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Abstract

This thesis describes the operation of a surface-electrode ion trap fabricated using
techniques transferred from the manufacture of photonic crystal fibres and gives
ideas for building different ion traps using similar technology. Also the apparatus
built for operating the trap is described. Moreover thesis presents a study on cooling
and controlling trapped calcium ions using only visible and infrared laser light.

The trap built provides a relatively straightforward route for manufacturing ion
traps on the 100 micron scale. It leaves a large solid angle open which can be used
to position a trapped ion in a tightly focussed laser beam or the field of an optical
cavity. Two further developments of traps based on photonic crystal fibres present
the technology’s flexibility. One is a surface-electrode ion trap which features a
standard multimode optical fibre for fluorescence detection, the other has a trap
structure manufactured on the tip of a photonic crystal fibre capable of single mode
guiding of all lasers relevant for trapping calcium ions.

The laser intensities achieved by tightly focussing a laser at 729 nm onto trapped
calcium ions allowed to investigate a laser-cooling scheme which does not require the
use of ultra violet laser light. In order to obtain scattering rates comparable to cool-
ing with ultra violet laser light the scheme uses power broadening of the quadrupole
transition at 729 nm combined with quenching of the upper level by a dipole allowed
transition at 854 nm. I show that tuning the powers of 729 and 854 nm lasers allows
to smoothly transition between the Doppler cooling and sideband cooling regimes.
Measurements of ion fluorescence and motional temperatures are reproduced by nu-
merically solving optical Bloch equations for the 12 Zeeman sublevels involved and
applying theory from Cirac el al. [Cir92]. Agreement between measurements and the
theoretical model allows to make predictions of optimal settings for Doppler cooling
and fluorescence detection. The scattering rates achieved reliably allow recooling of
hot ions after collision events and allow ions to be loaded from a thermal atomic
beam demonstrating the capability of operating an ion trap without using ultra vio-
let lasers. This work is compatible with recent advances in optical waveguides which
may facilitate large-scale quantum information processing. Building traps with in-
tegrated optics often requires having dielectric materials placed close to trapped
ions. In such situations the cooling scheme demonstrated in this thesis carries the
additional advantage of using wavelengths which do not lead to significant charging,
and should facilitate high rate optical interfaces between remotely held ions.

ii



Zusammenfassung

Die vorliegende Arbeit beschreibt das Betreiben einer Oberflächen-Elektroden-Ionen-
falle, welche mit aus der Produktion von photonischen Kristallfasern entlehnten
Methoden hergestellt wurde. Ideen zu Realisierung verschiedener Ionenfallen auf der
gleichen technologischen Grundlage werden dargestellt. Zusätzlich wird der gesamte
Apparat beschrieben, welcher zum Betreiben der Ionenfalle gebaut wurde. Des
weiteren wird eine Studie über das Kühlen von gefangenen Kalziumatomen mit nur
sichtbarem und infrarotem Licht präsentiert.

Die Falle zeigt eine Möglichkeit zur relativ einfachen Herstellung von Ionen-
fallen im Grössenbereich von 100 Mikrometern auf. Sie lässt einen grossen Teil des
Raumwinkels offen, was das Positionieren von gefangenen Ionen in stark fokussierten
Laserstrahlen oder im Feld von optischen Resonatoren erlaubt. Zwei weitere En-
twicklungen von Ionenfallen, die auf photonischen Kristallfasern basieren, verdeut-
lichen die Vielseitigkeit der verwendeten Technologie: zum einen eine Oberflächen-
Elektroden-Ionenfalle mit integrierter Multimodenfaser zur Detektion von Fluores-
zenz, zum anderen eine Fallenstruktur auf der Endfläche einer photonischen Kristall-
faser, welche alle zum Fangen von Kalziumionen benötigten Laser in der Grundmode
leitet.

Die Lichtintensitäten, die durch starkes Fokussieren eines Lasers bei 729 nm
auf gefangene Kalziumionen erreicht wurden, erlaubten es, ein Laserkühl-Schema,
welches ohne ultraviolettes Laserlicht auskommt, zu untersuchen. Um zum Kühlen
mit ultraviolettem Licht vergleichbare Streuraten zu erhalten, wird Strahlungsver-
breiterung des Quadrupolübergangs bei 729 nm mit dem Entleeren des oberen Levels
durch einen dipol-erlaubten Übergang bei 854 nm kombiniert. Anpassen der Leistun-
gen von 729 und 854 nm Lasern ermöglichte einen kontinuierlichen Übergang zwis-
chen Doppler- und Seitenbandkühlen. Fluoreszenz- und Bewegungstemperaturmes-
sungen konnten durch numerische Lösungen von optischen Bloch-Gleichungen der
12 am Prozess beteiligten Zeeman-Niveaus und einer von Cirac u.a. entwickel-
ten Theorie [Cir92] beschrieben werden. Die gefundene Übereinstimmung zwis-
chen Messungen und theoretischem Modell erlauben es, optimale Parameter für das
Dopplerkühlen und zur Fluoreszenzdetektion zu finden. Die erreichten Streuraten
ermöglichen es durch Stösse erhitzte Ionen zuverlässig wieder herunterzukühlen und
erlauben das Einfangen von Ionen aus einem heissen Atomstrahl. Dies zeigt, dass das
Betreiben einer Ionenfalle ohne ultraviolette Laser möglich ist. Der hier beschriebene
Kühlprozess ist mit neueren Entwicklungen im Bereich von Lichtwellenleitern kom-
binierbar und könnte zur Verwirklichung von Quanteninformationsverarbeitung im
grösseren Stil beitragen. Ionenfallen mit integrierten optischen Elementen erfordern
typischerweise das Platzieren von dielektrischen Materialien nahe der Ionen. In
diesen Fällen ist der in dieser Arbeit gezeigte Kühlprozess von Vorteil, da die
benötigten Wellenlängen nur vernachlässigbare Ladungseffekte zeigen, was das Be-
treiben von optischen Verbindungen zwischen entfernt platzierten Ionen mit hoher
Übertragungsrate wesentlich vereinfachen könnte.
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1. Introduction

The rules of quantum mechanics, as formulated in the 1920s, underpin the physics
of atoms, molecules and bulk matter. The discovery of these rules led to inventions
such as the transistor, lasers and enabled a technical revolution. However experi-
mental access to single quantum systems has only been realized in the last 30 years,
as atoms, photons and electrical circuits have been isolated and controlled [Har06,
and references therein]. These experiments confirmed the bizarre predictions made
by quantum physics, and also deepened our understanding of its structures. The
precise control realized in such experiments is now being applied to engineer compos-
ite systems. This follows from the realizations that quantum systems provide the
only possibility for efficiently simulating quantum physics [Fey86; Deu85; Llo96],
and furthermore that the computational advantage applies to a broader range of
problems outside physics [Sho94; Gro97]. This has promise for resolving intractable
problems in molecular physics or providing insights which might reveal the origins
of high-temperature superconductivity.

In a simple realization of a quantum computer information is stored in quantum
mechanical two-level systems, which we call qubits. Criteria have been established
to check if a given technical system can be used for building a quantum computer
[DiV00]. These require that the used physical representation of a qubit can be
initialized reliably, that it stores information robustly and that information can be
read out. In addition a universal set of gates for exchanging information across
qubits has to be implemented. For building a large-scale quantum processor the
system has to be set up in a scalable way.

All the criteria mentioned above can be fulfilled with trapped atomic ions hav-
ing quantum information stored in their internal electronic states [Har14; Hom09;
Huc15]. So far the most advanced experiments are reliably controlling the quan-
tum state of up to 20 trapped ion qubits [Jur14; Smi16]. For larger scale devices
an advance in technology is needed. Different routes are currently envisioned and
pursued.

One proposal for scaling up ion trap systems is to store ions in arrays of traps and
distribute information by entangling the internal states of two ions and then phys-
ically moving one of them to another position in the array [Kie02; Rus14; dCle16].
Large arrays of electrodes needed for generating the potentials for trapping ions can
be build using standard micro-fabrication technology [Sei06; Meh14]. Contacting
all electrodes of a large two dimensional array is challenging. Although electrode
structures currently used for trapping ions have a typical scale of 500 µm, these are
mostly embedded in chips of centimetre size. Laser light is needed to interact with
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1. Introduction

the ion’s states. Large chips lead to the technical challenge of delivering light to the
many sites of the trap array. One way to achieve reliable laser access to single ions
could be using integrated optics [Meh16].

Still, confining very large numbers of ions [Ste07] on a single trap chip seems
impractical. A more promising route involves a modular approach. A few ions
could be trapped on a single chip serving as a unit cell. Then many of these unit
cells could be combined by establishing optical links [Moe07; Mon13; Nic14]. Fibre
cavities could be used to enhance the transfer of quantum information between ions
and photons [Ste13a; Tak13; Bra13]. For reliable transfer of information over longer
distances quantum repeaters would be needed [Nor14].

A variety of ion traps with optical fibres integrated into a dedicated trap struc-
ture have been built [Van10; Kim11; Cla14a]. This inspired the thought whether
the opposite approach could provide new possibilities, i.e. rather than starting from
a standard ion trap structure and add optical delivery, why not try and build a trap
on an optical fibre. Gold wire filled photonic crystal fibres [Ueb13; Sch08a; Lee11]
allow to conduct light and to apply voltages needed for generating electric poten-
tials. Using technology transferred from the manufacture of photonic crystal fibres
gives the flexibility of producing a large variety of electrode arrays and provides
good optical access to trapped ions.

A photonic crystal fibre (PCF) is a microstructured optical fibre consisting of a
regular array of hollow channels which run along the entire length of the silica fibre.
Introduced defect (solid) channels can guide light in a single mode of the optical field.
By filling some channels with gold wires an electrode pattern can be generated at the
fibre tip and electrical connections to wires can be made at the fibre end opposite
to the electrode pattern. The resulting dense electrode pattern could be used to
trap ions in two dimensional arrays useful for quantum simulation [Cir00; Sch12].
The idea is sketched in figure 1.1.a). The ability of the structure to naturally guide
light provides the possibility to access all trapping sites with the needed laser light
individually. Key technological steps for building such a monolithic device which
has an ion trapped in the optical mode of a PCF were developed and are described
in this thesis.

For initial testing a trap using a PCF structure at a larger (144 µm capillary
diameter) scale was developed. It provides a relatively easy route to manufacturing
100 µm size ion traps with good optical access. Its open geometry could make it suit-
able for probing surfaces [Mai09] (sketched in figure 1.1.c) and allows for positioning
of ions in the field of strongly focussed lasers or cavities with negligible clipping of the
mode (figure 1.1.d). By introducing a standard optical fibre in one of the capillaries
it can be positioned stably with respect to a trapped ion. Bringing addressing lasers
directly to trapped ions or detecting their fluorescence light via optical fibres allows
building compact ion trap apparatuses inherently robust against optical alignment
issues (figure 1.1.b).

Photonic crystal fibre technology based ion traps were developed in cooperation
with the group of P. Russell at MPL Erlangen.

One difficulty in operating ion traps with integrated optics components are prob-

2



Figure 1.1: Potential uses of ion traps built using photonic crystal fibre technology.
a) 2D arrays of trapped ions, b) inclusion of optical fibres into the trap structure,
c) rastering of surfaces, d) positioning ions in the mode of a strongly focussed beam
or optical cavity.

lems arising from the use of laser light in the ultra violet (UV) domain. Under the
influence of UV light charge can build up on dielectrics such as those required to
guide light, high reflectivity mirror coatings or on contamination of nearby electrode
surfaces [Har10; Ste13a]. UV light also leads to ageing of materials [Bal16]. Using
only visible and Infra Red (IR) lasers, these issues are of much less concern. It seems
also desirable to work at these wavelengths as technologies for integrated optics are
relatively mature there.

The primary laser cooling technique used for trapping atomic ions is Doppler
cooling on a dipole allowed transition which has a wavelength in the ultra violet.
We circumvent using UV lasers by near-resonant driving of a quadrupole transition
to a meta-stable D state which is quenched via a dipole transition to a higher lying
excited state. We work with singly charged calcium-40 ions but methods can be
transferred to all other ions having low lying D states. In this thesis I show that a
trap operated under conditions comparable to other current trapped-ion setups for
quantum information can be operated using only visible and IR laser light. By tun-
ing the amplitude of the two lasers involved, a transition from a sideband-resolved to
a broadband Doppler cooling regime can be made. An experimental study of this is
presented and can be well explained with theory by Cirac el al. [Cir92]. Combining
this theory with optical Bloch equation simulations of the 12-level system formed by
the S1/2, D5/2 and P3/2 states allows predicting cooling and fluorescence behaviour
beyond the parameter range accessible in our laboratory. Doppler cooling using a
forbidden transition has been achieved with neutral atoms [Bin01] and broadband
fluorescence and cooling of trapped ions on a quadrupole transition has been ob-
served and presented in two recent papers [Hen08; Zho13]. The work in this thesis
extends on those and presents operation of a trap without the need of additional
cooling with ultra violet light and studies cooling over a broad parameter range.

The remainder of this thesis is structured as follows:
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1. Introduction

Chapter 2 introduces the basics of trapping ions in radio frequency fields.

Chapter 3 introduces the work-horse ion in our laboratory, 40Ca+ . It describes
the interaction of ions and light in a master-equation formalism, and illustrates the
physics involved through some simple examples. The treatment is extended to en-
compass the motion in the trap, which is critical for the studies of cooling performed
later in the thesis.

Chapter 4 describes basic methods for manipulating calcium ions and standard
calibration experiments used for the characterization of experiments and of the setup.

Chapter 5 presents the design and fabrication of the photonic crystal fibre tech-
nology based trap. This includes simulations of the potentials, the manufacturing
process and the experiments used to characterize the trap.

Chapter 6 describes the experimental setup used to operate the ion trap. The
setup including vacuum chamber, laser system and imaging was built from scratch
and technical details are highlighted.

Chapter 7 presents a study of cooling and controlling 40Ca+ using visible and IR
lasers only. Examining ion fluorescence allows to model the dynamics in the ion’s
internal states. This is then used as a basis for predictions for the cooling behaviour,
which are also compared to experimental results. The transition from the sideband
resolved to the Doppler cooling is investigated. This cooling scheme allows operating
the trap without UV lasers.

Chapter 8 gives ideas and tests for building PCF technology based traps with fibre
optic access to ions. It also discusses first ideas on a setup for dipole trapping of ions.

Chapter 9 concludes.
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2. RF trapping

A prerequisite for thoroughly studying particles is to isolate and store them. Charged
particles (this thesis will treat atomic ions) can be confined with electric and mag-
netic fields. Ion traps have been developed as a powerful tool for precision measure-
ments [Cho10; Bla06] and quantum information experiments [Hom09; Sch13].

Earnshaw’s theorem states that a confining potential in three spatial dimensions
can not be achieved with static electric potentials only. Commonly used ion traps
either use a combination of static electric and magnetic fields (Penning traps [Deh68;
Bro86]) or electric fields oscillating at radio frequencies (rf) [Pau90]. Traps for
confining charged particles with rf fields are named after the physicist Wolfgang
Paul.

This chapter gives a short introduction to the basics of Paul traps. These are
useful for understanding the ion trap described in chapter 5 in which all experiments
presented in this thesis were carried out.

2.1 Paul traps

Paul traps employ oscillating rf and static dc (direct current1) electric fields for
confining charged particles. The simplest confining potential (which can be thought
of as the lowest order of an expansion) is a harmonic one having a dc and a rf
contribution. It can be written as

Φ(x, y, z, t) = Φdc(x, y, z) + Φrf (x, y, z, t)

=
1

2
Vdc(αdcx

2 + βdcy
2 + γdcz

2)

+
1

2
Vrf cos(Ωrf t)(αrfx

2 + βrfy
2 + γrfz

2) (2.1)

with V being the potential applied to some electrodes and α, β, γ geometric factors
in x, y and z direction. Laplace’s equation in vacuum (∆Φ = 0) must hold for all
times t which constrains the geometric factors:

αdc + βdc + γdc = 0 (2.2)

αrf + βrf + γrf = 0 . (2.3)

1The term direct current (dc) can be misleading. It refers to static potentials. Mostly no current
is flowing.
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2. RF trapping

Figure 2.1: Sketch of traps with a 3-dimensional (top row) and a 2-dimensional
(surface-) electrode configuration (bottom row). Commonly used geometries of ring
and linear traps are given. Red coloured electrodes carry rf, blue and cyan ones
different dc voltages.

At least one of the factors in equation (2.2) has to be negative i.e. the dc potential in
this direction is anti-confining. To also provide confinement in this direction the rf
potential is required. The simplest field-configuration fulfilling equations (2.2) and
(2.3) is that of a quadrupole (e.g. αrf = βrf = −1

2γrf ).

There are two commonly used geometries for trapping in a quadrupole rf po-
tential. These are sketched in figure 2.1. In a ring trap a cylindrically symmetric
quadrupole potential is applied. This generates a single trapping point in the ring’s
centre. The other type are linear ion traps which only provide rf confinement in
two directions. Particles are trapped in the third direction by applying an addi-
tional dc potential to some outer electrodes commonly called end-caps. The linear
geometry has the advantage that ions can be trapped along a line - the centre of
the rf quadrupole. Both geometries can be realized with electrodes in a three di-
mensional arrangement (top row of figure 2.1) or with electrodes laid out in a single
plane (bottom row). The first provides better confinement, the latter is favourable
for micro-fabrication [Sei06].

In the following I will show under which conditions confinement with the quadrupole
rf potential can be achieved. I will closely follow [Lei03].

The equation of motion of a particle with charge Q and mass m in the potential
of equation (2.1) in the direction x is given by

ẍ = −Q
m

∂Φ

∂x
= −Q

m

(
αdcVdc + αrfVrf cos(Ωrf t)

)
x . (2.4)

This has the form of a Mathieu equation

∂2
ξx+

(
ax − 2qx cos(2ξ)

)
x = 0

if the following transformations are made:

ξ =
Ωrf t

2
+
π

2
, ax =

4QαdcVdc
mΩ2

rf

, qx =
2QαrfVrf
mΩ2

rf

.
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2.2. Pseudo-potential and micromotion

The equation only has stable solutions for certain sets of ax and qx, i.e. only for these
the ion motion is bounded. Stable solutions can be grouped in stability regions and
the lowest order stability region which is relevant for this work is given in [Lei03].
For small ax and qx (|ax|, q2

x � 1) the ion trajectory can be approximated to

x(t) = A cos(ωmxt)
[
1− qx

2
cos(Ωrf t)

]
.

Here the motion is characterized by two frequencies: The trap-drive at Ωrf (micro-
motion frequency) and a motional frequency ωmx (secular frequency) which is given
by

ωmx =
Ωrf

2

√
ax +

q2
x

2
.

Although only one mode along x was treated here the same result can also be
obtained for y and z. For a trap geometry with pure rf-confinement (ax = 0) this
result reduces to

ωmx =
Ωrf

2

|qx|√
2

=
QαrfVrf√

2mΩrf

.

If the trap also has a cylindrical geometry around z the constraints on geometric
factors given in equations (2.2) and (2.3) lead to:

αdc = βdc = γdc = 0

αrf = βrf = −1

2
γrf .

This links the three motional frequencies

ωmx = ωmy =
1

2
ωmz .

The largest motional frequency is along z. With az = 0 stable trapping can be
obtained for 0 < qz < 0.9 [Lei03]. Thus the motional frequency should be kept
below

ωmz <
0.9

2
√

2
Ωrf ≈ 0.3 Ωrf

which gives a constraint on the design and operation of ion traps. In surface-electrode
traps non-adiabatic ion motion in anharmonic potentials can reduce the well depth
[Pen11; Mik07]. To be on the safe side we aimed for a ratio of ωmz < 0.1 Ωrf .

2.2 Pseudo-potential and micromotion

In order to simulate the performance of a given electrode geometry it is favourable
to think in terms of potentials. If the applied rf potential oscillates much faster
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2. RF trapping

than the ion in the trap (ωm � Ωrf ) the rf potential can be approximated with a
time-averaged ”pseudo-potential”. To derive it I will follow the simplistic approach
given in [Har06, page 448]. In the limit ωm � Ωrf the motion (for mode x) can be
decoupled in fast and slow parts.

x = x̄+ χ

with x̄ being the slowly varying position and χ the fast oscillations. Assuming
these oscillations to be fast and of small amplitude (¨̄x � χ̈, χ � x̄) and pure rf
confinement equation (2.4) can be approximated as

χ̈ = −Q
m
αrfVrf cos(Ωrf t) x̄

with solution

χ =
Q

m

αrfVrf
Ω2
rf

cos(Ωrf t) x̄ .

Still making the same assumptions the time-averaged kinetic energy becomes

Φ̄rf (x̄) = 〈1
2
mχ̇2〉t =

Q2α2
rfV

2
rf

4mΩ2
rf

x̄2

and including also the other modes

Φ̄rf (x̄, ȳ, z̄) =
Q2V 2

rf

4mΩ2
rf

(α2
rf x̄

2 + β2
rf ȳ

2 + γ2
rf z̄

2) . (2.5)

This is a time-independent potential seen by the trapped ions - the pseudo-potential.
At all points but the centre (x̄, ȳ, z̄) = (0, 0, 0) trapped ions will have some kinetic
energy in an oscillation at Ωrf . This kinetic energy serves an effective time-averaged
potential.

In a pure rf confinement ions will be trapped at (x̄, ȳ, z̄) = (0, 0, 0) where they
do not experience driven motion at Ωrf . But additional dc potentials can lead to
an offset in the position. Away from the rf centre ions will experience this driven
motion which is called micromotion. It is usually unwanted as it induces interactions
between the ion’s internal states and control fields and it leaves the ions susceptible
to fluctuations in the RF power driving the trap. Therefore Φdc has to be adjusted
such that ions rest at the zero position of Φ̄rf . This process is called micromotion
compensation [Ber98].

The pre-factors of equation (2.5) give exactly the same motional frequencies ωm
as derived before:

Φ̄rf (x̄, ȳ, z̄) =
1

2
m(ω2

mx x̄
2 + ω2

my ȳ
2 + ω2

mz z̄
2)

so these can be related to the curvature of the pseudo potential. Using αrfVrf x̄ =
∂x̄Φrf = Erf,x̄ equation (2.5) can be reformulated to

Φ̄rf (x̄, ȳ, z̄) =
Q2| ~Erf |2

4mΩ2
rf

. (2.6)
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2.2. Pseudo-potential and micromotion

This expresses the pseudo potential in terms of the electric field amplitude | ~Erf |.
The same result is obtained more rigorously in [Deh68]. Equation (2.6) is useful for
simulations because the electric field generated by a given electrode geometry can
usually be found analytically or numerically.

The full potential is given by the sum of pseudo and static potential

Φ(x, y, z) = Φdc(x, y, z) + Φ̄rf (x, y, z) .

Manipulating the static terms allows to position ions at the pseudo potential’s centre
and to introduce shifts in motional frequencies or tilt the potential’s axes.

For the next chapters it is sufficient to know that ions are trapped in a harmonic
potential with 3 distinct motional frequencies. More on the simulation of the ion trap
used throughout this thesis, simulation of its trapping potential and the deforming
of the trapping potential by the use of applied dc voltages will be presented in
chapter 5.
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3. The ion’s internal and external states

This chapter introduces our lab’s work-horse, the calcium ion. It revises a theoretical
description of the ion’s internal states in the presence of laser fields (section 3.2-3.9.2)
and motional states in a harmonic trap (section 3.7). The motion is associated with
a temperature and cooling thereof is discussed (section 3.8).

3.1 The calcium ion

All experiments described in this thesis were performed with singly charged calcium
ions of the naturally most abundant isotope with mass number 40, 40Ca+ . Being
from the second column of the periodic table the ion has a single electron in the outer
most electronic shell which gives it a rather simple level structure. This ion species
is used by many other groups and its level structure is well understood [Het15;
Kre05; Ger08]. The lowest lying energy eigenstates relevant for this work are shown
in figure 3.1.a). Spectroscopic notation LJ with angular momentum L and total
angular momentum J is used. Note that 40Ca+ does not have nuclear spin.

For driving transitions indicated in figure 3.1.a) lasers close to resonance are used.
Below I give a summary of levels, connecting lasers and the way these are usually
used in our experiments.

A major motivation for working with 40Ca+ is its long lived D5/2 state with a
lifetime of 1.168 ± .009 s [Kre05]. The transition to S1/2 is dipole forbidden but
quadrupole allowed (see section 3.4) and transitions between the two levels can
be driven using a laser at 729 nm. This transition can be used as a high fidelity
qubit [Roo99] (with the other commonly used choice being the two Zeeman sub-levels
of S1/2 [Rus16]). In order to perform state preparation and detection more lasers
are required. To quickly return population from the long lived D levels to S1/2 we
use lasers at 854 and 866 nm which couple to the short lived P1/2 and P3/2 levels, for
which the lifetime is 6.9040±0.026 ns [Het15] and 6.92±0.02 ns [Ger08]. In addition
we use an ultra violet (UV) laser at 397 nm wavelength for scattering many photons
on the S1/2 to P1/2 transition which has a decay rate of 2π×21.57±0.08 MHz [Het15].
Being able to scatter many photons is required for cooling and detection (see sec-
tions 3.8 and 6.4.1).

Each level has 2J + 1 Zeeman sublevels of quantum number mj = −J, . . . , J
which split up in energy when an external magnetic field is applied. For S1/2, D5/2

and P3/2 these sublevels are sketched in figure 3.1.b) together with the magnetic
quantum number mj and a labeling |i〉 where i is ascending with energy. The
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3. The ion’s internal and external states

Figure 3.1: a) Lowest lying energy levels of 40Ca+ . Energy differences are indicated
in units of nm, corresponding to the wavelength of a laser used to resonantly cou-
ple the levels. Wavelengths that are not given in parenthesis correspond to lasers
available in our laboratory. The values in square brackets are the natural transition
frequency linewidths (fwhm) as taken from [Het15; Kre05; Ger08]. For all levels the
corresponding Landé factor gJ is given. b) Zeeman sublevels of S1/2, D5/2 and P3/2

with their corresponding magnetic quantum numbers mj and a labeling |i〉 with
ascending energy that will be used in later chapters.

energy by which each sublevel is shifted from its zero-field position is

∆E = gJmjµBB .

Here gJ are Landé-g factors, µB is the Bohr magnetron and B is the magnetic field
amplitude. If the laser fields are not too strong the direction of the magnetic field
sets the quantization axis. All our experiments use an applied magnetic field to lift
the degeneracy of energy levels and to set the quantization axis.

3.2 Laser - ion interaction

Next I aim to give a general description of the theoretical methods used to describe
the interaction of laser light with the ion. The description makes use of Optical
Bloch Equations (OBE). They are covered in many books and theses (e.g. [Woo80;
Har06; Scu97; Obe99]). Here they will be revised in a general form for a set of levels
|i〉 of energy Ei but having Zeeman-split calcium levels as given in figure 3.1.b) in
mind. Ion specific derivations equally apply to other ionic species such as 88Sr+ or
138Ba+ but with adjusted transition energies and decay rates. Level schemes for
these can be found in [Jam98].

The Hamiltonian corresponding to the system’s energy consists of two parts:

H = H0 +HL . (3.1)

The first one contains the energies of each atomic level |i〉:

H0 =
∑
i

Ei |i〉 〈i| ,
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3.2. Laser - ion interaction

the second describes the interaction with classical electromagnetic waves [Scu97,
page 146]. The interaction with multiple lasers (labelled l) is treated and their
corresponding light field described by the vector potential ~Al. For e being the
elementary charge and ~x the ion’s internal position vector:

HL = −
∑
l

e~̇x ~Al = −
∑
i,j,l

|i〉 〈i| e~̇x ~Al |j〉 〈j| .

There is also a term describing the energy of the light field itself which has been
ignored because it is small for the intensities of the lasers used in this thesis [Scu97,
page 149]. The vector potential ~Al will oscillate at frequency ωl with phase ϕl and
amplitude ~A0,l:

~Al = ~A0,l
1

2
(ei(

~kl~x−ωlt+ϕl) + e−i(
~kl~x−ωlt+ϕl)) .

The wave vector ~kl = ~nlωl/c depends on the speed of light c and the normalised
direction of propagation ~nl.

The laser-interaction Hamiltonian HL can be split in terms of ±iωlt as

HL = −
∑
i,j,l

|i〉 1

2
(〈i| e~̇x ~A0,le

i~kl~x+iϕl |j〉 e−iωlt + 〈i| e~̇x ~A0,le
−i~kl~x−iϕl |j〉 eiωlt) 〈j| .

This can be simplified by going into a rotating frame (see appendix E or [Obe99])

with an unitary operator U = ei
∑
i|i〉〈i|Ẽit/~. Here the energy Ẽi = Ei + ~δi cor-

responds to that of the atom plus a small detuning δi which is chosen such that
~ωl = Ẽj − Ẽi. The resulting Hamiltonian will have non-oscillating terms and terms
where exponents sum up to ±2iωlt. The sum terms will oscillate rapidly and the
exponential will quickly average to zero. These can then be neglected in what is
called a rotating wave approximation. The resulting laser-interaction Hamiltonian
in the rotating frame is

HrotL = −
∑
i

Ẽi |i〉 〈i| −
1

2

∑
(j<i),l

|i〉 〈i| e~̇x ~A0,le
i~kl~x+iϕl |j〉 〈j|

−1

2

∑
(j>i),l

|i〉 〈i| e~̇x ~A0,le
−i~kl~x−iϕl |j〉 〈j| .

