ionization

This means that the Rydberg excitation laser is switched on only for typically 1-
10 ps and thereafter the electric field is ramped up to values high enough to ionize
the Rydberg population. The ions are then detected with the ion-optical system.
This way, the Stark map for small electric fields, where the ionization rate of the
Rydberg atoms is nearly zero, can be probed. In Fig. [£.4] we see the Stark shift
of the |75D5,5) state with respect to the compensation voltage Ueomp applied to the
negative extractor (the positive extractor is at 0V). It is apparent that the Stark
splitting and therefore the electric field is minimal for a compensation voltage of
around 28.5 V. However, as the splitting is still >0, there is obviously a residual field
E| that is perpendicular to the extractor field and thus cannot be compensated with
the extractor. The total electric field at the position of the MOT can be written as

| Brot] = \/(B| = aUcomp)? + E2, (4.12)

where £ denotes the residual field that can be compensated by applying the com-
pensation voltage Usomp to the extractor electrode and a the proportionality factor
for the conversion from voltage to electric field. The result from this fit is depicted in
the inset in Fig. [4.4] The residual fields are Fy = 3.67V/cm and E, = 0.103V /cm.
To compensate F |, electrodes for the other spatial directions would be necessary.

The proportionality factor is o = 0.129 1/cm.

4.3. Forster resonances

Forster resonance energy transfer (FRET) is known as a nonradiative energy transfer
between two light-sensitive molecules through dipole-dipole coupling and can be
observed for example in the light-harvesting complex of organisms performing photo-
synthesis. Similarly, in Rydberg physics a Forster resonance is defined as a resonant
dipole-dipole interaction between two Rydberg pair states that become energetically
degenerate. Typically, this degeneracy has to be induced externally for example by
Stark shifting the energy levels with a small external electric field. In this way, the
interaction strength between Rydberg atoms can be controlled and switched between

a weak van der Waals to a strong resonant dipole-dipole type.

In most cases, one of the pair states consists of two Rydberg atoms of the same

state, yet there are of course also interaction channels with different states in both
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Figure 4.5.: Energy level diagram of (a) the bare states of two atoms separated by a
distance R and (b) the corresponding pair states. The states are labeled with their
orbital angular momentum in accordance to the resonance channel of Eq. [{.13] The
energy defect A of the nearly degenerate pair states |DD) and |PF') corresponds
to Eq. A transition between these states can be realized by the exchange of
virtual photons in the near field with transition |D) <+ |P) in the first atom and
|D) < |F) in the second atom. Of course, the roles of the atoms could be exchanged.
The pair states are dipole-dipole coupled and experience interactions (cf. Eq. |4.17)).
Transitions to the other pair states |PD), |DF), |PP) and |FF) are energetically
forbidden.

pair states. One of the many possible interaction channels has the form
nDs/y +nDsjs — (n+2)Psjs + (n — 2)F. (4.13)

The F-state constitutes of two different angular momentum states (7 = 5/2,7/2) that
can be involved in a resonance, but it is worth noting that j is not a good quantum
number in the presence of an electric field anymore. The resonance channel can be

characterized by its energy defect
A=2x EnD5/2 — E(n+2)P3/2 — E(n_Q)F. (414)

The bare states and the possible pair states are depicted in Fig. 1.5 In contrast to
the dipole-dipole interaction of Rydberg atoms with permanent electric dipole mo-
ment described in Chap. b at a Forster resonance, there is a resonant dipole-dipole
interaction also resulting in a 1/R? interaction but without a permanent dipole mo-
ment (the dipole moment resulting out of the small external electric field to tune the
resonance is negligible). The coupling of the degenerate pair states |DD) and |PF’)
(following the abbreviated nomenclature of Fig. is mediated by the exchange
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4. Selective field ionization

of virtual photons in the near field. This means that the coupling is only possible
when the separation of the atoms is much smaller than the transition wavelength
[75]. For the interaction channel of Eq. , the transition is in the GHz regime
(wavelength on the order of 1cm); the typical density of our cold atomic sample is
around 1-10'1/cm? (inter-particle distance on the order of 5 pm). When we com-
pare these two length scales, we see that we are deep in the near field limit. In a
classical picture, the coupling can be understood as a coupling of the field of the os-
cillating dipole of the transition |D) <+ |P) in the first atom to the oscillating dipole
of the transition |D) <+ |F') in the second atom.

In a quantum-mechanical picture, the system can be described by a two-level
Hamiltonian in the basis of the pair states |[DD) and |PF) = %(!PF) + |FP))
(symmetrized version of the |PF') pair state as the roles of the first and second atom

can be exchanged) with the interaction potential U(R):

H:( 0 U(R)), (4.15)
UR) A

The eigenvalues of the Hamiltonian are

2
? TN i U(R). (4.16)

Ao = 1

In the case of U > A, which includes the case of degeneracy with A — 0, the
eigenvalues are A\ 5 = £U(R). In the case of a large energy defect A > U compared
to the interaction, the eigenvalues are A\; = A + U*(R)/A and )\, = —U?*(R)/A.

The strength of the dipole-dipole interaction can be determined by evaluating
U(R) = (PF|Vy |DD), (4.17)

with the dipole-dipole interaction operator [43]

. 1 dy-dy—3(it- dy)(7 - do)
Vdd — 4 3 .
TE r

(4.18)

621,2 denote the electric dipole moment operators for the two atoms and 7 the vector
between the dipoles. In case of a Forster resonance, d;Q are oscillating dipoles and
their coupling is polarization dependent, which leads to an angular depenence of the

interaction energy that does not necessarily resemble the classical case [76]. The
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4.3. Foérster resonances

evaluation of Eq. results in an interaction potential of the form

Ua(R) = igf’;). (4.19)
Hence, following Eq. [4.16] at a Forster resonance the energy shift in dependence
on the interatomic distance is of the form 1/R? (resonant dipole-dipole interaction).
Without degeneracy, the energy shift is of the form 1/R® (van der Waals interaction).
As the the interaction energy U(R) increases with decreasing R, also in the non-
degenerate case, the interaction eventually changes from van der Waals to resonant
dipole-dipole for small distances (crossover distance r. = {/C3/A). But in contrast
to that, at a Forster resonance, the interaction is resonant dipole-dipole for all R.
In general, in the non-resonant van der Waals case, several pair states have to be
taken into account. The interaction can be calculated from second order perturbation
theory [43]: A
| (""" [Vaalid) |?

UUdW(R) - Z A'/ i1

,L'/ ’,L'//

(4.20)

Ay » denotes the energy defect between the initial pair state |i4) and the pair state
|i'i") that is dipole coupled to it. The resulting interaction potential is of van der
Waals form:

Upaw (R) = ——. (4.21)

As mentioned before, the energy defect A between the pair states |[DD) and |PF’)
is in general nonzero but can be shifted into resonance by an external electric field.
When applying a small electric field, all states get Stark shifted but the dominant
contribution comes from the F-state (see Fig. , which gets shifted to lower ener-
gies thus decreasing the energy of the pair state |PF'). For n < 43, the energy defect
A at zero electric field is positive, hence the interaction cannot be tuned into reso-
nance by an electric field. At n = 43, the interaction channel is near resonant at zero
electric field with A = 27 x 6.5 MHz. In this case, an external electric field tunes the
channel out of resonance as observed in . For n > 43, at zero field the defect is
negative so the interaction channel can be tuned to exact resonance by an external
electric field. The dipole-dipole coupling strength for n > 48 decreases rapidly as the
mixing of the F-state with high-1 states becomes stronger even in small electric fields
. Therefore, in the region n = 44 — 48, we expect strong Forster resonances at
electric fields of around 0.2V /cm.

The occurrence of a Forster resonance can be measured by selective field ionization
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Figure 4.6.: Stark map of the states involved in the Forster resonances described
in Eq. (all other states were omitted for this plot), with |m;| = 0.5 in red,
|m;| = 1.5 in green, |m;| = 2.5 in blue and |m;| = 3.5 in yellow. The vertical arrows
depict the resonant transitions with zero energy defect.
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4.3. Foérster resonances

as the different states in Eq. will have different ion signatures (cf. Fig. [4.3)). In

our measurements, we used the interaction channel

The Stark map for these states with the corresponding Forster transitions is depicted
in Fig. [4.6] All the states have several sublevels that can be involved in a resonance
and all the states have different Stark shifts. Consequently, we expect several reso-
nances at slightly different electric fields. The dipole allowed transitions form three
groups around 0.20 V/cm, 0.23V/cm and 0.29V/cm.

To measure the occurrence of a Forster resonance, the initial electric field is set
according to the field calibration presented in Sec. and the initial 45D5 5 Rydberg
state is excited by a pulsed two photon excitation (see Sec. and detected via
selective field ionization. The blue laser is focused to a light sheet (cf. Sec. with
a power of 0.5mW and horizontal polarization (i.e. parallel to the electric field).
The transition between 5S and 5P is driven by a laser beam that is 133 MHz blue
detuned from resonance (2mm 1/e? diameter, 0.5 mW power, counterpropagating to
the blue beam). The excitation pulse length is 2 ps. For selective field ionization, the
extractor voltage is ramped up within several microseconds (the ramp parameters
are equal to the ones used in Sec. . At a Forster resonance, a population transfer
to 47P and 43F should be visible in the SFT signal. The two pair states are coupled
by the dipole-dipole interaction as described in the Hamiltonian of Eq. SO
the population should show Rabi oscillations . However, the Rabi frequency
is depending on the interaction strength and thereby on the distance between the
atoms. As our sample is a thermal gas, many different distances with different Rabi
frequencies are realized, so we do not observe Rabi oscillations but we can measure
the steady-state distribution of the pair states via SFI. In Fig. [£.7 the SFI signals
for two different initial electric field values are plotted. There is a clear change in the
SFE'T signal from a single peak to three peaks. The SFI signal was also numerically
calculated following Sec. [£.1]for all the states that participate in the Forster resonance
(including the different |m;| substates). A linear combination of the resulting SFI

spectra

Stot =a- S(45D5/2, m; = 05) + b- S(45D5/2,m]‘ == ]_5)
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4. Selective field ionization

was then fitted to the measured data with a, b, c, ... as fit parameters and is plotted
as a red dashed line in Fig. [£.7] The time axis of the calculated signal is shifted by
7 ps compared to the results shown in Fig. [£.3p because of the ion’s time of flight of
around 12 ps less a trigger delay of 5 1s. We see that the observed signal fits nicely to
the theory. Even the substructure can be partly reproduced, however some subpeaks
seem to be somewhat shifted. Most probably, this is due to a slight change of the
time of flight during the field ramp because of the changing extraction field.

In Fig. [4.8 the SFI signal for a range of initial electric fields is depicted in a
colorplot together with the numerical calculations fitted to each field value. In Fig.
[4.9] the corresponding fit parameters are plotted. As we could already see in Fig.
the theory shows good agreement to the measurement. As expected, at three
different field regions we can see the Forster transition becoming resonant. Compared
to the field values mentioned above, there is a slight shift to lower fields by around
0.04V/cm. This shift most likely comes from residual magnetic fields. The earth
magnetic field is not compensated in the experiment and the MOT coils are not
switched off during the excitation of the Rydberg atoms.

As aforementioned, when a Forster interaction channel is tuned into resonance, the
Rydberg-Rydberg interaction gets much stronger and changes from van der Waals
(~ 1/R® with interatomic distance R) to dipole-dipole type (~ 1/R3). The stronger
interaction results in a stronger Rydberg blockade. The blockade manifests itself in a
sub-Poissonian excitation number distribution, as predicted theoretically in ,
and demonstrated experimentally in [81]. The excitation number statistics can be
analyzed with the help of the Mandel  parameter [82], which is defined by

((AN)?) — (N) _ (N?) —(N)°

Q= ) = > —1, (4.24)

where N denotes the number of detected excitations after each excitation pulse,
(...) the mean value and AN = N — (N). Values of () > 0 correspond to super-
Poissonian, () = 0 to Poissonian and () < 0 to sub-Poissonian excitation statistics.
In Fig. we can see the Q-parameter for the different electric fields of the
measurement depicted in red. For orientation, the right hand side y-axis together
with the blue line depicts the relative 45D population, which shows a decrease at the
Forster resonances. As expected, the Q parameter also shows a decrease when the

Forster interaction channel is tuned into resonance.
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Figure 4.7.: SFI signal for two different initial electric field values far away from a
Forster resonance (a, F' = 0.108 V/cm) and on resonance (b, F' = 0.161 V/cm). The
measurements are depicted with blue solid lines. The red dashed lines correspond to
the numerical calculation of the time evolution of the involved states. The time evo-
lution was calculated according to Sec. and a linear combination of the resulting
SFT spectra was fitted to the measurement. The histogram of the measurement has
a temporal binning of 10ns. The peak around 10.4 ps corresponds to the 45D state.
At the Forster resonance, the SFI signal shows a clear redistribution to two peaks
around 10ps (47P) and 10.9 s (43F).
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Figure 4.8.: (a) Histogram of the arrival times of the ions after a selective field
ionization ramp for different initial electric fields at the position of the MOT (binning
of 10ns). The ramp has the same form and parameters as described in Sec.
The braces on top depict the estimated arrival times for the different states involved
in the Forster resonance channel of Eq. When this channel becomes resonant,
a state change can be observed in the SFI signal (around 0.17V/cm, 0.19 V/cm and
0.26 V/cm, marked in the plot with thick arrows). (b) Numerical calculation of the
time evolution of the involved states. The time evolution was calculated according
to Sec. and a linear combination of the resulting SFI spectra was fitted to the
the measured SFI signal for each field value (fit parameters depicted in Fig. .

40



4.3. Foérster resonances

0.7 ‘
——45D5 5
06 [ 747133/2 ]

43F
0.5 .

0.4 ]

0.3 .

0.2 .

Relative population

0.1p .

