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Abstract

Developments in quantum technology have opened up the possibility of performing quan-
tum simulations, where a quantum system in an experiment is designed and tuned such
that it behaves similar to the target system. This can help physicists gain new insights in
the systems they study, aside from analytical and numerical models. To construct such a
quantum simulation experiment, a high degree of control over the quantum state of parti-
cles, and strong interactions between these particles, are needed. Rydberg states of atoms
with high principal quantum number n have properties of interest on both these levels:
they show strong van der Waals interactions and their state can be manipulated in a con-
trolled way using lasers. This work discusses the development of a Rydberg atom based
quantum simulator at the Coherence and Quantum Technology group. A key feature of
the apparatus is a Spatial Light Modulator, used to control the spatial degrees of freedom
for the excitation. The degree of control is such, that the device can be used in the future
to produce grids of regularly spaced, single Rydberg atoms as a basis for quantum simu-
lations. Also a characterization of the van der Waals interactions between Rydberg atoms
is provided, where it is shown through analysis of the excitation spectrum lineshape that
the interactions are significant. A further analysis based on number statistics and spatial
correlations has shown unexpected results, which have indicated the presence of several
experimental issues that need to be resolved in order to eventually realize the Rydberg
quantum simulator.
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List of Abbreviations

An overview of some frequently used abbreviations in this thesis:

AOM Acousto-Optic Modulator

CCD Charge-Coupled Device

EOM Electro-Optic Modulator

FWHM Full Width at Half Maximum

IFTA Iterative Fourier Transform Algorithm

LC Liquid Crystal

MCP Micro-Channel Plate

MOT Magneto-Optical Trap

PPG Programmable Pattern Generator

RMSE Root-Mean-Square Error

SHG Second Harmonic Generation

SLM Spatial Light Modulator

TA Tapered Amplifier

TTL Transistor-Transistor Logic

ULE Ultra-Low Expansion
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Chapter 1

Introduction

1.1 Quantum Technology and Simulation

In May 2016, a joint initiative of European scientists involved in the field of quantum
technologies has published a Quantum Manifesto [1]. It is addressed at the European
Commission, and calls for a major investment aimed at maintaining a leading role in the
field of quantum technology. This field is subdivided into four different disciplines: Quan-
tum Communication, Quantum Simulation, Quantum Sensing and Quantum Computing.
A few of the future prospects of these fields are inherently safe cryptography [2, 3], small
scale sensors with unprecedented precision [4, 5, 6], or computation algorithms which are
intrinsically faster than current-day computers [7, 8, 9], all made possible by the use of
superpositions and entanglement of quantum states.

Most of these examples have a direct link to applications in everyday technology, but
when it comes to the discipline of quantum simulation, this link is less obvious, and the goal
is more of a fundamental nature. A lot of systems that are currently studied in physics, rely
on finding how a system behaves based on the system Hamiltonian. It may be relatively
easy to construct this Hamiltonian from the different known energy components on the
system, but in many cases analytically solving the equations derived from this Hamiltonian
is a difficult, and sometimes impossible, procedure.

In such cases, (classical) computer simulations can help to numerically approximate
the solution, and future possibilities of quantum computing may already improve the con-
vergence speed and resulting accuracy. Apart from that, the approach of studying these
systems through quantum simulations has become possible due to recent advancement in
the field of quantum technology. In a quantum simulation of a certain target system,
an experiment is created where the Hamiltonian has the same components as the target
system. Typically, the individual contributions of these components can be tuned by the
experimental parameters, for instance by changing an interparticle interaction term with
an external field.

The behaviour of the simulator system can be studied, which can provide new insights
in the target system by re-scaling the measured behaviour to map it onto the target system.
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As an extra advantage, the experimental control can allow physicists to simulate extreme
conditions which cannot be produced in the target system itself, leading to a higher degree
of understanding of systems that may already have been studied extensively.

Necessary requirements for a quantum simulation are strong interactions between single
particles or ensembles that occur in coherent quantum states, and sufficient experimental
control to tune the different terms of the Hamiltonian one wants to simulate. In most cases,
this experimental control is achieved with lasers, which are used to make most transitions
between and superpositions of quantum states, and also often to provide confinement of the
particles and suppress any uncontrolled thermal motion. The strong interactions between
the single particles can be achieved through various methods, including e.g. Coulombic
coupling between ions [10] or diverging scattering lengths in neutral atoms achieved in
Feshbach resonances [11, 12].

1.2 Rydberg atoms for Quantum Technology

Another possible method of creating strong interactions between single neutral atoms is
to use Rydberg states. These are electronic states of an atom with a very high principal
quantum number n. This corresponds, in the classical picture, to a state where one elec-
tron exists in a high orbital around the nucleus. As a consequence of this big electronic
orbital, Rydberg atoms are highly polarizable and can exhibit very large dipole moments.
Therefore, Rydberg atoms interact strongly with external electric fields, but also with each
other due to very strong van der Waals interactions. This makes Rydberg atoms interesting
candidates for applications in quantum simulations and quantum information processing.

One of the key features resulting from the strong van der Waals interactions is the
Rydberg blockade effect [13, 14], where two atoms at a short distance can’t be resonantly
excited to the same Rydberg state. The fact that this blockade effect occurs on a µm scale,
makes Rydberg atoms ideal candidates for the experimental realisation of quantum gates
[15, 16, 17]. In large ensembles of atoms, the suppression of excitations is characterized
by sub-poissonian number distributions [18, 19], and may also lead to spatially ordered
Rydberg excitations [20].

An off-resonant variant of the blockade effect, which has gained recent interest, is
facilitation, where a two-atom excitation to the Rydberg state is favoured if they are
separated by a specific facilitation distance. This is shown to lead to excitation avalanches
in atomic gases [21], which results in super-poissonian number statistics [22].

Both of these effects are very promising when it comes to the construction of quantum
simulators. The hugely different behaviour for a relatively small controllable change in
the laser parameters like the frequency can be applied in many ways to construct different
types of interaction terms in simulator Hamiltonians.
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1.3 Towards a Rydberg Quantum Simulator

This work presents an experimental apparatus at Coherence and Quantum Technology
(CQT) group of the University of Eindhoven, which is designed to perform quantum sim-
ulations using Rydberg states of ultracold atoms. The excitation to the Rydberg state is
done by two lasers, intersecting at the position of the cloud of gas. The laser light is modu-
lated using a spatial light modulator (SLM), which is able to reshape the beam into almost
any desired pattern, down to the diffraction limit [23]. This leads to a high controllability
of not only the usual laser parameters like intensity and frequency, but also provides a very
high degree of spatial control over the atoms. The detection of Rydberg atoms is done
with a spatial imaging technique, making it possible to eventually both control and detect
spatial degrees of freedom of strongly interacting Rydberg ensembles.

The ultimate goal of the spatial control over Rydberg excitations is to imprint fea-
tures on the excitation laser which are smaller than a Rydberg blockade radius, allowing
independent control over single Rydberg atoms. If this level of control is achieved, a grid
of single Rydberg atoms at regular separations can be produced to serve as a basis for
quantum simulations. The blockade or facilitation effect can be adapted to tune the in-
teraction terms in the Hamiltonian, or can be used in a two-particle system to construct
basic quantum logic gates.

Earlier experiments on this apparatus have been performed by Cornee Ravensbergen,
who investigated the Rydberg blockade effect through spatial correlations in Rydberg en-
sembles from both experiments and simulations [24]. Although good agreement was found
between simulation and experiment, the main conclusion from this work was that the ex-
citation laser addressing the Rydberg state had to be stabilized, because a precise tuning
to the Rydberg state resonance was impossible at that point. This stabilization has now
been established, and this work aims to revisit the earlier results under more controlled
circumstances. Apart from that, the improved laser stability allows for a more exten-
sive investigation of the differences between the blockade and facilitation regime, using
high-resolution excitation spectra.

This thesis first provides some theoretical background on the excitation of Rydberg
states in atoms, and the strong interactions they exhibit (Chapter 2). A description of
the experimental apparatus follows, where the ultracold atomic gas, the excitation laser
systems, and the spatial imaging technique are discussed (Chapter 3).

The first main subject of this work is the characterisation and implementation of the
spatial light modulator (SLM) (Chapter 4). The method of laser beam pattern generation
and improvement is discussed. The implementation of the SLM in the experimental setup
involves detection and correction of optical aberrations, after which the desired imprinting
of laser beam patterns on the experiment is shown.

Secondly, a range of experiments investigating the strong interactions between Ryd-
berg atoms in an n = 99 state is presented (Chapter 5). Investigation of the line shape,
which we are able to resolve with the newly stabilized laser, shows the influence of the
strong van der Waals interactions. Also, experimentally observed ensembles of Rydberg
atoms are analyzed in terms of both number statistics and spatial correlations. We would
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have expected to observe sub-Poissonian behavior in the Rydberg blockade regime, and
super-Poissonian statistics in the facilitation regime. However, these features are not very
pronounced. Also, the blockade radius that we measure from spatial correlations, seems
smaller than expected. These unexpected outcomes have been analyzed in relation to some
experimental issues in the setup, which we believe can explain the results.

When these issues are resolved in the future, the experimental verification of the block-
ade radius is the most important step towards future experiments. Next, the versatility of
the SLM can be combined with the strong, long-range blockade and facilitation effects to
perform a wide variety of experiments, eventually working towards quantum simulations
and quantum information processing applications.
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Chapter 2

Theoretical Framework

The work presented in this thesis concerns experiments where atoms are excited to a Ry-
dberg state, which is an electronic state with a high-valued principal quantum number
n. Most atomic properities scale with a certain power of the principal quantum number:
∝ nα, where generally |α| ≥ 2. Some examples of the n-dependence of different atomic
properties are listed in Table 2.1. Because of these scaling powers, Rydberg atoms expe-
rience interactions, both inter-particle as well as with external fields, with strengths and
over ranges which can be orders of magnitude larger than for conventional experiments
with neutral atoms. The goal of this work is to characterize effects of such interactions, in
particular the interactions mediated by van der Waals forces.

In order to provide a good basis for the discussion of these Rydberg experiments, this
chapter presents the general theoretical framework behind several aspects of the experi-
ments. To overcome the large energy difference between the atomic ground state and the
Rydberg state, two lasers are used for the excitation. The three-level excitation dynamics
that arise from this will be discussed. The next section investigates the van der Waals in-
teractions between Rydberg atoms, and their application and observation in experiments.
Finally, a spatial pair correlation function is introduced as a tool to characterize the spatial
observables relating to these interactions.

Table 2.1: Some examples of how different atomic properties scale with the prinicpal quantum
number n [25].

Atomic property: scaling
orbital radius n2

lifetime n3

polarizability n7

van der Waals coefficient n11
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2.1 Three-level system

In order to excite atoms to a Rydberg state, a large amount of energy needs to be added
to the atom. In our experiment, based on ultracold 85Rb atoms, this energy is added by
two separate lasers, in a two-step excitation process. Describing this excitation process
theoretically requires the use of a three-level system. The level scheme consists of a ground
state |g〉, an intermediate excited state |e〉, and an upper Rydberg state |r〉, in order of
increasing energy (as represented in Figure 2.1). The two lasers drive transitions between
|g〉 and |e〉, and between |e〉 and |r〉.

Figure 2.1: A three-level system in a ladder scheme, where atoms cycle between the ground state
|g〉 and intermediate state |e〉, and between the intermediate state |e〉 and upper excited state |r〉.
The dynamics are characterized by four laser parameters, two Rabi frequencies Ω1, Ω2, and two
detunings δ1, δ2.

In a simple two-level system, there are two parameters describing the dynamics: the
Rabi frequency Ω driving the transition between the two states and the detuning δ from
the transition. In the three-level system, there are now four parameters of importance, a
Rabi frequency and detuning for both two-level transitions: Ω1, δ1 for transitions from |g〉
to |e〉, and Ω2, δ2 for transitions from |e〉 to |r〉. Apart from these driving parameters, the
spontaneous decay from the excited states is important. For the intermediate state |e〉 this
decay rate is Γe = 2π · 6 MHz. As the lifetime of a state scales with the principal quantum
number n3, Rydberg states generally have long lifetimes, thus low decay rates. As a typical
value we choose Γr = 3 kHz, representing the decay rate from a 100S1/2 Rydberg state
[26], calculated from Eqns. (13) and (15) in Ref. [27].

In some cases the four laser parameters can be reduced to two by a two-level approxima-
tion [28]. This appproximation is valid when the laser driving the transition from ground
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state to intermediate state is far detuned:

� Γ,Ω1,Ω2, δ2. (2.1)

However, the experiments described in this thesis are not performed in this regime, such
that the three-level system is the only valid description. An extensive analysis of a de-
scription of three-level Rydberg excitation in this regime was done by Ates et al. [29, 30],
using a rate equation model. This reduces the set of 6 optical Bloch equations to a single
rate equation in terms of an excitation rate γ↑ and de-excitation rate γ↓ to and from state
|r〉:

dρrr
dt

= γ↑ρ
eff
gg + γ↓ρrr. (2.2)

Here, ρrr is the population of state |r〉, and ρeffgg = 1− ρrr is the population of an effective
ground state, representing a combination of |g〉 and |e〉. Due to the two rates, the pop-
ulation ρrr increases exponentially over time to an asymptotic value ρ∞. Both γ↑ and γ↓
depend on the four laser parameters Ω1,2, δ1,2, and the decay rate Γe. Ates et. al. neglect
the decay rate from |r〉, as it is generally small compared to the other rates in the system.
It can however be easily included by adding it to the de-excitation rate:

γ↓,tot = γ↓+ Γr. (2.3)

Of particular interest is the dependence of γ↑, γ↓ and ρ∞ on the second step detuning δ2.
This relation determines the Rydberg excitation spectrum, whose shape and particularly
spectral width play an important role in the interactions, as will be discussed in the next
section. A few examples of such excitation spectra are shown in Figure 2.2. The influence
of the different laser parameters on the excitation spectrum of ρ∞(δ2) can be seen in the
figure. The width of the spectrum is mediated mainly by Ω1 and δ1. When δ1 = 0,
the linewidth is dominated by the decay from the intermediate level with the 2π · 6 MHz
linewidth, while for δ1 = 2π · 8 MHz > Γ, the linewidth is reduced. Increasing Ω1 leads to
an Autler-Townes splitting of the intermediate state [30], such that γ↑(δ2) has two peaks,
at δ2 = ±Ω1

2
. On longer timescales, the fact that γ↓ is very small at δ2 = 0 still leads to

a single peak at δ2 = 0 in the steady-state population ρ∞. The typically low value of Ω2

(< 1 MHz) mainly influences the overall height of γ↑ and γ↓, but does not affect the shape
of the curves.
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Figure 2.2: Excitation spectra of the level |r〉 in the three-level system, represented by the excita-
tion rate, de-excitation rate and steady state population of |r〉 as a function of the second laser
detuning δ2. For large δ1 the linewidth becomes narrower. For big values of Ω1, the intermediate
state splits, leading to two peaks, and broadening the steady-state population spectrum. For all
three plots, the value of Ω2 = 0.5 MHz.