It was assumed that states are ordered ascending with energy: Ej ≥ Ei (j > i). The
last term is the Hermitian conjugate of the second one and a transition coefficient
can be introduced

Ωij =

〈i|
e

~
~̇x ~A0,le

−i~kl~x−iϕl |j〉 (j ≥ i)

Ω†ji (j < i)
(3.2)

which allows to write the full Hamiltonian in the rotating frame as

Hrot = −~
∑
i

δi |i〉 〈i| − ~
∑
i,j

Ωij

2
|i〉 〈j| .
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3. The ion’s internal and external states

Figure 3.2: a) Laser configuration which forms a completed loop between 3 states,
and for which it is impossible to use a rotating wave approximation without addi-
tional approximations. b) Illustration of the convention used in this thesis to define
the detunings δi based on the laser’s detuning δl and a sublevel’s Zeeman shift ∆Ei.

The coefficient Ωij is called the Rabi frequency and will be discussed in more detail in
section 3.4. In modelling the atomic system we are free to choose the zero of energy
which fixes the detunings δi. In a 3-level system with two lasers it is favourable
to pick the level connected by both lasers to be at zero energy. The rotating wave
approximation can only be made if lasers do not form a loop i.e. it is not possible to
make a series of coherent transitions using different lasers and end up in the same
initial state. Figure 3.2.a) illustrates this for a 3-level system: After choosing the
detuning δ1 and two laser-frequencies ωa and ωb the condition ~ωc = Ẽ3 − Ẽ1 can
not be fulfilled for a freely chosen ωc. Thus only two of the 3 lasers can be included
in the model. For treatment of multiply connected levels in a restricted parameter
regime see [Sta08].

3.2.1 Detunings in Zeeman-split sublevels

Already in section 3.1 we saw that in the presence of a magnetic field Zeeman sub-
levels shift in energy by ∆Ei = gJimjiµB|B|. In such systems it is convenient to
define the energy of sublevels with respect to the energy at zero magnetic field. Us-
ing indices with capital letters to label Zeeman manifolds and small letters for single
sublevels the energy of sublevels can be defined in terms of the shift:

Ei = EI + ∆Ei .

Also the laser’s detuning can be defined with respect to the zero field splitting

δl = ωl − (EJ − EI)/~ .

In figure 3.2.b) it is sketched how the detunings δi of Zeeman-split sublevels can be
defined. If the zero of energy is chosen such that EJ ≡ 0 detunings of sublevels are

δj = −∆Ej/~
δi = −∆Ei/~− δl .

3.3 Decay - Lindblad jump operators

To describe the evolution of an ion under the influence of laser light spontaneous
decay processes have to be included as well. This can be done by formulating the
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3.3. Decay - Lindblad jump operators

problem in terms of a Lindblad master equation (a possible derivation based on
Kraus operators is presented in [Har06, page 178]). For k denoting possible states
of an environment it reads

∂ρ̂

∂t
= −1

2

∑
k

ĉ†k ĉkρ̂+ ρ̂ĉ†k ĉk − 2ĉkρ̂ĉ
†
k = Ld(ρ̂) . (3.3)

Here the ion’s states have been expressed by their density matrix ρ̂ =
∑

i,j ρij |i〉 〈j|
and the Lindblad operator Ld(ρ̂) is defined by jump operators ĉk. For spontaneous
emission, jump operators between levels |j〉 and |i〉 are given by

ĉij =
√

Γij |i〉 〈j|

where Γij is the decay-rate.
All states in a Zeeman manifold have the same total decay rate [Jam98] (using

capital letters I and J to denote the Zeeman manifolds this reads ΓIJ = ΓIj =∑
iεI Γij) which allows to relate the jump operators ĉij to the known decay rates

ΓIJ given in figure 3.1 (see [Jam98])

√
Γij =

m∑
q=−m

(
Ji m Jj
−mji q mjj

)√
(2Jj + 1)

√
ΓIJ (j > i) . (3.4)

For dipole (|Li − Lj | = 1) transitions m = 1 and for quadrupole (|Li − Lj | = 2)
transitions m = 2 . The term in parenthesis is a Wigner 3j symbol. The full pre-
factors relating ΓIJ and Γij are called Clebsch-Gordon coefficients, for the relevant
levels of 40Ca+ these are tabulated in appendix B.

The derivation of jump operators based on Kraus operators [Har06] required that
for one possible final state of the environment there is one jump operator. Therefore
all decay channels ĉij that lead to the same final state of the environment (labelled
k) have to be combined. This leads to the jump operators used in the Lindblad
equation (3.3):

ĉk =
∑

(i,j)εk

√
Γij |i〉 〈j| (3.5)

where (i, j)εk runs over sets of indistinguishable states of the environment. An ex-
ample of jump operators which have to be combined are those of all linearly polarized
transitions from a Zeeman split P1/2 to S1/2 decay at low magnetic field where the
Zeeman splitting is lower than the transition linewidth and emitted photons can’t
be distinguished.

The Lindblad formalism can also be used to include the effect of laser linewidths γl
given by their full width at half maximum (fwhm). A laser linewidth of Lorentzian
shape would lead to decaying coherences ρ̇ij = −γlρij (i 6= j). The corresponding
jump operator has the following form [Obe99]:

ĉk =
∑
iεk

√
γl |i〉 〈i|
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3. The ion’s internal and external states

where iεk runs over levels |i〉 connected to that laser (excluding those onto which
the zero of energy has been set at).

For the 12-level system formed by S1/2, D5/2 and P3/2 states of 40Ca+ the explicit
form of jump operators ĉk is given in appendix D.

3.4 Rabi frequencies

In equation (3.2) the Rabi frequency was introduced as

Ωij =

{
〈i| e~̇x ~A0,le

−i~kl~x−iϕl/~ |j〉 (j ≥ i)

Ω†ji (j < i)

for Ej ≥ Ei (j ≥ i). For a single ion the position ~x can be split into the ion’s position
~R and its internal position vector ~r as ~x = ~R + ~r. I will start by treating the ion’s

position as fixed ( ~̇R = 0) and subsequently extend the theory to include effects of ion
motion. In [Jam98] it is shown how the treatment can also be extended to multiple
ions at different rest positions.

Following [Woo80, page 42] for wavelengths much larger than the ion’s size the
vector potential can be expanded

e−i
~kl~r = 1− i~kl~r + . . . (3.6)

and using i~~̇r = [~r,H0] matrix elements can be evaluated

〈i| ~̇r ~A0,le
−i~kl~r |j〉 = −iωl 〈i|~r ~A0,l |j〉 − ωl

1

2
〈i| (~r~kl)(~r ~A0,l) |j〉+ . . .

The first term corresponds to electric dipole (DP) and the second to electric quadrupole
(QP) transitions. Sometimes these are also called E1 and E2 transitions. The sec-
ond term in equation (3.6) can also lead to magnetic dipole transitions. For systems
studied here these are negligible.

The vector potential can be related to the electric field: −iωl ~A0,l = E0,l~εl where
E0,l is the field’s amplitude and ~εl its normalized direction - the polarization. Thus
Rabi frequencies can be calculated:

Ωij =


eE0,l

~
e−i

~kl ~R−iϕl 〈i|~r~εl |j〉 (DP)

−i
eE0,l

2~
2π

λl
e−i

~kl ~R−iϕl 〈i| (~r ~nl)(~r~εl) |j〉 (QP)

where as before ~kl = ~nl
2π
λl

. The absolute phase of a state can usually be ignored
thus ϕl can be chosen such that Ωij or its pre-factors are real. In the following I will
implicitly make use of this where it is convenient.

For transitions with a non-zero dipole matrix element, the dipole term dominates.
Only when the dipole matrix element vanishes higher order contributions such as
the quadrupole term have to be considered. This happens for the S1/2 to D5/2 and
S1/2 to D3/2 transitions in the calcium ion.

16



3.5. Optical Bloch Equations

Knowing the full angular momentum Ji and a magnetic quantum number mji

of level |i〉 allows to evaluate Rabi-frequencies following [Jam98]:

Ωij = E0,l

√
3ε0λ3

l

8π2~
ΓIJ σij = Ω0

l σij (j ≥ i) (3.7)

σij =



√
2Jj + 1

1∑
q=−1

(−1)Ji+mji

(
Ji 1 Jj
−mji q mjj

)
~c (q)~εl (DP)

√
5(2Jj + 1)

2∑
q=−2

(−1)Ji+mji

(
Ji 2 Jj
−mji q mjj

)
~εlc

(q)~nl (QP)

Similar to the derivation of decay operators (see section 3.3) decay rates of Zeeman
split levels ΓIJ and Clebsch-Gordon coefficients are used. Normalized spherical basis
vectors ~c (q) and c(q) are given in appendix C or [Jam98]. The bare Rabi frequency
Ω0
l is what one would expect for a system without Zeeman structure. Usually the

absolute of the above is taken, the phase of Ωij matters though when setting up
optical Bloch equations. It is often useful to express the bare Rabi frequency Ω0

l in
terms of the laser intensity Il or power Pl. For a Gaussian beam of known spotsize ω

Il =
ε0c

2
E2

0,l =
2

π

Pl
ω2

where ε0 is the vacuum permittivity. The bare Rabi frequency is

Ω0
l =

√
3λ3

l

4π2~c
IlΓIJ =

√
3λ3

l

2π3~cω2
PlΓIJ . (3.8)

3.5 Optical Bloch Equations

The previously derived coherent Hamiltonian for ion-laser interaction and the Lind-
blad part combined give the full master equation for the system:

∂ρ̂

∂t
= − i

~
[Hrot, ρ̂] + Ld(ρ̂) . (3.9)

This set of equations for ρij is called the Optical Bloch Equations (OBE). The
simplest but instructive case to look at is a system consisting of two levels. It will
be used to introduce important concepts and properties of atom-light interactions.
For two levels the Hamiltonian becomes

Hrot = ~
(

0 Ω12
2

Ω12
2 −δ2

)
(3.10)

where Ω12 = Ω21 is assumed and the zero of the energy is set to be that of level |1〉.
For the single transition there is only one decay channel: c1 =

√
Γ12 |1〉 〈2| and one
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0
0

1

Figure 3.3: Sketch of solutions to OBEs for a two-level system. a) Rabi oscillations,
b) Lorentzian lineshape, c) Stark shifts.

jump operator for the laser linewidth: c2 =
√
γl |2〉 〈2|. These components can now

be inserted into equation (3.9), to obtain the OBEs in matrix form
∂ρ11
∂t
∂ρ12
∂t
∂ρ21
∂t
∂ρ22
∂t

 =


0 iΩ12

2 −iΩ12
2 Γ12

iΩ12
2 −Γ12+γl

2 − iδ2 0 −iΩ12
2

−iΩ12
2 0 −Γ12+γl

2 + iδ2 iΩ12
2

0 −iΩ12
2 iΩ12

2 −Γ12

×


ρ11

ρ12

ρ21

ρ22



It is often convenient to make the transformation ρ̃12 = i/2(ρ21 − ρ12), ρ̃21 =
1/2(ρ21 + ρ12) which, after also replacing the last line by the normalization con-
dition transforms the system of equations to

∂ρ11
∂t
∂ρ̃12
∂t
∂ρ̃21
∂t
1

 =


0 −Ω12 0 Γ12

Ω12
2 −Γ12+γl

2 −δ2 −Ω12
2

0 δ2 −Γ12+γl
2 0

1 0 0 1

×


ρ11

ρ̃12

ρ̃21

ρ22

 . (3.11)

In the following I present different solutions to this set of equations. These reveal
basic properties of such a system and will be referenced throughout this thesis.

3.5.1 Rabi oscilations

For Γ12 = γl = δ2 = 0 equation (3.11) can be reduced to ∂2ρ11
∂t2

= −Ω2
12(ρ11 − 1

2)
which, assuming ρ11(t = 0) = 1 is solved by ρ11 = 1

2(cos Ω12t+ 1). In this situation
the population will oscillate between states ρ11 and ρ22 with the Rabi frequency Ω12

as sketched in figure 3.3.a). The time it takes for population to be fully transferred
from ρ11 to ρ22 is τπ = π/Ω12 which is called the π-time. Experimental data from
Rabi oscillations are shown in section 4.2.2.

3.5.2 Line shape

In the steady state (∂ρ̂∂t = 0) equation (3.11) can be solved and

ρ22 =
(1 + γl

Γ12
)Ω2

12/4

δ2
12 + (Γ12 + γl)2/4 + (1 + γl

Γ12
)Ω2

12/2
. (3.12)
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3.6. OBE for S −D − P transitions of 40Ca+

The absorption from ρ11 to ρ22 has a Lorentzian profile with a half-width-half-

maximum (hwhm) linewidth of γ12 =
√

(Γ12 + γl)2/4 + (1 + γl
Γ12

)Ω2
12/2 which de-

pends on the decay rate, laser linewidth and the driving strength. Multiplying ρ22

with the decay rate gives the total rate of fluorescence

F12 = Γ12 × ρ22 . (3.13)

This is sketched in figure 3.3.b). The peak of fluorescence increases with increasing
Ω12 but is limited to Γ12/2 for large Ω12. Thus the achievable fluorescence saturates
and the intensity at which F12 = 1

2max(F12) is called the saturation intensity. In

terms of the Rabi frequency it is Ω12,sat = Γ12

√
(1 + γl)/2.

3.5.3 AC Stark-shifts

For strong-intensity light fields atom |i〉 and photon |ωl〉 states mix. The eigenvalues
ofHrot give the combined energy. For the two-level system the two energy eigenstates
(eigenvalues of (3.10)) are:

Est1,2 =
~δ12

2
± ~

2

√
δ2

12 + Ω2
12 . (3.14)

These are plotted in figure 3.3.c). The effect of the light field shifting the energy
levels is called the AC Stark shift. For large detunings second order pertubation
theory can be used to calculate the energy level shifts

∆Ei = Esti − Ei ≈ −~
∑
j

Ω2
ij

4δij
(3.15)

which in the 2-level case corresponds to expanding equation (3.14). For small de-
tunings (δij . Ωij) this solution can not be used.

3.6 OBE for S −D − P transitions of 40Ca+

Useful analytical solutions to optical Bloch equations can still be found for three
level systems. When more levels are involved numerical simulations have to be
carried out. I implemented code to construct and solve optical Bloch equations for
arbitrarily Zeeman-split 3-level systems with dipole and quadrupole transitions in
the numerical computing environment Matlab1. It can be used for simulating the 8
levels of the S1/2 - D3/2 - P1/2 manifold or 12 levels of S1/2 - D5/2 - P3/2 of 40Ca+ .
The first was treated in [Obe99, 8.2 and 8.5]. The relevant coefficients for setting up
optical Bloch equations for these 8 levels are listed there. For the 12 level system I
will give the most relevant coefficients in the next section and list all matrix elements
and decay operators ĉk in appendix D. In chapter 7 different numerical simulations
of the 12-level system will be presented.
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3. The ion’s internal and external states

-20 -15 -10 -5 0 5 10 15 20

Figure 3.4: a) All transitions that can be driven with 854 and 729 nm lasers with
~nl ⊥ ~εl ⊥ ~B. The frequency detuning at | ~B| = 4 G relative to zero magnetic field is
given in MHz. b) All possible S1/2 to D5/2 transitions for ~n729 ⊥ ~B. With resonance
frequency and relative strength σij indicated. Transitions indicated by green and

blue lines are driven for ~ε729 ⊥ ~B, orange and yellow ones for ~ε729 ‖ ~B.

3.6.1 Polarization and possible transitions

Calculating the transition matrix elements σij for the Zeeman split system gives the
well known selection rules. Dipole transitions are only possible if |Li − Lj | = 1 and
mji −mjj = 0,±1. Quadrupole transitions require mji −mjj = 0,±1 or ±2. Which
transition is driven by a laser depends on the polarization ~εl and its direction of
propagation ~nl relative to the quantization axis set by the external magnetic field
~B.

In the setup described and used throughout this thesis all laser beams propagate
perpendicular to the applied magnetic field. For dipole transitions this means that
either m = mjj −mji = 0 transitions can be driven when ~εl ⊥ ~B or a combination

of m = ±1 for ~εl ‖ ~B. For driving only m = +1 or m = −1 transitions a laser
would have to propagate along the magnetic field direction. To be able to couple
all D3/2 and D5/2 levels to at least one state in P1/2 and P3/2 lasers at the resonant
frequencies of 866 and 854 nm need to have a polarization perpendicular to the
magnetic field.

As seen in equation 3.7 the coupling strength σij of quadrupole transitions also
depends on the laser’s direction ~nl. A full treatment of driving strengths on the
S1/2 to D5/2 transition is given in [Roo00]. Figure 3.4 shows only the transitions

relevant to this work where ~nl ⊥ ~B. When ~ε729 ⊥ ~B only m = ±2 transitions can be
driven, when ~ε729 ‖ ~B only those with m = ±1. The first case gives better frequency
resolution and slightly higher coupling strength.

1MATLAB R2015a, The MathWorks, Inc., Natick, Massachusetts, United States.
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3.7. Oscillator states and master equation

Figure 3.5: a) Energy levels of a one dimensional harmonic oscillator and b) the
resulting sidebands imprinted on an atomic transition.

3.7 Oscillator states and master equation

In addition to its internal degrees of freedom an ion also has three external degrees
of freedom due to the motion of its centre of mass. As seen in section 2 the ion
sits in a confining potential which for our purposes is well described by expanding
it to second order, resulting in a three dimensional harmonic potential with three
motional modes. Each mode has an equally spaced ladder of states |n〉 with energies
given by En = ~ωm(n+ 1/2). The level structure of one is sketched in figure 3.5.a).
The frequencies of each mode are unique, and each can be treated to a good level of
approximation as an independent harmonic oscillator. In the treatment below I will
restrict the discussion to a single mode at frequency ωm, but including the other
two involves a straightforward generalization.

The master equation (3.9) has been derived for internal states |i〉. To include one
mode of motion the additional quantum number n labelling the harmonic oscillator
states can be added as |i〉 ⊗ |n〉 = |i, n〉. Also the Hamiltonian H0 of equation (3.1)
has to be modified by adding a term for the motional energy:

H0 =
∑
i,n

[Ei + ~ωm(n+
1

2
)] |i, n〉 〈i, n|

and the definition of the detuning has to be modified

Ẽi,n = Ei + ~ωm(n+
1

2
) + ~δi,n

and it is convenient to set

δi,n = δi − ωmn .

To obtain Rabi frequencies transition elements similar to (3.7) have to be calculated.
Labelling initial and final motional states as n and n+ s the Rabi frequencies which
include motional transitions, Ωsn

ij are

Ωsn
ij = 〈i, n+ s| e(~̇r + ~̇R) ~A0,le

−i~kl(~r+~R)−iϕl/~ |j, n〉

= Ωij 〈i, n+ s| e−i~kl ~R |j, n〉 . (j ≥ i) (3.16)
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3. The ion’s internal and external states

In the second step it was assumed that the term with ~̇R is negligible in comparison
to the one with ~̇r. This is shown in [Win79]. The same article also gives a treatment
of the ion’s motion beyond the first order approximation made in the following.

The ion’s quantized motion can be included by using the position operator of a
harmonic oscillator R̂ as ~R = ~nmR̂ = ~nm

√
~/(2maωm)(â† + â) with the normalized

direction of motion ~nm, the ion’s mass ma and creation/annihilation operators â†/â.
Then ~kl ~R becomes

~kl ~R = ~nl~nm|~kl|
√

~
2maωm

(â† + â) = ηl(â
† + â) .

Here the Lamb-Dicke parameter ηl was introduced. The overlap between motional
and laser direction can be expressed via their relative angle θl as ~nl~nm = cos θl.

For small |~kl ~R| � 1 or equally η2
l (2n+ 1)� 1 the exponential in equation (3.16)

can be expanded and terms of higher order can be dropped. This is called the Lamb-
Dicke regime [Ste86] and the expansion is valid for small excitations of the motion
n� 1/2η2

l . In this regime the Rabi frequency is

Ωsn
ij = Ωij 〈n+ s| 1− iηl(â† + â) |n〉 (j ≥ i)

(and the conjugate for j < i). Only transitions with s = 0,±1 need to be considered:

Ω0,n
ij = Ωij

Ω−1,n
ij = −i

√
nηlΩij (3.17)

Ω+1,n
ij = −i

√
n+ 1ηlΩij

and we approximate Ωsn
ij = 0 for all other values of s.

The Hamiltonian which includes motion becomes

Hrot = −~
∑
i,n

(δi − ωmn) |i, n〉 〈i, n|+ ~
∑
i,j,n,s

Ωsn
ij

2
|i, n+ s〉 〈j, n| .

For every purely internal transition (s = 0) at a frequency detuning δj− δi there are
two additional motion changing transitions (s = ±1) which have a Rabi frequencies√
nηlΩij or

√
n+ 1ηlΩij and a displaced detuning of δj − δi ± ωm. When scanning

the laser’s frequency these transitions will appear as sidebands as sketched in fig-
ure 3.5.b). In analogy to classical frequency modulation transitions at s = 0 are
called carrier transitions.

In addition to modifications to the Hamiltonian, there appear additional terms in
the Lindblad operator. For every jump operator ĉk given by equation (3.5) there
are two additional terms ĉksn with s = ±1. In a simplistic picture, averaging over
different direction momentum kicks obtained over many scattering events these can
be written as

ĉk,0,n = ĉk |n〉 〈n|
ĉk,−1,n = −i

√
αk
√
nη0,k ĉk |n− 1〉 〈n| (3.18)

ĉk,+1,n = −i
√
αk
√
n+ 1η0,k ĉk |n+ 1〉 〈n| .
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3.8. Motional temperature and cooling rate

If the transition linewidth is larger than the splitting of motional modes emitted pho-
tons can not be distinguished and the three jump operators have to be combined.
The geometrical factor αk accounts for the average projection of the emitted photon
onto the motional axis. It is equal to 2/5 for dipole transitions [Ste86]. All other de-
cays can be ignored in the Lamb-Dicke approximation. The parameter η0,k is defined
as ηl but with ~nl~nm ≡ 1. For the full density matrix ρ̂ =

∑
i,j,n,m ρij,nm |i, n〉 〈j,m|

the Lindblad equation can be set up in the same way as in (3.3):

∂ρ̂

∂t
= −1

2

∑
k,s,n

ĉ†ksnĉksnρ̂+ ρ̂ĉ†ksnĉksn − 2ĉksnρ̂ĉ
†
ksn = Ld(ρ̂) .

Again Hrot and Ld(ρ̂) combined give the master equation (3.9) with Liouvillian L(ρ̂)

∂ρ̂

∂t
= − i

~
[Hrot, ρ̂] + Ld(ρ̂) ≡ L(ρ̂) .

Solving this equation is not trivial, since the Hilbert space scales as (max(n))2 and
it is favourable to reduce the complexity by treating motion with a rate equation.

3.8 Motional temperature and cooling rate

So far the ion’s motion was described in a harmonic oscillator state basis |n〉. But as
incoherent scattering processes such as laser cooling leave the ion in a thermal state
it is common to associate a temperature of the ion with it’s average occupancy of
states n̄ [Lei03]. The thermal distribution can be parametrized in terms of the mean
excitation n̄ giving a probability distribution for the occupation of the nth energy
level of

Pn(n̄) =
n̄n

(n̄+ 1)n+1
. (3.19)

To study cooling we are interested in the change of motional temperature

˙̄n =
∑
n

Ṗn(n̄)n . (3.20)

A simple rate equation picture gives the changes in the probabilities as

Ṗn(n̄) = R+(n−1)Pn−1(n̄) +R−(n+1)Pn+1(n̄)− [R+(n) +R−(n)]Pn(n̄) (3.21)

with rates R±(n) of raising or lowering the motional quantum number by one. These
rates depend on the motional state. Instead rate coefficients A± can be introduced
as

R+(n) = (n+ 1)A+

R−(n) = nA− (3.22)

which, as later examples will show are independent of n.

In the steady state (with associated notional temperature n̄∞)

R−(n+ 1)Pn+1(n̄∞) = R+(n)Pn(n̄∞)
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3. The ion’s internal and external states

Figure 3.6: First order processes which raise (blue) or lower (red) the motional state
of a 2-level system by one quanta. Black arrows denote carrier transitions, solid ones
represent laser driven processes and dashed ones spontaneous decay. A combination
of the processes results in transition rates R+(n) = (n+ 1)A+ and R−(n) = nA−.

and accordingly for the rate coefficients A−Pn+1(n̄∞) = A+Pn(n̄∞). Equation (3.19)
can also be reformulated as

Pn+1(n̄∞)

Pn(n̄∞)
=

n̄∞
n̄∞ + 1

and thus

n̄∞ =
A+

A− −A+
. (3.23)

This motional temperature is only reached in the steady state. Relaxation to the
steady state can be included by solving (3.20):

˙̄n(t) =
∑
n

Ṗn(n̄(t))n = −(A− −A+)n̄(t)

where the last step used equation (3.22) and (3.21). This yields

n̄(t) = (n̄0 − n̄∞)e−(A−−A+)t + n̄∞

with starting motional state n̄0. A cooling rate Γc or cooling time τc can be intro-
duced:

1

τc
= Γc = A− −A+ .

Cooling appears if A− > A+ so the task is to calculate A+ and A− for a given system.

I will start with some simplified but instructive examples in section 3.9. How-
ever in much of the experimental work this approach was found to be over-simplistic
which required the use of a more complete theory.

3.9 Rate coefficients for 2- and 3-level systems

To discuss basic cooling properties let us start with a system of two levels g, e coupled
to motional states |n〉 in the Lamb-Dicke regime. This system has been studied
intensively, e.g. in [Win79; Ste86; Esc03] and references therein. As illustrated in
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Figure 3.7: Carrier transition (green), A+ (blue) and A− (red) for a 2-level system
in a sideband resolved (a) and Doppler cooling (b) regime. Parameters chosen are
Ω = 0.2ωm, η = 0.6, and Γ = 0.2ωm (a), Γ = 5ωm (b). Vertical lines indicate the
carrier and sideband positions.

figure 3.6 there are two first order processes that raise the motional state. Either a
transition on the carrier is made followed by a decay on a blue sideband or a blue
sideband transition is made followed by a decay on the carrier. The combination of
both gives the rate R+(n) = (n+ 1)A+. Similarly there are two first order processes
lowering the motional state.

Carrier transitions are driven with the Lorentzian line shape derived in sec-
tion 3.5.2 and the scattering rate Fge is proportional to |Ωge|2. If power broadening
and Stark shifts are negligible the driven sideband-transitions in the Lamb-Dicke
regime have the same Lorentzian lineshape but at a rate reduced by n|ηl|2 and
(n + 1)|ηl|2. The decay rate on sideband transition is equally reduced by n|ηl|2 or
(n+ 1)|ηl|2 (see equation (3.18)). Combining the two first order processes for raising
or lowering the motional state allows to express the rate coefficients

A± = cos2(θl)|η0,l|2Fge(δ ∓ ωm) + αge|η0,ge|2Fge(δ) . (3.24)

Note that in a simple two-level system η0,l = η0,ge. The resulting rate coefficients
are independent of n which was already implicitly used in equation (3.22).

3.9.1 Doppler and sideband cooling

Figure 3.7 shows A± together with the fluorescence Fge for two sets of parameters,
which provide an illustration of the two primary regimes of operation. The first
occurs when γ � ωm (where as in section 3.5.2 γ is the hwhm linewidth of the tran-
sition). In this case the sidebands are resolved. This regime results in the highest
cooling rate and lowest ion-temperature. High cooling rate is only achieved though
for frequencies close to ωm. I will refer to this regime as resolved sideband cooling
or just sideband cooling. Another term used for this regime is the strong binding
limit [Win79].

The second case is the opposite limit, where sidebands lie under the carrier curve.
Ions are cooled over a large range of detunings but minimal temperatures reached
are higher than in the sideband resolved case as there is always some driving of A+.
Inserting (3.24) in (3.23) and taking the limit ωm � γ gives a minimal achievable
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3. The ion’s internal and external states

Figure 3.8: First order motion changing transitions of a 3-level system with negligible
Γdp and Γsd.

motional temperature of

n̄∞,min =
γ

ωm
(3.25)

at a detuning δ = γ equal to cooling at the frequency corresponding to half of the
maximal fluorescence. For negligible line broadening γ = Γ/2. Formulas for the
second regime can also be obtained by treating the ion’s motion semi-classically and
looking at the Doppler-shifted absorption of light (see for example [Lei03]). For this
reason one often talks about Doppler-cooling in this regime. I will also refer to this
regime as the weak-binding limit.

As mentioned the above given treatment is only valid in the Lamb-Dicke regime.
Hot ions with n̄ > 1/|ηl|2 can still be Doppler cooled. Then also higher order
sidebands which can be addressed by the broad resonance contribute. Cooling rates
in such regimes are e.g. found in [Win79].

