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Anregung und Nachweis von Rydberg Atomen in
ultrakalten Gasen – Kontrolle elektrischer Felder und
elektromagnetisch induzierte Transparenz:
Zwei zentrale Elemente des neuen Experiments zur Untersuchung von ultrakalten
Rydberg–Gasen wurden im Rahmen dieser Diplomarbeit entwickelt und aufgebaut.
Der entworfene und simulierte Rydberg–Detektor dient zur Kontrolle elektrischer
Felder sowie zur räumlichen und zustandsselektiven Detektion von Rydbergatomen.
Die durchgeführten Simulationen zeigen, dass homogene Ionisationsfelder mit einer
maximalen Abweichung von 1 % und Restfelder von weniger als 5 mV/cm im Anregungsvolumen zu erwarten sind. Darüber hinaus erlaubt die Feldplattenanordnung
das Anlegen von elektrischen Feldgradienten zur ortsabhängigen Adressierung von
Rydbergatomen. Der Detektor ist an einem Flansch montiert und kombiniert größtmöglichen optischen Zugang und Flexibilität mit den oben genannten Eigenschaften.
Neben dem Detektor wird die Frequenzstabilisierung eines der zwei Laser (TA-SHG
bei 480 nm) zur Anregung von Rydbergatomen beschrieben. Die dazu genutzte elektromagnetisch induzierte Transparenz in einer heißen Rubidium–Gaszelle ermöglicht
eine Laser–Linienbreite von 686 kHz.

Excitation and Detection of Rydberg Atoms in an Ultracold
Gas – Electric Field Design and Electromagnetically
Induced Transparency:
This thesis reports on the developement and assembling of two key elements towards
a next generation experiment for ultracold Rydberg gases. In order to control electric fields and to detect Rydberg atoms dependent on their state and position, a
new detector is simulated and constructed. Simulations predict homogeneous ionization fields of less than 1 % deviation and residual fields of maximal 5 mV/cm in
the excitation volume. The field plates allow to create field gradients that can be
used to address the Rydberg atoms depending on their position. The detector is
mounted as one piece to a flange, and combines large optical access and modularity with the above mentioned properties. Besides the development of the detector,
one of the lasers (TA-SHG at 480 nm) for excitation to Rydberg states is frequency
stabilized using electromagnetically induced transparency in a hot rubidium vapor
cell. Thereby, a laser linewidth of 686 kHz is achieved.
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Introduction
Rydberg atoms are atoms with (at least) one electron in highly excited states. Due
to their rich internal structure and strong electronic properties, Rydberg atoms have
been studied in atomic physics for more than a century. With the valence electron
being very distant from the core and the inner shell electrons, Rydberg atoms are
very similar to the hydrogen atom. The hydrogen atom is well described in theory
and calculations can readily be adjusted to describe the properties of Rydberg atoms.
This similarity leads to the fact that many properties of Rydberg atoms show a
power law dependence on the principal quantum number n. For instance, since the
electron is increasingly further away from the core, the polarizability of the atoms
scales with the seventh power of n . Even more pronounced is the dependence for the
van–der–Waals interaction between Rydberg atoms which is n11 . The combination
of lifetimes of up to milliseconds with the tunability of their properties over many
orders of magnitude has made Rydberg atoms an interesting model system that
has been able to contribute to various fields ranging from early quantum mechanics
[Bohr, 1913] to astrophysics [Dalgarno, 1983].
In the last decade, experiments with Rydberg gases started to be combined with
laser cooling techniques [Mourachko et al., 1998; Anderson et al., 1998]. In cooled
Rydberg gases thermal motion of atoms becomes negligible, which on the one hand
improves the precision of measurements, but most importantly renders a system that
is entirely dominated by interactions. Figure 1 depicts some of the extensive research
fields that developed out of the combination of Rydberg atoms and ultracold gases.
A key effect in ultracold Rydberg gases, which triggered the idea to study many
phenomena, is the excitation blockade. The interatomic distances in a frozen Rydberg gas are of the order of µm and are even smaller in degenerate gases. Out of
these dense gases only one atom can be excitated to Rydberg states within a certain
volume. This can be understood as follows. Due to strong dipolar interactions between two Rydberg atoms, the two–atom energy levels are shifted depending on the
interatomic distance. Nearby a Rydberg atom no other Rydberg excitation can be
1
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Figure 1: Overview over the diverse fields in ultracold Rydberg physics. The
system of frozen Rydberg gases can be used to create diatomic molecules [Greene,
2009], establish quantum gates [Isenhower et al., 2010], study crystallization phenomena and phase transitions [Weimer et al., 2008]), and model resonant energy
transfer in complex systems (Figure from [Hofmann, 2008].).

CONTENTS

placed as the transition energy is shifted out of resonance. It cannot be determined
which atom out of a dense cloud is excited to the Rydberg state, but one has to
depict the system as an ensemble of atoms sharing one or more Rydberg excitations.
The excitation blockade leading to such correlated systems has been proposed by
[Jaksch et al., 2000; Lukin et al., 2001] and was observed in our group by [Singer
et al., 2004] at the same time as [Tong et al., 2004; Liebisch et al., 2005]. Since
then the excitation blockade has been studied with tunable interactions [Vogt et al.,
2006; Vogt et al., 2007], which allows to vary the number of Rydberg excitations
per ground state atom, and even for single atoms [Urban et al., 2009; Gaëtan et al.,
2009]. The effect of blocked and therefore correlated systems becomes crucial in
gases with very high densities as it is the case for degenerate quantum gases like
Bose-Einstein condensates (BEC). Rydberg atoms were first excited out of a BEC
with evidence of the excitation blockade by [Heidemann et al., 2007; Heidemann
et al., 2008]. Some years later, it was shown in our group that there are ways to
undermine the excitation blockade, the so–called antiblockade [Amthor et al., 2010],
proposed by [Ates et al., 2007].
The excitation blockade yields a system of ground state atoms with some Rydberg excitations that has to be considered as a correlated many–atom system. This
collectivity has lead to new ideas like the crystallization and corresponding phase
transition to a crystalline state [Weimer et al., 2008; Löw et al., 2009; Pupillo et al.,
2010; Pohl et al., 2010]. Rydberg gases can also be used for quantum computation,
in which entangled manybody quantum systems are used as quantum gates. Realizations of quantum gates for neutral atoms using Rydberg–Rydberg interactions
have been proposed [Lukin et al., 2001] and recently realized [Wilk et al., 2010;
Isenhower et al., 2010].
Moreover, in a correlated Rydberg system, it is possible to observe resonant
energy transfer. Resonant energy transfer plays an important role in nature. It
is, for example, a central element of photosynthesis, where the absorbed photon
energy is transferred very efficiently via resonant dipole coupling. In a Rydberg gas
two different two–atom states can become resonant due to energy shifts induced by
electric fields [Amthor et al., 2008]. The dynamics of resonant energy transfer in
an ultracold Rydberg gas has been studied in our group [Westermann et al., 2006;
Mülken et al., 2007] and will be part of the studies in the new experiment.
The special properties of Rydberg atoms do not only lead to correlated systems,
but has allow for a completely new chemical binding mechanism. The creation of
diatomic molecules was one of the major achievements in the last year [Bendkowsky
et al., 2009b]. One Rydberg atom and one ground state atom can be bound by the
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interplay of the highly excited electron and the polarizability of the ground state
atom. Only recently even the formation of trimers has been observed [Bendkowsky
et al., 2009a].
Excitations to Rydberg states do not only feature interatomic correlations, but
Rydberg atoms can also be used to study effects of coupling between light fields
and atoms. The coupling of coherent light to atoms leads to quantum interference
between the excitation pathways that control the optical response. In the case of
a three–level system these interferences lead to dark resonances [Arimondo et al.,
1977]. By optical pumping and chosing the appropriate polarization Rydberg states
can form such coupled three–level systems. Dark resonances in Rydberg gases were
examined in our group focusing on tunalbe interactions [Schempp et al., 2010]. Moreover, such dark states yield the effect of electromagnetically induced transparency
(see for example [Harris, 1997; Fleischhauer et al., 2005]) where the gas becomes
transparent on the two–photon resonance. The resonance feature can be very narrow and therefore suitable for laser frequency stabilization [Abel et al., 2009].

After giving a flavour of the wide research field of ultracold Rydberg physics,
a short overview of this diploma thesis is given. In Chapter 1 our next generation
experiment examing ultracold Rydberg gases is described. The first two sections
give an introduction to the properties of atoms in Rydberg states (Section 1.1) at
low temperatures (Section 1.2), thereby focusing on properties of ultracold Rydberg
gases which are important for the experiment. Section 1.3 will not only depict
elements of the new setup which are similar to the former setup, but also introduce
the new features for achieving a BEC and structuring of the gas. The new setup
aims at the examination of effects like resonant energy transfer and crystallization
phenomena. Two elements of the future setup (see Section 1.4) are in the focus of
this thesis: a new Rydberg detector and the frequency stabilization of one of the
excitation lasers.
Field ionization is used to detect the Rydberg atoms state–selectively. The Rydberg detector that will be implemented into the new experiment is designed and
its properties are simulated in Chapter 2. Besides detection of Rydberg atoms the
detector will be used for electric field control, which plays an important role in
experiments with Rydberg atoms due to their large polarizability. Field control
is essential to create homogeneous fields, to compensate stray fields and to apply
electric field gradients for position dependent detection. The apparatus designed
and constructed in the framework of this thesis (Chapter 2.6) has to be two in one:

CONTENTS

Detector and field control.
After planning and simulating one central part of the next generation experiment, parts of the excitation laser system are assembled. Frequency stabilization
using electromagnetically induced transparency (EIT) is set up (Chapter 3) in order
to lock the upper excitation laser. After introducing the theory of two–photon excitation and the related phenomenon EIT (Section 3.1) the laser system is described
(Section 3.2). Having set up optics and electronics, the resulting locking signal is
characterized and the laser is frequency stabilized (Section 3.3.2).

5

Chapter 1
Next generation experiment on
ultracold Rydberg gases
This chapter introduces a next generation experiment for the creation and examination of ultracold Rydberg gases. Currently a new setup is designed and assembled
that will allow for higher densities and structuring of the gas. This chapter describes
the physics of ultracold Rydberg atoms and introduces the planned experiment. To
begin with, an overview on the properties of Alkali Rydberg atoms is given in Section 1.1. The properties of a cold Rydberg gas and the connected phemomena are
explained in Section 1.2. New features of the experiment – compared to the former
setup (see for example [Amthor, 2008]) – are described in Section 1.3 and the physical phenomena that they allow to study are briefly explained. Parts of the new setup
were developed in this thesis. In the end of this chapter (Section 1.4) the planned
setup is depicted including the elements which are subject of this thesis.

1.1

Alkali atoms in Rydberg states

Alkali atoms in highly excited states have much in common with the simple hydrogen
atom. It was in 1885 when Johan Balmer discovered that the wavelength of spectral
lines of hydrogen could be expressed with a simple formula [Balmer, 1885]. Johannes
Rydberg then reformulated this finding in terms of wavenumbers (which correspond
to energies) and generalized it to all levels of all alkali atoms. The single valence
electron of an alkali atom can be excited to high-lying states, which are since then
called Rydberg states. The inner shell electrons stay close to the core and can reduce
the effective nucleus charge to Z = 1. The corresponding energy of the spectral lines
7
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is

Ry
.
(n − δn,ℓ,j )2

(1.1)

δ4
δ6
δ8
δ2
+
+
+
.
2
4
6
(n − δ0 )
(n − δ0 )
(n − δ0 )
(n − δ0 )8

(1.2)

En,ℓ,j = Ei −

where Ei denotes the ionization energy of the atom, ℓ the quantum number for the
angular momentum of the valence electron. Ry is known as the Rydberg constant,
n is the principal quantum number. δn,ℓ,j stands for the quantum defect which
has to be included in the case of alkali atoms in contrast to the hydrogen atom.
It takes account for the fact, that the positive core is not shielded completely by
its surrounding electrons if the valence electron penetrates the cloud of the inner
electrons. The quantum defect δℓ depends on the quantum numbers n, ℓ, and j and
can be calculated using the extended Rydberg-Ritz formula
δn,ℓ,j = δ0 +

The expansion coefficients can be found in literature, for example in [Li et al., 2003].
The phenomenological interpretation by Niels Bohr [Bohr, 1913] gave the principal quantum number n and the angular momentum ℓ a physical meaning. In the
Bohr model the electrons find themselves on quantized (→ n) orbits around the
core and their angular momentum is restricted to be an integer multiple of a fixed
unit (→ ℓ). Moreover, Niels Bohr discovered the connection between the Rydberg
constant Ry to other fundamental constants:
Ry =

Z 2 e 4 me
,
2(4πǫ0 ~)2

(1.3)

with Z the nucleus charge in units of the electron charge e, me is the electron mass,
ǫ0 is the vacuum permittivity, and ~ is the Planck constant. Today, the Bohr model
is replaced by modern quantum mechanics, but it still allows to calculate scalings
of many physical parameters like binding energies or orbital radii in a quick and
illustrative way.
In this work and in the planned experiment the alkali atom rubidium (more
specific: its isotope 87 Rb ) is used. In order to give examples for the scaling behavior
that can be derived from the Bohr model, some important quantities are given in
Table 1.1 for 87 Rb at 60D [Singer, 2004]. In addition, the scaling exponents which
are valid for all Rydberg atoms are listed for each quantity [Gallagher, 1994].
In Figure 1.1 the energy levels of rubidium and hydrogen are illustrated. For
low angular momentum states (ℓ < 3) the rubidium levels are shifted to smaller
energies relativ to hydrogen, due to the stronger interaction with the nucleus. States
with higher ℓ are hydrogen-like. Knowing the change in energy compared to the

9

1.1. Alkali atoms in Rydberg states

Quantity

n dependence

Binding energy
Ionizing field
Energy spacing
Orbital radius
Dipole moment hnD |er| nF i
Radiative lifetime
Polarizability

n−2
n−4
n−3
n2
n2
n3
n7

87

Rb @ 60D

3.96 meV
∼44 V/cm
33.5 GHz
5156 a0
138.3 ea0
215 µs
191 MHz / (V/cm)2

Table 1.1: Selected properties of Rydberg atoms and their dependence on n
[Gallagher, 1994]. Because of the quantum defect the principal quantum number n
must be replaced by n∗ = n − δn,ℓ,j for alkali atoms. a0 denotes the Bohr radius of
the hydrogen ground state. (Values for 87 Rb are taken from [Singer, 2004].)

hydrogen atom one can numerically calculate the wavefunctions of alkali atoms,
particulary of rubidium. Therefore, one uses the same approach as for solving the
hydrogen problem but includes the energies varied by the quantum defect. From
the wavefunctions several other quantities such as dipole moments or Stark shifts
can be derived.
To begin with one needs the time independent Schrödinger equation for the
electron in atomic unitsi


∇2
Z
− ∗−
ψ = Eψ .
(1.4)
2m
r
with E the energy of state ψ, r denotes the distance between core and electron,
and m∗ is the reduced mass of core and electron. The latter allows the use of the
one-body Schrödinger equation. An effective central core potential is assumed, so
that the eigenfunction of Equation 1.4 may be separated in spherical coordinates
1
ψ = Unℓ (r) Yℓm (θ, ϕ) .
r

(1.5)

With the well-known spherical harmonics Yℓm , Equation 1.4 reduces to

i

1 d2
Z ℓ(ℓ + 1)
− ∗ 2− +
2m dr
r
2r2 m∗



Unℓ (r) = EUnℓ (r) .