2.2 Rydberg atom interactions

The main reason why Rydberg atoms are interesting for experimental purposes is the fact
that they exhibit strong interactions. One example is the van der Waals interaction that
can occur between neutral, non-polar atoms and molecules. Typically, for ground state or
lowly excited particles, the energies associated with the van der Waals force between single
particles are negligible with respect to other energy scales of a system, but the fact that
Rydberg atoms have an electron in a very high orbital, drastically increases the strength
of the van der Waals interaction.

The van der Waals force occurs between two neutral, non-polar particles, as an effect of
quantum fluctuations in the electric dipole moment, inducing a dipole on the other atom
and thus resulting in a dipole-dipole force. The energy of this interaction can be found by
perturbation theory, a procedure which is followed in [31]. Here, the perturbations are in
the form of the dipole-dipole potential:

Vdd =
~p1 · ~p2 − 3(~eR · ~p1)(~eR · ~p2)

R3
, (2.4)

describing two electric dipoles with dipole moments ~p1,2 and connected by a vector ~R, such

that R = |~R| is the distance, and ~eR =
~R
R

. For two non-polar atoms, the energy from
first order perturbation calculations returns zero, but second order perturbations can give
a finite interaction energy:

E(2) =
∑
i

〈ψi|Vdd|ψ0〉2

∆E
. (2.5)

Here, ψ0 is the current state of the (two-particle) system, and i runs over all different
eigenstates ψi, where the contribution of state ψi is weighed by the energy difference
∆E = E(ψ0) − E(ψi) between the two states. In the end, the resulting van der Waals
energy can be characterized by:
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EvdW =
C6

R6
. (2.6)

In the case of Rydberg atoms, this van der Waals coefficient C6 can become very big, since
the large orbital radius of the electron can result in big fluctuations in dipole moment,
and the energy difference ∆E between nearby Rydberg states is much smaller than for
low energy states. For two ground state hydrogen atoms, the van der Waals interaction is
attractive, with C6 < 0 [32]. For many Rydberg nS states with angular momentum l = 0,
C6 > 0, leading to repulsive interactions.

Figure 2.3: Illustration of the Rydberg blockade and facilitation effect. In the case of blockade
(δ = 0), a laser resonantly drives transitions between the ground and Rydberg state. When one
atom is excited to this Rydberg level, the van der Waals interaction shifts the surrounding levels
within r = rB out of resonance with the laser, preventing a second excitation at a short distance
from the initial Rydberg atom. In the case of facilitation (δ > 0), the first atom has to be excited
off-resonantly, after which at a certain distance rfac the levels are shifted into resonance with the
laser. This leads to facilitated excitations at r = rfac.

Since C6 can become so big for high values of n, the van der Waals interaction plays an
important role when exciting an ensemble of atoms to a Rydberg state. In order to perform
the excitation, the excitation laser is put on resonance with the single-atom transition. For
two atoms at a large distance, the energy needed to excite them both to the Rydberg
state with this laser is just twice the single-particle excitation energy. For two atoms at a
short distance, however, the strong van der Waals interaction adds an extra energy shift
to the two-atom excitation energy, thereby greatly reducing the probability of exciting two
Rydberg atoms at this shorter distance with the same laser (see Figure 2.3). This effect is
called the Rydberg blockade effect, and it is associated with a typical distance scale called
the blockade radius rB, the distance within which the chance of exciting two Rydberg
atoms is almost zero. The blockade radius depends on the strength of the van der Waals
interaction, and the linewidth of the transition. If the Rydberg state has a linewidth σ,

13



then the blockade radius can be defined as the radius within which the van der Waals shift
exceeds the transition linewidth, such that:

rB =
(C6

h̄σ

)1/6

. (2.7)

Apart from the blockade effect, the van der Waals interaction can also result in a so
called facilitation effect, which has recently gained interest and has been studied by many
groups involved in Rydberg physics [21, 33]. This effect takes place when a state with
a repulsive van der Waals shift is addressed with a positively detuned laser. Because of
this detuning, the creation of the first Rydberg excitation will take relatively long, but as
soon as one atom populates a Rydberg state, the van der Waals interactions will shift all
surrounding atoms at a distance rfac into resonance with the laser. This leads to resonant,
fast excitation of these atoms, which in turn will shift other atoms into resonance, quickly
creating large chains and clusters of Rydberg atoms at typical separations around

rfac =
( C6

h̄δlaser

)1/6

. (2.8)

0

0.005

0.01

0.015

0.02

0.025

0 10 20 30 40 50

γ
↑(
s−

1
)

r (µm)

excitation rate, two 100S1/2 states

δ2 = 0 MHz
δ2 = +2 MHz
δ2 = +10 MHz

Figure 2.4: Plots of the excitation rate γ↑ to the Rydberg state for an atom at a distance r from
another Rydberg atom. The different lines show what happens when the laser is detuned above the
resonance. For δ2 = 0 A clear blockade around 16µm is visible, while for positive laser detunings,
γ↑ shows a peak at a specific r corresponding to the facilitation radius rfac. The other laser
parameters for these calculations are: δ1 = 0, Ω1 = 4 MHz, and Ω2 = 0.5 MHz.

To further illustrate the Rydberg blockade and facilitation effects, Figure 2.4 shows
a plot of the excitation probability for a 100S1/2 Rydberg state at a distance r from an
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already existing Rydberg atom in the same state, for different laser detunings. This is
done by inserting δ2 = C6/r

6 + δlaser into the steady-state population ρ∞(δ2) of the rate
equation model from the previous section. For interaction between two 100S1/2 states,
C6 = 3.724 · 10−56 Jm6. The values of C6 are calculated with the help of a computer code
from Stuttgart University, by a method described in Ref. [34]. The code calculates the
interaction energies from the second-order perturbation in 2.4 as a function of distance,
after which a curve is fitted through these interaction energies, with C6 as the fit parameter.
The figure shows that for zero laser detuning, the excitation probability quickly drops to 0
for distances < rB, while for increasingly positive laser detunings a peak starts to appear
at a distance rfac.

Since for Rydberg atoms, the typical length scales associated with these blockade and
facilitation effects can be in the order of > 10µm, it is possible to experimentally control
atoms on these length scales and use these effects in quantum gates. Urban et al. have for
instance constructed a controlled-NOT gate between two atoms employing the Rydberg
blockade effect [35]. Furthermore, the blockade effect can be used to make sure that from
a dense cloud of ground state atoms, only one of them can be excited to a Rydberg state,
if the laser driving the transition has a waist smaller than the blockade radius. One of the
goals of this experiment is to study the spatial structures that grow due to blockade and/or
facilitation effects in variable geometries, where the size of these geometries is controllable
up to length scales smaller than a typical blockade radius.

2.3 Spatial pair correlation

For the characterisation of structures in Rydberg atoms that evolve as an effect of blockade
or facilitation, spatial pair correlations are used. The second order correlation or coherence
function g(2)(r1, t1; r2, t2) is a commonly used method in quantum optics to describe the
coherence of light in space and time. The general formula is then:

g(2)(~r1, t1;~r2, t2) =
〈I(~r1, t1) · I(~r2, t2)〉
〈I(~r1, t1)〉〈I(~r2, t2)〉

(2.9)

Where I(r, t) describes the light intensity at a certain position and time. This can be
extended to spatial correlations between particles by, instead of inserting the intensity of
light, looking at the density of matter, which is approximated by Dirac delta-peaks at the
positions of the particles. In that case, not considering time-dependence, g(2)(~r1, ~r2) gives
the probability of finding a particle at position ~r1 and another at position ~r2. Summing
over all positions ~r1, the correlation function can be reformulated to g(2)(r), which gives
the probability of finding two particles at a distance r from each other, as illustrated in
Figure 2.5 a).

For a completely random distribution of particles, g(2)(r) = 1 for all distances r, while
for a regular lattice like a crystalline material, g(2)(r) gives a collection of narrow peaks at
specific positions, corresponding to multiples of the lattice spacing and all other possible
combinations of the lattice vectors. For an ensemble of Rydberg atoms, if a strong blockade
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Figure 2.5: a) The second order pair correlation function g(2)(r) gives the probability of finding
a particle inside a shell with width dr at a distance r from another particle. For a random
distribution of particles, g(2)(r) = 1 for all r. b) A typical image of a distribution of Rydberg
atoms is shown, as measured in our experiment. From such a distribution the spatial correlations
between individual are determined.

effect is visible, the spatial correlation function should drop to 0 for values of r < rB, since
no two Rydberg atoms can be excited within this distance from each other. If so many
Rydberg atoms are excited that the system is saturated with ’blockade spheres’, such that
all Rydberg atoms have been packed up to their minimum possible distance rB, g(2)(r)
is expected to show a peak around r = rB. If the creation of the Rydberg ensemble is
mediated by facilitation, g(2)(r) is also expected to show peaks around r = rfac.

In a set of measurements, to obtain g(2)(r), typically a few hundreds of experiments
are performed. Per experiment, an image is made on which the positions of Rydberg
atoms can be seen, as illustrated in Figure 2.5 b). All distances between atoms within
a single image are gathered in a histogram, containing the prevalence of every distance
from all experiments. Then, a second histogram describing distances between detections
from different experiments is made, which should be uncorrelated. For normalization, the
correlated histogram bins are divided by those of the uncorrelated histogram, such that
for an experiment where there are no correlations, g(2)(r) = 1 for all r, as expected.
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Chapter 3

Experimental Setup

In this experiment the goal is to excite atoms to a Rydberg state, and study the interactions
between these atoms. This requires an experimental setup which allows manipulation of
a fixed set of atoms within an experimental cycle, and with as few as possible influences
from the environment outside of the experiment. Moreover, to excite atoms to a Rydberg
state, highly controllable and stable excitation lasers are needed.

This chapter will discuss the different aspects of the experimental setup. The controlled
environment of atoms is provided by using an ultracold gas from a magneto-optical trap.
Several different laser systems are used, which each have their own stabilization and control
techniques. Finally, detection of the Rydberg atoms is done with an ion imaging system,
which provides spatial detection with single particle resolution.
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3.1 Rydberg experiments with ultracold rubidium

In order to study the behaviour and interactions of individual atoms in a controlled way,
in this experiment an ultracold atomic gas is used. This is done by laser-cooling the atoms
from a background thermal gas in a magneto-optical trap (MOT). The temperature of such
a MOT cloud is typically in the sub-Kelvin regime, meaning that the atoms move very
slowly. If experiments can be performed on a short enough timescale, the motion of the
atoms during an experiment can be approximated to be zero, which is called the frozen gas
approximation. Also, the low velocity of atoms greatly reduces the Doppler effect when
the atoms absorb laser light. This would otherwise limit the spectral resolution of the
experiments to the point where controlled Rydberg excitation is simply not possible.

The atoms that are used are rubidium atoms, more specifically the 85Rb isotope. Ru-
bidium is an alkaline atom, meaning that in the electronic configuration, the outermost
electron shell contains a single electron. This property makes the electronic structure of
most alkaline atoms such, that they are very suitable for laser cooling and trapping. More-
over, Rb is a good candidate for Rydberg experiments, since a Rydberg atom requires one
electron in a very high energy level, while the other electrons remain in the lowest possible
energy configuration. The single outer-shell electron of alkaline atoms provides the ideal
system to excite such states.

As Rydberg atoms have an electron in such a highly excited state, closely below the
ionization threshold, a commonly used and effective method of detecting Rydberg atoms
is by (photo-)ionizing these atoms, and then either measuring how many atoms remain
[35], or detecting and counting the ions [33, 36]. In our experiment, the Rydberg atoms
are field-ionized and then detected through ion imaging and counting.

3.2 Magneto-Optical Trap (MOT)

To provide a controlled environment for the experiments, the rubidium atoms are trapped
and laser cooled in a magneto-optical trap. This consists of a set of two coils creating a
quadrupole magnetic field. At the central point of this field configuration, 6 opposing laser
beams, along 3 orthogonal directions, intersect. Through the absorption of laser photon
momenta, the atoms are pushed in the direction of the laser beam. The combination of
laser detuning and magnetic field gradient makes use of the Zeeman effect to ensure that
atoms that stay or move outside of the central point are most sensitive to the beam pushing
them back towards the center. The end result is a cloud of atoms at the center position,
with a very temperature typically ≤ 1 mK, as almost all atomic motion has been frozen
out. For a much more extensive review on laser cooling and trapping techniques, one can
for instance refer to [37].

The laser light that is used for laser cooling of Rb has a wavelength of 780 nm, and
addresses the 5S1/2 → 5P3/2 electronic transition. The energy level structure of these
levels, with their hyperfine levels, is shown in Figure 3.1. The main trapping laser drives
the 5S1/2(F = 3)→ 5P3/2(F = 4) transition, but during the cycling between these states,
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a fraction of the atoms decays to the F = 2 hyperfine level of the 5S1/2 ground state.
Therefore a second laser, called the repumper laser, is used, which excites these atoms
back to the 5P3/2 state, such that they are not lost from the trap.