3-level system

If we ignore the Zeeman splitting of the S1/2 − D5/2 − P3/2 system then it seems
reasonable to think that the dynamics might be well covered by those of a three-level
system. Lasers on S1/2 ↔ D5/2 and D5/2 ↔ P3/2 bring the ion’s internal state from
S1/2 to P3/2 from where it decays back to S1/2. All first order motion changing tran-
sitions which involve the absorption of 2 photons are sketched in figure 3.8 (assuming
P3/2 to D5/2 and D5/2 to S1/2 decays with Γdp and Γsd are negligible). Cooling in
such a 3 level system has been studied by eliminating the upper state [Mar94] under
appropriate assumptions, or by treating it in a semiclassical way [Cha08]. Another
option is to extend the 2 level treatment. For large detuniungs where equation (3.15)
holds this method was used in the supplemental material of [Goo16]. Rate coeffi-
cients for three levels and two lasers can be written out as

A± = |ηsd|2Fsp(δsd ∓ ωm, δdp)
+ |ηdp|2Fsp(δsd, δdp ∓ ωm) + α|η0,sp|2Fsp(δsd, δdp) . (3.26)

Here I introduced a rate of producing fluorescence photons on the P3/2 to S1/2

transition by driving with the two lasers, Fsp(δsd, δdp). It depends on both laser’s
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3.9. Rate coefficients for 2- and 3-level systems

Figure 3.9: A strong carrier drive (of frequency ωstrong which is detuned from its
atomic transition by δstrong) will Stark shift the energy levels. Sidebands of ωprobe =
ωstrong±ωm will probe the shifted levels. b) Green: δstrong changes the resonance of
the probe’s detuning δprobe. For illustration some transition lineshapes are included
and the position of carrier and sidebands are indicated. c) Carrier and sideband
transition rates obtained by cuts through the indicated lines in b). Sidebands are
shifted away from motional frequencies ±ωm indicated by vertical lines.

amplitude and detuning. The fluorescence can be measured for different detunings
and equation (3.26) can be further simplifyed by noticing that Fsp(δsd, δdp ∓ ωm) ≈
Fsp(δsd, δdp) for ωm � Γdp .

The above is valid for Lorentzian absorption profiles which are below saturation
on any of the relevant transitions. Trying to reproduce experimental data presented
in chapter 7 by fits of ion temperatures obtained from this model did not produce
compatible results. The next section discusses limiting effects found while working
with the model. Some can be taken care of by making adaptations to the 3-level
treatment but this becomes tedious in some cases if not impossible. Therefore a
more complete theory (given in section 3.10) was used which allowed to reproduce
experimental data presented in chapter 7.

3.9.2 Stark shifts and non-Lorentzian lineshapes

Stark shift effects on sideband-transitions

In measured data optimal cooling was observed less than ωm away from the resonance
peak. This can partially be explained by considering Stark shifts affecting the side-
bands [Ste00]. As discussed in section 3.5.3 the energy levels of a two-level system are
shifted by strong laser radiation detuned from the resonance (δstrong, ωm � Ωstrong).
Figure 3.9 illustrates the effect of off-resonant driving of the carrier on the resonance
frequency of sideband transitions. As shown in panel c) of the figure sidebands and
thus the frequency of optimal cooling are shifted closer to the carrier.
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Figure 3.10: a) Schematic of a 3-level system with two laser couplings and a decay
at rate Γ. Levels are shifted in energy by a strong laser and fluorescence is probed
with a second, weaker laser. b) Steady state solution of optical Bloch equations
for that system with the following parameters: Γ = 2π × 5 MHz, Ωstrong = Γ,
δstrong = 2π×1 MHz and Ωprobe = 0.02Ωstrong. For the chosen parameters the Stark
shift calculated from equation (3.14) indicated by a vertical line and the peak of
fluorescence do not match.

Stark shifts from coupling to a third level

In a multi-level setting coupling of a laser to any one transition shifts nearby energy
levels and changes spectator transition frequencies. Already in the 3-level system
sketched in figure 3.10 the analytic solution of Stark shifts (equation (3.14)) can only
be used for small decay rates or large detunings of the strong drive. Stark shifts can
be neglected at low driving rates, but many of the experiments described below were
performed outside this regime, where the Stark shifts became difficult to evaluate.

When lasers are near resonance, dressed states appear which are split in en-
ergy [Har06, p. 153]. This can be seen as a second peak in the simulation displayed
in figure 3.10 and leads to non-Lorentzian lineshapes.

Power broadening

The linewidth of a 2-level system obtained in equation (3.12) does not only depend
on the decay Γ but also broadens with increasing Ω12. As sidebands have a driving
strength reduced by η they are expected to have a smaller linewidth than the carrier
when being in a power broadened regime. A solution for the rate coefficients should
account for that. Naively the reduced driving strength could be used when calculat-
ing the linewidth of sideband transitions. On the other hand sideband transitions
are often driven at a much lower rate than carrier transitions. Thus the steady state
is predominantly determined by the carrier. Using a steady state solution for the
linewidth which does not include the carrier will not be accurate.

Zeeman split sublevels

When shifts of Zeeman sub-levels are larger than the transition’s linewidth The
situation complicates further. The narrow S1/2 to D5/2 transitions of 40Ca+ are in
this regime. The situation can be illustrated by a 4-level system as sketched in
figure 3.11.a) with parameters chosen similarly to the 4 lowest lying energy levels
of 40Ca+ in a similar regime to our experiments. The model consists of two lower
and two upper levels, both split by a small amount, a driving laser and decays as
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Figure 3.11: a) Schematic of 4-level system with couplings. Solid lines indicate
driving with lasers, dashed ones decay channels. b) Transition rate calculated with
OBEs for parameters similar to driving of S1/2 to D5/2 (its two lowest lying energy
levels) transitions in 40Ca+ . Decays can be thought of as effective decays mediated
by the 854 nm laser. Vertical lines indicate the position of carrier and sideband
transitions.

indicated in the figure. Figure 3.11.b) shows a simulation of making the transition
from lower to upper levels. The two transitions result in one peak only which is
located in between the two transition frequencies. In the figure the position of
the underlying resonances as well as those of the sidebands are indicated. Sideband
transitions occur relative to the underlying transitions (not the peak transition rate).
Since many transitions occur under a single broad profile of fluorescence, it becomes
challenging to obtain a model for the sideband lineshape independent from all other
factors. One particular example would be that the red sideband of one transition
can lie close to resonance with the blue sideband of the other, which makes the
approximations used above invalid.

3.10 Reduced master equation for motion

As can be seen from the discussion above, in order to obtain an accurate picture of
cooling in the multi-level S1/2 −D5/2 − P3/2 system treatment of the full 12-levels
of the atom is required, with a rigorous connection of the effect of the internal state
dynamics to changes in the motion. In the Lamb-Dicke regime, such a treatment is
provided by the formalism described in the following section, which was first given
by Cirac et al. in 1992 [Cir92]. The Lamb-Dicke approximation allows a separation
of timescales of the internal state evolution from changes in the motional state. The
steady state solution for the internal states can then be used to derive expressions
for A+ and A−. In what follows, I closely follow the derivation given in the paper.

Section 3.7 introduced the master equation for motion and internal states given by
the Liouvillian

Lρ̂ = −i[Hrot, ρ̂] + Ldρ̂ .

An expansion up to second order in the Lamb-Dicke parameter η contains all first
order relevant transition terms described when treating a 3-level system. The Hamil-
tionian Hrot can be split up in diagonal and off-diagonal (interaction) terms and
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3. The ion’s internal and external states

both, Hamiltionian and Lindblad operator Ld can be expanded in 0th to 2nd order
sidebands:

Hrot = Hdiagsb0 +Hdiagm +Hintsb0 +Hintsb1 +Hintsb2 +O(η3)

Ld = Ldsb0 + Ldsb1 +O(η3)

with

Hdiagsb0 = −~
∑
i,n

δi |i, n〉 〈i, n|

Hdiagm = ~
∑
i,n

ωmn |i, n〉 〈i, n|

Hintsb q = ~
∑
ijn

Ω+q n
ij

2
|i, n+ q〉 〈j, n|+

Ω−q nij

2
|i, n− q〉 〈j, n|

and Lindblad operators Ldsb0, Ldsb1, being formed by jump operators ĉksn as given
in (3.18) with s = 0 (decays on carrier) and |s| = 1 (decays on first sidebands). The
sideband part of the Hamiltonian Hintsb q is given for sidebands of order q = 0, 1, 2.

This expansion up to second order is the same as assuming to be in the Lamb-
Dicke regime. It ensures that jump operators for first order sidebands ĉksn ∝ η are
kept in Ldsb1 ∝ η2. Second order sideband transitions present in Hintsb2 will be omitted
in a later step.

The terms can be re-grouped to form Liouville operators in 0th, 1st and 2nd or-
der

L0ρ̂ = {−i[Hdiagsb0 +Hintsb0, ρ̂] + Ldsb0ρ̂} − i[Hdiagm , ρ̂] ≡ (L0I + L0E)ρ̂

L1ρ̂ = −i[Hintsb1, ρ̂]

L2ρ̂ = −i[Hintsb2, ρ̂] + Ldsb1ρ̂ .

The full master equation in second order is:

∂tρ̂(t) = Lρ̂ = (L0 + L1 + L2)ρ̂(t) . (3.27)

The main motivation for re-grouping the master equation here and in following steps
is to separate internal (labelled I) and external (motional, labelled E) parts.

In the Lamb-Dicke regime internal-only transitions couple much stronger to the
light field. Thus these define the internal state. The external state, which is the
state of interest, then depends on this internal state (and on transition rates cou-
pling internal and external states).

To further separate internal and external states the following projector P̂ can be
introduced

P̂ ρ̂ = P̂E ⊗ P̂ I ρ̂
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3.10. Reduced master equation for motion

where P̂E projects any state X on the motion (ρ̂E) and P̂ I projects onto the internal
steady state ρ̂I∞ as

P̂EX =
∞∑
n=0

|n〉 〈n| 〈n|X |n〉

P̂ IX = lim
t→∞

eL0I tX ≡ ρ̂I∞ ⊗ TrIX

P̂ ρ̂ = ρ̂I∞ ⊗ ρ̂E .

Following [Cir92] appendix F shows that projecting the master equation (3.27) and
expanding it in second order leads to the following equation of motion for the reduced
system:

∂tP̂ ρ̂(t) = P̂L2P̂ ρ̂(t) + P̂L1(−L0)−1L1P̂ ρ̂(t) . (3.28)

To solve equation (3.28) internal and external parts have to be separated further and
the projector has to be applied.

The zero-order Liouvilian consists of an internal and external part (L0 = L0I +
L0E). To separate them in (−L0)−1 the Laplace transform can be used:

TrI [L1(−L0)−1L1P̂ ρ̂(t)] = TrI

∫ ∞
0

dsP̂L1e
L0sL1P̂ ρ̂(t+ s)

= TrI

∫ ∞
0

dsL1e
L0EseL0IsL1P̂ ρ̂(t+ s) . (3.29)

Another step is to see that the first order Liouvillian can be further expanded using

Hintsb1 = (−i
∑
i<j

Ωijηij
2
|i〉 〈j|+ h.c.)

× (
∑
n

√
n |n〉 〈n− 1|+

√
n+ 1 |n〉 〈n+ 1|)

≡ HIsb1 ⊗HEsb1 .

Which allows to write L1ρ̂ as

L1ρ̂ = −i[Hintsb1, ρ̂] = −i(HIsb1[HEsb1, ρ̂]− [HIsb1, ρ̂]HEsb1)

≡ HIsb1L1E − L1IHEsb1 .

Inserting this in equation (3.29) and simplifying equation (3.28) becomes

∂tρ̂
E(t) = P̂ETrI [L2ρ̂

I
∞ρ̂

E(t)]

+

∫ ∞
0

dsP̂EL1Ee
L0EsL1E ρ̂

E(t+ s)TrI [HIsb1eL0IsHIsb1ρ̂I∞] .

Assuming that the motion is in a thermal state

ρ̂E(t) =
∑
n

Pn(n̄(t)) |n〉 〈n|
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Figure 3.12: Carrier transition (green), A+ (blue) and A− (red) calculated for a
2-level system using equation 3.30. Parameters chosen are Ω12 = 0.4ωm, η = 0.3,
and Γ12 = 0.2ωm. Vertical lines indicate carrier and nominal sidebands.

the external terms in the equation can be further simplified to obtain a rate equation
for the thermal populations Pn(t) which is of the same form as (3.21):

Ṗn(n̄(t)) = (n+1)A−Pn+1(n̄(t)) + nA+Pn−1(n̄(t))− [(n+1)A+ + nA−]Pn(n̄(t))

The rate coefficients are now given by

A± = 2<[S(±ωm) +D] (3.30)

with

S(ωm) = TrI [HIsb1(−L0I + iωm1)−1HIsb1ρ̂I∞]

D =
∑
i,j

(αij |η0,ij |2Γij 〈j| ρ̂I∞ |j〉 .

This result reduces the complexity of the problem dramatically as now only the
steady state of internal states has to be calculated, while separating from this the
dynamics of the motion. This is a numerically feasible task. Conceptually S(ωm)
is the fluctuation spectrum of the dipole/quadrupole force, D a diffusion term that
accounts for spontaneous emissions. Their connection to correlation functions and
semi-classical approaches is treated in more depth in [Cir92].

Example: 2-level system

Again the 2-level system serves as a good example to show relevant features of the
solution. In section 3.5 L0I was derived, sideband Hamiltonian and diffusion term
are

HIsb1 = −iΩ12

2
η12

(
|1〉 〈2| − |2〉 〈1|

)
D = αη2Γ12ρ22,∞ .

With this A± can be solved for. An analytical solution is given in [Cir92], I evaluate
equation (3.30) numerically and show a plot in figure 3.12. The solution has the
relevant features which were missing in previous sections: Sidebands are narrower
than the power broadened carrier and they are Stark-shifted towards the carrier.
In Chapter 7 the formalism described here is used to predict cooling properties and
temperatures of the 12-level system.
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4. Controlling 40Ca+

In this chapter I give an overview of the toolbox we use to implement experiments
on calcium ions. This includes the various laser transitions used, and example data
from calibration experiments. Technical details of lasers and the apparatus used to
trap and manipulate calcium ions will be presented in chapter 6.

4.1 397-866 operations

For fast processes the dipole allowed transition at 397 nm is used as it allows to
scatter many photons. Additionally a laser at 866 nm is needed to repump from the
otherwise dark D3/2 state (see level scheme of 40Ca+ in figure 3.1). Figure 4.1 shows
fluorescence traces taken while scanning the frequency of the 397 or the 866 nm
laser with the other laser of the pair kept at a fixed frequency. Fits to both scans
were performed using the Bloch equations described in section 3.6, which allowed
extraction of laser intensities. Such fluorescence scans are used on a daily basis to
calibrate the frequencies of these lasers.
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Figure 4.1: Measurements of ion fluorescence for scans of 397 nm (a) and 866 nm
(b) laser detunings. Solid lines represent fits of optical Bloch equation solutions.
These do not capture the ion motion and fit and data deviate in the region of dark
resonances [Roß15; Jan11]. Parameters determined by fits to the 866 nm laser scan
are Ω397 = 2π×16.3± .1 MHz and Ω866 = 2π×28.9± .3 MHz. Both laser linewidths
were assumed to be 500 kHz. Vertical lines indicate good positions for: a) from
left to right: pre cooling, Doppler cooling and detection, b) 866 nm laser detuning.
Each data-point corresponds to an average over 50 (a) or 300 (b) realizations of the
experiment and standard-deviations are indicated.
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Figure 4.2: Histograms of the number of photons detected within 350 µs if the ion
was in a bright state (orange) and of pure background (green) for 1400 detection
events each. The two cases can be well separated by putting a threshold in-between
which for the given data would be set to 7 counts.

Throughout all experiments the 866 nm laser is kept at a fixed frequency. A good
choice is to set it close to the peak of fluorescence but far enough blue-detuned from
the dark resonance dip seen at around −20 MHz [Ber02]. This ensures that if the
laser drifts in frequency no dark resonance effects will occur.

4.1.1 Cooling

The first step of all ion experiments is cooling of the ion’s motional temperature.
This is needed to safely keep ions trapped and to get into the Lamb-Dicke regime
introduced in section 3.7.

For experiments described in this thesis cooling is usually performed in two steps.
The first is a pre-cooling pulse of ∼ 1 ms at δ397 ≈ −2π × 50 MHz i.e. red detuned
from the fluorscence peak. This is chosen to also be red detuned from the first-order
micromotion sideband (which in this setup sits at δ397 = −2π × 40 MHz) ensuring
that even if micromotion is present the ion will still be cooled. Micromotion, which
will be described in more detail in section 5.6, is more pronounced for hot ions
spending more time away from the trap centre. The strong detuning also helps to
more efficiently cool highly excited motional states.

The second cooling stage is near-resonant Doppler cooling, which is performed
for ∼0.5 ms. A detuning close to half the width of the fluorescence trace is chosen
to optimize the final temperature. Higher laser powers give faster scattering rates
and faster cooling. Lower laser powers result in less line broadening and thus lower
final temperatures. Powers are chosen according to experimental requirements.

4.1.2 Detection

For detecting the presence of an ion the 397 nm laser is tuned close to maximal
fluorescence. A detuning of around −5 MHz is chosen to prevent heating of the
ion, even if the laser frequency drifts by a few MHz. By using low 397 nm laser
intensity (Ω397 . Γ397) the signal to noise can be improved. As the transition starts
to saturate for higher intensities, the fluorescence rate increases less rapidly than
the background scatter from the electrodes.
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4.2. 729-854 operations
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Figure 4.3: Scans of 729 (a) and 854 nm (b) laser detunings. Both plots show data
for an ion starting in

∣∣S1/2,−1/2
〉

(green) and
∣∣S1/2,+1/2

〉
(cyan) and expected

transitions between Zeeman-split levels at B=4.05 G are indicated by vertical lines.

The main source of background is 397 nm light scattered from surfaces close to
the ion (our imaging system is not sensitive to wavelengths of the repumping lasers).
This background can be measured and subtracted from data. A signal containing
only the background scatter can be obtained by shining only 397 nm light onto the
ion. Due to the absence of repumpers the ion will quickly decay to D3/2 and will not
contribute to the detected light. When our system was adjusted well background
scatter rates were so low that background subtracted detection was not needed.

As mentioned earlier one qubit can be stored in two atomic states. We chose these
as one Zeeman sublevel of S1/2 and one of D5/2. When the 397 and 866 nm lasers are
turned on, the ion fluoresces if it is in the S1/2 manifold, but does not fluoresce if it
is in the D5/2 state. This provides a means of discriminating between the two states
[Win98a]. Figure 4.2 shows histograms of the number of photons detected within
350 µs if the ion was in a bright state (orange) and of pure background (green) for
1400 detection events each. The histograms show little overlap, meaning that for a
moderate fidelity state detection it is sufficient to use a threshold, whereby if the
number of photons is above threshold the ion is recorded as starting in S1/2, else it
is recorded as starting in the D5/2 state. In order to obtain relative probabilities for
superposition states experiments must be repeated many times, and the fraction of
events for which the ion is found in each state have to be recorded.

4.2 729-854 operations

The D5/2 states have a narrow natural linewidth. Using a laser with a sufficiently
narrow linewidth transitions between single Zeeman sublevels as presented in sec-
tion 3.6.1 can be resolved. Figure 4.3.a) shows the absorption of 729 nm light with
~ε729 ⊥ ~B for the ion initially being prepared in

∣∣S1/2,−1/2
〉

or
∣∣S1/2,+1/2

〉
. The

ion makes a transition to the dark D5/2 state whenever the 729 nm laser is resonant
with a possible transition.

The long lifetime and the fact that they are not coupled to the detection lasers
makes D5/2 levels suitable for storing quantum information. In experiments per-
formed across many different research groups [Roo00; Sch08b; Mat12] a common
choice is to use one Zeeman sublevel from S1/2 and one from D5/2. If the laser
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Figure 4.4: a) Preparing |↓〉 =
∣∣S1/2,−1/2

〉
. To measure the preparation efficiency

population left in
∣∣S1/2,+1/2

〉
was shelved to

∣∣D5/2,+5/2
〉

before detection. After
cooling the ion is left in a random superposition of S1/2 and |↓〉 gets prepared
within ∼ 30 µs. b) Rabi oscillation. From a fit to the data (solid line) the following
parameters were extracted: τπ = 3.10 ± .01 µs, τdec = 66 ± 5 s, a = 0.003 ± .006,
b = 0.03 ± .01 . Error-bars were determined from the statistical uncertainty of a
binomial distribution.

light only couples two levels, it is common to consider these as a pseudospin system
and I will denote those with |↓〉 and |↑〉. All laser coupled levels as given in fig-
ure 4.3.a) could be used. For experiments presented here usually |↓〉 =

∣∣S1/2,−1/2
〉

and |↑〉 =
∣∣D5/2,−5/2

〉
were chosen.

To quickly transfer population out of D5/2 a laser with a wavelength of 854 nm
is used. Figure 4.3.b) shows a calibration of this laser’s centre frequency, which is
performed by first preparing the ion in

∣∣D5/2,−5/2
〉

or
∣∣D5/2,+5/2

〉
and afterwards

irradiating with 854 nm light for 1.6 µs. The probability of it making the transition
to S1/2 was then recorded. Very few photons are scattered and the lineshapes in
these experiments are typically symmetric which allows to easily identify the centre
frequency. The accuracy obtainable is limited by the power broadened linewidth.

4.2.1 State initialization

As a first step of most experiments |↓〉, the chosen S1/2 sub-level has to be pre-
pared. By turning on lasers at 866 and 854 nm population at D2/3 and D5/2 can
be pumped to S1/2. An additional pumping process is then required to prepare a
single Zeeman sublevel. One possibility is to use a 397 nm laser beam which is cir-
cularly polarized and points along the magnetic field direction. This is not possible
in my setup as optical access along the magnetic field is blocked. Instead, I used
frequency-selective optical pumping, via the D5/2 level. For |↓〉 =

∣∣S1/2,−1/2
〉

the
transition

∣∣S1/2,+1/2
〉
↔
∣∣D5/2,−3/2

〉
can be used. Figure 4.4.a) shows pumping

to |↓〉 which is achieved within ∼ 30 µs. The experimental sequence for obtaining
this plot started with cooling which left the ion in an random superposition of S1/2

levels. Afterwards the 729 nm laser resonant with
∣∣S1/2,+1/2

〉
↔
∣∣D5/2,−3/2

〉
to-

gether with repumping lasers was applied for a certain time tpump. Then population
in
∣∣S1/2,+1/2

〉
was shelved with a π-pulse on

∣∣S1/2,+1/2
〉
↔
∣∣D5/2,+5/2

〉
and

fluorescence of the population remaining in S1/2 was detected.
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4.2. 729-854 operations

Figure 4.5: Exemplary experimental sequence for seeing Rabi oscillations. For each
laser pulse an approximate detuning in MHz is given. These are taken relative to the
peak of fluorescence as e.g. shown in figure 4.1. To gather statistics this sequence
was repeated 50-150 times.

4.2.2 Internal state manipulation

Arbitrary superpositions between |↓〉 and |↑〉 can be produced by driving Rabi os-
cillations using the 729 nm laser. Figure 4.4.b) shows an experimental realization.
Imperfect state initialisation, off-resonant coupling, decoherence and measurement
errors can lead to deviations from the ideal formula given in section 3.5.1. Fig-
ure 4.4.b) also shows a fit to data which takes account of these imperfections in the
form of a reduced contrast at top (a) and bottom (b) and an exponential decay of
contrast with time constant τdec.

In figure 4.5 I sketch the pulse sequence used for obtaining the data. It shows
the different combinations of lasers that were used for cooling steps, state initial-
ization, manipulation and detection. Frequency detunings and amplitudes were
calibrated for best performance. The displayed frequency detunings (in MHz) are
just approximate values. Setting the laser detuning δ = 0 corresponds to driving
Rabi-oscillations on

∣∣S1/2,−1/2
〉
↔
∣∣D5/2,−5/2

〉
, δ = +ωm to driving blue side-

bands. This sequence can serve as a typical example for taking data-traces presented
throughout this chapter.

4.2.3 Coupling to sidebands

Section 3.7 introduced motional sidebands. The narrow linewidth of the quadrupole
transition together with our narrow 729 nm laser (see section 6.6) allows to resolve
these. Frequency resolved addressing of these transitions can be used to gain infor-
mation about the motional state and for manipulating the motion. This allows for
coherent coupling of internal and motional states and for cooling the motion.

A frequency scan of the 729 nm laser in the vicinity of the
∣∣S1/2,−1/2

〉
↔∣∣D5/2,−5/2

〉
transition is shown in figure 4.6.a). Three motional sidebands can be

seen on each side of the central carrier peak. These correspond to the three normal
modes of oscillation of the ion. For the work described in this thesis, studies of
cooling were performed using the mode with the intermediate frequency.

An ion in the internal and motional ground state can not couple to red sidebands.
To see all sidebands shown in figure 4.6.a) the ion had to be initially imperfectly
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Figure 4.6: a) Red and blue motional sidebands of the 3 motional modes. b)
Schematic of carrier and sideband transitions for one mode of motion. |↓, 0〉 does
not couple to red sidebands, |↑, 0〉 not to blue sidebands.

cooled. Larger ion excitations result in more prominent sideband transitions because
the Rabi frequency for sidebands given in equation (3.17) scales with

√
n.

4.2.4 Temperature measurements

Figure 4.6.b) sketches the ladder of energy-states formed by |↑ / ↓, n〉 and possible
couplings at carrier, red and blue sideband frequencies. If we neglect decay and off-
resonant effects, each frequency of transition involves coupling of pairs of levels, each
of which undergo Rabi oscillations. For sideband transitions, the Rabi frequency
scales with

√
n. This means that the spin population as a function of time can

be used to deduce the motional state of the ion. When applying a laser pulse at
the frequency of the blue (bsb) or red (rsb) sideband for some time t followed by
measuring the probability of being in |↓〉 (P↓) all the individual oscillations sum up:

P bsb↓ =
1

2

∞∑
n=0

(1 + cos Ω+1,n
↓↑ t)Pn (4.1)

P rsb↓ = P0 +
1

2

∞∑
n=1

(1 + cos Ω−1,n
↓↑ t)Pn .

These sums depend on the probability to be in motional states Pn, which can be
extracted by taking time traces and fitting [Kie15a]. For obtaining reliable fits
experimental imperfections have to be included. The most prominent ones can be
empirically added to equation (4.1):

P bsb(S1/2) = a+ (1− a− b)1

2

∞∑
n=0

(1 + e
− t
τdec cos Ω+1,n

↓↑ t)Pn −
t

τoffres
. (4.2)

Here a accounts for offsets which can result from imperfect pumping to |↓〉, b is a
reduction of the contrast which can arise from imperfect repumping from D states,
τdec the decoherence time and τoffres a crude inclusion of pumping processes which
are due to frequency noise (”servo bumps”) on the laser which couples resonantly
to nearby transitions. In the early stages of work with ions, when starting sideband
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Figure 4.7: Sideband scans, blue: P bsb(S1/2), red: P rsb(S1/2). From a fit to data
shown in a) (at lowest temperature) the following parameters were extracted: τπ =
43.97 ± .05 µs, τdec = 796 ± 66 µs, a = 0.07 ± .01, τoffres = 20 ± 10 ms. These we
used as constraints for fitting data shown in b) to c). Solid lines were calculated
from fitting results and extracted n̄ are given with the plots.

experiments, all of these terms had to be considered to fit sideband traces. Later,
when transition frequencies were better calibrated b = 0 could be assumed. By steps
described in section 6.9.1 off-resonant driving could be vastly reduced. Still τoffres
was kept in fitting routines but would give values much larger than any relevant
time of the scan.

Figure 4.7 shows experimental data from Rabi oscillations on the blue sideband.
For measuring these datasets the ion was cooled under different settings (better to
worse from a) to d)), then it was initialized to |↓〉, a pulse at the blue sideband
frequency was applied for time t and the population in S1/2 was detected. The
data was fitted with equation (4.2) (solid blue line) assuming a thermal distribution
Pn = Pn(n̄). From the fit to data expected Rabi oscillations on the red sideband were
calculated (solid red line). Features are well resolved when the ion is cold but for
hotter ions, when multiple frequency components contribute, traces become barely
distinguishable. Especially for hotter ions this means that fitting of equation (4.2)
might not produce a reliable value of the mean vibrational quantum number n̄, es-
pecially in view of the large number of fit parameters. To make sure that solutions
are physical the number of free parameters was reduced. This was performed by
first extracting values for a, τdec, η and τoffres using fits to data taken with a cold
ion, and then constraining these values to lie within ±20% in fits to higher temper-
ature data. For higher temperatures it becomes hard to reliably extract n̄ but good
agreement can be achieved for n̄ . 10.