(1.6)

Atomic units are defined in such a way that all relevant parameters of the ground state of
hydrogen have magnitude 1, i.e. me = e = ~ = 4πǫ0 = 1. In this set of units, a0 is the unit of
length, me is the unit of mass, e is the unit of charge, and ~ is the unit of angular momentum.
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Figure 1.1: Energy levels of rubidium and hydrogen. The principle quantum
number n is placed below the lines. Comparing the energy levels one can readily
see, that for ℓ ≥ 4 the influence of the core is shielded. (Picture taken from [Amthor,
2008].)
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1
For hydrogen the eigenenergies are E = − (2n)
2 . In this case Equation 1.6 has
analytical solutions that can be expressed in terms of associated Laguerre polynomials [Sakurai, 1994]. However, in the case of alkali atoms the energy levels can
be represented by E = − 2(n−δ1nℓj )2 . The radial wavefunction Unℓj (r) is evaluated by
integrating Equation 1.6. Details and calculations can be found in [Deiglmayr, 2006;
Reetz-Lamour, 2006].
From the electronic wavefunctions |nℓjmj i one can then derive the corresponding
dipole moments. For details see [Singer, 2004]. The dipole matrix elements allow
the determination of the electric field dependence (Stark shifts) of the atomic levels.

H = H0 + Eµ0 .

(1.7)

where H0 is the Hamiltionian without electric field. E is the electric field which leads
to an energy shift. Diagonalization of H following the approach of [Zimmerman
et al., 1979] gives the new eigentstates. The valence electron being far away from
the core and the other electrons leads to a large polarizability of Rydberg atoms (it
is proportional to n7 , see Table 1.1). Thus, the Stark shift is very pronounced for
atoms in Rydberg state. Consequently, electric field control is an essential aspect of
the new setup, which will be discussed in Chapter 2.
Further details on the physics of atoms in Rydberg states can be found in several
monographs, for example in [Gallagher, 1994]. The new experiment is focused on
Rydberg atoms which are excited out of an ultracold gas.

1.2

Properties of ultracold Rydberg gases

Since the 1980s, large progress has been made in the field of laser cooling and
trapping of atoms [Phillips et al., 1985; Metcalf and van der Straten, 2002]. The
advance in ultracold physics, such as the creation of Bose Einstein Condensates
[Davis et al., 1995; Anderson et al., 1995; Bradley et al., 1995], also gave new
perspectives for the examination of Rydberg gases. In order to do experiments
with ultracold Rydberg gases one usually starts with a confined atom cloud of a
few 10 million atoms with densities of 1010 cm−3 at temperatures of approximately
100 µK. Under these circumstances the typical distance between the atoms is a few
micrometers and the thermal velocity is on the order of 0.1 µm/µs. Atoms are
laser–excited to Rydberg states out of this cloud. While the atoms maintain their
slow motion and distances, their internal properties change drastically. Typical
parameters are illustrated in Figure 1.2.

12
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Figure 1.2: Typical parameters for frozen Rydberg gases produced in a magnetooptical trap. Strong interactions are still observable over interatomic distances of
several microns. Due to low thermal velocities and long lifetimes the system can be
investigated over many microseconds. (Picture taken from [Amthor, 2008].)

The valence electron of an atom in a Rydberg state is far away from the core. This
large distance results in one outstanding property of Rydberg atoms: their high polarizability. In an electric field Rydberg atoms therefore exhibit very large dipole moment, thus being very sensitive to electric fields. Furthermore, the high polarizability
leads to strong and long-ranged dipole-dipole and van-der-Waals forces between the
atoms. The interaction energies between neighbouring atoms in a magneto-optical
trap with mean interparticle distances of about 5 µm are of the order of 10 MHz.
Thus, most of the interation dynamics happens on timescales of 1 µs. Meanwhile
the Rydberg state has a typical lifetime of several 10 µs up to 1 ms.
At low temperatures (µK) the core motion can be neglected for the timescales
of excitation leading to the fact that the thermal energy is much smaller than the
interaction energies. A so-called ”frozen Rydberg gas” is formed. As a consequence,
change in interatomic spacings is not governed by thermal motion, but by much
faster interaction dynamics. Hence, the system of ultracold Rydberg gases is mostly
determined by Rydberg–Rydberg interactions. These interactions have two important influences on experiments done with Rydberg atoms. On the one hand they
lead to an excitation blockade around each Rydberg atom where no other excitation
to Rydberg state can take place [Tong et al., 2004; Singer et al., 2004]. On the other
hand the interactions lead to collision induced ionization of the Rydberg gas.
Considering a two–atom level scheme (see Figure 1.3a)) one can see that the
energy needed for the second excitation is shifted due to the Rydberg–Rydberg

13
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Figure 1.3: Dipole blockade. a) The two–atom energy is depicted versus the interatomic distance. Within a certain blockade radius Rb only one excitation to Rydberg
state can take place. The excitation laser light becomes off-resonant because of the
energy shift induced by Rydberg–Rydberg interactions. b) Due to the interaction
induced blockade (depicted by red circles) the number of Rydberg atoms is suppressed (red crosses) in a dense cloud of ultracold ground state atoms. (Picture
adapted from [Amthor, 2008].)

interactions. The form of the potential of two highly excited atoms depends on
the character of the interactions. They can be attractive or repulsive. In either
case, excitation lasers that are resonant for the excitation of one Rydberg atom are
not able to excite a second Rydberg atom within a certain radius. This effect is
called dipole blockade. The blockade radius Rb is defined as the distance between
two atoms at which the Rydberg interaction energy equals the linewidth of the
excitation laser Γexcitation .
Vint (Rb ) = Γexcitation

(1.8)

where Vint (Rb ) is the interaction energy between two Rydberg atoms. It is given by
the potential created by two dipoles:
Vdd (Rb ) =

µ~1 · µ~2
~
R

3

−3·

~ µ~2 · R)
~
(µ~1 · R)(
~
R

5

(1.9)

~ is the separation of the dipoles and ~µi are the dipole moments. In the
where R
case of large distances (which is fulfilled for the experimental situation described in
this thesis) the potential can be approximated as van der Waals potential Vdd (Rb ) ≈
C6 /Rb 6 where the vdW coefficient C6 scales with n11 . For details concerning dipole
blockade and potentials see [Singer, 2004; Amthor, 2008].
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In Figure 1.3a) the blockade radius is shaded for illustration. In the cross section
of a cold atom cloud and the light field of the excitation laser not all of the atoms
can be excited to Rydberg states (see Figure 1.3b)). 43 Rb3 determines the volume in
which only one Rydberg atom can be excited and Rb therefore defines the possible
Rydberg density. Within a sphere of diameter Rb all atoms share one Rydberg
excitation, and therefore constitute a collective many–body state. The collective
excitation of two individual atoms was observed by [Gaëtan et al., 2009] and is a
basis of applications in the field of quantum computing using Rydberg atoms [Jaksch
et al., 2000; Lukin et al., 2001].
The second effect resulting from the ultralong–range interactions described above
are the forces given by the gradient of the interaction potential. Depending on the
initial Rydberg state, the forces acting upon the atoms can be of either attractive or repulsive nature. Although the system is originally prepared in a state of
low densities and low temperatures, the atoms will be accelerated. Kinetic energy
increases and the system cannot be considered frozen anymore. Due to the acceleration induced by interaction the Rydberg atoms will collide. The collisions of
Rydberg atoms will almost certainly result in the ionization of one of the collision
partners, while the other atom is transfered to a lower Rydberg state, which is
denoted Penning–Ionization [Robicheaux, 2005; Olson, 1979]. The dynamics of ionization has been studied in [Amthor et al., 2007b; Amthor et al., 2007a; Li et al.,
2005; Ates et al., 2008]. For attractive interactions Rydberg atoms will penning–
ionize after roughly 4 µs. In order for Rydberg atoms with repulsive interactions to
collide, redistribution of states has to be induced by black–body radiation. This results in a longer time until penning–ionization takes place (approximately 12 µs). A
detailed understanding of the forces and the ionizing collision dynamics is importat
for experiments involving ultracold Rydberg gases as it defines the time until the
gas cannot be considered frozen anymore.
The correlated system of ultracold Rydberg atoms can be used to implement
resonant energy transfer. Resonant energy transfer can be achieved in a Rydberg
gas when the energy of one Rydberg state is shifted by an electric field to be exactly
halfway between two other energy levels of different angular momentum states. From
examination of energy levels and Stark shifts one can find suitable resonances in
rubidium, for example nP3/2 + nP3/2 ↔ nS1/2 + (n + 1)S1/2 with n < 38 . A pair of
Rydberg atoms which is originally prepared in the same state can then be transfered
to another two-atom state which is degenerate to the first (Foerster resonance)
because level shifts induced by the Stark effect. This can lead to energy diffusion
within a cloud of atoms (see Figure 1.4).

1.3. Features of the planned setup

Figure 1.4: Scheme of resonant energy transfer. A pair of Rydberg atoms can
be transfered by a Foerster–process to a degenerate pair–state containing different
Rydberg states. This leads to an energy diffusion within the cloud.

As demonstrated in this section the ultracold Rydberg gases lead to pronounced
phenomena. Excitation blockade gives the possibility to control the spatial structure of a Rydberg gas, which will be used in future experiments, for example to
study resonant energy transfer. In Section 2.5 possibilities are described how these
structures can be examined with the Rydberg detector (see Chapter 2) developed
during this diploma thesis.

1.3

Features of the planned setup

This diploma thesis was done in the framework of the developement of a new experimental apparatus to create and examine ultracold Rydberg gases. In this section
the planned experiment with its setup and goals is described. Requirements and features of the new experiment base on the enhanced properties of ultracold Rydberg
atoms.

1.3.1

Similarities to the former setup

There are some elements of the new setup which were already used in the former
experiment, in which 87 Rb atoms were trapped and cooled in a magneto optical trap
(MOT) and then excited to Rydberg states. In Figure 1.5 a photograph (a) and the
schematic view (b) of this setup are depicted. In the future experiment the atoms
will also be trapped in a MOT but are cooled to even lower temperatures.
Out of the MOT the 87 Rb atoms can be electronically excited to Rydberg states.
The excitation scheme used is the same as in the old setup (see Figure 1.6). The
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Figure 1.5: Former setup of the Rydberg experiment. (a) The photograph shows
(1) vacuum chamber, (2) + (3) magnetic field coils, (4) MCP detector and (5)
position of MOT of 87 Rb atoms. (b) Schematic view of the setup. Trapping and
excitation lasers are depicted, as well as detection devices.

electron is not excited by a single photon but by a two photon excitation process.
Using the light fields of two excitation lasers — one at 780 nm and one at 480 nm
— has several advantages and leads to notable effects (see Chapter 3). The 780 nm
laser light is resonant to the transition from 5S1/2 (F=2) to 5P3/2 (F=3). The second
excitation step at 480 nm excites the electron to high electronic levels. The excitation
laser at 480 nm can be tuned continuously to excite atoms to Rydberg states with
n = 30 up to n = ∞ (i.e. the continuum). The two excitation beams cross within
the cloud of ultracold atoms thereby defining an excitation volume. The transitions
used for trapping, cooling and excitation are shown in Figure 1.6. Most of the laser
system used in the former setup, will also be used in the next generation experiment.
In the former setup Rydberg atoms at temperatures of about 100 µK and peak
densities on the order of 1010 cm−3 [Amthor, 2008] were successfully studied. Recent
studies focused on Rabi oscillations in a frozen Rydberg gas [Reetz-Lamour et al.,
2008b; Reetz-Lamour et al., 2008a], the evidence of the antiblockade as mentioned in
Section 1.2 [Amthor et al., 2010] and the examination of Coherent Population Trapping with controlled interactions [Schempp et al., 2010]. The studies of the strong
Rydberg–Rydberg interactions required some advancement in the setup. Higher
densities and structuring of the gas will allow for deeper insights of phenomena
connected to interactions.

1.3. Features of the planned setup

Figure 1.6: Level scheme of the 87 Rb D2 line and transition to Rydberg states.
Transitions for cooling, trapping, repumping and for excitation are shown. Excitation with the existing laser system is possible to Rydberg states with n=30 up to
the continuum. dM is the detuning of the cooling laser, dE is the variable detuning
of the excitation lasers from the intermediate level.
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Figure 1.7: Creation of a frozen gas of Rydberg atoms. After efficient loading of
the 3D MOT by a 2D MOT, the atoms are cooled to molasses. The atoms are then
loaded into a dipole trap and are condensed to an all-optical BEC by evaporative
cooling. Out of the BEC, the atoms are excited to Rydberg states. (Picture adapted
from [Clément, 2008].)

1.3.2

High densities

The main difference compared to the former setup is that the rubidium atoms will
be cooled to Bose Einstein Condensate (BEC) state. Bose Einstein Condensation
is a phase transition associated with the macroscopic occupation of the ground
state which and be well described theoretically [Pitaevskii and Stringari, 2003]. A
cloud of bosons condenses at low temperatures and high densities as soon as the
phase space density PSD= nλt 3 > 2.612 where n is the atom density and λt the
thermal wavelenth (deBroglie wavelength). These two properties are important for
the planned experiment. To give typical values: the transition temperature Tc is
2 µK and the interatomic distance is on the scale of 200 nm [Ketterle et al., 1999].
The aim is to achieve an atom number of 105 in the condensate. At these low
temperatures thermal motion can be neglected compared to the strong RydbergRydberg interations (see Section 1.2). With the densities being high enough, the
interatomic distances are much smaller than the blockade radius (Rb ≥ 2 µm). This
leads to correlated many–body systems.
In future experiments the BEC of 87 Rb atoms is planned to be achieved in the
following way (see Figure 1.7). Firstly, 87 Rb atoms which diffuse out of dipensers
are converted to a directed atom beam by means of a two-dimensional magnetooptical trap (2D MOT). This guarantees high flux and atoms that are already cooled
[Dieckmann et al., 1998]. Thereby, a three dimensional magneto-optical trap (3D
MOT) is loaded very efficiently. Atoms are trapped and cooled in the 3D MOT
followed by polarization gradient cooling. The next step is to create a BEC by alloptical run-away evaporation [Clément et al., 2009]. Where atoms are transfered to

1.3. Features of the planned setup

Figure 1.8: Micro-optics used to structure the gas. (a) The dipole trap combined with the depicted micro-lenses create a two-dimensional array of dipole traps.
(Figure adapted from [Birkl et al., 2001].) (b) shows the mesoscopic ensembles in
each of the small dipole traps. The trap size is chosen such that only one Rydberg
excitation per site is possible.

a crossed dipole trap and then condensed by evaporative cooling.
With higher densities it will become possible to create fully blocked mesoscopic
ensembles. The dipole blockade has been observed in large clouds as well as between single atoms, but the aim of this experiment is to realize a complete blockade
of mesoscopic few-body ensembles. In order to define such few-body ensembles,
structuring techniques are used that trap the atoms in an array of small dipole
traps.