0L I | | | | | | | ]
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28

Electric field [V /cm]

Figure 4.9.: Normalized fit parameters corresponding to the fit of the calculated SFI
spectra to the measurement depicted in Fig. The contributions of the |m;]|
substates were summed up for the plot. As expected, at a Forster resonance an
increase of the relative population of the states 47P3/; and 43F together with a
decrease of the population of 45D5, is visible. While the population of the 47P3
state is zero far away from the Forster resonance, there is a constant background
in 43F population. This might partly be an artifact of the fitting but it is also
likely that part of the initial 45D5/, population decays to lower lying states before
detection.
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Figure 4.10.: Left y-axis with red dots: Mandel QQ parameter for different inital electric
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fields (1000 excitation-detection pulses for each point, four data points are missing
because the measurement was disturbed at these points). Right y-axis with blue
line: relative population of the 45D state. A decrease of Q and the 45D population
is visible when the Forster interaction channel is tuned into resonance by the electric
field.



4.4. Detector limitations

4.4. Detector limitations

In case of the SFI measurements presented above, only the temporal resolution of
our ion detector was used. For the spatial imaging of Rydberg excitations in zero or
low electric fields, the extraction field has to be switched on as fast as possible (in our
case < 50ns) to ensure imaging by our ion-optical systems with a fixed magnification
factor. The extraction field has to lie above the classical ionization threshold to ensure
rapid ionization. Typically, a voltage of £500V is applied to the extractors, which
corresponds to an electric field of 157V /ecm. That means that states with n > 41
can be used with this extraction field (the classical ionization threshold of 418,
is 156.3V/cm). A fast switching of the extraction field with a transition time of
several nanoseconds can be achieved with high voltage transistor switchesﬂ When
we look at the histogram of the arrival times of the ions after such a fast switching
(Fig. [4.11]), we see several separate peaks. While the first one contains the ions with
correct positions that were created in the object plane of the microscope, the rest of
the ion signal comes from ions that are created outside of the object plane. Due to
the characteristics of our ion microscope, the trajectories of some of the ions created
outside of the object plane can be bent back onto the detector plane. These ions do
not carry a suitable position information. As the different peaks in the histogram
are clearly distinct, the arrival time can be used to filter for the correct ion signal.
Nevertheless, a problem arises with this kind of detection with a fast switching of
the extractor voltage because several ions are produced in a very short amount of
time, which can lead to a saturation of the ion detector or a loss of spatial resolution.
A general saturation is connected to the dead time of our detectorﬂ and the signal
width of the delay line (1-2ns), as overlapping signals cannot be distinguished as
separate events. Besides this, low temporal separation of the ion events also limits
the functionality of the delay line anode: the position is encoded by the difference of
the signal arrival times at the two ends of the delay line (two separate layers for x
and y position). The propagation speed is 0.75 ns/mm, meaning that for our detector
of 40 mm diameter, the two signals at the ends of the delay line of a single event can
have a time separation of up to 30ns. If two or more ion events arrive with a small
but separable time difference, depending on the position, the delay line signal of the

second ion can arrive before the first one on the one end of the delay line and the

!Behlke HTS 61-03-GSM
2The manufacturer of our MCP states for the Time-to-Digital-Converter a typical dead time
between multiple hits on one channel of 5ns and an overall multi-hit dead time of 10-20 ns.
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other way around on the other end. This can cause an incorrect conversion from
time signal to position information thus causing a loss in spatial resolution even if
the number of detected particles is not saturated in the sense of the time separation
being smaller than the width of the signal peaks.

In summary, if only the MCP is used (no spatial resolution), the time separation
of two events should be >5ns, corresponding to an ion count rate up to 200 MHz.
If the delay line detector is used, this limit changes to >30ns, corresponding to an
ion count rate up to 33 MHz. These count rate limits are only valid for a very small
amount of particles. The continuous count rate should not exceed 1 MHz, otherwise
the MCP can be permanently damaged.

In Fig. [4.12] the loss of resolution can be seen as a broadening of the spatial
structure imprinted onto the MOT. The problem can be circumvented by greatly
reducing the excitation power so that on average less than one Rydberg atom is
excited inside the detection region. However, the detection of multiple particles is
essential for measuring two-body or many-body physics like the Rydberg blockade.
With the spatial detection method we developed in order to be able to measure the
blockade effect for highly Stark-shifted Rydberg states (see Chap. , the ionization
rate of the atoms can be precisely controlled, therefore avoiding detector saturation
and loss of spatial resolution. Furthermore, as the electric field is changed only by a
small amount in order to ionize the atoms, the magnification factor remains nearly

constant.

44



4.4. Detector limitations

(a) 106

) 0
§ 1.5} s
(D]
EAR )
H
2 05) :
O b

6
g
g
wn
- 4 £
5 S
'z 9
(ol
0

Position, x [mm]

Figure 4.11.: Excitation of 43S Rydberg atoms at zero field with 5ps pulse length.
The magnification of the ion microscope was set to 1000. 1pus after the excitation
pulse, the extractor voltages are ramped up in 30 ns from zero or the compensation
voltage to their final values. (a) Histogram of the arrival times of ions out of 21635
pulses (0.3 events per pulse on average, 10ns bin size). (b) and (c): Positions of
the ions corresponding to the regions marked with the braces in the histogram.
The original excitation area (a line of 10 pm width, shifted to the lower part of the
detection area) is reproduced in figure (b). In contrast to that, the strip in figure
(c) always stays in the middle of the detection area irrespective of the position of
the excitation line.

45



4. Selective field ionization

20
g
ERRL
>
=0
3
Z 10
[l

|
)
S

-20 =10 0 10 20

Position, x [mm]

_::4 0 2 4 6 8 10 12

Counts Counts
Figure 4.12.: Ton signal for different excitation laser powers (pulse length 1ps) that
result in 0.1 detected ion hits per pulse on average (left) and 1.3 hits per pulse,
respectively (11354 pulses in total). In the second case, it is likely that the real
number of events is higher but could not be resolved by the detector. The excitation
area was a line of 6 pm width. The magnification was set to 1000. With the very
low count rates in the left plot, the form is reproduced correctly, while for higher
count rates in the right plot, the spatial resolution is lost.
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electric fields

The Rydberg blockade is observed conventionally in the zero electric field regime,
where Rydberg states do not carry a permanent electric dipole moment. Thus, the
interaction between the atoms is of second order van der Waals type —Cjg/r® with the
interatomic dinstance r. The magnitude of the interaction scales with n'' (with n
being the principal quantum number of the state). A change in interaction strength
and with that a change in the blockade radius is only possible by changing the
excited Rydberg state. An increased interaction strength is for example desirable
in order to enhance the fidelity of a blockade-based quantum gate or to obtain a
tunable interaction potential for quantum simulators . For this reason, different
approaches to enhance and tune the interaction have been studied. At zero electric
field, the interaction is of van der Waals type and its magnitude can be calculated
with second order perturbation theory (see also Sec. :

i7" |\ Vaalid) |2
UvdW(R):_ZH [Vaalid) |*

5.1
i’ il Ai’,i” ( )

Depending on the angular momentum of the state, the n'! scaling can be interrupted
by a near resonant interaction channel, where the energy defect A; ;» between the
initial pair state |ii) and another dipole-dipole coupled pair state |i'i"”) tends to zero.
The interaction is then resonantly enhanced and the interaction type changes from
second order van der Waals to first order dipole-dipole type —C'/r3. While for nS;
states of rubidium, there is no such resonant channel, for nDj5/, states a near resonant
channel is present for n = 43 (|43Ds/3,43D5)5) — |41F7)5,45P35)) [43]. A small
external electric field can be applied to tune the interaction out of resonance again
and by that diminish the interaction strength , . However, it is worth noting
that despite the enhanced interaction strength, the Zeeman degeneracies of the states
at zero external field can still lead to poor blockade characteristics , . Similar
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5. Control of dipole blockade in high electric fields

to that, a Forster resonance (see Sec. can be tuned into resonance by a small
electric field , and by that the interaction strength is increased. Instead of
using a DC Stark shift to tune the interaction channel in and out of resonance, the
same can also be achieved by the AC Stark effect of a microwave dressing field [86].

In the presence of an external electric field but without a resonantly enhanced
interaction channel, the dipole-dipole interaction energy scales quadratically with
the dipole moment p, [43]:

AW

_ ! ﬁ (1 — 3cos® @) . (5.2)
4dmeg R3

Here, the electric field is oriented in z-direction, R denotes the interatomic distance
and © the angle between R and the z-axis. In an external electric field £, the dipole
moment p, of a Stark-shifted state with energy E(F’) is given by the slope of the
resonance line —dE(F)/dF (in SI units). Therefore, the interaction can be tuned
by using states with different slopes as has been shown in for Cs Rydberg P
states with principal quantum numbers between 60 and 85 and electric fields up to
0.4V /em. A recent work uses Rb Rydberg atoms near the unperturbed 50S state,
which are excited in a small electric field around 2.8 V/cm [52, [87]. In this field region,
there is an anticrossing between a nonpolar and a highly dipolar state. Atoms are
excited to the nonpolar Rydberg state and then adiabatically transfered to the highly
dipolar state, which dramatically changes the magnitude of the Rydberg-Rydberg
interaction. Compared to the classical ionization threshold (see Eq. , the electric
field used in the experiments presented above is small. For the 50S state of Rb, the
ionization threshold is 66.6 V/cm and for 60P and 85P of Cs, it is 31.7V/cm and
7.3V /cm, respectively.

5.1. lonization rates in high electric fields

As shown in Sec. around and above the classical ionization limit, the Stark
spectrum of Rydberg atoms has an intricate form and is dominated by strongly va-
rying line broadening due to ionization. While the measurements of focus on
calculating and measuring complete spectra, here we want to focus on the ionization
behavior of individual resonance lines in the highly Stark shifted regime around the
ionization threshold. In Fig. [5.I} a small part of the numerically calculated Stark

spectrum around the unperturbed 43S, /5 state is depicted. The classical ionization
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Figure 5.1.: Numerically calculated Stark spectrum of 8"Rb . The detuning is
given relative to the unperturbed 435, /5 state. The m; = 0.5,1.5,2.5 substates are
plotted. (a) The colorplot shows transition strength and linewidth of the resonances.
The crosses mark the Rydberg states excited in the measurement shown in Fig. [5.2]
(b) The solid lines depict the ionization rates of the states from nonionizing (gray)
to strongly ionizing (red). The arrows with numbers depict the Rydberg states that
are excited in the blockade experiment. The arrowheads with delimiters mark the
ionizing state that these Rydberg states are transferred to for detection.
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threshold is 127V /cm. The colorplot in sub figure (a) shows the transition strengths
and linewidths of the resonances, which are given by the ionization rate of the corre-
sponding state. Since the ionization rates are comparably low in this field region and
states with high ionization rate often have a small transition strength, a change in
the rate cannot be clearly seen in the colorplot by means of the linewidth. Further-
more the linwidth is capped at a minimum value of 5 MHz. This is done for better
visibility in the plot but also to account for broadening mechanisms which dominate
in the absence of strong ionization, namely excitation laser linewidth, power broa-
dening and the lifetime of the intermediate state. To visualize the ionization rate,
solid lines are plotted in sub figure (b). The color of the line depicts the change
from non-ionizing (gray) to an ionization rate of 20 MHz (red). This again shows the
existence of states with very low ionization rates (=~ 100 kHz) but also the possibility
to rapidly change the ionization rate of a state by a small change in the electric field.
In order to experimentally verify these results, we excited Rydberg atoms at different
points in the spectrum with a blue laser pulse of 5ps duration and simultaneously
detected the arrival time of the ions with our ion microscope without changing the
applied electric field. The blue laser was switched by an AOM with a transition time
of 13ns. The beam had a power of 4mW, was polarized horizontally and focused to
a light sheet (cf. Sec. [3.3)). The lower transition was driven by the MOT beams (de-
tuning of 12 MHz to intermediate state, 25 mm 1/e* diameter, 60 mW total power),
which were not switched. In Fig. [5.2] the histograms of the ion arrival times of 500
excitation pulses for two different points in the spectrum are plotted. The ionization
rate is evaluated by fitting an exponential decay to the ion signal after the end of the
excitation pulse. It is already apparent that there is a drastic change in ionization
rate from the kHz to the MHz regime. The measurement is repeated for many diffe-
rent points along the resonance line. The results for the ionization rates are shown
in Fig. together with the values from the numerical calculations. We find good
agreement between theory and measurements. In the nonionizing region, the resi-
dual ionization rate is even slightly lower than expected (< 100kHz). At 500 MHz
detuning and 127.8 V/cm, respectively, there is a fast increase of the ionization rate
up to around 20 MHz.
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Figure 5.2.: Histograms of ion arrival times for the two different Rydberg states
marked with crosses in Fig. [5.1h (bin size of 10 ns, average over 500 excitation pulses
for each curve). The excitation pulse of 5 ps duration is switched on between 11.38 pis
and 16.38 ps. The ionization rates of Fig. are deduced by fitting an exponential
decay to the ion signal after the end of the excitation pulse. These fits are depicted
as black dashed lines in the plot. The ionization rates are (89.2 + 3.8) kHz for the
slowly ionizing state and (17.4 + 0.3) MHz for the quickly ionizing state.
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Figure 5.3.: Measured (black dots with errorbars) and calculated (solid red line)
ionization rates following the line containing resonance 1 (see Fig. . Figure and
caption taken from [3] and adapted.
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5. Control of dipole blockade in high electric fields
5.2. lonization by adiabatic transfer

Conventionally, when Rydberg atoms are detected via ionization, the electric field
is ramped up to a value well above the ionization threshold. For state selective
ionization, typically a ramp with a duration of 100ns to 5pus is used; in case of
spatially resolved imaging, the ramp is normally as fast as possible to avoid movement
of the atoms and to have fixed imaging parameters. As discussed in Sec. [£.4] this
kind of fast switching is problematic for our imaging system and also not necessary
because there are ionizing states nearby.

Therefore, we implemented a novel detection scheme utilizing the highly Stark-
shifted resonances presented in the last section. In this scheme, Rydberg atoms are
first excited to nonionizing states and the ionization is then done by only a small field
change of typically 1 V/cm with the field ramp slow enough to transfer the Rydberg
population adiabatically to an ionizing state. The final field value determines the
ionization rate. The ionization signal in dependence on the final field is shown in
Fig. The excitation pulses in this measurement had the same parameters as
described in Sec. Following the excitation pulse, after a delay of 1ps, a field
ramp with &~ 1ps transition time is applied. The measurement clearly shows that
the ionization rate (and with it the width of the ion peak) can be varied by changing
the final field value. Besides the decreasing width of the ion peak, there is also an
apparent shift to earlier times. This happens because of our rather slow field ramp,
which causes the Rydberg atoms to get ionized before the final field value is reached.

