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Abstract

With a growing interest and research on quantum applications, the group of Coherence
and Quantum Technology (CQT) at the Eindhoven University of Technology has the final
goal of experimentally realizing a quantum simulator with Rydberg atoms. Laser excitation
allows for initialization of quantum states and, for example, long-range interactions between
Rydberg atoms allow for the realization of quantum entanglement in the system. Before
being able to realize a quantum simulator, it is important to be able to distinguish typical
Rydberg phenomena, such as the Rydberg blockade effect. Previous work discussed that
these Rydberg interactions are masked, as Rydberg atoms are field ionized and the created
ions are then accelerated towards a detector system, inducing space charge effects during
the time-of-flight of the ions from the accelerator towards the detector. A solution that was
proposed and where this thesis will focus on, is applying a higher voltage on the accelerator,
reducing the time-of-flight of the ions and thus reducing the space charge effects.
For this purpose, a High Voltage Pulse Generator has been developed that is able to
produce a high voltage pulse (> 20 kV), at a short risetime (∼ 150 ns) with a minimal
leftover voltage (∼ 101 mV) between subsequent measurement cycles. The principle of the
HV Pulse Generator is, that a negatively charged load capacitor is grounded by turning
on a Behlke HTS 300 high voltage switch, causing the load capacitor to discharge, leading
to a postive high voltage pulse on the accelerator in the setup. The electric circuit of the
device has been simulated and analytically calculated, before it has been constructed. The
aforementioned requirements have all been experimentally tested. The HV pulse shape
was found to match well with predictions. A maximum voltage of 22.6 kV was achieved at
maximum input (−30 kV), although this value was lower than predicted (25 kV), caused by
limitations of the Behlke switch (peak current and closed time). The HV Pulse Generator
still met the set requirements and was implemented in the setup.
In the setup, after releasing the ultracold Rb-85 atoms from the magneto-optical trap, two-
step excitation is performed with two different excitation beams that intersect and coincide
with the atoms, exciting the atoms to a Rydberg state. Rydberg spectrum measurements
across resonance of the 99S1/2 Rydberg state have been performed for different acceleration
voltages, in order to probe the leftover voltage on the accelerator, that was measured to be
in the expected range of ∼ 101 mV. Measurements to probe the influence of space charge
effects are still work-in-progress.
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Chapter 1

Introduction

1.1 Quantum applications: quantum simulator

Quantum mechanics has been providing for a fundamental explanation of the physical
behavior of particles at the smallest length scales and the wave-particle duality, e.g. the
duality of light. However, it has also already provided for various applications in modern
day life. Examples of applications that heavily rely on quantum mechanical effects are
light emitting diodes (LEDs), atomic clocks , lasers, magnetic resonance imaging (MRI),
superconductive magnets and semiconductors, even though, people in general do not asso-
ciate a lot of these applications directly with quantum mechanics. There are, more exotic
quantum applications (if either of the aforementioned would not be considered as such)
and these applications arise (mostly) from the limitations of the semiconductor industry.
The semiconductor industry heavily depends on Moore’s Law, despite the fact that this
law has a limit.

Gordon Moore, namely in 1965, predicted that each year, the number of transistors on
an integrated circuit would be doubled [1]. This prediction by Moore, even though he
revised the prediction in 1975 [2] to a doubling of transistors on a computer chip every two
years instead of one year, still governs all companies involved in the semiconductor indus-
try. However, there is an end to Moore’s Law, as theoretically the transistor size could
break down to a single atom and, practically, Moore’s Law might even break down earlier.
The limit on the size of transistors and, therefore, also the ceiling on the number of transis-
tors on a computer chip, limit the computational power of a computer and, therefore, the
complexity of calculations the computer can perform. In physics, for example, many-body
systems quickly become too complicated, in terms of data storage, or time-consuming for
computers to calculate and especially when quantum systems are being considered. For
simulating a electron spin system of N electrons, already 2N coefficients need to be stored
and manipulated. So for an amount of N = 50 electrons, this system is already too compli-
cated to solve for even the fastest super computers. Therefore, industry and also academia
have to develop different methods of overcoming the limits of computing.
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IBM is already probing the possibilities of creating 3D chips [3], where also a so-called
racetrack memory [4] is considered as an option to use 3D data storage in integrated cir-
cuits.

However, in the research of which this thesis is a part of, a different path is opted. Namely,
the idea is to have quantum mechanical systems solve quantum mechanical or complex
classical problems. Richard Feynman already first discussed the possibility in 1982 [5] of
simulating a quantum system with a quantum computer, as Feynman called it, although
what Feynman described is now regarded as a quantum simulator. And this is where the
aforementioned more exotic quantum applications arise. The key element for quantum
applications is manipulating quantum states. For a quantum computer (and quantum in-
formation in general) this yields replacing the classical binary bits with the value of either
0 or 1 by so-called quantum bit (qubits) consisting of quantum states |0〉 and |1〉.
The introduction of the qubit enables the use of two important quantum properties. One
is quantum superposition, where a qubit has a component in both quantum state |0〉 as
well as |1〉, in general defined as α |0〉 + β |1〉. In a measurement, this results in the qubit
having a probability of | α |2 of ending up in state |0〉 and a probability of | β |2 of end-
ing up in state |1〉. One of the benefits of quantum superposition is that it allows for a
single qubit to perform multiple calculations at a time. The second important quantum
property is quantum entanglement between two or more qubits, described by a state such
as 1√

2
(|00〉 + |11〉). Quantum entanglement is a form of quantum superposition, in which

the state of a qubit cannot be described by the product of states of separate qubits. In the
example, this yields that before measuring either one of the qubits has an equal probability
of being in state |0〉, or in state |1〉. However, if a qubit is measured, and for example ends
up in state |0〉, this automatically means that the second qubit is also in the state that is
entangled with the first qubit state. The quantum application that is directly dependent
on the principle of quantum entanglement is quantum cryptography [6], where information
that is sent cannot be measured without perturbing the information sent, thus revealing
possible interceptions of information. Another application of quantum entanglement is in
quantum gates, such as a CNOT gate, which will be discussed later on.
For quantum computing and quantum information in general, the properties of quantum
superposition and quantum entanglement imply major improvements with respect to clas-
sical computers. Even when not considering calculating quantum systems, also classical
calculations could be performed exponentially faster than on a classical computer. Many
other benefits of quantum computing are mentioned in [7], while different physical candi-
dates for quantum computers are described in [8]. A (universal) quantum computer is one
of the most complex quantum applications, as several requirements have to be fulfilled,
which will not be discussed here, but are mentioned in [9]. The research, as conducted in
the group of Coherence and Quantum Technology (CQT) at the Eindhoven University of
Technology, however, is work-in-progress towards a different quantum application, namely
the quantum simulator.

2



As mentioned before, Feynman already proposed the idea in 1982 [5] of creating a quantum
system in order to simulate other quantum systems, which is basically the definition of a
quantum simulator. The usefulness of Feynman’s idea was confirmed in 1996 by Lloyd,
who stated that 30− 40 quantum bits in a quantum simulator, would be able to simulate
systems in tens of operations, that would take a classical computer an Avogadro number of
memory sites and operations to simulate [10]. From that time on, interest in and research
on quantum simulators has been growing.
In the research to achieve a quantum simulator, five criteria were set in [11] as to what a
quantum simulator should comply with. To summarize the criteria, a quantum simulator
would have to consist of a quantum system of bosons or fermions with a large number
of degrees of freedom, it would have to be able to initialize a known quantum state,
interactions would have to be included by engineering the Hamiltonian, either individual
or collective measurements would have to be performed and the results from a quantum
simulator would somehow have to be verified. These criteria are not hard criteria for a
quantum simulator, but at least provide for a guideline in being able to achieve a quantum
simulator.

1.2 A quantum simulator with Rydberg atoms

As Ladd et al. [8] already discussed for quantum computers, there are also different physical
systems serving as a candidate for achieving a quantum simulator. Main implementation
schemes for achieving a quantum simulator are trapped ions [12], nuclear magnetic reso-
nance (NMR) [13], single photons [14], superconducting circuits [15] and trapped ultracold
atoms [16]. This research focuses on the latter implementation method.
In ultracold atomic gases, atoms are cooled to micro- or even nano-Kelvin temperatures,
hence the atoms are called ultracold. Furthermore, due to negligible thermal motion, ultra-
cold atoms are highly controllable through lasers and electro-magnetic fields, as the atoms
can be confined in either optical lattices [17], magnetic traps [18], optical dipole traps [19]
or magneto-optical traps (MOT) [20]. Moreover, minding the quantum simulator crite-
ria stated by [11], quantum state can easily be initialized in neutral atoms, while a large
number of particles can be confined and addressed at the same time. Furthermore, lasers
and electromagnetic fields can be used to change the Hamiltonian of a system. Various
detection methods are available as well for ultracold atoms. Some of the detection methods
will be discussed later.
Ultracold atoms are also typically accurately described by relatively simple theoretical
models, which allows for verification of quantum simulator operations. Hence, a quantum
simulator should be realizable with ultracold atoms, as potentially all five criteria stated
by [11] are fullfilled.
The method of realizing a quantum simulator with ultracold atoms, opted in this research,
is with Rydberg atoms. Rydberg atoms are atoms, mostly alkali-metals, that have an
electron with a high principal quantum number n� 1.
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Due to the high principal quantum number, Rydberg atoms have exaggerated proper-
ties, such as a long radiative lifetime (∝ n3), making Rydberg atoms very stable, a high
polarizability (∝ n7), making Rydberg atoms very susceptible to electro-magnetic fields
and a very high long range interaction strength (∝ n11). All these properties, make Ry-
dberg atoms a candidate in creating a quantum simulator, in terms of, for example, the
ability to manipulate the Hamiltonian of a system of Rydberg atoms with electric fields or
lasers.
Moreover, strong long range Van der Waals interactions lead to two main features of Ry-
dberg atoms, namely Rydberg (dipole) blockade [21][22] and an off-resonant effect, called
Rydberg facilitation [23][24]. In the blockade effect, two atoms within a certain range
(typically µm scale), cannot be resonantly excited to the same Rydberg state. In the facil-
itation effect, an atom is off-resonantly (blue-detuned) excited into a Rydberg state. The
Rydberg atom has to the role of a seed for neighboring atoms, shifting the closeby atoms
at a specific radius into resonance with the off-resonant laser through Van der Waals shift,
leading to rapid expansion of a Rydberg atom cloud. The blockade effect, however, is the
main phenomenon that enables multiple applications in quantum information. An example
is a Rydberg CNOT gate [25], in which the state of a control qubit, through the blockade
effect, either enables or disables the change of the target qubit state via excitation to and
de-excitation from a Rydberg state, creating an entangled quantum gate. Examples of
many-body quantum simulators with Rydberg atoms are discussed in [26][27].

1.3 Research goal & outline

Within the group of Coherence and Quantum Technology (CQT) at the University of Tech-
nology Eindhoven, both theoretical as well as experimental research is conducted with the
goal of achieving a quantum simulator with ultracold atoms in Rydberg states. In terms
of theoretical work, P lodzien et al. [28], for example, discussed simulating the energy
transport in a protein with a quantum system consisting of a chain of dressed Rydberg
atoms, based on a study by Schempp et al. [29]. In the experiment, the first step towards
a Rydberg quantum simulator would be to create a (quasi-)1D Rydberg crystal, as pro-
posed by Van Bijnen et al. [30]. One method of achieving this, is by trapping ultracold
atoms in a 1D optical lattice [31]. However, in the experiment in the group of CQT, Rb-85
atoms are confined in a MOT, where, after releasing the MOT, the ultracold atoms are
excited to a Rydberg state by two-step laser excitation. A (quasi-)1D Rydberg crystal, in
this configuration, can be realized by, in the first excitation step, irradiating the ultracold
atom cloud with a one-dimensional light array. The intermediate state atoms can then,
in the second excitation step, be excited by intersecting the first excitation beams with a
laser sheet, creating an array of Rydberg atoms. An array of excitation laser light can be
achieved in the setup with a spatial light modulator (SLM) [32]. Creating a Rydberg crys-
tal, however, is still work-in-progress. The Rydberg phenomena, such as Rydberg blockade
and the facilitation effect, still have to be studied in the experiment first.
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In previous work, Van der Weerden [33] described and simulated Rydberg phenomena
with typical experiment parameters of the setup used in this research, whilst also provid-
ing a full theoretical and mathematical background on the two-step excitation process of
this experiment. On the other hand, Van der Werf [34] successfully (re)implemented the
SLM into the setup and was able to observe some first indications of the Rydberg blockade
and the facilitation effect. However, Van der Werf discovered a potential problem in the
detection method for the observation of the blockade effect.
A possible method for Rydberg atom detecting is by atom loss detection of an atom trap:
releasing the trap, applying excitation beams for Rydberg atom excitation for a certain
amount of time, and restoring the atom trap, as performed by Urban et al. [21]. However,
in the present experiment, similar as by Schempp et al. [35], the Rydberg atoms are field
ionized and accelerated towards an array of two microchannel plates (MCPs). In addition,
a phosphor screen is placed behind the MCPs and creates a light signal for each individual
ion, that can be detected by a CCD camera, providing for multiple methods of obtaining
a signal from the ions for Rydberg imaging. Similarly as in [35], Rydberg spectra can be
measured and pair correlation functions can be used to observe Rydberg phenomena and
acquire spatial information on the Rydberg atoms. However, the problem found by Van der
Werf [34], was that, after ionization of the Rydberg atoms, Coulomb interactions between
ions may blur the effects of pre-ionization Rydberg interactions. Moreover, Groeneveld
[36] observed through simulations, that these space charge effects between ions, completely
mask the observation of the Rydberg blockade effect before ionization. A solution to this
problem that was proposed, is increasing the acceleration voltage to reduce the time-of-
flight of the ions towards the detector system and thereby reducing the amount of time that
ions have to interact through Coulomb interactions. The goal of this thesis is to probe the
Coulomb effects of the ion detection method by increasing the voltage on the accelerator.

First of all, in chapter 2, theoretical background is provided on Rydberg atoms, including
Rydberg atom properties, the excitation process and important Rydberg phenomena like
the Rydberg blockade and the facilitation effect. Furthermore, starting from spatial corre-
lations, the problem of space charge effects in the experiment is more widely elaborated.
In chapter 3, the experimental setup is discussed. The use of rubidium atoms, together with
the vacuum system is discussed, as well as the magneto-optical trap (MOT) configuration.
In addition, due to multiple experimental malfunctions, some systematical measurements
have been performed in order to create the MOT again, which are also discussed in chap-
ter 3. The Rydberg excitation method in the setup is also discussed, together with the
detection method and the experimental sequence.
The solution to the problem of not being able to observe the Rydberg blockade effect, thus
by increasing the accelerator voltage, is formalized by developing a High Voltage Pulse
Generator. Chapter 4 focuses on this device and discusses the electric circuit of the device,
which is simulated in OrCAD® PSpice® and analytically calculated. Furthermore, the
operation of the device is discussed.
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In chapter 5, the test measurements that are performed on the HV Pulse Generator are
discussed, in order to verify whether the HV Pulse Generator meets the requirements that
were set for the device in chapter 4. Also, the HV Pulse Generator is applied in the setup
to verify the last requirement of the device by performing Rydberg scans on the 99S1/2

Rydberg state. A conclusion and an outlook are provided in chapter 6.

Ideally, chapter 5 would also include pair correlation measurements, as discussed in chap-
ter 2. However, due to a series of issues on the experiment, systematic pair correlation
measurements could not be performed.
First of all, the rubidium in the setup was depleted and had to be replaced. Thus this
required opening up the vacuum system, introducing a new problem. One of the mirrors
inside the vacuum vessel, used to guide in one of the trapping beams (see chapter 3),
was covered by rubidium, which attached to the gold-coated mirror. And, despite venting
the vacuum vessel under nitrogen, after a lengthy diagnosis, the mirror gold-coating was
found to be completely deteriorated, as the attached rubidium probably oxidized. This
yielded opening up the system once again to replace the gold-coated mirror by a glass
optical mirror. Having opened the system, achieving a sufficient vacuum (∼ 2 · 10−8 mbar)
proved to be the next challenge as the ion getter pump did not properly function anymore.
Therefore a new turbo-molecular pump was added to the system (see chapter 3). Then,
after restoring the MOT for a brief period of time, the rubidium supply within the setup
was again found to be depleted. The cause of the depletion of the rubidium was found to
be a small leak in the ampoule holder that contains the rubidium. This probably caused
for air and water to react with the rubidium, as a lot of rubidiumoxide was found inside
the holder. Moreover, the valve that releases the rubidium into the setup, was found to be
completely clogged up with rubidium oxide, blocking all the rubidium from entering the
vacuum vessel. Hence, a new ampoule holder for the rubidium had to be built. Finally,
while writing this thesis, the experiment was in operation, until the CCD camera, imaging
the phosphor screen signal of ions hitting the detector broke down, leading for a total down
time of the setup of several months.
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Chapter 2

Rydberg atoms

This experiment is mostly aimed at Rydberg atoms and this thesis primarily at the method
in which the Rydberg atoms are detected. This chapter will provide for theoretical back-
ground involving Rydberg atoms and the different aspects that are involved in the detection
of Rydberg atoms. The created Rydberg atoms have some exaggerated properties, some
of which will be discussed. Furthermore, as, in this experiment, the Rydberg atoms are
created within an accelerator structure, possible (residual) electric fields on the accelera-
tor may be of influence on the Rydberg levels by means of the Stark effect, which will,
therefore, also be discussed. Rydberg atoms in this experiment are created by two-step
excitation. Therefore, the three-level system will be introduced, as this explains the exci-
tation method. Furthermore, the method of detecting the Rydberg atoms will be discussed
in chapter 3, however, the physical effects and principles involved in the detection method
will be discussed in this chapter as well. Finally, in order to process data for some of the
measurements, the g2(r) correlation function will be discussed as well.
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2.1 Rydberg atom properties

Rydberg atoms are atoms that have a valence electron in a high orbital (n � 1). There-
fore, Rydberg atoms have some exaggerated properties, that are not observable in regular
non-excited atoms, as these properties scale with higher powers of the principal quantum
number n. In this experiment, the alkali metal rubidium-85, with a single valence electron
is used and will, therefore, serve as an example throughout this chapter. Table 2.1 displays
some of the atom properties that scale with different powers of the principal quantum num-
ber n, as these atom properties are more pronounced in Rydberg atoms. The polarizability,
for example, will be discussed further in section 2.1.1.

Table 2.1: Scaling of atomic properties with the principal quantum number.

Atom property Scaling Reference
Orbital radius r ∝ n2 [37]
Dipole moment µ ∝ n2 [38]
Lifetime τ ∝ n3 [37]
Polarizability α0 ∝ n7 [38][39]
Van der Waals coefficient C6 ∝ n11 [40][41]

An atom property that is important in Rydberg phenomena is the dipole moment. As the
dipole moment for Rydberg atoms is large, due to quantum fluctuations, a dipole moment is
induced in a neighboring atom and subsequent atoms. The formation of the induced dipoles
in Rydberg atoms leads to (long-range) dipole-dipole interactions between the atoms. The
forces corresponding to the dipole-dipole interactions are generally called Van der Waals
forces. Therefore, the long-range dipole-dipole interactions between Rydberg atoms are
often referred to as Van der Waals interactions [33]. The corresponding Van der Waals
interaction energy is

EV dW,ij =
C6

r6
ij

, (2.1)

with C6 the Van der Waals coefficient and rij the inter-atomic spacing between atom i and j.
The Van der Waals coefficient C6 is calculated through second order perturbation theory by
[41], while [42] also derived and calculated dipole-dipole interactions through perturbation
theory. From these derivations, it also follows that C6 scales with n11. Furthermore, for
interactions between nS-Rydberg states, [40] argues that the interaction energy is always
positive. Therefore, interactions between nS-Rydberg states are always repulsive. For
rubidium-85, the Van der Waals coefficient for the n = 99S1/2 state is C6

∼= 3.31 · 10−56

J m6 [43]. Van der Waals interactions in Rydberg atoms lead to two important Rydberg
phenomena, which will be discussed in section 2.3.
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2.1.1 Stark shift

In the previous section, interactions between Rydberg atoms have been discussed briefly.
The influence of the electric fields on Rydberg atoms will be discussed in this section.

The dipole moment of an atom scales as ∝ n2, therefore, Rydberg atoms are sensitive
to electric fields. When an external electric field ~E of electric field strength E is intro-
duced, the electric field couples to the dipole moment µ of the Rydberg atom and changes
the atomic hamiltonian of the Rydberg atom. As a consequence, the energy level of the
Rydberg state, will experience an energy shift. This energy shift due to an external elec-
tric field is called a Stark shift [44]. This effective level shift can be obtained from the
atomic hamiltonian through perturbation theory and is dependent on the polarizability of
the Rydberg atom α0 and is, for nS Rydberg states, defined by

∆Stark =
1

2
α0E

2, (2.2)

with ∆Stark Rydberg level shift, due to the Stark effect. As can be observed in table 2.1,
the polarizability scales with the principal quantum number n as α0 ∝ n7 and is, therefore,
of high influence on high nS Rydberg states. For the 99S1/2 Rydberg line in Rb-85, for
example, the polarizability has been calculated to be α0 = 5.8 · 103 MHz cm2/V2 [43]. For
increasing Stark energy level shifts, Rydberg states might be mixed with other (in energy)
neighboring Rydberg states, as can be demonstrated in a Stark map. An example of a
Stark map, applicable to this experiment is provided in chapter 4.