For small n̄ the ratio of sideband excitation probability after a fixed probe pulse
can be used for extracting the ion’s temperature [Tur00]. It requires less measure-
ments but relies on red and blue sidebands being well distinguishable. As seen from
the agreement between data and fits in figure 4.7 this seems to be the case for n̄ . 3
in our experiments. By subtracting P bsb↓ from P rsb↓ and rearranging terms making
use of the explicit form of Pn(n̄) given in equation (3.19) the motional temperature
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4. Controlling 40Ca+

can be evaluated to

n̄ =
1

1−P bsb↓
1−P rsb↓

− 1
.

Remarkably this is independent of time t. The best sensitivity is achieved where
P bsb↓ and P rsb↓ are furthest apart - at the π-time of the sideband transition.

4.2.5 Sideband-cooling

When Doppler cooling on the 21 MHz wide transition at 397 nm the achievable
temperature in a mode at ωm = 2π × 2.5 MHz is n̄min & 4 (see equation (3.25)). To
reach lower ion temperatures additional cooling is needed. In this work sideband
resolved cooling was employed [Mon95]. A simplistic picture for understanding
sideband resolved cooling close to the ground state of motion can be gained from
figure 4.6.b). With the 729 nm laser tuned to the red sideband of the mode to be
cooled an ion starting in |↓, n〉 undergoes a series of red sideband transitions followed
by scattering events that bring |↑, n− 1〉 to |↓, n− 1〉. It climbs down the ladder
of states until the ground state, |↓, 0〉 is reached. There it does not couple to the
red sideband any more. Such an idealized cooling process can be best approximated
by alternatively performing π-pulses on the red sideband and initializing back to
|↓〉 [Mon95]. In this work the 729 nm laser and repumpers were continuously left
on during the cooling [Die89; Roo99]. This approximates the 2-level description
given in section 3.9.1. Details and limits of cooling in the real multi-level system are
further discussed in chapter 7.
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5. PCF cane trap

This chapter describes the design, manufacture and characterization of an ion trap
based on Photonic Crystal Fibre (PCF) technology. The fabrication method de-
scribed provides a relatively straightforward route for realizing traps with an elec-
trode structure on the 100 µm scale with high optical access. Results of this chapter
were also published in [Lin15]. The trap was built in a collaboration with P. Russell’s
group at MPL Erlangen. M. Schmidt, P. Uebel and F. Fuchs helped developing the
ideas, produced the used PCF and taught me how to handle it.

The trap’s high optical access allowed to perform experiments described in chap-
ter 7. Its geometry is similar to a stylus ion trap and it could be used for similar
sensing applications as described in [Mai09; Arr13]. Also making use of optical
guiding properties of PCF could potentially allow building stand alone trapped ion
based sensors which could be used in geometries with limited optical access.

Creating an interface between trapped ions and optical fields is a key component
of proposals for scalable quantum computation and communication [Moe07; Mon13;
Nic14]. One approach has been to integrate optical fibres into a dedicated trap struc-
ture [Van10; Kim11; Cla14b; Tak13; Bra13; Ste13a]. Using technology transferred
from PCF manufacture allows to take the opposite route and integrate the electrodes
of an ion trap with a light guiding structure. The resulting trap might provide a
compact solution for the ion-light interface needed in quantum repeaters [Nor14] or
even to build trap arrays suitable for quantum simulation of 2-dimensional lattices
[Cir00; Sch12].

This chapter describes the used technology and a first 100 µm scale trap built
using a PCF cane. Different steps towards the integration of light guiding structures
are presented in chapter 8.

5.1 Gold filled PCF technology

Photonic crystal fibres are light guiding glass fibres having a regular array of hollow
channels along the fibre. The channels result in an effective refractive index which
allows to confine and guide light in an introduced defect channel (i.e. a region
of different effective refractive index) by modified total internal reflection [Bir97].
Pictures of some example PCF structures are shown in figure 5.1. Those in a) to c)
guide light in the centre of the fibre. In a) light is guided in a hollow core, in b)
and c) in a solid core. Even more complex light guiding structures can be realized.
Figure 5.1.d) shows an example of a PCF with 18 solid cores. For PCFs the effective
refractive index is given by geometry (not material properties). This allows to use the
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5. PCF cane trap

Figure 5.1: PCFs can be produced in many different geometries. Some examples
are shown: a) Hollow core fibre, b) and c) Solid core PCF [Rus07], d) PCF with 18
solid cores [Mic09].

Figure 5.2: Stack and draw production process of PCFs. Steps are described in the
main text.

same solid core PCF for guiding a large range of wavelengths in single mode [Bir97].
Figure 5.1.c) shows an example of one of these so called endlessly single mode PCF.
Other applications of PCFs include supercontinuum generation, nonlinear optics,
and mode filtering [Rus03].

The big variety of possible geometries is achieved with a ”stack-and-draw” fab-
rication method. It is illustrated in figure 5.2. The fabrication starts with silica
capillaries pulled to a few millimetre diameter. These are stacked in the desired
geometry which results in a so-called preform. For stability this preform is usually
also surrounded by a larger silica tube of suitable inner diameter. A standard draw-
ing tower is used to produce the PCF in two steps. First the preform is mounted
on one end of the capillaries and the other is heated to around 1950◦C in a furnace
which fuses the capillaries together. The heated part drops through the vertically
mounted furnace and is pulled by its own weight. What comes out of the furnace
is a cane of ∼ 1 mm diameter. It is fixed in a tractor system to guarantee constant
pulling. Furnace temperature and the speed of feeding the preform into the furnace
and pulling the cane out of it determine the exact dimensions. When steady settings
are achieved the pulling is continued and ∼ 1 m long pieces are collected.

The parameters which determine the properties of the final PCF are the distance
between capillaries (the pitch) and the capillary’s diameter. Often also a certain
outer diameter of the fibre is desired. These parameters are fine tuned in a second
drawing step. First the cane is surrounded by another silica tube. The thickness of
this tube sets the outer diameter of the final PCF. On the side of the cane that is
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5.2. PCF cane trap design considerations

Figure 5.3: Sketch of lengths scales (given as the inter-hole distance) at which gold
filled PCF can be produced. This coincides with the length scales of currently used
ion traps. Also shown are pictures of an empty and a gold filled version of a PCF
cane and a PCF we worked with. These have inter-hole distances of 150 µm (PCF
cane) and 6 µm (PCF).

still a remainder of the initial preform pipes are attached to the individual capillaries
and to the full piece. Via these pipes over- or under-pressure can be applied to the
capillaries. Then the piece is again put through the furnace and the dimensions are
set by choosing the feeding/pulling velocity. By applying pressure to the capillaries
their diameter can be controlled. An under-pressure applied to the full piece helps
to close residual gaps which the cane might still have where silica capillaries were
badly fused together. Parameters are tuned until final fibre dimensions are obtained.
Then many metres of fibre can been drawn from a given cane.

This fabrication method allows for producing structures with the same geome-
tries at length scales from 0.5 µm to 1 mm inter-hole spacing and having hole di-
ameters down to several tens of nanometres. Figure 5.3 sketches this wide range of
scales and shows example pictures of a cane and fibre. For both cane and fibre a
version where individual capillaries are filled with gold is shown. In recent years
different techniques for filling the capillaries of PCF with gold and other materials
have been developed [Lee11; Ueb13]. At the cane stage where the capillaries have
diameters of ∼ 100 µm gold wires of similar size can be manually inserted into single
capillaries. Such gold filled canes can be drawn into fibres which contain micro- or
nano-metre size gold wires. More complex arrays of micro- or nano-wires as the
one shown in figure 5.3 can be produced by pressure-assisted melt filling [Lee11]. In
this technique a silica capillary is spliced onto a PCF and a piece of gold wire is
manually inserted into this capillary. In a furnace the gold piece is molten and by
applying over pressure to the capillary and under pressure to the fibre gold is sucked
into the PCF. More complex filling patterns can be achieved by blocking some of
the PCF’s capillaries prior to the gold filling process. Gold wire filled PCF have
been used to investigate surface plasmon polaritons on coupled waveguide systems
[Sch08a; Ueb12; Ueb13].
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5. PCF cane trap

Figure 5.4: Different ideas for potential trap geometries with ∼ 100 µm sized elec-
trodes. We implemented the segmented ring trap shown in a). Also linear traps (b)
or trap arrays (c) could be possible. To red coloured electrodes rf is applied, cyan
and blue correspond to dc/ground. Crosses mark possible ion positions.

5.2 PCF cane trap design considerations

Gold filled PCF potentially allow for building a variety of ion traps where the glass
structure serves as the insulating spacer for electrodes and can be used for guiding
light. Four gold wires held in place by PCF canes could potentially be used as
a linear 3D Paul trap. But the technology gives more flexibility when designing
planar traps. Every gold filled capillary can be thought of as a ’pixel’ and the pixel-
array can be used for creating a trap. Figure 5.4 shows just a few possible trap
implementations on such a pixel-array. These all use a regular hexagonal pattern
of capillaries as the base. However, as seen in figure 5.1 the production method is
not constrained to hexagonal patterns, circular capillaries or same sized capillaries.
Also the height of electrodes does not necessarily have to be the same for all. Thus
many more patterns could be implemented. At the size of real PCF with inter-hole
distances of ∼ 5 µm many pixels can be combined to form one electrode. This gives
flexibility in designing an ion trap. At these sizes light-guiding cores can be formed
and integrated in the ion-trap design. First steps towards a trap at these dimensions
are shown in section 8.2.

To explore the feasibility of traps produced using PCF technology we decided
to build a trap based on the larger fibre cane. After a preliminary study of various
geometries conducted by summer-student R. Davis the geometry of a segmented
planar ring trap as shown in figure 5.4.a) was decided on. This simple structure
allows for trapping without additional dc fields and has an excess of dc/ground elec-
trodes which can be used for compensating stray fields or manipulating the trapping
potential.

In general it would be desirable to build a small scale trap. If lengths scale with a
magnification M as l→Ml the voltage needed to obtain a certain trap depth scales
as Vrf →M2Vrf . Unfortunately at small ion-electrode distances trapped ion control
is impeded by anomalous heating [Tur00; Bro15, and references therin]. To avoid
strong heating effects we decided to work at trap height h ∼ 100 µm. In turn this
meant using PCF canes with inter-hole distances and gold wires of ∼ 100 µm.
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5.3. Simulations

Figure 5.5: Meshing used for trap simulations. Electrodes closer to the centre are
meshed finer. The surrounding ground plane is 2.5 mm wide with an inner diameter
of 1.4 mm. For simulations a height of 0.5 mm was chosen.

5.3 Simulations

Initially simulations were carried out to check if trapping in structures like the one
shown in figure 5.4.a) is feasible. They were also used to calculate the trap’s capac-
itance (section 5.6) and to obtain sets of dc voltages for micromotion compensation
and for manipulating the trapping potential (section 5.3.1).

The electric potential experienced by ions is linear in the voltage applied and de-
pendent on a geometric factor. This holds for all individual electrodes which in
combination form the ion trap. To calculate the potential in free space Laplace’s
equation ∆Φ = 0 can be solved together with the boundary condition Φ = U for all
points on an electrode with potential U and Φ = 0 on all other electrodes. One way
of numerically solving this problem is using the boundary element method [Sin10].
Others are finite element solvers [Sin10] or, when gaps between electrodes can be
neglected solutions based on a Biot-Savart-like law [Sch10]. In the boundary element
method electrode surfaces are divided into small regions with uniform charging. The
sum of the potentials generated by all these charges has to fulfil the boundary condi-
tion. Solving for the charge distribution of a given boundary condition corresponds
to a matrix inversion. Once the charge distribution has been found, this can be used
to calculate electric potentials and fields at any point in space.

A trap geometry of interest was first drawn in a CAD program, then fed to a
boundary element method solver1. This performed the meshing into small regions
according to user-specified maximum sizes and output potentials and fields generated
by individual electrodes. Figure 5.5 shows the meshing obtained for the PCF cane
trap.

For all individual electrodes potentials φi and fields ~εi were simulated for U = 1 V.
These were multiplied with the voltage (in V) applied to dc electrodes (Vdc,i) and rf
electrodes (Vrf ). Following equation (2.6) the trapping potential is

Φ =
∑
i

Vdc,i φi +
∑
j

e2

4mΩ2
rf

|Vrf ~εj |2

1BEM Package developed by NIST Ion Storage Group based on FastLap, a numerical solver
package from the RLE Computational Prototyping Group at MIT [Kor96]
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Figure 5.6: Simulation of trap potentials. a) Simulation on a coarse grid to ob-
tain trap height and depth. b)-d) Simulation on a fine grid around the potential
minimum. b) Dots show cuts through the full potential along the trap axes indi-
cated in c) and d), solid lines are obtained by fitting a quadratic function to extract
motional frequencies. c) and d) are cuts along y-z and y-x through the poten-
tial’s centre. The simulation is run for 40Ca+ , Ωrf = 2π×40.3 MHz and Vrf = 80 V,
Vdc = 0 V. Extracted quantities are: h = 86 µm, D = 100 meV, ωmx̃ = 2π×2.1 MHz,
ωmỹ = 2π × 2.3 MHz, ωmz̃ = 2π × 4.4 MHz.

where the sum over i includes all dc electrodes and the one over j electrodes to
which rf fields at Ωrf are applied. An advantage of this method is that potentials
generated by the single electrodes of a trap geometry have to be simulated once.
The results can be stored and re-scaled with applied voltages in later simulations.

Figure 5.6 shows simulations of the potential close to the trap centre for the meshed
electrode configuration of figure 5.5. From the simulated potential quantities that
characterize the trap can be extracted. Plot a) shows the simulated potential along
the z-axis. Its minimum (the trap centre) is located at height h above the electrode
surface and the energy difference between centre and lowest saddle point (which for
rotation symmetric geometries sits on the z-axis) gives the trap depth D.

To obtain secular frequencies ωm potentials are simulated in a small region
around the trap centre where the approximation of a harmonic trapping potential
holds. There an ellipsoid can be fit to a surface of equal potential. This gives the
major axes of the trap which I will label x̃, ỹ and z̃. These axes are indicated (red,
blue and green lines) in figure 5.6.c) and d) which show cuts through the potential
along y-z and y-x. Plot b) shows the simulation data interpolated along these axes.
Here and in a) solid lines are obtained from a quadratic fit to the simulation data.
These fit the simulated potential well close to the centre but deviate further out.
The curvature gives the secular frequencies ωmx̃ , ωmỹ and ωmz̃ .
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5.3. Simulations

The simulation was carried out for certain values of the drive frequency Ωrf and
voltage Vrf . If for a simulated trap geometry the trap depth (D) was too low or
secular frequencies would not fulfil the stability criterion the following scaling prop-
erties of formulas shown in chapter 2 could be used to find out whether parameters
for stable trapping could be obtained:

D ∝
( Vrf

Ωrf

)2

ωm ∝
Vrf

Ωrf .

Apart from fulfilling the stability criterion (ωm ≤ 0.1 Ωrf ) we wanted to ensure ωm ≥
2π× 1.5 MHz to be safe from frequency noise on lasers as explained in section 6.9.1,
a trap sufficiently deep for loading from a thermal beam (D ≈ 100 meV) and Vrf ≤
100 V to avoid electrical breakdown between electrodes. Simulations were made for
different inter-hole distances and gold-wire diameters in the range of ∼ 100 µm. For
each design parameters in the range described above could be found.

Constraints in the fabrication process (described in the next section) led to an
inter-hole distance of 155 µm and a gold-wire diameter of 127 µm. The final trap
(which is shown on the left of figure 5.3) had small displacements of electrodes from
their ideal centre position which could be expected due to imperfections in the man-
ufacture. To account for these a picture of the trap was taken using an optical
microscope, and the trap was simulated again based on the observed electrode po-
sitions. These are the simulations shown in figures 5.5 and 5.6. It was found that
the simulated trap height and secular frequencies barely deviated from simulation
results of the ideal structure.

The final trap structure was longer than the 0.5 mm used for simulations. Also
the surrounding plane was not a square of 2.5 mm side length. In simulations I ob-
served that changing dimensions far away from the trap centre had little influence
on simulated trap properties and thus these simplifications were made to speed up
simulation time.

5.3.1 Control with dc potentials

The PCF cane trap is capable of confining ions purely with rf and thus with all dc
electrodes set to ground. Applying additional voltages to dc electrodes is needed
though for several reasons. Electrical stray fields can displace ions from the rf
trapping centre. These can be cancelled by applying appropriate dc fields. Also the
cooling processes introduced in section 3.9.1 require a component of the laser beam
used for cooling in the direction of the motional axis. The z̃-axis (the one shown
in green in figure 5.6) is perpendicular to the surface formed by the trap electrodes.
All laser beams run along this surface and are thus not able to interact with motion
in the z̃-direction. To cool it the axis has to be tilted. This can be achieved by
applying appropriate dc voltages.

The PCF cane trap’s 13 dedicated dc electrodes give more degrees of freedom
than needed for manipulating the trapping potential. Still it is not very intuitive
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5. PCF cane trap

how the trapping potential is affected by applying some voltage to a single electrode.
Therefore voltage combinations on electrodes which just shift or tilt the trap’s axes
along one of the axis were calculated. To obtain them the trapping potential can be
expanded to second order about the null position of the pseudo potential as

Φ =
∑
i

∂Φ

∂qi
qi +

∑
j,k

∂2Φ

∂qj∂qk
qjqk =

∑
i

eEiqi +
∑
j,k

Hjkqjqk .

Here qi, qj and qk denote co-ordinates in 3 orthogonal directions with indices running
over x, y and z. First derivatives along qi correspond to the component of the electric
field Ei in this direction and second derivatives form the Hessian Hjk.

Displacements

Adding an electrical field moves the centre of a harmonic trap (and offsets its po-
tential energy). A field along the x-axis produces a displacement of ∆x:

Φ(x) =
1

2
mω2

mxx
2 + eExx =

1

2
mω2

mx(x+ ∆x)2 − eEx∆x

with

∆x =
eEx
mω2

mx

.

Frequency shifts

Eigenvalues of the Hessian are proportional to the square of secular frequencies and
eigenvectors correspond to the trap’s axes. The PCF cane trap has its axes closely
aligned to the chosen coordinate system. Thus diagonal elements of the Hessian are
good approximations to the secular frequencies. Again in x-direction a small change
in the Hessian’s diagonal element ∆Hxx � mω2

mx leads to a frequency change of
∆ωmx :

Φ(x) =
1

2
mω2

mxx
2 + ∆Hxxx

2 =
1

2
m(ωmx + ∆ωmx)2x2

with

∆ωmx ≈
∆Hxx

mωmx
.

Tilting the axes

Changes in off-diagonal terms of the Hessian lead to tilting of the axes. A change
in the x-y plane (∆Hxy) leads to new principal axes x̃, ỹ which are rotated by an
angle ∆θz around z. Also secular frequencies do change.

Φ(x, y) =
1

2
m(ω2

mxx
2 + ω2

myy
2) + ∆Hxyxy =

1

2
m(ω̃2

mx x̃
2 + ω̃2

my ỹ
2)
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5.4. Production

For small angles ω̃mx = ωmx and ω̃my = ωmy and

∆θz ≈
∆Hxy

m(ω2
my − ω2

mx)
. (5.1)

From simulations potentials generated by every electrode were obtained and first
and second derivatives at the expected trap position were calculated numerically.
Then combinations of voltages on electrodes which produced a suitable adjustment
to the trapping potential were used to produce electric fields or shifts to the principal
axes of the Hessian.

5.4 Production

In one drawing process as described in section 5.1 canes with inter-hole distances of
90-160 µm were produced at the facilities of MPL in Erlangen. We tried to work
with 50, 100 and 127 µm thick gold wires2. 50 µm wires were too soft to work with.
100 µm wires could be handled but after bending them a few times they would break.
127 µm wires proved to be robust. These could be inserted pieces of the cane with
144 µm wide capillaries (corresponding to an inter-hole distance of 155 µm) without
getting stuck. Similar to what is shown in figure 5.7.a) and b) a ∼ 10 mm long piece
of the cane was cleaved and gold wires of ∼ 30 mm length were manually inserted
into capillaries. The inserting process required a nicely cut end of the gold wire.
Etching a tip there could facilitate the insertion process but was found not to be
necessary. All gold wires were inserted from one side of the cane, the bottom side of
the future device, until they protruded by ∼ 2 mm on the other side, the top side.
When all 19 capillaries required for forming the pattern shown in figure 5.4.a) were
filled the wires protruding from the top side were covered in mounting wax3 to hold
them in place during further processing steps. While inserting gold wires shards
as the one shown in figure 5.8.a) could form at the sharp edges of the cleaved PCF
cane. To avoid electrical shorts, the silica cane was re-cleaved 3 mm away from the
bottom. Removing 3 mm of glass left clean wires at the point where they leave the
cane. Figure 5.7.e) shows this step. Gold wires were spread out and fixed to the
PCF cane with a vacuum compatible, insulating epoxy4 (see figure 5.7.f). Then the
gold wires protruding on the top side (still covered in mounting wax) were manually
polished5 to obtain a flat trap-surface. Figures 5.7.g) and h) show a trap during the
polishing process and after the mounting wax has been removed.

The trap was mounted in a copper part as sketched in figure 5.9 (again using
vacuum compatible epoxy4). To avoid coating of electrodes by the thermal beam
of calcium atoms directed across the trap surface the rim of this copper holder
was levelled with the trap’s electrodes. Both were re-covered in mounting wax and

2Gold wires were obtained from MaTecK, www.mateck.com
3Mounting Wax - Hot, melts at 120 ◦C and is soluble in acetone. Allied High Tech Products

Inc., www.alliedhightech.com
4Epo-Tek 353ND-T
5using Thorlabs Fiber Polishing/Lapping Film down to 0.3 µm grit
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Empty PCF cane Cane Gold wire Filled cane Mounting wax

Cleave Removed Epoxy at back part Partially polished Wax removed

Figure 5.7: Production process of the PCF cane trap. From one side single gold wires
are manually inserted into the capillaries of a PCF cane such that they protrude on
the other side (the front side). There they are covered in mounting wax. On the
back a part of the cane is cleaved and removed. There the wires are separated and
fixed with glue. The front side is polished and the mounting wax removed.

Figure 5.8: a) A shard being ripped off by a sharp glass edge. b)-d) Attempts to
obtain flat trap surfaces by b) ion milling, c) spark erosion, d) spark erosion and
subsequent etching in aqua regia. These attempts were abandoned in favour of
manual polishing.

together polished down to ∼ 50−100 µm above the glass surface. Then the mounting
wax was removed using acetone and an ultrasonic bath and the device was cleaned
in isopropanol.

Initial tests of the polishing process were performed without the application of
mounting wax. Gold dust accumulated between electrodes and lead to electrical
shorts. Before using the wax different other polishing processes were tested but
without satisfying results. For reference figure 5.8 shows results from ion milling6 (b)
and spark erosion (c) with subsequent etching in aqua regia (d).

6Tested with Leica EM RES101 ion milling system at EMPA in Dübendorf, www.empa.ch
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5.5. Holder and circuit boards

Ion position

PCF cane
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Gold wires

GND
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Figure 5.9: Sketch of the PCF cane trap, its holder and its connection to two circuit
boards of which one is for dc, the other for rf connections.

Figure 5.10: Circuit boards for making rf and dc connections to the trap. a) Board
for dc connections with R-C filters attached. b) Close up showing connected wires
from the trap, the R-C filters, electrical vias to the grounded back side of the board
and incoming dc lines. c) The two boards combined. Of the dc-board only resistors
and pads for making dc-connections are visible.

5.5 Holder and circuit boards

Electrical connections to trap electrodes were made through two printed circuit
boards7. Both circuit boards were double sided, one of the two layers always served
as a ground plane and the other was patterned using photo-resist8 and standard
etching. All gold wires of dedicated dc electrodes were attached to one of the boards.
This dc-board is shown in figure 5.10.a) and a close up of a second version with gold
wires coming from the trap attached is shown in figure 5.10.b). Every trap electrode
is attached to a separate line and on the circuit board every line has a R-C low-pass
filter formed by a resister of R = 100 kΩ9 and a capacitance of C = 820 pF10 leading
to a cut off frequency of 1.9 kHz. Some connections required vias to the ground plane.
These were made from the same gold wires as those used for the trap electrodes.

7Rogers copper-coated 0.03 RO3003 substrate
8Photo-resist Positiv 20 from Kontakt Chemie
9Vishay Precision Thin Film Non-Magnetic Resistor, Surface Mount Chip, Size 1206, 200 V,

100 kΩ±0.1 %
10Special capacitors with a paladium-silver termination, Novacap, SMD ceramic cap. Size 0603,

100 V, 820 pF, +/-5 %, COG
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Figure 5.11: a) Electrode pattern with labelling used in the text. Blue: dc, red: rf
electrodes. b) The PCF cane trap as seen through the imaging system. c) The first
trapped 40Ca+ as seen on the camera. d) Zoomed in picture of fluorescence from a
trapped 40Ca+ at better optimized settings.

All electrical connections were made with a silver-filled conducting epoxy11. The
resistance of connections made was below what could be measured with our multi-
meter. The second circuit board made the connection to all rf electrodes. A photo
of both boards is shown in figure 5.10.c).

5.6 Trap Characterization

Trap and circuit boards were mounted in the vacuum system described in chapter 6.
To operate the trap lasers were shone in along the trap’s surface and fluorescence
light was detected perpendicular to it.

Basic parameters

Calcium ions can be reliably loaded into the trap. Figure 5.11.c) shows the first
picture of an ion in the PCF cane trap. The ion is in the centre and some scatter
from electrodes can be seen towards the side of the image. Panel d) shows a zoomed
in image of a single calcium ion in this trap taken under better optimized conditions.
The trap was operated with Ωrf = 2π × 40.3 MHz and Vrf = 70 − 80 V which
was independently determined from modelling the electrical circuit as described in
section 6.2 and from comparing measured secular frequencies to simulations.

Secular frequencies were found by tickling (heating the ion’s motion with a res-
onant drive applied to electrodes and observing the resulting drop in fluorescence
if the ion is excited by the drive [Iba11]) and spectroscopy with our narrowband
laser at 729 nm as described in section 4.2.3. At an estimated Vrf = 70 V these were
ωmx̃ = 2π × 1.8 MHz, ωmỹ = 2π × 2.0 MHz and ωmz̃ = 2π × 3.8 MHz. Up to scaling
these parameters agree well with simulations performed as shown in section 5.3.

11Epo-Tek H20E conductive epoxy
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Figure 5.12: Probing the control with dc electrodes by monitoring ions with a cam-
era. a) and b) displacing an ion, c) shifting frequencies such that ωmy < ωmx which
leads to two ions aligning along y, d) and e) applying rotations around z. Ions seem
to be brighter in some images than in others because on different occasions different
camera settings or laser intensities were used.

Control with dc electrodes

Section 5.3.1 described how combinations of dc voltages can be used to manipulate
the trapping potential. Starting from the simulated potentials such combinations
were calculated for displacements, frequency shifts and tilts in all 3 spatial direc-
tions. Table 5.1 shows these sets for electrodes labelled according to figure 5.11.a).
Electrode 11 was shorted to ground due to an error in the fabrication process, but
as there are more than enough control electrodes this does not lead to a significant
restriction.

Monitoring the ion on our camera allowed me to verify the performance of the
calculated displacements. Figure 5.12 shows induced displacements and rotations.
With two ions loaded into the trap, we were able to observe the principal axes of
the trap, since the ions align along the weakest axis. Typically this was the x-axis
but using appropriate voltage sets frequencies could be shifted such that ions would
align along y as shown in figure 5.12.c). Imaging two ions also allowed to verify
the calculated sets for rotations in the x-y plane which was perpendicular to the
observation axis. Figure 5.12.d) and e) show two ions at two different rotations of
the trap axes. Due to the camera orientation rotations around the x or y-axis could
not be observed. Given the scaling of rotations, ∆θx ∝ 1/(ω2

my − ω
2
mz) (see equa-

tion (5.1)) tilting the z-axis will be less effective as ωmx , ωmy ≈ 1/2ωmz . Simulations
showed that the achievable tilt of the z̃-axis with Vdc ≤ 10 V is . 5 ◦. To ensure
proper cooling the laser must have an overlap with all motional modes. The z-axis,
otherwise perpendicular to laser beams, was tilted using sets of dc electrodes. By
including the used set of dc voltages into simulations and extracting the orientation
of a fitted ellipsoid the angle between cooling laser and trap axis z̃ can be estimated
as ∼ 2.4 ◦. For compensating micromotion the dc voltages used had to be changed
several times but a tilting set of voltages was always added.