Figure 3.1: The level scheme of the 5S1/2 and 5P3/2 states in 85Rb, with their hyperfine levels.
The trapping laser of the MOT addresses the 5S1/2(F = 3) to 5P3/2(F = 4) transition. During
the cycling through these levels, part of the atoms decays to the 5S1/2(F = 2) hyperfine state. To
put these atoms back in a trappable state, a repumper laser re-excites them to the 5P3/2(F = 3)
level.

Figure 3.2 shows the layout of the 780 nm laser system, with the trapping and repump
laser. The trapping laser (Toptica DLX-110) is locked to a rubidium vapour cell via a
modulation transfer spectroscopy (MTS) locking technique [38]. The repump laser (Toptica
DL-100) is locked to this trapping laser with a frequency offset lock. Both laser beams are
coupled into the same optical fibre, of which the output is centered on a photodetector.
This photodetector measures the beatnote frequency of the two lasers, which oscillates with
the difference frequency of the two lasers. Using control electronics, this measured beatnote
frequency is stabilized to the required frequency difference of 3.036 − 0.121 = 2.915 GHz
(See Figure 3.1).

The frequency of the trapping light going to the experiment can be finely tuned with
around 1 MHz precision by an acousto-optic modulator (AOM). Part of the trapping light
is split off to be used for the Rydberg excitation, as will be described in the next section.
This beam can be separately tuned with another AOM.

The MOT size, atom number and density are measured from fluorescence images taken
with two CCD cameras looking from two different directions. The MOT is made under
vacuum conditions of ≈ 10−8 mbar, with laser beams that are typically around 16 MHz
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Figure 3.2: The layout of the 780 nm laser system with the trapping and repump laser (shown
in red and blue, respectively). The modulation transfer spectroscopy is used to lock the trapping
laser, the repumper laser is then stabilized to a fixed frequency offset from this trapping laser by
making a beatnote between the two in a fibre. Acousto-optic modulators are used to precisely tune
the frequencies of the trapping beam and the light used for the first Rydberg excitation step. Image
by Merijn Reijnders [39]
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red-detuned from the optical transition frequency, and a quadrupole magnetic field gradient
of 10 − 20 G/cm. Under these conditions, generally around 107 atoms are trapped, in a
cloud with a (peak-)density in the order of 1016 m−3, and a temperature of T ≈ 200µK.
This means that the rubidium atoms move with a root-mean square velocity of vrms = 0.25
m/s. This means that if an experiment is performed within a few tens of microseconds,
the atoms will have only moved a few micrometers.

3.3 Rydberg excitation

Excitation to a Rydberg state is done by a two-step excitation process, by exposing the
atoms to two laser beams simultaneously. The first laser of 780 nm addresses the same
5S1/2 → 5P3/2 transition as the trapping light. The excitation from this intermediate level
to a Rydberg state is done with a 480 nm laser that couples the 5P3/2 state to either an
nS or nD state, since in a zero-field environment, these are the only two dipole allowed
angular momentum states that can be coupled to the L = 1 intermediate level. Figure 3.3
shows the excitation scheme with the different states of 85Rb that are used.

Figure 3.3: Schematic overview of the two-step excitation scheme. The 780 nm laser addresses
the 5P3/2 state of 85Rb, and the 480 nm laser can excite atoms from this intermediate state to
either an nS or nD Rydberg level.

The first step excitation beam is split off from the 780 nm trapping light, and can be
tuned in frequency by an AOM, as shown in Figure 3.2. This AOM is also used for the
fast switching (risetime τ < 1µs) of the light. The 780 nm excitation light is then coupled
in a fibre, which gives out a clean gaussian beam with power P ≤ 1 mW. This beam is
modulated using a spatial light modulator (SLM) to produce a variable and controllable
intensity profile, which is extensively described in Chapter 4.
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The second step laser of 480 nm light comes from a Toptica TA SHG 110 system. This
contains a 960 nm diode laser, called the master laser, which is amplified with a tapered
amplifier (TA) and frequency-doubled in a second-harmonic generation (SHG) module,
consisting of a cavity with a nonlinear crystal material placed inside. The output of 480
nm light is passed through an AOM, of which the first diffraction order is coupled into a
fibre. The output of this fibre, of P ≤ 25 mW is directed into the experiment chamber.

3.3.1 480 nm laser stabilization

Since Rydberg states lie close together in energy, and have long lifetimes and thus narrow
natural linewidths, the 480 nm laser that addresses the Rydberg state, is required to have
a narrow linewidth and precise tunability. This is achieved by frequency-stabilizing the
960 nm master laser, thus automatically stabilizing the 480 nm laser beam derived from
this master laser.

To achieve a narrow laser linewidth, a stable passive optical cavity is used as a frequency
reference. The cavity has an interior made of zerodur, an ultra-low expansion (ULE)
material. Typically, the expansion coefficient κ of any material depends on the temperature
T : κ = κ(T ). Zerodur has the interesting property that there is a certain temperature T0

for which:

κ(T0) = 0, and
( dκ
dT

)
T0

= 0

For the zerodur in our cavity, this temperature is T0 = 30 ◦C. The cavity is kept at
this temperature T0, such that fluctuations in temperature have at most a second order
influence on the cavity length, and hence the cavity resonance frequency.

The frequency locking and scanning setup is illustrated in Figure 3.4. Part of the 960
nm master laser light is split off and taken out of the laser box. It is coupled into an optical
fibre, leading through an electro-optic modulator (EOM). This modulates the phase of the
light with a radio frequency (RF) signal fmod up to 2.5 GHz, which creates sidebands on
the main laser frequency fl of fl +fmod and fl−fmod (derivation in [40]). As the light exits
the fibre on the other end, one of these two sideband frequency components is locked to
the frequency of a TEM00 mode of the ULE cavity. The frequency locking to the cavity
is done by the Pound-Drever-Hall locking method, which is extensively described in [41].
The free spectral range of the cavity is 1.5 GHz, so as the tuning range of the sideband
frequency is bigger than this free spectral range, the sideband frequency can always be
tuned to match a cavity TEM00 mode.

If a sideband is locked to the stable cavity reference, the main 960 nm laser has a
frequency which is separated from the cavity reference by fmod. This laser is then frequency-
doubled in the SHG module to 480 nm light, which is sent to the experiment. By changing
the value of fmod with a shift ∆fmod, the 480 nm laser frequency is thus shifted by ± 2 ·
∆fmod, with the sign depending on which of the two sidebands was locked to the cavity
reference. If the shift in modulation frequency ∆fmod ≤ 1 MHz per step, the locking
electronics will in most cases re-lock the shifted sideband to the cavity, in other cases the
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Figure 3.4: Overview of the 960 nm master laser locking and scanning setup. A reference beam
is led through a fibre electro optic modulator (EOM), producing sidebands of ±fmod on the main
laser frequency. One of these sidebands is locked to a TEM00 mode of the reference cavity. By
scanning the sideband frequency fmod, the main laser frequency shifts from or towards the cavity
reference.

current of the master laser diode has to be slightly tuned by hand to re-lock the sideband
to the cavity.

The EOM provides a means to scan the frequency of the 480 nm laser with any desired
step size, and can thus in principle make steps smaller than the natural linewidth of a
Rydberg state, which is typically in the order of a few kHz. The linewidth of two-step
Rydberg excitations, however, is generally in the order of a MHz (see Figure 2.2). Apart
from that, the excitation linewidth may be limited by any of the system laser linewidths
or perturbations from the environment.

The linewidth of the cavity-referenced laser has not been measured explicitly before
these experiments, but such a measurement of an identical setup has been performed at
the UvA [40], where a laser linewidth of λ ≤ 16 kHz was found. Although this gives an
indication of what can typically be expected from this setup in terms of linewidth, the
only explicit upper limit to the laser linewidth can be derived from the excitation spectra
of Rydberg atoms, as will be discussed in chapter 5.
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3.4 Experiment sequence

The measurements described in this thesis are mainly aimed at Rydberg excitation and
observing spatial effects like the blockade effect that occur during the excitation laser
exposure. A typical experimental cycle for such a measurement is schematically represented
in Figure 3.5. First, the trapping lasers are turned on for some time in order to load the
MOT with atoms. Then, the trap is released after which the Rydberg excitation lasers are
quickly turned on in a short pulse. After this excitation, a high voltage is turned on to
ionize all Rydberg atoms created, and the resulting ions are imaged on the ion detector.
Such a cycle is typically repeated several times, depending on the type of measurement.

Figure 3.5: An example of an experiment sequence. After loading the MOT, the trapping beams
are shut off and the two Rydberg excitation lasers are switched on. After a certain excitation time
the lasers are turned off and an acceleration field is switched on, ionizing the Rydberg atoms and
accelerating the ions. A current peak is recorded when the ions arrive at the detector.

Figure 3.6 shows the configuration of the different parts of the experiment inside the
vacuum. The MOT (a) is created in the center of an accelerator structure (b). The two
excitation lasers intersect at the position of the MOT, with the 780 nm laser coming from
behind and the blue 480 nm laser from above (from the −z and +y direction in figure 3.6).

The 480 nm light is focused at the MOT position in a laser sheet of 2σ = 14µm
× 1.8 mm, in the z × x direction. The beam of 780 nm light is modulated with the SLM,
and is then projected onto this sheet, such that the intersection of the two beams defines
an excitation volume. The SLM can be used to modify the geometry of this excitation
volume in the x and y direction, to give a high spatial control over the Rydberg excitations.
Furthermore, the width of the sheet in the z direction is 14µm. If Rydberg states are used
that have a blockade radius which is similar in size or bigger than this sheet thickness, like
the 100S1/2 state in Figure 2.4, the excitation volume can be seen as a quasi-2D system
for Rydberg excitation.

As the ions exit the accelerator structure, the sudden field gradient at the accelerator
hole results in an ’exit-kick’ which acts a negative lens for the ion trajectories. The ions then
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Figure 3.6: The different elements of the experimental setup inside the vacuum. A 85Rb magneto-
optical trap (MOT) (a) is created inside an accelerator structure (b). After excitation to a
Rydberg state, the voltage on the accelerator is switched on, such that all Rydberg atoms are
ionized and the ions are accelerated along an ion beamline (c), onto an ion detector (d).

traverse a beam line of about 1.9 m, after which they hit the detector. The combination of
negative lens effect from the exit kick, and drift space in the beam line, results in a linear
magnification of the original ion configuration. The lensing effect has been calculated
before [39], and a focal length of f = −51 mm was found, leading to a magnification of
38 along a 1.9 m beamline. The magnification factor was explicitly measured for these
experiments (See Appendix B), and a value of 42 was found. This value was also used
during the analysis. The magnification of the initial configuration is helpful for the spatial
detection of the outcome of an experiment, since it increases the effective spatial resolution
of the ion detector by a factor 42.

3.5 Ion detector

The detector consists of an array of 2 micro-channel plates (MCP) in front of a phosphor
screen (P43) (see Figure 3.6). The MCPs are plates with a dense distribution (60% open
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area) of small channels (diameter 12µm) at a slight angle with respect to the normal of
the plate surface, across which a voltage is applied. If a particle enters a channel, the
channel will act as an electron multiplier and create an avalanche of electrons which exits
the plate on the other side. This way an initial impact of a single ion can be amplified into
an avalanche of a whole bunch of electrons, with conservation of spatial resolution up to
the distance between channels.

The electron avalanche which is produced by the two MCPs hits the phosphor screen,
which simultaneously produces two types of signal. The current that flows as a result of
the electrons hitting the screen is converted into a voltage by a trans-impedance amplifier,
and monitored on an oscilloscope. Apart from this current, the phosphor screen emits
light from the points where the electron bunch hits. Using a lens and a CCD camera,
the phosphorescence signal is imaged. After a cycle of an experiment, Rydberg atoms are
detected as a peak in phosphor screen current at a delay corresponding to the time of flight
of ions through the beamline, and simultaneously they can be identified as individual spots
on the phosphor screen.

3.6 Computer control

The control over the timing of an experiment is governed by a programmable pattern
generator (PPG), connected to a computer. This device can produce a sequence of TTL
(transistor-transistor logic) electronic pulses on up to 16 independent channels. These
TTL pulses are used as on/off gates for the AOMs switching the different laser beams
and the voltage pulser, and are used to trigger the phosphor screen CCD camera and the
oscilloscope monitoring the phosphor screen current.

Most devices that are used in the experiment have a separate piece of control software.
For the 780 nm laser AOMs, the RF frequency and power can be controlled. The frequency
of the EOM producing the sidebands on the 960 is also computer-controlled, and the spatial
light modulator has an extensive control program. All these programs were written in
LabWindows/CVI. Furthermore there are acquisition programs to capture and save CCD
camera images, and oscilloscope data. All these programs, including the PPG control,
can be linked to a so-called scancontroller, which governs the independent and control
variables, and data acquisition during an experiment.

Most data processing and analysis is done in Matlab. This involves making spectra
based on the amount of ions detected, which can either be extracted from the phosphor
screen current or total CCD illumination. Also a Matlab script is used to analyze single-
shot images in order to produce the spatial pair correlation function g(2)(r). This script
identifies single ions in a CCD image, and calculates the distances between all ions, cycling
over a large number of single-shot images. It in the end uses the procedure described in
Section 2.3 to produce a graph representing the spatial pair correlations between ions.
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Chapter 4

The Spatial Light Modulator (SLM)

The use of two lasers for the Rydberg excitation process opens up the possibility of changing
parameters like intensity and detuning for both lasers independently. Apart from this,
spatial degrees of freedom can also be exploited when one can control the laser beam profile,
which in the end gives rise to a wide range of possible experiments. In this experiment
such control is mainly obtained by using a Spatial Light Modulator (SLM), with which the
beam profile of the 780 nm excitation light can be shaped into any desired pattern.