1.3.3

Structures in an ultracold Rydberg gas

Another advancement of the new setup is the implementation of micro–optics (see
Figure 1.8). Additional to the dipol trap micro–optical elements will be used to
create a two–dimensional array of dipole traps [Birkl et al., 2001]. Expected trap
sizes are 2 µm which are seperated by 15 µm. The atoms in each trap can then be
excited in a fully blockaded regime, i.e. there will be only one Rydberg excitation
in each trap.
One major aim of the next generation experiment is to study resonant energy
transfer. It has for example been studied between two spatially separated cylinders
[van Ditzhuijzen et al., 2007]. In the here presented experiment it will be possible to
investigate resonant energy transfer [Mülken et al., 2007] between Rydberg nodes in
a fully controllable system. Resonant energy transfer takes place within the mesoscopic atoms clouds trapped in each small dipole trap. In one Rydberg sample the
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interaction between the degenerate states ns + n′ p → n′ p + ns is always resonant.
This allows the excitation to travel around in the sample, which is called energy
diffusion (see Figure 1.4). The total number of s and p atoms is not changed but
the energy diffusion results in dephasing of the initial energy transfer process between atoms ensembles in different trap sites. With the aid of a position dependent
Rydberg detector the spatial correlations of the energy transfer could be examined.
A different approach in the planned experiment for the examination of structuring in an ultra cold Rydberg gas is to achieve and observe dynamic crystallization as
proposed by [Pohl et al., 2010]. Because of the strong interactions a frozen Rydberg
gas can form crystalline structures during excitation. If the gas is excited in an
adiabatic way, Rydberg excitation takes place as far distanced from another excitation as possible. These ordered states can be excited by chirped laser pulses. It is
then possible to map the Rydberg crystal on crystalline photonic states. In order to
adress and observe the crystalline structure a spacial detection is necessary.
For the examination of the described structures it is crucial to achieve a state
and position selective detection system. One possibility is the developement of a
microwave-based spatially resolving detector (see Section 2.5.1). This tomographic
approach allows for the detection of one chosen trapping site. Moreover, the detecting system designed in this thesis is the foundation for the developement of a
Rydberg imaging detector that can image the spatial structure of a whole cloud at
once (see Section 2.5.2). Another method for imaging is based on the effect of electromagnetically induced transparency (EIT). EIT allows to detect Rydberg atoms
without destroying the Rydberg state. As EIT features a narrow linewidth it is used
for laser frequency stabilization in this thesis (see Chapter 3). The inside gained by
assembling a setup that uses EIT can be used at a later stage of the experiment.

1.4

New apparatus

Figure 1.9 depicts the planned setup, where the 2D MOT is attached to the vacuum
chamber. With the vacuum system an ultra high vacuum (UHV) of 10−11 mbar is
likely to be achieved. The vacuum chamber is chosen for maximal optical access.
All laser beams for trapping, cooling and excitation pass through the viewports, still
leaving enough room for the dipole trap and for micro–lens arrays that will be used
to structure the ultracold gas. All parts are designed to allow for maximal flexibility.
The modularity of the setup allows to exchange parts or to add features at a later
point of the experiment.

1.4. New apparatus

Figure 1.9: Planned setup and parts accomplished in this thesis. The vacuum
setup is depicted including a modular 2D-MOT setup and the vacuum chamber.
Subject of this thesis are the laser frequency stabilization of the 480 nm excitation
laser (blue and red frames) and the Rydberg detector (green frame).
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The first part of this thesis focuses on parts of the design. A tool for field control
and Rydberg detection is developed and its function is simulated (see Chapter 2).
The new Rydberg detector allows for state selective detection and for first steps
towards position dependent detection. In the second part of this thesis, the parts of
the excitation laser system are presented. One of the lasers at 780 nm is set up and
the excitation laser at 480 nm is frequency stabilized by means of eletromagnetically
induced transparency (see Chapter 3). The elements of the next generation setup
which are subject of this thesis are marked by colored frames in Figure 1.9.

Chapter 2
Electric field control and Rydberg
atom detection
This chapter illustrates the developement of a new apparatus (denoted Rydberg
detector) that is used for the control of electric fields and for the detection of Rydberg
atoms. This Rydberg detector will be a central element of the new setup as its
ability to control electric fields is crucial during experiments with ultracold Rydberg
atoms. The new Rydberg detector does not only feature state–selective detection
but also allows for position dependent detection. The chapter starts with explaining
the importance of field control and the detection method is described. The most
important requirements which the detecter has to fulfill are discussed to motivate the
new design. In order to find an optimal geometry of the detector the ion simulation
program SIMION 8.0 is used for simulation of electric fields and ion trajectories.
Important steps in the simulation and design process are described which then lead
to the final simulated design. Using these simulations two possible realizations of
spatial resolution are tested. In the end of the chapter the construction of the final
design is described.

2.1
2.1.1

Rydberg atoms in electric fields
Stark effect

Rydberg atoms are very sensitive to electric fields due to their large polarizability
(see Section 1.2). As their energy levels are strongly shifted by the Stark effect,
inhomogeneous electric fields and stray fields disturb the level structure and have to
be avoided.
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Figure 2.1: Stark spectra of the 87D state of Rubidium. Calculated and measured
Stark spectra are compared (Picture taken from [Hofmann, 2008]). The manifold
shown is the one of mj = 12 , 32 , 52 . The residual electric field was compensated to
E = 43 mV/cm. In these ambient fields the Rydberg atoms still feature a remarkable
Stark splitting of several tens of MHz. With the new detector residual fields should
be reduced to E ≤ 5 mV/cm as indicated by the dashed line.

Firstly, variations of the electric fields over the excitation volume lead to the
problem that the examined Rydberg atoms have position dependent energies. If an
electric field is applied, for example for ionization, it therefore has to be as homogeneous as possible. This has to be taken into account for the design of the electrodes
which create the ionzation fields (see Section 2.4.1). Secondly, the experiments with
Rydberg atoms have to be run in an environment which is free of an electric field offset and gradient in order to avoid energy shifts. Thus, residual electric fields which
would disturb the level structure of Rydberg atoms are to be reduced. In order to
determine the magnitude of stray fields so called Stark maps can be used. In Stark
maps the energy of electronic levels of an atom are plotted versus the applied electric field. Stark maps which were measured in our group (see Figure 2.1) show the
minimum residual electric field which was achieved in the former setup. Reduction
of this value would lead to a better control of the energy levels of the examined
Rydberg atoms. Thus, allowing for more precise measurements. It is therefore a
central aim of the new detector to minimize such residual electric fields. In the former experiment the stray fields could only be compensated to E=43 mV/cm in one
dimension. First of all, the new detector should be able to balance the electric field

2.1. Rydberg atoms in electric fields

principal quantum number Ionization field
n = 30
39.7 V/mm
n = 50
5.14 V/mm
n = 70
1.34 V/mm
Table 2.1: Ionization fields for rubidium. The values do not include quantum
defects but they suffice for an estimate of the ionization fields that are needed for
various n.

in all three dimensions. Moreover, the balancing should be improved. In the region
of the atomic cloud, residual electric fields of E< 5mV/cm are aimed for. One can
see in Figure 2.1 that this will reduce the Stark shift significantly.

2.1.2

Field ionization

Rydberg atoms cannot be detected by usual optical means. The coupling strength,
mainly determined by the dipole matrix element, between the Rydberg states and
other states is too small. Due to this weak coupling only a small amount of light
is absorbed by the atoms. High laser light intensity would be needed to obtain
an absorption in experimentally reasonable time. It is not possible to detect the
missing single photons in the necessary strong light field. In 2007, a possibiliy
was demonstrated to detect Rydberg atoms optically despite their weakly coupled
states [Mohapatra et al., 2007]. By using the effect of electromagnetically induced
transparency, it is possible to transfer the information from the weak upper transition
to the lower stronger coupled transition.
Another way to detect Rydberg atoms is by electric field ionization. As the
electron is already energetically very close to the ionization limit one needs only
small electric fields to ionize the atoms. The ions or electrons can then be detected by
ion detectors like Microchannel Plates. In the new experiment ions will be detected
as they are much slower and therefore easier to control. The magnitude of the
ionization field depends on the principle quantum number n, it is proportional to
n−4 (see Table 1.1). One can select the Rydberg states that should be detected by
variation of the ionziation field. The electric field that ionizes atoms in Rydberg
state n’ will ionize all atoms with n > n′ , thus allowing for Rydberg state selective
detection. As state selection is performed by choosing a certain ionzation field it
is important to ensure homogeneous electric ionization fields throughout the entire
atom cloud. Thereby all selected Rydberg atoms in the excitation volume are ionized
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and those with lower nare not. Some exemplary values of the electric field that has
to be applied are listed in Table 2.1. These values do not include quantum defects
and therefore are of approximate character. For field ionization of Rydberg atoms,
one always uses an electric field which is high enough to ionize atoms with energy
levels of all ℓ values corresponding to one n.

2.1.3

Ion detection

In the experiment Rydberg atoms will be detected by field ionization as described
above. Subsequently, the produced ions are directed towards an ion detector by
electric field forces in order to allow for quantitative data analysis.
In the experiment there will be two different devices to detect the ions. In
order to detect many ions a Microchannel platei will be used and for detecting a
few ions a Channeltronii is included. The Microchannel Plate (MCP) consists of
approximately 800000 conductive glass capillaries fused together and sliced into a
thin plate. Ions that impinge on the front plate will lead to secondary electrons.
These are accelerated by a high voltage and produce an electric signal that can be
read-out. Each channel works as an independent secondary-electron multiplier to
form a two-dimensional multiplier. Due to the dead time of one channel only one ion
per channel can be detected during one experimental cycle. The channel diameter
is 12 µm and the open area ratio (i.e. the ratio of area covered by channels to the
area with no channels) is 60 percent. The MCP used here is of Chevron (two layers
of capillaries at an angle) configuration. In a Chevron MCP the electrons that exit
the first plate start the cascade in the next plate, which allows for a higher gain
than a single layer MCP.
The Channeltron (CEM) also uses the effect of secondary electron emission, but
in this case the secondary electrons are accelerated along a much longer meandering
channel. Striking the interior surface of the channel walls, these electrons generate
further secondary electrons. The resulting avalanche process produces an easily detectable output charge pulse even for single ions. The active area of the ion detectors
is an important dimension to be included into the simulations. The ion trajectorties
have to be manipulated in a way, that all ions coming from the excitation volume
hit this area. The active area of the MCP has a diameter of 14.5 mm and the CEM
opening has a diameter of 15 mm.
i
ii

Hamamatsu, type F1551-21S
Sjuts, type KBL 15RS
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2.2

Features of the new Rydberg detector

During the developement of a new Rydberg detector several requirements have to be
fulfilled. Some aspects of the previous setup can be preserved while improvements
are necessary concerning the fact that further experiments will be done at higher
atom densities and in structured gases. Moreover, a new chamber is constructed in
which the detector has to fit.
A schematic view of the old setup is shown in Figure 1.5 on page 16. It was
used in the Rydberg experiment of our group in Freiburg. For details of the former
setup see for example [Amthor, 2008]. The atoms are trapped in a magneto-optical
trap (MOT). After experiments with the Rydberg atoms have been conducted, the
atoms are ionized by the electric field created by two parallel metal grids (field
plates). Depending on the state one wants to detect, the required ionization fields
vary drastically (see Section 2.1.2). The field plates accelerate the ions towards the
microchannel plate detector (MCP). Because of the grids one beam path is optically
distorted. Thus, the metal grids do not allow the use of optical dipole traps, which
is one of the major limitations of the old setup. That is why BEC and high density
experiments until now have not been possible in our experiment. The future setup
has to allow for the necessary optical access.
The new Rydberg detector should at least fulfill the demands which were already
achieved in the previous setup, i.e. the ability to ionize and detect Rydberg atoms
of different states (from n = 30 to n = 120). The necessary ionization field depends
strongly on the principle quantum number n (see Section 2.1.2). One can therefore
ionize atoms in a state selective way. An electric field of 5.14 V/mm will, for
example, ionize atoms with n > 50. By applying certain fields one can therefore
select atoms with the desired (and higher) n. The detector must be constructed in a
way to create the desired electric fields (up to 50 V/mm) in the region of the MOT,
to be more precise, in the excitation volume.
Advancements in field control are a crucial part of the new design. Creating a homogeneous electric field (less than one percent deviation in the cloud) will guarantee a constant Stark shift throughout the excitation volume (see Section 2.1.1).
High control of the electric field is also necessary before the atoms are ionized. As
Rydberg atoms are very sensitive to electric fields (see Section 2.1.1), the reduction
of residual fields is of great importance. One of the aims is to improve the stray
field compensation by approximately one order of magnitude compared to the old
setup (from 40 mV/mm to less than 5 mV/mm).
Some of the future experiments involve large numbers of ions, others only a
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Figure 2.2: Constraints due to vacuum chamber, laser beams and atom beam from
2D MOT. a) The detector should not clip any of the beams. The red coloured beam
shapes depict maximal optical access. b) The detector has to be installed in the
vacuum chamber in a modular way mounted to the chamber’s top flange.

few ions. For this reason two ion detectors are included into the detector setup.
A Microchannel plate (MCP) will be used to detect large amounts of ions, and a
Channeltron (CEM) for experiments where only a few ions are created. The MCP
has many channels and can therefore detect large amounts of ions at a time, while
the CEM is specialized to amplify the signal of a few ions hitting its entrance. For
details concerning the employed ion detectors see Section 2.1.3.
Eventually, field plates and ion detectors have to be placed into the new chamber,
regarding its dimensions and allowing for as much optical access as possible. In
detail, laser beams and atom beam from the 2D MOT should not be clipped and
the detector has to be small enough to pass through the chamber’s top. All electric
connections of the detector are realized by SHV feedthroughs in the top flange.
Thereby, detector and top flange form one removable modul. That will lead to a
large gain of flexibility. In Figure 2.2 the beam constraints that guarantee maximal
optical access in all spacial directions and the vacuum chamber with its top flange
are depicted.
In future experiments the atoms will be trapped in small potential wells created
by micro–lense arrays (see Figure 1.8 on page 19). One possibility to realize single
site adressability is to use the pronounced Stark shift. With the new detector one
should be able to create inhomogeneous electric fields with a constant gradient. The
shift of the energy level will then depend on the position of the atoms. This will be
used for one form of spatially resolved detection (see Section 2.5).