Stray fields and micromotion compensation

Trapped ions are susceptible to electric stray fields which can arise from unwanted
charging of dielectrics. Main mechanisms of charging are friction during the assembly
of a setup and charging induced by UV light [Har10]. Before closing the vacuum
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5. PCF cane trap

electrode ∆x ∆y ∆z ∆ωmx ∆ωmy ∆ωmz ∆θz ∆θx ∆θy
1 0 0.35 0.00 0.00 -3.33 0.00 0.00 2.71 0
2 0.26 0.00 0.85 -1.67 1.63 -2.32 -0.02 0.00 -5.38
3 -0.42 -0.45 -0.18 1.37 0.00 3.36 -0.04 -4.49 6.38
4 -0.29 0.45 -0.23 1.30 0.15 4.39 0.02 2.87 3.21
5 0.62 0.00 1.26 -3.82 0.00 -6.68 0.07 0.00 -7.91
6 0 -0.27 0.00 0.00 -1.37 0.00 0.00 -2.73 0
7 -0.06 0.28 0.67 2.87 3.80 6.26 -0.02 3.06 2.79
8 0 0.00 0.00 0.00 -2.93 0.00 0.00 0.00 0
9 -0.09 -0.14 0.23 -1.44 0.00 -1.52 -0.02 -0.72 0.68
10 0.14 -0.14 0.55 -0.68 1.29 0.67 0.01 -0.20 -1.99
11 0 0 0 0 0 0 0 0 0
12 -0.24 -0.14 0.20 0.82 0.39 2.04 0.03 -0.93 1.84
13 0 0.00 0.06 -0.05 -0.02 0.25 0.00 -0.02 -0.02

Table 5.1: Sets of simulated voltages (in V) that produce a displacement ∆x, ∆y,
∆z in x, y, z direction by 1 µm, a change of the trap frequency by 0.1 MHz in any
of those directions or a rotation of 1 ◦ around one of these axis when applied to
electrodes as specified in figure 5.11.

system charges can actively be removed12 but are also expected to neutralize at
atmospheric pressures over timescales of hours [Ugo08, and references therein]. The
main worry are thus UV light induced charging effects happening when the setup
is in vacuum. Operating ion traps in a standard way usually requires lasers at UV
or close to UV wavelengths. Thus when designing an ion trap care has to be taken
to have as little as possible dielectric materials close to an ion. This reduces the
chances of dielectrics being exposed to UV light, and also provides better shielding
of any charge build-up on dielectric surfaces.

The PCF cane trap fulfils these criteria well. The production method allowed
to have the electrode surface 50 − 200 µm above the silica cane with gaps between
electrodes of ∼ 10 µm. Even though we think that this geometry shields the ion
well from stray electric fields the ion was observed to have excess micromotion.
An example is shown in figure 5.13.a), where a clear modulation sideband of the
397 nm fluorescence at the rf drive frequency can be observed. After moving the ion
towards the rf null by applying appropriate compensation voltages the micromotion
sideband is not visible any more. Panel c) shows the recorded fluorescence with the
397 nm laser’s frequency tuned to the micromotion sideband. Voltage sets ∆x and
∆y were scanned in a range where the ion was stably trapped. Although there is
only one point of zero rf potential minimal height of the sideband can be observed
along a line perpendicular to the 397 nm laser direction because only micromotion
in this direction modulates the phase of the laser. A method to also detect and
compensate for micromotion perpendicular to the 397 nm laser’s direction in our
setup is to use fluorescence generated from a 729 nm drive (see section 7.1) pointing
along this direction. This 729 nm drive generates two peaks of fluorescence and

12e.g. using Milty Zerostat anti-static gun
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Figure 5.13: Fluorescence scans over micromotion sidebands. a) Scan of the 397 nm
laser’s frequency with bad (cyan) and good (green) micromotion compensation. Ver-
tical lines indicate carrier and micromotion position (δ397 is centred at the peak of
fluorescence). b) Generating fluorescence with 729 and 854 nm lasers gives two flu-
orescence peaks (red and green). Each of them is showing sidebands (orange and
cyan) when not being perfectly micromotion compensated. c) Recorded fluorescence
for scanning ∆x and ∆y when δ397 is set to the micromotion sideband. Similar scans
were recorded for δ397 = 0 and for 729-854 nm laser driven fluorescence to find a mi-
cromotion compensated position.

each peak has positive and negative micromotion sidebands. Such a scan is shown
in figure 5.13.b) and expected positions of sidebands are indicated. Similar to the
scan of panel c) data for the height of 397 carrier and sideband and 729 carrier
and sideband were taken for different ion displacements and for good compensation
the ion was positioned at a point where both sidebands were minimized and both
carriers maximized. Micromotion along z could not be detected due to the lack of
a laser beam propagating along this direction. Displacing the ion along z did not
change the micromotion compensated point found in x-y directions, and no adverse
affects were found from adjusting this position over the range of values which were
experimentally probed.

By repeatedly performing micromotion compensation drifts stray fields of ∼
100 V/m were observed over a period of 3 months. Over shorter times the position
of good micromotion compensation remained unchanged.

Ion lifetime

Initially ions would typically stay trapped for ∼ 5 hours with laser-cooling left on.
After an electric power outage after which the vacuum pump had to be re-activated
the lifetime dropped to ∼ 2 hours, which we suspect to be due to problems with the
vacuum pressure. Still ions were observed to stay trapped for 3 min with all lasers
off.

One possible concern of the PCF cane trap design were unfilled capillaries and
small gaps between gold wires and capillaries of the PCF cane which could poten-
tially trap small volumes of gas leading to virtual leaks.

The volumetric flow rate of an incompressible gas of viscosity ηv in a tube of
diameter d and length l with a pressure difference ∆P applied between its ends is
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5. PCF cane trap

given by the Hagen-Poiseuille equation [Han98]

∂V

∂t
=

πd4

128ηvl
∆P .

Assuming pockets of the approximate size of our tubes initially filled with nitro-
gen (ηv = 18 × 10−6 Pa s) at atmospheric pressures and connected to vacuum at
10−11 mbar and using the ideal gas law the number of particles in such pockets can
be estimated and a leak rate can be calculated. After one week at room temperature
the estimated residual leak rate is ∼ 10−17 mbar l/s. This is negligible compared to
the overall leak rate from our vacuum can, which from our pressure of . 10−11 mbar
and our nominal pumping speed of 100 l/s can be estimated to be . 10−9 mbar l/s.

Trap capacitance

In order to obtain a high rf voltage difference between the rf and dc electrodes it
is important to have a low capacitance between these two. The PCF cane trap
has 19 gold wires running in parallel through the silica cane. These have a mutual
capacitance which is linear in the wire’s length but does not depend on scaling in
radial direction. This can be derived from Gauss’ law. The capacitance is

C =
Q

U
= ε0

∮
a
~Ed ~A∫

s
~Ed~s

with charge Q, potential U , electric field ~E and vacuum permittivity ε0. The nu-
merator is an integral over the surface area A of an electrode, the denominator is
integrated from the surface of one electrode to another along a line s. For a scaling
r along the radial direction (i.e. in x, y) and l in length (along z) A ∝ rl and s ∝ r
so C ∝ l. This means that it is desirable to keep the length of the gold-filled PCF
cane trap (and future smaller PCF traps) short.

During simulations described in section 5.3 the charge distribution was obtained
numerically, and used to calculate the capacitance. For a trap of 7 mm length (with
gold wires inter-spaced by silica of relative permittivity εr = 3.9) this gave Ctrap =
13 pF. An experimental measure of the trap capacitance (described in section 6.2.1)
gave a value of 31 ± 1 pF. This is higher than the value from the trap alone. The
difference can be calculated by approximating the rf circuit board by a parallel plate
capacitor of 20 × 20 mm2 (for Rogers RO3003 εr = 3 and its thickness is 0.75 mm)
having 15 pF. Including this ball-park estimate with the calculated trap capacitance
gives a total which is close to the measured value.

Breakdown voltage

One worry when operating an ion trap is that arcing due to too high rf voltages can
damage the trap. Following [Ste13b] rf breakdown across trap electrodes spaced by
5 µm can already happen at ∼ 200 V. Thus one has to be careful when applying rf
voltages. A first version of the PCF cane trap built had an electrical short forming
when ∼ 50 V of rf were applied (a more thorough study presented in section 6.2.1
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Figure 5.14: a) Heating rate measurement. The lower plot shows red and blue side-
band traces. Every datapoint consists of 300 measurements. The upper plot shows
the ion’s temperature extracted with the sideband ratio method described in sec-
tion 4.2.4 and a linear fit to the data. The extracted heating rate is 787±24 quanta/s.
b) Comparison to heating rate measurements taken in other setups at room temper-
ature. The original plot is taken from [Bro15] and references can be found therein.

suggested that the voltage might actually have been higher). This short was sus-
pected to arise from shards forming at the back of the PCF cane and subsequently
the cleaving shown in figure 5.7.e) was introduced in the fabrication procedure. The
final version of the trap was routinely operated at Vrf = 70 − 80 V and up to an
estimated 150 V has been applied accidentally without damaging it.

Heatingrate measurement

Noisy electric fields can lead to heating of the ion’s motion [Win98b] where heating
rate Γn̄ and the electric field noise spectral density at the ion position SE(ωm) are
related by

Γn̄ =
e2

4m~ωm
SE(ωm) .

Heating can originate from Johnson noise on trap electrodes or electronics. It’s con-
tribution is low if large resistors are used in R-C filters [Bro15] and can usually be
neglected in traps with dimensions below 200 µm because the electric field fluctu-
ations are dominated by a heating mechanism which is thought to originate from
surface effects, but is poorly understood [Tur00]. This so-called anomalous heat-
ing has been studied intensively [Bro15, and references therin] and methods have
been developed for reducing it. Prominent ones are operating traps in cryogenic
environments [Des06] or cleaning trap surfaces [All11a; Hit12].

For the PCF cane trap the heating rate was measured with the sideband ratio
method introduced in section 4.2.4. Figure 5.14 shows the evolution of blue and
red sideband of a mode at ωm = 2π × 1.8 MHz over a time of 2 ms and extracted
thermal state occupancy n̄. A linear fit to the data gives ˙̄n = 787 ± 24 quanta/s
which corresponds to SE = 9.7 ± 0.3 × 10−12 (V/m)2/Hz. At the time this was
one of the lowest heating rates published at non-cryogenic temperatures for traps of
similar sizes. It came as a surprise given a production method which did not involve
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5. PCF cane trap

a clean-room but manual polishing. In the meantime other traps of similar size have
achieved lower heating rates with standard micro-fabrication and photo-lithographic
techniques [Dan14; Chi14; Bro15, and references therein]. Figure 5.14.b) relates the
PCF cane trap’s heating rate to recently published data of other experiments [Bro15].

One and a half years after the initial heating rate measurement n̄ was briefly re-
measured with the blue sideband method, with a deduced heating rate of ˙̄n = 837±40
quanta/s for ωm = 2π × 2.3 MHz.

58



6. Experimental setup

This chapter describes the design, construction and evaluation of the optical and
electrical setup required for operating the PCF cane trap. Many aspects of the
setup are similar to what is used in other ion trap experiments but technical details
differ.

An overview of the setup in the laboratory is shown in figure 6.1. Details will
be described throughout this chapter. It first introduces the vacuum system (sec-
tion 6.1) and rf drive (section 6.2), then imaging, laser system and beam delivery
(secions 6.4, 6.5 and 6.6). It introduces the calcium atom source (section 6.7), the
experimental control system and calibration of parameters (sections 6.8 and 6.9) and
presents some ideas for possible extensions (section 6.10).

Trap

Atom oven

Control electronics

Vacuum chamber

Magnetic field coils

Computer control

Beam delivery (IR)

AO setups

Aircon

Objective

Beam delivery (PCF)

Imaging system

Guiding optical fibres

Figure 6.1: Overview of the laboratory space, the setup on the optical table and a
close up picture of the ion trap in the vacuum system. Different aspects of the setup
are indicated and will be described in more detail throughout this chapter.
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Middle: Trap and optical access

Bottom: Vacuum feedthroughs and valves

Top: Window, room for extentions

Figure 6.2: Modular design of the vacuum system. It features a bottom, middle and
top part with different functionality.

6.1 Vacuum system

The PCF cane trap described in chapter 5 was conceived as a prototype for future
PCF traps and other experimental trap designs. The vacuum system was thus laid
out to be modular and easily adaptable to potential future needs. It was designed to
be small and easy to remove from the setup, to make opening the vacuum chamber
and exchanging traps easier. The implemented design consisted of the three parts
sketched in figure 6.2. Its basis was two interconnected spherical octagon vacuum-
chambers1. Figure 6.3 shows a picture of the assembled vacuum chamber.

Bottom: Vacuum components and feedthroughs

The bottom part has components related to vacuum and electrical feedthroughs
attached. It has a vacuum valve2 used for the initial pump-down and a needle
valve3 which can be used for leaking in small amounts of gas. The needle valve was
added to provide the capability for treating the trap electrode surfaces to reduce
heating rates (for more details see section 6.10). It also proved useful for venting
the chamber with argon in a controlled way. The chamber has a pressure gauge
attached4 with a specified sensitivity down to below 7× 10−11 mbar, but which was
only used during the initial pumpdown as it was found to increase the pressure. The
vacuum pump used5 combined a non-evaporative getter with a 6 l/s (Ar) diode ion
pump at a combined nominal pumping rate of 100 l/s (H2). There are three electrical
vacuum feedthroughs: first is a two-pin high-voltage (HV) connector6 with pins of
1.3 mm diameter spaced by 11 mm which was used for the rf connection. Four pins
of a 15-pin sub-D connector7 with a maximal current of 5 A/pin (3 A/pin if all pins
are loaded) are used for the resistively heated oven (see section 6.7). A 51-pin micro-
D connector8 is used to connect to the trap’s dc electrodes. The octagon still has
one unused CF409 port and the CF100 bottom plate, which could be exchanged if

1Kimball Physics MCF600-SphOct-F2C8, MCF600-ClsCplr-F1r1 and MCF600-SphOct-F2A8
2Vacom, GMV-40R all metal valve DN40CF, www.vacom.de
3Kurt J. Lesker Company, VZLVM29 Leak vlave, ultra fine, www.lesker.com
4Agilent UHV-24p Ionization Gauge, www.agilent.com
5SAES NEXTorr D 100-5 Pump, www.saesgetters.com
6Vacom, CF16-HV6-2-CE-CU13 Stromdurchfhrung 2-fach, DN 16CF, www.vacom.de
7Allectra, 210-D15-C40, 15 Pin Sub-D Feedthrough DN40CF flange, www.allectra.de
8Vacom, CF40-MDTL8-51-FM-CECBG, www.vacom.de
9CF40: ConFlat flange of 40 mm inner diameter also referred to as DN40CF
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6.1. Vacuum system

Vacuum pump

Leak valve

Vacuum valve

CF100 viewport

CF16 viewports

51-pin micro-D

15-pin sub-D

2-pin HV connector

Pressure gauge

Figure 6.3: Overview of the vacuum system. Details about the indicated components
are given in the main text. The 15-pin Sub-D connector was only later attached to
the indicated flange.

further feedthroughs are needed.

Middle: Trap and optical access

The middle part of the vacuum chamber houses the ion trap. The aim was to have it
as small as possible but still big enough to fit in a custom-developed Schwarzschild
objective [Leu15] of 40 mm length (from focus to back side) if needed. These consid-
erations led to using a chamber with 100 mm inner diameter. To have good optical
access and to be flexible, all 8 ports of the chamber were equipped with viewports
on CF16 flanges.

When initially designing the vacuum chamber, care was taken to make it com-
patible with both calcium and beryllium ion experiments, for which we have laser
systems in our laboratory. Beryllium ions require lasers at 235 and 313 nm. The
relevant wavelengths for calcium ions are those given in figure 3.1 plus 375 and
423 nm for photo-ionization as introduced in section 6.7. Having vacuum windows
anti-reflection coated for all the relevant wavelengths turned out to be very expen-
sive, and simulations obtained together with quotes for these coatings did not show
a major improvement over the reflection of pure silica. Thus, uncoated vacuum
windows were used10. These had a specified transmission of > 92 % over the range
of interest (94.3 % was measured for 729 nm light).

Top: Window, room for extensions

The top of the vacuum can is closed with a CF100 viewport11 which sits 30 mm
above the ion trap. This enables imaging of ions using air-side objectives with a
working distance of ≥40 mm.

10MDC vacuum limited, DN16CF fused silica zero length viewport NM tantalum
11MDC vacuum limited, DN100CF fused silica viewport non-magnetic 316LN
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If ions were imaged through the middle part’s smaller viewports using in-vacuum
optical components then the top part could be used for other purposes. One example
would be the integration of argon ion beams or an Auger spectrometer for chemical
analysis of trap surfaces related to resolving the source of the anomalous heating.
This was considered at an early stage but never implemented.

6.1.1 Bakeout

Both the vacuum chamber and the components placed within it were carefully chosen
in order to achieve Ultra High Vacuum (UHV). Standard procedures for obtaining
pressures of . 10−11 mbar were followed. First, all parts which purely consisted
of stainless steel were hard-baked in air at 400◦C over a weekend to reduce their
hydrogen content. In figure 6.3 these parts can be recognized by the bronze colour
they took during the hard-bake. Parts which were suspected to be rather dirty (e.g.
those manufactured in-house) were cleaned in an ammonia and a citric acid solu-
tion12. Finally, all parts were cleaned in de-ionized water, acetone and isopropanol
using an ultrasonic bath and the chamber was assembled.

To achieve final pressures, the vacuum chamber was pumped and baked under
vacuum at 170◦C. When testing parts of the apparatus, the vacuum chamber was
evacuated and baked several times. Due to problems with the data-logging (and
in one case a leaking viewport) no complete data-set of one process was taken and
figure 6.4 shows the combination of three different pumping and baking runs. The
following describes a typical procedure.

First the vacuum chamber was attached to our pumping station which consists
of a turbo molecular pump (TMP) and a 40 l/s ion pump. As shown in figure 6.4.a)
pressures in the range of 10−5 mbar could quickly be reached when pumping with
the TMP. After a day pressures were usually . 5 × 10−7 mbar. In this pressure
regime the 40 l/s ion pump was used to achieve better pumping. As vacuum valves
should only be baked in an open position the needle valve’s air side was sealed with
a blind flange and the valve was opened by 6 turns (first pressure spike in panel
b) as the small volume of gas between valve and blind flange is released into the
system). After conducting a leak test, the ion pump’s magnets were removed as
these can be harmed by temperatures above 150◦C, the chamber was wrapped in
tin foil for better heat distribution, and temperature sensors were attached. Then
the temperature was raised at a rate of 0.3◦C/min (which is lower than the maximal
one specified for viewports and electrical feedthroughs) to about 170◦C (which is
below the 200◦C specified as the maximal temperature for viewports, electrical
feedthroughs and epoxy used for the trap assembly). To be on the safe side the
heating was paused overnight when nobody was present to monitor the process.

With the vacuum chamber at ∼ 150◦C the non-evaporative getter of the cham-
ber’s vacuum pump was activated. This would locally heat up the internals of the
pump to ∼ 450◦C and can be seen as a second spike in figure 6.4.b). After acti-
vating it the pump was left in a mode called timed activation for the rest of the
bake. In this mode the pump’s internal temperature was regulated to ∼ 300◦C
which maintains effective pumping during the bake. After ∼ 2 weeks the pressure

12Tikopur solutions RW 77 and TR 3
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Figure 6.4: Pumping and baking the vacuum system. a) Initial pumpdown with dirty
vacuum chamber, b) starting of bake, c) ending a bake. The green line corresponds
to a pressure reading from our TMP system, blue to the internal pressure gauge and
cyan to that of the internal ion pump. Details of the precess are described in the
main text.

had dropped significantly and the oven was ramped down. Initially the oven was
left closed and the temperature was regulated such that the cooling took place at
rates below 0.3◦C/min. Later the controller was turned off and the oven doors were
gradually opened.

Once the system was at a temperature of ∼ 70◦C the non-evaporative getter
element was activated again and afterwards its heater stayed off. Next filaments
of the chamber’s pressure gauge were degassed. Once the vacuum system was cool
enough to touch, the magnets were re-mounted onto the ion pump and it was turned
on giving rise to spikes in the pressure seen at day 17 of figure 6.4.c). After that the
pumping station was valved off.

The chamber’s pressure gauge was only used during the bakeout. At the lowest
pressures it was observed to get hot and worsen the vacuum. Instead we monitor
the vacuum pressure via the current of the ion pump. This is specified to be reliable
down to 5× 10−11 mbar, and the display is limited to 3.6× 10−12 mbar.

Once the vacuum chamber had reached room temperature and a base pressure
below 5×10−11 mbar it was transferred to the laboratory. There the atom oven was
turned on (details see section 6.7). This corresponds to the pressure peak on day 23
in figure 6.4.c). Afterwards the pressure only returned to very low values after many
days hinting at strong outgassing from the oven. Later heating of the atom oven
only increased the pressure by very little and drops were fast. Nevertheless it seems
favourable to heat the atom oven once during the bakeout procedure.

6.1.2 Electrical checks

Once the vacuum chamber is closed direct measurements of electrical connections
inside are impossible. By measuring the 820 pF capacitance of filters on the trap’s dc-
electrodes from outside the vacuum chamber, short circuits were checked for before
and after baking. A capacitance measurement does not detect loose contacts which
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Figure 6.5: Trap rf circuit. The ion trap’s capacitance is used as part of a resonant
circuit. A home-built transformer is used to inductively couple externally generated
rf at 40.3 MHz to the trap, where voltages of Vrf = 70 − 80 V are achieved. The
applied voltage is monitored on an oscilloscope. A connection along the dashed line
to the oscilloscope is only made when calibrating the readout.

are still capacitively coupled. As this was a concern after an initial unsuccessful
attempt of loading ions, electrical connections were checked using the photoelectric
effect. Laser light from a source at 235 nm was shone onto the electrodes. The photon
energy of 5.3 eV is above the typical work-function of gold. With the laser beam
focussed on one electrode, a voltage could be measured at the air-side only when the
connection from trap to feedthrough is true. A voltage was indeed detected for every
electrode. Some electrodes showed much higher voltage readings and scattered more
light. These are the three electrodes closest to the calcium source and we suspect
that these might have gotten contaminated with calcium atoms.

To determine the voltage step-up introduced in section 6.2 it is important to
know the impedance of electrical components inside the vacuum chamber. In order
to determine this, measurements described in the next section were performed. In
future I would recommend measuring these quantities before closing the vacuum
system.

6.2 Trap voltages

6.2.1 Resonant rf circuit

For trapping ions an rf voltage of 70 V (zero to peak) at a frequency of Ωrf =
2π × 40 MHz was supplied to the ion trap. Since the trap is not a 50 Ω load, the
output of an rf amplifier is typically not well matched. In order to provide both
impedance matching and amplification, the trap was incorporated as part of a reso-
nant circuit formed between the trap and circuit board’s capacitance (CT and CB)
and an external inductance. This inductance was wound onto an iron powder core
toroid13 similar what is described in [All11b] and a primary coil wound on the same
cored was used to inductively couple power into the resonant circuit. These two
windings on the toroid can also be thought of as a transformer. For nw windings on

13Micrometals, Inc. T80-10 RF toroid
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the toroid the inductance is n2
w × 3.2 nH. By altering the distance between neigh-

bouring turns on the toroid the wire’s capacitance Ct2 and in turn the resonant
frequency of the circuit can be tuned. Similarly tuning the wire capacitance Ct1 on
the input side can be used for impedance matching. The full rf layout is sketched
in figure 6.5. The resonant circuit is shown on the right side. It also includes LW ,
the inductance of wires in the vacuum chamber, a pickoff capacitor CP used for
measuring the rf amplitude outside the vacuum chamber, a capacitor CS = 39 pF in
series with the trap used to get the resonance frequency into the right range, and
a resistor R = 10 MΩ in parallel with the trap to avoid uncontrolled electrostatic
charging of the otherwise not directly connected part of the circuit.

In order to tune the circuit to be resonant at the desired frequency, the physical
parameters of the circuit were adjusted while monitoring the reflections using a
network analyser14. To obtain a resonance at 40 MHz the number of windings was
altered and Ct2 tuned. For 5 windings (corresponding to an inductance of 0.08 µH),
Ωrf = 2π × 40.3 MHz was achieved.

The resonator has a quality factor of Q = Ωrf/∆Ωrf = 64, where ∆Ωrf is the full
width half maximum of rf power in the resonator. The quality factor is a measure of
power stored relative to losses and can be used for comparison to other resonators.
On the input side of the transformer two windings were used. The reflected power
could be lowered down to -40 dB by tuning Ct1, and hence good impedance matching
to 50 Ω terminated transmission lines was achieved.

Voltage outside the vacuum chamber

To not disturb the resonant circuit its voltage was measured across a small in-
series capacitor (CP = 1 pF). There rf oscillations were read off with an oscilloscope
(scope). Because the capacitances of scope and resonant circuit are not fully known
a calibration measurement was made. The voltage in the circuit was measured
directly (indicated in figure 6.5 by the dashed line to the scope) and the ratio of the
voltages obtained from the direct measurement and the one with CP in series gave
a linear scaling factor used when the line for direct measurement was detached. For
this setup the voltage directly at the vacuum system’s air side is

V = 20× VP

when VP is measured at the pickoff.

Voltage at the trap

Unfortunately the electrical properties of the trap circuit were not properly mea-
sured before closing the vacuum chamber. It was expected that the circuit could be
modelled simply as the capacitance formed by the trap and circuit board, and thus
the voltage measured outside the vacuum chamber would correspond to the trap
voltage. Measurements with the network analyser raised the suspicion that other
elements could be contributing. Candidates were the vacuum feedthrough’s capaci-
tance, or the capacitance and inductance of the wires connecting the trap assembly

14Network analyser FieldFox N9912A from Agilent Technologies
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Figure 6.6: Measuring the inductance of the trap, circuit board and vacuum chamber
internals. a) Equivalent capacitance to that of the vacuum chamber and internals
at given frequencies. b) Capacitive reactance calculated from a). Solid lines are
obtained by fitting a model consisting of the trap, circuit board and self-inductance
of the wires to b).

and feedthroughs. Thus the circuit’s reactance was measured. For a range of set-
tings of the transformer capacitance Ct2, the resonant frequency of the system when
attached to the trap was measured. The trap was then replaced with a capacitance
CV with the latter experimentally chosen by trial and error to obtain the same res-
onance frequency. Results are shown in figure 6.6. The reactance of the circuit on
resonance was calculated as XC = 1/ΩrfCV . The relationship between Ωrf and XC

was then used as a guide to pick an equivalent circuit for the trap. The circuit is that
shown in figure 6.5, with a capacitance of (CT +CB) = 31± 1 pF and an inductance
of LW = 0.42± 0.03 µH. That this equivalent circuit is found to best reproduce the
data suggests that the feed-through and connecting wires do not play a strong role
in the capacitance. Resistive parts of the circuit could not be accounted for with
this method but these are expected to be small. The wire inductance found has the
same order of magnitude as can be obtained from self-inductance calculations for
the approximatively 30 mm long wires connecting feedthrough and trap assembly.
Trap simulations presented in section 5.6 lead to (CT +CB) = 28 pF. The difference
from the measured result could be due to the crude estimation of CB or could be
explained by small inter-wire capacitances. Neglecting the resistive component of
impedances, the voltage at the trap can be calculated

Vrf =
CV

CT + CB
× V ≈ 6× V

where V is measured at the vacuum chamber’s air side and the factor of ∼ 6 is
obtained for Ωrf = 2π × 40.3 MHz. Typically 7.4 V were put into the transformer
and Vrf ≈ 70 V were measured by the methods described above. Thus the voltage
step-up of the full transformer - resonant circuit system is ∼9.5. The estimated
Vrf ≈ 70 V corresponded well to measurements of motional frequencies and trap
simulations described in section 5.6.
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6.3. Magnetic field coils

RF source, amplifier and interlock

Figure 6.5 also shows the elements used to generate the rf input into the transformer.
These were an rf source15 and an rf amplifier16 with protection against back-reflected
power. An interlock was built, to avoid damaging the trap with high rf voltages. A
−20 dB pick off17 followed by diode rectifiers18 was used to monitor forward and re-
flected power with a microprocessor19. Logic running on this microprocessor turned
off the rf power with a switch20 if parameters were outside a specified range. Addi-
tionally the circuit output the current rf voltage to the control computer.

6.2.2 Trap dc

The trap’s dedicated dc electrodes can be individually set in the range of ±10 V
using a 40-channel Digital to Analog Converter (DAC)21. The dc lines were filtered
with a R-C low-pass filter of cut-off frequency 12 Hz before being connected to the
vacuum feedthrough.

6.3 Magnetic field coils

To lift the Zeeman degeneracy of the ion’s internal states a magnetic field is needed.
A commonly used value in quantum information experiments with 40Ca+ is ∼ 4 G
as it allows for frequency-selective addressing with the 729 nm laser but does not
split the Zeeman sublevels by more than 30 MHz and thus leaves them in a range
which can be accessed by tuning of an AOM. To get into this regime with a high
magnetic field homogeneity and at low driving currents, magnetic field coils in a close
to Helmholtz configuration were wound directly onto the vacuum chamber. They
were put onto the CF100 flanges directly above and below the chamber’s middle
part. The upper one can be seen in figure 6.1. The two coils had an inner diameter
of 153 mm each and were spaced from one another by 70 mm. They each consisted
of 50 windings of 0.5 mm diameter wire. At the centre they produced a magnetic
field of 6.4 G/A and the dissipation per coil is 2.3 W at 1 A. At currents above 1.5 A
the coils were found to noticeably warm up.