2.2 Rydberg excitation: three-level system

Before describing some of the properties of Rydberg atoms, it is useful to first discuss the
method at which Rydberg atoms are created, as some of the main properties of Rydberg
atoms are a consequence of the excitation of an atom to a Rydberg state. For Rydberg
levels, only nS Rydberg states will be considered (with n the principal quantum number,
determining the electron orbital) as interactions between Rydberg atoms in these states are
isotropic (as the orbital angular momentum ` = 0). Therefore, nS Rydberg levels are the
most straight-forward to work with [33]. In this experiment, Rydberg atoms are created
from rubidium-85 atoms. As Rb-85 atoms are alkali atoms, the spin quantum number
of the atoms in the ground state |g〉 is 1/2. As a result, the ground state of 85-rubidium
is |g〉 = |5S1/2〉, which is also an S-state. For this reason, two-step excitation is required
to excite Rb-85 atoms to a |r〉 = |nS〉 Rydberg state, as a direct transition between a
lower S-state and a higher nS-state is forbidden. Therefore, the intermediate state |e〉 in
the two-step excitation process has to be a P-state. In Rb-85, the excited state that is
typically used for this purpose is |e〉 = |5P3/2〉. The reason for this intermediate state to
be a viable option, is because of the transition |g〉 → |e〉 can be excited by laser light of a
wavelength of 780 nm [45], laser systems for which are widely commercially available. The
|e〉 → |r〉 transition, however, is dependent on the binding energy En`j of |r〉.
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With ` = 0, s = 1
2

and therefore j = 1
2

fixed, the binding energy will only become dependent
on the principal quantum number n, similarly as in a hydrogen atom model [37] as

En`j =
Ry

(n− δn`j(n))2
, (2.3)

with Ry = 13.6 eV the Rydberg constant and δn`j(n) the quantum defect dependent on n
(` and j are fixed), that corrects for the difference in the core of a Rb atom with respect
to an atomic hydrogen core and is measured for Rb by [46]. The value of δn`j for a 99S
Rydberg state in Rb-85 is δn0 1

2
= 3.13 [46]. For high n, the difference in binding energy

between various n Rydberg states, is very small as compared to the binding energy of the
|e〉 state. Therefore the wavelength, corresponding with the |e〉 → |r〉 transition, of 480
nm [39] is similar for n > 20. Moreover, the 480 nm wavelength is also accessible through
lasers by frequency doubling a commercially available 960 nm laser. More of the excitation
in this experiment and the used laser systems will be discussed in chapter 3.

The optical two-step excitation process can, when no background electric or magnetic
fields are considered, be described by a three-level model of the atom, the consequences of
which can be observed in measured Rydberg atom spectra. A schematic overview of such
a three-level system is displayed in figure 2.1. A more mathematical definition and a more
extensive explanation of the three-level system is provided by [33].

|g〉 = |5S1/2〉

|e〉 = |5P3/2〉

|r〉 = |nS1/2〉

Ω1

Ω2

∆1

∆2

Γe

Γr

Figure 2.1: Schematic overview of the three-level model of Rb-85 Rydberg atoms. The 780 nm
laser excites the ground state |g〉 atoms to the 5P3/2 excited state |e〉, driven at a Rabi frequency
of Ω1, either detuned or not by ∆1. From this excited state |e〉, the atoms are then excited by
a 480 nm laser to a certain |r〉 = |nS1/2〉 Rydberg state, driven at a Rabi frequency Ω2, either
detuned or not by ∆2. Γr and Γe are the decay rates of the Rydberg state |r〉 and the excited state
|e〉 respectively. Image is from [33].
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The laser detunings ∆1 and ∆2 are defined by [33]

∆1 = ω1 − ωge and ∆2 = ω2 + ω1 − ωer − ωge = ω2 − ωer + ∆1, (2.4)

with ωge and ωer the respective transition frequencies of the |g〉 → |e〉 and |e〉 → |r〉
transitions. The Rabi frequencies (Ω1 and Ω2) or coupling strengths of the two transitions

are defined by the transition dipole moments (respectively ~dge and ~der) of the transitions
and the polarization (respectively ~e1 and ~e2) and electric field strength (respectively E1

and E2) of each of the transition lasers as defined by [33]

Ω1 = −1

h̄
~dge · ~e1E1 and Ω2 = −1

h̄
~der · ~e2E2. (2.5)

Where the three-level atomic Hamiltonian HA is governed by the transition energies h̄ωge
and h̄ωer, the Rabi frequencies provide for the laser-atom interaction Hamiltonian HI .
By substituting the combination of both Hamiltonians, the rotating wave approximation
Hamiltonian

H0 = HA +HI = h̄

 0 Ω1

2
0

Ω1

2
−∆1

Ω2

2

0 Ω2

2
−∆2

 , (2.6)

into the Schrödinger equation, differential equations can be obtained that govern the popu-
lation changes of |g〉, |e〉 and |r〉 of the three-level system in terms of the detunings ∆1 and
∆2 and Rabi frequencies Ω1 and Ω2. The Rabi frequencies Ω1 and Ω2 respectively govern
the rate at which the transitions |g〉 → |e〉 and |e〉 → |r〉 are driven. In this experiment,
the Rabi frequencies can be calculated as a function of the laser intensity I. For the 780
nm laser this yields, for example,

Ω1 =

√
Γ2
es0

2
, (2.7)

with Γe the natural linewidth of the 5S1/2(F = 3)→ 5P3/2(F = 4) transition and s0 = I
Isat

,

with I0 = 1.64 mW/cm2 [45] the saturation intensity of the aforementioned transition.
The 480 nm laser Rabi frequency, in the experiment, can be calculated by

Ω2 =

√
2I

cνε0

der
h̄
, (2.8)

with c the speed of light, ν the refractive index of air and ε0 the vacuum permittivity.

The equations governing the change of populations of the different states, do not include
the spontaneous emission of the two excited states (imaged in figure 2.1) yet. The sponta-
neous emission decay rate of the intermediate |e〉 state in Rb-85 is the natural linewidth
of the 5S1/2(F = 3) → 5P3/2(F = 4) transition and is Γe = 2π · 6.07 MHz [45]. The spon-
taneous emission rate of the Rydberg state Γr is dependent on n and can be calculated as
performed by [47].
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For n = 100, for example, the spontaneous emission rate of |100S1/2〉 is Γr = 2π · 3 kHz
[48], which within the timescale of an experiment can be considered as metastable.
In order to be able to include spontaneous emission in the three-level system, both the
spontaneous emission and the system Hamiltonian have to be combined in the master
equation, given by

d

dt
ρ = − i

h̄
[H0, ρ] + Γe

(
|e〉 〈g| ρ |g〉 〈e| − 1

2
|e〉 〈e| ρ− 1

2
ρ |e〉 〈e|

)
+ Γr

(
|r〉 〈e| ρ |e〉 〈r| − 1

2
|r〉 〈r| ρ− 1

2
ρ |r〉 〈r|

)
.

(2.9)

As a result, the three-level system can be described by the density matrix

ρ =

ρgg ρge ρgr
ρeg ρee ρer
ρrg ρre ρrr

 , (2.10)

where the diagonal elements represent the population of the three states and where the
off-diagonal terms represent the coherences between the different states. From the master
equation, the differential equations for the changes in the different populations and coher-
ences can be derived. These differential equations are the so-called optical Bloch equations
(OBEs), which can then be solved in order to calculate the density matrix, describing the
three-level system. When it comes to theoretically backing up Rydberg experiments, the
component of most interest is the population of the Rydberg atoms ρrr and the way in
which this translates to a Rydberg atom spectrum.
Solving the optical Bloch equations provides for a solution of the different populations as
a function of time, for example by calculating the eigen value problem of the three-level
system. However, under adiabatic elimination of the coherences and the condition that
ρgg + ρee + ρrr = 1, explained in more detail by [33], the OBEs can be reduced to a single
rate equation that describes the evolution of the population of the Rydberg state |r〉 and
is given by

d

dt
ρrr = γ↑ρ

eff
gg − γ↓ρrr, (2.11)

where γ↑(/γ↓) is the (de-)excitation rate of the Rydberg state |r〉 and where ρeffgg = 1− ρrr
is the effective ground state population. The differential equation of (2.4) reduces to a
single differential equation of the three-level system

d

dt
ρrr = −(γ↑ + γ↓)ρrr + γ↑, (2.12)

with a solution for the population of the Rydberg state |r〉 given by

ρrr(t) = ρ∞rr
(
1− exp(−(γ↑ + γ↓)t)

)
. (2.13)
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Figure 2.2: Example of a Rydberg spectrum measurement for a Rydberg level of a rubidium-
85 atom. The population of the Rydberg state in the plot is calculated by solving the single
atom optical Bloch equations and is plotted against the second excitation laser detuning ∆2. The
parameters for the plotted Rydberg spectrum are Ω1 = 2π · 9 MHz, ∆1 = 0 and Ω2 = 2π · 7 MHz.

In this solution ρ∞rr is the steady-state solution for the population of the Rydberg state |r〉
given by

ρ∞rr =
γ↑

γ↑ + γ↓
, (2.14)

and is dependent on the Rabi frequencies Ω1, Ω2, the detunings ∆1, ∆2 and the decay rate
Γe. An example for which the rate equation parameters can be analytically determined is
provided by Ates et al. [49]

γ↑ =
Γe

Ω2
2

Ω2
1

2
(
1− 4∆2

Ω2
1

)2 , ρ
∞
rr =

1

1 + 8∆2

Ω2
1

, γ↓ = γ↑

(
1− ρ∞rr
ρ∞rr

)
, Ω1 � Γe � Ω2, (2.15)

where ∆, in this case, is the effective detuning of the transition from |g〉 → |r〉. Further
details on the validity of this rate equation model and dependencies on the laser detunings
∆1 and ∆2 are described in more detail by [33].
An example of a measurement in the experiment is a scan across a Rydberg state, in which
there is scanned across the blue laser detuning ∆2, while the Rabi frequencies Ω1 and
Ω2 and the red laser detuning ∆1 are tunable parameters in terms of laser intensity and
laser frequency, which are set for one specific scan. An example of a (calculated) Rydberg
spectrum measurement for a rubidium-85 atom is displayed in figure 2.2. The spectrum of
the population of the Rydberg state in figure 2.2 is calculated by solving the OBEs for a
single atom.
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The full width half maximum (FWHM) σ of a Rydberg spectrum increases with the ex-
citation rate of the Rydberg state γ↑. In measurements, the signal that is measured in a
Rydberg spectrum measurement is a many-atom representation of the steady-state Ryd-
berg atom population ρ∞rr . Experimental Rydberg spectrum measurements are discussed
in chapter 5.

2.3 Rydberg interactions: Rydberg blockade and fa-

cilitation

The Van der Waals interactions, induced by the dipole moment of a Rydberg atom, provide
for the two Rydberg atom phenomena that caught the most attention, namely Rydberg
blockade and facilitation, as was mentioned in chapter 1. These phenomena will be demon-
strated through figure 2.3. In figure 2.3, the intermediate state |e〉 is driven on-resonance
at a rate of Ω1, from which a nS Rydberg state is driven off-resonantly at a rate of Ω2,
detuned at ∆2, leading to the excitation of atom (1) into a Rydberg state. As the atoms
(2)-(4) within close range of the created Rydberg atom (1) are still either in the ground
state |g〉 or the intermediate state |e〉, the Rydberg atom interacts with the neighboring
atoms through the Van der Waals interaction. The Van der Waals interaction then shifts
the levels of the same nS Rydberg levels for the neighboring atoms (2)-(4) by the Van der
Waals energy EV dW,1j, dependent on the radial distance r1j between the first (Rydberg)
atom and the following neighboring ground or intermediate state neighboring atoms j.
Dependent on the sign of the detuning ∆2, one of two phenomena occurs. For ∆2 ≤ 0, the
transition to a Rydberg level is driven below resonance and atoms, neighboring a created
Rydberg atom, are less likely to be excited towards the same driven Rydberg transition
within a certain radius around the created Rydberg atom.
This radius is the so-called blockade radius rbl and is defined by

rbl =

(
C6

h̄σ

)1/6

, (2.16)

with σ the linewidth of the specific Rydberg line spectrum, as mentioned in section 2.2.
The other phenomenon occurs, when a Rydberg transition is driven at a detuning ∆2 > 0.
The first atom (1) then has a lower probability to be excited to a Rydberg state. However,
after longer excitation times, when a Rydberg atom is created, the same Rydberg levels of
neighboring atoms (2)-(4) are again shifted upwards due to the Van der Waals interaction.
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EV dW,ij = ~
C6

r6ij

(1) (2) (3) (4)

Ω1

Ω2

∆2

EV dW,12

EV dW,13 EV dW,14

r

Figure 2.3: Schematic overview of the Van der Waals energy shift near Rydberg atoms. The
(Rydberg) energy levels of all neighboring atoms (1)-(4) are displayed in the figure. A red laser
drives the transition from the ground state |g〉 to the intermediate state |e〉 resonantly for these
atoms, while the blue laser is detuned by ∆2. In this case, atom (1) is excited to a Rydberg
state, as a result of which the Rydberg states of atoms (2)-(4) are shifted through Van der Waals
interactions, for which the energy shift is dependent on the radial distance r between the different
atoms. Dependent on ∆2 ≤ 0 or ∆2 > 0, this causes for atoms (2)-(4), dependent on the radial
distance r with respect to atom (1), to be either blockaded from or facilitated to Rydberg excitation
respectively. Image is from [33].

However, now, at a certain radius, the Rydberg levels of the atoms are shifted into resonance
with the (blue-detuned) excitation laser, creating another Rydberg atom at a facilitation
radius, defined by

rfac =

(
C6

h̄∆2

)1/6

, (2.17)

under the condition that ∆2 > 0. At the facilitation radius rfac the atoms locally have
a peak probability of being excited towards the Rydberg state, however, within a cer-
tain shell δrfac =

rfacγ↑
6∆2

[50] around the facilitation radius, Rydberg excitation is also still
enhanced. Figure 2.3 intuitively displays both the effect of Rydberg blockade as well as
Rydberg facilitation on the excitation probability of a Rydberg state. Blockade and facil-
itation phenomena are many-atom effects and these phenomena influence the probability
of exciting atoms near a Rydberg atom and, thus, do not set a hard limit on whether
Rydberg atoms can be excited or are most likely to be excited. Therefore, in reality, the
lines in figure 2.3 are observed as more smoothened curves, as demonstrated in figure 5.4
of [33].
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For a 99S Rydberg level of rubidium-85, the blockade radius rbl ∼= 13 µm for the spec-
trum FWHM σ = 10 MHz of figure 2.2. For a spectrum of a rubidium-85 atom in the
99S Rydberg state, that is (blue-)detuned by, for example, ∆2 = 2π · 5 MHz, with again a
FWHM of σ = 10 MHz, the facilitation radius would be rfac ∼= 15 µm, with a facilitation
shell thickness of δrfac ∼= 2.4 µm.

Figure 2.4: Intuitive plot of the behavior of the excitation probability as a function of interatomic
distance of Rydberg atoms under the blockade and/or facilitation effect. For ∆2 ≤ 0 all atom
excitation to a Rydberg state within rbl of another Rydberg atom should be blocked. For ∆2 > 0,
atoms near a Rydberg atom are still blocked from excitation within rbl. However, at a radius rfac,
∆2 = ∆peak will be on-resonance with the Van der Waals shifted Rydberg levels of neighboring
atoms and the excitation probability will be at a peak level in a shell around the first Rydberg atom
at radius rfac and thickness δrfac. Image is from [33].

One of the main goals of this research, although not extensively discussed in this thesis,
is being able to experimentally distinguish (mainly) the Rydberg blockade effect and later
perhaps the Rydberg facilitation effect. For this reason, the physical effects of the detection
of Rydberg atoms within this experiment will be discussed in section 2.2.

2.4 Rydberg atom detection

In order to be able to detect Rydberg phenomena experimentally, theoretical background
of the processes that occur during Rydberg atom detection within the experiment has to
be acquired and taken into account. This section will discuss some physical processes that
occur during Rydberg atom detection and provides for a method with which the detected
Rydberg atoms will be analyzed.
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2.4.1 Spatial correlations

In experimental studies on Rydberg atoms, it is important to be able to distinguish the
main Rydberg phenomena like the Rydberg blockade and the facilitation effect. One of the
methods, also the one opted in this research, in experimentally detecting Rydberg atoms
and Rydberg atom phenomena will be discussed in this section. Moreover, also some ex-
pectations for measurement results, involving this method, will be included.

In this experiment, Rydberg atoms are created, ionized by applying an electric field (field
ionization) and accelerated towards a detector screen, as will be further discussed in section
2.4.2 and chapter 3. In between the time at which the Rydberg atoms are created and the
time in which the ions reach the detector, interactions between the particles, with the par-
ticles being either the Rydberg atoms or the created ions, occur. The Rydberg interactions
define the distribution of the Rydberg atoms, which are in the frozen gas approximation
fixed in space during an experiment cycle. When the Rydberg atoms are ionized, the
accelerated ions will also interact in the transversal plane through Coulomb interactions,
causing for ion motion in the transversal plane. Ideally, the effects of the interactions are
directly distinguishable in the detected signal or indirectly in the method at which the
data is processed. The method opted in this research, in distinguishing (spatial) Rydberg
phenoma like Rydberg blockade and the facilitation effect, is by probing the spatial corre-
lations between the ions, measured on the detector, that originate from the field ionized
Rydberg atoms.
Correlations in physics, in general, are used to describe the interactions, as correlations
provide for a quantitative measure of the interactions in different degrees, as different or-
ders of correlation functions describe different aspects of the interaction [51]. In quantum
optics, the second order correlation function or the coherence function g(2) is often used to
describe the spatial and/or temporal correlation between light signals. In the experiment,
the correlation function can be calculated from the light signal that is emitted by an ion
detector. The light signal of the ion detector originates from an ionized Rydberg atom. For
this kind of signal, the second order (spatial) correlation function, in general, is described
by [52]

g(2)(r1, r2) =
〈I(r1)I(r2)〉
〈I(r1)〉〈I(r2)〉 , (2.18)

with I(r1) the intensity of light signal at a (detector) position r1 and I(r2) the intensity
of light signal at a (detector) position r2. The g(2) function translates to particles by
replacing the light intensities by the density of matter. The g(2) function of equation (2.18)
is then the probability of finding one particle at position r1 and another particle at r2.
Summing over all particles positions r1, then results in the radial distance distribution or
pair correlation function g(2)(r) [51][34]. Physically, the pair correlation function can be
described as the probability of finding two particles at a spacing r of one another. An
intuitive image of the pair correlation function is displayed in figure 2.5a.
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Figure 2.5: a) Intuitive representation of the g(2) pair correlation function. The g(2) pair corre-
lation corresponds to the probability of finding another particle within a shell dr (blue particles)
at a distance r of the first particle (green particle). By considering all particles at all distances r,
the g(2)(r) pair correlation function can be obtained. b) A typical image of a distribution of ions,
corresponding to created Rydberg atoms, as detected by the ion detector during a measurement
in this experiment. A pair correlation function can be calculated from these ion distributions.
Images are from [34].

Figure 2.6: Simulations of g(2)(r) correlation functions for different excitation times at laser
parameters Ω1 = 2π ·4 MHz, Ω2 = 2π ·0.6 MHz and ∆1 ≈ 0 in different regimes. a) The blockade
effect is dominant. b) Combination of facilitation and blockade effects. c) The facilitation effect
is dominant. The atom density in the simulations is ρ = 1 · 1010 cm−3. The volume that the
excitation lasers span in the simulations is a box of the sizes 75 × 75 × 5 µm. The simulations
are performed by [33].

Different values for the pair correlation function correspond to different physical properties
of the interaction. For g(2)(r) = 1, for example, the particles are distributed completely ran-
domly. As opposed to this, for a perfect crystalline structure, g(2)(r) function corresponds
to different equally spaced Dirac delta peaks at distance from one another, corresponding
to the lattice structure. For Rydberg atoms, the blockade and the facilitation effects show
up in a g(2) function.
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The Rydberg blockade, for example, would correspond to g(2)(r) = 0 for r < rbl and
g(2)(r) = 1 for r ≥ rbl as can be observed in figure 2.6. A shoulder in the g(2)(r) function
at r = rbl may occur in the regime where the blockade effect is dominant. Similarly, for
facilitation created Rydberg atoms, the pair correlation function g(2)(r) = 0 for r < rbl
and has a peak at r = rfac, as the probability that other Rydberg atoms are excited at
this radius is increased, hence correlation at this radius are increased. Figure 2.5 displays
simulations of Rydberg phenomena in a g(2)(r) function for different regimes.

2.4.2 Spatial correlations in the experiment: space charge effects

This section does not cover in-depth theory, but introduces earlier observations in this
research, that served as a motivation for the research conducted and the matter covered in
this thesis.