Apart from circumventing the technical limitations of our detector, our ionization
method could also be reversed, meaning that the ionizing state can be brought back to
the original state. When switching to a much higher field for ionization, the original
state evolves through the Stark map and gets redistributed over many Stark-shifted
states. This process is obviously not reversible by ramping down the electric field

again.

5.3. Measurement of the dipole blockade

The dipole blockade can be measured by analyzing the spatial correlations of the po-
sitions of the Rydberg atoms after the excitation laser pulse. For that, the excitation-
detection scheme described above was applied to three different Rydberg states de-
picted with arrows and numbers in Fig. and we chose the final value of the electric
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Figure 5.4.: Histogram of ion arrival times for different final values of the extractor
voltage (bin size of 20ns, average over 500 excitation pulses for each curve). The
first two dashed vertical lines depict the Rydberg excitation pulse (duration of 5 ps,
resonance 1 in Fig. ), the third line shows the start of the electric-field ramp
(transition time ~ 1ps). With increasing voltage, the ionization occurs earlier and
faster. The final extractor voltages of 410-414V correspond to electric fields of
127.5-128.4V /cm. Figure and caption taken from |3] and adapted.

field such that the Rydberg population gets ionized within 1ps. The excitation pulse
of the blue laser had a duration of 1ps. It was polarized horizontally and focused
to a light sheet (cf. Sec. . Depending on the transition dipole moment of the
Rydberg transition, the power of the blue laser was set to obtain a Rabi frequency
of around 27 x 300 kHz. The lower transition was driven by the MOT beams (Rabi
frequency around 27 x 8 MHz), which were not switched. The density of the MOT
was around 4 - 10'°1/cm®. The magnification of the ion microscope was set to 1129
with Up,=+412V, Uy = —3KkV, Uo=620V, Ur3=620V, Ur4=690V (cf. Fig. 2.3).
The following table lists the laser detunings (with respect to the unperturbed 43S

state), powers and electric field values used for the different resonances:

Resonance | Laser detuning | Laser power | Initial E-field | Final E-field
1 686 MHz 0.8 mW 127.2V/cm 128V /em

2 —614 MHz 4mW 126.7V /cm 128.4V /cm
3 —794 MHz 3.8 mW 127.1V/cm 128.4V/cm

Each excitation pulse yields around 5 ions and their position and timing infor-

93



5. Control of dipole blockade in high electric fields

mation is recorded by our ion microscope. For each pulse, the spatial second order

correlation function

o W@ty 0 gy
970 = TG+ w4 0 ey (@ )eg (53)

with displacements u, v is calculated with the the detector function

N
flz,y) = Z; 0(x — 2:)d(y — vi)- (5.4)
1=
x;,y; denote the coordinates of the IV ions from the excitation pulse. Due to the small
number of events in each pulse, the excitation is repeated several thousand times to
gather enough data for a meaningful correlation analysis. The resulting correlation
functions are summed up and the result is normalized to the correlation function
calculated from the (uncorrelated) set of events from all pulses. This normalization
accounts for the fact that the detector area is finite, so larger distances between
two events are less likely to be observed and thus the correlation function decreases
radially from the center. Furthermore, it also accounts for the spatial inhomogeneity
of the excitation efficiency due to the Gaussian profile of the light sheet.

The Rydberg blockade shows up as a decreased (< 1) correlation function for
small interparticle distances. If plotted as a two-dimensional colorplot as in Fig. [5.5
for the results of resonance 1, this corresponds to a region around the center with
g®(u,v) < 1. An ideal blockade would result in a correlation function going down
to zero. Since our excitation volume is not perfectly two-dimensional, in our case the
minimal value of ¢(® is >0. Furthermore, due to the detector characteristics, there is
an uncorrelated ion signal coming from ions that are produced outside of the imaged
area. Other than in Fig. [{.11]of Sec. [£.4], this signal cannot be completely separated
from the desired signal because of the rather low ramp speed and ionization rate.
Hence, the uncorrelated ion signal reduces the decrease of the correlation function.

For better comparability, the radial average of the correlation function is calculated

by (in polar coordinates)

2
1
gon(r) = 5 / 92(r, ) dé (5.5)

and the results are plotted in Fig. for resonances 2 and 3. A clear change in

the blockade behavior is visible. For resonance 2, the blockade effect starts at an
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Figure 5.5.: Spatial correlation function g2 (u,v) when exciting resonance 1 of Fig.
The Rydberg blockade effect manifests itself by a decrease of ¢®) to values
smaller than 1 for interatomic separations smaller than the blockade radius. Figure
and caption taken from .

interatomic distance of 12um, for resonance 3 at 2pm. The two Rydberg states
are part of the same resonance line and are only 0.4V /cm apart from each other.
The drastic change in the interaction strength comes from a strongly varying electric
dipole moment p, for the two states visible in the Stark spectrum as a change in the
slope of the line. A theoretical value for the blockade radius can be defined as the
distance 7, at which the energy shift AW due to the interatomic interaction (cf. Eq.
equals the excitation laser linewidth dvy:

h - 271'51/L = AW(T{;) (56)

The dashed vertical lines in Fig. depict the theoretical values of the blockade
radius (12.5pm and 2.6 um, respectively) calculated out of the corresponding di-
pole moments (1.90 - 10726 Cm and 1.76 - 10727 Cm, respectively) and an estimated
excitation linewidth of 5 MHz.

The theoretical values for resonances 2 and 3 are in good agreement with the
measurement. For resonance 1, the dipole moment is 4.19 - 10727 Cm, which would
result in a blockade of 4.5num. However, the measured blockade is significantly

larger. Besides the interaction due to the permanent electric dipole moment, there
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Figure 5.6.: Radial average of ¢(?) (u,v) for excitation of resonances 2 and 3 from Fig.
The dashed lines depict the theoretical blockade radii (see Eq. . Figure
taken from .

is also always a second order van der Waals interaction . The strength of this
interaction depends on the energy level structure, which varies very much in the
strongly Stark-shifted regime. Furthermore the presence of one or several resonant
interaction channels can vary the interaction strength severely (see Sec. . Both
effects could be the reason for the enhanced interaction that we observe here.

In summary, we have shown in the measurements presented in this chapter, that the
Rydberg blockade can be observed at highly Stark-shifted states and the strength of
the Rydberg-Rydberg interaction can be altered by small changes in the electric field.
Conventional Rydberg blockade experiments operate at zero electric field, which
requires a set of electrodes to compensate stray electric fields in all directions, or at
small fields in order to induce a dipole moment to the Rydberg atoms. In this work,
we have shown an alternative way which utilizes the complicated “spaghetti region”
of the Stark spectrum with its diversity of states and varying ionization rates. These
properties could be seen as an annoyance, but we have shown that they can also
be seen as an advantage, which opens up new perspectives to tailor interaction and

ionization of Rydberg states.
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6. Conclusion and Outlook

In this work, we have described an ion microscope for magnified imaging of ultracold
atoms that was put into operation and characterized experimentally in a cold atom
setup . The system incorporates a set of four electrostatic lenses and a MCP for
ion detection. The system has a maximum magnification of 1000, simulations show
a resolution of better than 100 nm. The measurements show good agreement with
the expected parameters from the simulations; the smallest available test structure
of 2.7pm could be imaged easily. We have shown that the microscope is capable
of detecting both ground state atoms via photoionization as well as Rydberg atoms
via field ionization and subsequent ion imaging. While this work mainly focused on
the detection of Rydberg atoms, the microscope is also suitable for detecting other
ultracold samples, for example Bose-Einstein condensates. There, the system could
be operated in a continuous, quasi non-destructive mode by ionizing only a small
subset of the sample. This can be used to analyze global properties like temperature,
density and atom number as well as local statistics and opens the possibility for a
continuous observation of dynamical processes, for example vortices , collective
excitations and oscillations . In the field of Rydberg atoms, the microscope
can be used for the spatio-temporal analysis of many-body effects like facilitation
91], crystallization , Rydberg molecules and ion-atom collisions , .
The theoretical treatment of highly Stark-shifted Rydberg atoms with the help of
a complex absorbing potential (CAP) that was developed in this work, allows for the
accurate prediction of wide ranges of the spectrum with only one free parameter. The
numerical calculations were verified by measurements of these spectra for different
Rydberg states . We have shown the existence of sharp resonances with low ioniza-
tion rates even for high electric fields above the classical ionization threshold. These
findings allow for new ways of performing experiments with Rydberg atoms in a non
field-free environment. This is of particular interest when Rydberg atoms are brought
close to surfaces, which often exhibit strong static electric fields due to adsorbates

. Our results can help towards constructing hybrid quantum devices by coupling
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6. Conclusion and Outlook

Rydberg atoms to superconducting resonators . Another prospect is the tailoring
of the ionization process by using Stark-shifted states of varying ionization rate for
the realization of cold ion or electron sources . It has also been shown in this
work, that with the CAP theory selective field ionization (SFI) signals of Rydberg
atoms can be predicted. This was used to investigate the occurrence of Rydberg For-
ster resonances that become manifest in the SFI signal. At a Forster resonance, the
interaction strength between the Rydberg atoms is enhanced, the resulting blockade
effect has been observed in the excitation number statistics. The calculation of SFI
spectra can be used to select suitable Rydberg states for an experiment as well as to
analyze the initial state distribution on the basis of a measured SFT signal.

Direct observation of the Rydberg blockade utilizing the spatial resolution of our
ion microscope has been accomplished for highly Stark-shifted Rydberg states by
analyzing the spatial correlations of the excited atoms [3]. With the help of the CAP-
theory, suitable states with low ionization rates were chosen for the demonstration
of the blockade effect. Our work proves that even in high electric fields around
the classical ionization limit Rydberg states exist that can be used for blockade
experiments. Furthermore, the interaction strength can be tuned by the external
electric field. We have implemented a detection technique that ionizes the Rydberg
atoms in a controlled way by adiabatic transfer to an ionizing state for subsequent
ion imaging. A state with a large interaction strength could be used for quantum
gate operations with enhanced fidelity . In quantum simulators, the interaction
potential is changed by using a different Rydberg state or by varying the distance
between the atoms. Our work shows the possibility of tuning the interaction strength
via the applied electric field and can be utilized in the future for the realization of
interaction potentials that vary in space and time. The dipole blockade together with
the variable ionization rate in the highly Stark-shifted regime can also be used for
the realization of Rydberg superatoms , deterministic single atom , single
photon [105| and single ion sources as well as single photon absorbers .
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Abstract

We report on an ion-optical system that serves as a microscope for ultracold ground state and Rydberg
atoms. The system is designed to achieve a magnification of up to 1000 and a spatial resolution in the
100 nm range, thereby surpassing many standard imaging techniques for cold atoms. The microscope
consists of four electrostatic lenses and a microchannel plate in conjunction with a delay line detector
in order to achieve single particle sensitivity with high temporal and spatial resolution. We describe
the design process of the microscope including ion-optical simulations of the imaging system and
characterize aberrations and the resolution limit. Furthermore, we present the experimental
realization of the microscope in a cold atom setup and investigate its performance by patterned
ionization with a structure size down to 2.7 ym. The microscope meets the requirements for studying
various many-body effects, ranging from correlations in cold quantum gases up to Rydberg molecule
formation.

1. Introduction

The development of efficient laser cooling [ 1] paved the way to the production of ultracold atom clouds with
temperatures down to several nanokelvin and finally to the experimental realization of Bose—Einstein
condensates [2, 3] and degenerate Fermi gases [4]. In order to study the unique properties of ultracold quantum
matter, various techniques have been established.

The standard way to image ultracold atom clouds is absorption imaging 5], where the cloud is illuminated
by aresonant laser beam and the shadow image is recorded on a camera. However, the cloud is destroyed by this
method. The destruction can be suppressed when using the related method of phase contrast imaging, allowing
to image the same cloud several times [6—8], yet at a reduced contrast.

For non-destructive imaging of dilute samples with single atom sensitivity, fluorescence imaging is typically
used. Here, non-destructive means that the atoms are not lost out of the trap during the imaging process. In
general, this type of imaging requires relatively long exposure times up to 1 s to gather enough fluorescence
photons. During this time the atoms may heat up, such that single atom resolution is typically achieved in deep
trapping structures. With cold atoms loaded into a two dimensional optical lattice and a light-optical system
with high numerical aperture placed close to the atom sample, a spatial resolution below 1 ym could be achieved
with single atom and single site sensitivity [9, 10]. These ‘quantum gas microscopes’ revolutionized the
capabilities of detection and control of quantum many body systems and allow for example the direct
observation of the superfluid to Mott insulator phase transition on the microscopic level [10, 11]. Recently, this
technique was extended from bosonic to fermionic quantum matter [12—15], thus providing an ideal quantum
simulator for investigating solid-state Fermi systems that are difficult to analyze numerically [16, 17]. These
microscopes promise important insights into open questions such as high-temperature superconductivity.

Above methods work well for closed cycle transitions, where multiple photons within the visible or near
infrared regime can be scattered. If not ground state atoms but Rydberg atoms (atoms in states of high principal
quantum number [18]) shall be imaged, the imaging techniques cannot always be applied directly. In case of
earth alkali Rydberg atoms, the second valence electron can be used for such a closed cycle [19]. But with the
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more commonly used alkali Rydberg atoms, only an indirect approach is possible, by detecting losses in the
ground state population [20, 21] or by transferring the Rydberg population to the detectable ground state [22].
Thus, alkali Rydbergs are preferably detected by ionization [ 18]—which also works for ground state atoms [23]
—or alternatively by the all-optical approach of electromagnetic induced transparency [24, 25].