The choice of the magnetic field direction defines the ion’s quantization axis and
thus how it interacts with polarized light. It restricts the spin polarization to the
method described in section 4.2.1 and influences the detection efficiency (see next
section). A different set of coils along a perpendicular axis were designed but never
built (see section 6.10).

15Hewlett-Packard: 8640B signal generator
16Mini circuits TIA-1000-1R8-2
17Mini circuits Bi-Directional Coupler ZFBDC-20-61HP+
18Crystek Corporation, RF Detector 10-4000MHz, CPDETLS-4000
19Arduino Duemilanove, www.arduino.cc
20Mini circuits High Isolation Switch ZASWA-2-50DR+
21Analog Devices 40-Channel, 14-Bit, DAC AD5371
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Figure 6.7: Overview of the imaging system and its integration with the vacuum
chamber. Light is collected with a commercial objective22 and imaged onto a photo
multiplier (PMT), a CCD camera or both without further focussing elements.

6.4 Imaging system

A microscope system was built to image single trapped ions. Following section 3.5.2
a single calcium ion fluoresces with approximately ΓSP /2 = 2π × 11 MHz when
driven on the S to P transition. To detect the ion in several hundred microseconds,
a high NA objective is needed for collecting light from a good part of the solid angle.
The vacuum chamber’s top viewport was placed close enough to the trap to image
ions from outside the chamber. A commercial microscope objective was chosen22.
No specifications could be obtained from the manufacturer so its key properties had
to be measured. The working distance was 45 mm, the back focal length 0.8 m, and
the NA was 0.41 which corresponds to an opening angle of 24◦ or 4.3 % coverage
of the full solid angle. The transmission of 397 nm light was measured on a similar
objective23 and found to be 77 %. The ability to distinguish multiple ions separated
by a few microns in the presence of aberrations introduced by the viewport was
tested by imaging a test target24 through the viewport and objective. The width of
the smallest lines was 2.2 µm and these could still be resolved as shown in figure 6.8.
Once the objective was chosen, the rest of the imaging system was designed around it.
A drawing of the imaging system is shown in figure 6.7. Similar to systems described
in [Bur10] the imaging system was kept simple by placing the CCD camera25 and
photo multiplier26 (PMT) used for detection directly into the image plane of the
objective. This required a ∼ 0.8 m lens tube which was positioned horizontally.
Right after the objective the beam was deflected with a mirror27, from where it

22Olympus DPFL1.5x-4 compatible with SZX7 stereo microscope
23Olympus DFPLAPO1x-4 compatible with SZX7 stereo microscope
24USF1951 test target, www.thorlabs.com
25Andor Luca-R DL-604M Electron multiplying CCD camera
26Hamamatsu Photon Counting Head H10682-210
27Thorlabs BBE2-E02 2” Broadband Dielectric Elliptical Mirror, 400 - 750 nm
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Beam splitter
Gap

Mirror

Filter
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Figure 6.8: a) Detailed view of sliders used to move elements in and out of the light
path. The first one carries a band-pass filter, the second allows to deflect all light
towards the camera, or to let all light pass to the PMT or have it distributed with
a 50:50 beam splitter. b) Test of the objective’s imaging resolution. The smallest
lines and gaps shown are 2.2 µm wide each.

either propagates directly to the PMT, or hits a mirror which diverts light to the
CCD camera. The choice of which detector to use is made using a mirror mounted
on a slider28 to move it in and out of the beam path. This slider, which is shown
in more detail in figure 6.8, has 3 positions: the first one has a 50:50 non-polarizing
beam splitter29 which lets half of the light pass to the photon multiplier and sent
half of it to the camera, the second is left free to let all the light pass to the PMT,
and the third has a mirror30 which directs all the light to the camera. In this
setup the slider’s position can be chosen manually. A second, motorized version was
implemented by F. Leupold for a second experimental apparatus [Leu15]. In order
to minimize the stray light hitting the detectors, anodized metal disks whose circular
apertures were smaller towards the lens tube’s end were put like ribs between the
tube’s elements. In addition an iris was included at the back end of the tube. A
second slider allows a band-pass filter31 to be introduced, with a transmission band
of 390 ± 9 nm. Transmission is specified to be below 10−3 % for all relevant lasers
except for 375 nm light for which it is approximately 10 %.

The main device used for detecting the state of trapped ions is a PMT26. It
has an 8 mm opening and a 600 µm pinhole was positioned in front of it to filter
stray light. Around wavelengths of 400 nm it is specified to have a count sensitivity
of 5.1×105 s−1pW−1 corresponding to a detection efficiency of 30 %. The second
option is imaging with a electron-multiplying CCD camera25. This allows one to see
the position of electrodes or ions. Its detection efficiency is ∼ 40 % at 400 nm. At
lower wavelengths its efficiency is limited by a BK7 window in front of the sensor.
At 313 nm (the fluorescence wavelength of Be+) it would detect ∼ 5 % of incoming
light. One of its 8 µm ×8 µm wide pixels was found to correspond to 0.58 µm at the
trap position, thus the overall magnification of the imaging system is 13.9. As seen
in figure 5.12 the system allows for distinguishing two co-trapped ions separated by
4 µm.

The full imaging system was positioned relative to the ion trap using translation

28OptoSigma Stainless slide 122-2115
29Thorlabs BS013 50:50 Non-Polarizing Beamsplitter Cube, 400 - 700 nm, 1”
30Thorlabs MRA25-E02 Right Angle Prism Dielectric Mirror, 400-750 nm, L = 25 mm
31Semrock BrightLine HC 390/18 single-band bandpass filter
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detection angle

Figure 6.9: Plot of the ion’s relative dipole transition probability in polar coor-
dinates. Linearly (π) polarized transitions (∆ms = 0) are suppressed along the
magnetic field’s direction. Circularly polarized transitions (∆ms = ±1) are en-
hanced along the magnetic field. Transitions with ∆ms = +1 lead to left hand
circularly polarized σ− light emission being enhanced in the magnetic field’s di-
rection and σ+-light transitions against it. The combined emission probability is
uniformly distributed.

stages32. By imaging the trap electrodes the imaging system was initially moved
to the center of the surface-electrode trap. It was then moved away from the trap
surface by the expected trap height of approximately 90 µm in order to optimally
image ions. The system exhibits chromatic aberrations - illuminating the trap with
light at different wavelengths produced sharp images of it at different z-positions.
Sharp images with room light were found 20 µm above the optimal position for light
at 397 nm and for the 423 nm light 11 µm above it.

6.4.1 Single photon detection efficiency

The objective covers only a limited part of the solid angle and optical components
in the imaging system exhibit losses. Therefore the efficiency of detecting a single
photon emitted from the ion was measured.

Single photons on the P to S transition were generated by preparing 40Ca+ in one
of the D levels and and subsequently repumping it. Counting these single photons
was used to measure the overall detection efficiency of the imaging system [Shu10].
For measuring the detection efficiency of 397 nm light the ions can be shelved to
D3/2 with a pulse at 397 nm and then de-shelved with 866 nm light. All light except
the single 397 photon generated during this de-shelving pulse will be filtered out by
the imaging system. The measured detection efficiency was 0.28±.02 %. To measure
the detection efficiency of 393 nm light the ion was brought to

∣∣D5/2,−5/2
〉

with a
π-pulse. Then a check of population remaining in S1/2 was performed and if the ion
was found to be dark (i.e. in D5/2) the 393 nm photon emitted during de-shelving
with 854 nm light was recorded leading to a detection efficiency of 0.44±0.1 %. The
difference between these two detection efficiencies can be explained as follows: In
this setup the imaging is aligned with the magnetic field’s direction which leads to
it being predominantly sensitive to circularly polarized σ± light. Figure 6.9 shows
the transition matrix elements of equation (3.7) evaluated for different polarizations
and normalized to a transition probability of 1. For the expected NA = 0.41, the

32OptoSigma Stainless steel translation stages 122-0255 and 122-0245
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6.5. Laser and AOM system

Solid angle coverage 4.3 %
Viewport transmission 92 %
Objective transmission ∼77 %
Mirror reflection 99 %
Filter transmission 96 %
PMT efficiency 30 %

calculated efficiency 0.86 %

measured efficiency 0.44± 0.01 %

Table 6.1: List of collection and transmission probabilities of elements in the imaging
system. These lead to a calculated total detection efficiency of 0.86 % for circularly
polarized light which is higher than the measured 0.44± 0.01 %.

fraction of circularly polarized light emitted into the angle covered by the objective
is 4.3 % (when making a ∆ms = ±1 transition the ion has equal probability of
emitting right or left hand circularly polarized light σ± and the combined spatial
distribution is uniform). Only 1.5 % of all linearly (π) polarized light is emitted into
the solid angle covered by the objective. Because of the preparation scheme nearly
all 393 nm photons are generated from the

∣∣P3/2 − 3/2
〉

to
∣∣S1/2,−1/2

〉
transition

and thus are circularly polarized. On the other hand the 397 detection scheme
prepares

∣∣P1/2 + 1/2
〉

and
∣∣P1/2,−1/2

〉
with roughly equal probability and both

decay on π and σ transitions with a ratio of 1/3 to 2/3, leading to a combined
collection efficiency of 3.4 %. Table 6.1 shows all of the components of the imaging
system and the expected transmission co-efficients. From these a detection efficiency
of 0.86 % could be expected for σ light. Neither the calculated efficiencies nor the
ratios between π and σ light agree with measured values. For both the measurement
result would be consistent with an NA of 0.29. One suspected limitation was that
the iris at the back of the lens tube was closed too tightly. After opening it fully33 the
efficiency of detecting 397 nm photons was re-measured and evaluated to 0.38±.02 %
which is still below the theoretical value of 0.67 % but approaching it.

6.5 Laser and AOM system

In our laboratory diode lasers produce all of the laser light used to work with trapped
calcium ions. Where needed, the lasers are frequency stabilized to optical cavities
using the Pound-Drever-Hall (PDH) scheme [Bla01; Lin11] and frequencies are mon-
itored on a wavemeter34. In most setups Acousto Optic Modulators (AOMs)35 are
used for imprinting MHz-range frequency shifts on the light and for pulsing light
on or off on microsecond timescales. Figures 6.11 and 6.10 give an overview of the

33The mismatch was only investigated after all experiments described in this thesis
34Wavelength meter WS6-200 from HighFinesse/Ångström
35The first AOM in the 729 nm laser path at 167 MHz is from AA OPTO-ELECTRONIC, all

others are from IntraAction
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Figure 6.10: Elements used in figure 6.11. Acousto-Optic-Modulators (AOMs) can
deflect in −1st or +1st order depending on the angle of the incident light relative
to the direction of rf propagation in the device. In figure 6.11 lenses and telescopes
needed to adjust beam sizes and mirrors were omitted.

laser light preparation starting from the lasers and ending in optical fibres36 which
guide the laser light to the trap. For clarity, mirrors and lenses which are used to
guide the beams are omitted. Each laser is used simultaneously by three different
experimental setups: the setup described in this thesis, the ‘3D experiment’ and
the ‘cryo experiment’. I will give a quick overview of the setups for different lasers.
Except for the common parts I will only show the light path used for the experiment
described in this thesis, but most beam paths were set up analogously for the other
two setups. More details of our common laser setup can also be found in theses
describing the other two setups [Kie15b; Leu15; Lo15].

Photoionisation lasers

The first step in our photoionisation process described in section 6.7 uses resonant
light at 423 nm which we generate by frequency-doubling a diode laser at 846 nm37.
This light is combined with light from a 375 nm laser38. A mechanical shutter39

together with a home-built controller is used to turn the light on and off. A second
shutter synchronized to the first one was put in front of a 15 m optical fibre in
the path to minimize the time this fibre is exposed to the UV light. This is done
because of concerns regarding long-term degradation of the fibre transmission due
to UV light damage.

397 nm laser

A commercial setup40 is used to generate 397 nm light from a external cavity diode
laser at 794 nm. The light is sent to the experiment’s optical table with an optical
fibre which was protected against degradation by a shutter41 when light was not

36For coupling in and out of optical fibres, mostly Thorlabs FiberPort Collimators or MellesGriot
GLC-8.0-8.0-830 and GLC-8.0-8.0-405 in a home-built holder were used

37Toptica 846 nm DL100
38Toptica iBeam smart
39Edmund Optics C-mount Electrical Shutter (87-208)
40Toptica 397nm TA-SHG pro, www.toptica.com
41Home-built shutter based on relay T90N1D12-12
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Figure 6.11: Laser setup. Differently shaded areas are set up on different tables.
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required.

The 3D experiment is working with 40Ca+ in a magnetic field of 119 G. This leads
to large Zeeman splittings in the atomic levels and means that resonance frequencies
in that setup and the one described here are different. To account for these shifts
an AOM continuously running at 206 MHz in −1st order is used. After the fibre the
polarization is cleaned using a polarizing beam splitter. The amplitude of the light
transmitted is monitored on a photo-diode, which allows for amplitude stabilization
[Gie14], although this was not used during the experiments presented in this thesis.
For fast pulsing of the light an AOM with a centre frequency of 80 MHz is used. It
also allows for tuning the frequency in a range of 50-110 MHz. To achieve far-detuned
Doppler cooling when loading ions the AOM’s 0th-order deflection is unblocked with
a shutter leading to an additional frequency component ∼−160 MHz detuned from
the ion’s resonance. The AOMs used for UV light are polarization-sensitive, which
means that in the AOM’s double pass setup a corner mirror is used to reflect the
diffracted beam back into the AOM at a slight vertical angle, allowing it to be
separated from the incoming beam [Cha12]. The light is coupled into a photonic
crystal fibre42 which can guide all the different wavelengths of light that we use
in a single mode. For coupling into the fibre a microscope objective43 on a 3-axis
translation stage is used.

729 nm laser

The 729 nm laser is used to drive quadrupole transitions in 40Ca+ . As these have a
narrow linewidth, special care was taken in stabilizing the laser’s frequency [Sep12;
Fis13]. The laser itself is an amplified external cavity diode laser44 which is locked
to an optical cavity45 with a finesse of 270 000. The linewidth of this laser depends
on locking conditions which could vary on a daily basis and was found to be ∼ 10 Hz
when optimized well but could be as high as 1 kHz when no care was taken46. The
beamline47 includes an AOM which produced a 192 MHz offset with respect to the
3D trap experiment and which is also used for cancelling phase noise induced in
the subsequent fibre. Details about our fibre noise cancellation setups can be found
in [Fis13; Mar14]. After the fibre the polarization is cleaned. A pick-off was put
into the light path to allow for intensity stabilization. Calibration of the AOM at
∼ 80 MHz used for switching and setting frequency will be described in section 6.9.

854 nm laser

The spatial mode output from the 854 nm diode laser is highly asymmetric, requiring
a prism-pair to circularize it. Part of the light is diverted to a reference cavity in
order to frequency stabilize the laser. For obtaining an error signal in the locking

42NKT Photonics aeroGUIDE-5-PM (based on fiber LMA-PM-5)
43Elliot Scientific Microscope Achromatic Objective x20 MDE173. For its better transmission

properties it could be replaced with plan achromatic objective PLN 20X from Olympus
44Toptica, BoosTA pro
45Cavity from Advanced Thin Films www.atf-ppc.com
46Private communication with C. Flühmann
47The 729 nm beamline sketched in figure 6.11 was set up by U. Solèr
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6.6. Beam delivery

scheme, the laser current is modulated at 280 MHz. To couple all Zeeman split states
at the 3D trap experiment’s high magnetic field, an extra frequency component was
added by combining the 0th-order and 1st-order light from a double passed AOM
driven at 200 MHz. It was found however that this extra AOM did not significantly
speed up repumping times and it remained off during all experiments described here.
On the experimental table the 854 nm laser’s frequency is shifted with respect to the
3D trap experiment and light is passed through an AOM in double pass. This AOM
is purely used for switching purposes. The diffraction efficiency of the AOM has a
fwhm of around 4 MHz, limiting the ability to scan the frequency of this laser beam.

866 nm laser

The 866 nm laser setup is very similar to the 854 nm one. Instead of modulating
the laser directly an in-fibre electro-optic modulator (EOM) is used for generating
the locking signal. For bridging the Zeeman splitting in the high-field 3-D trap
experiment, roughly half the power is shifted upwards in frequency by 2× 120 MHz.
This frequency component was present in all experiments described here but does
not provide any benefit at our magnetic fields.

The 854 and 866 nm light is combined on a dichroic mirror48. Initially these
were overlaid with 397 nm and photo-ionisation light on another dichroic mirror49

and coupled into the same PCF. For reasons described in section 6.6 the two infrared
lasers were later guided to the trap setup through a separate optical fibre.

Notes on AOM setups

The main components in most beam lines are AOMs. These are mostly addressed
from DDS rf sources (see section 6.8). The rf signal is amplified50 to the required
levels of around 2 W for high diffraction efficiency. A protection circuit51 is used to
guard against excess power output. AOMs were mounted on solid blocks (70× 62×
100 mm3) of aluminium which helps conduct away heat dissipated in the AOM.

6.6 Beam delivery

An elevated breadboard was placed around the vacuum chamber. On one side it
had an opening to allow for easy removal of the vacuum chamber. All lasers were
brought to this breadboard in the optical fibres as described above. There they were
focussed down and directed at the trap. All light exiting the PCF was re-focussed to
the trap position with a single achromatic lens52. It focussed 397 nm light at a 1/e2

beam radius ω = 37 µm and 866 nm light at ω = 66 µm, but the two foci were at
57 mm relative distance along the axis of the beam. The beam was moved relative
to the trap with a 3-axis translation stage and could be tilted by moving the lens

48AHF Laser-beamsplitter zt 860 lpxr
49AHF/Semrock Laser-beamsplitter HC BS R442
50Mini-Circuits Amplifier ZH L-1-2W- S
51RF power monitoring based on ASPiSYS Ltd. FRQM-2 Frequency Counter & RF Multimeter
52Edmund optics 12.5mm Diameter x 14mm EFL Aspherized Achromatic Lens
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Figure 6.12: Orientation of beams relative to the ion trap. All laser beams propagate
perpendicular to the magnetic field. Initially the same optical fibre was used for
guiding all laser light (but the 729 nm laser) to the trap. Later lasers at 854 and
866 nm were guided in a separate fibre and a different path was used to direct them
towards the ion trap.

MovableAberration
correction

Fibre
collimator

Piezo
mirror

Vacuum
viewport

Polarizing
beam splitter

Figure 6.13: Simulated beam path of the lens setup used for focussing the 729 nm
laser. All lenses used are off the shelf components. To minimize aberrations a pair
of lenses of opposite focal length was introduced. These two lenses were chosen to
produce aberrations which cancel those of the full system.

in the two directions perpendicular to the beam. Ions could be trapped with all
beams emerging from this single optical fibre but the big difference in foci of UV
and IR lasers meant that high laser powers were needed for at least one of the two.
This was difficult to work with53. In a second phase the 854 and 866 nm lasers were
directed to the trap in a separate fibre and focused down to ∼ 40 µm at the trapping
position. In this path also a polarizing beam-splitter ensuring linear polarization
perpendicular to the magnetic field was included.

6.6.1 Focussed 729 setup

For experiments described in chapter 7 a small spot size of the 729 nm laser was
required. The minimum spot size achievable at the trapping position is limited
by the CF16 vacuum viewports. These have a clear aperture of 15 mm positioned
89 mm away from the trap. Focussing of a Gaussian beam of 15 mm beam diameter
would result in a 3 µm radius spot at the trap. A combination of commercially
available lenses54 was used for focussing to small spot sizes. Simulations with ray-
tracing software55 were carried out to minimize the effect of aberrations introduced
by non-ideal lenses and the vacuum viewport. The resulting optimized beam path
is shown in figure 6.13. Two lenses of opposite focal length were introduced to

53The issue can be solved by first collimating all beams exiting the PCF with a suitable objective,
e.g. Olympus PLN 10X and then re-focussing with a second lens, e.g. Thorlabs LBF254-150-A

54All lenses were off-the-shelf spherical singlets obtained from Thorlabs
55ZEMAX-SE (version 31409) from Radiant Zemax
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Figure 6.14: Recorded 393 fluorescence photons when scanning the piezo-actuated
mirror. a) The full scan in the plane perpendicular to the laser’s beam direction, b)
and c) cuts through the centre along z and x− y including results from fitting a full
2D Gaussian with major axes in horizontal and vertical direction. Resulting beam
dimensions are ωx−y = 7.1 µm, ωz = 8.9 µm.

minimize the system’s overall aberrations. The focussing lenses were placed on
a one-axis translation stage for adjusting the focal position, and a piezo-actuated
mirror56 was placed in-between these lenses and the vacuum viewport for steering the
beam. Polarization perpendicular to the magnetic field was ensured by inserting a
polarizing beam splitter. Different measures can be used to characterize aberrations.
A commonly used one is expanding the wavefront W (x, y) (the phase across a surface
x − y perpendicular to the beam propagation direction z) in Zernicke polynomials
Zmn (x, y):

W (x, y) =
∑
n,m

cmn Z
m
n (x, y) .

These can be related to a root-mean-square wavefront error

rms =
√∑

(cmn )2 .

For the purpose of achieving high intensities at an ion, a relevant quantity is the
Strehl ratio IS = I/IG which links the measured intensity at the beam centre I to
the one achievable for an ideal Gaussian beam IG. For a well corrected system it is
linked to the rms error by IS ≈ 1 − (2π rmsλl )2 [Bor59]. The simulated Strehl ratio
for the beam path shown in figure 6.13 was 0.97. Measuring with a Shack-Hartmann
wavefront sensor57 gave IS = 0.89 and the beam waist was measured independently
to be 4.3 µm.

When directed towards the ion trap the focussed beam was scanned across the ion
using the piezo-actuated mirror. From the known response of piezos and geometry
the scan was linked to a displacement relative to the ion’s position. By monitoring
the ion fluorescence during such a scan, the ion served as a point detector. The
light intensity was either extracted by driving Rabi oscillations of a fixed time and
calculating out the sinusoidal time dependence seen in section 3.5.1 or by a combined

56Thorlabs Kinematic Mirror Mount POLARIS-K1PZ2
57Thorlabs Shack-Hartmann Wavefront Sensor WFS150-5C
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Figure 6.15: Atom oven assembly. The collimating part shown in a) and b) was
made from stainless steel, the rest from thermally and electrically insulating Macor.
c) An assembled oven. d) A glass slide coated during attempts of laser heating the
oven.

driving of 729 and 854 nm lasers leading to 393 nm scattered light as described in
section 7.1. The latter method can be operated in a regime where fluorescence has
a close to linear dependency on the 729 nm laser’s intensity.

Such a scan is shown in figure 6.14. Some aberrations are clearly visible and
the spot size is worse than what was measured outside the vacuum system (but
including a dummy-viewport). Probably these aberrations are due to imperfect
alignment and thus clipping on piezo-actuated mirror and viewport since all other
components stayed in the same place as for testing. The spot size extracted by
fitting a Gauss-beam is ω =

√
ωzωx−y = 7.9 µm. Although larger than expected,

this spot size together with an available laser power of P = 50 mW results in an
intensity of I = 510 W/mm2 or a Rabi frequency Ω0 = 2π × 3.4 MHz. On the∣∣S1/2,−1/2

〉
to
∣∣D5/2,−5/2

〉
transition this corresponds to a π-time of 0.16 µs. Such

short timescales could not be resolved. Using a reduced power of P = 1.1 mW for
driving Rabi oscillations corresponds to a π-time of 1.05µs. Experimentally 1.06µs
were measured when the laser spot was well centred on the ion.

The obtained intensities of 729 nm laser light enabled experiments described in
chapter 7. Ideas for reducing the laser spot size and for approaching the diffraction
limit are presented in section 6.10. Over the course of days drifts in the spot position
were observed. These were typically less than a few micrometres and the beam could
be redirected onto the ion by a scan of the piezo-actuated mirror.

6.7 Atom ovens and ion loading

To trap calcium ions, neutral calcium atoms were thermally evaporated in an oven.
With the help of a collimating tube a beam of neutral atoms was directed towards
the trap. There, atoms were photo-ionized in a two step process similar to [Gul01].
A laser at 423 nm was used to resonantly excite neutral calcium atoms on their 4s1S0

to 4p1P1 transition, and a second laser at 375 nm was used to ionize excited atoms.
The first transition at 423 nm could have been used for isotope-selective ionization,
however in our experiments we relied on the higher natural abundance of calcium-40.

Following an initial study [Hab12] a laser heated oven had been built. It was
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Figure 6.16: a) Top: Kinetic energy of atoms corresponding to a wavemeter fre-
quency reading via the Doppler shift at 45◦. Bottom: Fluorescence counts of neutral
calcium atoms observed when the oven was operated at 4.1 A and 1 V. The solid line
was obtained by fitting the flux of a Boltzmann velocity distribution and gave an
oven temperature of 496◦C. b) Fluorescence obtained from a laser heated oven. Red
and blue lines indicate times at which the laser is switched on and off.

built from a stainless steel block and contained a calcium granule of ∼ 1 mm size,
a collimating tube directing the atom beam towards the trap, and a window at the
back for shining in a laser. While the window at the back could reliably be coated
with calcium (see figure 6.15.d) no flux was observed emerging from the collimator.
Thus the atom source was modified to be resistively heated.

Resistively heated oven

Calcium granules were put in a stainless steel tube58 with a hole cut into its side
and wires59 were attached. This oven was then placed behind the collimator and
heated by running current through it. The assembly is shown in figure 6.15. Because
high currents were expected, two pins of the 15-pin sub-D connector were used per
line. When using the oven for the first time an oxide layer which had formed on
the calcium granule in the ∼ 4 hours during which it had been exposed to air had
to be removed. The oxide layer was broken by applying 6 A for ∼ 30 s. Indicators
for successful breaking of the oxide layer were a abrupt rise in pressure and blurring
(coating) of the glass slide through which the oven had been observed with a camera.

Fluorescence of neutral atoms could be observed on the 423 nm transition (with
the filter removed from the imaging beam path). Because atomic beam and exciting
laser had an angle of 45◦ the resonance peak was Doppler shifted. This Doppler
shift allows to relate a frequency reading on our wavemeter to the kinetic energy
Ek of an atom and allows to model observed fluorescence counts with the flux of
a Boltzmann velocity distribution. Figure 6.16 shows such a scan. For an input
of 4.1 A at 1 V the oven temperature extracted from fitting the data was 496◦C.
The fit was strongly dependent on the non-Doppler shifted resonance. Within the
cryo-experiment (having 423 nm laser and atom beam pointing perpendicular) it

58McMaster-Carr Precision miniature tubing (89935K228), stainless steel 316, 1mm inner diam-
eter, 100 m wall thickness

59Tantalum wire (10349) from Alfa Aesar, 0.5mm diameter
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was determined to be ∼9.25 GHz60. Optimal loading conditions were found at a
wavemeter reading of 8.9 GHz corresponding to atoms with 40 meV kinetic energy.
This value can serve as a lower bound of the trap depth. After initial loading there
was no need for further observing fluorescence from neutral atoms. The oven’s
current was set to 3.7 A which gave typical times of 3 min for ion loading.

Oven interlock

To avoid the atom oven being accidentally emptied by leaving it on for too long,
an interlock with a mechanical relay was put between current source and oven.
Controlled by a microprocessor61 it would automatically turn off after a time set to
10 min and also measure the voltage across a suitable resistor to prevent overheating.
Connecting to this interlock the oven could be triggered from within the control
system and the oven’s status could be displayed.

Laser heated oven

Laser heating of ovens would simplify setups because no high-current electrical vac-
uum feed-through is required. Loading atoms generated by pulsed laser ablation has
been demonstrated [Hen07]. Several laser setups in our labs had spare power which
we thought could be used, none of them is pulsed though. In a first attempt no
atom beam was seen when heating with our lasers but glass slides close to a heated
calcium granule could reliably be coated with calcium. This raised the idea that it
could be possible to coat glass slides in vacuum and then produce small amounts
of atoms by heating locally with a focussed laser. Initial tests62 showed that the
coated glass slides got damaged under high laser intensities.

A purely laser-heated oven was used in the setup described in section 8.1. Cal-
cium granules were placed inside a ∼ 10 mm long stainless steel tube58 which was
mounted in a holder made from Macor and had little contact to the environment
to ensure low thermal conductivity. The tube was closed at the back, and its open
front, acting as a collimator, was aimed at the trap. When laser light was shone
into its front aperture, the calcium was heated and fluorescence light from neutral
atoms could be observed. When heating with 1.5 W of 1064 nm light a measurement
similar to what is shown in figure 6.16.a) gave an oven temperature of 750◦C. For
making laser heated ovens work it is crucial to have them thermally well-insulated.
Figure 6.16.b) shows fluorescence light detected after turning the heating laser on
and off. Time constants extracted from fitting exponentials are 70 s for switching
on, 0.6 s after switching off. These give a rough estimation of the thermalization
time.

60Private communication with Chi Zhang
61Arduino Uno, www.arduino.cc
62Tests conducted by Simon Ragg
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FPGA DDSControl PC

Photo diodes PMT AOMsCamera ShuttersRF interlock Oven control DAC

Cavity locks

Figure 6.17: Overview over control system and devices. Green arrows mark digital
connections, blue analog ones, cyan binary (TTL) connections and red rf lines.
Connections marked with dashed lines are read-only.