2.3. Simulation of electric fields using SIMION

2.3

Simulation of electric fields using SIMION

In order to simulate the electric field that will create the force acting on the ions a
software called SIMIONiii is used. SIMION uses electrodes that are defined by the
user as boundary conditions and solves the Laplace equation ∆Φ = 0 (see standard
literature about electrodynamics, for example [Jackson, 1975]). The computational
method is a finite difference technique called overrelaxation. The user chooses a
geometry for the electrodes for which the Laplace equation is solved. One can
also determine the resolution of the computation grid that the program uses. The
resolution is restricted by the simulated geometry and by the number of ions that
are simulated. For the final simulation a resolution of 0.5 mm is used while the
convergency is checked by comparison against simulations with higher resolutions.
From the given electrodes, SIMION calculates the potential for each grid point. The
electric field is then determined by summing over the electric fields created by each
grid point. The values between the grid points are extrapolated. The program can
then solve the equations of motion to calculate the ion trajectories. These ion beams
can be refracted and focused by electrodes. Ion optics works similar to light optics,
but refraction is more diffuse because there are no sharp edges of electric fields.
In order to test SIMION, the old setup (see Figure 1.5) is simulated with SIMION.
The results are compared to those calculated with other methods. Firstly, the time of
flight in SIMION is compared to solutions of Newton’s equations of motion calculated
with Mathematica by Thomas Amthor [Amthor, 2008]. The ions are created in the
middle of the chamber between the two grids acting as field plates. After being
accelerated the ions drift towards the MCP and are then detected. (See Figure 2.3
for the setup.) The pushing voltage on the right electrode (field plate 2) as well as
the isotope is varied. The results are given in Table 2.2. The times calculated by
the SIMION simulation are smaller than in Mathematica by 10 ns. This difference
could be due to numerical accuracy, or a small error in one of the programs. Other
reason could be differences in geometry input or convergency differences. For the
later use of SIMION this small difference of 0.5 percent is negligible.
Secondly, the effect of Coulomb interaction between two ions is compared between SIMION and a C++ programm that includes the coulomb forces and RungeKutta integration [Westermann, 2005]. Due to coulombic repulsion between the
positive ions there is a strong divergence depending on density and velocity of the
ions, the so called Coulomb explosion. Figure 2.4 illustrates the divergence due to
coulomb expansion of an ion beam after a propagation distance of 44.6 mm. The
iii

SIMION Version 8.0, Scientific Instrument Services, Inc.
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Figure 2.3: Time of flight in the old setup calculated with SIMION. The ions
start on the right hand side between the two metal grids with variable potential
differences. They are pushed towards the MCP by a positive voltage applied on field
plate 2. After drifting through a field free region the ions are strongly accelerated
and then hit the MCP. Resulting times are given and compared to corresponding
solutions of the equations of motion [Amthor, 2008] in Table 2.2.

Voltage
250 V
250 V
250 ∗ (1 − et/0.5µs )V
250 ∗ (1 − et/0.5µs )V
500 ∗ (1 − et/0.5µs )V
500 ∗ (1 − et/0.5µs )V

Atoms TOF (Mathematica program) TOF (SIMION)
85
2.75 µs
2.74 µs
Rb
87
2.78 µs
2.77 µs
Rb
85
Rb
3.34 µs
3.33 µs
87
Rb
3.38 µs
3.37 µs
85
Rb
2.56 µs
2.55 µs
87
Rb
2.58 µs
2.57 µs

Table 2.2: Time-of-flight comparison. Solutions of the equations of motion calculated using Mathematica are compared to SIMION simulations. The voltage of the
field plate 2 (see Figure 2.3) is varied. It is first fixed at a value of 250 V and then
ramped up (time constant: 0.5 µs) while the ions are flying. This corresponds to
the situation in the former experiments. In comparison to the solutions calculated
by the Mathematica programm, the time–of–flight (TOF) is always 10 ns smaller
in the SIMION calculations. The reason for this could be a numerical accuracy in
one of the programs or programming differences. For the future use of SIMION, a
difference of less than 0.5 percent in TOF is negligible.

2.3. Simulation of electric fields using SIMION

Figure 2.4: Simulation of Coulomb explosion. a) Simulation using SIMION and
b) calculations of ion trajectories influenced by coulomb forces using Runge-Kutta
integration [Westermann, 2005]. The impact area for 2000 (left) and for 20000
(right) ions is shown. Both simulation methods agree well with each other.

excitation volume where the ions start from is the same for all pictures: a cylinder
with a diameter of 30 µm and a length of 500 µm. On the left hand side the simulations are done for 2000 ions, on the right for 20000. As the density is much higher
in the case of 20000 ions, the divergence due to Coulomb repulsion is much stronger.
Both simulations show a very similar final shape of the ion cloud. This agreement
is also found for other ion numbers and excitation volumes.
In conclusion, SIMION produces results that agree well with other calculations
which were already used for the former experiment. SIMION has two major advantages. Firstly, computational cost is rather low which enables larger system sites
and complicated electrode configurations to be simulated in a reasonable amount of
time. Secondly, the user interface allows for intuitive setup of electrode geometry
and easy definition of ion configuration. Electrodes, resulting potentials, fields, and
ion trajectories are visualized. Therefore, the consequences of changes in geometry
and potential can be easily tracked. The following simulations in this thesis are
therefore performed using SIMION.
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Figure 2.5: Explanation of the geometric parameters. The depicted parameters
denote the separation (A), the thickness (B), the inner (C) and the outer diameter
(D) of the field plates. These parameters are varied to find an optimal geometry of
the detector.

2.4

Geometrical considerations

This chapter covers most of the steps towards the final design of the detector. The
design is optimized to fulfill the demands listed above like homogeneity of the electric
field, controllable ion trajectories and stray field compensation. All considerations
are made with regard to spatial constraints.

2.4.1

Basic geometry

First of all, a basic setup, see Figure 2.5, is examined to find the best configuration
for homogeneity of the electric field. As the chamber has roughly a cylindric form
the field plates should be round and arranged in cylindrical symmetry. An electrode
at 0 V is placed around these plates to simulate the chamber at ground potential
(mass). A voltage is applied between the two plates to create an electric field in
z-direction. Now, the following parameters are varied: The distance between the
plates (A), the thickness of the plates (B), the inner diameter (C) and the outer
diameter of the plates (D). All these parameters are also restricted by the necessary
optical access and, of course, by the dimensions of the chamber (see Section 2.2).
For several sets of A, B, C and D SIMION simulations are run and the electric
field values are read-out. Using Mathematica one can then compare the gradient
~ . Figures 2.6 and 2.7 depict the magnitude of the normalized electric field
of E
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Figure 2.6: Impact of parameters A, B, C, D on the homogeneity of the electric
field along the x-axis. Cylindric electrodes are simulated with surrounding mass.
This graph depicts the magnitude of the normalized electric field in x-direction.
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Figure 2.7: Impact of parameters A, B, C, D on the homogeneity of the electric
field along the z-axis. Cylindric electrodes are simulated with surrounding mass.
This graph depicts the magnitude of the normalized electric field in z-direction.
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versus the distance from the center of the setup (in the experiment: center of the
cold atom cloud). Figure 2.6 shows the absolute value of the electric field along
the x-axis and Figure 2.7 the value along the z-axis. Due to symmetry reasons the
x-dependency equals the y-dependency and the negative wing of the graphs look
like the mirrored image of the positive one. The more flat the curve is in the figure
the more homogeneous is the electrical field. One gains several insights from these
graphs:
• Comparing 1) and 3): The larger the distance A between the plates, the more
homogeneous is the field. If the distance to discontinuities, like edges of field
plates, is larger the field becomes more homogeneous. The reason is that
dicontinuities of electrodes lead to electric field elevation.
• Comparing 4) and 5): The thicker the plates (B), the more homogeneous is
the field. Plates that are elongated in z-direction are following the symmetry
of the electric fields. See also Figure 2.8
• Comparing 1) and 2): The smaller the hole (C), the more homogeneous is
the field. The most homogeneous would be a the case with no hole (a casual
capacitor). This geometry is not possible as there has to be optical access
along the z-axis.
• Comparing 1) an 4): The smaller the outer diameter (D), the more homogeneous is the field. A ring is therefore more suitable than a disc with a hole.
• The parameter set 5) is the most homogeneous one. This suggests the conclusion that the basic detector geometry is composed of two cylindrical rings.
From the graphs can be seen that a cylindric plate configuration leads to a more
homogeneous electric field in z-direction than a ”CD-like”configuration. The cylinder
rings follow the symmetry of the field in z direction in a better way. They stretch in
z direction and create a electric field symmetric along this axis. This is illustrated
in Figure 2.8. It compares the equipotential lines for both cases. The electric field
lines are orthogonal thereto. In b) (cylinder rings) the equipotential lines are more
parallel in the middle which results from the field plates being elongated in the
direction of the electric field and being shorter in the directions perpendicular to the
field.

2.4. Geometrical considerations

Figure 2.8: Comparison of homogeneity regarding equipotential lines. Equipotential lines for a) two flat plates and b) cylindrical field plates are calculated using
SIMION. The applied voltages are 1 kV to -1 kV. The potential lines range from
-500 V to +500 V in steps of 50 V. Cylindric field plates create a more homogeneous
electric field than flat plates with same distance, which can be seen comparing the
parallelism of the equipotential lines. In the center of the plates the lines are more
parallel in case b), which is due to higher symmetry in field direction.
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2.4.2

Inclusion of additional elements

Taking the basic geometry as a starting point, other elements have to be added to
the detector. Each of the two cylinder rings is divided into four parts, so that it is
possible to apply electric fields in all space directions. The detection devices (MCP
and CEM) are included. They are positioned above the field plates, still leaving
enough space for optical access. Both detectors need high voltage. The atoms have
to be shielded from the resulting large stray fields. Thus the MCP and the CEM
are surrounded by Faraday cages. The front plate of the cage consists of a grid with
a transmittance of 80 percent. The other parts of the cage are designed to hold the
detection device and yet not to disturb the operation of the field plates. Only one
detection device is used at a time, as there are either few or many ions to be detected.
A voltage can be applied to the cage of the inactive detector, pushing the ions to the
other detector. To fascilitate these tasks, the cages are built symmetrically and they
are placed opposite to each other. The field plates have to be arranged at a certain
angle to the detection devices. Keeping the symmetry there are two possibilities: at
an angle of 0◦ or of 45◦ to the cages. Both orientations are shown in Figure 2.9.
Ions are accelerated by the field plates and then hit the detector. They first
pass the simulated grid of the faraday cage of CEM and MCP. The grids in front
of the actual ion detectors are simulated by one layer of electrode grid points. In
the experiment the voltage of the electrodes cannot be switched instantly from stray
field compensation to ionization and detection. They are ramped up with a circuit
time of τ = RC, where R is the resistance and C the capacitance. The exact ramps
which are applied can be seen in Figure 2.9, where t is the time since the ions started
to fly. The simulations show that for a symmetry of ”0◦ ” lower voltages are needed
to bend the ion beam. In addition the ions hit the detector over a smaller area.
This facilitates ion detection since the active area of either the CEM or the MCP is
restricted to a circular area of diameter 14.5 mm. For the ”0◦ ” configuration one has
to switch two plates at the same time to equal voltages. The advantage of needing
low voltages and of a better focusing weights heavier than the rather small effort
needed to switch the plates simultaneously. In conclusion, the ”0◦ ” configuration is
used for the detector.
Simulating these ion trajectories it became clear that it is difficult to achieve
an homogeneous electric field in the center and subsequently change the voltages
instantly to bend the ion beams. That is why deflecting ring segments are added
(see final simulation depicted in Section 2.4.3). They are placed between the upper
field plates and the faraday cages. Each of these deflecting halfrings is mounted
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Figure 2.9: Comparison of two symmetric possibilities. The figure shows two
possible alignments of the field plates with respect to the MCP and CEM cages.
The ion trajectories result from an electric field of about 20 V/mm, which is equal
to the field necessary to ionize Rydberg atoms with n = 40. The volume and
the number of Rydberg atoms are given according to that quantum number. The
coulomb repulsion is included, calculated for 12000 ions in total which are distributed
on 1000 trajectories, i.e. divided into 1000 packages with 12 times the charge of one
particle. For alignment ”0◦ ” one needs lower voltages to bend the ions towards
the MCP. But this means switching each pair of plates simultaneously. Moreover
the ”0◦ ” configuration shows better focusing of the ion-beam which diverges due to
coulombic repulsion. While lower voltages are much easier to implement, there is
not a large problem in switching plates at the same time. Therefore alignment ”0◦ ”
is favored.
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Figure 2.10: Divergence of the ion beam. The electric field is the necessary field to
ionize Rydberg atoms with n = 30. The resulting ion beam diverges due to coulomb
repulsion. The depicted deflection of the ion beam in +x–direction is due to the
wires contacting the deflecting ring elements.

under one faraday cage. Considering the findings in Section 2.4.1 one can now
decide on an optimal setup. The faraday cages, the deflecting ring segments and
the chamber restrictions allow for the following configuration: A=28 mm, B=8 mm,
C=30 mm, D=34 mm. The deflecting rings have the same inner diameter of 30 mm
and are made out of wires of thickness 2 mm. They are positioned 3 mm above the
field plates.
All field plates and the deflecting rings are mounted on two holding rings. Both
are connected to ground and isolated from the field plates. For details of construction
see Section 2.6. The holding rings are attached to the chamber top flange by metal
bars which are also grounded. The wires that are connected to the field plates
run along grounded metal bars. The center of the cold atom cloud is shielded
from most of the wires by these grounded metal bars. All of the connecting wires
(from field plates, deflecting rings, faraday cages etc.) lead to pins of the SHV
feedthroughs placed on a circle at the top flange. In order to find the optimal
configuration, construction and simulation were iterated many times. The result is
shown in Section 2.4.3. The wires connecting the deflecting rings cannot be hidden
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completely, because the better hidden pins (behind the faraday cages) are used for
the high voltage of MCP and CEM. At low nhigh voltages are also applied to the
deflection rings (up to 2 kV), which influence the trajectory of the ions. However,
the ions still hit the active area of the MCP and the CEM (see Figure 2.10). During
experiments with Rydberg atoms the deflecting rings, and consequently the wires
connecting them, are grounded to avoid stray fields.

2.4.3

Final setup

For the final simulation all aspects mentioned above are considered, if they contribute
significantly to the electric field and to the ions’ behavior. Figure 2.11(a) shows the
final setup for the simulation. In Figure 2.11 and Figure 2.12 the ion flight is
depicted for n = 30. The ion beams and their divergence due to coulomb expansion
can be seen from different angles as well as the impact area of the ions hitting on
the MCP or CEM. For comparison, the size of the active area of MCP and CEM are
given approximately with 14 mm. The ions’ starting position is based on a possible
excitation volume, which is a cylinder with radius r = 0.03 mm and length l = 1 mm.
The larger the Rydberg density and therefore the ion density, the stronger is
the coulomb expansion. In order to simulate the created amount of ions in a given
excitation volume and the corresponding Coulomb interaction, the Rydberg density
has to be calculated for each n. The number of Rydberg excitations in a given
volume is determined by the excitation blockade radius (see Section 1.2). The
blockade radius depends on the interaction strength and on the linewidth of the
laser:
C6
(2.1)
2π · 1 MHz = 6 ;
Rb
with a laser linewidth of 1 MHz and C6 the van der Waals coefficient. For the
calculations values from former experiments were taken [Amthor, 2008]. Starting
from the 71S state the resulting blockade radius is 10 µm. With
C6
C6′
= 6;
′6
Rb
Rb

(2.2)

the other blockade radii can be calculated. C6 depends on the principal quantum
number n
n′
(2.3)
C6 ∝ n11 ⇒ ( )11/6 · Rb .
n
From the blockade radius of the 71S state all other blockade radii can be calculated.
One gains a conservative estimate of the number of Rydberg atoms that can be
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Figure 2.11: Overview and ion signal of the final simulation. a) Except for the
surrounding chamber, one can see all the parts of the detector that are simulated.
The ionization field corresponds to Rydberg atoms with n = 30, and the coulomb
expansion of the ions is calculated correspondingly. 100000 ions are simulated in 100
ion packages with 1000 charge units. Figure (b) is an image of the area where the
ions impinge on, compared to the active area of the ion detector (here the MCP with
diameter 14.5 mm). One can see the focusing along the z axis due to the deflecting
rings, while in x–direction the cloud is spread because of coulombic expansion.

ionized and detected by assuming excitation volume and Rydberg density resulting
from close-packing of spheres.
The simulated impact areas, depicted in Figure 2.11(b) and in Figure 2.13, show,
that despite of different fields and densities the ions still hit the detector devices.
With higher densities and therefore stronger ion divergence the ions are also faster
due to higher electric fields. Therefore they can still be bent before they expand too
much. For n = 30 (Figure 2.11(b)) the electric field is 47.5 V/mm and the number of
Rydberg atoms inside the excitation volume is calculated to be at maximum 63000.
The simulation is run for 100000 ions. For n = 50 (see Figure 2.13 (a)), the electric
field is 9.5 V/mm and 5000 ions are simulated and for n = 70 (see Figure 2.13
(b)), the field is 3.17 V/mm and the ion number is 500. After being ionized and
accelerated towards +z-direction, the ions are bent towards the detecting devices.
Due to this curvature, focusing along the z-axis is easy. The reduction of divergence
in all of the directions is achieved by applying a rather large negative voltage to
the pulling ring. For details concerning electrode configurations for different n see
Appendix A.