The detection of ions or electrons with high temporal and spatial resolution can be achieved with
microchannel plates (MCP). Such detectors have been used to image cold electron or ion beams extracted out of
alaser-cooled atom cloud [26-30]. Similar to a field ion microscope, spatially resolved detection of Rydberg
atoms has been demonstrated by ionization and acceleration in the divergent electrical field of a metallic nanotip
with a magnification of 300 and a resolution better than 1 pm [31, 32]. Imaging of spatially structured
photoionization and Rydberg excitation patterns in a magneto-optical trap (MOT) could be achieved with a
magnification of 46 and a resolution of 10—20 m [33]. In a different approach, a spatial resolution of 100 nm
has been realized, using a scanning electron microscope for local ionization of cold atoms [34, 35]. All these
methods image a two-dimensional plane. However, a MCP can also be used for three-dimensional detection,
with the third dimension being calculated out of the timing information, as demonstrated with a Bose—Einstein
condensate of metastable helium [36].

Here, we present a novel ion microscope for in situ and real-time imaging of ultracold atomic gases. The
microscope features a full ion-optical imaging system with four electrostatic lenses and a MCP of 40 mm
diameter for ion detection. Using the MCP in conjunction with a delay line detector (DLD), single particle
sensitivity with high temporal and spatial resolution is achieved. Depending on the ionization scheme, the
system may be used for detecting ground state atoms as well as Rydberg atoms. The ion microscope has been
optimized for detecting cold atomic ensembles with typical extensions in the 10-100 yzm range. Therefore, the
magnification can be adjusted between 10 and 1000 with a theoretical resolution limit of 100 nm. Ion-optical
abberations have been minimized to provide a distortion-free imaging over the whole field of view. A large depth
of field ensures the possibility to reckon back from the timing information onto the third spatial direction. We
demonstrate the microscope using a continuously operated MOT of rubidium atoms. In order to test the
performance of the microscope, different optical ionization patterns are imprinted onto the MOT, with the
generated ions being imaged by the electrostatic lens system.

2.Ion optics

In analogy to light optics, where light beams can be refracted by materials with different refractive indices, the
trajectories of charged particles can be manipulated by electromagnetic fields. The trajectories of ions are—
compared to electrons—Tless sensitive to magnetic fields, so we use electrostatic fields for our ion-optical system.
Our setup consists of a set of four einzel lenses—a type of lens that is typically used for low-energyions [37]. Each
einzel lens consists of three consecutive, rotational symmetric electrodes with an aperture. Usually, the two outer
electrodes are held at the same electric potential, so the energy of the charged particle after exiting the lens is
equal to its energy before entering. By changing the potential of the inner electrode, the focal length of the lens
can be varied.

For the design of the ion optics, we made use of a commercial field and particle trajectory simulation
program. The program calculates the electrostatic potential for a given electrode geometry by applying a finite
difference method and then simulates charged particle trajectories in this potential. All measures like aperture
sizes, lens separations and electrode lengths have been optimized to meet the microscope’s target specifications
with a maximum magnification of 1000 and a resolution better than 100 nm (see section 3).

The microscope is realized in a 700 mm long tube with a diameter of 111 mm (see figure 1 and table 1). The
object, here an atom cloud ina MOT, is centered in between a pair of extraction electrodes. These are typically
heldat Uy, = 500 V and form the electric field to extract the ions generated in the MOT. Four consecutive
einzel lenses image the ions onto a MCP detector with 40 mm diameter. Starting with einzel lens 1, each lens
produces a magnified image in the image plane behind the lens, which is further magnified by the nextlens and
finally imaged onto the MCP plane. In order to achieve a sharp image, the focal length of each lens is matched to
the position of the image plane of the previous lens. The position of the image planes is determined by simulating
different ion trajectories coming from a common starting point and determining the intersection of the
trajectories behind the lens. There are of course several voltage settings for the different lenses to achieve a sharp
image for a specific magnification but typically the refractive power should be distributed homogeneously over
the lenses to reduce aberrations.

The drift tubes between the lenses and the outer electrodes of the lenses 2, 3 and 4 are held at —2.4 kV which
equals the potential at the front plate of the MCP detector. The drift tubes keep the lenses at a fixed distance and
ensure an undisturbed (field free) particle movement in between the lenses. In contrast to the other lenses, einzel
lens 1, with the negative extractor serving as its first electrode, acts as an immersion lens, accelerating the ions to
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Figure 1. Cross section (to scale) of the rotational symmetric electrode geometry: (a) positive extraction electrode, (b) center of MOT,
() negative extraction electrode, (d) einzel lens L1 (consisting of three electrodes including the negative extraction electrode), (e)
grounded shielding cone, (f) drift tube 1, () einzel lens L2, (h) drift tube 2, (i) einzel lens L3, (j) drift tube 3, (k) einzel lens L4, (1)
grounded shielding tube, (m) drift tube 4, (n) MCP shielding, (0) MCP stack.

Table 1. Dimensions of the ion-optical elements. The given distances are meant as clear distance to the preceding element. Front electrodes
correspond to electrodes facing towards the MOT, rear electrodes towards the MCP. The labels (a)—(o) refer to figure 1.

Element Aperture radius Outer radius Length Distance
Positive extraction electrode (a) — 15 mm 2 mm —
Negative extraction electrode (c) 6.5 mm 15 mm 5 mm 46 mm
Center electrode of L1 (d) 7 mm 17.5 mm 5 mm 1 mm
Rear electrode of L1 (d) 7.5 mm 22.5 mm 14.5 mm 1 mm
Drift tube 1 (f) 31 mm 32 mm 74 mm 0 mm
Frontelectrode of L2 (g) 15 mm 52.5 mm 10 mm 0 mm
Center electrode of L2 (g) 15 mm 49 mm 22.5 mm 1 mm
Rear electrode of L2 (g) 15 mm 52.5 mm 10 mm 1 mm
Drift tube 2 (h) 50 mm 51.5 mm 137.5 mm 0 mm
Front electrode of L3 (i) 15 mm 52.5 mm 10 mm 0 mm
Center electrode of L3 (i) 15 mm 49 mm 22.5 mm 1 mm
Rear electrode of L3 (i) 15 mm 52.5 mm 10 mm 1 mm
Drift tube 3 (j) 50 mm 51.5 mm 96.5 mm 0 mm
Front electrode of L4 (k) 40 mm 52.5 mm 10 mm 0 mm
Center electrode of L4 (k) 40 mm 49 mm 60 mm 1 mm
Rear electrode of L4 (k) 40 mm 52,5 mm 10 mm 1 mm
Drift tube 4 (m) 50 mm 51.5 mm 138.5 mm 0 mm
MCP shielding (n) 23.5 mm 51.5 mm 2 mm 0 mm
MCP stack (o) — 25 mm (20 mm active) 3 mm 3 mm

the drift tube potential. The voltage at the inner electrodes of the einzel lenses can be adjusted to change the focal
length of the lens and with that the magnification of the system. In general, a higher voltage leads to a higher
magnification. The inner electrode of the first einzel lens is typically heldat Uy, = —2.7 ... —3 kV, the inner
electrodes of the three other lenses at Up,34 = 0 ... 800 V.

To determine the achievable magnification, we simulated the imaging of ion patterns positioned in the
center between the extractor electrodes onto the MCP plane. In figure 2, the magnification of the system
depending on the voltages at einzel lens 3 and 4 is shown. The simulations predict the desired magnification of
1000 for a voltage at the einzel lenses 2, 3and 4 of U3 4 =~ 750 V (with Uy = 500 V and Uy; = —2700 V).
The time of flight of the ions also varies with electrode voltages and ranges in between 10 and 14 ps.

3. Aberrations and resolution limit

The resolution of an ion-optical system is, in analogy to light optical systems, in general limited by aberrations.
In the following section, the types of aberrations that have a relevant influence on our imaging system are
covered. Independent of the properties of the ion-optical imaging system, the resolution is limited by the MCP
ion detector itself, which has a center-to-center pore distance of 17 yzm. Therefore, following the Nyquist—
Shannon sampling theorem [38], only structures of size > 2 x 17 pm can be resolved. Thus, every aberration
effect has to be compared to this principal limit.
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Figure 2. Magnification of the ion optics at the MCP plane for different voltages at the inner electrodes of einzel lens 3 and 4. The
remaining parameters were fixed to U, = 500 V, Up; = —2700 V and Uy, = +750 V. All data is derived from a numerical
simulation. The sharpest images (smallest point spread function) can be achieved with voltage combinations inside the dashed line.
For a sharp image at other magnifications, the voltages at the lenses L1 and L2 have to be adjusted accordingly.

3.1. Spherical aberrations

Spherical aberrations in rotational symmetric lens systems are unavoidable [39], but can be limited by splitting
the total refractive power on several lenses, as realized in our microscope. This reduces the angle of incidence of
the ion trajectories at each lens and minimizes spherical aberrations. Besides this, thorough optimization of the
lens parameters is required to reduce spherical aberrations further.

With the outer lens electrodes being at the same potential as the drift tubes, their length does not play a
crucial role for the imaging system. Basically, the refraction takes place in the interspaces between the outer
electrodes and the central electrode, where the potential landscape is changing rapidly. The separation between
the electrodes has been fixed to 1 mm to ensure a sufficient dielectric strength (see section 4). This leaves the
applied voltages, the aperture sizes, and the lengths of the central electrodes for optimization. They all have direct
impact on the refractive power of the lens and thus on the focal length and magnification. On the other hand,
they strongly influence the spherical abberations.

With the spherical abberations being inverse proportional to the aperture sizes [40], large apertures are
generally preferable. For large apertures, however, the focal length and the principal distance of the image plane
are increased. This can be partially compensated by increasing the applied voltage to the central electrode.
Aperture sizes are thus limited by the target length of the microscope and the maximal applicable voltages. For
our imaging system, we limited the size to 700 mm and the voltage difference between neighboring electrodes
to3.2kV.

The aperture sizes cannot be optimized independently of the lengths of the central electrodes. For increasing
electrode length, the focal length and the magnification is reduced. As with the aperture size, the central
electrode length has direct influence onto the spherical abberations. They can be minimized by minimizing the
gradient of the electrostatic potential along the optical axis at the entrance and exit of the lens. This means that
the electrode has to be long compared to the aperture [41]. In our setup, the optimization resulted in a length of
the central electrode being typically 50% larger than its aperture radius.

The remaining effects of spherical aberration in our system can be seen in figure 3(a). It shows the focus
region of einzel lens 4 for ion trajectories with different starting points. The focal length for off-axis beams is
considerably shorter than for beams close to the optical axis.

3.2. Astigmatism and distortion
The effects of astigmatism and distortion are also an inherent feature of einzel lenses [42].

Astigmatism means, that the meridional section (the plane containing the object point and the optical axis)
of abeam of rays far away from the optical axis has a different focal length than the sagittal section (the plane
perpendicular to the meridional plane). This can lead to a different imaging resolution of the ion optics in
sagittal and meridional direction. In figure 3(b), the effect of astigmatism on our ion-optical imaging is
visualized: the position of the focal point differs between meridional and sagittal section of the beam. Also the
beam radius at the focal point and therefore the resolution of the imaging system is different for the two
directions. This effect of directional resolution can also be seen in the simulated imaging of ion test structures in
figure 5.
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Figure 3. Monochromatic abberations of the ion-optical system at a magnification of 1000. (a) Spherical aberration: ion trajectories
near the focus of einzel lens 4. The different lines correspond to different starting distances of the ion to the optical axis (from outer to
inner lines: Ay = 419 pm, £15 pm, £10 gm, +5 pm, 100 nm). These result in different focal points and a broadened focus size.
(b) Astigmatism: radius of an ion beam starting with a diameter of 100 nm and a distance of 10 zzm to the optical axis in meridional
and sagittal direction. Depicted is the beam radius after refraction by einzel lens 4. (c) Distortion: magnification as a function of the
object distance to the optical axis. Different colors correspond to different object positions along the optical axis.

Distortion means, that the magnification of the optics changes with increasing distance from the optical axis.
Its influence is shown in figure 3(c) for different positions of the object plane with respect to the central position
between the two extraction electrodes. In principal, the magnification changes by about 1.5% across the image
plane, resulting in a superposition of barrel and pincushion distortion.

3.3. Chromatic aberrations

Besides these monochromatic aberrations, there are also chromatic aberrations effecting the imaging quality. In
general, the focal length decreases for ions with lower energy, as the refractive power of the lens is increased. This
makes the starting energy distribution of the ions to be one of the main sources for chromatic aberrations. For
the experiments described here, the ions are produced via photoionization of rubidium atoms out of a
continuously operated MOT (see section 4). The starting energy distribution is thus given by the temperature of
the MOT, the excess energy (the difference between the photon energy and the ionization energy of rubidium)
and the momentum transfer from the photoionization process. The MOT temperature is typically around

T = 100 pK which corresponds to a particle energy of Ey;, = kgT = 8.6 neV. Following energy conservation,
the excess energy is distributed on the electron and the ion correspondingly to their mass ratio. With

mpy/me ~ 1.6 X 10°less than 0.001% of the energy goes to the ion. With the ionization laser being tuned close
to the ionization threshold, the excess energy can be very small, in our case 104 ;.eV, which leads to an energy
transfer onto the ion of 0.65 neV. The contribution of the momentum transfer from the photon can be
neglected as it is more than one order of magnitude smaller than the other two. This leaves the thermal energy of
the particles and the excess energy to be the dominant contribution to the chromatic aberration. Our ion-optical
system is designed such that starting energies up to 2.5 peV will not affect the minimal resolution. This ensures
optimal imaging conditions for cloud temperatures up to 30 mK or total excess energies up to 0.4 eV.

3.4. Depth of field

In addition to the chromatic aberration resulting out of the starting energy of the ions, there is also another
source of varying ion energy: the ions are not only produced in a plane but in a three dimensional volume. Ions
with different starting points along the optical axis experience different accelerations before they reach the first
lens. The simulations show, that at a magnification of 1000 the spread of starting positions along the optical axis
of the ions can be as bigas 50 zm without limiting the resolution to a value worse than the principal limit of the
ion detector. At the same time, this value defines the depth of field for our imaging system. The effects are
visualized in figure 4(a), showing the relative position shift of ions in the detector plane due to varying starting
positions along the optical axis. For starting position shifts | Az| < 25 pum the relative shift in the image plane
stays within the pixel size of the MCP detector.