The following chapter will discuss how the SLM can be used to create different patterns
of light, and what the limitations of the different methods of pattern generation are. The
possible use of direct camera feedback to improve the intensity distribution along the
pattern will be addressed, and the application of the SLM in the Rydberg atom experiment
is discussed. Finally, a method of using the SLM to probe and correct for optical aberrations
in the optical setup, is presented.
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4.1 Phase Modulation

The Spatial Light Modulator that is used is a Liquid Crystal on Silicone (LCOS) Phase-
only spatial light modulator (HoloEye PLUTO II). It is a rectangular reflective optical
element, consisting of a surface of liquid crystals in a pixelated structure of 1920 × 1080
pixels. The liquid crystal material is placed on a silicon board with circuitry to control each
pixel separately. The device itself is computer-controlled, by a custom written program
that governs the control over the pixels on the SLM, but is also used to calculate phase
patterns by the methods that will be described in the next sections, and involves a camera
that can be used to monitor the light patterns produced by the device.

Figure 4.1: A schematic representation of the liquid crystals inside the active layer of a spatial
light modulator. The long and short axis of the ellipse represent the anisotropic properties and
asociated difference in refractive index of the liquid crystal molecules. Under an electric field, the
molecules will rearrange their orientation, effectively changing the refractive index of the material
for light passing in the y-direction. Image by Gerwin Dijk [42]

The phase modulation of light falling on the device is based on the fact that the liquid
crystal (LC) material is birefringent. this means that the LC molecules have a certain
symmetry axis, and the index of refraction for light propagating parallel to this axis direc-
tion is different from the refractive index for light propagating orthogonal to the symmetry
axis. For the liquid crystals used in an SLM, the molecules are directionally aligned with
their symmetry axis in the same direction. An externally applied electric field can change
the orientation vector along which the LC molecules align, as shown in Figure 4.1. If the
orientation of the symmetry axis changes with respect to the propagation direction of the
incident light, the effective refractive index that the light experiences, changes.
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By engineering the initial configuration of the LC molecules in an SLM such that their
symmetry axis is in-plane with the substrate, an applied electric field in the perpendicular
direction will change the optical path length for light interacting with the SLM, thereby
changing the phase of the outgoing light. By using this principle with independent control
of the electric field on each pixel, a spatially-dependent phase modulation can be imprinted
on an incoming beam of coherent light. A more detailed description of how liquid crystals
are used for phase-only spatial light modulation can be found in [43].

The goal is to use this phase-modulation of the light to create a non-trivial intensity
profile in the laser beam. This is done by propagating the outgoing, phase-modulated,
light from the SLM through a lens, for which in the experiment a lens with a focal length
of f = 90mm is used. Conceptually, this results in a diffraction pattern that depends on
the spatial phase distribution of the beam falling through the lens. Thus, if one is able to
relate a certain desired laser beam intensity profile to the necessary input phase pattern,
this pattern can in principle be produced by imprinting the phase pattern with the SLM
and propagating the light through the lens.

The following sections will discuss two main methods of relating a desired intensity
profile to the phase pattern necessary to create this profile, geometrical beamshaping based
on gradients, and the Iterative Fourier Transformation Algorithm (IFTA).

4.2 Pattern Formation with Phase Gradients

The function of the lens in the SLM setup can be understood by the fact that lenses
effectively perform a spatial Fourier Transform between the far-field and the focal plane of
the lens. A very basic case of a linear phase pattern can serve as an insightful way to show
how Fourier transformations of this phase can lead to intensity patterns in the focal plane.

We start with a linear phase described by:

φ(x, y) = ax+ by. (4.1)

The input light field is then given by an intensity profile Ui(x, y) on which this phase
is imprinted:

Utot(x, y) = Ui(x, y) · e2πiφ(x,y) = Ui(x, y) · e2πi(ax+by). (4.2)

The lens, represented by a Fourier transform, propagates the light from the far-field,
with coordinates (x, y), to the focal plane, with coordinates (u, v):

Uf (u, v) = F [Ui(x, y) · e2πi(ax+by)](u, v)

=

∫∫ ∞
∞

Ui(x, y) · e2πi(ax+by) · e−2πiux · e−2πivydxdy

=

∫∫ ∞
∞

Ui(x, y) · e−2πi(u−a)x · e−2πi(v−b)ydxdy

= F [Ui(x, y)](u− a, v − b).

(4.3)
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Thus, a linear phase with coefficients (a, b) results in a linear translation of the (Fourier
transformed) intensity pattern in the focal plane. The effect that linear space-dependence
of the input phase leads to linear redistribution of the light in the focal plane, can be
generalized to the case of some nonlinear redistribution of light g(x, y) which is then related
to the local gradient of the input phase pattern [44]:

g(x, y) =
λf

2π
∇φ(x, y). (4.4)

As can be seen in the derivation of equation 4.3, the procedure of redistribution of the light
using phase gradients, relies on the fact that the phase φ(x, y) is separable in φ(x, y) =
φx(x) + φy(y), and thereby the exponent of the phase can be split in a part working on
x and a part working on y. In practice this means that the types of intensity patterns
that can be used or created with this principle, are so-called ’separable’ patterns. The 2D
intensity profile I(x, y) of these separable patterns obeys the relation I(x, y) = ix(x) · iy(y).

Examples of these separable patterns are, for instance, rectangular flat beam profiles,
but also Gaussian beams, which are the most common type of laser beam profile. Since
the incident beam on the SLM comes out of an optical fibre, it has a Gaussian profile
(with a width of σ ≈ 800µm), and is thus separable. This means that it is possible to
use the technique described above, to reshape the incident gaussian beam into any other
separable beam profile. Figure 4.2 shows some examples of beam profiles generated with
this so-called geometrical beamshaping method.

Figure 4.2: A CCD camera image of the focal plane of the f = 90 mm SLM lens, showing a
300× 300µm square laser beam profile obtained through geometrical beamshaping.

Although this technique already opens up interesting possibilities of using, for example,
various flat-top intensity profiles for experiments, the options are still limited to producing
separable beam profiles. The next section will present another approach to generating
phase patterns based on desired intensity profiles, with a much wider range of applicability.
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4.3 The Iterative Fourier Transform Algorithm

In 1972, Gerschberg and Saxton proposed an algorithm [45], which was developed to re-
trieve the phase of a light wave, based on the intensity profiles of that light wave in,
respectively, the imaging plane and diffraction plane of an imaging system. If we approach
the problem of finding the SLM phase pattern that produces some desired intensity pattern
as such a phase retrieval problem, we can apply this algorithm by Gerschberg and Saxton
to find the solution for the phase.

In our experiment, the intensity profile in the diffraction plane is known, namely, it is
the Gaussian beam falling on the SLM, which we will call Ui(x, y). The intensity profile
in the imaging plane is also known, since we know what profile we want to obtain in our
experiment, referred to as Us(x, y). Hence, the algorithm of Gerschberg and Saxton can
provide us with the necessary phase pattern to achieve the desired intensity profile.

The Gerschberg-Saxton algorithm consists of several iterations of Fourier transforma-
tions representing propagations of the light wave between the far field and the focal plane.
It is thus also commonly referred to as the Iterative Fourier Transform Algorithm (IFTA).
It is performed in several stages, where, depending on the stage, some constraint is applied
after each Fourier transformation. The operation of the algorithm is visually represented
in Figure 4.3.

Figure 4.3: A visual representation of the IFTA algorithm. It performs a series of Fourier
transfomations, representing iterations between the SLM plane and the focal plane of the SLM
lens, in order to approximate the light phase in the SLM plane, needed to produce the desired
intensity pattern in the focal plane.

The operation starts with an initial guess for the phase of the light field in the focal
plane. This can be any random phase pattern, but we will later discuss a method of
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obtaining an initial guess better representing the final phase pattern, thus speeding up
the algorithm. This initial phase ψ0(x, y) is then added to the known (desired) amplitude
Us(x, y) to construct the full wavefunction

Us(x, y)eiψ0(x,y). (4.5)

The obtained wavefunction is inverse-Fourier transformed, to obtain a wavefunction rep-
resenting the light in the far field. This typically results in an intensity profile unequal to
the Gaussian beam falling on the SLM:

I(x, y) = |F−1[Us(x, y)eiψ0(x,y)]|2 = |G′(x, y)eiφ(x,y)|2 = |G′|2 6= Ii(x, y), (4.6)

with some amplitude G′(x, y) and some phase φ(x, y). The next step is to replace this
intensity |G′| by the known input amplitude Ui(x, y) while keeping the phase, yielding
G = Ui(x, y)eiφ(x,y), which is referred to as ’applying a constraint’ in the far-field. This
resulting wavefunction is then Fourier transformed back to the focal plane, where again
the resulting intensity pattern |g′| = |g′(x, y)eiψ(x,y)| will generally not correspond to the
desired intensity Us(x, y).

Again, a constraint is applied to the amplitude of the obtained wavefunction, where
now the type of constraint depends on which stage the algorithm is in. In the first stage,
called the Phase Freedom (PF) stage, the amplitude |g′| is simply directly replaced by the
desired pattern Us(x, y). Typically, this process is repeated for a few iterations, yielding a
far field phase φ(x, y) which approaches the phase pattern needed to transform the input
amplitude Ui(x, y) into the pattern Us(x, y).

Typically, already after two PF iterations, the algorithm enters the second stage, the
Amplitude Freedom (AF) stage. Here, the desired intensity pattern is defined within a
window W in the focal plane, outside of which light can be distributed without constraint.
This means that, instead of replacing the amplitude |g′| out of the Fourier transformation
directly by Us(x, y), this is only done for the part of |g′| inside the window W :

|g| =

{
m1 Us(x, y) (x, y ∈ W )

m2 g
′(x, y) (x, y 6∈ W )

, (4.7)

where m1 and m2 are chosen, according to [46], to be m2 = 1, and

m1 =

∫
W
|Us||g′|∫

W
|Us|2

. (4.8)

In general, this procedure results in quick convergence towards a pattern that, inside the
window W , very closely resembles the desired output pattern [47].

To obtain an initial guess for the phase to insert into the algorithm, it is possible
to generate a random phase pattern. However, in the computer software controlling the
SLM, a more ingenious method is applied, as proposed in [48]. Here, the desired intensity
profile Is = |Us|2 is approximated by a separable pattern, if it wasn’t already separable, in
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which case it will remain unchanged. The separable approximation Ĩs of Is is constructed
through:

Ĩs(x, y) =

∫
Is(x

′, y)dx′
∫
Is(x, y

′)dy′. (4.9)

Since this pattern is now separable, it is possible to find the phase pattern transforming
the pattern Ĩs into the input Gaussian beam via the geometrical beamshaping method
described in Section 4.2. Using this phase pattern as an initial guess for the IFTA algorithm,
contributes to the convergence of the algorithm and reduces the possibility of creating phase
singularities during the IFTA calculations, which would lead to dark speckles in the final
intensity pattern [49].

Figure 4.4: The IFTA procedure can be used to obtain the SLM phase needed to create non-trivial
phase patterns. The images show a few examples of CCD images of the laser beam profile: a) A
2× 2 spot array with separations of 140× 160µm. b) The name of the Coherence and Quantum
Technology (CQT) group of Eindhoven University of Technology, in a 400× 400µm window. c)
Formula representing the Hamiltonian operator working on a state |ψ〉, in a 600×600µm window.
In the images some light is visible outside the region of interest, representing the working principle
of the amplitude freedom (AF) stage.

Figure 4.4 shows a variety of CCD camera images of beam profiles that have been
obtained using the IFTA procedure as described above. It is clear that the algorithm
can be used to create complex patterns. These can contain large surfaces of uniform
intensity and different gray scale levels, or small features in various shapes, of which the
size limitation will later be discussed in more detail. First, in the next section, a way of
further improving the patterns generated by IFTA is presented, which uses direct feedback
from a camera monitoring the intensity pattern.

4.4 Camera Feedback

The patterns generated with the IFTA method, of which some examples were shown in the
previous section, demonstrate a wide variety of possibilities to create intensity profiles in
the focal plane. One of the features which is important to experiments, is the uniformity
of areas of flat intensity. The direct results from the IFTA calculations may still possess
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some intensity fluctuations in areas that should be uniform, due to for instance non-uniform
attenuation or small aberrations, induced by the different optical elements along the optical
path.

It is possible to correct for these fluctuations, using a rather intuitive method of direct
feedback from a CCD camera (PointGrey Flea2) observing the intensity pattern. The
camera acquisition is integrated into the SLM software, such that the camera data can be
used to directly constitute a correction to the calculated phase pattern. To this extent, the
camera is first calibrated by imprinting a grid of equally spaced light spots on the camera.
This calibration grid is then used as a reference coordinate system to detect the resulting
laser beam patterns from the IFTA algorithm, and thus compare them with the desired
pattern.

The goal of the IFTA is to produce an output wavefunction with amplitude Us. It will
however, in general, produce an output Uout = Use

iS + E such that the resulting intensity
pattern Iout = |Uout|2 6= |Us|2. In order to reduce the error E, the IFTA is recalculated
several times, each time adapting the desired amplitude Us + δn, each time yielding an
output Uout,n. The nth correction δn is calculated by:

δn+1 = δn − β
|Uout,n|2 − |Us|2

2Us
. (4.10)

Here, 0 < β <= 1 is a factor moderating the corrections in every feedback iteration. The
output Iout = |Uout|2 generally converges to a laser beam intensity bearing an even closer
resemblance to the desired intensity, where the error E is greatly reduced.

The extent to which the resulting intensity pattern matches the desired pattern can be
quantified by monitoring the root-mean-square value of this error |E|2 (RMSE), where the
error is evaluated at every camera pixel inside the pattern window. Figure 4.5 shows the
effect of camera feedback on a square intensity pattern as generated with the IFTA. The
plot of the RMSE versus the iteration step (b) shows that the procedure converged after
about 12 steps.