2.4. Geometrical considerations

Figure 2.12: Trajectories of ionized n = 30 Rydberg atoms. (a) displays the trajectory in the xy-and (b) in the xz-plane. The divergence due to coulomb expansion
can be seen as well as the focusing due to field plates and deflecting rings.

Figure 2.13: Ion beam divergence for ionzied Rydberg atoms with n = 50 and
n = 70. The ionizing electric field and the coulomb repulsion are simulated correspondingly. By applying the correct voltages the ions still hit the detector despite
the coulomb repulsion. For higher n the fields are stronger and the ions’ velocity
is higher. With smaller dipole interactions the Rydberg-Radius decreases and more
Rydberg atoms are created in the excitation volume. Correspondingly more ions
are simulated. For n = 30 see Figure 2.11
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Figure 2.14: 3D plot of absolute value of the ionization field in the x-y and y-z
plane. The electric field is high enough to ionize Rydberg atoms with n = 30. In this
graph almost all of the volume between the field plates is shown to give a qualitative
overview over the behavior of the electric field. For crosssections along principal axis
see Figure 2.15.

Figure 2.15: Plots of the absolute value of the electric field in the three space
directions x, y, z. The small inset depicts 2D cuts through the 3D plots shown in
Figure 2.14 along all axis. The larger plot shows the quantitative behavior of the
electric field in the volume of interest, which is the size of the MOT (on the order
of 1 mm in radius) and the size of the BEC cloud that is even smaller. The space
directions are color coded. The absolute value of the field does not change by more
than 1 percent, thus achieving the aim of the detector.

2.4. Geometrical considerations

The same voltage configuration that is used for bending the ion beam also allows
for homogeneous electric fields. This is a major advantage of the segmented field
plates, the deflection rings and of the use of one of the faraday cages as electrode. In
principle, the electric field simulated is static and serves as a homogeneous ionization
field and as a field that forces the ions to the detection device at the same time.
The following simulations were all done for n = 30. Due to the linearity of the
electric field the normalized electric field values are the same. One can just change
all the electrodes by the same factor and achieve other electric fields with the same
homogeneity. In Figure 2.14 3D plots of the electric field are shown over a large
area of 7.5 mm×7.5 mm. In (a) the absolute value in the x-y plane and in (b) in
the y-z plane are depicted. One can see that the field is almost constant in the
3mm×3mm×3mm trapping region. To jugde the homogeneity more quantitavely
cuts along all axes are shown in Figure 2.15. The large graph shows the normalized
value of the electric field in the maximum volume of the MOT which is about
3 mm×3 mm×3 mm. One can see that the deviation from the value in the center of
the MOT never exceeds 1 percent. The new detector thereby fulfills our requirement
of homogeneous field ionization throughout the excitation volume.
Inhomogeneous electric fields with constant gradients can easily be achieved in
the x, y direction and at 45◦ angles to them. They can be exploited to realize
spatially resolved excitation and detection. The results of simulations for constant
gradients are illustrated in Section 2.5.1 (see Figure 2.18 on page 47).
While experiments with Rydberg atoms are conducted uncontrolled energy level
shifts induced by stray electric fields have to be avoided. In order to achieve low
residual fields the field plate voltages are varied to compensate stray fields (resulting
from of voltages that cannot be turned of during the experiment, i.e. the high voltage
of the used detection device). Electric fields as low as 2.5 mV/cm can be achieved
according to simulation. This corresponds to a reduction by one order of magnitude
compared to the old setup with 40 mV/cm. Within a volume of 1 mm×1 mm×1 mm
residual fields of less than 5 mV/cm are achieved. Therefore, the new detector
design fulfills the requirement of low residual fields to the desired extent, not only in
1 dimension as with the previous setup but in 3 dimensions. The Stark splitting is
now much smaller than with the old setup (Chapter 2.1.1). Even lower fields could
be realized because the field plates can theoretically create arbitrary electric fields
in all directions. This can be tested in the experiment.
In order to give an estimate how well SIMION can simulate the situation in the
experiment it has to be noted that all simulations in this chapter are done with static
voltages. The field plates are switched instantly from stray fields compensation to
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Figure 2.16: Residual fields while compensating stray fields. The electric field
resulting from the high voltage of the detection device would shift the energy levels
of the Rydberg atoms. The simulation showns residual fields of 2.5 mV/cm in the
center of the chamber. In the old setup 40 mV/cm were achieved (see Figure 2.1
on page 24). From the results of the simulation it seems possible that the goal of
gaining order of magnitude can be achieved. Moreover, in a volume of 1 × 1 × 1 mm
the field value is still below 5 mV/cm.

2.5. Spatially resolved detection

ionization fields. The situation in the experiment will be different. Switching of
electrodes takes time due to capacities. Moreover, ramping the voltages will also be
desired for choosing different none after the other. In SIMION ramping all of the
electrodes is not possible because the computational cost is too high. The programm
is able to simulate two electrodes being ramped. In this case the ion trajectories are
still well controllable. It has to be tested in the experiment how the voltages have
to be choosen exactly. The simulations give important hints on how to construct
the optimal detection setup (see Section 2.6) and it produces approximate values for
the voltages that should be applied to the electrodes (see Appendix A).
In summary, SIMION allowed for a detailed simulation of the new setup that
is built for field control and Rydberg atom detection. The final simulation covers
tests of homogeneity, ion trajectories, magnitude of residual fields and electric field
gradients. It offers a tool set to determine approximate values for the voltages when
the detector is used in the experiment. From basic geometric considerations up
to construction details, simulations done with SIMION during this thesis were the
foundation for designing a new Rydberg detector.

2.5

Spatially resolved detection

Certain structures as for example a chain of trap sites is planned to be implemented
in the ultracold Rydberg gas. It is then desired to adress and detect these structures.
There are several ideas how to achieve spatially resolved detection. A tomographic
approach is presented as well as a possibility of time–of–flight mapping to ion positions.

2.5.1

Tomographic approach

The principle of a tomographic approach for spatially resolved detection is described
in detail in the PhD thesis of Thomas Amthor [Amthor, 2008]. In the experiment
the atoms are trapped in a MOT and then loaded into a chain of small optical
dipole traps realized by an array of micro lenses. Figure 2.17b) shows this chain.
In each site there are two different dipole-coupled Rydberg states accessable. The
width of the focii will be approximately 2 µm and the separation between the sites is
planned to be 15 µm. The dipole blockade radius (see Section 2.1.2) is of the order
of a few µm. Depending on nit is possible to realize one Rydberg excitation per
site while more exciations to Rydberg states are blocked. Energy transfer can take
place between these sites (see [Mülken et al., 2007]). In order to examine this energy
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Figure 2.17: Tomographic approach for spatial resolution. Figure a) depicts the
energy shift due to the Stark effect depending on the controlled electric field for the
two different Rydberg states 71S1/2 and 71P3/2 . In Figure b) the planned setup for
a chain of dipole traps is schematically depicted. At one chosen site the Rydberg
atoms are transfered to another state and the excitation is then transported by the
strong dipole coupling. Finally, the excitation is detected at each point in the chain.
(Picture adapted from [Hofmann, 2008].)

transfer it is necessary to detect and adress the sites individually.
In order to detect the Rydberg state at one single site an electric field gradient
is applied which allows for a microwave transition to a third state. The aim is
to produce an inhomogeneous electric field with a constant gradient so that this
transition is only possible for one single site (see Figure 2.17 a)). This third state
can then be detected by state-selective field ionization of the whole sample.
The possible spatial resolution was estimated in [Amthor, 2008], for the example,
for the transition between 71S1/2 and 71P3/2 . The energy difference between the two
states, that should be coupled with a radio frequency field, has to be calculated as a
function of the electric field. The above transition is used to place one excitation at
a specific site to start the energy transfer. In order to increase the resolution, a large
slope of this curve is desirable. Moreover, the offset around which the electric field
varies should be set as high as possible. On the other hand the field should not exceed
0.3 V/cm to anticipate avoided crossings with high-ℓ states above that value. The
energy difference of the transition as well as its gradient depend on the electric field.
According to [Amthor, 2008] an electric field around 0.2 V/cm with the associated
slope of 644 MHz/(V/cm) is reasonable for an experimental realization fulfilling th
restrictions mentioned above. With an examplary excitation band width of about
1 MHz and a desired spatial resolution of 1 µm, the field gradient to be applied is
1 MHz/1 µm
V/cm
dE
=
,
= 15.5
MHz
dx
cm
644 V/cm

(2.4)

Due to Stark shifts the electric field should be kept in a range of ±100 mV/cm

2.5. Spatially resolved detection

Figure 2.18: Possible realization of a spatially resolved detection following the
tomographic approach. An offset of 20 mV/mm and a gradient of 15.3 mV/mm2
are applied. This allows for a spatial resolution of 10 µm along the x-axis close to
the MOT center.

around the offset of 200 mV/cm for each of the sites. Keeping a 1 µm resolution, a
spatial region of 130 µm length is addressable. A 10 µm resolution can be achieved
over a distance of more than 1 mm. Around 100 sites can thus be individually
controlled.
With the current detector design this tomographic approach is feasable. As
an example, Figure 2.18 shows the simulated gradient and the offset for a spatial
resolution of the 71S1/2 and 71P3/2 transition for a 10 µm resolution. The resolution
affordable with our computational methods means that the grid used in SIMION
(Section 2.3) for the final simulation is 0.5 mm. Therefore it is not possible to
simulate every spacial resolution. The constant gradient is simulated for a spatial
resolution of 10 µm and not of 1 µm. The later would lead to an adressable region of
130 µm length, which can not be simulated. A gradient of 15.3 mV/mm2 is applied
in x-direction with an offset of 23 mV/mm. The atoms can be detected spatially
resolved along the x axis over the range from -0.5 mm to 0.5 mm.

2.5.2

Time-of-flight mapping

Other possibilities for spatially resolved detection are more direct. One could map
the spatial distribution directly on the MCP, which is not possible with the current
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setup because one would either need a phosphor screen behind the MCP to image
the incoming ions or one could use a different MCP where one electric signal can be
read out for each channel. Much more feedthroughs would be needed in this case.

An approach which is more easily realizable with the setup presented is a timeof-flight measurement. Time-of-flight is the time that the ion needs from its creation
to hitting the detecting area. If this time depends on the ions’ starting position, one
can map the measured time on the starting position of the ion. The time-of-flight
difference due to varying starting positions can either result from longer trajectories
or from non-homogeneous electric fields that accelerate the ions depending on their
position. With SIMION it is possible to compare the time-of-flight of ions which
start at different positions in a possible excitation volume. The final simulation
(see Section 2.4.3) is used for the time-of-flight tests. One can apply the field plate
voltages in a way that the starting position can be mapped on the time-of-flight.
A chain along the x-axis of 20 atoms with a separation of 25µm is simulated: For
n=30 a time difference of 3 ns per 25 µm is found. The ions hit the MCP in different
positions which helps to avoid blinding of single channels. Differences of a few ns
should be detectable and thus, a resolution of the order of tens of µm is achievable.
The time-of-flight difference is not yet large enough to achieve a satisfying spatial
resolution of less than 1 µm.

Nevertheless, there are possibilities to increase the difference in time-of-flight.
Instead of ramping the electric field to the ionziation value homogeneously one can
ramp up an electric field gradient. It is shown in Section 2.5.1 that the application
of strong field gradients is possible. Ramping up a field gradient instead of a homogeneous field will ionize the atoms one after another depending on their position.
In doing so, starting times of the ions are varied and the difference in time-of-flight
can be enlarged. The resolution is estimated to be less good as in the tomographic
approach but has the important advantage that a complete one-dimensional arrangement of Rydberg atoms and their spatial correlations can be imaged. Simulations
for this approach can not be performed with SIMION as the ramping of all electrodes is not possible due to the lack of computational power. In order to achieve
a satisfying spatial resolution one has to test the detector in the experiment. The
here presented simulations can be used as a foundation of future developements.

2.6. Design of the setup

2.6

Design of the setup

This section covers the construction details which are important for the detector
design. The modular setup is explained as well as machining details. Since high
voltages will be used and the detector will be operated in ultra high vacuum, electric
fields and vacuum issues are of great importance. The resulting design was developed
in collaboration with the construction departement of the institute. Figure 2.19
visualizes the construction parts discussed below.
The choice of material follows requirements to attain ultra high vacuum and to
avoid stray electric and magnetic fields. All metal parts of the detector are made
of stainless non magnetic steel (1.4404). The ceramic that is used (Macor) can
endure the temperatures needed for bake out and is stabel enough to be machined.
Aiming for stability and for easy handling, the detector is built as one module that
can be added to or removed from the chamber. The field plates are mounted on
holding rings (1), which are then attached to metal bars (2). These metal bars
also serve as guides for the wires connecting the field plates (3). All bars are point
welded to one metal ring (4) which is screwed to the top flange of the chamber. The
faraday cages with the ion detectors included (5) are also mounted on this ring. All
connecting wires lead to SHV-feedthroughs which are distributed along a circle on
the chamber flange. The whole modul can therefore be removed from the chamber
for maintenance by opening the chamber flange (see Figure 2.20).
Several issues concerning electric and magnetic fields have to be taken into account. The holding rings each have one slit to avoid eddy currents when the magnetic trapping fields are switched. It is of great importance to avoid any uneveness
or sharp edges, which would lead to inhomogeneities in the electric field. Therefore
all the parts are rounded and the whole detector will be electropolished. The large
differences between potentials of neighbouring metal pieces create significant forces.
Most of the metal pieces therefore have to be separated from each other. Isolation
of electric parts is crucial to avoid short-cuts, break-downs and undesired voltage
connections which would lead to strong deviations from the desired electrostatic
potentials. Break-downs voltages are very high in UHV, but a safety distance of
0.5 mm per 1 kV is advised. As there could be mechanical deformations due to temperature change or because of the electric forces, security separations are enlarged
if deformations are more probable. For example, the wires connected to the field
plates (-2 kV to +2 kV) are separated from the grounded metal bars which hold
the detector by 3 mm. In order to create these seperations ceramic pieces are used
which are combined with metallic collars (6). The ceramic areas should be as small
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Figure 2.19: Details of the construction. (1) denotes the grounded holding rings.
(2) are the grounded metal bars fixing (1) and leading the wires (3) from the SHV
feedtroughs (not depicted here) to the field plates. (4) is a ring holding the whole
Rydberg detector. It is fixed to the top flange of the chamber. The faraday cages
that surround and hold the MCP and the CEM are marked with (5). (6) are the
ceramic pieces for isolation. Thin metal collars hold them.