3.5. Modulation transfer function and resolution

In summary, all of the above aberrations limit the final resolution of the ion-optical imaging system. This is
typically quantified via the modulation transfer function, describing the contrast in the image plane as function
of the point separation in the object plane. Figure 4(b) shows the resulting modulation transfer function for our
ion-optical imaging system with the magnification set to 1000 and neglecting the discretization due to the finite
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Figure 4. (a) Depth of field: radial position of the ion trajectories at the detector plane for various starting positions along the optical
axis Az and distances to the optical axis Ay in the object plane. Ay = Az = 0 is the center point between the extraction electrodes.
The position is shown relative to the point of incidence of an ion starting at the given Ay butwith Az = 0 (blue line). The dashed
lines depict the MCP pore distance. (b) Modulation transfer function: contrast in the image plane as a function of the point separation
in the object plane, for on-axis (Ay = 0)and off-axis (Ay = 17 um) objects. The magnification is set to 1000.
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Figure 5. Simulated imaging of several test patterns near (top row) and 19 zum away (bottom row) from the optical axis (ion optics set
to a magnification of 1000). The test structures consist of cuboids of different sizes filled with ions: (a) 1 pm X 1 pm, (b)
100 nm x 100 nm, (¢) 10 nm x 10 nm. The extent along the optical axis is always 50 um, the starting energy 9.3 neV.

MCP pore size. The object depth along the optical axis has been chosen to be 25 pim. For on-axis beams, full
contrast can be transferred for point separations down to several nanometer. However, off-axis beams are
limited to point separations in the 10 nm regime.

The results can be nicely visualized by simulating the imaging of a test pattern (see figure 5). The starting
points of the simulated ions are randomly distributed in cuboids of different sizes placed in the center plane
between the extraction electrodes. The extension of such a cuboid in the object plane (perpendicular to the
optical axis) is small (down to 10 nm) in order to visualize the resolution limit of the ion optics. In contrast to
that, the extent along the optical axis is large (50 1zm) to show the large depth of field of the system. The starting
kinetic energy of each ion is 9.3 neV (see section 3.3) with a random direction of the starting velocity. The
trajectories of all ions are simulated and in the ideal case, the spatial distribution should be reproduced on the
detector plane with the corresponding magnification. The results in figure 5 show that for structures close to the
optical axis the imaging is nearly perfect, but further away from the optical axis, aberrations play a significant role
in the imaging quality. With an object depth of Az = 50 pum the 100 nm structures can be nicely resolved,
however, the 10 nm structures are fully washed out for off-axis patterns. Here, the resolution limit is at
about 50 nm.
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Figure 6. Cross-section of the full ion optics setup inside the vacuum chamber.

3.6. Three-dimensional imaging

As the time of flight of the ion varies with its starting position, it is possible to calculate back from the timing
information of the MCP on the initial z-position of the ion. This position along the optical axis is not directly
accessible by the imaging. For the procedure to work, the ion has to be inside the depth of field of the imaging
system because the time of flight also varies with the starting position in the object plane (x- and y-direction). For
the system set to a magnification of 1000, the time of flight increases quadratically with the distance from the
image center. Itis 200 ns higher at the edge of the image than in the center. If this effect has been taken into
account, the residual variation of the time of flight originates from the starting position along the optical axis.
This variation is linear and has a gradient between 0.244 and 0.315 yus mm ' depending on the x/y-position of
the ion. Therefore, the accuracy of the time of flight measurement has a direct influence on the spatial resolution
in z-direction. With a timing resolution of the MCPs time to digital converter (TDC) of <100 ps, the spatial
resolution in z-direction is about 400 nm. This is about an order of magnitude higher than the design resolution
in x/y-direction. Similar results may be achieved using a movable light sheet for localizing the ionization process
along the z-axis.

4. Experimental realization

The complete experimental setup is illustrated in figure 6. It can be divided into three parts: MOT, ion optics and
ion detection. All parts are placed in a vacuum chamber under ultra-high vacuum conditions at a pressure
of ~1 x 107! mbar.

The MOT-part (see figure 7) is located between the two extractor electrodes and allows for optical access
from several directions. The MOT is created at the minimum of a magnetic quadrupole field generated by a pair
of coils in anti-Helmholtz configuration. The magnetic field gradient along the coil axis is 11 G cm ™. The radius
of the coils (inside/outside: 34/42 mm) was chosen to be as big as possible to minimize the influence of the coils
and their copper holders on the extraction field, while keeping the number of windings and current required for
obtaining the field gradient to reasonable values. The laser cooling is provided by three pairs of
counterpropagating laser beams which intersect at the magnetic field minimum. The MOT is loaded with
rubidium 87 atoms that are provided by current-heated dispensers.

Before imaging the cold atoms, they have to be ionized. This is done by a two-step photoionization process.
Using the cooling laser of the MOT, rubidium 87 ground state atoms are first excited from the 55, /,, F = 2 to
the 5P; 5, F = 3 state. Ionization is then achieved via a laser with wavelength of 479.04 nm. The produced Rb*
ions are then imaged with the ion optics.

The ion optics was built in accordance to the simulated electrostatic lens system. The electrodes were
produced out of stainless steel, for insulating parts Macor (a glass-ceramic well suited for UHV conditions) was
used. To avoid surface charges on the insulators, which could severely influence the electric field, the electrode
geometry was designed in a way that there is no direct connection from any point of the ion beam to the insulator
surfaces (see figure 8). In addition, the minimal distance between the electrodes has been limited to I mm in
vacuum and 7.25 mm at Macor insulators. This ensures a sufficient dielectric strength of about 6 kV [37]. In
contrast to all the other electrodes, the positive extractor consists out of transparent glass, coated with 80 nm of
indium tin oxide (ITO). By using such a glass electrode, we gain optical access to the MOT parallel to the optical
axis of the ion optics while being able to apply a voltage.
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Figure 7. Part of the setup where the magneto-optical trap (MOT) is formed by six intersecting laser beams and a magnetic field
formed by two coils.

10 mm

Figure 8. Cross section of einzel lens 3 with stainless steel electrodes (dark) and Macor insulators (light). The distance between two
electrode surfaces is 1 mm in vacuum and 7.25 mm at Macor insulators.

The ion detection with high temporal and spatial resolution is done by a combination ofa MCP and a DLD
[43, 44]. The electrical signals of the DLD are discriminated by a set of constant fraction discriminators and
recorded with a TDC. An ion-optical image is typically achieved by accumulating the ion events at the detector
for a given amount of time and plotting a histogram of the detected ion positions. The detection efficiency of the
system is expected to be mainly given by the MCP, which typically lies in the range of 60%—85% for positive ions
with the kinetic energy used in our setup [45].

5. Measurement

In order to prove the ability of our ion optics to image cold atoms, defined test structures have been applied.
Therefore, we spatially structured the ionization laser since the photoionization rate is proportional to the laser
intensity.

We imaged a resolution test target (USAF1951) illuminated by the ionization laser onto the MOT with an
achromatic lens positioned outside the vacuum chamber. The magnification of this light-optical imaging system
was M, = 1.14, the optical axis of the imaging is parallel to the optical axis of the ion optics and goes through the
ITO coated glass electrode. The test target consists of several groups of elements with varying size. Each element
consists of three vertical and three horizontal bars with a distance identical to their width. Obviously, our very
simple light-optical projection has a limited quality, so the smallest usable structures has a center-to-center
distance of 20 zm at the position of the MOT. Hence, this method is suitable for testing the ion imaging at small
magnifications with relatively large structures.
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Figure 9. Ion image of a USAF1951 test structure that was projected with the ionization laser onto the MOT. The visible bar structure
(number six) has a center to center distance of 80 zzm at the position of the MOT. The voltages at the center electrodes of the einzel
lenses were Ups = 300 V, Uy 54 = —2.4 kV. The magnification is about 50.

To test the imaging of each einzel lens individually, we measured the ion image of a test structure with only
one active einzel lens, all the other einzel lenses were ‘switched off’ by applying the drift-tube voltage of —2.4 kV
to the center electrode. At the extraction electrodes, voltages of 500 V were applied. Because of that, the first
einzel lens still has a focussing effect even with the center electrode at —2.4 kV. From the USAF1951 target, we
used the structure 6 of group 3, that has a center to center distance of My, - 70.16 pum ~ 80 ym. The
corresponding image, as measured with our ion microscope at a magnification of 50, is shown in figure 9. It
nicely visualizes the original target pattern and yields a distortion free and sharp image. We now imaged this
structure for different voltages at the center electrode of the active einzel lens and measured the line distance in
the detector image. The results are shown in figure 10 and unveil the voltage dependent magnifications of each
einzel lens. All measurements (black) show good agreement to the values extracted from the simulations (red).
Only at high voltages, the measurements deviate from the simulations. Partly, this can be explained by
inaccuracies in the mechanical assembly, asymmetries and voltage deviations, but it is also likely, that the
extraction field in the experiment differs from the simulations. The simulations only consider a rotational-
symmetric electrode geometry but in reality, there are also other, non-rotational-symmetric parts that can
influence the electric field (for example the MOT-coil holders). Another source for the deviation can be the
position of the MOT between the extractor electrodes. In the simulations, the ions start exactly in the center
between the extractors, but in the experiment the position of the MOT relative to the extractors cannot be
determined exactly.

The USAF1951 target is well suited to characterize the relatively small magnification of a single einzel lens
but cannot be used to characterize high magnifications and the resolution limit of the ion optics. For smaller, but
still well defined structures, an optical lattice as described in [46] was implemented by superimposing two
parallel beams of the ionization laser with a lens onto the MOT. By varying the distance between the parallel
beams, the angle between the beams behind the lens and with that the lattice spacing of the emerging
interference pattern can be changed. As the beams go through the glass electrode, the maximum beam distance
and with that the minimal lattice spacing is limited to about 2.7 pxm. With this setup, the predicted
magnification of 1000 could be achieved and structures down to the lattice spacing limit could be imaged easily
asdisplayed in figure 11(a). There is a small curvature of the fringes visible, that can be explained by
monochromatic aberrations (see figure 3). The fringes are bent in the same direction over the whole image plane
and furthermore there is a slight increase in magnification from one side of the detector region to the other,
resulting in a changing fringe separation. Both effects indicate, that one or more electrodes are not positioned
exactly rotationally symmetric to the optical axis. A line scan of the measurement is depicted in figure 11(b),
showing a fringe contrast of 0.32. However, it is difficult to extrapolate a resolution limit out of this contrast, due
to the large depth of field of our imaging system. Ions from areas where there is little to no overlap of the beams
producing the lattice structure get also imaged onto the detector plane, thus adding an offset to the ion signal.
Furthermore, the trajectories of ions produced outside the detection region can get bent back onto the detector.
For the future, a reduction of the ionization area to a plane—for example with a light sheet—is advisable.
Nevertheless, the 2.7 pim lattice is clearly resolvable, which implies that the actual resolution limit lies lower.
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Figure 10. Center to center distance of the test structure from figure 9 on the detector in dependence on the voltage applied to the
center electrode of the corresponding einzel lens. The measurement was evaluated by determining the distances between multiple line
pairs of the corresponding structure and is shown in black with error bars. The results of the simulation are depicted as solid red lines.
The voltage setting for the sharpest image (minimum of the point spread function) is marked with a blue dot (if any). For other

settings, the voltage of at least one other lens has to be adapted in order to achieve the sharpest possible image.
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Figure 11. (a) lon-optical imaging of a MOT onto the MCP with the ionization laser intensity spatially modulated by an interference
structure with fringe spacing of 2.7 pm. The magnification is 1050. The bright spot in the middle is produced by ions that are
generated outside of the detection region and whose trajectories get bent back into the image. (b) Line scan of the measurement
summed up over y € [11.6 mm, 13.1 mm)]. The blueline is a a fit with a sine-function plus offset. The contrast of the fringes
(calculated out of the fit) is 0.32.

Testing the ultimate resolution limit of the system would require smaller structures to be imprinted onto the
atoms. This could be done by using the standing wave pattern of a retro-reflected ionization laser. In our setup,
that would result in a lattice structure with 240 nm fringe spacing. The structure would probably have to be
mechanically stabilized to the ion-optical system to minimize the effect of vibrations. Another crucial point is
the stability of the voltage sources of the electrodes, especially for ions starting far away from the optical axis.
Simulations show that a stability of +0.05% has to be maintained in order to not limit the resolution of the
system. In addition to that, deviations from rotational symmetry can also limit the resolution as well as the
characteristics of the delay line signals and detector electronics. As the lattice spacing of the retro-reflective
configuration is more than one order of magnitude smaller than the smallest structure demonstrated here, a
more promising approach would be to start with structure sizes closer to the demonstrated 2.7 m. This could
be done with a variable standing wave similar to the one we used but with a higher maximum angle between the
laser beams, which was not possible in our setup due to limited optical access. Another approach would be to use
a different photoionization path involving a wavelength suitable for the desired lattice spacing.

6. Conclusion

In summary, we have presented an ion-optical setup to image and magnify cold atom clouds. The system
consists out of four electrostatic lenses and a MCP for ion detection. Simulations show, that the resolution
should be better than 100 nm with a maximum magnification of 1000. Therefore, it surpasses standard light
optical imaging techniques. The ion optics was realized experimentally and integrated into a cold atom setup. It
was characterized by photoionization of atoms out of a MOT. The results are in good agreement with the
simulations and show, that the system can be used to study ultracold atom clouds.

Although, the ion microscope was demonstrated here on a continuously operated MOT, it can be easily
applied to investigate ultracold quantum gases and Bose—Einstein condensates. Then, the microscope can be
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operated in a quasi non-destructive mode by ionizing only a small subset of particles. If this subset resembles the
whole quantum gas, global properties like atom number, density and temperature can be extracted from the ion
microscope. With the microscope being able to operate continuously, also the observation of dynamical
processes in quantum gases, like vortices, solitons, collective excitations or oscillations come into direct reach.
Furthermore, the system should be well suited to investigate local statistics in quantum gases via temporal and
spatial correlation analysis. Such correlation measurements become even more important in the context of
Rydberg gases, where many-body effects like the Rydberg blockade [47, 48], facilitation [49], crystallization [50]
or molecule formation [51] could be directly observed. The cold atom microscope is thus perfectly suited to
investigate physics beyond the standard mean-field approach.
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Ionization spectra of highly Stark-shifted rubidium Rydberg states
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We report on the observation and numerical calculation of ionization spectra of highly Stark-shifted Rydberg
states of rubidium beyond the classical ionization threshold. In the numerical calculations, a complex absorbing
potential (CAP) allows us to predict the energy levels and ionization rates of Rydberg states in this regime.
Our approach of adjusting the CAP to the external electric field reduces the number of free parameters from
one per resonance to a single one. Furthermore, we have measured the ionization spectra of magneto-optically
trapped rubidium atoms which are excited to principal quantum numbers of 43 and 70 at various electric fields.
The emerging ions are detected using an ion optics. We find good agreement between the numerically and

experimentally obtained spectra.