In the previous section, the g(2)(r) pair correlation function was introduced and in fig-
ure 2.5b, a typical measurement was displayed at which the pair correlation function is
usually applied to analyze the data. As mentioned in section 2.3, the interactions from
the Rydberg atoms and the ions, created from the Rydberg atoms, can be analyzed with
the pair correlation function. In the experiment, solely the Rydberg interactions are of
interest and ideally only these interactions are to be detected. However, ionizing the Ry-
dberg atoms induces repulsive Coulomb interactions between neighboring ions from the
moment at which the Rydberg atoms are ionized until the moment that the ions hit the
detector system. These space charge effects are mainly of influence in the plane transversal
to the propagation axis of the ions, as the ions are highly accelerated along this axis. A
schematic overview of the Rydberg atom/ion detection method is displayed in figure 2.7
and will further be discussed in chapter 3. Groeneveld [36] already performed simulations
and measurements in order to probe the effects of Coulomb interactions on pair correlation
functions.
All simulations performed in [36] were executed in a program called General Particle Tracer
(GPT), a program that allows for the creation of charged particle distributions and simula-
tion of the trajectories of the particles under different circumstances, such as electric fields
or magnetic fields. Space charge effects can also be included in the simulations. Further-
more, in the creation of a distribution of particles, Rydberg effects can also be included
and so an initial distribution of ions can be created that corresponds with the situation
in which Rydberg atoms in the setup are being ionized. Then, by including an electric
field, corresponding to the electric field generated in the accelerator structure in the setup
(more details in chapter 3). In this manner, the created ions can be accelerated inside
the accelerator, together with the propagation of the ions towards the detector, within the
simulation. From the final positions at which the ions hit the detector in the simulation,
the g(2) correlation function can be calculated. The on-screen (on the detector) separation,
in all calculated g(2)(r) simulations, is calculated back to the initial separations of the cre-
ated ions (or Rydberg atoms for that matter), by dividing by a certain factor.
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Figure 2.7: Schematic overview of the ion detection in the experimental setup. At a) atoms are
initially trapped in a MOT and after releasing the MOT, excited into a Rydberg state, all situated
in an accelerator structure b). A voltage V (t) is applied on the accelerator and the Rydberg
atoms are ionized and accelerated c) towards the detector system d) and receive a transversal
“exit kick”, due to the geometry of the accelerator structure. A signal as imaged in figure 2.5b is
the signal of the phosphor screen as imaged by the CCD camera. The entire setup of the image
will be discussed in more detail in chapter 3. Image is from [34].

The factor between the on-screen separation and the initial separation of the particles,
is a magnifaction factor, in the transversal plane, induced by the geometry of the accel-
erator structure in the setup. Groeneveld [36] performed these simulations and one of
these simulations demonstrates the issue of either or not being able to distinguish Rydberg
phenomena in the experiment. An image of these simulations is displayed in figure 2.8.
In figure 2.8a, the g(2) correlation function is calculated for an initial distribution of parti-
cles, that are Rydberg blockaded by rbl = 10 µm, whereas in figure 2.8b, no blockade effects
are included, only space charge effects. As the g(2) functions of figure 2.8a and 2.8b are
quite similar, it was concluded that the Rydberg blockade effect can be completely masked
by space charge effects in the detection process of the ions, originating from the Rydberg
atoms [36]. Moreover, in both situations in figure 2.8, the Coulomb effects completely
dominate the behavior of the g(2) correlation function.
In both figures, for example, a peak can be observed in the g(2) correlation function. The
observation of the peak in the g(2) correlation function, originates from the fact that, due
to space charge effects, the detection image is not a one-to-one image of the initial distri-
bution of particles. Meaning that the on-screen separation on the ion detector between
particles does not necessarily scale linearly with the initial separation of the particles under
the effect of Coulomb interactions.
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Figure 2.8: a) A simulated g(2)(r) pair correlation function with the Rydberg blockade effect
(blockade radius of rbl = 10 µm) included in creating the initial distribution of particles. b) A
simulated g(2)(r) pair correlation function without the Rydberg blockade effect. The volume in
which the particles are created is defined by σx = σy = 100 µm and 2σz = 15 µm. The simulation
covers 1000 simulations of 100 particles, accelerated at 2.5 kV. Space charge effects are included
in both simulations. Images are from [36].

This effect is demonstrated in a two-particle simulation, also performed in [36], as can be
observed in figure 2.9. In this simulation, two ions are created at a certain initial separa-
tion within the accelerator structure and are then accelerated and reach the ion detector
system at a certain on-screen separation. In one of the simulations, space charge effects are
included, while in the other simulation space charge effects are excluded. The simulations
are then repeated for different initial separations and the results are plotted in figure 2.9.

If space charge effects are not included, the on-screen separation between the two sim-
ulated particles would linearly scale with the initial separation, with the slope being the
aformentioned magnification factor, acting as a negative electric field lens, as will be further
discussed in chapter 3. When space charge effects are included, there will be a minimum
on-screen separation between the particles that can still be observed. Translating this ef-
fect to a many particle system and to a pair correlation function, this effect results in a
blockade-like effect, caused by Coulomb interactions at the initial inter-particle separation
r = rC at which the on-screen separation between particles is minimum. The peak in the
g(2)(r) correlation can then be explained by the fact that in the small on-screen separation
region around the minimum, a lot of particles will be detected, since the particles will be
detected in this region, either when the initial separation between the particles is larger or
smaller than rC in this region.
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Figure 2.9: GPT simulation of the on-screen separation between two particles, accelerated by 1.5
kV, with respect to the initial separation of the particles. The red data represents the simulation
without space charge effects, where the blue data represents the simulation with Coulomb effects
included. The Image is from [36].

Another observation by [36], was that this initial separation rC , at which the on-screen
separation is minimum, is dependent on the voltage applied on the accelerator. This voltage
dependency is displayed in figure 2.10, in which the initial particle separation, at which
the Coulomb effects are of the same magnitude as the effects of (transversal) “exit kick”
of the accelerator structure (see chapter 3), is plotted against the accelerator voltage by
which the ions are accelerated.
As can be observed, the mentioned initial separation and therefore also rC , will be highly
reduced at higher accelerator voltages. With a higher accelerator voltage, the ions acquire
a higher kinetic energy. Therefore, the ions reach the detector faster, leaving less time
for space charge effects to influence the on-screen particle position and thus inter-particle
on-screen separation. The consequence that a higher accelerator voltage has, therefore,
in the plot of figure 2.9, is that initial separation rC , at which the on-screen separation
is minimum, will shift to a lower value. Also, the region around this minimum will be-
come narrower for higher voltages. In a many-particle g(2)(r) pair correlation function,
this would correspond to the separation rC shifting more towards 0 for higher acceleration
voltages, where the peak in the g(2) function will become narrower.

From these findings by [36], it can be concluded that, in the experiment, the Coulomb
interactions for different voltages first need to be mapped and quantified in order to ob-
serve actual Rydberg phenomena in the experiment through the pair correlation function.
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Figure 2.10: Plot of the initial separation between two particles, at which the Coulomb interactions
are of the same magnitude as the (transversal) accelerator exit kick, versus the accelerator voltage.
The Image is from [36].

A logical step, therefore, will be to increase the voltage on the accelerator, in such a manner
that the Rydberg atoms are not being perturbed by electric fields, and measure g(2)(r) pair
correlation functions for different accelerator voltages in order to quantify the measured
Coulomb effects. A higher acceleration voltage would, following from figure 2.10, decrease
the effects of Coulomb interactions in the experiment, which would increase the probability
of observing, for example, the Rydberg blockade effect in the experiment. Chapter 4 will
elaborate on how higher accelerator voltages will be achieved in this experiment.
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Chapter 3

Experimental Setup

In this experiment, the goal is to create and detect Rydberg atoms and to study the in-
teractions between and the behavior of these atoms. In order to be able to excite and
manipulate a fixed set of atoms to a Rydberg state within an experimental cycle and to
also be able to detect these atoms, the conditions have to be set a such, that influences
of the environment will be negligible within the experiment. For the atoms these condi-
tions yield being within a vacuum environment, in which the atoms will be released by
means of an oven. As for being able to manipulate the atoms by means of cooling, trap-
ping and exciting, these conditions yield highly controllable and very stable laser systems.
Furthermore, the accelerator structure within the vacuum vessel and the detector system,
have to provide for the right conditions to be able to detect the (effects of) Rydberg atoms.

This chapter will discuss the different systems that set the conditions for being able to
create and detect Rydberg atoms. The different sections will elaborate on the vacuum
vessel and the atoms that are used to create an ultracold gas. The trapping method,
required to create the ultracold atom gas, namely the magneto-optical trap (MOT) with
the corresponding laser systems will be discussed, as well as the laser systems and tools
required for excitation and manipulation of the atoms to a Rydberg state. Furthermore,
the experimental sequence will be discussed. And finally, the accelerator and the detector
system of the setup will be discussed as well in this chapter.
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3.1 Rubidium & Vacuum system

In order to be able to create Rydberg atoms, a thermal atom gas needs to be laser cooled
and trapped in a vacuum environment for optimal trapping conditions. In this experiment,
the atoms will be trapped in a magneto-optical trap (MOT) to create an ultracold atom
gas with the right conditions to create, study and manipulate Rydberg atoms. Details on
the MOT will be discussed further in section 3.2.
The atoms used in this experiment are rubidium atoms and more specifically the Rb-85
isotope, as this is naturally the most abundant isotope and because the excitation lasers
for the transitions of the Rb-85 isotope (780 nm for trapping and 480 nm for Rydberg
excitation) are commercially highly available. As rubidium is an alkaline metal, the atoms
have only a single valence electron. Having a single valence electron is favorable in creating
Rydberg atoms, as Rydberg atoms generally consist of a core with a nucleus and shells
of electrons that are tightly packed with one single electron excited to a high n Rydberg
state. Furthermore, the electronic configuration of alkaline atoms with a single electron in
the outer shell, is considered to be very suitable for laser cooling and trapping purposes
[34].

Figure 3.1: Partially cut open side view of the vacuum vessel. As can be observed, the rubidium
atoms will be trapped within the accelerator structure, where the accelerator structure itself is
supplied of charge through the HV feed-through. In orange, the beam path is drawn of the +z and
−z trapping beams of the MOT, where the other MOT beams are diagonally in the xy-plane as
can be observed in figure 3.2. Furthermore, in the figure on the right towards the +z direction is
the beamline leading to the detector system. On top of the setup is an optical platform at which
the top camera for MOT diagnostics is situated. Image is adapted from [53].
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The rubidium is introduced in the vacuum system by heating an oven, containing the
rubidium, up to at least 39.3 ◦C as this is the melting point of rubidium [54]. By opening
the valve on the Rb oven, the rubidium atoms are introduced into the vacuum vessel, where
the atoms are laser cooled and trapped into a MOT. The MOT itself is created inside the
accelerator structure (as will be discussed in section 3.4) in the vacuum vessel, as can be
observed in figure 3.1. The rubidium inlet from the Rb oven is a 40 CF tube, situated
on the other side of the accelerator and HV feed-through on the front view of figure 3.1
((+x,−z) side). The vacuum vessel itself used to be evacuated by a turbo molecular pump
(250 l/s on a 40 CF tube) and an ion getter pump (150 l/s, 8 slots on the walls of a 150
CF tube) [55]. However, opening up the vacuum system multiple times, has probably lead
to contamination of the ion getter pump. This contamination turned out to be to such
extent, that turning on the ion getter pump caused for more particles being sputtered into
the vacuum system, than the ion getter pump was evacuating from the system, leading to
a net increase of pressure (from the order of ∼ 10−7 to ∼ 10−5 mbar). For this reason,
the ion getter pump was switched off permanently and an extra turbo molecular pump
(250 l/s) has been added to the vacuum system on the (100 CF) window at the end of the
ion getter pump, where the side camera for monitoring the MOT used to be, as can be
observed in figure 3.2. Adding this extra turbo molecular pump allows for faster pumping,
down to a pressure of ∼ 2.3 · 10−8 mbar, which is sufficient to minimalize collisional losses
of the MOT with the background gas.

Figure 3.2: Rear view of the vacuum vessel. At the 100 CF window on the right, the new turbo
molecular pump is added. All MOT beams are drawn with red arrows, where the small red arrow
on the bottom, refers to the ingoing −z trapping beam. The bigger red arrow at the bottom
represents the +z trapping beam. On the optical platform, together with MOT diagnostics, is the
480 nm excitation laser (blue arrow) going into the chamber. The rubidium oven is situated on
the (+x,−z) side of the setup. The MCPs in the figure are situated at the end of the beamline in
the +z-direction. Image is adapted from [55].
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3.2 Magneto-optical trap (MOT)

With the established background pressure, this condition is satisfied to successfully trap the
Rb-85 atoms in a MOT. The main requirements for a MOT to function, are six opposing
laser beams with opposite (circular) polarizations in three orthogonal directions (see figure
3.1 and 3.2), together with a quadrupole magnetic field induced by two electro-magnets
(MOT coils in figure 3.1) in anti-Helmholtz configuration (current flowing in opposite
direction). The magnetic field causes a Zeeman shift in the magnetic sub-states of the
trapping state, that is excited by the laser beams. The Zeeman shift of the magnetic sub-
states favors either σ+- or σ−-polarized (red-detuned) laser light to be absorbed by the
atoms. Measurements of the polarization of the MOT laser beams in this setup will be
discussed in section 3.2.2.
For the irradiated Zeeman shifted atoms, momentum exchange with the laser photon cause
for both laser cooling and trapping of the atoms in the spot where the magnetic field is
approximately zero. Outside of this spot, the magnetic field, hence the Zeeman shift,
increases, leading to a larger force into the direction of the center of the trap. In the
setup of this experiment, the magnetic field gradient of the quadrupole magnets is ∼ 16
Gauss/cm [56]. The six opposing beams with opposite (σ+ or σ− polarizations) in three
different orthogonal directions, together with the applied quadrupole magnetic field (anti-
Helmholtz configuration), result in an atom cloud of about ∼ 106−107 atoms in the center
position at a temperature of ∼ 300 µK [56]. At these temperatures, the atom motion is
highly reduced and if the experiments are at a sufficiently short timescale, the atoms can
be considered to be motionless within the timescale of the experiment (frozen gas limit).
To wit, at the typically 300 µK that the atoms are trapped in the MOT, the atoms will
have an average velocity of vrms = 0.30 m/s, which, over a time of tens of microseconds on
an experiment cycle, translates into a movement of only a few micrometers [34]. For more
details on laser cooling and trapping in a MOT, there can be referred to [57][58].

Table 3.1: Properties of Rb-85 relevant for laser cooling and trapping of the 5S1/2(F = 3) →
5P3/2(F = 4) transition. Table is obtained from [55], data obtained from [45].

Quantity Symbol Value
Atomic mass m ∼ 85 a.m.u. ∼= 1.41 · 10−25 kg
Wavelength λ 780.241 nm (in vacuum)
Natural linewidth Γ 6.07 MHz
Lifetime of 5P3/2(F = 4) τ = 1

2πΓ
26.2 ns

Saturation intensity I0 1.64 mW/cm2

Doppler temperature limit TD = h̄Γ
2kB

145.57 µK
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In this experiment, Rb-85 are trapped in the 5P3/2(F = 4) state and will be excited from the
5S1/2(F = 3) ground state. The required laser wavelength for this transition is 780.241 nm,
as can be observed in table 3.1. As alkaline atoms have a single electron in the outer level,
the ground state of an alkaline atom is a S-state (` = 0), with two hyperfine levels (F = 2
and F = 3) which are separated by 3036 MHz, as can be observed in figure 3.3. While
driving the transition from the 5S1/2(F = 3) ground state to the 5P3/2(F = 4) trapping
state, over time, the atoms partially decay into the 5S1/2(F = 2) ground state through the
5P3/2(F = 3) state. As this provides for a atom loss in the MOT, a repump laser, driven at
3036−121 = 2915 MHz above the 5S1/2(F = 3)→ 5P3/2(F = 4) transition resonance, excites
the atoms from the 5S1/2(F = 2) ground state to the 5P3/2(F = 3) state (see figure 3.3).
From this state, the atoms eventually decay back into the 5S1/2(F = 3) ground state and are
pumped back into the trapping state. The line width Γe of the 5S1/2(F = 3)→ 5P3/2(F = 4)
transition of Rb-85 atoms is Γe ≈ 6 MHz [45], hence the laser frequency has to be stable
well below this frequency in order to create a stable MOT. Subsection 3.1 will discuss the
trapping and repump laser systems and the locking principles of these lasers.

Figure 3.3: Level scheme of the energy levels and the hyperfine splittings of Rb-85 as used for
laser cooling and trapping. Image is from [55].
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3.2.1 Trapping & repump laser system

As mentioned in the previous section, trapping Rb-85 atoms in a MOT requires for a
stable 780 nm trapping laser with a frequency stability within the natural linewidth of the
5S1/2(F = 3) → 5P3/2(F = 4) transition of Γ ∼= 6 MHz. Also, a stable repump laser is
required that is shifted by 2915 MHz from this transition. This subsection will provide for
a brief overview of the laser systems used to achieve this in the setup, together with the
locking mechanisms that keeps the trapping lasers in-lock.
A complete schematic overview of the trapping laser and repump laser system is displayed
in figure 3.4 The 780 nm trapping laser is a Toptica DLX-110 diode laser system, that is
tuned and switched by 3 acousto-optic modulators (AOMs), in double-pass configuration.
These AOMs allow for tuning of the laser frequency with an 80 MHz center frequency and
an accuracy of approximately 1 MHz, as well as for switching the laser beams on and off
within a few microseconds. One of the AOMs is used for locking the laser, the second
for tuning the MOT beams and a third for tuning the excitation beam for the process of
creating Rydberg atoms, as will be discussed in section 3.3.
The 780 nm, modulated by the first AOM, is split off in two parts. The first part of the
light is sent through a modulation transfer spectroscopy (MTS) setup [59], that locks the
trapping laser to a rubidium vapor cell (∼ 2 · 10−7 mbar vapor pressure) at the 5S1/2(F =
3)→ 5P3/2(F = 4) transition. The laser power used for MTS is typically ∼ 1.2− 1.5 mW,
where (including some losses in optical components) about 700 µW is sent into the pump
beam and about 500 µW into the probe beam.
The second part of the split off light after the first AOM is coupled into an optical fiber,
together with (a part of) the Toptica DL100 repump laser light (typically ∼ 500 µW of
each beam). The reason for this is that the repump laser is locked through frequency
offset locking. First of all, the repump laser, as a reference can be brought near the proper
resonance by means of saturated absorption spectroscopy [60] with a similar rubidium
vapor cell as mentioned before. The aforementioned proper resonance is the 5S1/2(F =
2)→ 5P3/2(F = 3) transition. The trapping beam and repump beam that are coupled into
the optical fiber are then centered on a photodetector. The detected beatnote frequency of
both the laser on the photodetector is then oscillating at the frequency difference between
the two lasers (thus the 2915 MHz difference), at which the control electronics then lock
the repump laser by stabilizing the beat frequency.
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Figure 3.4: Schematic overview of the trapping laser and repump laser system. Solid black lines
represent physical panels of the box that functions both for laser safety purposes as well as for
temperature stability for the lasers. The multiple dashed boxes represent the different functional
areas of the trapping laser system. Furthermore, the red arrows represent the trapping laser beams,
whereas the blue arrows represent the repump laser beams. Image is from [55].
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3.2.2 MOT measurements

As over a period of over 11 months, the setup had several issues, especially so in creating
a MOT again, more or less back from scratch, some measurements have been performed
in order to systematically create a MOT again. Some of these measurements will be
summarized in this subsection.

Matching laser intensities

Provided that both the trapping laser and the repump laser are locked properly and stabily
at the right transitions, and that the repump laser beams overlap nicely with the diagonal
trapping beams (see figure 3.2), there are a few conditions that have to be satisfied in order
for a MOT to function. One is that the intensities of all six laser beams in the three main
orthogonal directions both overlap in the center of the accelerator (see figure 3.1), as well
as that the intensities of those beams are matched within the center of the accelerator.
For the diagonal trapping beams, this is not trivial, as two of the four diagonal beams are
retro-reflected and a part of the power of those laser beams are lost on the way, hence there
is already an intensity mismatch in the center of the trapping region. In order to obtain an
estimate of this intensity mismatch, the power losses of the diagonal beams along the beam
path have been measured to provide for an estimate of the intensity mismatch in the center
of the trapping region. Figure 3.5 displays the power losses in the setup for the diagonal
beams. Due to the power losses in the retro-reflected beam, the radiative forces of the
incoming beams mismatch with the radiative forces of the retro-reflected beams, causing
for a displacement of the MOT center to a non-zero magnetic field region. The atoms in
the non-zero magnetic field area experience a Zeeman shift, that can be calculated as well
as the there to corresponding MOT displacement by equating the radiative force of both
the ingoing (F+) as well as the retro-reflected (F−) beams

F− = F+ → s′0

1 + s′0 +
(

2δ′

Γ

)2 =
s0

1 + s0 +
(

2δ
Γ

)2 , s
′
0 = αs0, δ

′ = δL − ωZ , δ = δL + ωZ . (3.1)

In this equation, s0 and s′0 are the saturation parameters of the ingoing and the retro-
reflected beam and δ and δ′ the effective detunings of respectively the ingoing and the
retro-reflected beam, δL the laser detuning and ωZ the Zeeman shift, where α is the fraction
of intensity of the retro-reflected beam with respect to the ingoing beam. This fraction
α is thus basically the transmitted fraction of the retro-reflected beam. The fraction α
is determined by the power losses along the beam path as illustrated in figure 3.5. The
ingoing beam only passes half the vacuum chamber to reach the center, hence only half
the percentage of power loss in the chamber is lost, assuming the power loss through the
chamber to be linear. Also, the retro-reflected beam passes the chamber 1.5× and passes
the second λ/4-waveplate twice, hence it loses 7% through this λ/4-waveplate twice. With
the power losses from figure 3.5, the transmitted fraction α of the retro-reflected beam can
be calculated and is found to be α(X,−Y ) = 0.72 and α(−X,−Y ) = 0.69 for both respective
diagonal beams.
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Figure 3.5: Schematic cut-through image (rear-view) of the vacuum vessel in the xy-plane. The
beamlines of the 780 nm trapping beams have been imaged as red arrows. In the figure, the power
losses of the trapping beams after the λ/4-waveplates and the power losses in the vacuum vessel
have been noted down. The coordinates (−X,−Y ) and (X,−Y ) represent the coordinates from
which the trapping beams will enter the system.