2.6. Design of the setup

Figure 2.20: Rydberg detector and vacuum chamber. The detector is mounted on
the top flange of the vacuum chamber. The complete module can then installed be
into the vacuum chamber.

as possible and at the best hidden with respect to the chamber center since charges
can be collected on the ceramic surface in vacuum. Such accumulated charges would
create electric patch fields that deviate from the intended electric field.
The whole detector has to be constructed to not only avoid electric field discontinuities but also vacuum leaks, especially virtual leaks. The usage of srews is
therefore kept to a minimum and the wires are point welded to the field plates. The
electric connections to the pins of the SHV feedtroughs are realized using specially
developed crimping techniques. The ceramic pieces are kept in position held by
metallic elements. Glue is avoided because of outgassing.
The estimated capacities in the detector lead to a rise of switching time of about
1 ns. This has to be considered when simulating ramping and finding the voltages
in the experiment. Generally, large capacities are avoided where possible. The total
circuit time has to be tested in the experiment. The electric forces are estimated for
some crucial points. For example, between grid of the faraday cage and the active
area of the detection device, as well as between the connecting wires and the holding
metal bars. The forces are found to be of the order of less than one 1 mN. All of
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Figure 2.21: Final design and manifactured elements. The figure depicts the final
CATIA drawing and the parts which were manifactured until submission of this
diploma thesis: the holding ring which is mounted to the top flange, holding bars
leading the connecting wires, field plates and deflecting ring halfs which have not
yet been segmented.

these parts are mounted in a way that avoids undesired contact due to deformation.
The detector is manifactured in the institute’s workshop. Figure 2.21 depicts the
final 3D drawing of the design and the elements that have been manifactured until
submission of this thesis. The holding ring is shown to which the whole detector is
mounted and which is screwed to the top flange. Moreover, the holding bars leading
the wires (which are colored in the 3D drawing) have been manifactured as well as
the field plates and deflection ring segments which have not yet been segmented,
but are still complete rings.
This chapter has covered the complete process of motivation, design and contruction of the new Rydberg detector. During this thesis the main principle and

2.6. Design of the setup

basic geometry were developed. After testing SIMION, the program was used to
find the optimal geometry regarding the stated requirements. Additional elements
and construction details were included into the simulations and the final design was
developed in iteration of construction and simulation. The results of the simulations
are a guideline on how the detector can be used in the experiment. The Rydberg
atoms that will be detected with the here presented apparatus have to be created.
The trapped atoms will be excited by two excitation lasers. During this thesis parts
of this excitation scheme were set up (see Chapter 3).
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Laser frequency stabilization using
Electromagnetically Induced
Transparency

In order to excite atoms to the desired Rydberg states the excitation lasers have to
be frequency stabilized to the corresponding frequencies. The laser system consists
of a home built diode laser at 780 nm and a commercial tunable diode laser combined
with a tapered amplifier and an external cavity doubling stage (TA-SHG) at 480 nm.
Typically, an optical transition from an atomic ground state is used as a frequency
reference. The excitation laser at 780 nm, for example, is locked to the corresponding atomic transition using modulation transfer spectroscopy. An atomic locking
reference for the 480 nm laser is not available. The TA-SHG is frequency stabilized
to excited state transitions using cascade electromagnetically induced transparency,
which was first demonstrated by [Abel et al., 2009]. This chapter gives an introduction on the theory of electromagnetically induced transparency (EIT) starting
with the description of a two–photon excitation scheme (see Section 3.1). In Section 3.2 the setup used for EIT frequency stabilization is described. Details on laser
systems and the EIT setup are given therein. Finally, in Section 3.3.2, the resulting transmission signal with EIT feature and the error signal used for locking are
characterized.
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Figure 3.1: Scheme of excitation to Rydberg states. The atoms are excited to
Rydberg states by two–photon excitation via an intermediate energy level. Detunings of the light fields (∆, δ), Rabi frequencies (Ω, ω), decay rates (Γ, γ) as well as
the wavelengths used in the experiment to excite 87 Rb atoms are depicted.

3.1

Theory of electromagnetically induced transparency

3.1.1

Optical Bloch equations in a three level system

In most experiments excitation to Rydberg states is accomplished using two–photon
processes. The atoms are excited to highly excitated states via an intermediate
state. If the atoms are prepared in the corresponding manner, the atom levels can
be described as a three level system depicted in Figure 3.1. The two lasers are close
to resonance. Rabi frequencies, detunings as well as decay rates (linewidths) are
depicted. Small letters denote the lower excitation transition and large letters the
upper one. For the exctation transitions in rubidium that are used in our experiment
the wavelengths of the lasers are approximately 780 nm and 480 nm.
In order to understand the effects of a two–photon excitation to Rydberg states,
the system of a three level atom in two light fields is described. When describing
atoms in a light field one has to take into account that the electric and magnetic
moments of the atoms interact with the light field. These interactions are expressed
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by an additional term in the hamilton operator for the atom and the light field
H = HA + HL + HAL ,

(3.1)

where HA is the hamiltonian of an atom, HL of the light field and HAL is the hamiltonian of the coupling between atom and light field [Metcalf and van der Straten,
2003]. In reference to the intermediate energy level one can express the hamiltionians depending on the Rabi frequencies depicted in Figure 3.1. Rabi frequencies
describe the quantum mechanical coupling strength of two states and are proportional to the electric field strength of the light field and to the dipol matrix element
of the transition. For details see [Demtröder, 2003].
r
r
µ12 2I12
µ23 2I23
ω=
and Ω =
(3.2)
~
cǫ0
~
cǫ0
are the Rabi frequencies for the lower and for the upper transition, The dipole matrix
element between the corresponding states is denoted µij , I is the intensity of the
light, c the speed of light and ǫ0 the dielectric constant.
Considering the system in a rotating frame and using the rotating wave approximation (i.e. high frequency terms are neglected). The interaction hamiltionian for
the three-level system in Figure 3.1 is given by


0 ω/2 0


HAL = ~ ω/2 0 Ω/2 .
(3.3)
0 Ω/2 0
The states |1i and |3i are not coupled directly.
The usual basis for this system is the one of dressed states describing atom and
light field together as a whole system. Dressed states contain information about the
atomic state as well as the amount of photons that are in the light field. The dressed
states for the discussed system are
{|1, n + 1, N i , |2, n, N i , |3, n, N − 1i} .

(3.4)

If the atom finds itself in state |1i one light field contains n+1 photons and the other
one N photons. With the atom being excited to state |2i the first light field looses
one photon. If the atom is excited to |3i the other light field looses a photon resulting
in a photon number of N − 1. In this basis |i, n, N i and with the intermediate state
as the energy reference the total hamiltonian is given by


−δ ω/2 0


H = ~ ω/2 0 Ω/2 .
(3.5)
0 Ω/2 ∆
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where δ = ωA − ωL and ∆ = ΩA − ΩL are the laser detunings of the lower and the
upper transition, respectively. In the case of small couplings ω and Ω, the dressed
states are quasi-degenerate. The sum of energies of light field and atoms is zero if
the laser detunings are zero.
The time dependent behavior of atoms in light fields (which are not far detuned
from the atomic resonances) is described by the so–called optical Bloch equations
(OBE). The density matrix
X
ρ=
Pψ hψ|ψi
(3.6)
ψ

describes the examined system. ρii are the population probabilies and ρij (i 6= j) are
the coherences between the states. Their time dependent behavior is determined by
the Liouville equation using the hamiltonian of the system (see Equation 3.1). By
adding a term for spontaneous decay, the so called Lindblad operator ΓL (ρ), one
gains the optical Bloch equations, a set of coupled differential equations
ρ̇ =

i
[H, ρ] + ΓL (ρ) .
~

(3.7)

For the here discussed three–level system with the hamiltonian in Equation 3.5
the following coupled differential equations are generated (see [Schempp, 2009]).
They describe the time-dependent behavior of all nine entries of the density matrix.
ω
(ρ12 − ρ21 ) + γ ρ22
2
ω
Ω
ρ˙22 = i (ρ21 − ρ12 ) − γ ρ22 + i (ρ23 − ρ32 )
2
2
Ω
ρ˙33 = i (ρ32 − ρ23 ) − Γ ρ33
2

γ
ω
Ω
− i δ ρ12 + i (ρ11 − ρ22 ) + i ρ13
ρ̇12 = −
2
2
 2
γ+Γ
Ω
ω
ρ̇23 = −
− i ∆ ρ23 + i (ρ22 − ρ33 ) − i ρ13
2
2
2


Γ
Ω
ω
ρ̇13 = −
− i ∆ ρ13 + i ρ12 − i ρ23
2
2
2
ρ˙11 = i

ρij = ρ∗ji

(3.8)

i, j = 1, 2, 3

where ω and Ω denote the Rabi frequencies, δ and ∆ are the detunings and γ and Γ
are the decays depicted in Figure 3.1. Given the initial conditions, the optical Bloch
equations can be solved numerically. The behavior of an atom in two lightfields, i.e.
the two–photon excitation, can be calculated.
The two–photon excitation, described by the optical Bloch equations above, has
many applications in experiments. The most obivious one is the advantage that by
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using two laser beams the excitation volume can be shaped. A typical excitation volume is a cylinder with a length of 500 µm and a radius of few tens of µm. Secondly,
it allows for coherent excitation methods which guarantee a very high excitation
probability, namely STIRAP [Deiglmayr et al., 2006]. Moreover, two–photon excitation can lead to coherent population trapping (CPT) [Halfmann et al., 2001] and
the effect of electromagnetically induced transparency (EIT) [Boller et al., 1991].
The latter can be used for laser frequency stabilization [Abel et al., 2009] as it is
done in this thesis.

3.1.2

Electromagnetically induced transparency

In order to deduce the phenomenon of electromagnetically induced transparency
(EIT), the effect of dark resonances is discussed. In the case of resonant light fields
another basis than the one of dressed states is favorable. It consists of the following
linear combinations of atomic states:
1
(ω |1i + Ω |3i)
ω 2 + Ω2
1
|N Ci = √
(Ω |1i − ω |3i)
ω 2 + Ω2
|2i = |2i .
|Ci = √

(3.9)
(3.10)
(3.11)

While |Ci is coupled to |2i via the two light fields. |N Ci is neither coupled to |2i
nor to |Ci. Therefore, |N Ci can only be populated by spontaneous decay from |2i
and no atom can be excited from |N Ci. After some time, all the atoms will be
caught in the non–coupling, so called dark state |N Ci.
In order to present this effect more quantitavely the hamiltionian of Equation 3.5
is transformed into the new basis.


√
1
−δω 2 +∆Ω2
2 + Ω2 − (δ+∆)ωΩ
ω
2
ω 2 +Ω2
√ω2 +Ω2

1
e = ~
2 + Ω2
(3.12)
H
ω
0
0
2
 .
2
2
(δ+∆)ωΩ
∆ω −δΩ
− ω2 +Ω2
0
ω 2 +Ω2
In the case of two–photon resonance (δ = −∆) there are only two states that couple
to each other: |Ci and |2i. In this case the hamiltonian of the system becomes:


√
1
2 + Ω2
0
∆
ω
2
√

e = ~
(3.13)
H
0
0 .
 21 ω 2 + Ω2
0
0
∆
Which is the dark resonance described above.
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If the two photon resonance is not fulfilled (δ 6= −∆), |N Ci and |Ci are coupled
and there is no dark state anymore. The coupling strength depends on the detunings
and the Rabi frequencies. Thus the Rabi frequencies determine the width of the dark
resonance. Dark states and related phenomena, for example Coherent Population
Trapping, are studied in several different systems. CPT with Rydberg states was
examined for example by [Halfmann et al., 2001] it has been studied in connection
with controlled Rydberg interactions in our group [Schempp et al., 2010].
Electromagnetically induced transparency is an effect of dark resonances in the
case of
Ωp ≪ Ωc

(3.14)

where Ωc is the Rabi frequency of the coupling field and Ωp denotes the Rabi frequency of the probe field. EIT was first observed in 1991 in the group of S. Harris
[Boller et al., 1991] and has been studied in many different systems. An introduction
to EIT is given in [Fleischhauer et al., 2005].
The condition Equation 3.14 leads to a very narrow dark resonance (see Equation 3.12). Moreover, the dark state consists of almost only one atomic state (see
Equation 3.10). It is possible to chose the initial conditions in way that most of the
population is already in the atomic state which is almost equal to the dark state (here
state |1i). Consequently, only a negligible amount of population is shifted when the
light fields are switched on. No light is absorbed or emitted and on resonance, the
medium becomes transparent for both light fields.
The transparency of the gas gives information about the state the system is in.
One measures the transmission of the so called probe light, which is one of the
light fields. Scanning the laser frequency of the other transition (called coupling
transition), the transmission signal of the probe beam will change significantly on
resonance. Depending on the light fields, i.e. on their Rabi frequencies, one finds
different forms of resonances. A system which fulfills the EIT condition, see Equation 3.14, features a very narrow linewidth. A possible EIT transmission signal for a
cold cloud of atoms is depicted in Figure 3.2 and features a EIT resonance linewidth
of the order of 2 MHz.
In order to determine the expected linewidths of the EIT resonance the response
of an atom to resonant light has to be studied, which is given by the first-order
susceptibility χ. In the case of the here discussed three–state atom, with a weak
probe beam and no inhomogeneous broadening it is given by [Harris, 1997]
χ(δ) =

δ
4
.
2
2
π Ω − 4δ + 2iγ13 δ

(3.15)
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Figure 3.2: Example of a transmission signal. The red line depicts an EIT spectrum in the case of an ultracold gas. In comparison the blue line shows the transmission signal of the gas without coherent coupling between light fields and atoms.
The narrow EIT peak (approximately 2 MHz) can be used for laser frequency stabilization. (Figure is taken from [Schempp, 2009].)

Here the parameter δ is the detuning of the weak probe laser, γ13 is the linewidth
of the |1i to |3i transition and Ω is the Rabi frequency of the higher excitation
transition. The real part Re[χ] specifies the refractive index, whereas the imaginary
part Im[χ] determines the absorption. For details see [Fleischhauer et al., 2005].
In the case of EIT, optical properties of a medium are drastically modified due
to quantum intereferences in the amplitudes of optical transitions. This can be enabled by coherent preparation of quantum states using laser light. EIT in Rydberg
atoms has been first observed in the group of C. Adams in a glass cell at room temperature [Mohapatra et al., 2007]. In that experiment a strong laser is used for the
transition 5P3/2 to nD in a gas of 85 Rb atoms. A weak probe beam is scanned over
the lower transistion. Close to resonance light of the probe beam is absorped, but
on resonance there is no absorbtion due to EIT. In this manner Rydberg levels can
be detected. Due to the small width of the EIT resonance (approximately 2 MHz),
it is possible to use the EIT feature in the transmission signal for laser frequency
stabilization [Abel et al., 2009].
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Figure 3.3: Cross-section through the extended cavity diode laser (ECDL). This
compact design developed in our group [Salzmann, 2007] for an ECDL is based on
precision mirror mount design. The laser is designed in Littrow configuration using
a grating to form an external resonator. The image shows the cross section of the
holders of laser diode and grating. Frequency control is done by a piezo-induced
rotation of the grating. The 0th order output beam is deflected to avoid beam walk
under frequency tuning. (Picture taken from [Salzmann, 2007].)