DOI: 10.1103/PhysRevA.96.013427

I. INTRODUCTION

Stark spectra of alkali-metal Rydberg states above the
classical ionization threshold exhibit an intricate energy-level
structure with strongly varying ionization behavior, including
rapidly ionizing states as well as the extreme of narrow res-
onances where ionization is almost suppressed [1]. The latter
feature is clearly distinct from hydrogen, where the ionization
rate of a given state grows exponentially with the applied
external electric field [2]. The study of these ionization spectra
of nonhydrogenic atoms is therefore of particular interest
not only from a fundamental point of view, but also for the
prospect of improved control over the ionization process in
Rydberg gases.

The method of complex rotation (CR) is well known
for the theoretical treatment of ionization rates of highly
Stark-shifted states of hydrogen and alkali atoms [3-5]. It is
applied by substituting the location and momentum operators
in the Hamiltonian by the complex terms 7 — 7 - exp(if)
and p — p - exp(—i0), respectively, which results in a non-
Hermitian Hamiltonian. This leads to complex eigenvalues of
the Hamiltonian which can be used to obtain the energy levels
and linewidths, i.e., the ionization rates in the present case. As
an alternative to this method, a complex absorbing potential
(CAP) can be employed to create a non-Hermitian Hamiltonian
[6-9]. The CAP is added to the original Hamiltonian in
the form —inW (7). Both of these methods, CR and CAP,
work with free parameters 6 and 7, respectively, which are
determined for every single resonance of the system by a
variational method.

In a previous work [10] we have calculated Stark-shifted
energy levels including the corresponding dipole matrix
elements by diagonalization of a matrix representation of the
Hamiltonian [11]. While this methods yields very precise
results for spectra at electric fields below the classical
ionization threshold, the broadening of the states by ionization
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at higher fields can no longer be neglected. Hence, in this
work, we combine the matrix diagonalization method with
an adaptive CAP method by choosing a potential that is
adjusted to the external electric field. This removes the need to
determine the free parameter n for each resonance separately
and thereby greatly reduces the computational effort for the
numerical calculation. We calculate ionization spectra near
the unperturbed 43S/, and 705> $Rb Rydberg states for
electric fields far beyond the classical ionization threshold.
Furthermore, we present an experiment in which rubidium
atoms in a magneto-optical trap (MOT) are excited to Rydberg
states in the presence of an external electric field. When the
atoms ionize from these Stark-shifted Rydberg states, the ions
are guided to a detector by an ion-optical system [12]. We
have measured ionization spectra by ramping up the external
electric field and scanning the excitation laser frequency near
the aforementioned states.

The methods we present here can be used to search
for resonances from the ionization spectra, such as highly
Stark-shifted states which have a desirable ionization rate
or sensitivity to the external electric field across a certain
range. Furthermore, this opens up the possibility to tune
a coupling between ionizing and nonionizing states by the
external electric field. This way of tailoring the ionization
process is highly useful for the design of sources of cold ions
and electrons for microscopy purposes [13—16]. Moreover,
a precise knowledge of these ionization spectra opens new
perspectives for experiments incorporating Rydberg atoms
near surfaces, where static electric fields arise due to adsorbates
[17-20].

II. APPLICATION OF A COMPLEX
ABSORBING POTENTIAL

The Hamiltonian A for an atom in an external electric field
Fg along the z axis is given by

H = Hy + F2, o)

where FIO denotes the unperturbed Hamiltonian, i.e., the
unperturbed atomic energy levels, which are calculated from
quantum defect theory [21-24]. Note that all formulas in this

©2017 American Physical Society
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section are given in atomic units. The Stark-shifted energy lev-
els corresponding to this Hamiltonian are routinely calculated
by choosing a subset of the basis given by Hy, representing
H as a matrix in this basis and computing the eigenvalues
of this matrix [11]. For the high-field region considered in
this work, it is crucial to include all total angular momentum
quantum numbers j in the subset of the basis. However, as
we use a two-photon excitation scheme in the experiment,
we can limit our calculations to |m;| € {1/2,3/2,5/2}. The
subset of the basis is then chosen symmetrically in energy
above and below the desired energy region. The convergence
of this method can be assured by increasing the subset of the
basis until changes of the resulting eigenvalues are well below
the experimental resolution. In our previous work, we have
extended the calculations of [11] and determined a measure
D for the transition strength in the three-level ladder scheme
by calculating the dipole matrix elements between the states
[10]. Here, we further extend these calculations by introducing
a complex absorbing potential (CAP) to the model, which
allows for an estimate of the ionization rates of Stark-shifted
states in the regime of high electric fields beyond the classical
ionization threshold.

The CAP is added to the Hamiltonian A, resulting in a new
non-Hermitian Hamiltonian,

Heap = H — inW(#, Fg). 2)

In general, the free parameter n € R should be adjusted for
each resonance that is studied at each value of the electric
field. However, in the approach we present in this work, we
also adjust the function W(7, Fg) depending on the electric
field, which in effect allows us to choose the parameter 1 only
once for a whole region of the spectrum.

We have chosen a CAP combining 7 as in Ref. [8] with the
Heaviside function ® as in Ref. [7], similar to the rectangular-
box CAP in Ref. [25]:

W, Fg) = OIF — r(Fp)IF — re(Fp)l°. ©)

This results in a spherical potential scaling as #°, but radially
shifted to a radius r.. The matrix representation of this CAP
is calculated using the same radial wave functions as for the
Z operator, which are obtained by integrating a parametric
model potential [26]. It is worth noting that due to its spherical
symmetry, this choice for the CAP does not introduce any
coupling between different states and therefore results in
a purely diagonal matrix representation. Furthermore, the
Hamiltonian can still be treated separately for different values
of |m ;| and the basis for the matrix representation is chosen as
in previous works by including enough states nearby in energy
for the results to converge [10,11].

The potential W (7, Fg) is changed along with the external
electric field Fg via the radius r.. To determine r., we use a
Coulomb potential to approximate the atomic potential with
an external electric field,

1
Ve = - Fez. “4)

This potential is also used for the definition of the classical
ionization threshold, which is given by

Eion = —2y/Fg, )

PHYSICAL REVIEW A 96, 013427 (2017)

V(z)

FIG. 1. Illustration of the complex absorbing potential (CAP).
The parameter r, is determined according to Eq. (6) which places it
at the radius of the saddle point of the potential Vg [see Eq. (4)].
Note that in this 1D graph along the z axis, the saddle point appears
as a local maximum. This choice of r. creates a potential W that
resembles the shape of r® but is spherically shifted by .

and marks the saddle point where the potential opens towards
the continuum. The location of the saddle point, which is a
local maximum along the z axis, is then given by

1
re(Fg) = Fa (6)
E

and we use this radius to place the onset of 1% in the potential
W (7, Fg), as illustrated in Fig. 1. Graphically speaking, this
allows us to distinguish between an inside and an outside
region of the atom and to ensure that the CAP only absorbs the
parts of the wave functions that protrude to the outside region.

The Hamiltonian Hcap may yield complex eigenvalues
which can be written as

E.=E, —i—, (N

r
2
where the real part determines the energy level E, of the
resonance and the imaginary part determines its ionization
rate I". In the calculations, the free parameter n from Eq. (2)
is varied for exemplary values of the electric field. The first
of these exemplary points is conveniently chosen near the
classical ionization threshold to determine a first estimate
for n because, assuming no other previous knowledge about
the spectrum, this region generally features a large number
of resonances with different ionization rates. Subsequently,
further points are chosen at higher electric fields to continue
the variation of 5 following the initial estimate. The parameter
n is then fixed to a value in the center of a region which
leaves the resulting eigenvalues E. mostly unchanged. For all
spectra investigated here, this region spans multiple orders
of magnitude of n, which is a direct consequence of our
field-dependent choice for the CAP. It is also worth noting that
within this region, changes of 1 affect the broadest resonances,
i.e., broader than the frequency range in the experiment, more
than narrow resonances. Therefore, the resulting changes do
not visibly alter the spectrum.

In order to create a diagram of the spectrum from the
calculated eigenvalues in terms of intensity / with respect
to the transition energy E, we sum up Lorentzian peaks for
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IONIZATION SPECTRA OF HIGHLY STARK-SHIFTED ...
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FIG. 2. Schematic diagram of the experimental setup. Rubidium
atoms are trapped at the intersection of the MOT beams (red). Atoms
from the MOT are continuously excited to Rydberg states by the
coupling laser (blue) at various electric fields, which are applied via
the extractor electrodes. The field is also used to guide the ions (green)
to the ion optics.

each resonance at a given electric field,

I(E b I 8

()_nF2+(E—E,)2' ®
For the resulting resonances which would have linewidths
smaller than 25 MHz, we set the linewidth to 25 MHz, which
is approximately the linewidth of resonances in the region that
is not dominated by ionization and also the resolution of our
experimental data. Please note that ionization is the only decay
channel that we consider in these calculations. All other decay
channels as well as redistribution by blackbody radiation are
negligible for strongly ionizing states.

III. EXPERIMENTAL SETUP

We excite Rydberg atoms in a cloud of ®Rb atoms
confined to a standard six-beam magneto-optical trap (MOT).
The cooling light is provided by a diode laser running
at ~780 nm, which is frequency stabilized to the cooling
transition 58 2(F = 2) — 5P3,2(F = 3) with a red detuning
of 10 MHz. The MOT is positioned in between two electrodes
which are used both to generate the desired electric field at the
position of the MOT and to extract ions out of the MOT (see
Fig. 2). An ion optics consisting of a set of electrostatic lenses
guides the ions to a microchannel plate detector (MCP) where
they can be detected with single-particle sensitivity [12].

The excitation of rubidium atoms from the ground state
to a Rydberg level is done in a two-step process. The
lower transition 5S;, — 5P3, is driven by the MOT beams
themselves. The upper transition from the intermediate state
5P3); to a Rydberg level is done by a frequency-doubled,
grating stabilized diode laser (Toptica DL-SHG pro) with
a tuneable wavelength around 480 nm (hereafter referred to
as “coupling laser”). The frequency of the coupling laser
is stabilized by a HighFinesse WSU-30 Wavemeter. The
ionization rate of the excited Rydberg atoms is determined
by counting the emerging ions with the MCP detector.

In order to measure the ionization spectra of highly Stark-
shifted Rydberg states, we fix the coupling laser to a certain
frequency and ramp the voltage at the extractor electrodes to
probe the desired field region and simultaneously detect the

PHYSICAL REVIEW A 96, 013427 (2017)

generated ions. This ramp is repeated for different coupling
laser frequencies. The MOT beams and the coupling beam
remain switched on during the whole measurement and the
MOT is continuously loaded from rubidium dispensers. With
this scheme, we were able to scan a large field region in a
reasonably small measurement time, while still getting a good
signal-to-noise ratio.

We measured Stark spectra near the unperturbed 435, and
70812 state in a wide electric-field range, mostly around and
above the classical ionization limit. In these measurements,
we used voltage ramps with a ramping speed of 1 V/s and
25 MHz steps for the frequency of the coupling laser.

IV. MEASUREMENTS AND COMPARISON
TO CAP-THEORY RESULTS

We present experimental results in comparison to results
from our numerical calculations near the unperturbed state
43812 inFig. 3. The experimental resolution of the voltage was
100 mV, equivalent to 30.6 mV/cm, and the step size of the
electric field in the numerical calculations was 40 mV /cm. The
classical ionization threshold for this state is at 127 V/cm, so
itis located just within the lower limit of the electric-field range
of this figure. The variation of the free parameter 1 described in
Sec. 1T led to a value of = 1x10° in the depicted region and
we used ~4000 states for the matrix representation of ﬁCAp.
The results from the experiment and numerical calculations are
in very good agreement. Both data sets clearly show a general
broadening of the lines with increasing electric field as one
would naively expect above the classical ionization threshold.
However, we also find some resonances which are still narrow
even at high electric fields as well as overlapping narrow and
broad resonances, for example at ~143 V/cm in Figs. 3(a)
and 3(b).

The results near the unperturbed state 705/, are depicted
in Figs. 4-7. The experimental results were recorded with a
resolution of 50 mV, equivalent to 15.4 mV /cm, and the nu-
merical calculation was performed using steps of 10 mV/cm.
The ionization threshold near this state is within the range
of Fig. 4 at ~#16.1 V/cm. In this region, the variation of the
free parameter 7, resulted in a value of 7 = 2x10° and the
matrix for ﬁCAp is represented using 10000 states. Again,
we find a general broadening of the resonances beyond the
classical ionization threshold. This broadening increases as
the electric field gets stronger, but even in the high-field range
of Fig. 6 we still find some narrow resonances with linewidths
on the order of magnitude of our experimental resolution
of 25 MHz.