With the fractions α known, from equation (3.1), the Zeeman shift can now be calculated.
The solution for the Zeeman shift following from equation (3.1) is

ωZ = δL
1 + α

1− α ±
√
δ2
L

(
1 + α

1− α

)2

−
(
δ2
L +

Γ2

4

)
,

0 < 1 + 8β2 − 4β
√

4β2 + 1 < α < 1, δL = βΓ, δL < 0,

(3.2)

where 0 < 1 + 8β2 − 4β
√

4β2 + 1 < α < 1 defines the range for which values of α
still provides a real (non-complex) root for the Zeeman shift ωZ , where β > 0 is some real
number times the natural linewidth Γ that defines the laser detuning δL. The two solutions
of equation (3.2) follow from a quadratic equation.
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However, the solution that represents the Zeeman shift, is the solution with the minus-sign

as δL
1+α
1−α =

√
δ2
L

(
1+α
1−α

)2

, whereas, now

√
δ2
L

(
1+α
1−α

)2

−
(
δ2
L + Γ2

4

)
<

√
δ2
L

(
1+α
1−α

)2

, repre-

senting a shift in the detuning proportional to the laser detuning. As in this experiment
the trapping laser detuning is typically δL = 1.5Γ, the Zeeman shift ωZ has been calculated
for this value within the range of 0.6 ≤ α ≤ 0.9 as α will probably be within this range.
Note that in this range (with β = 1.5), the solution for ωZ will always be a real root, as
0 < 1 + 8β2 − 4β

√
4β2 + 1 < α < 1 = 0 < 0.026 < 0.6 ≤ α ≤ 0.9 < 1. This solution

for the Zeeman shift has been plotted in figure 3.6a. From this Zeeman shift, the MOT
displacement d can now be calculated by

d =
h̄ωZ
µB∇B

, (3.3)

with µB the Bohr magneton and ∇B ∼ 16 Gauss/cm [56] the magnetic field gradient of
the quadrupole magnet as mentioned before. The MOT displacement as a function of α,
following from equations (3.3), (3.4) and (3.5), is plotted in figure 3.6b.
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Figure 3.6: a) A plot of the Zeeman shift ωZ as a function of the fraction α. b) A plot of the
MOT displacement d as a function of α. The laser detuning for these plots are set at δL = 1.5Γ.
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From figure 3.6b, it can be derived, that for the losses of figure 3.5 in the diagonal trapping
beams, corresponding to the fractions α(−X,−Y ) = 0.69 and α(X,−Y ) = 0.72, the respective
MOT displacements are d(−X,−Y ) = 0.41 mm and d(X,−Y ) = 0.37 mm. This amount of
displacement of the MOT should not be of concern, however, to be sure, it was opted
to place lenses in the beam line on top of the top viewports ((X, Y ) and (−X, Y )) that
can be translated in their respective holders. These lenses are then shifted a small bit
from a telescope configuration that the lenses form themselves through the retro-reflection
mirrors. In this manner, the retro-reflected beams slightly converge with respect to the
ingoing trapping beams, to overcome the intensity mismatch in the center of the chamber.
To assure that the retro-reflected beam is converging, a polarizing beamsplitter (PBS) is
placed between the first λ/4-waveplate and the bottom viewport. The waveplate is then
rotated (as this changes the polarization of the incoming trapping beam) as such that the
ingoing beam is partially transmitted and partially reflected upwards by the PBS. As a
result of the double pass of the retro-reflected beam through the second λ/4-waveplate,
the retro-reflected beam is partially reflected downwards by the PBS. When the retro-
reflected beam is aligned correctly, now both the incoming and the retro-reflected beam
are now either reflected upwards or downwards respectively. Now, by translating the lenses
within its holder, the beamsizes of the incoming and retro-reflected beam can intuitively
be compared, and the lens can be positioned as such that the retro-reflected beam is
converging with respect to the incoming beam. This described method is demonstrated in
figure 3.7. Eventually, a MOT was successfully created with the inclusion of the lenses on
top of the trapping beam top viewports ((X, Y ) and (−X, Y )).
In the setup, it is also quite difficult to obtain a good estimate of the intensities of the +z-
and −z- trapping beams in the center of the trapping area, as these beams do either widely
expand or collimate when exiting the chamber through the respective windows. In order
to match the intensities in the center region of the accelerator, the power of the trapping
beam, coming out of the trapping laser locking system (see figure 3.4, has to be distributed
such that these intensities are most likely matching. Most likely, as the intensities cannot
be measured inside the vacuum chamber. Ideally, the output power of the trapping laser
system towards the chamber is ∼ 140 mW, achieved when the Toptica DLX110 diode
current is running at ∼ 1810 − 1870 mA at a diode temperature of 20.3 ◦C. This output
power has to be distributed to the different beam paths towards the chamber. Intensity
matching in order to obtain a MOT was found in the z-direction by sending ∼ 20 mW
into the −z beam path and about the same power in the +z beam, measured near a focal
point, just in front of the viewport at which the +z beam enters the vacuum chamber. For
the diagonal beams, about ∼ 5 mW/cm2 is sent into each separate diagonal beam path,
together with ∼ 500 µW/cm2 of repump laser power in each separate beam.
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Figure 3.7: Schematic cut-through image (rear-view) of the vacuum vessel in the xy-plane with
the setup for comparing the incoming and retro-reflected beam sizes. The yellow squares on
respectively the top and the bottom of the polarizable beamsplitter (PBS) are cut-through images
of respectively the incoming and the retro-reflected beam in the transversal plane of the beam. The
retro-lenses are displaced from their focal length f with respect to the retro-reflection mirror, such
that the alignment deviates slightly from a telescope configuration.

Polarization measurements

When the trapping and repumper beams are aligned well and the intensities are matched,
the polarizations of the ingoing beams have to be circularly polarized (σ+ or σ−) and
matched with the magnetic field induced by the quadrupole magnets. However, the
quadrupole magnetic fields cannot be measured inside the vacuum system and the polar-
ization can also not be measured directly. Therefore, similarly as in figure 3.7, a polarizing
beamsplitter cube has been placed inside the incoming beam path and both the transmit-
ted power (P ) as well as the reflected power (S) of the beam through the PBS have been
measured for different rotation angles of the λ/4-waveplate. An example of the result of
such a measurement is demonstrated in figure 3.8.
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Figure 3.8: Plot of the laser power as transmitted by the PBS (P ) and the laser power of the part
of the beam that is reflected by the PBS (S). The rotation angle of the waveplate for the +z beam
has been varied here. At the angles of the local maxima for P (minima for S), the laser light
going through the waveplate is circularly polarized.

When for these measurements, the transmitted power (P ) and the reflected power (S) are
equal, the beams are circularly polarized. In this manner the two angles (σ+ and σ−) of
the waveplates can be obtained at which the trapping beams are circularly polarized. After
this, the different combinations of the different waveplate angles have to be attempted in
order to obtain the right polarizations to create a MOT. In order to be able to create a
MOT, the rotation angle of the λ/4-waveplates (X,−Y ) and (−X,−Y ) have to be 97◦ and
120◦ respectively. For the −z beam, the rotation angle of the waveplate has to be 125◦ and
for the +z beam this rotation angle of the waveplate is 40◦. The angles may be tweaked a
bit to optimize the MOT.

With the MOT created and optimized, the conditions are set in order to be able to ex-
cite the laser cooled and trapped atoms to a Rydberg level. Section 3.3 will describe this
excitation process and the different lasers involved in this excitation process.

3.3 Rydberg excitation

After releasing the MOT, by switching off the trapping lasers, the Rb-85 are excited to a
Rydberg state by a two-step excitation process, as was also already briefly mentioned in
chapter 2. In this two-step excitation method, the de-excited atoms from the MOT are
first excited by a 780 nm laser beam to the 5P3/2(F = 4)-state at a certain Rabi frequency
Ω1 and laser detuning ∆1. From this stage the excited atoms are then excited to a nS1/2

Rydberg state through a 480 nm laser driven at a Rabi frequency Ω2 and laser detuning
∆2 as demonstrated in figure 2.1.
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The first excitation beam originates from the 780 nm trapping laser system and is fre-
quency shifted by the third AOM as already mentioned in section 3.2.1. This beam is then
coupled into an optical fiber, providing for a Gaussian beam profile, and is then guided at
a spatial light modulator (SLM), that is able to manipulate the phase of the incident laser
light to imprint a certain intensity pattern on its focal plane. In the setup, the SLM beam
is the guided into the system through the path of the +z trapping beam, where the focal
plane of the SLM is set to coincide with the created Rb-85 atom cloud, imprinting the
intensity pattern of the SLM modulated 780 nm excitation beam on the cloud of atoms.
The SLM is described more extensively in [32] and characterizations on the SLM in this
setup are described more extensively in [34].

The second step of the Rydberg excitation process, is exciting the intermediate state |e〉
Rb-85 atoms to a higher Rydberg state by exciting these atoms with a 480 nm beam. This
beam originates from a 960 nm Toptica TA-SHG 110 master laser system. The 960 nm
laser beam is locked externally to the TEM00 mode of a ultra-low expansion (ULE) cavity,
by means of Pound-Drever-Hall locking. For this reason, sidebands are modulated on the
960 nm master laser at 20 MHz. Then, a part of the 960 nm light is split off and is guided
into a fiber, where a fiber EOM can modulate the light, producing sidebands in a range
of 50 MHz to ∼ 3 GHz [61]. The 20 MHz sidebands are also modulated on the newly
created sidebands. The light, modulated by the fiber EOM, is then guided into the ULE
cavity. The ULE cavity is kept under vacuum at a temperature of exactly 30 ◦C, in order
to minimize the fluctuations in the cavity length. About ∼ 200 µW of 960 nm power has to
be sent into the ULE cavity in order to provide for stable locking. The Pound-Drever-Hall
locking process is extensively described by [62]. The EOM that modulates the 960 nm
laser light propagating towards the ULE, also allows for very small adjustments (∼ 10−6

nm) of the wavelength at which the 960 nm laser locks. A part of the light from the master
laser is coupled into a fiber, that is respectively coupled into a commercial wave meter,
that allows for a read-out wavelength up to 10−6 nm.

Inside the 960 nm master laser system, is a frequency doubling cavity, containing a second
harmonics generating (SHG) crystal that doubles the laser frequency, providing for a ∼ 200
mW 480 nm laser beam output. The frequency doubling cavity is also locked to the master
laser through Pound-Drever-Hall locking. More details on the 960 nm laser system and
the frequency doubling cavity are provided by [63].

The 480 nm beam is guided through an AOM to tune the amplitude and the frequency of
the beam and to allow for fast switching (rise time τ < 1 µs) of the beam. The 480 nm
beam is then coupled into an optical fiber that leads to the optical platform on top of the
vacuum vessel (see figure 3.2). About P ≤ 25 mW of 480 nm beam power coming out of
the optical fiber, is guided onto the MOT area where the beam coincides with the atoms
from the top, exciting the Rb-85 atoms to a Rydberg state.
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3.4 Rydberg atom detection

As the Rydberg atoms are created from the two-step excitation process, the next step is
to detect the Rydberg atoms. As the outer electron in a Rydberg atom is at a highly
excited state, it requires a very low amount of energy to ionize the Rydberg atoms as

Eion = Ei,limit − hc
(

1
λ1

+ 1
λ2

)
∼= 4.2 meV, as Ei,limit = 4.177 eV [45], λ1 = 780 nm and

λ2 = 480 nm. As ions are charged particles, an electric field can be used to accelerate the
ions towards a detector system, which will be discussed later. Therefore, the method of
detecting Rydberg atoms, that is commonly used, is either photoionization and measuring
the remaining atoms [21] or field ionization and detecting and counting the ions [35][64].
In this experiment, the latter method is opted, thus field ionizing the Rydberg atoms and
accelerating the ions to a ion detector system.

As mentioned before in section 3.1 and as can be observed in figure 3.1, the MOT is
created within the center of an accelerator structure. The length of the gap between the
inner and outer conductor of the accelerator is 2 cm (see figure 3.1). However, from sim-
ulations of the electric field inside the accelerator structure, as performed in [65] and [55],
it can be argued that the effective length of the accelerator in the z-direction is deff ∼= 2.2
cm, where the ions are created in the center of the accelerator structure.
The accelerator structure both provides for the field ionization, as well as the acceleration
of the ions towards the detector system through an approximately 1.8 m beam line. At the
accelerator, either a continuous or a pulsed positive voltage can be applied. In chapter 4
it will be argued that for the measurements a pulsed voltage is more feasible. In order to
create positive voltage pulses, a new device, the High Voltage Pulse Generator has been
developed and will be fully discussed in chapter 4.
At the end of the accelerator structure, due to the geometry of the electric field, the cre-
ated ions receive a transversal “exit kick”, as the accelerator structure is designed to have
the effect of a negative lens [55]. The magnification factor of this lens along a ∼ 1.8 m
beamline from where the ions are created and where the ions are detected is calculated
to be ∼ 47× without taking into account the space charge effects between the individual
ions [36]. At the end of the beamline is the ion detector system, consisting of an array of
2 micro-channel plates (MCPs) and a phosphor screen.
When an ion enters one of the many narrow channels of the MCP an electron avalanches
creates a bunch of electrons, that, through a potential on both MCPs, are accelerated
towards the second MCP in which in the next channels, the number of electrons are mul-
tiplied, creating an electron bunch. Following the creation of the electron bunch by a
single ion in the MCPs, the electrons hit a phosphor screen. The phosphor screen emits
two signals. One is a current signal of the colliding electrons, that is converted into a
voltage signal with a trans-impedance amplifier [53]. The voltage signal is then monitored
on a oscilloscope (Agilent DSO6054A). The second signal is the emission of light from the
spot where the electrons hit the screen. The light signal can then be imaged with a lens
onto a CCD camera, from which the individual ions, causing for the signal, can be detected.
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The resolution at the CCD camera is σres = 3.23 pixels. With a pixel size of 22.3 µm, the
CCD camera resolution is 72 µm. As the magnification factor from ions created at the
position of the MOT, propagating towards the detector screen, is ∼ 47, distances of ∼ 1.5
µm inside the MOT can be resolved on the CCD camera.

3.5 Experimental sequence

The entire experimental setup, from introducing the Rb-85 atoms into the system to the
creation of Rydberg atoms and the detection of the Rydberg atoms has now been described.
This entire system is schematically illustrated in figure 2.7. From this setup, a sequence of
the experimental cycle can be designed in order to perform Rydberg atom detection and
to study the behavior of Rydberg atoms. The sequence of a typical experimental cycle is
imaged in figure 3.9.

Figure 3.9: Schematic overview of the sequence of a single experimental cycle. Timing of the
pulses is not included as this may be varied. After loading the MOT, the trapping beams will be
turned off. A certain time after that, the atoms will be excited by the SLM and the 480 nm light
to a Rydberg state. After excitation, a voltage pulse is applied on the accelerator to ionize the
Rydberg atoms and accelerate the ions to the detector. After the time-of-flight of the ions in the
beamline, a current signal is observed on the oscilloscope of the ions that reached the detector.
Image is obtained from [34].

Initially, the MOT is created and loaded with∼ 107 atoms for about 20 ms when performing
a scan across resonance of a Rydberg line through the EOM of the 960 nm laser and for
about 200 ms, when a g2(r) measurement is performed. Then, typically, the MOT is
released for 500 µs by switching off the trapping lasers and the atoms decay back to the
ground state before being excited by the SLM. At the same time, the 480 nm beam comes
in from the top of the setup (see figure 2.7 and 3.2), either as a narrow Gaussian beam or
as a thin sheet. The atoms, already irradiated by the SLM, are then excited by the 480
nm beam, creating Rydberg atoms within the excitation volume that the two beams span.
The excitation lasers are switched on for typically 50 µs.
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It is important that the 480 nm beam is thin in the z-direction (typically a size of 2σz = 14
µm) [34], as otherwise it is likely that ions are created behind one another. As a result,
these ions cannot be differentiated as a 3D situation is then imaged by a 2D detection
system.
After excitation of the atoms to a Rydberg level, some tens of microseconds after the
excitation laser pulses, the voltage pulse is applied on the accelerator, ionizing the Rydberg
atoms and accelerating the created ions towards the detector, where the ions arrive and
are detected after a time-of-flight (TOF) of about ∼ 10−6 − 10−5 s.

3.6 Computer control

The entire experimental sequence as described in section 3.4 is computer controlled. The
timing and triggering of the experimental sequence is governed by a programmable pattern
generator (PPG). The PPG sends a sequence of electronic TTL (transistor-transistor logic)
pulses to trigger the switching of the different AOMs for the different lasers, as well as that
it triggers the voltage pulse, the CCD camera and the oscilloscope that measures the
current signal of the phosphor screen.
Furthermore, almost each component in the setup has its own piece of software, controlling
the component or device. For the AOMs, for example, the amplitude and frequency of RF
signal can be tuned through the software. Also, the high voltage source for the High
Voltage Pulse Generator (see chapter 4) and the MOT diagnostics are controlled through
different software. Almost all the software is written in LabWindows/CVI.
In an experiment, all the required components, including the PPG, can be linked to the
ScanController, which allows for the control and settings of each component in the setup, as
well as that it allows for data acquisition from the oscilloscope and the CCD camera. The
ScanController also allows for scanning over different possible variables within the setup,
like, for example, the 480 nm laser frequency (through the EOM of the 960 nm laser). The
acquired data in the measurements is processed through several Matlab scripts.
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Chapter 4

HV Pulse Generator

The setup described in the previous chapter is designed to detect Rydberg atoms and
demonstrate Rydberg interactions, by ionizing the Rydberg atoms and accelerating the
created ions towards a detector system. However, ionizing Rydberg atoms and accelerating
the ions towards a detector introduces Coulomb interactions in at least the transversal
plane of the ion motion. Ionization of atoms also introduces disorder induced heating,
which is also dependent on the aforementioned Coulomb interactions. Disorder-induced
heating is a plasma heating effect, that generally takes place in the order of an inverse (ion)
plasma frequency 2πω−1

P,i. For Sr-90 ions (close in mass to Rb-85 ions), the time scales for

disorder-induced heating of the ions is 2πω−1
P,i ∼ 10−7−10−6 s [66]. Reijnders also predicted

disorder-induced heating effects within the setup to be on the timescale of 2πω−1
P,i ∼ 1 µs,

with ωP,i =
√

nie2

miε0
[55]. However, the ion density ni within the setup is dependent on the

creation of Rydberg atoms within a certain excitation volume and hence this ion density
and thus the inverse plasma frequency time scale may differ from this ∼ 1 µs [34].
In order to distinguish Rydberg effects, it is important to know, where ions are created
and what the initial separation between the created ions is. Given the exit kick of the
accelerator provides for a (constant) on-screen magnification at the detector, space charge
effects complicate the distinction of these initial separations between the created ions on
the detector. Furthermore, it has been demonstrated that, at lower accelerator voltage
(< 3 kV), the effects of Coulomb interactions are of similar magnitude as the effects
of the accelerator exit kick (magnification factor of ∼ 47), for already large initial ion
separations (> 10 µm distance), as discussed in section 2.4.2. Increasing the accelerator
voltage, reduces the initial separation between ions at which Coulomb interactions become
of significant magnitude [36]. Therefore, in order to reduce the effects of disorder induced
heating and space charge effects through Coulomb interactions in the transversal plane,
the time-of-flight of the ions towards the detector has to be minimized.
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The method opted to minimize the time-of-flight of the ions in order to reduce the effects of
Coulomb interactions, is increasing the kinetic energy of the ions, reducing the propagation
time of the ions in the beamline towards the detector. This can be accomplished by applying
a high voltage on the accelerator in which the ions are accelerated, as

Ekin =
1

2
miv

2
i =

1

2
eV, (4.1)

with Ekin the kinetic energy of the ions, mi and vi respectively the ion mass and velocity, e
the ion charge and V the accelerator voltage. The factor 1

2
eV is explained by the fact that

ions are created in the center of the accelerator and are thus accelerated over half the length.
As the performed experiments are repetitive, the applied voltage on the accelerator has to
be pulsed within a time range well within the repetition rate of the experiment (1 − 100
Hz).The voltage being pulsed is also important, since Rydberg atoms are easily influenced
by even the slightest of electric fields through the Stark effect, as is already discussed in
section 2.1.1. Electric fields in the order of ∼ 60 mV/cm can already heavily shift high n
Rydberg S states (such as 99S, 100S and 101S) and mix these with other Rydberg states
as is demonstrated in the Stark map, that was calculated within the CQT group, displayed
in figure 4.1.

Figure 4.1: Stark map for high n Rydberg levels. This Stark map describes the level shift for
various Rydberg levels due to an external electric field. The Stark map is calculated by Corstens
within the group of CQT.

For this reason, it is important that the applied voltage pulse is well under 60 · deff = 130
mV on the accelerator when the next data set in the measurement is performed. Hence the
aforementioned repetition rate, the voltage on the accelerator would have to be dropped
under a millivolt within 10 ms. It is also important that the rise time of the voltage pulse
is sufficiently short (∼ 10−7 ms) in order to maximize the kinetic energy of the ions within
the range of the accelerator.
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However, standard fabricated high voltage supplies are not able in producing high voltage
pulses and client specific pulsed high voltage supplies are quite expensive. For this cause,
a High Voltage (HV) Pulse Generator has been developed, that meets the aforementioned
requirements.
In the following sections, the electric circuit of this device will be discussed and ex-
plained. This electric circuit is then analyzed by running simulations of the circuit in
OrCAD®PSpice®. This analysis is then backed up by a fully analytical derivation of
the high voltage pulse on the accelerator, following from the electric circuit by making
some simplifications of the circuit. Other sections focus on operating the device, while test
measurements on the HV Pulse Generator are discussed in chapter 5.