3.2
3.2.1

Laser system for frequency stabilization
Probe Laser

A homebuilt narrow band laser is used for the excitation transition at 780 nm. It
consists of an external cavity diode laser (ECDL) setup and is built after a design
of our group [Salzmann, 2007] using the Littrow configuration [Ricci et al., 1995].
Detailed information about the advantages and drawbacks of diode lasers can be
found in a review article [Wieman and Hollberg, 1991]. In contrast to the former
ECDLs used in our group, the laser is operated in combination with a commercial
laser controller (Vescent D2105-Laser-Controller).
The laser diode together with its collimation lens are mounted into a solid aluminium holder (see Figure 3.3). Opposite to the diode output a second aluminium

3.2. Laser system for frequency stabilization

Figure 3.4: Photograph of the ECDL used for the EIT frequency stabilization.
The laser consists of a laser diode combined with a grating as an external resonator.
Precision screws are used for positioning of the grating. A temperature sensor close
to the photo diode allows for temperature control.

holder is mounted which carries a holographic grating and a deflection mirror. The
two holders are attached to each other via springs and three precision screws (see
Figure 3.4). The laser is mounted in a sealed aluminium box in order to shield
it from convection and atmospheric pressure fluctuations. The box with the laser
inside is then bolted to the optics table, but electrically separated from the table by
an isolating foil.
The chosen low cost laser diode (Sharp GH0781JA2C, 100mW cw output power,
not AR coated) is also used in CD–R drivers. It is set into the collimation tube
(Thorlabs, LT230P-B) which houses a lense for collimation. The light leaving the
diode is emitted from a small rectangular region (typically on the order of 0.1 µm by
0.3 µm). In order to avoid a diverging output of the laser diode, the aperture and
the focal length of the collimation lense are adapted to the opening angles of the
diode output beam. Typically, the output beam has a divergence angle of 30◦ in the
direction perpendicular to the junction, and 10◦ in the parallel direction [Wieman
and Hollberg, 1991]. The collimated beam leaving the laser is elliptical, if the laser
operates in a single transverse mode. A nearly radially symmetric beam is achieved
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by using anamorphic prisms.
The grating is a holographic gold coated sine grating (LensOptics) with a
grating constant of 1800/mm to fulfill the Littrow condition. The orientation of
the grating is such that the first order is coupled back into the diode, so that the
grating and the diode’s rear facet form an external resonator (giving the ECDL
system its name). The 0th order is used as the output beam of the laser. For
good grating illumination, the diode orientation is adjusted such that its elliptic
beam profile is perpendicular to the groove orientation (i.e. polarization parallel).
Varying the vertical angle of the grating (by using the corresponding precision screw,
see Figure 3.4) allows for a coarse adjustment of the laser frequency. While the laser
is operating the tilt of the grating holding block is realized by means of a voltage
ramp applied to a piezo crystal mounted underneath the tip of this precision screw.
The used stacked piezo crystal (Piezomechanik PSt150/2x3/5) has a maximum
stroke of 5 µm which in this configuration results in a tuning of roughly 125 MHz
per Volt.
By inflicting on the mirror parallel to the grating (see Figure 3.3) the 0th of
the beam incident on the grating is reflected out of the external resonator. This
constitutes the output of the stabilized laser. The chosen grating constant leads to
an angle of approximately 90◦ between incident beam and 0th order. Under frequency
tuning, the mirror co-rotates with the grating and ensures stable beam pointing.
The temperature of the setup as well as the current of the laser diode are controlled by a commercial laser controller (Vescent D2105-Laser-Controller).
The temperature is measured by a NTC thermistor (Epcos B57703M103G) and
stabilized by a Peltier element which is placed between the aluminium holders and
the base block of the laser. The laser diode current is supplied by the laser controller. In contrast to the former setup in our group no additional electronics board
inside the laser box is needed. All components for protection of the laser diode are
included in the commercial laser controller. The PID control for the temperature
stabilization is also performed by the laser controller.
The newly built excitation laser is frequency stabilized by means of modulation
transfer spectroscopy. The modulation transfer spectroscopy for the present experiment was set up by Nikolas Schnellbaecher [Schnellbaecher, 2010]. An intense pump
beam, which is modulated with an electro optic modulator (EOM, Doehrer Elektrooptik, LiNbO3 - crystal), and an originally unmodulated beam counterpropagate through a glass cell filled with rubidium gas. The modulation is transferred to
the unmodulated beam due to nonlinearity of the absorbing rubidium vapor [Raj
et al., 1980; Ducloy and Bloch, 1984]. The modulation transfer only takes place
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when the Doppler-free resonance condition is satisfied. When the sidebands generated in the probe field and the probe field itself impinge into a photodetector,
they produce a photocurrent at the modulation frequency (heterodyne detection)
[Bertinetto et al., 2001]. Therefore, it is possible to recover the dispersion and the
absorption components of the sub-Doppler resonance with the aid of a phase sensitive detection scheme. This phase-detection is realized by mixing the signal from the
photodiode and the signal driving the EOM. Using a low-pass filter the DC part of
the mixing signal can be extracted which is proportional to the relative phase. The
resulting signal is used as an error signal in the servo loop which stabilizes the laser
frequency. In contrast to a frequency modulation spectroscopy signal the modulation transfer spectroscopy is a priori Doppler-free. For details of modulation transfer
spectroscopy as well as frequency modulation spectroscopy used in the experiment
see [Schnellbaecher, 2010].

3.2.2

Coupling Laser

One excitation step to Rydberg level is a laser light field created by the probe laser
described above. The other photon at 480 nm is provided by a frequency-doubled
amplified diode laser (Toptica TA-SHG). It consists of a master laser, running at
960 nm, that can be tuned over a wide range. The infrared light is then converted
to a blue beam by a frequency doubling crystal in a resonant cavity. Rydberg levels
from n = 30 up to the ionization continuum are accessible. The typical output power
that is achieved after the second-harmonic generation (SHG) cavity is 80 mW. In
contrast to the 780 nm lasers, this excitation laser cannot be referenced to any atomic
transition in a rubidium vapor cell. The transition from |5P i to Rydberg states is
only weakly coupled and absorption would be very low. In the former experiment,
frequency stabilization against both short-term fluctuations and long-term drifts was
achieved by means of an ultrastable reference cavity. A detailed description of the
cavity lock can be found in [Amthor, 2008].
The frequency of the 480 nm laser must be known with high precision to distinguish Rydberg states with high principal quantum number and to set the laser
frequency to exactly the desired Rydberg state. The required frequency can be calculated according to Equation (1.1), taking the quantum defect into account. A
wavemeter (HighFinesse WS7 Wavelength meter, resolution: 10 MHz) measures
the laser frequency with the necessary precision. Then, the EIT frequency stabilization method discussed in this chapter (see Section 3) is used to lock the laser to the
desired frequency.
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3.3

EIT frequency stabilization of the 480 nm laser

The method for laser frequency stabilization based on EIT is established and tested.
It was first realized in the group of C.S. Adams [Abel et al., 2009]. In this approach
the blue laser is frequency stabilized via locking the sum of the two excitation laser
frequencies to a Rydberg transition. Most locking schemes like frequency modulation
spectroscopy or modulation transfer modulation rely on a significant population in
the lower state and on sufficiently large Einstein A-coefficient in order to produce a
large enough absorption signal. EIT frequency stabilization is possible without any
population in either state. Therefore, it is adequate for the laser frequency stabilization of the blue excitation laser which can otherwise only be locked by means of a
frequency comb or a reference cavity. The reference cavity is an alternative already
used in the former setup. Compared to the EIT locking scheme, it is influenced by
enviromental factors such as temperature and pressure. Moreover, the EIT locking
scheme features a frequency stabilization to the sum frequency of both lasers. For
the excitation to Rydberg states, it is the sum of the frequencies which is crucial.
In the case of EIT frequency stabilization the transmission signal of a probe
laser is used to stabilize the TA-SHG laser which runs at a completely different
wavelength. The information about a weak excited-to-Rydberg state transition is
transfered to the strong probe transition. This allows laser stabilization to transitions to Rydberg state despite their small coupling strength. EIT is an effect of
atomic coherence with a resonance width in a frozen gas of approximately 2 MHz
which is much smaller than the natural broadening (approximately 6 MHz). In hot
gases, as in this setup, the resonance is broadened due to atom motion, but is still
on the order of a few MHz.

3.3.1

Setup

The setup is similar to the one realized by [Thijssen, 2009]. The 480 nm coupling
beam and the 780 nm probe beam counterpropagate through a rubidium vapor cell
at room temperature. Electromagnetically induced transparency is generated in this
cell and the TA-SHG laser is stabilized using the EIT resonance. The EIT optics
setup is shown in Figure 3.5. The coupling laser beam is beam shaped and passes
through the rubidium vapor cell with a diameter of approximately 600 µm. The
power can be adjusted by a polarizing beam splitter. During experiment most of
the light will be reflected at the beam splitter for use in the experiment. In this
max
thesis all of the coupling beam power (P480
= 53mW) is used to test the setup.

3.3. EIT frequency stabilization of the 480 nm laser

Figure 3.5: Schematic view (a) and photograph (b) of the setup for EIT frequency
stabilization. Coupling laser (blue) and probe laser (red) counterpropagate through
the glass cell filled with rubidium vapor. The coupling laser beam at 480 nm origins
from the TA-SHG, while the modulated probe beam at 780 nm passes through an
optical fiber coming from the MT spectroscopy setup. The probe beam is beam
shaped, attennuated and then superimposed with the blue light using a dichroic
mirror. The red light is then detected both with a slow photo diode and with a fast
avalanche photo diode.
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Both beams are then superimposed by a second beam splitter and pass on to the
experiment.
The probe beam with P780 ≈ 35µW at 780 nm is frequency stabilized in the
modulation transfer (MT) setup [Schnellbaecher, 2010] and passes via an optical
fiber to the EIT setup. The probe light is still modulated by the same EOM as
used for MT frequency stabilization (see Figure 3.6). The modulation frequency is
6.48 MHz. After being shaped by a telescope the beam has a diameter of approximately 600 µm. Using dichroic mirrors (Edmund Optics, NT43-955) the probe
beam is superimposed with the coupling beam and then reflected again to detect
the probe light intensity at the slow photodiode (Burr-Brown, OPT101) and at
the fast avalanche photodiode (Hamamatsu, APD S6045-02). The slow signal
from the photodiode is used to monitor the transmission. The fast signal, detected
by the APD (see PD2 in Figure 3.6), is demodulated and sent to a PID controller.
It is transformed to the error signal and can be used for feedback control of the
piezo tuning the cavity length of the coupling laser. Thereby, the frequency of the
coupling laser can be stabilized.
The coupling laser is roughly adjusted to a frequency inducing the transition
to n = 30. The probe beam is locked on the transition from 5S1/2 to 5P3/2 for
either 87 Rb (F=2 → F’=3) or for 85 Rb (F=3 → F’=4). 85 Rb is used only for
testing, because there are more atoms of this isotope in the gas. Therefore it is
easier to detect the EIT peak in the transmission signal. The size of the error
signal is optimized by beam alignment through the vapor cell. Then the modulation
strength is optimized. Transmission signal with EIT feature and error signal are
then analysed.

3.3.2

Characterization

In order to determine the achieved transparency quantitatively, the amplitude of the
transmission signal is calibrated. Scanning the probe beam and leaving the coupling
laser at the approximate wavelength, one can compare the whole Doppler valley and
its baseline (no absorbtion) with the magnitude of the transparency signal. The
complete spectrum with absorption in the spectroscopy cell of the MT setup and in
the vapor cell of the EIT setup are shown in Figure 3.7. In this work, both 87 Rb and
85
Rb are examined. In later experiments 87 Rb will be used, but as there are more
atoms of isotope 85 Rb in the gas it is suitable to use 85 Rb for first tests of the EIT
frequency stabilization setup. For both isotopes one can use the same laser system
for the two–photon excitation to Rydberg states. The first excitation step in the
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Figure 3.6: Electronic setup used for EIT laser frequency stabilization. The modulation frequency for MT and EIT scheme is created by a Hameg frequency generator.
The red light is modulated by the EOM in the MT locking setup [Schnellbaecher,
2010]. After passing through the EIT setup the probe light can then be demodulated
to create the EIT error signal used for laser frequency stabilization.
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Figure 3.7: The complete spectrum for 87 Rb and 85 Rb. The graph shows the
transmission in the glass cell in the modulation transfer setup (green) as well as
the corresponding transmission of the probe light in the EIT setup. During the
measurement the coupling laser is not frequency stabilized.

case of 85 Rb is the transition F=3 → F’=4 and for 87 Rb as depicted in Figure 1.5
the transition F=2 → F’=3. Due to a relatively small energy difference, the second
excitation laser frequency has to be shifted by 6 MHz. The scanning range of the
coupling laser can easily be adjusted in order examine both isotopes.
The amplitude difference between no absorption and maximum absorbtion in one
Doppler valley are defined as 100 percent absorption in this thesis. The transparency
is expressed accordingly. Frequency calibration is achieved by examining the EIT
signal of the sidebands created in the SHG cavity. They are ±20MHz off-resonant
from the main peak.
In Figure 3.9 and in Figure 3.8 the error signal and transmission signal of the
probe beam are depicted for 85 Rb and for 87 Rb respectively. The power of the probe
beam is kept at P780 ≈ 35 µW while the power of the coupling laser P480 ranges from
a few mW to 53 mW which is the maximum power at this point of the setup. With
increasing coupling power the Rabi frequency (see Equation 3.2) of the coupling
transition becomes larger. Thereby, the Rabi frequencies of the system approach
the EIT condition, Equation 3.14. With higher coupling strength, the amplitude of
the EIT increases resulting in a larger error signal with a steeper slope. A better
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Figure 3.8: Probe laser transmission and resulting error Signal for 85 Rb. With
rising coupling power the transmission signal amplitude becomes larger. Likewise
the slope of the error signal increases. Therefore, signals with higher coupling laser
power, lead to a more stable frequency stabilization.

Figure 3.9: Probe laser transmission and resulting error signal for 87 Rb . Similar to
85 Rb in Figure 3.8 the stability of the frequency lock increases with higher coupling
power. The signal-to-noise is better in the case of 85 Rb.
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Figure 3.10: Amplitude and width of the EIT signal depending on the coupling
laser power. Measurements were performed for 87 Rb , as this isotope will be used
in the experiment. The transmission on resonance increases with the coupling laser
power and will saturate at higher laser powers. The width of the EIT signal stays
constant at approximately 6 MHz.

signal-to-noise ratio is achieved in the case of
absorbe the light.