The lower limit to the RMSE is mainly due to the edges of the pattern, which can’t
be infinitely sharp the desired square intensity pattern was defined. The RMSE of the
fluctuations on the surface within the borders are < 3%. Apart from this diffraction
limited effect, it is clear that the intensity of the light is much more uniform, and the
produced patterns generally improve with respect to the bare IFTA results.

4.5 Application in the Rydberg Experiment

So far, the intensity patterns created with the SLM have been measured on a CCD camera
in focal plane of the SLM f = 90 mm lens. In order to use the SLM in Rydberg experiments,
however, the pattern needs to be projected inside the vacuum system and accelerator
structure described in Chapter 3. The focal plane in which this pattern is created has to
intersect with the blue laser sheet and this intersection has to overlap with the rubidium
MOT cloud. To achieve this, the SLM laser beam follows the same path as the trapping
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Figure 4.5: The effect of camera feedback on an 800 × 800µm square beam. a) Image of the
beam profile before feedback procedure, the main error is caused by the intensity gradient over
the surface. b) Value of the (normalized) root-mean-square error (RMSE) as a function of the
number of feedback iterations, the procedure converges to a value of ≈ 10%. The remaining error
is mainly because of round edges in the beam profile, due to the diffraction limit. c) The final
result after the feedback procedure. The intensity gradient has been successfully resolved.

beam in the +z direction, as defined in Figure 3.6. A schematic drawing of how the SLM
is implemented in the experiment is shown in Figure 4.6.

The path length the light travels between passing the vacuum viewport and hitting the
MOT is almost 300 mm, significantly longer than the 90 mm focal length of the SLM lens.
In order to bridge this distance, the focus of the SLM is created outside of the vacuum
at position X, and then this focal plane is projected with a 1:1 imaging system onto the
MOT. The 1:1 imaging is done with two stacked lenses (L2 and L3), both with f = 290
mm, placed right underneath the vacuum viewport.

Apart from that, before the intermediate focus, 50% of the SLM beam is split off with
a non-polarizing beamsplitter and the intermediate focus of this beam is imaged on the
CCD camera. This way the created patterns can be monitored during experiments, and
camera feedback can be performed as discussed in Section 4.4.

Since the MOT trapping beam for the +z direction also passes through the lenses L2

and L3, an extra lens L4 is used in a telescopic configuration, such that a parallel input
trapping beam exits lenses L2 and L3 as a parallel beam. The exit beam has approximately
the same width as the input beam, determined by the ratio of the focal lengths of L2 and
L3 combined, and L4: f2+3

f4
≈ 1.

To verify that the patterns created by the SLM are projected onto the blue laser sheet
and the MOT cloud, the two lasers are used to photo-ionize rubidium atoms in a continuous
acceleration field. These ions will be imaged on the ion detector described in Section 3.5.
By detecting ions for a long time, the original ionization volume set by the intersection
of the SLM pattern and the blue laser sheet will become visible. If there is some small
mismatch between the focus of the SLM pattern and the blue laser sheet, the SLM can be
used to shift the focus in the z-direction, as described in Appendix A. Figure 4.7 shows
some examples of ion images that have been created producing different patterns with the
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Figure 4.6: The schematic overview of the implementation of the SLM in the Rydberg experiment.
Lens L1 produces the laser beam profile in point X. The SLM light is mixed with one of the trapping
beams, lenses L2,3 make sure that point X is imaged on the MOT cloud. lens L4 makes sure the
trapping beam is parallel at the position of the MOT. The intermediate focus in point X is imaged
on a CCD camera with a beamsplitter.

SLM and projecting them onto the MOT. Along the axes, coordinates inside the MOT are
shown, calculated from the magnification factor present in the ion imaging system. The
intensity fluctuations of these ion images are most likely due to the non-uniform density
profile of the MOT itself. Overall, it appears that the laser intensity patterns created in
the MOT correspond very well to the patterns that can be created outside the vacuum.

In order to use the SLM for Rydberg experiments, one very important feature of the
created patterns is the minimum size that created features can achieve. This minimum
size depends on the wavelength of the light, which is fixed to 780 nm, and the numerical
aperture of the optical system focusing the pattern. This last property is a measure for
how strongly the light is focused, and is defined as:

NA = n sin θ ≈ 1 · tan θ, (4.11)

where θ is the angle of the converging light beam edge with the optical axis and n the
refractive index of the medium inside which the light is focused. Since the optics are all in
either air or vacuum, the value of the refractive index n ≈ 1. The smallest possible feature
size d can be estimated by the Abbe diffraction limit [50]:

d =
λ

2 NA
. (4.12)

All light patterns shown until this point were created using a Gaussian input beam on
the SLM with a width of σ ≈ 800µm. This means that the feature size for these patterns
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Figure 4.7: When intersecting an SLM generated beam pattern with the 480 nm laser sheet, and
lowering the threshold, the ions from the ionization volume can be imaged on the ion detector.
The axes are in coordinates at the MOT position, obtained by dividing out the ion imaging magni-
fication factor of 42 (Appendix B). Figures a), b) and c) have been made using the corresponding
beam profiles from Figure 4.4.

has a lower limit of:

d =
λ

2 NA
≈ 780 nm

2 · 800µm
90 mm

≈ 44µm. (4.13)

To study and control Rydberg interactions in the experiment, many interesting possibilities
become available if one is able to make light features that are smaller than a Rydberg
blockade radius. Typical values for this blockade radius can reach up to ≈ 10µm (see
figure 2.4), therefore it would be interesting to produce features with typical sizes smaller
than 10µm. To this end, the numerical aperture of the SLM beam needs to be increased.

Using two lenses in a telescope configuration, the parallel input beam that falls on the
SLM surface can be increased in size (by a factor f1/f2 = 500/40 = 11.5), such that the
whole surface of 15× 8 mm is illuminated. Using this beam to create patterns, the feature
size as calculated by equation 4.13 can be brought down to a minimum of 4.7 × 8.8µm.
Since the imaging system projecting the intermediate focus onto the MOT is 1:1, the
numerical aperture is the same for the intermediate and final focus, and the calculated
minimum size also holds for focusing the pattern inside the MOT. To accommodate this
bigger numerical aperture inside the vacuum, the diameter of the lenses L2 and L3 from
Figure 4.6 is 82 mm.

Increasing the size of the SLM beam has one big disadvantage, which is that a much
bigger area of all the optical elements in the beam path is used. This greatly increases the
effect of aberrations suffered by the wavefront of the light, which results in deformations
of the created patterns in the focal plane, greatly reducing their applicability in exper-
iments. However, if the aberrations that the optical elements induce on the light beam
were somehow known, we could in principle imprint the opposite of this aberration onto
the phase patterns on the SLM, and thus correct for the aberrations along the path. The
next section presents a method that characterizes the aberrations suffered in our optical
system all the way into the vacuum, and shows how the SLM can be used to correct for
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these aberrations, thus enabling the creation of light features < 10µm at the position of
the MOT cloud.

4.6 Aberration Detection and Correction

Since aberrations are spatially dependent distortions on the phase of a wavefront, the most
basic method of characterizing aberrations in an optical system would be to send in a
planar wave and measure the phase of the wavefront at the end of the optical path. It
is however currently impossible to directly measure the phase of wavefronts in the optical
frequency domain, which is the reason that for instance phase retrieval algorithms like the
ones mentioned in Section 4.3 have been developed.

Today, there exists a technique which indirectly measures distortions on a wavefront
of light, using an array of microlenses. The idea for this technique was first proposed by
J. Hartmann [51] and later implemented by R. Shack [52, 53], and relies on the principle
derived in 4.4. According to this formula, a non-constant phase imprinted on the wavefront
causes a redistribution of light in the focal plane. Using a microlens array, each lens only
probes a small portion of the aberrated wavefront, such that the phase of this part of the
wavefront can be approximated up to first order:

φab ≈ φ0 +∇φab ·
(
x
y

)
. (4.14)

Due to the redistribution of light as described by equation 4.4, the term with ∇φab leads
to a displacement of the focal spot of the microlens. The total array of focal spots and
their respective displacements in x and y directions, then gives information with which the
aberration of the wavefront can be reconstructed.

In principle one could place such a Shack-Hartmann scanner, consisting of a microlens
array with CCD camera, inside the vacuum chamber at the point where the light should
be focused on the MOT, to characterize the aberrations induced by the optical elements
in our experiment. This method is impractical, because it requires buying or building
a Shack-Hartmann scanner, and breaking the vacuum everytime the aberrations need to
be characterized. It is for this reason that a slightly different approach is chosen, which
exploits the versatility that the SLM offers, to measure aberrations by the same principle
as the Shack-Hartmann scanner. The detection method relies on ion imaging, so it can,
and even has to, be applied with the vacuum intact.

First, the full surface of the SLM is illuminated by expanding the incoming laser beam
with the telescope setup described at the end of Section 4.5. Next, in order to probe only
a small part of the full wavefront, the surface of the SLM is split up into two regions. A
small circle on the SLM is defined which reflects the light in the usual manner, as a probe
beam following the full optical path. The area outside this circle is set such that all the
light falling on it is deflected under a large angle, not allowing it to pass through the optics.

The narrow probe beam from the small circle is focused into a spot in the intermediate
focal plane, and then again imaged onto the MOT cloud. Here, combined with the blue
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laser sheet and a DC (direct current) acceleration field, it is used to ionize a part of the
rubidium in the MOT, and the ions are imaged on the ion detector. Next, the origin of
the probe beam is scanned over the surface of the SLM, and the ion spot resulting from
each setting is recorded. As a result of aberrations, the position of the focal spot inside the
MOT cloud will change for different probe beams, which directly leads to a displacement
of the ion spot on the detector. Thus the aberration suffered by the full light beam coming
from the SLM can be reconstructed from all these displacements. Figure 4.8 shows two
examples of ion images, created with two probe beams originating from different parts of
the SLM. The displacement of the ion spot as a result of aberrations is clearly visible.

Figure 4.8: The working principle of the Shack-Hartmann aberration scan procedure. By moving
a probe beam over the surface of the SLM, the position of the focal spot varies under aberrations.
From all spot displacements, an aberration phase pattern can be reconstructed.

The relation between the aberration phase φab and the focal spot displacements ∆x
and ∆y in such a measurement is: (

∆x
∆y

)
=
λf

2π
∇φab, (4.15)

with λ the wavelength of the light, f the focal length of the SLM lens. Hence, the measure-
ment provides information about the gradient of the aberration phase, and not directly of
the phase itself. Moreover, the value of this gradient is only probed at discrete points on
the SLM. In order to retrieve a direct and continuous description of the aberration phase
for the full SLM surface, the measurement data are fitted with a function:

~f(x, y) =

(
fx(x, y)
fy(x, y)

)
= ∇F (x, y), (4.16)
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where ~f(x, y) is some vector function, defined as the gradient of the scalar function F (x, y)
which can completely describe the aberrations in the system.

The function F (x, y) that is used for the fitting procedure is a linear combination of
Zernike polynomials:

∇F =
N∑
j=1

cj∇Zj(x, y). (4.17)

These polynomials have been defined to describe aberrations in optical systems. They
form a complete, orthogonal set, such that a linear combination of different orders of
polynomials like formula 4.17 can fully describe any total aberration phase. Since in most
cases optical elements are circularly symmetric, the standard set of Zernike polynomials
is defined in polar coordinates on the unit circle. However, as the SLM has a rectangular
surface, the Zernike polynomials are redefined in terms of the cartesian coordinates (x, y)
on a unit rectangle, where the half-diagonal length is defined as unity [54]. This set is
re-orthogonalized using the Gram-Schmidt orthogonalization procedure. An example of
different order rectangular Zernike polynomials is shown in Figure 4.9

Figure 4.9: Examples of different Zernike polynomials, both in the original, polar coordinate
definition (top row), and in the re-orthogonalized unit rectangle (bottom row).

Figure 4.10 a) and b) show plots of the measured displacements, transformed into
an aberration phase gradient in x and y direction with formula 4.15, represented on the
rectangular surface of the SLM. These measurements have been fitted with the gradient
of a linear combination of Zernike polynomials using a least squares fitting method with
Zernike polynomials up to order N , resulting in N fitting coefficients cj. For this fit a
value of N = 15 has been chosen. The set of fitted coefficients cj is shown underneath
the measurements, along with the total fitted aberration phase φab. To correct for the
measured aberration, the found phase φab is subtracted from the phase pattern on the
SLM surface. After applying the correction, the probe beam was again scanned over the
surface of the SLM to measure the remaining aberrations. The measured aberration phase
gradients for this new scan are shown in Figure 4.10 c) and d), and it is clear that the
aberrations have been significantly reduced by the correction.
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Figure 4.10: The measured x and y components of the local aberration phase gradients ∇φab,
represented on the SLM surface. During the first scan (a and b), the aberrations were still
significant. After applying the correction, performing a new scan shows that the aberrations have
been successfully reduced (c and d). The white area shows where no (significant) ions were created
by the probe beam, most likely because it is cut off at an aperture, and hence doesn’t reach the
MOT position.

To further illustrate that the aberration correction achieves the desired result, Figure
4.11 (a - c) show images of ion patterns created using a 2× 2 spot array imprinted by the
SLM. When a small SLM beam is used to create the pattern, it doesn’t significantly suffer
from aberrations, but the small numerical aperture limits the spot size to only 2σ = 38µm
(a). When the SLM beam is expanded to increase the numerical aperture, the features
do become narrower, but the pattern is distorted by aberrations (b). After applying the
aberration correction procedure, the distortions on the spot pattern are gone, and the
SLM created round spots of 2σ = 11 × 18µm, which is in the regime where the spot size
is comparable in size or even smaller than a Rydberg blockade radius (c).