4.1 Electric circuit

The electric circuit that corresponds with the HV Pulse Generator is imaged in figure 4.2.
The electric circuit is designed by A. H. Kemper within the group of CQT. The High
Voltage Pulse Generator is driven by a Matsusada AU-30R1-L high voltage supply, that
is able to produce voltages up to −30 kV. The main component in creating high voltage
pulses is the Behlke Model Series HTS 300, which is a fast high voltage transistor switch
with an internal resistance of Rs = 220 Ω and a characteristic on-time of ts = 150 ns in
which the switch is closed, hence defining the pulse rise time of the HV pulse.

Figure 4.2: Electric circuit of the HV Pulse Generator. The Behlke switch is mimicked in PSpice
by a triggered switch S1, triggered by a pulsed voltage source V3, with a characteristic resistance
Rs. The capacitance of the coax cable Ccoax and the capacitance of the accelerator Cacc are
combined in CkV in PSpice. Electric circuit design by A. H. Kemper.
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As the Behlke switch is a transistor switch, the switch is not physically open or closed if
mentioned so, however, this analogy will be used throughout this thesis for understandabil-
ity purposes. In the circuit, the CkV capacitor represents a replacement capacitor of the
capacitance of the accelerator (Cacc = 12 pF [65]) and the capacitance of the coax cable
(100 pF/m cable, Ccoax = 230 pF for 2.3 m cable within the setup). This coax cable runs
from the high voltage cabinet, in which the electric components of the setup are mounted,
towards the accelerator feed-through. Hence, the coax cable and the accelerator can be
considered as being connected in parallel. The capacitances can then be added to the
displayed value of 242 pF, thus

CkV = Ccoax + Cacc = 242 pF. (4.2)

As mentioned before, the High Holtage Pulse Generator is driven by a negative voltage
source, running at a maximum current of 1 mA. This voltage source charges a buffer
capacitor (Cb) of 10 nF (in fact 5 2 nF Murata N4700 capacitors connected in parallel) and
the 2 nF load capacitor CL, bringing this particular voltage of this capacitor to the same
negative voltage as the voltage source. The switch at this point, is still open, hence no
current flows through the switch at this moment. As soon as the switch is closed, the left
side of capacitor CL is grounded and the capacitor CL then discharges to almost 0 V, from
the initial negative voltage. At the same time, the discharge of the load capacitor, charges
the accelerator CkV positively with about the same voltage amplitude as the negative
voltage initially applied on the load capacitor. The current through the switch is limited
by the internal resistance Rs = 220 Ω as the maximum peak current of the Behlke switch
is 30 A. After 150 ns the switch re-opens. From this point, the replacement capacitance
of the accelerator (CkV ) drops in voltage over the 10 kΩ R2 resistor (also consisting of 2
Nicrom resistors of 5 kΩ in series) as the load capacitor (CL) is negatively charged again.
However, some of the charge on the load capacitor also flows to the accelerator and vice
versa. The load capacitor CL is recharged by charge from the buffer capacitor Cb, which,
in turn, is recharged by the high voltage source. This behavior will become more evident
in the simulations and the analytical derivation of the HV pulse, which will be provided in
the next section.

4.2 Electric circuit analysis

In order to obtain a better understanding of the the behavior of the high voltage pulse at
the accelerator, the electrical circuit was implemented in OrCAD® PSpice® and will
be discussed in subsection 4.2.1. Furthermore, a full analytical derivation of the HV pulse
at the accelerator is calculated and will be elaborated on in subsection 4.2.2.
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4.2.1 PSpice high voltage circuit simulation

The configuration of the circuit as implemented in PSpice is displayed in figure 4.2. The
Behlke HV switch is imaged in figure 4.2 as a regular switch, driven by a pulsed voltage
source or function generator for simplification purposes, as it is actually a fast transistor
switch. The results of this PSpice simulation are displayed in figure 4.3.
The general shape of the pulse is as expected, with a high voltage pulse that reaches the
maximum value after the 150 ns in which the switch is closed, while the pulses decays over
a longer timescale of a few microseconds. It can be observed that the peak voltage reached
is ∼ 17 kV, while −20 kV was applied on the high voltage source. Another feature that
stands out in figure 4.3 is that the voltage becomes negative after ∼ 4.4 µs and reaches a
value of about ∼ −400 V after ∼ 8.8 µs. The reason for this to occur, is that, after the
switch re-opens, both capacitor CL (in figure 4.2) as well as the accelerator capacitors (CkV )
start to respectively charge (negatively) and discharge. This occurs mostly over resistor R2,
however, a part of the charge on capacitor CL also partially recharges the capacitor of the
accelerator, charging it negatively. Eventually, this negative voltage decays by discharging
over resistor R2, after which the voltage over the accelerator approximately reaches 0, more
precisely in the order of ∼ 10−1 mV in 700 µs, according to the simulation. This is already
sufficient for the residual voltage on the accelerator not being of influence on the created
Rydberg atoms within the setup through Stark effects. Especially, while considering that
the repetition rate between subsequent measurements is 1−100 Hz (period of 10−2−1 s) in
the current setup. The next section will provide for a full analytical analysis of the circuit
as imaged in figure 4.2 and hence provide for an explanation of the features described
above.
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Figure 4.3: A PSpice simulation of the electric circuit of figure 4.2 with an input voltage of −20
kV. The high voltage pulse at the accelerator VkV is plotted versus the time.
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4.2.2 Analytical derivation of the high voltage circuit

In this section, a complete analytical result will be derived for the voltage on capacitor
CL (see figure 4.2) and the voltage on the accelerator (CkV ) as a function of time. This
is achieved by setting up the differential equations for the mentioned voltages by dividing
the electric circuit of figure 4.2 in two parts. One part is a simplified representation of
the circuit in the timespan from the moment the switch is closed, where the other part
represents the behavior of the circuit when the switch re-opens. These different simplified
representations of the circuit will each be analyzed separately in the time domain and hence
be considered separately in the following two subsections. For the analysis in the following
subsections, Ohms Law and the current and voltage properties of capacitors are assumed
to be known [67]. In both cases, the voltage source is assumed to be an ideal voltage source,
meaning that the internal resistance of the source is equal to 0, yielding that the voltage
can be transferred from the voltage source instantly. This also yields that, under this
assumption, the buffer capacitor Cb can be left out of the simplified representations. The
buffer capacitor, namely, provides for the charge (and thus voltage) on the load capacitor
CL, whereas in reality the voltage source is not ideal and can only supply for the voltage in
a relatively long finite time. And within this finite time, the high voltage source in reality
charges the buffer capacitor, whereas the buffer capacitor can provide the charge for the
load capacitor rapidly (within an RC time of R1Cb = 100 µs). Also, in the assumptions,
the switch is an ideal switch with the internal resistance of the switch represented as
a resistor in series of Rs = 220 Ω, yielding that when closed, the switch has a 220 Ω
resistance, whereas, when opened, the resistance of the switch is considered to be Rs =∞.
In reality, the switch is a MOSFET with a specific turn on and turn off rise time, in which
some current is already allowed through the switch. In the analytical calculations, the
aformentioned assumptions hold, whereas the side notes to these assumptions are required
as well to fully understand the behavior of the circuit. These assumptions apply for both
stages that will be considered in calculating the behavior of the high voltage pulse.

Stage 1: Closed switch

As explained in the previous section, there will be distinguished between two stages in
describing the high voltage pulse. Each stage has initial conditions and in combining the
two stages, the found solutions have to satisfy the continuity boundary conditions at the
time the switch re-opens, namely at t = ts = 150 ns. For the derivations of stage 1, it is
assumed that the switch is closed at t = 0. Furthermore, the initial conditions at t = 0 are
that the voltage at capacitor CL is

VL(0) = V0, V0 < 0, (4.3)

where V0 is the voltage as provided by the voltage source. Considering figure 4.2, it can
be deduced that the voltage, just before closing the switch, hence at t = 0−, is equal to
V0, as the left side of capacitor CL is already charged by the voltage source or the buffer
capacitor Cb before the switch is closed.
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At the same time, the initial voltage at the accelerator

VkV (0) = 0. (4.4)

So, as the capacitor CL is negatively charged, the capacitor CkV has 0 charge as there is
no current running through the load capacitor yet. At the moment when the switch closes,
the electric scheme of figure 4.2, can be simplified to the form as imaged in figure 4.4. In
the figure, the closed switch is treated as a short with a resistor Rs to represent the internal
resistance of the switch. The arrows represent the currents and the directions in which
the currents run. Now, when applying Kirchhoffs current law [67] on the different nodes,
expressions can be found for the different currents. From these expressions, the differential
equations for this simplified circuit can be derived. The current i is running to the left as
the negative charge of CL goes to ground over the switch, where, as a consequence, the
accelerator CkV becomes positively charged over time, yielding an electron current i in the
opposite direction (hence to the left). The orientation of the different currents determines
the sign in the equations following from Kirchhoffs current law. The currents is, i2 and i3
run from some (positive) potential to ground, whereas the direction of current i1 is directed
to the left in figure 4.4 as this current runs from potential 0 to a negative potential V0.

Figure 4.4: Simplified electric circuit of figure 4.2 with the HV switch closed. With the switch
closed, the entire switch is replaced by its internal resistance and a short. The black arrows in
the figure denote direction in which the current is flowing. These directions also determine the +
or − signs when writing down Kirchhoff’s current law. The applied voltage by the HV supply is
called V0 here, as well as in the rest of the derivation of the HV pulse.

Following from figure 4.4, three different expressions for the current i can be obtained: one
by considering the difference between the voltages over time over CL (eq. (4.5)) and two by
applying Kirchhoffs current law over the two present nodes in the simplified circuit (eqs.
(4.6) and (4.7)).
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So

i = CL

(
dVkV
dt
− dVL

dt

)
, (4.5)

with dVkV
dt

the time derivative of the voltage over the accelerator and dVL
dt

the time derivative
of the voltage over the load capacitor CL. From Kirchhoffs current law it then follows that

i = −i2 − i3 = −VkV
R2

− CkV
dVkV
dt

, (4.6)

and

i = i1 + is =
VL − V0

R1

+
VL
Rs

. (4.7)

By eliminating i and rewriting the equations, two coupled first order differential equations
can be obtained(

V̇L
V̇kV

)
= −

( 1
R1CL

+ 1
RsCL

+ 1
R1CkV

+ 1
RsCkV

1
R2CkV

1
R1CkV

+ 1
RsCkV

1
R2CkV

)(
VL
VkV

)
+ V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
.

(4.8)
Here, different combinations of R and C represent so-called RC time constants, where
V̇L and V̇kV are the first order time derivatives of the voltages VL and VkV . This set
of differential equations can be analytically solved with the right initial conditions that
were set in equations (4.3) and (4.4). The solutions for this system consist of a stationary
inhomogeneous part (vL, vkV ) and a homogeneous part (VL,hom(t), VkV,hom(t)). In Appendix
A, the full derivation of the analytical solution for the high voltage pulse is provided. So
the solutions have the form of VL(t) = VL,hom(t) + vL and VkV (t) = VkV,hom(t) + vkV . The
general solution for the differential equations of (4.8), following these calculations with the
set initial conditions and the assumption that the inhomogeneous solution is the stationary
solution, is

(
VL(t)
VkV (t)

)
=

(
Rs

R1+Rs
V0

0

)
+

R1

R1 +Rs

V0

λ1 − λ2

[(
λ1 − c
a

)
e−λ1t −

(
λ2 − c
a

)
e−λ2t

]
, (4.9)

with λ1,2 eigen values defined in Appendix A and with a and c inverse time constants as
defined in table A.1 of Appendix A. The solution of the high voltage pulse that is provided
by the High Voltage Pulse Generator is VkV (t) of (4.9) for the time being in which the
switch is closed (0 ≤ t ≤ ts, ts = 150 ns). As the switch re-opens after the characteristic
time ts, the values of the voltage VL and VkV at this time are chosen as the initial condi-
tions for the differential equations that describe the behaviour of the high voltage pulse
after the switch is re-opened. This because the corresponding functions of the high voltage
pulse with the closed and re-opened switch respectively have to be continuous in ts, hence
VkV,closed(ts) = VkV,re−opened(ts) and VL,closed(ts) = VL,re−opened(ts).
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From the solutions, provided in (4.9), these values can be calculated to be

V1 = VL(ts) and V2 = VkV (ts). (4.10)

The next section will describe the behavior of the high voltage pulse when the switch is
re-opened and will give an overview of the full behaviour of the high voltage pulse, as well
as a comparison with the PSpice simulations.

Stage 2: Re-opened switch

From the moment the switch re-opens, assuming that the switch is ideal, the simplified
lay-out of the circuit of figure 4.2 alters into the form as displayed in figure 4.5. Another
assumption for the part in which the switch is re-opened, is that, for the calculations, the
time that the switch re-opens are set to t = 0, to simplify the calculations. Hence, in
order to satisfy the continuity boundary conditions at t = ts, the initial conditions for this
second stage of the calculations then have the values of (4.10), thus

VL(0) = V1 and VkV (0) = V2. (4.11)

Now, when the switch re-opens, capacitor CL recharges (negatively), while the accelerator
discharges mainly over resistor R2. However, it is also expected that some of the negative
charge on capacitor CL also partially negatively charges the accelerator after discharging. It
is expected that the voltage at the accelerator eventually again equilibrates to 0. In order
to evaluate the exact behavior of the voltage pulse after the switch re-opens, again the
simplified circuit of figure 4.5 is analytically calculated as well. The combined analytical
solutions of the two defined stages of the voltage pulse VkV are then compared to the result
obtained from the PSpice simulations, imaged in figure 4.3.

Now, for the situation in which the switch is re-opened, following from figure 4.5, again
three different expressions for the current i′ can be obtained following Kirchoff’s current
law [67], namely

i′ =
VL − V0

R1

= CL

(
dVkV
dt
− dVL

dt

)
(4.12)

and

i′ = −i4 − i5 = −VkV
R2

− CkV
dVkV
dt

. (4.13)

By eliminating i′ again and after rewriting, the following set of differential equations can
be obtained.

(
V̇L
V̇kV

)
= −

( 1
R1CL

+ 1
R1CkV

1
R2CkV

1
R1CkV

1
R2CkV

)(
VL
VkV

)
+ V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
. (4.14)
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Figure 4.5: Simplified electric circuit of figure 4.2 with the HV switch re-opened. With the switch
re-opened, the entire switch is neglected, as when it is re-opened, the internal resistance of the
switch assumed to be ∞. The black arrows in the figure again denote direction in which the
current is flowing and again, these directions determine the + or − signs when writing down
Kirchhoff’s current law.

As can be observed, this system of differential equations is similar to the one in (4.8) and
hence, the solutions for this system are also similar and thus again consist of a stationary
inhomogeneous part (vL, vkV ) and a homogeneous part (VL,hom(t), VkV,hom(t)), that can be
calculated in a similar manner as in stage 1. So the solutions have the form of VL(t) =
VL,hom(t) + vL and VkV (t) = VkV,hom(t) + vkV . The full analytical calculations of these
differential equations is again provided in Appendix A. From this, the general solution of
the differential equations from (4.14) are found to be

(
VL(t)
VkV (t)

)
=

(
V0

0

)
+
V1 − V0 − V2

d

λ3 − λ4

(
(λ4 − c)

(
λ3 − c
d

)
e−λ3t − (λ3 − c)

(
λ4 − c
d

)
e−λ4t

)
,

(4.15)
with λ3,4 now the eigen values of equations (4.14) as defined in Appendix A and with c
and d inverse time constants as defined in table A.1 of Appendix A. The part of the high
voltage pulse of this general solution is again defined by VkV (t).

Now, with the general solution of both stages of the high voltage switch, the general
solution can be given for the entire high voltage pulse that is delivered to the accelerator
by the High Voltage Pulse Generator and is given by

VkV =

{
R1

R1+Rs

V0
λ1−λ2a

(
e−λ1t − e−λ2t

)
, 0 ≤ t ≤ ts

V1−V0−V2
d

λ3−λ4 d
(
(λ4 − c)e−λ3(t−ts) − (λ3 − c)e−λ4(t−ts)

)
, t > ts

(4.16)
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In calculating the stage after which the switch is re-opened, the time t = ts was defined
as t = 0, to simplify the calculations. So in the final solution for the voltage VkV , this
has to be taken into account by substituting t → t − ts for t > ts. Since the complete
solution for a single high voltage pulse at the accelerator is calculated, this expression can
be plotted and compared to the voltage pulse simulated by PSpice as imaged in figure 4.3.
The results of this plot can be observed in figure 4.6.
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Figure 4.6: A single high voltage pulse VkV of 20 kV as a function of time. The blue curve
represents the PSpice simulation of the HV pulse, where the red curve represents the analytical
solution of the HV pulse as described in equation (4.16).

As can be observed in figure 4.6, the analytical solution and the PSpice simulation are con-
sistent. This probably yields that PSpice numerically solves the same differential equations
as calculated in subsections Stage 1 and Stage 2, with probably also the same assumptions,
thus assuming an ideal voltage source and switch (for which the parameters can be set)
and a stationary solution for the inhomogeneous solution.

Now, as the high voltage pulse is calculated analytically, the fundamental behavior of
the HV Pulse Generator can be more thoroughly explained. In equation (4.16), it can be
observed that for both 0 ≤ t ≤ ts and t > ts the general solution has the form of two
decaying exponents. Each of these exponents is dependent on the time t, with some eigen
value λ that represents an inverse time constant and each exponent has its own amplitude,
where one is negative and the other positive.
Firstly, for 0 ≤ t ≤ ts, it can be derived from table A.1 in Appendix A, that the time
constant 1/λ1 ∼= 46 ns is more dominant over the first 150 ns than 1/λ2 ∼= 23 µs. It can
also be observed from table A.1, that this time constant 1/λ1 is mainly determined by time
constant τ1 = R̃CkV ∼= 52 ns, where R̃ ∼= Rs is the replacement resistor for R1 and Rs, with
R1 � Rs. This is expected as it corresponds to the charge going from the load capacitor
via the switch and ground towards the accelerator CkV .
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It can be observed in figure 4.6, that not the entire 20 kV is transferred, but this can be
explained by equation (4.16), as the amplitude V0 = −20 kV is decreased by the factor

a
λ1−λ2 , as the factor R1

R1+Rs

∼= 1 does not contribute a lot to the voltage amplitude. The
factor a

λ1−λ2 has to be simplified in order to acquire a physical understanding of this term.
With table A.1 and equation (A.13), the aforementioned factor this can be achieved. From
equation (A.13), it namely follows that λ1 − λ2 =

√
(a+ b+ c)2 − 4bc. As a � b � c

(see table A.1), it can be assumed that λ1 − λ2
∼= a + b + c. So the term a

λ1−λ2
∼= a

a+b+c
.

Rewriting this in terms of the RC time constants, as displayed in table A.1, gives

a

λ1 − λ2

∼= a

a+ b+ c
=

CL

CL + CkV + R̃
R2
CL

, (4.17)

which is more or less, what is expected, as it is expected that the total charge divides over
both capacitors CL and CkV roughly as CL

CL+CkV
. This is the case, as R̃

R2
CL � CL, CkV ,

so this explains the voltage division, leading to a reduced peak value of the high voltage
pulse.
Now, for t > ts, the general solution is build up in the same manner as for 0 ≤ t ≤ ts, how-
ever, the terms of the amplitudes are a bit more complicated, as well as the dominant time
scales. First of all, the time constants for both exponents are 1/λ3 ∼= 1.2 µs and 1/λ4 ∼= 41 µs

and the amplitudes are z3 =
V1−V0−V2

d
(λ4−c)

λ3−λ4 d ∼= 16.9 kV and z4 =
V0−V1+

V2
d

(λ3−c)
λ3−λ4 d ∼= −535

V. This explains the behavior after closing the switch, as the first term (z3e
−λ3(t−ts)) is

dominant in the first ∼ 0− 8 µs, as the voltage drops fast and starts to drop slower as the
influence of the second term starts growing. As this term is negative and the time constant
is bigger, the voltage on the accelerator slowly increases from t >∼ 9 µs and eventually
reaches 0 again when t→∞. The time constant 1/λ3 is mainly governed by time constants
τ3 = R1CkV and τ4 = R2CkV which basically describe the discharging of the accelerator
over resistors R1 and R2 as figure 4.6 suggests. The time constant 1/λ4 is mostly governed
by time constant R1CL, which describes the recharging (to a negative charge) of the load
capacitor CL.