85

Rb as there are more atoms to

Figure 3.10 shows quantities characterizing the EIT signal for 87 Rb . The EIT
peak amplitude increases with blue power until it starts to satuarate. The EIT
signal width stays constant at approximately 6 MHz and is larger than in the case
of cold Rydberg gases (see Figure 3.2). The widening is probably due to Doppler
broadening. For ultracold atoms, Doppler broadening is negligible but in our case
the atoms are at room temperature. In order to reduce Doppler broadening the
beams are counterpropagating, but because of different laser wavelengths, it cannot
be completely extinguishes. For atoms moving with velocity v towards the probe
beam, the probe light frequency ωp is shifted by ωp ·v/c. The same atoms are moving
away from the coupling beam and see the coupling light frequency ωc shifted by
−ωc · v/c. A model for three state ladder system which includes Doppler broadening
was for example calculated by [Gea-Banacloche et al., 1995].
For the laser frequency stability the form of the error signal is of great importance.
As shown in Figure 3.11 the error signal becomes larger and steeper with a larger
coupling laser intensity. In order to achieve a better laser stabilization the Rabi
frequency of the coupling light should be increased compared to the Rabi frequency
of the probe light. Either one can increase the power of the coupling laser (which
is not possible in the present setup due to power limitations) or decrease the probe
laser’s intensity. The latter will be done for future use. The depicted error signal
shows that laser frequency stabilization is possible for 87 Rb but can still be optimized.
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Figure 3.11: Amplitude and slope of the EIT error signal as a function of the coupling laser power for 87 Rb . Amplitude and slope increase with increasing coupling
laser power.

Having the EIT resonance and the corresponding error signal characterized the
TA-SHG laser is locked for the isotope 85 Rb in order to test the frequency stabilization scheme. One can determine the linewidth of the locked laser by measuring the
error signal while the laser is locked which is shown in Figure 3.12. The blue laser
power is P480 = 44 mW and the red power P780 = 35 µW. The shaded area depicts
twice the root mean square of the error signal: δerr = 2 · rms = 10.23 mV. The laser
frequency fluctuations shown is measured for a frequency range of 10 Hz (complete
time interval shown) to 12.5 kHz (resolution of oscilloscope). It is possible that there
are more fluctuations in other frequency regimes. The here presented measurement
gives a first extimate on the quality of the lock.
Dividing the δerr by the slope gives the laser linewidth of the TA-SHG while the
laser is locked to the sum frequency. The slope of the error signal is 14.93 mV/MHz
(It was measured at another point of time and is therefore not depicted in the same
figure as the locking signal.). The laser linewidth in the frequency range mentioned
before is
10.23 mV
δerr
=
= 686 kHz
(3.16)
∆f =
slope
14.93 mV/MHz
From the error of frequency calibration and fitting of the slope results an error of
21 Hz. This does not account for electric noise, that is fed back into the laser current.
The linewidth of 686 kHz ± 21 Hz is therefore just an estimation. Usual linewidth we
would expect compared to works in other groups (see [Thijssen, 2009]) are of about
1 MHz.
Frequency stabilization of the TA-SHG is possible with the present setup. Therefore, the excitation laser system allows for the creation of atoms in Rydberg states.
In order to use the setup in the experiment some improvements have to be ac-
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Figure 3.12: Signal of the locked 480 nm laser for 85 Rb with P480 = 44 mW. The
shaded area depicts ±rms of the error signal’s fluctuations while the 480 nm laser
is locked. Together with the slope of the error signal one can thereby estimate the
quality of the frequency stabilization. The resulting laser linewidth is 686 kHz.

complished. One problem of the current setup are the high laser powers. In the
experiment much less coupling power is intended to be used for the frequency stabilization. In order to keep the relation between the two Rabi frequencies in an EIT
regime and therefore ensuring a narrow EIT resonance the probe light intensity has
to be reduced. In order to reduce the probe beam power, while conserving an error
signal suitable for locking, the signal-to-noise of the probe beam signal has to be
ameliorated. The noise is probably due to electronics problems in the laboratory.
Besides, improving electronics and reducing the necessary laser power tests for other
quantum numbers n have to be run before the setup can be used in the experiment.

Chapter 4
Conclusion and perspectives
Rydberg atoms exhibit enhanced properties like large internal level shifts in electric
fields and strong long-range interactions. Rydberg–Rydberg interactions detemine
a frozen Rydberg gas where thermal motion is negligible. This thesis reports on
developements towards a next generation setup for ultracold Rydberg 87 Rb atoms.
During this thesis a new Rydberg detector was developed. It allows for maximal
optical access in the vacuum chamber and for large flexibility as it is designed as
one removable module which is attached to the top flange of the vacuum chamber.
State selective detection is possible using field ionization. In accordance with the
performed simulations, the electric field for ionization does not vary by more than one
percent in a 3×3×3 mm volume. That implies a very homogeneous field throughout
the excitation volume. The ions created by the electric field are then accelerated and
directed towards two different ion detectors: a MCP for many ions and a CEM for
the case of few ions. Moreover, the Rydberg detector has to allow for field control.
Due to the geometry of the field plates, it can compensate stray fields in all three
spacial directions. In simulations residual fields of less than 5 mV/cm are achieved.
The expected stray field compensation would mean a reduction by one order of
magnitude compared to the former detector setup. A position dependent detection
could be realized by the application of electric field gradients. The simulations
can be used as a guide to create such gradients. Besides simulations, the final
design of the Rydberg detector was developed during this thesis in cooperation with
construction departement. First elements are manifactured and the detector can
soon be assembled.
The third part of this thesis reports on the setup of parts of the excitation scheme.
The TA-SHG laser running at 480 nm is frequency stabilized using electromagnetically induced transparency (EIT). Electromagnetically induced transparency is a
75
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feature which results from the effect of dark resonances in a three-level atom which
is exposed to two excitation light fields. The narrow EIT resonance can be used to
transfer information about the weak upper transition to a strong lower transition,
which is used to frequency stabilize the TA-SHG. During this thesis a large amount
of the necessary elements were set up as there are the diode laser at 780 nm as well
as optics and electronics for the frequency stabilization. The EIT signal and its error
signal can be characterized in dependence of the used coupling power. Finally, frequency stabilization to the excitation transition to n = 30 is achieved with estimated
fluctuations of 686 kHz.
During this thesis important steps were taken towards excitation and detection
of Rydberg atoms in the new ultracold Rydberg experiment. In the next weeks
the construction of the detector will be completed. After electropolishing, it can be
included into the the vacuum setup. During that time, the EIT locking setup will
be optimized concerning power and electronics. Moreover, excitation to other n can
be realized. Once the excitation of atoms to Rydberg states is possible, the Rydberg
detector can be tested with regard to field control and ion detection features. The
simulations of this thesis allow for a first approach in finding the right voltages. Stark
maps will be measured and thereby the quality of the stray field compensation can be
determined. For each n one can find the voltages for ionization fields by maximizing
the ion signal on the MCP. Finding the correct voltage configurations for stray
field compensation and ionization fields can be accelerated by the use of genetic
algorithm.
The creation of BEC and the implementaion of micro-lens arrays will open new
research possibilities. Such as there are the resonant energy transfer within and
between blocked mesoscopic ensembles and the observation of dynamical crystallization. The developement of a detection scheme with high spacial resolution is
necessary for the examination of these phenomena. The Rydberg detector presented here features possibilities for spatial resolution by electric field gradients. As
per estimates, it does not yet allow a detection of the complete cloud at once with
the desired resolution of less than 1 µm. In the future the insight gained during this
thesis can be used to expand or change the detection scheme in order to achieve
such high resolution.

Appendix A
Electrodes of the Rydberg
detector
This appendix includes some details on the wiring of the electrodes for the use of
the Rydberg detector. Figure A.1 shows the top flange of the vacuum chamber seen
from inside of the chamber. All SHV feedthrough pins are denoted by numbers and
by the electrodes they are connected to. The electrodes are distributed to the pins
in a way to reduce stray fields. Wires leading high voltages are kept short.
The exact voltages that have to applied will be determined experimentally. For
example, Stark maps are used to measure stray fields. Minimization of the energy
splitting level of energy levels will imply good compensation of stray fields. Table A.1
includes the values of voltage configuration simulated for the graphs in this thesis.
The formular for an arbitrary electric field and all configurations except the one of
field compensation are simulated by one early version. Some small advancements
were made at a later point due to construction issues. These did not significantly
influence the voltages for ionization fields, while the stray field compensation had to
be redone.
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Figure A.1: Wiring of the electrodes to the SHV feedthroughs in the top flange
of the vacuum chamber.

Pin formular, E in V/mm E = 47.5 V /mm
1
23.16mm ∗ E
1100 V
2
23.16mm ∗ E
1100 V
3
−23.37mm ∗ E
-1110 V
4
−21.05mm ∗ E
-1000 V
5
−1.05mm ∗ E
-50 V
6
-2000 V
-2000 V
7
0V
0V
8
8.42mm ∗ E
400 V
9
18.95mm ∗ E
900 V
10
−35.79mm ∗ E
-1700 V
11
23.16mm ∗ E
1100 V
12
23.16mm ∗ E
1100 V
13
−23.37mm ∗ E
-1110 V
14
−21.05mm ∗ E
-1000 V
15
0 or 1 V
1V
16
0 or 1 V
1V
17
0 or 1 V
1V
18
0 or 1 V
1V
19
0V
0V

E = 9.5 V /mm
220 V
220 V
-222 V
-200 V
-10 V
-2000 V
0V
80 V
180 V
-340 V
220 V
220 V
-222 V
-200 V
1V
1V
1V
1V
0V

E = 3.17 V /mm
73 V
73 V
-74 V
-67 V
-3 V
-2000 V
0V
27 V
60 V
-113 V
73 V
73 V
-74 V
-67 V
1V
1V
1V
1V
0V

E < 5 mV /cm
-0.25 V
-0.05 V
-0.2 V
0V
0V
-2000 V
0V
0V
0V
0V
-0.35 V
0.05 V
-0.3 V
-0.1 V
0V
0V
0V
0V
0V

E = (23 + 15.3) mV /mm
5.75 V
-4.95 V
-5.75 V
4.91 V
-0.02 V
-2000 V
0V
0.16 V
0.37 V
0.69 V
5.75 V
-4.95 V
-5.75 V
4.91 V
0V
0V
0V
0V
0V

Table A.1: Voltages for electrodes for each simulated electric field. The voltage configurations correspond to the data shown
in this thesis. The formular gives an rough estimate on what voltage should be applied for a desired electric field E in the center
of the setup.

79

Bibliography
[Abel et al., 2009] Abel, R. P., Mohapatra, A. K., Bason, M. G., Pritchard, J. D., Weatherill, K. J., Raitzsch, U., and Adams, C. S. (2009). Laser frequency stabilization
to excited state transitions using electromagnetically induced transparency in a
cascade system. Appl. Phys. Lett 94, 071107.
[Amthor, 2008] Amthor, T. (2008). Interaction-Induced Dynamics in Ultracold Rydberg
Gases - Mechanical Effects and Coherent Processes. PhD thesis Universität
Freiburg.
[Amthor et al., 2010] Amthor, T., Giese, C., Hofmann, C. S., and Weidemüller, M.
(2010). Evidence of Antiblockade in an Ultracold Rydberg Gas. Phys. Rev.
Lett. 104, 013001.
[Amthor et al., 2007a] Amthor, T., Reetz-Lamour, M., Giese, C., and Weidemüller, M.
(2007a). Modeling many-particle mechanical effects of an interacting Rydberg
gas. Phys. Rev. A 76, 054702.
[Amthor et al., 2008] Amthor, T., Reetz-Lamour, M., and Weidemüller, M. (2008). Interactions in Ultracold Gases: From Atoms to Molecules chapter Frozen Rydberg Gases. Wiley-VCH, Weinheim. submitted.
[Amthor et al., 2007b] Amthor, T., Reetz-Lamour, M., Westermann, S., Denskat, J.,
and Weidemüller, M. (2007b). Mechanical Effect of van der Waals Interactions
Observed in Real Time in an Ultracold Rydberg Gas. Phys. Rev. Lett. 98,
023004.
[Anderson et al., 1995] Anderson, M. H., Ensher, J. R., Matthews, M. R., Wieman,
C. E., and Cornell, E. A. (1995). Observation of Bose-Einstein Condensation
in a Dilute Atomic Vapor. Science 269, 198.
81

82

BIBLIOGRAPHY

[Anderson et al., 1998] Anderson, W. R., Veale, J. R., and Gallagher, T. F. (1998). Resonant Dipole-Dipole Energy Transfer in a Nearly Frozen Rydberg Gase. Phys.
Rev. Lett. 80, 249.
[Arimondo et al., 1977] Arimondo, E., Inguscio, M., and Violino, P. (1977). Experimental
determinations of the hyperfine structure in the alkali atoms. Reviews of Modern
Physics 49, 31.
[Ates et al., 2008] Ates, C., Eisfeld, A., and Rost, J. M. (2008). Motion of Rydberg
atoms induced by resonant dipole-dipole interactions. New J. Phys. 10, 045030.
[Ates et al., 2007] Ates, C., Pohl, T., Pattard, T., and Rost, J. M. (2007). Antiblockade
in Rydberg Excitation of an Ultracold Lattice Gas. Phys. Rev. Lett. 98, 023002.
[Balmer, 1885] Balmer, J. J. (1885). Notiz über die Spektrallinien des Wasserstoffs. Ann.
Phys. Chem. 25, 80.
[Bendkowsky et al., 2009a] Bendkowsky, V., Butscher, B., Nipper, J., Balewski, J., Shaffer, J. P., Löw, R., Pfau, T., Li, W., Stanojevic, J., Pohl, T., and Rost, J. M.
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Coherent Population Trapping with Controlled Interparticle Interactions. Phys.
Rev. Lett. 104, 173602.
[Schnellbaecher, 2010] Schnellbaecher, N. (2010). A compact setup for frequency stabilization of diode lasers.
[Singer, 2004] Singer, K. (2004). Interactions in an ultracold gas of Rydberg atoms. PhD
thesis Physikalisches Institut, Universität Freiburg.
[Singer et al., 2004] Singer, K., Reetz-Lamour, M., Amthor, T., Marcassa, L. G., and
Weidemüller, M. (2004). Suppression of Excitation and Spectral Broadening
Induced by Interactions in a Cold Gas of Rydberg Atoms. Phys. Rev. Lett. 93,
163001.
[Thijssen, 2009] Thijssen, R. M. (2009). Coherent Excitation of Rydberg Atoms on an
Atom Chip. Diploma thesis Universiteit van Amsterdam.
[Tong et al., 2004] Tong, D., Farooqi, S. M., Stanojevic, J., Krishnan, S., Zhang, Y. P.,
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wieder die Möglichkeit zu haben über den Tellerrand hinaus zu blicken, sei es auf
Konferenzen oder bei den vielen spannenden Vorträgen und Diskussionen hier in
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Georg Günter möchte ich danken für all die theoretischen Einblicke. In den Diskussionen mit dir habe ich viel über Physik gelernt und dein Beistand kurz vor Abgabe
war unbezahlbar. Hanna Schempp danke ich für die anschaulichen Erklärungen und
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