6.8 Experimental control

Experiments described throughout this thesis required synchronized pulses of laser
light, changes in electrode voltages and control over other devices. At the heart
of our computer control system was an Field-Programmable Gate Array (FPGA)
which controlled all relevant devices during an experimental sequence. The FPGA
was accessed via a control computer (PC) from which experiments could be executed
and results were read back. Other devices such as the camera were also read out on
the control computer. Figure 6.17 gives a schematic overview and the system will
be described in more detail in the thesis of V. Negnevitsky.

Ionizer, FPGA and DDS

The chosen FPGA was a ZedBoard63 built around a Xilinx Zynq-7000 chip. It in-
cluded an ARM Cortex-A9 based processor and programmable logic cells in a single
device. The logic cells were configured with a design written in a hardware descrip-
tion language, and experiments were programmed onto the FPGA in C/C++. The
FPGA was accessed from the control computer through a graphical user interface
(Ionizer) which allowed to set parameters, start experiments and read back results
or settings. Code was inherited from the NIST Ion Storage Group and extensively
re-written by B. Keitch, V. Negnevitsky and M. Marinelli. The FPGA interacted
with devices in different ways. Devices such as laser beam shutters, rf switches or
the atom oven control were directly addressed with (buffered) binary digital logic
lines (TTL) and a 40-channel DAC64 (Digital to Analog Converter) was accessed
via serial communication. This DAC was connected to the trap’s dc electrodes as
well as the piezo-actuated mirror. Photon counts from a PMT and analog input
from photodiodes could be read in. Control over laser light was mostly exerted
by changing amplitude, frequency and phase using AOMs. The needed rf signals
were generated by DDS65 (Direct Digital Synthesizer) boards. Pulse sequences were
loaded onto the DDS boards and upon a trigger pulse autonomously run. At the
same time the FPGA accessed other devices and read out pulses from the PMT in
dedicated detection windows.

63Evaluation board ZedBoard from Digilent
64Analog Devices 40-Channel, 14-Bit, DAC AD5371
65Enterpoint Milldown DDS1 ChannelCard
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Figure 6.18: Scans across motional sidebands. a) The carrier transition at δ729 = 0
shows noise components extending to 1.5 MHz and above. This motivated moving
the lower lying motional frequencies to 2.2-2.8 MHz and working with the higher of
the two. b) Two scans over the two lower lying motional modes before and after
moving them apart using voltages on dc electrodes.

6.9 Parameter calibration

6.9.1 Frequencies

Scans across the resonance frequency of 397, 854 and 866 nm lasers as shown in
chapter 4.2.5 were performed by scanning the reference cavities and running detec-
tion experiments. Both were executed and coordinated from the control computer.
The 729 nm resonance could be scanned over with the AOM. From scans similar
to the one shown in figure 4.3 the position of

∣∣S1/2,−1/2
〉
↔
∣∣D5/2,−5/2

〉
and∣∣S1/2,+1/2

〉
↔
∣∣D5/2,+5/2

〉
transitions could be found. Based on these the reso-

nance frequency at zero field and the magnetic field leading to the observed splitting
were calculated. This allowed the resonance frequencies of all the S1/2 to D5/2 tran-
sitions to be found. To find the exact frequency of motional sidebands, the laser
was scanned over a narrower frequency range than what is shown in figure 4.6. Fi-
gre 6.18 shows such scans. Initially the two lower-lying motional modes of the trap
described in Chapter 5 were very close to one another and were strongly affected by
servobumps - frequency noise up to ∼ 1.5 MHz on the 729 nm laser which arises from
locking to the high-finesse cavity and which could change on a daily basis [Ger15].
At this time a fast decay of the baseline of sideband oscillations was observed. The
issue was solved by increasing Vrf and thus all motional frequencies. Furthermore
voltages on dc electrodes were used to further separate the two motional frequencies
as shown in figure 6.18.b).

6.9.2 Laser power calibration

Laser light was brought close to the vacuum chamber using optical fibres and directed
onto the trapping position. After leaving the vacuum chamber again it was directed
towards photo diodes to monitor powers. For debugging these were displayed on
the control computer66. The photo diode signal was also read into the FPGA where

66Signals were monitored using a Digilent Analog Discovery USB Oscilloscope & Logic Analyzer
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Figure 6.19: Calibration of 729 laser power. a) Measured power as function of
frequency and input amplitude. b) After calibration. c), d) Cuts through b) for
illustrating the achieved scaling with input amplitude and frequency.

it could be used to automatically adjust the input powers to AOMs to account for
small power drifts in laser beams or to equalise powers in red and blue motional
sidebands as needed for temperature measurements shown in section 4.2.4.

Linearizing AOM power output

Another experimental imperfection calibrated out was the non-linear response of
laser beam amplitude to input parameters on our control system. Deviations as
those shown in figure 6.19.a) were mainly caused by the DDS card which had a close
to quadratic dependence of nominal to set output power, interferences in cabling be-
tween DDS cards and rf amplifiers, the amplifiers and the AOMs themselves. Scans
such as the one shown in figure 6.19.a) were used to internally linearise the input
parameters. Inputs between calibration points were interpolated. The output power
of 729 nm light after calibration is shown in figure 6.19.b). Panels c) and d) show
cuts along frequency or input amplitude. Linearisation could only be obtained up
to the maximum possible output at a certain frequency. At 80 % of the input power
a flat response would be achieved over a range of ±20 MHz. AOMs for adjusting the
power in 397, 854 and 866 nm beams were calibrated using the same method.

6.10 Potential extensions

While working on the setup, different possible extensions were discussed but even-
tually not implemented. I will quickly review some for which technical drawings,
quotes or parts exist. Figure 6.20 shows how some of these extensions were intended
to be integrated with the setup.
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Field coils

Cold-finger

Gate valve

Figure 6.20: Drawing of the vacuum setup with possible extensions as described in
the main text.

High field coils

For working with beryllium at its field insensitive transition [Lo15] a magnetic field of
119 G would have been needed. To achieve this a pair of field coils was designed67.
These had 24 water-cooled windings each, an inner diameter of 78 mm and were
planned be set up with a spacing of 160 mm. To achieve 119 G an estimated 195 A
would have been needed.

Cold-finger

At some point it was discussed to cool the trap to liquid nitrogen temperatures or
just exploit cryo-pumping. Therefore space was left free where a cold finger68 could
be inserted.

Leaking in gases

When seeing that the heating rate of ion traps could be reduced by cleaning with
UV light [All11a] we thought of improving this result by leaking oxygen into the
vacuum chamber and creating ozone near the trap [Sow74]. For inserting the oxygen
a leak valve was attached to the vacuum chamber. But as the intended process
would require ∼ 10−4 mbar partial pressures of oxygen maintained for several hours
it would be favourable to protect the non-evaporative getter-based vacuum pump
from saturating. This could be achieved by including a gate valve between pump
and chamber.

Movable trap mount

For positioning an ion in the mode of an optical cavity (see section 8.3) control over
the trap’s position was required. A design was made which had a custom-welded
vacuum bellows69 inserted into the bottom can attached at the position where the
cold finger is displayed in figure 6.20. On the vacuum side the trap could be attached,
from the air side it could be moved with a 3-axis positioning stage.

67Field coils quoted by Oswald www.oswald.de
684ST-400 Ultra High Vacuum Cryostat from Janis Research (www.janis.com)
69Ordered from Vacom, www.vacom.de
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Spatial light modulator

Section 6.6.1 described how the laser at 729 nm was focussed to a small spot size
using off the shelf optical components. The achieved spot size was limited by optical
aberrations. Although simulations and a test setup suggested that it should be
possible to get close to the diffraction limit with the chosen optics, positioning
all lenses with high enough accuracy to reach this result in the final setup was
not achieved. For easier aberration correction we started looking into adaptive
optics solutions. Segmented deformable mirrors which allow the imprinting of a
different phase at different points of the wavefront have been successfully tested
in experiments with ensembles of neutral atoms [Zup13]. We bought a deformable
mirror with 37 segments which could be manipulated by 111 piezo actuators70.
Results of this project will be published in the thesis of S. Ragg.

70Iris AO PTT111 Deformable Mirror
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7. Cooling and controlling 40Ca+ with
visible and IR light

This chapter describes how by combining driving of the quadrupole transitions at
729 nm with repumping at 854 and 866 nm a high rate of photons can be scattered
off 40Ca+ , sufficient for cooling ions from high temperatures down to the ground
state and for fluorescence detection. It presents a study of fluorescence obtained
from this process and cooling of motional temperatures from a sideband resolved
to a power broadened Doppler cooling regime. 729, 854 and 866 nm light is in the
visible and IR part of the spectrum and this techniques allow to use calcium ions
without the need for UV lasers. Results presented in this chapter have been sub-
mitted for publication [Lin16].

As described in section 4.1 a laser of 397 nm near resonance with the dipole al-
lowed S1/2 to P1/2 transition is commonly used for the required Doppler cooling and
detection in experiments with calcium ions. This wavelength is in the UV as is the
primary cooling laser for many commonly used ion species. UV light makes inte-
grating optics difficult as it leads to charging. UV light also leads to faster ageing of
optical materials through the formation of colour centres [Col14; Sku01] and its low
wavelength requires smaller sized light guiding structures which are more difficult
to manufacture. This makes it more challenging to realize ion traps with integrated
optics as e.g. described in [Meh16; Van16].

Instead of using 397 nm light a transition from S to P can also be made by a process
involving two photon absorptions. The first takes population from S to D levels and
the second photon absorbed takes population from D to P . There are two possible
choices. Either a transition of S1/2 to D3/2 at 732 nm combined with pumping to
P1/2 at 866 nm or a transition of S1/2 to D5/2 at 729 nm combined with pumping to
P3/2 at 854 nm can be made. Both, P1/2 and P3/2 rapidly decay to S1/2 emitting a
photon at 397 or 393 nm respectively.

In our laboratory we have a laser at 729 nm and experiments in this thesis use
transitions via the D5/2 state. However many of the presented ideas can equally be
applied to the transition via D3/2 as discussed in the last section of this chapter.

A back of the envelope calculation can illustrate the transition rates required for
scattering many photons in the 729-854 driving scheme: To detect 10 fluorescence
counts within 1 ms with a detection efficiency of 0.5% a transition from S to P has
to be driven at a rate of 2π × 2 MHz. Such rates can easily be achieved with lasers

87



7. Cooling and controlling 40Ca+ with visible and IR light

Vis-IR schemeUV scheme

Figure 7.1: Level scheme of 40Ca+ to illustrate the traditional way of driving ion
fluorescence with a laser in the UV and the one presented in this chapter based on
visible and IR lasers. Insets show CCD camera images when illuminating 40Ca+ with
the indicated lasers. The detection window in the UV scheme is 0.5 s, in the Vis-IR
scheme 2 s. Although the picture of fluorescence light is taken at longer detection
time for the Vis-IR scheme there is still close to no background scattered light.

on dipole allowed transitions, e.g. 40Ca+ ’s natural linewidth of the S1/2 ↔ P1/2

transition is already 21 MHz wide. On the narrow quadrupole S to D transition
high laser intensities are required to get sufficient driving rates. With equation (3.8)
it can be estimated that ∼ 200 mW of 729 nm light in a 10 µm radius spot would
be required to get to a rate of 2π × 2 MHz. Using even smaller spot sizes greatly
reduces the required optical power.

The PCF cane trap’s open geometry allows to strongly focus 729 nm laser light
onto trapped ions. At 150 mm working distance a spot of approximately 8 µm waist
was achieved (see section 6.6.1). Using up to 40 mW of 729 nm laser power the 729-
854 driven fluorescence is strong enough to be observed with a CCD camera, which
is illustrated by the photo of an ion shown in figure 7.1. The same figure also shows
a schematic of this new driving scheme and a comparison to the traditional one.

Driving the S1/2 to D5/2 transition at 2 MHz does not only lead to a high fluores-
cence rate, it also broadens the linewidth. For a 2-level system the linewidth would
be broadened to ∼ 2 MHz (see equation (3.13)). When also considering coupling to
the P3/2 states additional power broadening from the 854 nm laser can be expected
and reaching linewidths of γ & ωm allows to get into the Doppler cooling regime
(see in section 3.9.1).

Indeed Doppler cooling and fluorescence of 40Ca+ ion-strings has been observed
on the 729-854 [Hen08] and the 732-866 [Zho13] transition. Both studies were car-
ried out at Ω729 ≈ 2π × 1 MHz, ωm . 1 MHz, with low magnetic field and with far
detuned repumpig lasers. In both additional cooling on the 397 nm transition was
still needed to safely keep ions cooled.

The following study will show the operation of an ion trap with 729 nm light and
repump lasers only. The trap is operated in conditions compatible with most cur-
rent trapped-ion quantum information setups using 40Ca+ . Data on trapping and
recooling is shown in section 7.4.1. To understand the cooling process cooling from
a sideband-resolved to a Doppler cooling regime was studied (section 7.2). A ma-
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Figure 7.2: Top: Fluorescence generated by 729 and 854 nm light within a detection
window of 200 µs. The solid line corresponds to a fit with the steady state solution
of optical Bloch equations (Ω729 = 2π× 1.92± .02 MHz, Ω854 = 2π× 19.2± .4 MHz,
δ854 = −2π × 1.0 ± .6 MHz). Bottom: Populations extracted from the fit. Vertical
lines indicate the position of underlying S1/2 to D5/2 transitions.

jor step was to think of S1/2, D5/2, P3/2 as a Zeeman-split 12-level system which
allowed to explain observed fluorescence (section 7.1). Fluorescence and ion temper-
atures can be reproduced theoretically using solutions of optical Bloch equations for
these 12 levels and theory by I. Cirac and co-workers as reviewed in section 3.10.
The chapter concludes by presenting ideas on the discrimination of quantum states.

7.1 Fluorescence from the Zeeman-split S1/2, D5/2, P3/2

system

Figure 7.1 already showed fluorescence at 393 nm obtained from illuminating the ion
with 729 nm light and repump lasers. In contrary to the fluorescence driven with
a 397 nm laser there is no background scattered light from the driving lasers as it
is filtered out by the imaging system. Thus low fluorescence rates can readily be
detected.

When scanning the 729 nm laser’s detuning δ729 from its zero-magnetic field res-
onance two peaks in 729-854 driven fluorescence can be observed as shown in fig-
ure 7.2. Such fluorescence scans allow to get insight into the ion’s internal states
which, in combination with the theory by Cirac et al [Cir92] can be used for predict-
ing cooling dynamics and ion temperatures. The following section will first describe
dominant processes of the internal state dynamics under 729-854 driving. Then
numerical solutions to optical Bloch equations reproducing the ion’s fluorescence
behaviour will be presented. Numerical simulations and experimental data are then
used to describe the origin of some features observed in fluorescence traces and to
explore the fluorescence’s dependence on different settings.
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7. Cooling and controlling 40Ca+ with visible and IR light

Figure 7.3: a) Quasi-closed cycling transition
∣∣S1/2,−1/2

〉
→

∣∣D5/2,−5/2
〉
→∣∣P3/2,−3/2

〉
(green) and the major path for repumping population from

∣∣S1/2,+1/2
〉

into the cycle (cyan). b) Three photon resonance occurring at 2.3 MHz. Both pro-
cesses equally happen on transitions with opposite signs.

7.1.1 Multilevel fluorescence in 40Ca+

For the laser polarization and direction used in these experiments 4 different transi-
tions can be driven with the 729 nm laser. Their splitting is defined by the magnetic
field of 4.05 G. The resonance frequency of these 4 transitions is indicated in fig-
ure 7.2. There is always one fluorescence peak lying in-between two of the possible
transitions hinting at it originating from combined driving of both transitions. Peaks
are located closer to

∣∣S1/2,−1/2
〉
↔
∣∣D5/2,−5/2

〉
and

∣∣S1/2,+1/2
〉
↔
∣∣D5/2,+5/2

〉
transitions which as shown in section 3.6 have the stronger coupling rate. The pro-
cess can be explained by starting in

∣∣S1/2,−1/2
〉

and imagining the 729 nm laser
tuned close to the peak at −11 MHz where only two of the 4 possible transitions
have to be considered. From

∣∣S1/2,−1/2
〉

a transition to
∣∣D5/2,−5/2

〉
will be driven.

By the choice of polarization the 854 nm laser only couples to
∣∣P3/2,−3/2

〉
which

predominantly decays back to
∣∣S1/2,−1/2

〉
. This loop is sketched in figure 7.3.a).

Processes that can eventually bring the ion to
∣∣S1/2,+1/2

〉
start with decays from

P3/2 to D-states which happen with a probability of 7 %. The most prominent
one is a decay to

∣∣D5/2,−3/2
〉

with Clebsch-Gordon coefficient 4/15 followed by
repumping to

∣∣P3/2,−1/2
〉

with unity probability and decay to
∣∣S1/2,+1/2

〉
with

93 % probability and Clebsch-Gordon coefficient 1/3. The combined probability
of these transitions is 0.6 %. The population ending up in

∣∣S1/2,+1/2
〉

after an
initial decay to

∣∣D5/2,−1/2
〉

or after multiple scattering events between P3/2 and
D5/2 depends on repumper settings. These can be taken into account by integrat-
ing optical Bloch equations set up with repumping lasers only and using the initial
state

∣∣D5/2,−5/2
〉
. Over a large range of repumper settings . 1 % of the pop-

ulation are found in
∣∣S1/2,+1/2

〉
. This means that roughly 100 photons can be

scattered before the ion makes a decay to the
∣∣S1/2,+1/2

〉
state. One can think

of
∣∣S1/2,−1/2

〉
→
∣∣D5/2,−5/2

〉
→
∣∣P3/2,−3/2

〉
as a quasi-closed cycling transition.

Population which leaks out to
∣∣S1/2,+1/2

〉
must be repumped, which is performed
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by off-resonant driving of the
∣∣S1/2,+1/2

〉
to
∣∣D5/2,−3/2

〉
transition which, after

being repumped to
∣∣P3/2,−1/2

〉
most likely makes a transition to

∣∣S1/2,−1/2
〉
. By

this process both transitions contribute to the fluorescence peak observed. The
fluorescence peak at +11 MHz exhibits a similar set of dynamics.

7.1.2 Fitting the fluorescence

Methods for calculating cooling rate coefficients A± introduced in sections 3.9 and
3.10 relied on the ion’s internal state populations. By modelling populations with
optical Bloch equations rate coefficients can be extracted from fluorescence traces.
For describing the quasi-closed cycle given in the previous section not all 12 Zeeman
sublevels were required. I will first describe attempts for reproducing the observed
fluorescence traces with a reduced set of levels and limits of these approaches before
treating all 12 Zeeman sublevels of S1/2, D5/2 and P3/2. The full treatment is found
to be in good agreement with measured fluorescence.

Minimal set of levels for describing fluorescence

Since the Zeeman sublevels clearly play a role in the experiments, a description using
only 3 levels is not sufficient to describe cooling and fluorescence. This simplification
can only be used when energies are close to degenerate i.e. if the splitting of possible
729-transitions is much smaller than the power broadened linewidth of the transi-
tion (∆Ej −∆Ei � Ω729 for all involved states |i〉 and |j〉). To enter this regime the
splitting would have to be reduced to a level where frequency resolved addressing
of single transitions would not be possible or powers of the 729 nm laser too high
for our experiments would be needed. In a regime where a 3-level approximation
is valid useful analytical expressions can be found under the assumption of a far
detuned 854 nm laser [Cha08] or very weak driving with 854 nm light [Mar94].

The minimal set for explaining one of the two fluorescence peaks seen in figure 7.2
consists of 4 levels. When the 729 nm laser is tuned close to -11 MHz it couples the
two S1/2 levels and the two lowest lying energy levels of D5/2 (

∣∣D5/2,−5/2
〉

and∣∣D5/2,−3/2
〉
). This 4-level system has already been used as a toy-example in sec-

tion 3.9.2. The model further needs to include a description of effective decay rates
from the two levels of D5/2 to those of S1/2. Since the effective decay from D5/2 to
S1/2 is mediated by the 854 nm laser the effective rates for the 4-level system can be
obtained from optical Bloch equations for the full 12-level system with driving on
the 854 nm transition only. By integrating these optical Bloch equations with the ion
starting in

∣∣D5/2,−5/2
〉

or
∣∣D5/2,−3/2

〉
and fitting an exponential to the population

obtained in the two S1/2 levels the effective decay rates from D5/2 to S1/2 levels can
be obtained. The resulting 4-level optical Bloch equations with the driving laser
at 729 nm and effective decays can be solved numerically. The Hilbert-space is also
small enough to numerically solve the full master equation including ∼ 10 motional
levels on a standard computer. Although calculated fluorescence traces qualitatively
match observed ones no good agreement could be achieved. The reason is that even
at lower powers of the 854 nm laser P3/2 levels seem to impose noticeable differential
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Figure 7.4: Sketch of Stark shifts on S1/2 to D5/2 transitions induced by coupling
to P3/2 levels. Stark shifts were calculated assuming formula (3.14) and Ω854 =
2π×20 MHz. The 2-level approximation is not strictly valid but direction and order
of magnitude of shifts will still be similar when more levels are involved.

Stark shifts on D5/2 levels (sketched in figure 7.4). These shifts could not easily be
accounted for.

OBE in 12 levels

Thus fluorescence over a wide range of parameters was best explained using optical
Bloch equations for the 12 Zeeman sublevels of S1/2, D5/2 and P3/2. Considering just
these levels is enough even though when being in P3/2 the ion has a 0.8 % probability
of decaying to D3/2. In experiments a laser at 866 nm makes sure that population is
quickly pumped back to S1/2 in case of one of these rare scattering events. Optical
Bloch equations for the 12-level system were set up according to section 3.5. Solving
the master equation (equation (3.9)) for the steady state or integrating it gives the
density matrix of internal states ρij . We are mostly interested in the populations i.e.
diagonal elements ρii. In the following I will label these with the same spectroscopic
notation used for states: ρii = ρ|LiJi ,mji〉. As in equation (3.13) the full fluorescence

rate of the P3/2 to S1/2 transition is the population of excited states times their
decay rate,

Fsp = Γ393

(
ρ|P3/2,−3/2〉 + ρ|P3/2,−1/2〉 + ρ|P3/2,+1/2〉 + ρ|P3/2,+3/2〉

)
.

The rate of detected fluorescence F is lowered by the apparatus detection efficiency
Pdet = 0.44 ± .01 % (section 6.4.1). As described there the detection of π-polarized
light is suppressed by geometry and mostly transitions emitting circularly polarized
light are observed. This can be taken account of by also including Clebsch-Gordon
factors so

F = Pdet × Γ393

(
ρ|P3/2,−3/2〉 +

1

3
ρ|P3/2,−1/2〉 +

1

3
ρ|P3/2,+1/2〉 + ρ|P3/2,+3/2〉

)
.

This calculated fluorescence can be used for making fits to measured traces. The
solid line in figure 7.2 corresponds to such a fit. By using different quantities as
free parameters of the fit the dependence of experimental data on these can be
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Figure 7.5: a) 729-854 nm driven fluorescence for increasing amplitudes from bot-
tom to top and close to zero detuning of the 854 nm laser. b) Scans with the same
laser amplitudes as in the top panel of a) but at different detunings δ854. Solid
lines correspond to fits using optical Bloch equations. From these the parame-
ters given with the plots were extracted. Driving rates were also calibrated with
separate calibration experiments, from bottom to top these were (Ω729,Ω854) =
2π × (0.44, 11.4), (2.27, 36.3), (2.40, 32.5) MHz.

tested. Beam directions and laser polarizations were fixed by geometry, while the
magnetic field strength and the 729 nm transition centre frequency were obtained
from separate calibration experiments. Leaving these as free fit parameters produced
compatible results. Thus these were fixed in all following simulations. Also laser
linewidths were fixed to expected values: γ854 = 2π × 0.5 MHz, γ729 = 2π × 10 Hz.
In the experiment these were not fully known but varying them did not change sim-
ulations visibly. Free fit parameters used in figure 7.2 and all following simulations
are Ω729, Ω854 and δ854. These were also monitored with separate calibration exper-
iments. Values obtained from fits are similar to calibrated ones yet not identical.
The difference hints at poorly known parameters such as the beam shape or drift in
beam position.

By fitting to the experimentally determined fluorescence, predictions for the pop-
ulations of the various levels can be made. Extracted populations are plotted in
figure 7.2, together with experimental data and fit. The numerically calculated pop-
ulations can help getting insight in the interplay of the different possible transi-
tions and the afore-mentioned quasi-closed cycling transition between

∣∣S1/2,−1/2
〉
,∣∣D5/2,−5/2

〉
and

∣∣P3/2,−3/2
〉
. Red-detuned from the fluorescence peak close to

−11 MHz population is pumped to
∣∣S1/2,−1/2

〉
. If the laser’s detuning gets too

large this can not be repumped efficiently and fluorescence drops. Close to and
at a higher frequency than the

∣∣S1/2,−1/2
〉
↔
∣∣D5/2,−5/2

〉
transition pumping to∣∣S1/2,+1/2

〉
is enhanced.
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Figure 7.6: a) Simulated 729-854 nm driven fluorescence at Ω729 = 2π × 2 MHz
and Ω854 = 2π × 40 MHz. b) Maximal achievable fluorescence Fmax and c) its
linewidth ∆δ729. d) The Rabi frequency Ω854 and e) the detuning δ729,max at which
the fluorescence is maximized. Traces are shown for Ω729 = 2π × 0.5, 1 and 2 MHz
(violet, cyan, green).

Figure 7.5 shows experimental data for a range of different driving rates and de-
tunings δ854. It can be seen that by varying the laser settings a variety of linewidths
can be achieved. Fits to the fluorescence data seem to match the data well. In order
to obtain a reasonable fit to the scans at low powers, the finite time over which
fluorescence was observed had to be taken into account. This will be explained in
more detail in section 7.1.5.

Multi-photon resonances

In the fluorescence traces at higher driving rates additional structure shows up close
to δ729 = 0. Features can also be seen in the OBE simulation of figure 7.2, at
δ729 = ±2π × 2.3 MHz. It can be related to multi-photon resonances such as the
three photon process sketched in the figure 7.3.b). It enhances the transition from∣∣S1/2,−1/2

〉
to
∣∣D5/2,−1/2

〉
. Depending on the 854 nm laser detuning population in∣∣D5/2,−1/2

〉
will be preferentially pumped to

∣∣P3/2,−3/2
〉

or
∣∣P3/2,+1/2

〉
. The first

case leads to an increase in fluorescence, the latter to a decrease as it pre-dominantly
pumps population to the darker

∣∣S1/2,+1/2
〉

state.

7.1.3 Detuning of the 854 nm laser

The data of figure 7.5.b) show the principal effect of 854 nm laser detuning. De-
tuning makes the two peaks asymmetric and one peak fluoresces more but becomes
narrower while the other gets broadened. The influence of δ854 was further explored
with simulations of optical Bloch equations. Figure 7.6.a) shows a simulation of
fluorescence depending on δ854 and δ729 while keeping laser powers fixed. Close to
δ854 = 0 the different resonances already present in figure 7.5 show up. For larger
detuning of the 854 nm laser the resonance structure is simpler. Maximal fluores-
cence levels are obtained close to δ854 = 0 but a dip can be observed at δ854 = 0.
Figures 7.6.b)-e) show another numerical simulation in which also Ω854 is varied and
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Figure 7.7: a) Fluorescence in 2 ms and n̄ measured by fitting to blue sideband
traces. b) Fluorescence traces taken for different driving times. Bottom to top:
10 µs, 100 µs, 200 µs, 500 µs, 3 ms. From bottom to top the data has been averaged
over 900, 300, 300, 150, 150 experiments. Vertical lines indicate carrier, red and
blue sideband transition positions.

the settings for obtaining maximal fluorescence are recorded. The three traces in
each plot correspond to thee different settings of Ω729. The maximal fluorescence
Fmax is shown in Panel b). High fluorescence counts can be achieved over a several
hundreds of MHz detuning range of the 854 nm laser, with a dip1 at δ854 = 0. The
dip becomes less pronounced for larger powers of the 729 nm laser. In figure 7.6.d)
and e) Ω854 and δ729 at which the maximal fluorescence is obtained are plotted.
At larger detunings of the 854 nm laser higher intensities are required which can
be a limiting factor in the lab. Figure 7.6.c) shows the transition linewidth ∆δ729

at settings for maximal fluorescence. Achieving a large linewidth is a prerequisite
for cooling of hot ions. For large δ854 the linewidth is predominantly given by the
729 nm laser’s intensity but when bringing it closer to resonance the 854 nm light can
be used to broaden the linewidth of the transition. Even larger linewidths can be
achieved at other detunings and power settings, but then result in a lower maximum
fluorescence rate. In most experiments, including those presented below the 729 nm
laser intensity is the limiting factor. Therefore it is favourable to work at low or
zero detuning of the 854 nm laser in order to obtain a large linewidth. All following
studies are conducted in this regime.