Now that the characteristics of the electric circuit of the High Voltage Pulse Generator
are described, it is required to actually operate the device and test whether the device
will actually create pulses, that are similar to the (analytically) calculated and simulated
HV pulses. Section 4.3 will elaborate on the device itself and how to operate it, where in
chapter 5, measurements with the device are performed in order to verify if the actual HV
pulses are consistent with the expected pulses that were calculated.
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4.3 The device

In the actual device, the electric circuit of figure 4.2 is physically built within a high
voltage cabinet of 60× 60× 38 cm, in which everything is mounted on a grounded bottom
plate (54 cm) and between two grounded side plates. Figure 4.7 displays the actual High
Voltage Pulse Generator. As can be observed in the figure, all components, mentioned in
section 4.2, forming the electric circuit of figure 4.2 are connected by thick custom made
aluminum slabs from which the corners and edges are rounded by a radius R ∼ 6− 8 mm
to prevent electric breakdown or the formation of coronas around the connections. The
electric field for electrical breakdown in air is namely typically 3 kV/mm [68]. However,
the electric field is geometrically enhanced when sharp edges or corners are present [69].
Therefore, within the design of the HV Pulse Generator, the electrical breakdown electric
field and the geometrical electric field enhancements have been taken into account with
an extra margin to be absolutely sure, that electrical breakdowns will not occur. This
includes, as mentioned before, rounded edges and corners, as well as sufficient distance
between all components and connections that are at a different electric potential. Sufficient
distance between the connecting pieces and the ground plate are assured by five ceramic
high voltage post insulators, that also support the entire structure. The Behlke Fast High
Voltage Transistor Switch (HTS 300) and the driver of the switch are mounted on a hard
plastic platform, where the switch’ driver is electrically isolated by two grounded aluminum
plates (one on each side) on the platform. However, there are some components in this
setup, that are not mentioned in the electric circuit of figure 4.2, which is the main circuit
that provides for the high voltage pulse. Within the setup, some extra components have
been added to be able to monitor the high voltage pulse on an oscilloscope (Tektronix TDS
2024B), as an oscilloscope does not have a HT30 high voltage connector, nor will it be able
to handle voltages in the range of several kilovolts. To be able to monitor the high voltage
pulse, a 50 Ohm measure resistor Rm (component L) in figure 4.7) is introduced, to create
a voltage divider of Rm

R2+Rm

∼= 1 : 200. Connected to this voltage divider is a spark gap M),
connected in parallel, that breaks down if the voltage exceeds the maximum input voltage
of the scope. To further reduce the voltage on the monitor, a Mini Circuits 15542 HAT 20
dB attenuator is connected to the spark gap to attenuate the monitor voltage by a factor of
10. The monitor voltage is even further reduced by a factor of 2 by closing the connection
to the scope off, by connecting a parallel 50 Ω resistor, also to prevent reflections through
impedance mismatch. All these precautions provide for an attenuation factor of roughly
∼ 4000×, which reduces a maximum input voltage from the Matsusada HV supply of −30
kV, corresponding to a ∼ 30 kV HV pulse, to a maximum monitor voltage pulse of ∼ 7.5
V. The precise attenuation factor will be probed in chapter 5 in order to calibrate the
measured signal on the scope.
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Figure 4.7: Picture of the High Voltage Pulse Generator with labels A-O defining the different
components. A) HT30 HV feed-through connector serving as the input for the HV Pulse Gener-
ator. Within the setup the Matsusada HV supply output is connected to this connector. B) Bank
of 5 2 nF Murata N4700 capacitors, connected in parallel with the function of buffer capacitor
Cb. C) R1 resistor consisting of 2 Nicrom 500.20 resistors of 5 kΩ. D) 1 GΩ bleeder resistor to
drain the buffer capacitor, when the voltage is turned down or the HV supply is turned off. E)
Behlke HTS300 High Voltage Transistor Switch. F) Ground connections of the HV switch. G)
Custom made driver of the switch. H) BNC feed-through for the TTL triggering signal (5 V) of
the switch’s driver. I) Feed through for the power supply (12 V) for the driver of the switch. J)
Load capacitor CL consisting of a 2 nF Murata N4700 capacitor. K) Resistor R2 consisting of 2
Nicrom 500.20 resistors of 5 kΩ. L) A 50 Ω measure resistance forming a 50 Ω voltage divider
with resistor K). M) BNC feed-through for the monitor signal consisting of a spark gap. N) Wire
to the output cable, screened of by a stress cone to prevent ringing. O) A 2.3 m output cable (100
pF/m) with HT30 connector.
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Now, in order to operate the HV Pulse Generator, it is required to connect some other
devices to the HV Pulse Generator to have it operate successfully. The high voltage is pro-
vided by the Matsusada AU-30R1-L high voltage supply. This voltage is provided through
a high voltage cable with an HT30 connector, that has to be inserted in the complemen-
tary connector at the HV feed-through A) of the HV Pulse Generator. Furthermore, the
driver of the switch needs two separate inputs to succesfully operate and trigger the Behlke
switch. For one, the driver requires an input voltage of no more (!) than 12 V, that can be
connected to feed-through I). A simple power supply suffices for this purpose. The second
input that is required, is a TTL signal with preferably a heaviside step function with an
amplitude of 5 V and a maximum frequency of 10 kHz, as the Behlke switch cannot handle
a higher frequency. However, in the setup, the repetition rate never exceeds 50 Hz, hence
this should not be a problem. The TTL signal can be (and in the setup is) provided by an
Agilent 33220A function/arbitrary waveform generator, where the output of this arbitrary
waveform generator has to be connected (BNC connector) to the the BNC feed-through
H) of the HV Pulse Generator, which connects it to the driver of the switch. The arbitrary
waveform generator itself, in the setup, is triggered by the Programmable Pattern Gen-
erator (PPG), which enables full computer control of a measurement sequence. Finally,
it has to be assured that wire N) that is shielded by a stress cone is connected to the
right connecting piece, connecting the load capacitor CL or J) to the output cable of the
HV Pulse Generator. The HT30 HV connector at the end of the cable has to be inserted
into the HV feed-through of the accelerator, or, for the test measurements of chapter 5,
be inserted in a custom made voltage dump. For safety measure an interlock switch P) is
mounted inside the HV cabinet that has a cable going to the interlock of the Matsusada
HV supply. This interlock works as such, that the Matsusada power supply only works if
the lid of the HV cabinet is completely locked. Another safety measure is a build-in bleeder
resistor D) of 1 GΩ that discharges the buffer capacitor Cb or B) when the Matsusada HV
supply is switched off or when the applied voltage is reduced. This bleeder resistor is also
included in the electric circuit of figure 4.2 (R3 in the image).

When everything is connected, operating the device is fairly simple. To start, the Matsu-
sada HV supply has to be switched on, together with the power supply for the driver of the
switch and the TTL, in this setup the arbitrary waveform generator, for the driver of the
switch. The Matsusada HV supply is also operated from the computer through the soft-
ware called ‘HV control.exe’, the user interface of which is displayed in figure 4.8a. Before
being able to change the voltage on the device, the “Off”-button on the user interface has
to be switched to “On” by clicking on it. The voltage can then be changed to any desired
voltage. The software then ramps up the voltage to this value within a certain range to
which the software refers to as “stable”, which is displayed in the user interface with a
green light. When the voltage is getting ramped up, the user interface shows a yellow light
at “Ramping”. In the initial file ‘HV control.ini’ (see figure 4.8b), these ramp rates can be
adjusted for quicker or slower ramping (“rate1”, “rate2”, “rate3” in figure 4.8b).
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Figure 4.8: a) User interface of the ‘HV control.exe’ software controlling the Matsusada HV
supply. b) File for the initial settings of the ‘HV control’ software.

Also, the voltages (“limit1”, “limit2” in figure 4.8b) or rather the fraction of the volt-
age (“factor1”, “factor2”), for when the second and third ramping rates are utilized, can
be set as well. In the initial file, also the current limits for the maximum current at which
the Matsusada HV supply is operating, can be set (“current hold l” and “current hold h”
in figure 4.8b). When the current exceeds these limits, the software regards this as a
‘breakdown’, which can be observed in the user interface as a red light, referred to as
“Breakdown/error”, and accordingly switches off the HV supply and restarts it after a
certain time ‘time hold’. When the HV supply has reached the desired voltage, the only
requirement to create HV pulse with the HV Pulse Generator is to setup the correct pulse
parameters (waveform, amplitude and frequency) at the waveform generator and switch
the output of the waveform generator on. As mentioned above, the HV pulse can be mon-
itored on a scope from a connection running from M).
In chapter 5, the HV Pulse Generator is operated and test measurements have been per-
formed in order to verify, whether the most prominent and important features of the device
work as designed and calculated in sections 4.1 and 4.2.
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Chapter 5

Application of the HV Pulse
Generator

In chapter 5, the HV Pulse Generator is operated in order to verify, whether the specifica-
tions match with the simulations and analytical calculations of the HV pulses of chapter
4. Furthermore, the HV Pulse Generator is also implemented in the setup and Rydberg
spectrum measurements, as already briefly described in chapter 2 have been performed.
The reason for this is to observe, whether the Rydberg state, that is scanned across, expe-
riences a Stark shift due to the supposed residual voltage on the accelerator, to verify the
test measurements.
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5.1 Test measurements

This section will discuss the results of the test measurements that were performed to test
whether the specifications of the HV Pulse Generator match with what has been designed
and calculated in chapter 4. Specifications that have to be tested are, first of all, whether
the HV pulse behaves like predicted in chapter 4. For this reason, the attenuation factor
of the monitor signal has to be determined, as the monitor signal is used to probe the
actual HV pulse. Then, it has to be verified, whether the high voltage pulse peak voltage
matches with the calculated peak voltage of the analytical solution from section 4.2.2. As
the oscilloscope has certain measuring options, also the rise time, defined as the time in
which a pulse rises from 10% to 90% of its maximum value, of the HV pulses can be ver-
ified. Furthermore, it has to be verified that the buffer capacitor Cb is recharged by the
Matsusada HV supply within the repetition rate of a pulse. Also, obtaining an estimate
of what amount of current the HV supply is draining to recharge the buffer capacitor is
required, as the maximum current that the Matsusada HV supply can supply is 1 mA.
The last specification that has to be tested and probably one of the more important ones,
is what the residual voltage is on the accelerator just before the next HV pulse is created
within an experimental cycle.

First of all, as the monitor signal is the only reference of the high voltage pulse, when
operated, it is important to ensure how this monitor signal scales with the HV pulse that
will be applied on the accelerator. Therefore, some measurements have been performed for
HV pulses ranging from 3 − 30 kV in steps of 3 kV in order to measure the attenuation
factor of the monitor signal with respect to the actual HV pulse. Due to some voltage
losses, as described in the amplitude terms in equation (4.16), the mentioned voltages are
not reached. However, in the rest of this chapter, HV pulses will be referred to as positive
values of the input voltage. So a pulse with an input voltage from the HV supply of −30
kV will be referred to as a 30 kV HV pulse, even though this voltage is not reached. In
order to measure the attenuation factor, some method has to be found to directly mea-
sure the HV pulse and compare this with the signal measured on the monitor output. To
achieve this, the interlock of the HV cabinet P) of the HV Pulse Generator is bypassed
and a Tektronix P6015A high voltage probe is then used to directly measure the HV pulse
at the connector after the load capacitor between J) and N) (see figure 4.7). An example
of what these pulses look like is displayed in figure 5.1.
The voltages measured on the scope, are measured peak-to-peak (‘Pk-Pk’), however, as
the negative part of the HV pulse is not displayed within the timescale of this scope image,
this peak-to-peak voltage corresponds with the absolute maximum of the HV pulse. Also,
the rise time (10 − 90%) of the pulse can be measured on the scope as can be observed
within figure 5.1. As also can be observed, the monitor output (yellow signal on the scope)
has the same shape as the pulse as directly measured by the HV probe (blue signal on the
scope). This indicates that the monitor pulse probably provides for a good representation
of the actual voltage pulse that will be applied on the accelerator.
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Figure 5.1: Scope image of a 6 kV HV pulse. CH1 (yellow) displays the monitor signal of the
high voltage pulse, where CH2 (blue) displays the signal measured directly through the HV probe.
For an indication of the signal parameters, for both signals the peak-to-peak voltage (Pk-Pk) and
the rise time are displayed. The timescale is 1 µs per division.

As the voltage of the monitor signal is some fraction of the actual high voltage pulse, the fac-
tor that determines this fraction is the attenuation factor, hence the attenuation factor =
VkV

Vmonitor
, with VkV the output voltage of the HV Pulse Generator as will be applied on the

accelerator and measured by the HV probe. To measure this attenuation factor, it has to
be verified that this factor is the same for different applied voltages, hence that there is
a linear relation between the measured voltage on the monitor output and the measured
voltage on the HV probe. This relationship is plotted for different applied voltages in figure
5.2.
As can be observed in the plot of figure 5.2, the measured monitor voltage scales linearly
with the measured probe voltage. In the plot, the attenuation factor is the slope of the lin-
ear fit. The obtained attenuation factor obtained from the fit is then attenuation factor =
4.2 ± 0.1 · 103, which is a little bit higher than the expected 4000×. The small variation
with the expected value of the attenuation factor might be caused by the properties of the
20 dB attenuator that is used, which might attenuate the signal slightly more than 10× or
it might be due to the fact that the resistors in the voltage divider do not have the exact
values as were expected.
With the attenuation factor now known, the monitor signal can know be used to probe the
HV pulse that will be applied on the accelerator. The most important feature to test now,
is whether the HV pulse is similar to the analytically calculated HV pulse of section 4.2.2.
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Figure 5.2: Plot of HV probe peak voltage versus the peak voltage measured from the monitor
signal. The blue dots are the measured voltages, where the red line is a linear fit through the data.
The slope of the red line is the attenuation factor of the monitor voltage with respect to the actual
HV pulse.

In figure 5.1, it can be observed that the shape of the HV pulse provided by the HV Pulse
Generator looks to be quite similar to the analytically calculated pulse of figure 4.6. In
figure 5.3, the plots of the measured HV pulse and the calculated HV pulse are combined
and displayed in one graph for both 15 and 30 kV.
As can be observed, the general shape of the measured HV pulse is more or less consistent
with the analytically calculated HV pulse. There are, however, some differences. For one,
the peak values of the measured HV pulses vary from the analytical values, as well as the
minimum values of the HV pulses after the switch re-opens. Furthermore, timewise, the
rise time (10−90%) of the measured pulses seems to vary for different voltages, whereas in
the calculations this rise time were expected to be constant from the analytical calculations
(see section 4.2.2 and also the fall time of the measured pulses appears to be longer than
the calculated pulses. However, not all of these differences are of the same relevance, so
some of the features will not be evaluated in depth. The fall time of the pulse for example
is only in the order of a few microseconds longer than was calculated and as the period of
an experimental cycle is typically between ∼ 0.02− 1 s, this will not be of influence on the
experiment. However, the residual voltage that remains on the accelerator before the next
HV pulse is of very much influence on the experiment. This will be discussed later.
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Figure 5.3: Combined plot of the analytical calculation of the HV pulses and the measured HV
pulses for both 15 and 30 kV. The blue and yellow curves represent the analytical solution for the
HV pulses of 15 and 30 kV respectively, where the orange and purple curves represent the scope
signal of the measured HV pulses of respectively 15 and 30 kV.

The most important part, is what the voltage peak value is, given a certain input voltage
from the HV supply, and comparing this with what voltage peaks are expected in the
calculated HV pulses. Therefore, in figure 5.4, the measured peak voltages are plotted
with respect to the input voltages from the HV supply. The input voltages are positive in
the figure for understandability purposes, whereas the HV supply as mentioned provides a
negative input voltage.
As can be observed in figure 5.4, the analytical calculations of the pulses predict a linear
relationship between the peak voltage provided by the HV Pulse Generator with respect to
the input voltage. A linear tendency of the peak voltage with respect to the input voltage
can also be observed in the measured voltages. However, there are some differences. For
one, the measured voltage peaks are larger in peak value than the calculated values for
voltages under 21 kV and seem to be even higher than the input voltage for input voltages
lower than 10 kV. The latter is not possible and can probably be attributed to the fact that
the attenuation factor may vary a bit for different input voltages as could be observed in
figure 5.2. The measured peak voltages are namely monitor voltages that are scaled with
the previously calculated attenuation factor of 4.2±0.1 ·103. Variations in this attenuation
factor within the error margin may cause for an over- (or under)estimate of peak voltage
of a measured pulse. However, this cannot explain why, for input voltages higher than 21
kV, the measured peak voltage is much lower than the calculated peak voltages.
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Figure 5.4: Plot of the peak voltage versus the input voltage. The blue line represents the ana-
lytically calculated peak voltages for a given input voltage. The red line represents the measured
peak voltage for a certain HV pulse for an applied input voltage. The input voltages are actually
negative voltages.

So a different explanation has to be found. In the scope measurements, such as the ones
in figure 5.1, it was observed that the rise time (10 − 90%) of the HV pulse is varying
as a function of the voltage. This dependency of the rise time with respect to the input
voltage is displayed in figure 5.5. However, within the analytical calculations of the HV
pulse, the rise time of the pulse was assumed to be independent of the applied voltage and
only dependent on the closed time of the switch (ts = 150 ns). Moreover, in the analytical
calculations, the rise time of the HV pulse was governed by the RC time t1 = 1

λ1
∼= 46

ns (see table A.1), which corresponds to ∼ 3t1 RC times within the closing time of the
switch. So the observation of the HV pulse rise time to be dependent on the voltage was
unexpected.
A possible explanation for the voltage dependency of the rise time, is in the peak current
of the Behlke high voltage switch, which is Ipeak = 30 A. In a simple case, considering the
peak current Ipeak and the closed time of the switch ts = 150 ns, the achieved peak voltage

VkV,peak within the 150 ns can be calculated by VkV,peak =
QkV,peak

CkV
=

Ipeakts
CkV

= 18.6 kV, with
QkV,peak the peak charge on the accelerator. This simple calculation explains two obser-
vations at once. For one, it explains that at about 18 kV the pulse rise time (10 − 90%)
reaches 150 ns. Where, for input voltages higher than 18 kV, the rise time is limited to
the ts = 150 ns in which the Behlke switch is closed. Moreover, this also explains why the
measured peak voltage of a HV pulse does not reach the expected value for input voltages
higher than 18 kV.
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Figure 5.5: Plot of the rise time of the HV pulse with respect to the applied (negative) voltage.
The error bars represent read-out errors on the scope.

With another simple calculation, namely, involving the Behlke switch peak current Ipeak,
the rise time for a HV pulse can be calculated at which the expected value would be
reached. For a voltage of VkV = 30 kV, for example this would be trise,req = CkV VkV

Ipeak
= 242

ns, leaving for a ∼ 90 ns discrepancy between the approximately required rise time trise,req
and the closed time of the switch ts = 150 ns. The calculated VkV,peak = 18.6 kV is lower
than the measured peak voltage of 22.6 kV for a −30 kV input voltage. However the
calculated 18.6 kV is a simplified linear case, while the electric circuit of the HV Pulse
Generator behaves non-linearly (see section 4.2), as well as that the Behlke HV switch also
behaves non-linearly. Moreover, the voltage at which the switch behaves non-linearly Vnl
can be calculated with the internal resistance Rs = 220 Ω of the Behlke switch and the
peak current Ipeak, as Vnl = IpeakRs

∼= 7 kV. As can be observed in figure 5.5, the rise time
(10−90%) is behaving non-linearly from about this voltage indeed. The Behlke switch, for
example, has a characteristic rise time itself in which it closes and in which some current
already may be transmitted.
The ∼ 90 ns discrepancy in the required rise time and the closed time of the switch cor-
responds to two RC times 2t1 added to the three RC times of ts = 150 ns ∼= 3t1, which
roughly yields a ∼ 4.5% increase in voltage, which, for an input voltage of −30 kV, cor-
responds to ∼ 1.3 kV. With the added 1.3 kV, the measured value of 22.6 kV already
approaches the predicted value of 25.2 kV much closer.
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The one question that remains, is whether this limitation to a maximum peak voltage
of 22.6 kV, rather than ∼ 25 kV for an input voltage of −30 kV is a problem or not.
In order to verify this, a simplified calculation has been performed to estimate what the
time-of-flight (TOF) of the ion is from the end of the accelerator towards the detector
as a function of the applied voltage. The time-of-flight of the ions from the accelerator
towards the detector as a function of the HV pulse is plotted in figure 5.6. The time-of-
flight calculation is based on ions being created in the center of the accelerator, yielding
an a distance of

deff
2

= 1.1 cm over which the ions are accelerated, and propagation along
a 1.8 m beamline. The calculation originates from the one-particle conservation of energy
equation

1

2
miv

2
i = eVkV , vi =

D

TOF
,D = deff + 1.8, (5.1)

where mi and vi are respectively the (Rb-85) ion mass and ion velocity and with d the
total distance covered by the ion. Rewriting the equation gives the expression for the
time-of-flight (TOF ) that is plotted in figure 5.6,

TOF =

√
miD

2eVkV
. (5.2)

In previous work, high voltage pulses applied on the accelerator in order to ionize Rydberg
atoms and accelerating these ions towards the detector, were typically around 150 V, with
a maximum up to 3 kV [34] [36]. As the simple one particle calculation of figure 5.6
suggests, applying a HV pulse of 15 kV already leads to a decrease in TOF of a factor
10, from ∼ 135 µs to ∼ 14 µs and if the HV pulse would reach the expected 25 kV at a
−30 kV input voltage, this only means a difference of ∼ 0.5 µs with respect to what the
peak value of the pulse is now (22.6 kV). So from this, it can be concluded that the HV
Pulse Generator provides a significantly high HV pulse for the purpose of accelerating the
created ions towards the detector. Whether this reduces the Coulomb effects significantly,
is still to be tested.
As it has been verified that the HV Pulse Generator provides for a sufficiently high HV
pulse within the time of 150 ns, one other very important asset still has to be tested.
Namely, whether the HV pulse equilibrates to 0 V or to a sufficiently low voltage as to not
influence the Rydberg atoms in the next sequence of a measurement. As mentioned before
and could be observed in figure 4.1, the 99S Rydberg level already shifts to a regime in
which different levels are mixed with an electric field of ∼ 60 mV/cm. In this setup, this
corresponds to a residual voltage on the accelerator of 60 · deff ∼= 130 mV (deff = 2.2 cm).

So it has to be assured that the residual voltage before a next HV pulse stays well under
this value, preferably by an order of magnitude or more.
The method opted to test this, is to again measure the monitor signal on the scope, apply
a high averaging number on the scope acquisition and increase the time scale to the order
of milliseconds. In this manner, the voltage before the HV pulse can be measured over a
longer range (∼ 10 ms or more).
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Figure 5.6: Plot of the time-of-flight (TOF) of the created ions from the accelerator towards the
detector as a function of the peak voltage of a HV pulse.