In the highest-field range (see Figs. 6 and 7), the larger
ionization rates result in overlapping resonances with different
linewidths. In some parts of these spectra, the results from the
numerical calculations deviate from the experimental results
showing antiresonancelike features instead of resonances, e.g.,
in Fig. 7(a), where such a feature starts at 30.5 V/cm near
—1 GHz and crosses the whole frequency range of the recorded
spectrumupto31 V/cmand 2 GHz. These parts of the spectra,
where we find deviations from Lorentzian line shapes, may be
interpreted as Fano resonances [27]. A Fano-type resonance
arises due to interference between different excitation paths
to an ionized continuum state. Such Fano resonances have
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FIG. 3. Ionization Stark spectrum near 435 ,,. (a) Detected ion signal from the experiment. (b) Results from the numerical calculations
for n = 1x10°. The detuning is given relative to the unperturbed state. We have applied a linear scaling to match the electric field from the
experiment to the theoretical results. The classical ionization threshold is located at ~127 V/cm.

been observed previously in similar systems [28-30]. In the of direct photoionization. Furthermore, several overlapping
present case, besides the discrete Rydberg state that decaystoa ~ Rydberg resonances with possibly different ionization rates
continuum state by autoionization, there is also the possibility =~ may lead to more complicated interference effects and thereby
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FIG. 4. Ionization Stark spectrum near 70S,,. (a) Detected ion signal from the experiment. (b) Results from the numerical calculations
for n = 2x10°. The detuning is given relative to the unperturbed state. We have applied a linear scaling to match the electric field from the
experiment to the theoretical results. The classical ionization threshold is located at ~16.1 V/cm. The white dashed lines mark the cut that is
shown in more detail in Fig. 8(a).
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FIG. 5. Ionization Stark spectrum near 705 ,. Continuation from Fig. 4. The white dashed lines mark the cut that is shown in more detail

in Fig. 8(b).

more convoluted spectral features. A complete study of
these possible Fano resonances may yield a more accurate
prediction of the spectrum, but is beyond the scope of this
work.

The numbers of states that were used for the matrix
representations of the Hamiltonians were determined in order
to calculate a dataset which is bigger than what is shown

Detuning [GHz]
IS
ot

|
<
13

27 27.5

Electric Field [V/cm]

Detuning [GHz]

27 27.5
Electric Field [V/cm]

in this work. We estimate that ~3000 and ~6000 states
should be enough to reproduce our results near 43S;,, and
7081 2, respectively. Therefore, all results from the numerical
calculations are well converged in the regions depicted in
Figs. 3-7. Some discrepancies between the results may arise
from slow drifts of the voltage source that was used in the
experiment. Since the measurement was performed for one
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28
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FIG. 6. Ionization Stark spectrum near 705 ;. Continuation from Fig. 5.
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FIG. 7. Ionization Stark spectrum near 705 ,. Continuation from Fig. 6.

horizontal line in the data after the other, this results in
a horizontal mismatch of the experimental data of up to
40.05 V/cm in comparison to the numerically calculated
results. Another minor source of deviations between the results
may arise since the detection efficiency in the experiment
changes as the extractor voltage is increased. Therefore,
the ion counts we obtain from the experiment do not scale
directly to the results for the intensity from the numerical
simulations on the whole range simultaneously. However,
this effect is small for the figures presented here since the
color maps have been rescaled for each electric-field range
separately.

For a more detailed analysis of the results from the
experiment and the numerical calculations, we present cuts
of the spectra at two different values of the electric field from
Figs. 4 and 5 in Fig. 8. The data shown in Fig. 8(a) corresponds
to an external electric field of 16.53 V/cm, i.e., just above the
classical ionization threshold. In this region, the peak positions

—_
&

Intensity [arb. units]

Detuning [GHz]

and widths of the experimentally detected and numerically
calculated ionization spectra agree within our experimental
frequency resolution of 25 MHz. For the higher electric field
of 24.10 V/cm shown in Fig. 8(b), we find that the shapes
of the two resonances with the highest intensities deviate
slightly, namely, by an asymmetry of the experimentally
obtained signals. We see these asymmetries as another possible
manifestation of Fano resonances in this system. Further
deviations in the region between 1.3 and 2 GHz can be mapped
to an electric-field region of £0.05 V/cm and are caused by
drifts of the voltage source, as discussed before, in combination
with the high sensitivity of these particular resonances to the
external electric field (see Fig. 5).

V. CONCLUSION

In this work, we have implemented an extension of the
CAP method, in which we alter the shape of the complex

(b)
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FIG. 8. Ionization Stark spectra from the experiment (blue solid lines) and the numerical calculations (red dashed lines) near 705, at
(a) 16.53 V/cm (see Fig. 4) and (b) 24.10 V/cm (see Fig. 5). While we find agreement within our experimental resolution of 25 MHz in
(a), some small deviations can be seen in (b). The two highest peaks from the experimental data in (b) have a slightly asymmetric line shape,
which may indicate possible Fano resonances. Furthermore, we find discrepancies around 1.3-2 GHz, which we attribute to drifts of the voltage
source that was used in the experiment and the high sensitivity of these resonances to the electric field.
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absorbing potential according to the change of the external
electric field. Furthermore, we have presented experimental
results from a setup in which rubidium atoms are continuously
ionized through Rydberg states in the presence of an external
electric field. Our experimental data show the existence of
rich ionization spectra with sharp resonances even far beyond
the classical ionization threshold. The presented numerical
calculations are capable of predicting the measured spectra
of highly Stark-shifted Rydberg states, including the sharp
resonances. Thus it is suitable for improving control over the
excitation to such states and the subsequent ionization process.
An in-depth theoretical study of the possible Fano resonances

PHYSICAL REVIEW A 96, 013427 (2017)

that we have observed in the experimental data may improve
this control even further.
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Controlling the dipole blockade of highly Stark-shifted rubidium Rydberg states
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We report on a novel technique for tuning the dipole-dipole interaction of Rydberg atoms. There-
fore, we make use of highly Stark-shifted states in electric fields above the classical ionization limit.
We show the existence of states with low ionization rates in this field regime and observe excitation
blockade with different blockade radii depending on the electric dipole moment of the state. We
have developed a detection scheme for controlled ionization and magnified imaging of those states
with high spatial and temporal resolution by adiabatic transfer to a state with a suitable ionization

rate.

Rydberg systems exhibit strong correlations due to
electrostatic interactions between the highly excited
atoms. This property makes them a promising candidate
for quantum information processing [1, 2] and quantum
simulation [3]. The interaction can be of van der Waals or
dipole-dipole type [4] and manifests itself in the so called
Rydberg blockade, where, in the presence of a first exci-
tation, a second excitation is suppressed. The efficiency
of the blockade and thus the fidelity of a blockade-based
quantum gate depends on the strength of the Rydberg-
Rydberg interaction [5, 6]. For quantum simulators, a
tunable interaction potential is highly desirable. Conse-
quently, following the first measurement of the Rydberg
blockade [7, 8], efforts have been undergone to enhance
and tune the interaction for example by tuning a state
with a small electric field to a Forster resonance [9-11],
using a state with a near resonant dipole-dipole interac-
tion at zero field [12], the AC Stark shift [13], Rotary echo
[14] or a small DC electric field [15-17]. Coherent collec-
tive Rydberg excitation in the strong blockade regime
has been achieved [18] as well as blockade between two
individiual atoms [19, 20]. A two-qubit CNOT gate and
entanglement between pairs of atoms via the blockade in-
teraction has been demonstrated [21-23] and a quantum
Ising model out of single Rydberg atoms has been real-
ized [24]. Spatially resolved measurement of the Rydberg
blockade has been studied with separate excitation areas
[25, 26], quantum gas microscopes [27, 28], interaction
enhanced imaging [29, 30] and direct spatially resolved
imaging by field ionization [31-34].

In this work, we investigate Rydberg-Rydberg interac-
tions in an electric field region close to the classical ion-
ization limit, which is typically not considered adequate
for this kind of experiment. We identify states at high
electric fields with high transition dipole moments and
low ionization rates suitable for observing blockade ef-
fects. We show that we can tune the interaction strength
by small changes in the external electric field and observe
Rydberg blockade of different blockade radii. Therefore,
our work substantially advances the possibilities to con-
trol the interaction strength of Rydberg atoms and can
prove to be useful for realizing interaction potentials for
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quantum simulators that vary in space and time. Fur-
thermore, we implement a detection scheme in which the
excited Rydberg atoms are ionized by adiabatic transfer
to a state with a defined ionization rate. Spatially re-
solved detection is achieved by imaging the ions with a
high resolution ion microscope for cold atoms [35].

The energy landscape of highly Stark-shifted Rydberg
atoms exhibits an intricate form [36] and is governed by
strongly varying line broadening due to ionization. Nev-
ertheless, as predicted by numerical calculations [37], we
find states, which are mostly unaffected by ionization and
have a varying dipole-dipole interaction strength. In or-
der to choose a suitable state for spatially resolved detec-
tion of Rydberg atoms, we aim for states which undergo
a rapid change in their ionization rate, changing from
a few kilohertz to about 1 MHz within around 1V /cm.
This way, we can transfer the excited state with a small
change of the electric field to an ionizing state with a
defined ionization rate. Typically, Rydberg atoms are
ionized by simply switching the electric field to a much
higher value. In contrast, our approach realizes a very
controlled way of ionization. We can choose a state with
an ionization rate that is on the one hand high enough
that the atoms do not move or decay significantly before
they get ionized, but on the other hand low enough that
saturation of the ion detector is avoided. Besides this
technical advantage, our ionization method also allows
for a reversal of this transfer, bringing the ionizing state
back to the original state. This is virtually impossible
when switching to a much higher field, because during
the time evolution through the Stark map, the state gets
redistributed over many Stark-shifted states [38].

Our experimental setup consists of a vacuum setup
with a standard magneto-optical trap (MOT) for 8’ Rb
with 107 atoms at a temperature of 150 uK. The spatially
resolved detection of ions out of the MOT is done with
an ion microscope composed of four consecutive electro-
static lenses and an MCP in conjunction with a delay line
detector for electronic readout of the individual ion posi-
tions and time stamps. The MOT is positioned between
two extractor electrodes which can be used to generate
the desired electric field at the position of the atoms. For
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FIG. 1. Numerically calculated Stark spectrum of 3’Rb [37].
The detuning is given relative to the unperturbed 43S, /, state
(classical ionization limit of 127.2 V /cm). The colorplot shows
transition strength and linewidth of the resonances. The solid
lines depict the ionization rates of the two states that were
used in the experiment from nonionizing (white) to strongly
ionizing (red). The arrowheads with delimiters mark the ion-
izing state that the Rydberg state is transferred to for detec-
tion.
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FIG. 2. Measured (black dots) and calculated (solid red line)
ionization rates following the line containing resonance 1 (see
Fig. 1). Deviations between theory and experiment arise
from the fact that the free parameter of the CAP potential
was optimized for a broad spectral range and not for a single
resonance.
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FIG. 3. Histogram of ion arrival times for different final values
of the extractor voltage (bin size of 20ns, sum over 500 ex-
citation pulses for each curve). The first two dashed vertical
lines depict the Rydberg excitation pulse (duration of 5 ps),
the third line shows the start of the electric-field ramp (tran-
sition time ~ 1ps). With increasing voltage, the ionization
occurs earlier and faster.

details about the experimental setup see [35]. Typically,
the magnification of the ion microscope is around 1000,
resulting in an imaging area of 40 pm diameter. Rydberg
atoms are excited via a two-photon transition from the
5812 state via the intermediate 5 P55 state to a Rydberg
state. The lower transition at around 780 nm is provided
by the cooling lasers of the MOT. The beam for the up-
per transition at about 480 nm is directed perpendicular
to the optical axis of the ion imaging. The laser is fre-
quency stabilized by a HighFinesse Wavelength Meter
WS-U2. The blue beam going into the vacuum chamber
is focused to a light sheet with beam waists of 9 pm and
80 pm, respectively, in order to limit the excitation depth
in the direction of the ion-optical axis while still having
high light intensity in the imaging area.

In order to demonstrate the applicability of our exci-
tation and detection scheme, we first validate the pre-
dictions of our numerical calculation [37] experimentally.
The calculations make use of a complex absorbing po-
tential [39-41] to predict ionization spectra of highly
Stark-shifted Rydberg states. The results for a small
energy region corresponding to the unperturbed 438/,
state and an electric field of 126-129 V/cm can be seen
in Fig. 1 (the corresponding classical ionization limit
is 127.2V/cm). We picked this region because there
are two resonance lines present that undergo a strong
change in ionization rate from non-ionizing to strongly
ionizing. To measure the ionization rates, we excite Ry-
dberg atoms at different points along the resonance line
with a blue laser pulse of 1 - 5 ps duration (depending on
the transition strength) and simultaneously detect the
arrival time of the ions reaching the detector. The lower
transition is provided by the MOT-lasers which are con-
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v [pm]

FIG. 4. Spatial correlation function g(® (u,v) when exciting
resonance 1 of Fig. 1. The Rydberg blockade effect mani-
fests itself by a decrease of ¢g® to values smaller than 1 for
interatomic separations smaller than the blockade radius.

tinuously on during the experiment. With one excitation
pulse typically yielding 1-30 ions depending on the tran-
sition strength of the resonance, the excitation pulse is
repeated several thousand times. A histogram of the ar-
rival times is derived and the ionization rate of the state
can be determined by the decay of the ion signal after
the end of the excitation pulse assuming other decay and
ionization channels to be negligible. Radiative decay to
lower states and redistribution to higher and lower states
by black body radiation can alter the ionization rate to
both higher and lower values. Since the lifetimes of Ry-
dberg atoms are in general tens of microseconds [42] and
the redistribution by black body radiation is in the kHz
regime [43], we do not expect a major influence of these
mechanisms on our measurements. However, it has to be
pointed out that in the strongly Stark-shifted regime, the
redistribution could differ from the zero-field case. Nev-
ertheless, the experimental data shows good agreement
with the results from the numerical calculation (see Fig.
2).

For the spatially resolved detection of Rydberg atoms
we now set electric field and laser frequency to a slowly
ionizing state and pulse the blue laser. After the excita-
tion, the voltage at the extractor electrodes is ramped up
by around 1 V/cm in order to transfer the Rydberg atoms
to an ionizing state. A high voltage switch is used to
change the electric field with a transition time of = 1 pus.
Time of flight and position of the ions hitting the detector
are recorded. The excitation-detection-cycle is repeated
up to several thousand times. Each pulse typically yields
2-8 jons. In Fig. 3, the effect of different end values for
the extractor voltages is shown (the transition times re-
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FIG. 5. Radial average of g® (u,v) for excitation of reso-

nance 1. The dashed line depicts the blockade radius calcu-
lated following Eq. 3.
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FIG. 6. Radial average of ¢g‘® (u,v) for excitation of reso-
nances 2 (red, large blockade radius) and 3 (blue, small block-
ade radius). The dashed lines depict the blockade radii cal-
culated following Eq. 3.

main unchanged). The ionization takes place faster for
atoms transferred to a state with higher ionization rate.
Furthermore, the onset of ionization shifts to earlier val-
ues since the atoms start ionizing before the end value
is reached. We excite the three resonances depicted with
arrows and numbers in Fig. 1 and choose the end value of
the extractor voltage such that the Rydberg population
gets ionized within 1ps. For resonance 1, the excita-
tion is done at an electric field of 127.2V/cm and a laser
detuning of 686 MHz (with respect to the unperturbed



43S state). For ionization, the field is then switched to
~ 128 V/cm. For exciting resonance 2, the electric field
is set to 126.7 V/cm and the laser detuning to —614 MHz.
For resonance 3, the electric field is 127.1 V/cm and the
detuning —794 MHz. The ionization of these two states
is done by switching the field to ~ 128.3V/cm. The
magnification of the ion-optical system was set to 1129.