The fact that these measured spot sizes do not fully correspond to the calculated
laser spot size value of 4.7× 8.8µm may be due to external influences on the ion imaging
system, or the laser spot position might be slightly fluctuating due to mechanical vibrations,
smearing out the effect over the typically long ion imaging exposure time of a few seconds.
Finally, Figure 4.11 (d) shows a 10 × 10 array of spots at a separation of 16 × 27µm at
the MOT position. Such a grid of small spots at these relatively short distances forms a
very interesting basis for future Rydberg experiments with high spatial control over single
Rydberg excitations.
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Figure 4.11: Four examples of ion spotarrays to show the effect of the aberration correction
procedure. a) The 2× 2 spot array from Figure 4.7, uses narrow SLM beam. b) Same spot array
using broad SLM beam, signal is dominated by aberrations. c) Same spot array with broad SLM
beam after aberration correction. d) 10×10 spot array with 16×27µm spacing. Useful for future
purposes in quantum simulation.
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Chapter 5

Rydberg experiment results

With the previously described setup, several experiments have been carried out to investi-
gate spatial structures and strong interactions in ultracold Rydberg gases. The results of
these experiments are presented and discussed in the following chapter.

First, the identification of Rydberg states through their spectral lines is discussed.
Next, the ability of the laser stabilization and scanning method to produce a high resolution
Rydberg state spectrum is shown. An experiment showing Rydberg interactions from a set
of such high resolution spectra is presented, indicating the effect that Rydberg interactions
exert on these spectra.

Next, results are presented of experiments where the Rydberg atom distribution was
monitored after every single experimental cycle, and the number statistics of these single
shots are examined for indications of strong Rydberg interactions. Also the spatial dis-
tributions resulting from these experiments are analyzed in terms of spatial correlation
functions, in order to directly observe the Rydberg blockade effect.
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5.1 Identifying Rydberg states

Before any Rydberg experiments can be performed, first a Rydberg state needs to be
identified by exciting the atoms to this level. In order to find out the exact wavelength of
the 480 nm laser that addresses a Rydberg state, the wavelength of the laser is scanned.
To scan the laser wavelength over a broad range, the locking electronics providing the
frequency stabilization as described in section 3.3 are turned off, and the current through
the 960 nm laser diode is varied, changing the wavelength accordingly, which is monitored
on a wavemeter.

The experimental cycle as shown in Figure 3.5 is performed with a MOT loading time
of ≈ 1 ms, followed by a laser excitation time of 30µs. The SLM is set to give a 2σ = 50µm
Gaussian profile, intersected with the blue laser sheet of 2σ = 14µm× 1.8 mm. 5µs after
shutting off the excitation lasers, a 150 V voltage pulse is applied to the accelerator. If
any Rydberg atoms are created during a cycle, they are detected through the ion current
on the phosphor screen. For every wavelength, the signal is averaged over 100 cycles.

Figure 5.1: A wavelength scan of the second-step laser shows two regions with features of Rydberg
atoms. Apart from an offset of 1.2 · 10−3 nm, the features match with the predictions for the 99S
and 97D state.

Figure 5.1 shows the result of such a wavelength scan, ranging from 479.3315 to 479.334
nm. The signal in this plot has been normalized to a range between 0 and 1. The scan shows
two wavelength regions where a signal is detected. The wavelengths at which Rydberg
atoms were created are compared to estimates of the Rydberg state transition wavelengths,
based on the ionization energy of 85Rb [55] and the ∝ 1/n2 scaling of the state level energy.
After shifting the measured spectrum by 0.001228 nm with respect to the theoretical
estimate, the different peaks can be identified as the 99S1/2 state and the 97D3/2 and

44



97D5/2 states. This shift could be caused by a few possible factors. The blue laser light
is switched on and off by an acousto-optic modulator (AOM) operating at 70 MHz, which
translates to a wavelength shift ∆λ of:

∆λ = λ · ∆f

f
=
λ2 ·∆f

c
≈ 5.3 · 10−5 nm, (5.1)

with the laser frequency f and wavelength λ = 479.33 nm, c = 2.998 ·108 m/s the speed
of light, and ∆f = 70 MHz the frequency shift induced by the AOM.

This wavelength shift is two orders of magnitude smaller than the discrepancy between
measurement and prediction, and as such it is ruled out as the main contribution to this
shift. The most likely explanation is that there may be a small calibration error of the
wavemeter, which could easily lead to the error of < 3 · 10−4% on the absolute wavelength.
Apart from that, the predictions themselves are relatively basic, not taking into account
the details constituting the exact state energy. After applying the shift, the comparison of
the measurement to the prediction matches well enough to attribute the different lines to
the aforementioned states, which is all the information needed to interpret the experiments
performed on these states.

The splitting between the two j states of 97D appears to be bigger than the predicted
value. This may be due to a small electric field present in the setup, inducing a Stark
shift on these two states which increases their separation. The influence of the Stark effect
has not been investigated systematically, but it seems that some small background field is
always present in the experiment.

All further experiments described in this thesis have been performed on the 99S1/2 state
from Figure 5.1, as it has isotropic interactions with other Rydberg atoms, reducing the
complexity of the experiments. A second argument for choosing to work with an l = 0
state, is that Stark shifts for this state scale with ∝ E2 [56, 57], so a small background
field will have little influence.

A new scan of this 99S state is made, where now the frequency stabilization of the 480
nm laser is turned on. The EOM is scanned in steps of a 100 kHz to give a high resolution
spectrum, which is shown in Figure 5.2. As the EOM changes the frequency of the 960 nm
laser, the x-axis is rescaled by a factor 2 to represent the frequency doubling. Based on
a Gaussian fit through the peak, the position of the maximum is defined as δ2 = 0. The
other laser parameters during this measurement were: δ1 = −9 MHz, Ω1 ≈ 4 MHz and
Ω2 ≈ 0.5 MHz. The Rabi frequencies are calculated from the laser peak intensity of the
Gaussian beam profiles, see Appendix C.

One remarkable feature is the fact that the spectrum shows two side peaks at a sepa-
ration of ±20 MHz from the main peak. It was later found out that these had no physical
significance, but were caused by the AOM driver, which produced sidebands on the 70
MHz driving frequency. The problem was however only resolved after finalizing the mea-
surements for this thesis, so these sidebands may have affected the dynamics of Rydberg
atoms.

To describe a lineshape, in principle a Lorentzian function is used, but apart from a
Lorentzian fit to the main peak, also a Gaussian fit is made. The adjusted coefficient of
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Figure 5.2: The 99S state that was identified, is scanned by locking the laser to the cavity and
scanning the EOM frequency fmod. Based on a gaussian fit the center of the peak is determined
and defined δ2 = 0. The peak has a width of σ = 2.5 MHz. The sidebands at δ2 = ±20 MHz are
technical artefacts of the AOM driver, as is described in the text.

determination R2 of the fits was 0.82 for the Gaussian and 0.83 for the Lorentzian, so the
difference in fit quality is small, and eventually the Gaussian profile was chosen because
of the expansion to skewed Gaussian profiles which are used later on. The spectral line of
the main peak has a full width at half maximum (FWHM) of 6 MHz. This means that
the linewidth of the laser locking setup with the cavity is at least lower than 6 MHz, most
probably even much lower, and that scanning the laser frequency with the EOM gives the
desired result. The linewidth of the measured spectrum is, however, significantly broader
than the theoretical plot of ρ∞(δ2) for almost the same laser parameters (see Figure 2.2).
This difference could be caused by several factors. Although the 480 nm laser has been
referenced to a stable cavity, the 780 nm laser linewidth depends on the locking to the
Rb vapour cell described in Chapter 3. Also, small fluctuations of the background electric
field may influence the measured line, as the 99S state is highly polarizable and thus
extremely sensitive to electric fields. Another large influence on the spectral width are
the interactions between Rydberg atoms. As the rate equation model is a single-particle
model, these interactions are not present in the data of Figure 2.2. The next section will
discuss how the influence of Rydberg atom interactions on the spectral line is observed.

A last feature that the cavity locking setup was designed to provide, is long term sta-
bility. It is however noted, that for various spectra made under the exact same conditions
on the same day, the 99S peak does not always show up at the same value of the EOM
frequency. Based on a set of re-measured spectra over the course of a day, the rms fluc-
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tuations on the 99S state resonance EOM frequency are 0.5 MHz. This means that there
is a ±0.5 MHz errorbar on the value of δ2 when comparing a set of experiments that were
taken over the course of a day.

5.2 Time evolution of spectra

In order to investigate the effect of interactions on the shape and width of a Rydberg
spectrum, a set of spectra was measured under the same conditions as in Figure 5.2, but
the excitation time was varied. At short excitation times, the interactions will have little
influence on the spectrum, while for long excitation times the role of interactions becomes
dominant.

The measurement is compared with Monte-Carlo simulations of the many-body excita-
tion process, done by Ted van der Weerden. In these simulations, an excitation volume is
defined, representing the intersection of the two excitation lasers. For each iteration this
volume is filled with randomly distributed ground state atoms, with a density similar to
the MOT cloud in the experiment. The excitation and de-excitation rates γ↑ and γ↓ from
Chapter 2 define the probabilities for each atom to be excited to or de-excited from the
Rydberg state. The van der Waals interactions are implemented by defining for every atom
a local effective detuning based on Eqn. 2.6, influencing the rates and thus governing the
many body dynamics. For every laser detuning δ2, a set of typically a few thousand itera-
tions is performed, in which the total amount of Rydberg atoms is recorded at increasing
times, which is averaged and eventually plotted as a function of δ2 to give the spectrum.

Figure 5.3 shows an overview of the results of this experiment, and the comparison to
both a simulation with and without Rydberg interactons. In the latter case, the Rydberg
interactions have been eliminated by setting the value of C6 to 0. The measurement shows
the relative ion signal normalized to the data for the shortest τexc. The two simulation
results show the absolute number of Rydberg atoms created Nryd.

The original measurement used excitation times between 5 and 250µs, but these times
have been rescaled to compensate for a mismatch in system size between the measurement
and simulation. Using Gaussian beam profiles, like in the experiment, for the simulation
leads to a large system size, which takes a long time to simulate. Therefore, the simulation
uses a 40 × 40µm SLM beam with sharp edges, and with a thin blue sheet of σ = 3µm,
making a quasi 2D box, since the sheet thickness is much smaller than a typical blockade
radius. The measurement uses a σ = 25µm Gaussian SLM beam intersected with a
σ = 7µm sheet, which we assume to produce a quasi 2D box, too. The rescaling is then
constituted by multiplying the experiment timescale by a factor:

f =
Vsim
Vexp

=
40 · 40

π · 252
= 0.81. (5.2)

For the experiment, the peak frequency at the shortest excitation time is taken as δ2 = 0.
One important feature present for the longer excitation times is an apparent asymmetry

in the spectrum, as the peak starts to lean over to the δ2 > 0 side. To characterize this
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Figure 5.3: The dependence of the spectrum shape on the excitation time. On top are, from left
to right, plots of the measured spectra, simulated spectra, and simulated spectra without van der
Waals interactions. From fits with a skewed Gaussian function, three characteristic properties
are compared on the bottom row: the full width at half maximum (FWHM), the frequency shift of
spectrum peak, and the skewness parameter.

asymmetry, the spectra are fitted with a skewed Gaussian distribution, defined in [58].
From this fit, the full width at half maximum (FWHM), peak frequency and universal
skewness parameter γ1 from ref. [59] are recorded.

The skewness parameter itself, plotted in the bottom right window of Figure 5.3, does
not show a clear distinction between the interacting and non-interacting case, and neither
does it give a clear resemblance between measurement and simulation. This is due to the
low spectral resolution of the simulations, which makes it hard to fit the narrow peaks
from the non-interacting spectra. Based on the rate equation model for the single-atom
dynamics from Chapter (2), some skewness may still occur at short times because γ↑ is
asymmetric as a function of δ2 (See Figure 2.2 b)), but this skewness should disappear at
long timescales as ρ∞ is symmetric in δ2. A non-interacting simulation with higher spectral
resolution should be able to reveal these features.

Apart from the skewness parameter, the full width at half maximum and peak frequency
of the spectra were recorded, which do show a very clear resemblance between measurement
and simulation, not present in the non-interacting case. As the excitation time increases,
the FWHM (bottom left window) increases, much more than in the non-interacting case.
Moreover, the peak shifts towards finite values of δ2 > 0 (bottom center window). This
broadening and shift can be explained with the van der Waals interaction, referring back
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to the blockade and facilitation regime discussed in Section 2.2.
At δ2 ≤ 0, the growth of Nryd is at best equal to the non-interacting case, but for δ2

close to 0, this growth might even be suppressed by the blockade effect. When δ2 > 0, the
higher δ2 is, the lower the excitation rate γ↑ becomes, and the longer it takes to produce the
first Rydberg atom. However, as soon as this first Rydberg atom is excited, it can facilitate
the excitation of atoms inside a shell of radius rfac around it. Any of these newly excited
atoms can again facilitate atoms around them, starting a chain of consecutive facilitation
events. The more time the atoms get to interact, the more facilitation events can occur,
increasing the total Rydberg atom count at detunings δ2 > 0. The facilitation effect thus
effectively shifts the spectrum peak towards the blue-detuned side.

The comparison of the FWHM values is independent of drifts in between the experi-
ments. To take into account the possibility that the observed shift of the measured spectra
might be due to the aforementioned frequency drifts, the errorbars represent the average
fluctuation of the Rydberg resonance frequency that occurs during a full day. As these
measurements took only slightly over 1 hour, these errorbars are very conservative. Yet,
even with these conservative errorbars, the key feature of the facilitation effect, which is
the peak frequency shift, matches the simulation very well, and the non interacting simu-
lation clearly confirms that indeed a large van der Waals C6 coefficient is responsible for
this phenomenon.

Now that the first fingerprint of strong van der Waals interaction between Rydberg
atoms has been identified, the next two sections will discuss experiments to further charac-
terize this interaction, using collections of individual ion images instead of an average ion
count over a 100 cycles. The images are both analyzed in terms of counting statistics and
spatial correlations, to provide a more extensive analysis of the blockade and facilitation
effects.