Also, for these measurements, the 20 dB attenuator between the monitor output and the
oscilloscope is removed. The reason for this, is to increase the sensitivity of the mea-
surement, as the residual voltage may differ by 5 − 6 orders of magnitude with the peak
voltage. Of course, the attenuation factor changes by removing the 20 dB attenuator. This
attenuation factor was measured to be 391 ± 8. Figure 5.7 displays the residual voltage
before a consecutive pulse as a function of different applied input voltages on the HV Pulse
generator, also to obtain an estimate for whether the residual voltage some time after a
pulse is dependent on the applied voltage or not.
Each data point for a residual voltage is the average over 10 measurements of the mean
voltage within a certain time span after a HV pulse is applied. The error bars are 68%
intervals originating from the averaging over 10 measurements. For the measurements with
a repetition rate of 10 Hz for a pulse, this time span is between 85− 95 ms after the pulse
and for the measurements with a repetition rate of 1 Hz for a pulse, this time span is
895 − 995 ms after a pulse. As can be observed in the figure, the residual voltage does
not vary much for different input voltages. One clear observation is that all the residual
voltages are actually a positive residual voltage, where in the analytical calculations, a
negative voltage is expected as the voltage over time should equilibrate from a minimum
voltage, reached around ∼ 8− 9 µs, to approximately 0 until the next pulse is applied.

Although it is not clear where this behavior originates from, it is not really relevant if
the electric field on the accelerator, caused by this residual voltage, is sufficiently low
(< 60 mV/cm). For a 1 Hz repetition rate, the average residual voltage Vres = 84.7± 0.7
mV, hence the residual electric field on the accelerator is 38.5± 0.3 mV/cm and for 10 Hz,
the residual voltage is Vres = 106 ± 8 mV, hence the residual electric field is then 48 ± 4
mV/cm, as the effective accelerator length is deff = 2.2 cm.

65



5 10 15 20

Input Voltage (kV)

80

90

100

110

120

130

R
es

id
u

al
 V

o
lt

ag
e 

(m
V

)

Residual Voltage, 1 Hz rep. rate

Residual Voltage 10 Hz rep. rate

Figure 5.7: Plot of the residual voltage left on the accelerator after applying a HV pulse with a
certain input voltage. The blue data represents the mean residual voltage on the accelerator in
the time range of 895−995 ms after the HV pulse was applied with a repetition rate of 1 Hz. The
orange data represents the mean residual voltage on the accelerator in the time range of 85− 95
ms after the HV pulse was applied with a repetition rate of 10 Hz. Each data point is an average
of 10 measurements, from which also the 68% interval error bars originate. The signal averaging
of each data point on the scope was 128×.

These values are still below the value of 60 mV/cm, that is expected to shift the Ryd-
berg level into some mixed state. However, it is not certain, whether the measured values
for the residual voltages are trustworthy. Following from the error bars, this appears to
be the case, however, the error of the scope itself, is not included in these values. The
used scope, a Tektronix TDS 2024B, is an 8-bit scope, that, in the lowest voltage scale,
measures up to 2 mV/division. So, as an 8-bit scope, the smallest measurable feature is
8·2
28

= 62.5 µV. Now, the residual voltage signal that the scope measures, originates from
an attenuated signal, attenuated by a factor of 391 ± 8, hence the smallest level of the
residual voltage that the scope would be able to detect is 62.5 × 391 ∼= 24.4 mV. As this
is about 23% of the residual voltage value for a 1 Hz repetition rate and about 30% of the
residual voltage value for a 10 Hz repetition rate, the measured residual voltages cannot
be trusted completely. So the only way to figure out, whether the residual voltage after
an HV pulse influences the Rydberg lines, is to connect the HV Pulse Generator to the
accelerator, create Rydberg atoms and then observe in a scan across the resonance of a
Rydberg state, whether this Rydberg state shifts as a function of the applied HV pulse
voltage or not. These measurements will be performed and discussed in section 5.2.
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Figure 5.8: a) Plot of the charge as a function of time on the load capacitor CL during and after
a HV pulse. b) Plot of the charge as a function of time on the accelerator CkV during a HV
pulse.

One specification on the HV Pulse Generator that still has to be tested, is whether the HV
pulses are dependent on the repetition rate at which pulses are triggered and applied. As
for every HV pulse, a certain amount of charge is provided and thus drained from the buffer
capacitor Cb. This charge that is depleted from the buffer capacitor has to be replenished
again by the Matsusada HV supply before the next pulse is applied. Otherwise, in an
experiment cycle, the buffer capacitor has less charge after each HV pulse and is then fully
depleted after a certain amount of HV pulses, which is undesirable.
As a first indication, measurements for peak voltages for HV pulses at repetition rates up
to 10 Hz, show no change in peak voltage over the entire range of input voltages (from
−3 up to −30 kV) over 1 s. However, it is possible to obtain an estimate on how much
current is drained from the HV supply for, for example, a pulse at the maximum input
voltage (−30 kV). First, the amount of charge drawn from the buffer capacitor Cb has to
be known. Per HV pulse, the buffer capacitor loses the same amount of charge that is
transferred to the accelerator. This amount can be derived from the analytical calculation
as QkV = CkV VkV and the charge is transferred as Isupply → Qb → QL → QkV = 6.08
µC, with this value being the peak charge on the accelerator (−30 kV input voltage) as
derived from figure 5.8. In figure 5.8a, the charge, drained from capacitor CL and hence
also from Cb after a single HV pulse can be observed, whereas the increase of charge on
the accelerator CkV can be observed in figure 5.8b.
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As can be observed in figure 5.8a, it takes about ∼ 350 µs for the load capacitor CL
to recharge, which is still quite fast with respect to a repetition rate of 10 Hz (period of
100 ms). For this repetition rate frep, the amount of current drained from the HV supply
is Isupply = QkV frep = 60.8 µA. However, this is the case, if the current only charges the
buffer capacitor. The current however, is also running over the 1 GΩ bleeder resistor R3

(see figure 4.2). So for an applied −30 kV, this yields an extra current loss of 30 µA,
providing a total current of Isupply = 90.8 µA from the HV supply.

Moreover, the measured current is ∼ 125 µA at the same input voltage and repetition
rate, which might be caused by some current leaking away and by the HV supply not
being an ideal voltage supply. Furthermore, the current has also been probed for an ap-
plied −30 kV and repetition rates of 25 and 35 Hz, draining ∼ 260 and 340 µA from the
Matsusada HV supply respectively. Going from these values, it can be assumed that there
will not be a problem of the HV supply not being able to provide sufficient current to the
buffer capacitor, as the maximum repetition rate at which the experiment runs is ∼ 47 Hz,
at which the current will probably be around ∼ 450 − 500 µA, whereas the limit on the
Matsusada HV supply for a voltage of −30 kV is 1 mA.

So to conclude, the HV Pulse Generator has been developed and tested. The device
can provide positive HV pulses up to 22.6 kV for an applied voltage on the HV supply
of −30 kV, where a peak voltage of ∼ 25 kV was calculated analytically. The reason the
peak voltages for applied voltages > 18 kV do not reach the calculated values is probably
caused by an unexpected increase of HV pulse rise time (10−90%) as a function of voltage.
The HV pulses at these higher voltages are then limited in rise time (and therefore in peak
voltage) by the closed time of the HV switch (ts = 150 ns). However, the achieved HV
pulses are sufficient for the purpose of significantly reducing the time-of-flight of the cre-
ated ions from the accelerator towards the detector. Furthermore, for the repetition rates
of the HV pulses within the experiment, the Matsusada HV supply can easily provide for
the current required for the buffer capacitor to recharge between consecutive HV pulses.
For the rest, the residual voltage left on the accelerator after a HV pulse were measured on
an oscilloscope. The measured values were below the ∼ 130 mV that is expected to cause
a significant mixing of states through the stark effects. The measurements of the residual
voltages using the oscilloscope were, however, not conclusive as the scope was not accurate
enough for the measurements. In order to prove that the residual voltage is not of influ-
ence, scans across a Rydberg state for different accelerator voltages have to be performed
to verify whether the residual voltage shifts the Rydberg state through the Stark effect or
not. These measurements will be performed in section 5.2.
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5.2 Rydberg spectrum: residual voltage

The Rydberg spectrum measurements are performed with the typical scheme as illustrated
in figure 3.9. The scanned parameter in a Rydberg spectrum measurement is the frequency
of the EOM for the external locking system of the 960 nm laser. After frequency doubling,
this corresponds to scanning the blue laser detuning ∆2 across resonance of a Rydberg
state. The Rydberg state that is scanned across in these measurements is the 99S1/2

Rydberg state, corresponding to a master laser wavelength of λ = 958.66397 nm on the
wave meter and thus a blue laser wavelength of λ2 = 479.33199 nm.

5.2.1 Experiment parameters

As discussed in section 2.2, the shape of a Rydberg spectrum is dependent on the laser
parameters, such as the detunings ∆1 and ∆2 and the Rabi frequencies Ω1 and Ω2, where
there is scanned over the blue laser detuning ∆2 and where the other parameters can be
set. For the Rydberg spectrum measurements that will be discussed in this section, the
blue laser power was 33 mW at a beam size of 2σx × 2σz = 15 × 14.5 µm (as the blue
beam enters the chamber from the y-direction). Given the wavelength at which the laser
operates and the Rydberg line that is excited, the mentioned parameters correspond to
a Rabi frequency of Ω2

∼= (2π) · 7 MHz, as calculated using equation (2.8). For the red
excitation beam (λ1 = 780.24 nm) both the Rabi frequency Ω1 and the detuning ∆1 are
more difficult to determine.
The power of the red excitation beam, measured after the SLM fiber, is 620 µW. Accord-
ing to the software of the SLM, this corresponds to a saturation parameter of s0 = 19.5.
However, as the SLM camera has not been re-calibrated for quite some time, the obtained
saturation parameter cannot be fully trusted. The Rabi frequency, however, as an indica-
tion, corresponding to the saturation parameter s0 = 19.5 is Ω1

∼= (2π) · 18 MHz or 3Γe,
following from equation (2.7).
The red excitation laser detuning ∆1 is also not trivial to extract, as it heavily depends on
the position of the offset lock (in the frequency domain). The lock AOM (see figure 3.4)
during the Rydberg spectrum measurements was set at 82 MHz, while the excitation beam
AOM was set at 92 MHz. As the AOMs are double-passed, this would correspond to a red
excitation beam detuning of ∆1 = (2π) · 20 MHz. The values of the red excitation beam
Rabi frequency Ω1 and detuning ∆1 are perceived as indications and will be discussed
evaluated later.
In the Rydberg spectrum measurements, the accelerator voltages are varied in the range
from 1− 6 kV in steps of 0.5 kV. As for the timing, the MOT is loaded for ∼ 20 ms, both
excitation beams are irradiating for 50 µs and the high voltage pulse is triggered 15 µs
after turning off the excitation beams.
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5.2.2 Measurements

For each Rydberg spectrum, the EOM of the 960 nm laser is scanned in the range from
520−570 MHz, which, for the blue excitation beam, corresponds to a range of 1040−1140
MHz. The signal, measured using a digital oscilloscope (Agilent DSO6054A) after current
to voltage conversion by a trans-impedance amplifier (see section 3.4), is the ion current
of the MCP. An example of such a Rydberg spectrum is displayed in figure 5.9, where the
normalized ion signal is plotted and fitted versus the equivalent EOM frequency of the blue
excitation beam (thus frequency doubled from the actual 960 nm beam). The ion signal is
normalized on the ion signal measured on resonance.
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Figure 5.9: A Rydberg spectrum measurement across the 99S Rydberg state at an accelerator
voltage of 4.5 kV. The EOM frequency is equivalent with the blue excitation beam (thus frequency
doubled from the 960 nm laser). The data is fitted with three Lorentzian functions, one for the
main excitation peak and two for the side bands, presumably caused by the AOM of the 780 nm
laser. For the main peak, the FWHM is 3.4± 0.2 MHz and the center frequency is 1091.18± 0.05
MHz. The left sideband is at −21 ± 2 MHz from the main peak, where the right sideband is at
19± 1 MHz from the main peak.

In the plot, it can be observed that there are two small features on both sides of the main
peak. These small peaks are probably sidebands, that are modulated by driving a high
RF signal to the excitation beam AOM (see figure 3.4) of the 780 nm laser. The two side
bands are, namely, unequal in amplitude, which can be explained as the red excitation
beam is detuned.
Both the sideband features are included in the Lorentzian fitting method, leading to quite
an accurate fit. Only on the right-hand tail of the main peak, the fitting is less accurate,
as the peak appears to be slightly skewed.
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In [34] it was argued, that this may be caused by the fact that excitation rate γ↑ is asym-
metric in ∆2, where the excitation probability decreases for higher detunings, leading to a
sudden drop in the excitation probability at higher detunings. However, the coefficients of
variation r2 were compared for a fitting method including a skewness parameter and one,
as fitted in figure 5.9, without a skewness parameter. As the differences in the r2 values
of the fitting methods were minimal (in the order of ∼ 0.5 − 1%), the simpler regular
Lorentzian fit was used to fit all measured Rydberg spectra.
The goal of these measurements is not to fully analyze and explain the spectra, but to
determine a possible shift of the spectra, that may be caused by the residual voltage of the
HV Pulse Generator on the accelerator after a HV pulse. However, the measured spectra
are compared to the (normalized) steady-state population single atom spectra as a solution
of the three-level optical Bloch equations (discussed in chapter 2, mathematical details in
[33]), to provide for an estimate of the red excitation beam parameters (Ω1 and ∆1), as
demonstrated in figure 5.10.
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Figure 5.10: Fit of the measured Rydberg spectrum (4.5 kV accelerator voltage) plotted together
with theoretical predictions for the same spectrum. The fit of the measured Rydberg spectrum is
imaged by the black dotted curve, where the fitted normalized ion signal is plotted. The colored
curves are the different theoretical predictions, where the normalized Rydberg state population is
plotted as a function of the blue laser detuning. The blue laser Rabi frequency is Ω2 = (2π) · 7
MHz.

Assuming that the parameters provided by the SLM camera and the difference in AOM
frequency between the lock and SLM AOM are correct, the red laser Rabi frequency would
be Ω1 = (2π) · 18 MHz and the detuning would be ∆1 = (2π) · 20 MHz (purple curve).
As can be observed, the purple curve does not match at all with the measured spectrum.
Therefore, it can be concluded that either the Rabi frequency Ω1 or the detuning ∆1 is not
correct, as the calculation of the blue laser Rabi frequency is more accurate as the blue
laser power and beam size can be measured directly and thus relatively accurately.
Assume now, that there is some error in the saturation parameter, provided by the SLM
camera software, for example in the calibration factor of the camera.

71



This would lead to a different Rabi frequency of the red laser. In the blue and red curves,
the Rabi frequency has been reduced by a factor 1.5 and 2 respectively, leading to Rabi
frequencies of Ω1 = (2π) · 12 MHz and Ω1 = (2π) · 9 MHz respectively, with the same
red laser detuning of ∆1 = (2π) · 20 MHz. There could also be an error in the red laser
detuning. The green curve in figure 5.10, also the best comparison to the data, has both
a different red laser Rabi frequency, namely the predicted Rabi frequency reduced by a
factor 4 (Ω1 = (2π) · 4.5 MHz) and a different red laser detuning of one linewidth, thus
∆1 = Γe = (2π) · 6 MHz. Although, this is the best comparison with the data, it is not the
most likely prediction, as a factor of 4 is quite a difference with the Rabi frequency and
also the detuning of this prediction varies a lot with the expected detuning. Nevertheless,
as is displayed in figure 5.10, there is a broad range of Ω1 and ∆1, for which the prediction
match well with the measured spectrum.

In order to derive the residual voltage on the accelerator a shift in the center frequency of
the ion signal peak for different accelerator voltages would have to be observed and linked
to the Stark shift as discussed in chapter 2. For this cause, the center frequencies as a
function of the accelerator voltage are extracted from the fit of figure 5.9 and plotted in
figure 5.11. The center frequency shifts are then calculated by subtracting the center fre-
quency at the accelerator voltage of 1.5 kV from the other respective center frequencies for
higher voltages. As the Stark shift scales as ∝ E2 ∝ V 2, with E the electric field strength,
a quadratic scaling between the shift and the accelerator voltage is expected. It is assumed
that E = Vres

deff
, with deff = 2.2 cm the effective accelerator length and Vres the residual

voltage on the accelerator. Consequently, the shift is caused by a residual voltage Vres of
the HV pulse, scaling linearly with the accelerator voltage of the HV pulse, so Vres = pVkV ,
with p a scaling factor. The fit for the plotted data of figure 5.11 should then have the
form of equation (2.2), however, with the shift with respect to VkV = 1.5 kV, giving

∆ =
α0

2d2
eff

(
(Vres(VkV )−Vr0)2−(Vres(1.5 kV)−Vr0)2

)
=

α0

2d2
eff

(
pVkV −Vr0)2−(1.5p−Vr0)2

)
,

(5.3)
where ∆ is the measured shift (in MHz) Vr0 a value for the residual voltage when the shift
is zero and VkV is the plotted accelerator voltage (in kV).
As can be observed in figure 5.11, the function of equation (5.3) fits well with the data.
The resulting fitparameters p and Vr0 have the values p = (5 ± 4) · 10−6, where Vr0 =
(−4± 3) · 10−5 kV = (−4± 3) · 101 mV. The latter value is unexpected, as for zero shift,
a residual voltage of Vr0 = 0 is expected, however, with the large error margin (68%) it
can be argued that this is the case. As for the former, to compare, for a HV pulse of 5 kV
at a repetition rate of 10 Hz, the residual voltage was measured on the scope (Tektronix
2024B) to be 100± 10 mV (see figure 5.7), while for the Rydberg spectrum measurements
this value is p · 5 kV = (3 ± 2) · 101 mV at a repetition rate of 47 Hz. The large error
margins on the fitting parameters of the latter method originate from extrapolating and
can be reduced by measuring over more different voltages over a larger range and smaller
step size.
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Figure 5.11: Plot of the center frequency shift of the 99S Rydberg spectra for different accelerator
voltages with respect to the center frequency at an accelerator voltage of 1.5 kV. The error bars
represent 95% intervals. The fit is a polynomial fit through the data, as defined in equation (5.3),
based on the equation for the Stark shift (2.2), as provided in chapter 2. As for the fit parameters,
the scaling factor p = (5±4) ·10−6, where the residual voltage for zero shift is Vr0 = (−4±3) ·10−5

kV.

Still, the method of measuring the frequency shift provides for a more direct value for the
residual voltage, as the direct effect of the voltage on the Rydberg atoms is measured,
rather than measuring a very small voltage signal on the oscilloscope.
Furthermore, for an accelerator voltage of 6 kV, the residual electric field on the accelerator
is Eres = Vres

d
= (2 ± 1) · 101 mV/cm = 2 ± 1 V/m, which is still considerably lower than

the 6 V/m, for which mixing of the 99S state with other states is expected (see the Stark
map in figure 4.1).
The residual voltage is a problem for a value of ∼ 130 mV. As the error margin σp on the
fitted scaling parameter p is large, it is difficult to note an exact value of the accelerator
voltage for which the residual voltage reaches the value of 130 mV, for which mixing of
Rydberg states can occur. However, for the maximum value of p within the error margin
σp, so p+ σp, the value of the accelerator voltage can be calculated, for which the value of
130 mV of residual voltage is reached, namely VkV = 130

p+σp
= 13 kV. So it is very unlikely

that for accelerator voltages lower than 13 kV, mixing of Rydberg states occur due to a
residual voltage of a HV pulse.
Repeating the above measurement over a larger range of voltages with smaller step size, as
mentioned before, reduces the error margins and provides for a more accurate number of
the residual voltages, however, the performed measurement provides for a credible estimate.
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There has been an observation, however, that for operation of the HV Pulse Generator
at voltages above 6 kV in a Rydberg spectrum measurement sequence (47 Hz repetition
rate), the ion signal disappears while the lasers are still supposed to be on-resonance with
the Rydberg state. Moreover, even after bringing back the accelerator voltage below 6 kV,
the ion signal is still vanished up until a day later.
It has also been observed, in recent preliminary (g(2))-measurements (repetition rate of 1
Hz), that are not included in this thesis anymore, that ions have been observed for higher
voltages. However, these created ions were also not related to a specific Rydberg state. A
possible reason for these observations, might be an electric breakdown within the acceler-
ator structure, although this still has to be investigated.