For each pulse, the two-dimensional spatial second or-
der correlation function

(et uy+0f ey
(Ut g+ 0Ny (1)

is calculated with the detector function f(z,y), displace-
ments u, v and the average over x and y position ({-))z,.
The detector function can be written as

9 (u,0) =

N
fz,y) =Zf5(w—xi)6(y—yi)7 (2)

with the coordinates z;,y; of the N incoming ions on
the detector after one excitation pulse. The correlation
results for the individual pulses are summed up. In or-
der to account for the spatially inhomogeneous excitation
efficiency (due to inhomogeneous laser power) and the in-
fluence of the finite detector size, the result is normalized
to the correlation function calculated from all events of
the different pulses at once. In the resulting signal (Figs.
4, 5 and 6), an excitation blockade manifests itself in a
decreased (< 1) correlation function in a certain region
around the origin. In order to characterize the blockade
by a blockade radius, the radial mean of g(®) is calcu-
lated by radial binning and averaging of the results from
9 (u,v).

For resonance 1, the blockade effect starts at an inter-
atomic distance of 9pm, for resonance 2 at 12pm and
for resonance 3 at 2pm. For r — 0, the value of ¢
does not reach zero because our excitation area is not
perfectly two dimensional. The strong blockade effect of
resonances 1 and 2 show that even in this high electric-
field regime, which is normally governed by ionization,
we can observe Rydberg-Rydberg interaction. When we
compare the results for resonances 2 and 3 which are both
part of the same resonance line, we see that we can dras-
tically alter the interaction strength by a small change of
the electric field.

As a theoretical value for the blockade radius, we de-
fine the distance 7, at which the energy shift AW due
to the interatomic interaction equals the excitation laser
linewidth ovy,:

QTFﬁ(SVL = AW(T},). (3)

We estimate dvy, ~ 5 MHz for our experiment. The en-
ergy shift due to dipole-dipole interactions is

L

AW =
w 47T€0 R3

(1 — 3cos? @) , (4)

with the permanent electric dipole moment p, (electric
field in z-direction), the interatomic distance R and the
angle between R and z-axis ©. The light sheet is ori-
ented perpendicular to the optical axis of the ion imaging
system and the electric field of the extractor electrodes
points along the optical axis, so we assume © = 7/2. The
dipole moment p, of a Stark-shifted state in an electric
field F with energy E(F') can be determined by evaluat-
ing the slope of the resonance line —dE(F)/dF.

We find r, = 4.5 pm for resonance 1, 12.5 pm for reso-
nance 2 and 2.6 pm for resonance 3, as depicted in Figs.
5 and 6 via the dashed vertical lines. We see that the
decrease of the g2 correlation function for resonances
2 and 3 in Fig. 6 fit nicely to the calculated blockade
radii resulting from dipole-dipole interaction. The slope
at resonance 2 in the Stark map is big (see Fig. 1), the
resulting dipole moment is 1.90 - 10726 Cm. This high
value leads to a strong dipole-dipole interaction result-
ing in a large blockade radius. In contrast to that, we
have a small slope at resonance 3 with a small dipole
moment of 1.76 - 10727 Cm leading to a weak excitation
blockade. For resonance 1, the calculated blockade ra-
dius of 4.5ym (p, = 4.19 - 10727 Cm) does not match the
measured value. The decrease of the radial average of the
correlation function in Fig. 5 starts at ~ 9pm. Besides
the dipole-dipole interaction there is also a second-order
van der Waals interaction which could lead to the ob-
served blockade. Furthermore, the interaction could be
enhanced by resonant energy transfer [4].

In summary, we have shown that the Rydberg block-
ade can be observed at highly Stark-shifted states and is
tunable by small changes in the electric field. In many ex-
periments, residual electric fields are present, especially
when atoms are brought close (< 100um) to surfaces
where adsorbates play a crucial role [44-47]. These small
distances are often necessary, for example to reach the
strong coupling regime of atoms coupled to a coplanar
superconducting resonator [48, 49]. Typically, the fields
have to be compensated by a set of electrodes to account
for all directions which can be challenging and cumber-
some. Instead of trying to reach a zero field condition, we
have shown in our work that the complicated “spaghetti
region” of the Stark spectrum with its diversity of states
can be seen as an advantage instead of an annoyance and
represents the opportunity for tailoring excitation, inter-
action and ionization of Rydberg states.

This work was financially supported by Deutsche
Forschungsgemeinschaft through SPP 1929 (GiRyd).
M.S. acknowledges financial support from Landes-
graduiertenférderung Baden-Wiirttemberg.

*

markus.stecker@uni-tuebingen.de
T a.guenther@uni-tuebingen.de

95



C. Manuscript [3]

[1] D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coté,
and M. D. Lukin, Phys. Rev. Lett. 85, 2208 (2000).

[2] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan,
D. Jaksch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett.
87, 037901 (2001).

[3] H. Weimer, M. Miiller, I. Lesanovsky, P. Zoller, and H. P.
Biichler, Nature Physics 6, 382 (2010).

[4] A. Reinhard, T. C. Liebisch, B. Knuffman, and
G. Raithel, Phys. Rev. A 75, 032712 (2007).

[6] M. Saffman and T. G. Walker, Phys. Rev. A 72, 022347
(2005).

[6] X. L. Zhang, A. T. Gill, L. Isenhower, T. G. Walker, and
M. Saffman, Phys. Rev. A 85, 042310 (2012).

[7] D. Tong, S. M. Faroodqi, J. Stanojevic, S. Krishnan, Y. P.
Zhang, R. Coté, E. E. Eyler, and P. L. Gould, Phys. Rev.
Lett. 93, 063001 (2004).

[8] K. Singer, M. Reetz-Lamour, T. Amthor, L. G. Marcassa,
and M. Weidemiiller, Phys. Rev. Lett. 93, 163001 (2004).

[9] T. Vogt, M. Viteau, J. Zhao, A. Chotia, D. Comparat,
and P. Pillet, Phys. Rev. Lett. 97, 083003 (2006).

[10] A. Reinhard, K. C. Younge, T. C. Liebisch, B. Knuffman,
P. R. Berman, and G. Raithel, Phys. Rev. Lett. 100,
233201 (2008).

[11] S. Ravets, H. Labuhn, D. Barredo, L. Béguin, T. Lahaye,
and A. Browaeys, Nat. Phys. 10, 914 (2014).

[12] A. Reinhard, K. C. Younge, and G. Raithel, Phys. Rev.
A 78, 060702 (2008).

[13] P. Bohlouli-Zanjani, J. A. Petrus, and J. D. D. Martin,
Phys. Rev. Lett. 98, 203005 (2007).

[14] N. Thaicharoen, A. Schwarzkopf, and G. Raithel, Phys.
Rev. Lett. 118, 133401 (2017).

[15] T. Vogt, M. Viteau, A. Chotia, J. Zhao, D. Comparat,
and P. Pillet, Phys. Rev. Lett. 99, 073002 (2007).

[16] N. Thaicharoen, L. F. Gongalves, and G. Raithel, Phys.
Rev. Lett. 116, 213002 (2016).

[17] L. F. Gongalves and L. G. Marcassa, Phys. Rev. A 94,
043424 (2016).

[18] R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher,
R. Low, L. Santos, and T. Pfau, Phys. Rev. Lett. 99,
163601 (2007).

[19] E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. D.
Yavuz, T. G. Walker, and M. Saffman, Nat. Phys. 5, 110
(2009).

[20] A. Gaétan, Y. Miroshnychenko, T. Wilk, A. Chotia,
M. Viteau, D. Comparat, P. Pillet, A. Browaeys, and
P. Grangier, Nat. Phys. 5, 115 (2008).

[21] L. Isenhower, E. Urban, X. L. Zhang, A. T. Gill
T. Henage, T. A. Johnson, T. G. Walker, and
M. Saffman, Phys. Rev. Lett. 104, 010503 (2010).

[22] T. Wilk, A. Gaétan, C. Evellin, J. Wolters, Y. Miroshny-
chenko, P. Grangier, and A. Browaeys, Phys. Rev. Lett.
104, 010502 (2010).

[23] K. M. Maller, M. T. Lichtman, T. Xia, Y. Sun, M. J.
Piotrowicz, A. W. Carr, L. Isenhower, and M. Saffman,
Phys. Rev. A 92, 022336 (2015).

[24] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc,
T. Macri, T. Lahaye, and A. Browaeys, Nature 534,
667 (2016).

[25] C. S. E. van Ditzhuijzen, A. F. Koenderink, J. V.
Hernandez, F. Robicheaux, L. D. Noordam, and H. B.
van Linden van den Heuvell, Phys. Rev. Lett. 100,
243201 (2008).

[26] T. J. Carroll, K. Claringbould, A. Goodsell, M. J. Lim,
and M. W. Noel, Phys. Rev. Lett. 93, 153001 (2004).

96

t

[27] P. Schauf3; M. Cheneau, M. Endres, T. Fukuhara, S. Hild,
A. Omran, T. Pohl, C. Gross, S. Kuhr, and I. Bloch,
Nature 491, 87 (2012).

[28] P. Schauss, J. Zeiher, T. Fukuhara, S. Hild, M. Cheneau,
T. Macri, T. Pohl, I. Bloch, and C. Gross, Science 347,
1455 (2015).

[29] G. Giinter, M. Robert-de-Saint-Vincent, H. Schempp,
C. S. Hofmann, S. Whitlock, and M. Weidemiiller, Phys.
Rev. Lett. 108, 013002 (2012).

[30] G. Gunter, H. Schempp, M. Robert-de Saint-Vincent,
V. Gavryusev, S. Helmrich, C. S. Hofmann, S. Whitlock,
and M. Weidemuller, Science 342, 954 (2013).

[31] A. Schwarzkopf, R. E. Sapiro, and G. Raithel, Phys.
Rev. Lett. 107, 103001 (2011).

[32] A. Schwarzkopf, D. A. Anderson, N. Thaicharoen, and
G. Raithel, Phys. Rev. A 88, 061406 (2013).

[33] N. Thaicharoen, A. Schwarzkopf, and G. Raithel, Phys.
Rev. A 92, 040701 (2015).

[34] D. P. Fahey, T. J. Carroll, and M. W. Noel, Phys. Rev.
A 91, 062702 (2015).

[35] M. Stecker, H. Schefzyk, J. Fortdgh, and A. Giinther,
New J. Phys. 19, 043020 (2017).

[36] J. Grimmel, M. Mack, F. Karlewski, F. Jessen, M. Rein-
schmidt, N. Sandor, and J. Fortagh, New J. Phys. 17,
53005 (2015).

[37] J. Grimmel, M. Stecker, M. Kaiser, F. Karlewski,
L. Torralbo-Campo, A. Glinther, and J. Fortdgh, Phys.
Rev. A 96, 013427 (2017).

[38] R. Feynman, J. Hollingsworth, M. Vennettilli, T. Budner,
R. Zmiewski, D. P. Fahey, T. J. Carroll, and M. W. Noel,
Phys. Rev. A 92, 043412 (2015).

[39] R. Kosloff and D. Kosloff, J. Comput. Phys. 63, 363
(1986).

[40] U. V. Riss and H. D. Meyer, J. Phys. B 26, 4503 (1993).

[41] S. Sahoo and Y. K. Ho, J. Phys. B 33, 2195 (2000).

[42] T. F. Gallagher, Rydberg atoms (Cambridge University
Press, 1994).

[43] I. I. Beterov, I. I. Ryabtsev, D. B. Tretyakov, and V. M.
Entin, Phys. Rev. A 79, 052504 (2009).

[44] J. M. McGuirk, D. M. Harber, J. M. Obrecht, and E. A.
Cornell, Phys. Rev. A 69, 062905 (2004).

[45] J. M. Obrecht, R. J. Wild, and E. A. Cornell, Phys. Rev.
A 75, 062903 (2007).

[46] A. Tauschinsky, R. M. T. Thijssen, S. Whitlock, H. B.
van Linden van den Heuvell, and R. J. C. Spreeuw, Phys.
Rev. A 81, 063411 (2010).

[47] H. Hattermann, M. Mack, F. Karlewski, F. Jessen,
D. Cano, and J. Fortdgh, Phys. Rev. A 86, 022511
(2012).

[48] S. Bernon, H. Hattermann, D. Bothner, M. Knufinke,
P. Weiss, F. Jessen, D. Cano, M. Kemmler, R. Kleiner,
D. Koelle, and J. Fortdgh, Nat. Commun. 4, 2380 (2013).

[49] H. Hattermann, D. Bothner, L. Y. Ley, B. Ferdinand,
D. Wiedmaier, L. Sarkany, R. Kleiner, D. Koelle, and
J. Fortdgh, Nature Communications 8, 2254 (2017).









	Abstract
	Zusammenfassung
	List of publications
	Introduction
	An ion microscope for cold atoms
	Laser system
	Ion-optical system
	Experimental characterization of the microscope

	Rydberg Stark spectroscopy
	Stark effect
	Ionization spectra and complex absorbing potential
	Measurement of Stark spectra

	Selective field ionization
	Numerical calculation
	Electric field calibration
	Förster resonances
	Detector limitations

	Control of dipole blockade in high electric fields
	Ionization rates in high electric fields
	Ionization by adiabatic transfer
	Measurement of the dipole blockade

	Conclusion and Outlook
	Bibliography
	Publication [1]
	Publication [2]
	Manuscript [3]