5.3 Counting statistics

The spectra from the previous section provide information on the average number of atoms
created in an experiment. Because of the averaging procedrue, a lot of information about
the number statistics is lost. An important parameter is the variance in the number of
atoms created per shot. This information can be characterized by the Mandel Q parameter,
defined as:

Q =
〈(∆n)2〉 − 〈n〉

〈n〉
=
〈n2〉 − 〈n〉2

〈n〉
− 1. (5.3)

It was first defined by L. Mandel to describe photon counting statistics [60]. For states
with a well-defined number of photons, ∆n = 0, so Q = −1, while for a Poissonian
number distribution ∆n ∝

√
〈n〉, so Q = 0. In the case of Rydberg experiments in the

blockade regime, for sufficient atoms excited to a Rydberg state, any next excitation will
be blocked by some Rydberg atom already present, meaning that the excitation volume is
saturated. This will lead to a Mandel Q parameter Q < 0, because the number of atoms
per experiment is more or less fixed to the ratio of the excitation volume and 4/3πr3

B. In
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the facilitation regime, it will take a long time before an atom is excited to the Rydberg
state by the laser, as it is tuned off resonance and the excitation rate is low. As soon as this
one seed atom is excited, however, it facilitates other excitations, quickly increasing the
number of atoms created. This means that in some experiments, no atoms will be created
at all, while in other experiments, a few seed atoms were present triggering an avalanche
of Rydberg excitations. This in the end leads to a large 〈(∆n)2〉, thus a large value of Q.

For the counting statistics experiments, a set of individual ion images of every exper-
imental cycle is collected. The ions in every shot are counted with the help of a Matlab
script. The excitation volume consists of the blue laser sheet intersected with a σ = 25µm
Gaussian SLM beam, of which the peak intensity is recorded to give the value of Ω1. The
excitation time used in these experiments is 30µs. Every measurement consists of a set of
400 single shot images. Figure 5.4 shows the results for the average number of ions (a,b)
and the Mandel Q parameter (c,d), for varying Ω1 from 2 to 10 MHz at δ2 = 0, and for
δ2 from −3 to +3 MHz with Ω1 = 4 MHz. The other laser parameters are: δ1 = −9 MHz
and Ω2 = 0.55 MHz.

Figure 5.4: Results of the counting experiments. The top row shows the average number of Rydberg
atoms created, as a function of first-step Rabi frequency Ω1 (a), and against the second-step laser
detuning δ2 (b). The bottom row shows the Mandel Q parameter plotted against Ω1 (c) and δ2

(d).

In order to take into account the frequency drift as accurately as possible, a spectrum
was measured between each measurement point, showing that there was significant drift
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during the experiments, where sometimes the drift was as big as the frequency steps in
δ2. The frequency drifts play a much larger role for these shot-per-shot experiments, as
the data collection takes a lot longer. The rate at which single shots can be made and
processed, is only slightly over 1 Hz. To estimate the error on the measured quantities due
to this drift, every measurement was later split in 4 sets of 100 shots, where both 〈n〉 and
Q were determined for all sets of 100. The rms fluctuations of these quantities within one
measurement provide the errorbars shown in the plots.

Figure 5.4 (a) shows clearly that, for increasing values of Ω1, the average Rydberg
atom count increases gradually. With higher values of Ω1, the transitions are driven more
strongly, so that in the same excitation time, more Rydberg atoms are created. It is a
result that is expected to already occur in the case without Rydberg atom interactions.
The plot of Figure 5.4 b) should follow just the same shape as the spectrum from section
5.1, but even though the counting experiments consist of more averages, they look more
noisy. This shows just how big the influence of the long term frequency drift can be. The
data points at δ2 = 1 and 2 MHz, were taken a day later than the other points, which
might explain why their overall Rydberg atom count is lower.

From the comparison of the plot in Figure 5.4 b) to the previously measured spectra,
it is apparent that the results from this set of measurements are heavily influenced by
experimental issues, most likely the resonance frequency drift. Nevertheless, the bottom
two figures representing the dependence of Q on Ω1 and δ1 do show some interesting
features. The bottom right plot shows that with increasing Ω1, the Mandel Q factor
attains values � 1. At δ2 = 0, this is not expected, as the excitation process is usually
Poissonian (Q = 0), and the blockade effect is rather expected to result in values of Q < 0.

It is important to note, however, that the definition of δ2 = 0 is based on the peak
frequency of a 99S state spectrum with an excitation time of 30µs. As the measurement
from Figure 5.3 already showed, this peak shifts as an effect of Rydberg interactions. This
makes it hard to experimentally determine where exactly δ2 = 0, but it may also explain
why such large values of Q are measured, if actually the detuning during these experiments
was δ2 > 0.

The result of the behaviour of Q(δ2) shown in Figure 5.4 d) is completely incongruent
with expectations, as Q clearly increases on the red-detuned side of the resonance. The
value of Q is expected to drastically increase on the blue-detuned side as a result of facil-
itation, yet on this side of the plot, δ2 seems to have little influence on Q. The number
histogram for this measurement is given in Figure 5.5. It shows that there were many
events with 1 or 2 atoms detected, while the histogram has a long tail of a few experiments
resulting in many Rydberg atoms. The strongly non-Poissonian shape of this histogram
supports the large value of Q for this measurement. A possible explanation for the events
with high atom number counts might be that the = 20 MHz sideband on the laser gives
rise to facilitation in the regime where we do not expect it, since at δ2 < 0 this band is
brought closer to the Rydberg state resonance. Since the measured behaviour is completely
incongruent with expectations, it is clear that the dependence of Q on δ2 needs further
investigation.

All measurements of the Mandel Q parameter have shown values of Q above 0, giving no

51



Figure 5.5: A histogram representing the number of Rydberg atoms detected in the single shot
measurement at δ2 = −3 MHz. While the average number of Rydberg atoms is low, some mea-
surements identified up to 60 atoms in one shot, leading to the large value of Q.

indication for sub-Poissonian statistics. This may simply be the case because the excitation
timescale is too short for the excitation volume to fill up with fully blockading Rydberg
atoms. Furthermore, the comparison of Figure 5.4 b) to the spectrum data indicates that
on the timescales of these counting experiments, drifts play a significant role. Identifying
and suppressing the source of this resonance frequency drift thus has a high priority. If
the drift comes from the first excitation laser frequency, it may be resolved by locking this
laser to the ULE cavity, too. Slow variations in the background electric field are another
possible cause, and these may be a lot more challenging to resolve. If the drifts can be
suppressed, and with the ±20 MHz sidebands on the laser gone, the Mandel Q parameter
can be re-investigated. The size of the excitation volume can then be used as an extra
tool to look for sub-Poissonian statistics in a small volume, reaching saturation earlier,
or largely super-Poissonian counting statistics in a big volume, leaving room for many
facilitation chains.

5.4 Spatial correlations

Before discussing the results of the spatial correlation measurements, an important note on
the acceleration voltage needs to be made. Earlier the use of an acceleration voltage of 150
V was mentioned. This voltage was used for measuring the first spectra, but when inves-
tigating the spatial structures in the ion images, there appeared to be a large influence of
ion-ion repulsion at these acceleration fields. Figure 5.6 shows how a rectangular excitation
volume of 300 × 50µm, shaped with the SLM, is imaged on the ion detector differently
when using direct photo-ionization with a DC acceleration field (a), or field-ionization
from a Rydberg state using a field pulse of 150 V (b). The difference is that with a DC
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field, the ions leave the accelerator at different times, while in the case of ionization from
a Rydberg state, all ions are accelerated simultaneously, and are thus closely packed. In
the second case the Coulomb interactions clearly disrupt the initial ion configuration to
the extent that the shape of the excitation volume can no longer be recognized.

Figure 5.6: Influence of Coulomb repulsion on ion trajectories. a) Ion image of the rectangular
excitation volume of 300 × 50µm, made by direct photo-ionization in a DC acceleration field.
b) Using the same excitation volume to field-ionize and accelerate Rydberg atoms at 150 V, the
shape is lost due to Coulomb interaction. c) Same as b), but using a 3 kV field. The shape is
less distorted by Coulomb interactions.

To prevent this effect of Coulomb interactions as much as possible, the ion time of flight
is reduced by replacing the 150 V voltage pulse source with a high voltage pulser, giving
pulses of maximum 3 kV. Figure 5.6 c) shows how this preserves the shape of the excitation
volume better, but there still seems to be some deformation from Coulomb interactions.
No devices are currently available which can produce higher pulsed voltages, but we are
now working on the design and realisation of such a source, which should reach up to 17
kV.

As Figure 5.6 c) indicates, the effect of Coulomb interactions at 3 kV of acceleration
field is not negligible, and to investigate this effect further, simulations were performed
by Gijs Groeneveld [61], where the trajectories of ions under the influence of external
fields and inter-ion repulsion are calculated. A simulation of the trajectories of two ions
travelling towards the detector shows that Coulomb effects lead to a twice as large on-screen
separation than just the ion magnification factor, when the initial separation is 10µm at
3 kV. As the expected initial separations due to the Rydberg blockade effect are also in
the order of 10µm, the Coulomb interaction may pose a serious limitation on the ability
to observe Rydberg interactions through spatial correlations. Also, Coulomb interactions
in ensembles of randomly distributed ions were simulated, which actually showed that at 3
kV they can lead to a feature that looks like a Rydberg blockade around 15µm in a g(2)(r)
function. This shows that even for the currently highest possible fields of 3 kV, features of
Rydberg interactions around 10µm interparticle separation may be entirely obscured by
the Coulomb interactions.

Figure 5.7 a) shows the correlation function g(2)(r) of a set of individual ion images
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using 3 kV accelerating field. The dataset is the one from the counting experiment at
Ω1 = 4 MHz and δ2 = 0 MHz, from the previous section. The errorbars are produced
from the number of detections at this distance by the statistical

√
N law. There is some

blockade effect visible in the plot, since g(2)(r) is equal to 1 for most r, but it starts going
towards zero for r < 8µm. To confirm that the observed blockade is not simply due to
a limited detector spatial resolution, this resolution is determined by taking single shots
of photo-ionization events with a DC acceleration field. As these measurements should
produce uncorrelated ion distributions, the expected g(2)(r) = 1 for all r. However, with a
finite minimum resolvable distance rres, the correlation function will go to 0 for r < rres.
The g(2)(r) curve representing the detector resolution was measured, and is shown in Figure
5.7 b). The curve is fitted with an empirical function

y = e−(c/x)3 , (5.4)

resulting in a value of c = 2.34µm. This fit is then divided out of the original Rydberg
g(2)(r) measurement.

Figure 5.7: Investigations of spatial correlations in a single shot dataset (Ω1 = 4 MHz, δ2 = 0
MHz). a) The g(2)(r) is calculated from the detected distances between Rydberg atoms. b) To
account for the detector spatial resolution, an uncorrelated g(2) is produced, and fitted with an
empirical function. c) g(2)(r) after correction for the resolution. Some blockade effect seems
present. To compare with the predicted blockade radius, a plot is included of the normalized
Rydberg state population ρ∞ from the rate equation model, as a function of distance r from
another Rydberg atom (See Chapter 2 and Figure 2.4).

The resulting g(2)(r) after division by the detector resolution is shown in Figure 5.7
c). Still a blockade effect is present, which seems to indicate that this is indeed a feature
caused by the Rydberg blockade effect. However, a comparison to the predicted blockade
effect for a 99S state with the same laser parameters shows that there is a big mismatch in
blockade radius. To illustrate this, a plot as the one in Figure 2.4 is added to the graph of
the experimental g(2)(r) in Figure 5.7 c). It shows the (normalized) steady state Rydberg
state population ρ∞ from the rate equation model for the 99S state, as a function of two-
atom separation r. This theoretical curve illustrates how high the probability is to excite
a second Rydberg atom at a distance r from another Rydberg atom. The plot shows that
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the expected blockade effect suppresses almost all excitations within 15µm distance, while
Rydberg atoms have been observed at much shorter distances.

A possible explanation might be the thickness of the blue laser sheet of 2σ = 14µm.
This is not significantly smaller than the predicted blockade radius, meaning that particles
can sit slightly behind one another, meaning that the interparticle axis has a finite z-
component. This results in a projected distance on the detector which is shorter than the
actual interparticle distance. There is still the possibility of facilitation by the 20 MHz
laser sideband that was mentioned earlier to consider. In this case, the laser sideband
could facilitate Rydberg excitations at distances rfac ≈ 11µm, as calculated by equation
2.8. This scenario basically implies that both processes illustrated in Figure 2.4 are taking
place at the same time, with blockade effects around 15µm and facilitation at 11µm. As
this facilitation distance is smaller than the sheet thickness, the resulting interparticle
axis can be oriented in any direction, making it possible to detect atoms at any projected
distance.

From the ion tracing simulations, it followed that all initial separations below 10µm
are projected at larger distances on the screen because of the strong Coulomb repulsion
between the ions. In the measurement, however, distances below 10µm were measured.
This observation can only be explained by ions initially sitting behind each other, which
supports the suggestion that the laser sheet was not thin enough to eliminate distribution
of Rydberg atoms in the z-direction. Clearly the best way forward would be to reduce the
sheet thickness, which can be done relatively easily by rearrangement of the 480 nm optical
path to increase the numerical aperture of the sheet focusing lens. If the sheet thickness
σsheet can be reduced, a systematic analysis of the influence of the ratio Rs = σsheet/rB on
g(2)(r) might identify the crossover from a regular 3D to quasi 2D excitation volume.

In order to try and separate the contribution of Coulomb interactions and the van
der Waals-induced Rydberg blockade to the observed feature, the dependence on Ω1 is
measured. For the series of single shot measurements from Ω1 = 2 MHz to Ω1 = 10 MHz,
the correlation function g(2)(r) was calculated, and divided by the detector resolution. To
compare these measurements with a set of predicted values for the blockade radius, the
normalized steady state Rydberg population ρ∞ from the rate equation model is calculated
using the same laser parameters, for an atom at a distance r from an already excited
Rydberg atom.