Another parameter of the Rydberg spectrum of figure 5.9 that can be examined as a
function of the accelerator voltage is the full width at half maximum (FWHM). A plot of
the FWHM of a Rydberg spectrum as a function of the accelerator voltage is displayed
in figure 5.12. As can be observed, the FWHM of the Rydberg spectra does not seem to
depend on the accelerator voltage within the error margins. As the center frequency shifts
as a consequence of the (residual) electric field on the accelerator, a change in the FWHM
of the Rydberg spectrum would imply a change in the electric field gradient. However,
from figure 5.12 it can be concluded that there is no significant change in the electric field
gradient.
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Figure 5.12: Plot of the FWHM of the 99S Rydberg spectra versus the accelerator voltage. The
error bars represent 95% intervals.
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All-in-all, it can be concluded that the HV Pulse Generator is able to produce a HV pulse
of 22.6 kV for an input voltage of −30 kV, which is a little less than the expected ∼ 25 kV,
however still sufficient for the purpose of accelerating the ions faster than before (previously
3 kV, see [34][36]). Also, the shape of the HV pulse is as expected, with, for example, a
sufficiently fast rise time (10 − 90%) of 150 ns. Furthermore, the residual voltages were
measured by measuring the shift of a 99S1/2 Rydberg state as a function of the accelerator
voltage. The residual voltages have an influence on the Rydberg line through the Stark
effect, however, not to the extent in which mixing of states occurs. With this observation,
it can be concluded that the HV Pulse Generator, except for some unexpected behavior,
explained in section 5.1, successfully meets the requirements, it had to meet.
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Chapter 6

Conclusion & Outlook

The final goal for this research is to create a quantum simulator with Rydberg atoms.
However, Rydberg interactions still have to be studied experimentally first. For this ex-
periment, one of the challenges was, whether observed features could be attributed to
Rydberg interactions or if the features were caused by Coulomb interactions between the
ions that are created from Rydberg atoms in the detection process. Previous work [36],
suggested, that the effects of Coulomb interactions could be minimized or reduced by ac-
celerating the ions towards the detector with a higher accelerator voltage. For this reason,
it was decided to build the High Voltage Pulse Generator, that would enable applying a
high voltage pulse on the accelerator above 20 kV, to substantially increase the kinetic
energy of the ions created from the Rydberg atoms, as the (pulsed) acceleration voltage
was previously limited to 3 kV.
The HV Pulse Generator has to produce HV Pulse with a peak voltage of preferably > 20
kV, reached within about ∼ 10−7 s. The last main requirement for the HV Pulse Generator
is that the voltage on the accelerator has to be reduced to < 130 mV, before the next HV
pulse of the subsequent measurement sequence is applied (1− 100 Hz repetition rate).
An electric circuit, designed by Kemper, has first been simulated with OrCAD® PSpice
®. The main principle of the circuit, is a HV power supply, providing a negative input
voltage (up to 30 kV), charging a load capacitor CL. A Behlke HTS 300 high voltage
switch is then used to discharge the load capacitor within 150 ns, charging the accelerator
with a positive high voltage pulse.
The circuit has been simplified for two situations (HV switch closed and re-opened) and
the HV pulse has been calculated analytically by solving the differential equations that
described the two simplified situations.
The analytical calculations were found to match almost perfectly with the simulations.
From the simulations and the analytical calculations, it could be observed, that for a max-
imum applied voltage from the HV source of −30 kV, the peak value of the HV pulse is
∼ 25 kV, due to voltage divisions in the circuit. Furthermore, this peak voltage should be
reached within 150 ns, which is the time, during which the Behlke High Voltage switch is
closed.
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Also, according to the simulations, the residual voltage on the accelerator should drop
below 10−1 mV already after ∼ 700 µs, with which all requirements for the HV Pulse
Generator should be met. After assuring this, the device has been built and tested.

Comparing the measured HV pulses with the analytically calculated HV pulses, gener-
ally, the HV pulses were observed to match quite well. However, it could be observed
that for voltage pulses higher than 21 kV, the measured peak voltage becomes lower than
the expected peak value. Also, the rise time (10 − 90% of the maximum value) at which
the peak voltage is reached, was found to be dependent on the applied voltages, behaving
non-linearly for voltages above ∼ 7 kV, which was not expected. The non-linear behavior
of the rise time as a function of the voltage could be attributed to the maximum peak
current of 30 A, that is allowed through the Behlke HTS 300 HV switch. Furthermore, the
expected peak voltage could not be reached for voltages above 18 kV, as the closed time
of the switch (150 ns) limited the rise time.

For the last requirement, the residual voltage, the test measurements were found to be
inconclusive to properly determine the residual voltage after a single experimental cycle.
Subsequently, Rydberg spectrum measurements around the 99S1/2 Rydberg state were per-
formed, scanning over the blue laser detuning ∆2 for different accelerator voltages, in which
a shift of the center frequency of the ion signal peak is interpreted to be a Stark shift, caused
by the residual voltage on the accelerator.
The measured spectra were fitted with a Lorentzian and the center frequencies for the dif-
ferent accelerator voltages were compared. The result was a center frequency shift scaling
quadratically with the applied accelerator voltage, which is likely to correspond to a Stark
shift, as the residual voltages were calculated to be in the order of ∼ 101 mV, which is
below the value of ∼ 130 mV at which mixing of states, due to Stark shifts are expected.
Following from the fit, this region could be reached for accelerator voltages of ∼ 24 kV. So
it can be concluded that the HV Pulse Generator, despite some unexpected behavior as
discussed, met the set requirements and can create HV pulses on the accelerator that are
significantly higher that could be achieved before.
A particularity, that was observed in measuring the Rydberg spectra (repetition rate 47
Hz), is that increasing the HV pulse to a value > 6 kV lead to a disappearing ion signal.
While in recent (g(2)) measurements (repetition rate of 1 Hz) ions could be observed for
higher voltages, although the observed ions could not be related to a specific Rydberg
state. Electric breakdowns within the accelerator structure might be the cause, however,
this still has to be investigated.

Due to several problems it has frequently been not possible to create a MOT, which
caused the experimental setup to be out-of-operation for several months. In this time,
several measurements have been performed in order to systemetically work towards a fully
working MOT again. Some of the experiments were described in chapter 3, such as the
measurements in which the polarization of the trapping beams is probed.
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Although the HV Pulse Generator met the requirements that were set, improvements
are still possible. The Behlke HTS300 switch, for example, could be replaced by a switch
with a higher current limit, which would reduce or eliminate non-linear behavior in the HV
pulse rise time and would allow for the HV Pulse Generator to achieve the peak voltages
that were predicted.
Another possible improvement would be introducing an external or internal circuit that
compensates for the residual voltage of the HV Pulse Generator to reduce the effects of
the Stark shift in subsequent experimental cycles.

Recent g(2) measurements were taken, but not analyzed yet and will, therefore, not be
discussed anymore in this report. However, these measurements are a logical follow-up
experiment, as through these measurements, the effect of Coulomb interactions between
the ions as a function of the accelerator voltage can be probed. Moreover, these measure-
ments can verify whether or not, an increased accelerator voltage indeed reduces the space
charge effects between the ions before ion detection. If the space charge effects are probed
successfully, perhaps corrections can be applied in the data analysis to filter out these ef-
fects in order to observe the effects of Rydberg interactions, such as the Rydberg blockade.
Furthermore, by varying the excitation time by the laser, the effects of facilitation could
be probed, if the space charge effects are reduced sufficiently.

When the Rydberg interactions can be more clearly observed, a next step could be to
use the SLM to, for example, create a quasi-1D array of Rydberg atoms through sponta-
neous (Rydberg) crystallization as a first step towards a quantum simulator.
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Appendix A

High Voltage Pulse Analytical
Calculation

In section 4.2.2, an analytical calculation of a high voltage pulse of the High Voltage Pulse
Generator has been discussed and partially derived. In this appendix, the full derivation
of this analytical solution for the HV pulse will be discussed. For large parts, there will be
referred back to section 4.2.2, however, in this appendix, a more mathematical approach
and some more steps in the calculations will be provided.
Again, from section 4.2.2, Ohm’s law, the current and voltage properties of capacitors
and Kirchhoff’s current law is assumed to be known [67]. Also, the buffer capacitor Cb
and the bleeder resistor are left out of the simplified representations and the calculations.
For the rest, the HV supply is assumed to be an ideal voltage source and the Behlke HV
switch is assumed to be an ideal switch with an on-time of ts = 150 ns and an (in series)
internal resistance of Rs = 220 Ω. Other important assumptions of section 4.2.2, were
that, when the switch is open, the resistance is assumed to be ∞. Again, the HV pulse
will be discussed in two stages; the stage in which the switch is closed (0 ≤ t ≤ ts) and the
stage in which the switch is re-opened (t > ts).

Stage 1: Closed switch

As the calculation for the HV pulse is divided into two parts, the initial conditions for both
parts of the pulse are important. For the stage in which the switch is closed, the switch
closes at t = 0 and the initial conditions for the load capacitor voltage VL and the voltage
on the accelerator and coax cable VkV is set at(

VL(0)
VkV (0)

)
=

(
V0

0

)
. (A.1)

With these initial conditions and the system of differential equations, the analytical solution
of the HV pulse can be calculated for the part in which the switch closes. The differential
equations can be derived by applying Kirchhoff’s current law on the nodes of the simplified
circuit for the closed switch as displayed in figure 4.4.
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Following this figure, there are three different expressions for the current i, as discussed in
section 4.2.2, namely

i = CL

(
dVkV
dt
− dVL

dt

)
, (A.2)

i = −i2 − i3 = −VkV
R2

− CkV
dVkV
dt

, (A.3)

and

i = i1 + is =
VL − V0

R1

+
VL
Rs

. (A.4)

As mentioned before, by eliminating i from these equations and by rewriting, a set of
coupled first order differential equations can be obtained to be(

V̇L
V̇kV

)
= −

( 1
R1CL

+ 1
RsCL

+ 1
R1CkV

+ 1
RsCkV

1
R2CkV

1
R1CkV

+ 1
RsCkV

1
R2CkV

)(
VL
VkV

)
+ V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
,

(A.5)
where the matrices are defined as

A =

( 1
R1CL

+ 1
RsCL

+ 1
R1CkV

+ 1
RsCkV

1
R2CkV

1
R1CkV

+ 1
RsCkV

1
R2CkV

)
, (A.6)

and

b = V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
. (A.7)

The different combinations of R and C represent certain RC time constants. An overview
of these time constants and derivations of these time constants are displayed in table A.1.So
as to obtain an analytical expression for the HV pulse as are applied on the accelerator, the
differential equations in (A.5) have to be solved. Following from the equations, the solutions
for VL(t) and VkV (t) are a combination of a homogeneous solution (VL,hom(t) and VkV,hom(t))
and an inhomogeneous solution (vL and vkV ) to both voltages, thus VL(t) = VL,hom(t) + vL
and VkV (t) = VkV,hom(t) + vkV . From the form of equations (A.5), it can be argued that
the inhomogeneous part of the solutions are stationary solutions, yielding that(

V̇L
V̇kV

)
= 0 and

(
VL(∞)
VkV (∞)

)
, (A.8)

where VL(∞) and VkV (∞) are the values at which the voltages would equilibrate after an
infinite amount of time, if the voltages were stationary. 0 is the zero vector. Following
(A.8), the stationary solutions could be calculated by solving

− A
(
vL
vkV

)
+ b = 0. (A.9)
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Solving these equations results in (
vL
vkV

)
=

(
R̃
R1
V0

0

)
, (A.10)

where the definition of R̃ can be found in table A.1.

Table A.1: An overview of the different components, time constants and identities that are appli-
cable in the calculations for the simplified electric circuit for a closed switch.

Components Replacement resistors and capacitors

R1 = 10 kΩ 1
R̃

= 1
R1

+ 1
Rs

, R̃ ≈ Rs

R2 = 10 kΩ

Rs = 220 Ω 1
C̃

= 1
CL

+ 1
CkV

, C̃ ≈ CkV
CL = 2 nF
CkV = 242 pF

R̃ = 215 Ω Other identities

C̃ = 216 pF
1

R1CL
+ 1

RsCL
+ 1

R1CkV
+ 1

RsCkV
= 1

R̃CkV
+ 1

R̃CL
1
R̃C̃

= 1
R1C̃

+ 1
RsC̃

Time constants Inverse time constants

τ1 = R̃CkV = 52.1 ns a = 1
τ1

= 19.2 · 106 s−1

τ2 = R̃CL = 430 ns b = 1
τ2

= 2.33 · 106 s−1

τ3 = R2CkV = 2.42 µs c = 1
τ3

= 0.413 · 106 s−1

Eigen values of the homogeneous equations Time constants of corresponding Eigen values

λ1 = 21.9 · 106 s−1, λ1 ≈ a t1 = 1
λ1

= 0.0457 µs

λ2 = 0.0439 · 106 s−1 t2 = 1
λ2

= 22.8 µs

Following from table A.1, the homogeneous differential equations can be denoted as(
V̇L,hom
V̇kV,hom

)
= −

(
a+ b c
a c

)(
VL,hom
vkV,hom

)
. (A.11)
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In order to solve this system of first order linear differential equations, the Eigen values
and Eigen vectors of the matrix A (see eqs. (A.6) and (A.11)) are to be determined by
the well-known method [70]. Namely writing down the matrix λI −A (with I the identity
matrix) and calculating the determinant to obtain the Eigen values. Filling these Eigen
values back in again into the equation yields(

λiI − A
)
xi = 0, i = 1, 2, (A.12)

where xi is the Eigen vector corresponding tot the respective Eigen value λi. Now (A.12)
provides for a method of determining the Eigen vectors of matrix A. Solving equation
(A.12) and calculating the Eigen values results in the Eigen values

λ1,2 =
1

2

(
a+ b+ c±

√
(a+ b+ c)2 − 4bc

)
, (A.13)

of which the numerical values are displayed in table A.1, and where the Eigen vectors are

x1,2 =

(
λ1,2 − c

a

)
. (A.14)

The homogeneous solution of equation (A.11) has a form of(
VL(t)
VkV (t)

)
= z1x1e

−λ1t + z2x2e
−λ2t = z1

(
λ1 − c
a

)
e−λ1t + z2

(
λ2 − c
a

)
e−λ2t. (A.15)

So the general solution of equations (A.5) now has the form of(
VL(t)
VkV (t)

)
=

(
VL,hom(t) + vL
VkV,hom(t) + vkV

)
=

(
Rs

R1+Rs
V0

0

)
+ z1

(
λ1 − c
a

)
e−λ1t + z2

(
λ2 − c
a

)
e−λ2t,

(A.16)
where z1 and z2 are two constants, that are to be determined by evaluating the initial
conditions of the equations as denoted in (A.1). Filling in the initial conditions into the
general solution of (A.15), provides for these constants and can be calculated to be

z1 =
R1

R1 +Rs

V0

λ1 − λ2

and z2 = − R1

R1 +Rs

V0

λ1 − λ2

, (A.17)

resulting in the general solution for the part where the switch is closed (hence 0 ≤ t ≤ ts)
to be(

VL(t)
VkV (t)

)
=

(
Rs

R1+Rs
V0

0

)
+

R1

R1 +Rs

V0

λ1 − λ2

[(
λ1 − c
a

)
e−λ1t −

(
λ2 − c
a

)
e−λ2t

]
, (A.18)

which is the solution that describes the HV pulse for when the switch is closed, as was
already mentioned in section 4.2.2 in equations (4.12). Note that the general solution for
the entire time interval (both 0 ≤ t ≤ ts and t > 0) has to be continuous in t = ts.
Therefore, the values of the general solution for 0 ≤ t ≤ ts at t = ts, namely

VL(ts) = V1 and VkV (ts) = V2, (A.19)

are set as the initial conditions for the equations that describe the HV pulse for when the
switch re-opens.
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Stage 2: Re-opened switch

After t = ts, the switch re-opens and the electric circuit of the switch simplifies to the
circuit displayed in figure 4.5. For the calculations this yields that first the differential
equations for this configuration for the electric circuit have to be derived. The initial
conditions follow from continuity, thus(

VL,closed(ts)
VkV,closed(ts)

)
=

(
VL,re−opened(ts)
VkV,re−opened(ts)

)
, (A.20)

where VL,closed(ts) and VkV,closed(ts) respectively are the values of the voltage at the load
capacitor CL and the accelerator CkV at t = ts for stage 1, when the switch is closed,
where VL,re−opened(ts) and VkV,re−opened(ts) are the values of the same voltage at t = ts for
stage 2, when the switch re-opens. To simplify the calculations for stage 2, the values for
VL,closed(ts) and VkV,closed(ts) serve as the initial conditions for stage 2, thus(

VL,re−opened(0)
VkV,re−opened(0)

)
=

(
VL,closed(ts)
VkV,closed(ts)

)
=

(
V1

V2

)
. (A.21)

For convenience, in stage 2 VL,re−opened and VkV,re−opened are called VL and VkV again.
Now, going back to figure 4.5, again, similar as in stage 1 and as also discussed in section
4.2.2, three expression can be obtained for the current i′ following Kirchhoff’s current law
[67], namely

i′ =
VL − V0

R1

= CL

(
dVkV
dt
− dVL

dt

)
(A.22)

and

i′ = −i4 − i5 = −VkV
R2

− CkV
dVkV
dt

. (A.23)

Again, i′ can be eliminated and the equations can be rewritten to find the following set of
coupled first order differential equations(

V̇L
V̇kV

)
= −

( 1
R1CL

+ 1
R1CkV

1
R2CkV

1
R1CkV

1
R2CkV

)(
VL
VkV

)
+ V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
, (A.24)

where

C =

( 1
R1CL

+ 1
R1CkV

1
R2CkV

1
R1CkV

1
R2CkV

)
and d = V0

( 1
R1CL

+ 1
R1CkV

1
R1CkV

)
. (A.25)

As these equations are similar to the differential equations in stage 1, the solution of the
system is similar as well, hence the solution consists of a stationary inhomogeneous part
(vL and vkV ) and a homogeneous part (VL,hom(t) and VkV,hom(t)), yielding that the solution
again has a form of

VL(t) = VL,hom(t) + vL and VkV (t) = VkV,hom(t) + vkV . (A.26)
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For the inhomogeneous part of the differential equations, again a stationary solution is
assumed for a solution, so(

V̇L
V̇kV

)
= 0 and

(
VL(∞)
VkV (∞)

)
=

(
vL
vkV

)
. (A.27)

This reduces the inhomogeneous part of the equations to

− C
(
vL
vkV

)
+ d = 0, (A.28)

which can be easily solved by simple matrix operations and results in(
vL
vkV

)
=

(
V0

0

)
. (A.29)

So with the inhomogeneous solution found, the homogeneous differential equations still
have to be solved, hence(

V̇L,hom
V̇kV,hom

)
= −

( 1
R1CL

+ 1
R1CkV

1
R2CkV

1
R1CkV

1
R2CkV

)(
VL,hom
VkV,hom

)
. (A.30)

This set of homogeneous differential equations is an Eigen value problem and can be solved
accordingly by calculating the values and Eigen vectors of matrix C that characterizes these
differential equations [70]. Again, different RC time constants govern the solution for the
differential equations. All these time constants and derivations of these time constants are
displayed in table A.2.

Table A.2: An overview of the different components, time constants and identities that are ap-
plicable in the calculations for the simplified electric circuit for a re-opened switch. The different
components of the circuit are not included in this table, as those are already denoted in table A.1.

Time constants Inverse time constants

τ3 = R2CkV = 2.42 µs c = 1
τ3

= 0.413 · 106 s−1

τ4 = R1CkV = 2.42 µs d = 1
τ4

= 0.413 · 106 s−1

τ5 = R1CL = 20 µs e = 1
τ5

= 0.05 · 106 s−1

Eigen values of the homogeneous equations Time constants of corresponding Eigen values

λ3 = 0.852 · 106 s−1, λ3 ≈ 2c t3 = 1
λ3

= 1.17 µs

λ4 = 0.0242 · 106 s−1, λ4 ≈ e
2

t4 = 1
λ4

= 41.2 µs

84



Following from the identities in table A.2, the homogeneous differential equations of (A.30)
can be denoted as (

V̇L,hom
V̇kV,hom

)
= −

(
d+ e c
d c

)(
VL,hom
VkV,hom

)
. (A.31)

By calculating the determinant of the matrix λI − C and equating it with 0, the Eigen
values of the homogeneous system are obtained to be

λ3,4 =
1

2

(
c+ d+ e±

√
(c+ d+ e)2 − 4ce

)
, (A.32)

with the numerical values of these Eigen values denoted in table A.2. Filling in these Eigen
values into the equation (

λ3,4I − C
)
x3,4 = 0, (A.33)

yield a solution for the Eigen vectors x3,4, which are calculated to be

x3,4 =

(
λ3,4 − c

d

)
, (A.34)

for the respective Eigen values λ3,4. With the Eigen values and corresponding Eigen vectors
being determined, the solution of the homogeneous equation can be obtained to be(

VL,hom
VkV,hom

)
= z3

(
λ3 − c
d

)
e−λ3t + z4

(
λ4 − c
d

)
e−λ4t. (A.35)

This leads to a general solution for the complete set of differential equations, as posed in
(A.24), in the form of(

VL,hom
VkV,hom

)
=

(
V0

0

)
+ z3

(
λ3 − c
d

)
e−λ3t + z4

(
λ4 − c
d

)
e−λ4t, (A.36)

where

(
V0

0

)
is the stationary solution

(
vL
vkV

)
and where the other two terms represent

the homogeneous solution

(
VL,hom
VkV,hom

)
of the general solution. z3 and z4 are constants

introduced by the homogeneous part of the solutions that can be solved by applying the
initial conditions, defined in (A.21). Applying these initial conditions yields

z3 =
V1 − V0 − V2

d
(λ4 − c)

λ3 − λ4

and z4 =
V0 − V1 + V2

d
(λ3 − c)

λ3 − λ4

. (A.37)
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So the voltage pulse at the accelerator after the switch is re-opened can be described by

VkV (t) =
V1 − V0 − V2

d
(λ4 − c)

λ3 − λ4

de−λ3t +
V0 − V1 + V2

d
(λ3 − c)

λ3 − λ4

de−λ4t, (A.38)

and so, the entire voltage at the accelerator for a single pulse can be obtained by combining
the expressions of (A.18) and (A.38) into

VkV =

{
R1

R1+Rs

V0
λ1−λ2ae

−λ1t − R1

R1+Rs

V0
λ1−λ2ae

−λ2t , 0 ≤ t ≤ ts
V1−V0−V2

d
(λ4−c)

λ3−λ4 de−λ3(t−ts) +
V0−V1+

V2
d

(λ3−c)
λ3−λ4 de−λ4(t−ts) , t > ts

. (A.39)

Note that for stage 2 (t > ts), the time ts was defined as t = 0 to simplify the calculations,
so in the final general solution for the accelerator voltage VkV , this has to be taken into
account by subsituting t → t− ts. So equation (A.39) describes the entire HV pulse that
is generated by the HV Pulse Generator. A plot of this pulse can be found in figure 4.6.
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