In principle we could define the blockade radius as the point where the g(2)(r) reaches
1, but as can be seen from Figure 5.7, this point is hard to define accurately. Therefore,
we decide to quantify the point where g(2)(r) crosses 0.5, and we do this as accurately as
possible by fitting the correlation function curve with a function y = exp(−(c/x)p), which
is able to describe the measured curves. The halfway point then equals r0.5 = c ·(log 2)−1/p.
For the rate equation curves of ρ∞/ρmax(r), the point where ρ∞ = 1/2ρmax can be easily
identified, and compared to the measurements. The resulting plot of r0.5(Ω1) is shown in
Figure 5.8 a).

It is clear that the predicted values for the blockade radius are significantly larger,
by about a factor 6, than the measured values. This is the discrepancy also visible in
Figure 5.7 c), most probably related to the sheet thickness and possibly the +20 MHz

55



Figure 5.8: a) Comparison of the measured blockade radii r0.5 for various Ω1 and the predicted
values based on ρ∞(r) from the rate equation model. b) To better compare the trends in the
experiment and the predictions, both curves are renormalized through division by their mean value
of r0.5.

laser sideband, as discussed before. On the scales shown, the experimentally determined
value of r0.5 seems to show little dependence of Ω1. To better compare the trends of the two
datasets, the values of r0.5 are renormalized by dividing them through the average value,
which is shown in Figure 5.8 b). Although less steep, there does seem to be a downward
trend in the experimental results, too. This might indicate that the observed decrease of
g(2) at small values of r is indeed a heavily obscured observation of the Rydberg blockade
effect. If the discrepancy can be resolved by using a thinner sheet, this would be a very
interesting experiment to re-perform, since this type of measurement will indicate whether
the observed blockade feature is a result of Rydberg interaction, or induced by the Coulomb
interaction of the ions.

Relating these results to the earlier work by Cornee Ravensbergen [24] that was men-
tioned in Chapter 1, the first thing worth noting is that at that time, g(2)(r) measurements
showed a blockade feature at a larger distance than the measurements in this thesis. This
seems to indicate that for the earlier measurements, the quasi 2D excitation volume did
apply, but since currently no clear information is available on the exact laser beam profiles
used in that work, this statement cannot be supported by a direct comparison.

Apart from that, no investigation of Coulomb effects is provided in [24], while it is
clear from this thesis and the work of Gijs Groeneveld [61] that these have a non-negligible
effect on the spatial correlations at 3 kV acceleration field. The Coulomb effect is shown
to even produce blockade-like features in spatial correlation functions at 3 kV, without
the presence of any Rydberg interaction [61]. Therefore the dependence of such blockade
features on the laser parameters must be investigated, following the idea of Figure 5.8 to
distinguish between Rydberg and Coulomb interactions.

A major advancement with respect to the earlier experiments, however, is the stabiliza-
tion of the 480 nm laser system. This allows for scanning over Rydberg lines with a high
spectral resolution, which has even enabled us to show the effect of Rydberg interactions
on the lineshape.
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Chapter 6

Conclusion and outlook

The experimental apparatus described in this work offers two key features. Firstly, the
SLM offers high controllability over the spatial degrees of freedom during experiments.
Secondly, the ion detection method provides a means to image spatial distributions of
Rydberg atoms. In order to combine these two features in an experiment, both need to be
characterized independently.

The characterization of the SLM is provided in Chapter 4. The excitation light can be
shaped into various patterns, and using camera feedback, the patterns can be improved
even more. The main interest of camera feedback is in creating uniform areas of light with
an rms noise on the intensity of < 3%. The aberrations on the SLM light were corrected,
after which the smallest possible features were measured in ion images to be 11 × 18µm
in size, about twice as big as a prediction based on the numerical aperture. This deviation
may be caused by the ion imaging system or an unstable beam pointing.

For the performance of the imaging system, the acceleration voltage was found to play
a crucial role, due to Coulomb interaction between the ions during their time of flight.
The current upper limit to the acceleration voltage is 3 kV. Using this voltage, Coulomb
repulsion still severely distorts distributions at distances < 10µm, according to particle-
tracing simulations. Predictions of the blockade radius for 99S state Rydberg atoms are
in the order of 15µm, which is outside this region of extreme distortion, but a singificant
influence is still expected.

The spatial correlations between Rydberg atoms in the blockade regime show some
blockade-like feature, at a distance of ≈ 5µm. The large discrepancy between the measured
and predicted value of the blockade radius is attributed to the laser sheet being too thick to
suppress distribution of Rydberg atoms in the z-direction. This effect is possibly magnified
by sidebands on the excitation laser facilitating Rydberg atoms at separations of 11µm.

Counting statistics on the number of Rydberg atoms per shot show no sub-Poissonian
behaviour. The regime of laser parameters, excitation volume, and excitation time in
which this occurs needs further investigation. A significant increase in the Mandel Q
parameter for laser detuning δ2 < 0 was measured, and cannot be readily explained.
Overall, frequency drifts of the Rydberg line of up to 1 MHz have a large influence on the
counting experiments, where the data collection is slow. The source of these drifts first
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needs to be identified and stabilized before the counting experiments can be re-performed
to investigate the unexpected outcome.

In measurements of Rydberg spectra, the signal acquisition is much faster and the
influence of drifts less prominent. A characterisation of the time evolution of a Rydberg
spectrum of the 99S shows a transition to an interaction dominated regime at longer
timescales. The observed broadening and shift of the spectral peak are mediated by the
van der Waals interaction between Rydberg atoms, and can be explained by the facilitation
effect. This conclusion is strongly supported by simulations which show a clear match with
the measured data, and a clearly different behaviour if the van der Waals interactions are
artificially switched off.

In conclusion, the spatial control by the SLM is working as desired. Features can be
produced with sizes and at distances smaller than the typical values of predicted blockade
radii, which can be used in the future to provide precise control over single Rydberg
atoms. Even though the Rydberg spectra clearly indicate that the atoms interact strongly
via van der Waals force, spatial correlation experiments do not show the expected blockade
radius. A repetition of these experiments with a thinner laser sheet and without the laser
sidebands is crucial to verify that the expected blockade effect indeed takes place. If this
is verified, there is a large variety of possible experiments that can be performed, using the
combination of small SLM features with a large blockade radius.

To prevent the Coulomb interaction distorting the Rydberg atom image, currently a new
high voltage pulser is being developed to provide field pulses of up to 20 kV. When staying
in the regime where Coulomb interactions dominate the final ion distribution, the apparatus
can be used for a different purpose. Instead of investigating Rydberg atom inteactions,
the influence of space charge on the ion distribution can be precisely characterized. Such
disorder induced heating is an effect that shows up a lot in ion and electron beam setups,
and the high controllability of the SLM in this setup allows for a systematic analysis of
this effect.

Future Rydberg experiments could involve the use of the SLM to reduce the dimen-
sionality from a quasi 2D system to 1D. Self organisation of 1D crystalline structures in
Rydberg atoms is an example of a possible outcome of such experiments. The system can
even be reduced to 0D, which comes down to defining points in space with the SLM where
precisely 1 Rydberg atom can be created. Making a grid of such points, like the one shown
in Figure 4.11, is a crucial step towards quantum computation and quantum simulations
using Rydberg atoms, as described in the introduction of this thesis (Chapter 1).
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Appendix A

SLM focal plane alignment

To overlap the image of the SLM focal plane with the blue sheet, we make a waistscan
of the SLM beam. This is done by clearing the SLM phase pattern, such that in the
focal plane the beam has a waist. After this, the phase pattern corresponding to a lens is
imprinted. The focal strength of this lens phase can be scanned digitally, and is measured
as a correction in mm on the 90 mm focal length of the physical SLM lens.

A DC acceleration field is put on the accelerator, such that the combination of the
two lasers causes photo-ionization of the Rb atoms at the intersection of SLM and blue
sheet. These ions produce an image on the ion detector, representing the original excitation
volume. The ion spot that is created is fitted in Matlab with a 2-dimensional Gaussian
fitting procedure. This results in a spot width along the short axis and along the long axis,
s1 and s2. These widths are plotted as a function of the focal point shift, and from this
plot the point where the waist of the SLM beam overlaps with the blue sheet is identified.

Figure A.1: A waistscan of the SLM beam. The SLM lens is digitally adjusted to find out where
the focal plane overlaps with the blue sheet. The size of the ion spot created with this SLM is
found, and fitted with a Gaussian beam waist model.
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Figure A.1 shows the result of such a waistscan, where the spot size in mm on the
phosphor screen is plotted. The part around ∆f = 2 mm suddenly shows high values of
the spot size, because as the spot is focused tighter, it becomes more intense. As a result,
more ions are created in a smaller volume, which eventually leads to an increased spotsize
because of space-charge effects.

The data of both s1 and s2 are fitted with the model function for the waist of a Gaussian
beam:

w(z) = w0 ·
√

1 +
(∆f − z0

zR

)2

, (A.1)

using the fit parameters for the beam waist w0 and Rayleigh length zR, and a third
parameter z0 to characterize mismatch between the original focal plane and the blue sheet.
For the fitting, the data between ∆f = 1 mm and ∆f = 4 mm, showing the space-charge
effects are omitted. The fits shown in the figure gave the values z0 = 2.82 ± 0.09 mm
and z0 = 2.6± 0.1 mm (95% confidence bounds) for s1 and s2 respectively. The Rayleigh
lengths from the fits are, respectively, zR = 2.9± 0.2 mm and zR = 4.2± 0.3 mm.

As the mismatch in z0 for both directions is much smaller than either Rayleigh length,
a spherical lens phase with ∆f = 2.7 is applied for the experiments.
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Appendix B

Ion imaging magnification

Due to the electric field gradient at the exit hole of the accelerator, the ions follow slightly
divergent trajectories, leading to a linear magnification of the initial ion distribution on
the detector screen. To find the factor of magnification, the SLM is set to act as a mirror,
and focused in a small spot on the blue sheet intersecting the MOT cloud.

Using photo-ionization with a DC field, the SLM spot is images as an ion spot on the
detector. By adjusting the mirror phase on the SLM, the laser focal spot is moved in
linear steps, moving the ion spot over the detector screen. The displacement of the laser
spot is related to the linear phase on the SLM as described by equation 4.3. By tracing
the position of the ion spot on the detector as a function of laser spot displacement, the
magnification of the ion imaging system can be found.

Figure B.1: A measurement of ion spot position on the detector as function of the SLM spot
position, to find the ion image magnification factor. From the linear fit a factor of ×42 was
found.
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An example of a magnification scan is shown in Figure B.1. The SLM laser spot is
scanned over a range of 200µm, and the ion spot position shows a clear linear dependence
on the laser spot position. From a linear fit to these data, a magnification factor of 42± 1
(67%) confidence bounds) is found.
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Appendix C

Calculation of Rabi frequencies

For a transition between two states |1〉 and |2〉 driven by an oscillating electric field, the
Rabi frequency Ω (in Hz) is determined as:

hΩ = d · | ~E0| (C.1)

where h = 6.626 · 10−34 Js is the Planck constant, | ~E0| the electric field amplitude and
d = 〈1|e~r|2〉 the transition dipole matrix element.

This formula is used to find the Rabi frequency of the transition from the 5P3/2 to
the 99S1/2 state in 85Rb. The value of d for Rydberg S and D states can be calculated
following [62]:

d =
√

1/3CS · (n∗)−3/2, (C.2)

with CS = 3.82034∗10−29 Cm for Rydberg S states with n > 30 [62]. n∗ is the effective
quantum number n − 3.13, where the 3.13, called the quantum defect, is subtracted to
account for interaction of the outer shell electron with the valence electrons near the core
[63]. For the 99S state: d = 2.350 · 10−32 Cm.

The electric field amplitude is found via the laser intensity I according to:

E0 =

√
2I

cε0
, (C.3)

where c = 2.998·108 m/s is the speed of light, ε0 = 8.85·10−12 F/m the vacuum permittivity.
To determine the intensity, a reference CCD image of the blue laser sheet beam profile

is used, shown in Figure C.1. This reference was taken with a total laser power of Ptot = 21
mW in the beam. All the CCD pixels are summed together to get the total pixel value
vpix,tot, which represents the total beam power of 21 mW. To find the maximum beam
intensity, the pixel with the highest value vmax, at the center of the laser beam profile, is
identified. The intensity of the light on this pixel is then:

Imax =
vmax · Ptot
vpix,tot · Apix

, (C.4)

63



Figure C.1: A CCD camera image of the blue laser sheet. The maximum intensity is calculated
from the total input power, the total pixel sum, and the area of 1 pixel.

with Apix = 4.65 × 4.65µm2 the area of a single pixel. Using equations C.4 and C.2,
this results in a Rabi frequency Ω2 = 0.59 MHz for Ptot = 21 mW. From the fact that the
intensity scales linearly with Ptot, so Ω2 ∝

√
Ptot, Ω2 can be calculated for other values of

Ptot.
The peak intensity of the SLM beam is determined in a similar way, using the SLM

beam monitoring CCD camera. This has been calibrated for the conversion from pixel
values to laser power, incorporating the dependence on shutter time and gain setting. As
half of the beam power falls on the CCD because of the non-polarizing beam splitter cube
in front, the maximum intensity in the beam profile on the CCD is the same as the one used
in the experiment (neglecting losses from the extra optical elements towards the MOT).

For the 5S1/2 → 5P3/2 transition the dipole matrix element d = 2.534 · 10−29 Cm
[64]. This calculation gives the same result as a formula from [37] based on the saturation
intensity Isat = 1.669 mW/cm2 [64]:

Ω = Γ

√
I

2Isat
= Γ

√
1

2
s0, (C.5)

which is also often used by directly inserting the saturation parameter s0 = I/Isat and
the decay rate Γ = 6 MHz.
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