7.1.4 Motional sidebands

In measured fluorescence traces sidebands detuned by the trap’s secular frequencies
would appear. Figure 7.7.a) shows an example with particularly bad pre-cooling and
strong sidebands. Together with the fluorescence scan the ion’s motional tempera-
ture was measured using fits to blue sideband Rabi oscillations. In the data it can be

1This is an effect of the Zeeman sublevels. When carrying out the same simulation with a bare
3-level system the plot in b) is just flat.
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Figure 7.8: Simulated the time evolution of the fluorescence rate. a) For short times
Rabi oscillation like structure is visible. b)-d) Show plots over longer times and for
δ729 = 0. The prominent features are a drop in fluorescence, a shift in the frequency
at which maximal fluorescence is observed and broadening of the linewidth. All
simulations were carried out at Ω729 = 2π×1 MHz, Ω854 = 2π×5 MHz and δ854 = 0.

seen that the fluorescence of sidebands depends on the ion’s temperature. Where the
ion is cold red sidebands are suppressed. To measure the lineshape of fluorescence
accurately it is important to not be disturbed by visible sidebands or temperature
effects. In section 3.8 it is explained that the ion’s temperature scales exponentially
in driving time. As every change by one quanta of motion corresponds to a pho-
ton scattered on a sideband the height of sidebands should also scale exponential
in driving time. The height of the carrier peak however is linear in driving time.
Thus a scan of the lineshape without sidebands can be obtained by pre-cooling close
to the ground state of motion and measuring for short times. From the scans at
different drive times as presented in figure 7.7.b) it was deduced that 200 µs gives a
good balance between low amplitude of sideband excitation and high enough signal
to noise ratio. All fluorescence traces in the following sections were taken over time
durations of 200 µs.

7.1.5 Time evolution

Despite the sidebands being present in figure 7.7,b) the following feature can be ob-
served: for short driving times the fluorescence peak is narrower, for longer driving
times in broadens. Especially when driving weakly the steady state of ion fluo-
rescence is not reached within measurement times of 200 µs. Without taking time
evolution into account a fit to the bottom scan in figure 7.5.a) could not have been
obtained. All solutions obtained from fits assuming the steady state had a larger
linewidth than the measured trace.

To calculate the time evolution optical Bloch equations can be integrated with
Matlab’s ODE45 solver. This gives the density matrix at a given time and thus
the fluorescence rate F at that time. The total fluorescence within a time window
can be obtained by integrating the rate. Figure 7.8 shows the simulated fluorescence
rate for an ion initially starting in the

∣∣S1/2,−1/2
〉

state. For short times a scan
of the 729 nm laser detuning is presented. On these time scales the ion undergoes
Rabi oscillations. For longer times the amplitude Fmax, linewidth ∆δ729 (fwhm) and

96



7.2. Cooling on the quadrupole transition of 40Ca+

0.1 0.2 0.3 0.4 0.5
0

2

4

6

8

"/729 (2:MHz)

+729 (2:MHz)

+
8
5
4
(2
:
M

H
z)

2.40

2.45

2.50

2.55

2.60

a)

0.2 0.6 1 1.4 1.8

5

10

15

20

25
"F

+729 (2:MHz)

+
8
5
4
(2
:
M

H
z)

0

20

40

60

80

100

b)

Figure 7.9: a) Transition linewidth ∆δ729 as a function of driving rates. At low rates
the width levels at ∼ 2.4 MHz. b) Difference in fluorescence rate ∆F between steady
state and F (t) after t = 200 µs. It is only non-negligible for low driving rates.

centre frequency δ729,max were extracted from fits to a similar scan.

The behaviour of the fluorescence rate can be understood in the following way:
For short driving times the fluorescence depends on the initial internal state. This
is
∣∣S1/2,−1/2

〉
and for short times it has a high probability of staying in the quasi-

closed cycle given in figure 7.3. Only after ≈ 100 scattering events it will end up in
the

∣∣S1/2,+1/2
〉

state. It will take more time to get repumped out of that state -
which makes the fluorescence drop. Also this repumping is more efficient closer to
the repuming resonance. So the centre frequency shifts and the linewidth broad-
ens. Thus the linewidth in steady state never becomes narrow. A simulation in
figure 7.9.a) shows that for small driving rates it is limited to ∆δ729 ≈ 2π× 2.4 MHz
(fwhm).

Numerical evaluation of optical Bloch equations which take the time dependence
into account need a lot of computation time. So it is favourable to use steady state
solutions whenever they are accurate. Figure 7.9.b) shows a simulation of the dif-
ference ∆F between the steady state solution F∞ and F (t) at t = 200 µs defined as
∆F =

√∑
n(F∞ − F (t))2/n/F∞,max with n being the number of datapoints. Ma-

jor deviations are seen at low Ω729 and Ω854. This also corresponds to the region
of bounded linewidth shown in figure 7.9.a). Based on this simulation the time evo-
lution was only taken into account for driving rates below Ω729 < 2π × 1 MHz and
Ω854 < 2π × 10 MHz.

Deviations from a steady state solution can also explain why the peak close to
+11 MHz in the bottom scan of figure 7.5.a) is less pronounced than that close to
−11 MHz. In the experimental sequence the ion was pumped to the

∣∣S1/2,−1/2
〉

state during a cooling pulse prior to the measurement. From there it has lower
probability of being excited by a laser at close to +11 MHz detuning.

7.2 Cooling on the quadrupole transition of 40Ca+

The aim of the current study was to examine how cooling performs throughout the
parameter regime which produces Doppler and sideband cooling.

Cooling calcium ions in the sideband resolved regime is a well established method
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for ground state cooling the ion’s motion [Roo99; Die89]. It is often performed in a
pulsed mode with a few iteration cycles of a π-pulses on the red sideband followed by
re-initialization of the spin. If groundstate cooling is performed in this pulsed fashion
there are no Stark-shifts of repumping lasers on the S1/2 to D5/2 transitions which
makes calibration easier. Sideband cooling in continuous mode has also been per-
formed in many experiments [Die89; Roo99]. Experiments with 40Ca+ usually used
the 729 nm laser tuned to the red motional sideband, with additional repumpers and
σ-polarized light at 397 nm for depopulating the second S1/2 Zeeman sublevel. As
seen in the previous section 729 nm light can couple to both S1/2 sublevels and thus
acts as the repumper. An example of cooling without the additional 397 nm light
and in a sideband resolved regime could be seen in figure 7.7 already. The ability to
tune the linewidth of fluorescence from 2.4 MHz to ∼ 10 MHz by tuning the power of
729 and 854 nm lasers demonstrated in section 7.1 allows to continuously transition
from a sideband resolved to a broadband Doppler cooling regime. Figures 7.10.a)
to e) show data taken throughout this parameter range. Fluorescence and ion tem-
peratures were measured and validated with numerical fits and calculations. In the
following I will describe this study in more depth.

Fluorescence counts were taken after ground state cooling and within 200 µs to
avoid sideband effects. To measure the ion’s temperature it was first pre-cooled on
the 397-transition followed by a short pulse on the 729-854 transition tuned close
to the trap’s out of plane motional mode to ensure it is cold enough to not con-
tribute in the measurement process. After these two pre-cooling steps the 729-854
cooling was pulsed on with the same parameters as used in the fluorescence scan
but for some longer time tc. Then the temperature of the second in-plane mode at
ωm ≈ 2π×2.68 MHz was measured using the blue sideband flop method described in
section 4.2.4. Parameters of the pre-cooling pulses were adjusted to give a starting
temperature at which cooling could be observed for the settings being probed. In
some of the scans a starting temperature higher than the Doppler limit had to be
chosen to be able to see subsequent cooling with the 729-854 transition.

Figures 7.10.a) to e) each show a trace of 729-854 driven fluorescence taken in
a time interval of 200 µs and two different measurements of the ion’s temperature
using the same intensity settings as used when measuring the fluorescence. The
fluorescence was fitted with optical Bloch equations. Rabi rates extracted from
these fits are indicated in the plots. Extracted detunings were (from a) to e)
δ854 = 2π × 4 ± 2/ − 3.4 ± .4/ 0.0 ± .6/ 0.0 ± .3 MHz. Using the fitted parameters
cooling and heating rate coefficients A± could be extracted using equation (3.30).
These are plotted in red and blue. The rate coefficients were used to calculate the
ion’s steady state temperature n̄∞ (plotted in cyan) and temperature n̄(tc) after
time tc (plotted in green). The two temperature measurements made were a scan of
δ729 at fixed cooling time tc = 1.5 ms, and a scan of tc with δ729 fixed close to a point
of minimal temperature. The chosen δ729 is indicated in the plots by a vertical line.
By fitting an exponential to the time trace the starting temperature n̄(tc = 0) as
indicated by horizontal grey lines was obtained. This initial temperature was used
for calculating n̄(tc). For both, frequency and time scan good agreement between
measured and calculated n̄ is achieved. This suggests that all relevant processes are
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Figure 7.10: Fluorescence (within 0.2 ms) and cooling driven by 729 and 854 nm
lasers. Plots show measured data and simulations (solid lines) for different intensities
of 729 and 854 nm lasers. Rabi rates extracted from fits are indicated in the plots.
Details are described in the main text.
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Figure 7.11: Fluorescence as a function of 729 nm laser detuning for three different
854 nm laser intensities a) Ω854 = 2π × 10 MHz, b) Ω854 = 2π × 35 MHz, c) Ω854 =
2π × 70 MHz. In all plots Ω729 = 2π × 2.5 MHz was chosen but varying Ω729 in a
range of 0.1 to 5 MHz barely changed the shape of curves, only their absolute value
of fluorescence.

contained within the framework presented in section 3.10.

The scans and simulations of A± highlight how the transition from sideband re-
solved to broadband cooling is made by increasing laser powers. They show how
together with the broadening of the fluorescence’s linewidth also the range over
which the ion can be cooled broadens. At the same time the minimal temperature
obtained increases. The cooling time τc is shortest in an intermediate regime.

Even larger fluorescence linewidths than the ones presented here could be ob-
tained by increasing Ω854. These would exceed the ±20 MHz scanning range of
the current setup (see section 6.9.2). At the same time cooling on transitions with
δ729 > 0 becomes impractical. Already in figure 7.10.e) no net cooling effect is
observed.

The scans presented in figure 7.10 are representative examples of a larger set of
data taken at different settings. Figure 7.12.a) summarizes these. Unfortunately the
full theoretical description presented above was only worked out after taking the
data and the parameter-space was not systematically explored. For some sets n̄ was
only measured versus δ729 or versus time, some scans were taken for δ729 > 0 others
for δ729 < 0 and the ion’s initial temperature differed. Never the less agreement
between theory and experimental data was found across the full set of data.

7.3 Cooling in different regimes

Seeing that the 12-level model agrees reasonably well with experimental data I car-
ried out a series of simulations of minimal n̄, cooling rates Γc and fluorescence rate
F exploring the parameter-space of 729 and 854 nm laser power accessible in our lab
and beyond. These simulations should allow to find optimal settings for broadband
Doppler cooling as well as for sideband cooling. All simulations were carried out at
zero detuning of the 854 nm laser.

In all simulations steady state solutions of optical Bloch equations for the 12-level
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Figure 7.12: a) All data sets taken. Rabi rates were extracted from fits to fluores-
cence traces and the minimal n̄ observed is indicated. Although temperature data
was taken at different initial settings the trend when transitioning from sideband-
resolved to Doppler-cooling regime can be seen. b) Simulated maximal fluores-
cence rate obtained for different driving rates. The fluorescence rate is maximal at
Ω729 ≈ 2π × 50 MHz and Ω854 ≈ 2π × 150 MHz.

system were used. As seen in previous sections there are two peaks in the 729-854
fluorescence. If the 854 nm laser power is increased it will exert Stark shifts on
the D5/2 sublevels and fluorescence peaks will get shifted apart. These effects are
shown in figure 7.11.a) and b). If the 854 nm laser’s power is increased even fur-
ther, as shown in c) the resonance structure becomes more complex. We associate
the extra structure with the appearance of dressed states (section 3.9.2). Over the
range studied the shape of fluorescence traces barely depended on the 729 nm laser
power. Increasing the power increases the obtained fluorescence. All datapoints of
simulations shown below were obtained by solving OBE as a function of δ729 and
calculating fluorescence rates, cooling rates and temperatures. For these quantities
only minimal or maximal values, plus the full width at half maximum of peaks were
recorded. All simulations shown (except for figure 7.13.b) were only carried out for
δ729 ≤ 0. Transitions at δ729 ≥ 0 showed similar behaviour in fluorescence but
cooling properties at higher driving rates were worse.

7.3.1 Maximal fluorescence

To obtain high scattering rates both 729 and 854 driving rates have to be increased.
The highest count rate observed with our setup was ≈ 20 counts/ms corresponding
to a absolute scattering rate of 4.5 × 106 s−1. Figure 7.12.b) shows a simulation of
fluorescence obtainable with driving rates beyond what is currently accessible in our
laboratory. It shows that the fluorescence is maximal at Ω729 ≈ 2π × 50 MHz and
Ω854 ≈ 2π × 150 MHz. There 120 counts/ms could be observed with our imaging
system corresponding to a total scattering rate of 2.7× 107 s−1. By comparison the
maximum scattering rate in the standard 397 nm laser based detection scheme is
3.2×107 s−1, which gives ≈ 90 counts/ms on our detector due to the lower detection
efficiency. Although the rates are similar, the background-free nature of the detection
in the case of the IR-visible fluorescence generation could lead to higher detection
fidelities and help decrease the required detection time.
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Figure 7.13: Simulated motional temperature. a) In the steady state, b) after tc =
2 ms and starting value of n̄0 = 10, c) simulation for cooling on transitions with
δ729 > 0, d) the detuning δ729 at which the minimal temperature plotted in panel a)
is achieved.

7.3.2 Minimal temperature

When laser cooling it is of interest to know the lowest final temperature theoretically
achievable and the required settings. Minimal achievable ion temperatures as a
function of Ω729 and Ω854 are shown in figure 7.13.a). They are lowest for low
driving rates. Whether these temperatures can be achieved within a useful time is
determined by the cooling rate. Panel b) shows the temperature after cooling for
tc = 2 ms when starting at n̄0 = 10 quanta. It shows that at low driving rates of the
729 nm laser cooling is less efficient and the temperature does not get significantly
reduced. Minimum values were searched for in a similar simulation with tc = 1 ms
and n̄0 = 1 which is closer to experimental parameters for sideband cooling. The
lowest temperature found was n̄ = 0.0003 at Ω729 = 2π × 0.4 MHz and Ω854 = 2π ×
0.6 MHz. The simulation result is substantially lower than the lowest temperature
of 0.04 quanta observed in the setup used. This number is probably limited by the
measurement itself but the trap’s heating rate of 0.8 quanta/ms (see section 5.6) also
plays a role.

Figure 7.13.d) shows the detuning δ729 at which the minimal temperature is
achieved. As expected at low driving rates it is detuned from the transition by
the motional frequency (in the simulation ωm = 2π×2.5 MHz was used). For higher
driving rates better cooling is achieved at larger detunings.

For comparison data for δ729 > 0 is shown in figure 7.13.c). Initially temperatures
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Figure 7.14: Simulations of maximal fluorescence rate, cooling rate and their width
(fwhm). The cooling rate Γc plotted in panel b) was sharply peaked at Ω854 ≈ 0. Its
maximal observed value was 1800 ms−1. For better readability the displayed values
are limited to 250 ms−1. In panel c) the appearance of sub-structure as shown in
figure 7.11.c) leads to a sharp transition in the full width at half maximum at higher
values of Ω854.

increase with increasing Ω854 but beyond a certain driving rate they drop again.
This drop can be explained by the extra structure as shown in figure 7.11.c). When
trying to cool on transitions at δ729 > 0 there is always some off-resonant scattering
on the transitions at δ729 < 0 and, compared to the case of δ729 < 0 the minimally
achievable temperature is always higher.

In all plots a pattern similar to interference fringes is visible at Ω854 ≈ 0. It might
be due to numerical errors or linked to 2-photon-resonances but was not investigated
further.

7.3.3 Broadband cooling and cooling rate

In section 7.2 it was shown that the Doppler regime could be reached using 729 and
854 nm lasers. Cooling with a broad linewidth, i.e. over a large range of frequencies,
is especially important for cooling of hot ions which have large average Doppler shifts.
In the two-level systems discussed in section 3.9 the width of the cooling transition
∆Γc is directly linked to the width of the fluorescence peak ∆F . Simulations shown
in figure 7.14 suggest that this is also the case for the 12-level system. Panels a) and
b) show the maximum values of fluorescence and cooling rate for a given set of scan
parameters and panels c) and d) their width (fwhm).
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Figure 7.15: Simulated maximal cooling rate for (a) counter-propagating 729 and
854 nm laser and (b) for co-propagating lasers. While there is no big difference at low
driving rates cooling with co-propagating beams clearly performs better at higher
driving rates.

Cooling rates as high as 1800 quanta/ms were obtained from simulations, with
the maximum at lowest Ω854. The peak at lowest Ω729 visible on figure 7.14.b)
corresponded to the point of lowest n̄ and was Γc,max = 120 ms−1. Outside this
small peaked range the cooling rate seems to follow the fluorescence rate.

At low Ω854 the width of the fluorescence peak is ∆F ≈ Ω729. By increasing Ω854

it can be substantially broadened. In the simulated range widths up to 20 MHz can
be seen. Such large linewidths could potentially also be obtained in our laboratory.
In the upper range of Ω854 shown in figure 7.14.c) multiple fringes similar to those
already shown in figure 7.11.c) appear and the full width half maximum is reduced
relative to the intermediate regime. The width of the cooling rate i.e. the frequency
range in which the cooling rate is above half its maximum value is plotted in panel
d). The width broadens with increasing Ω854 and stays close to 7 MHz over a large
range.

In the range simulated Doppler-type cooling is best performed where the fluo-
rescence rate is maximal. This also corresponds to settings which give the largest
cooling rate and a close to maximally broad cooling linewidth.

7.3.4 Co- and counter-propagating beams

As pointed out in [Cha08] cooling rates in the Doppler limit depend on the relative
direction of 729 and 854 nm lasers. For co-propagating beams the ion will get a
momentum kick of ∝ |k729|+ |k854| per absorption cycle. If they counter-propagate
the kick is ∝ |k729| − |k854|, thus lower. The effect is also contained within the
formalism derived in section 3.10. Terms with combined sideband transitions of
S ↔ D and D ↔ P are contained within S(ωm). Simulations show that there is no
remarkable difference between co- and counter-propagating beams in a low power
limit. But at broad linewidths the cooling rate can be much larger for co-propagating
beams. This can be seen in Figure 7.15 which shows again a simulation of the cooling
rate but now also for the case of co-propagating beams. Although the experiments
described here show that cooling with counter-propagating beams is possible using
co-propagating ones would be favourable.
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Figure 7.16: a) Fluorescence counts acquired during ion loading. The sequence of
settings given in table 7.1 were repeated throughout the scan, while 423 nm and
375 nm photoionization beams used to generate ions were applied continuously. b)
and c) show fluorescence for re-cooling ions which have been heated up due to a
background gas collision. The four traces show fluorescence detected in the different
parts of the experimental sequence, using the same pulse durations, amplitudes and
similar frequencies as those given in table 7.1. The cooling intensity and detuning
settings used in c) are optimized for fast re-cooling.

7.4 Ion trap operation without UV lasers

All of the operations needed for cooling and controlling 40Ca+ can be performed
without driving UV transitions. Sections 4.2.1 and 4.2.2 already showed that 729 nm
laser and repumpers are sufficient for state initialization and quantum manipulation
and the previous sections showed that cooling and fluorescence detection can be
performed on the 729-854 nm transition. Still all experiments presented so far made
use of well established cooling and diagnostics methods which included pulses of
397 nm light. Here I will present the loading of ions into the trap and storing of
them even in the presence of background-gas collision events without additional
cooling on S to P transitions. Experiments described here were performed before
conducting the numerical study presented in the previous section and settings for
cooling were optimized experimentally. In the last part of this section I will discuss
the discrimination of quantum states.

Pre-cool Doppler 1 Doppler 2 Detect

pulse time 2 ms 2 ms 1.5 ms 0.5 ms
δ729 -35 MHz +2 MHz +7 MHz +11 MHz
P729 23 mW 45 mW 45 mW 38 mW
P854 25 µW 25 µW 25 µW 25 µW

Table 7.1: Parameters of the sequences used during the loading data shown in
figure 7.16.a). The sequence runs through pre-cooling, Doppler 1, Doppler 2 and then
detection. Laser detunings and powers were optimized experimentally by minimizing
re-cooling times using experimental data such as that shown in figure 7.16.b) and c).
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Figure 7.17: Simulated fluorescence within 200 µs when driving with Ω729 = 2π ×
1 MHz, Ω854 = 2π× 5 MHz and δ854 = 0. The green curve is obtained for the initial
state

∣∣S1/2,−1/2
〉
, the cyan one for

∣∣S1/2,+1/2
〉
.

7.4.1 Loading and recooling

Loading ions from a thermal atomic beam into the trap requires a large cooling range.
Ions can also heat up substantially in collision events with background gas particles
and to re-cool them cooling in the Doppler regime is needed. For loading ions into
the trap the sequence of pre-cooling and cooling pulses given in table 7.1 was used.
The first step of the sequence is a far detuned pre-cooling pulse, red detuned from
a weakly present micromotion sideband. The following two Doppler cooling steps
(Doppler 1 and Doppler 2) and the close to resonant detection could be performed
on either the peak close to -11 MHz or the peak close to +11 MHz. Powers and
detunings were optimized experimentally by minimizing the re-cooling time after
occasional background-gas scattering events. Figure 7.16 shows two exemplary re-
cooling events, one before and one after optimizing the settings. The fluorescence
was monitored in all parts of the experimental sequence. While the ion is hot,
fluorescence during the resonant detection phase is reduced, while it increases during
the cooling periods of the sequence in which the 729 nm laser is detuned red of
resonance. This is expected due to phase modulation of the light fields by the
increased oscillation amplitude of the ion.

With the settings given in table 7.1 and similar settings ions can be reliably
kept in the trap having only 729 and 854 nm light (and the repumper at 866 nm)
on. Figure 7.16.a) shows the loading of a calcium ion in a initially empty trap. In
addition to the Vis-IR cooling lasers also the two lasers at 375 and 423 nm which
we use for ionizing neutral calcium were turned on. After ∼3 min, which is a typical
loading time for the oven settings used, the jump in fluorescence indicates that an
ion is loaded. We observe that the lifetime of ions in the trap is similar using the
729-854 cooling as with the standard approach.

7.4.2 Thoughts on selective state detection

To use a calcium ion as a qubit it has to be possible to reliably read out quantum
states. To distinguish between two states one of the two has to be bright during de-
tection and the other dark. In the 729-854 scheme all D5/2 states are connected with
the 854 nm laser therefore these will always be bright. Using the two S1/2 sublevels
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Figure 7.18: Levels and transitions in a 732-866 driving scheme. a) Possible tran-
sitions for the 732 nm laser polarization parallel or perpendicular to the magnetic
field and relative frequencies of transitions in MHz. b) Sketch of the possible tran-
sitions in frequency. The height of lines corresponds to the relative driving strength
calculated from equation 3.7.

instead could be an option which allows discrimination of qubit states. Starting in
one or the other sublevel leads to a difference in fluorescence (see section 7.1) which
is illustrated by a simulation shown in figure 7.17. The distinguishability will be
better the shorter the probe time. But as there is always the chance of a decay from
the P3/2 to the D5/2 manifold that ends up in the unwanted S1/2 state the fidelities
will be limited. The lowest effective decay rate from

∣∣S1/2,−1/2
〉

to
∣∣S1/2,+1/2

〉
seen in simulations (see section 7.1) was ≈ 0.6 % which corresponds to the expected
detection infidelity.

One workaround could be to use high enough magnetic fields to frequency selec-
tively repump the D5/2 states. Another option would be to use a second laser on the
S1/2 to D3/2 transition which has a wavelength of 732 nm. This laser in combination
with the 866 nm laser could be used for cooling and state detection while quantum
information could be stored in the D5/2 manifold. Zhou et al. [Zho13] show that
this transition can be used for driving broadband fluorescence. Broadband cooling
and detection have much less stringent requirements on the laser linewidth thus a
simpler laser setup could be used to readily implement cooling and control of calcium
in the lab.

The 732-866 cooling scheme involves less levels. In contrast to the 729-854 scheme
it does not have the quasi-closed transition described in section 7.1. Different pairs
of transitions can be used to couple to both sub-levels of S1/2 but these then have
to be driven at similar rates to guarantee efficient repumping.

Level-scheme and possible transitions for lasers propagating perpendicular to the
magnetic field are shown in figure 7.18. For each S1/2 level there is only one possible
q = 2 quadrupole transition at θ732 = 90◦. At 4 G the two transitions are so far apart
that they barely act as one another’s repumper. Fluorescence could be driven more
effectively by introducing two frequency tones with one close to each transition.
These frequency tones have to be carefully chosen to avoid dark resonances and
dividing the laser power in two would require an additional AOM which would
again lower the laser power available. Instead two transitions close to δ732 = 0 at
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Figure 7.19: Simulation of 732-866 nm driven fluorescence. a) Ω732 = 2π × 5 MHz
and Ω866 = 2π× 15 MHz, b) Ω732 = 2π× 10 MHz and Ω866 = 2π× 30 MHz. In both
plots the starting temperature is n̄0 = 50. The orange line corresponds to cooling
for a fixed time tc = 1 ms, cyan to the steady state n̄∞. Both laser linewidths were
assumed to be the same γ732 = γ866 = 2π × 0.5 MHz.

θ732 = 0 could be used for driving fluorescence in a similar way to experiments
described for the 729-854 transition. But their Clebsch-Gordon factor is only 1/5 of
the

∣∣S1/2, 1/2
〉
↔
∣∣D5/2, 5/2

〉
transition (see appendix B) thus for achieving similar

scattering rates a higher laser intensity is needed. Figure 7.19 shows fluorescence
traces and motional temperatures on this transition simulated for two different sets
of driving rates. With laser intensities similar to what is currently available on
the 729 nm laser in our setup state detection could readily be achieved. To also
broadband cool on the 732-866 transition (instead of using 729 and 854 nm light)
requires approximately three times higher 732 nm laser intensities than those of the
currently used 729 nm light.
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8. Integrating optical waveguides and
cavities

This chapter describes ideas both for new trap designs, and for further experiments
for which the PCF cane trap used in this thesis could be well suited. The PCF cane
trap did not yet make use of the optic guiding properties of PCF. Here I present
two approaches towards integrating optical fibres into PCF technology based traps.
The first describes a trap similar to the PCF cane trap but including a multimode
optical fibre replacing one of the gold wire electrodes. The second shows our first
steps towards a smaller scale trap fabricated on the tip of a light guiding PCF. The
design requires pressure assisted melt filling of the PCF’s 2.7 µm wide capillaries and
methods for making electrical connections to the resulting 2.7 µm wide gold wires
are presented.

PCF technology does not only allow to build traps with integrated optics, the
PCF cane trap also provides high optical access to the ion. This can be used for
trapping ions in a beam shone in across its surface with little clipping of the optical
field. This feature should make it possible to use the PCF cane trap for positioning
an ion in the optical field of a cavity. This chapter’s last section presents the design of
a cavity built around the existing PCF cane trap setup designed for dipole trapping
of ions in a 10 kW optical field. The PCF cane trap could provide the stable trapping
needed for cooling of hot ions before transferring them to the dipole trap.

Air

Vacuum

PCF cane

Optical fibre

Trap
Cover

Figure 8.1: a) Schematic of a trap with a multimode optical fibre in the centre.
Red coloured electrodes carry rf, violet ones rf with an optional dc bias, blue ones
dc. In green the expected ion position is indicated. b) Photo of the assembled trap
in it’s holder. c) Drawing of the trap and its holder which also acts as a vacuum
feed-through.
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Figure 8.2: a) Opened and (b) fully assembled vacuum system. The trap position
is indicated but the trap itself is hidden underneath a cover plane. Behind the trap
in the direction of optical access a mirror was installed to retro-reflect laser beams
out of the vacuum system.

8.1 PCF cane trap with multimode fibre

The methods for producing the PCF cane trap as presented in section 5.4 can be
used for building a variety of other traps including different features. In his semester
project C. Travelletti [Tra14] developed methods for including optical fibres into
structures similar to the PCF cane trap. J. Toots then built such a trap and a
simple vacuum setup during a summer project supervised by the author in 2015.
Below I give motivation, plus a simple overview of this setup

The aim was to replace the centre one of the PCF cane trap’s gold wires with
an optical fibre. To maintain a quadrupole field for trapping some rf-grounded
conductor close to the optical fibre was needed. The best option seemed to be to put
a conductive coating on the optical fibre’s cladding. In the final design we sputtered
∼ 1 µm of gold on our chosen fibre1 and then dipped it in conductive epoxy2 to
obtain a protective layer. This custom coated fibre had the right diameter to be
inserted into the ∼ 144 µm wide capillaries of our PCF canes. Figure 8.1 shows a
sketch and a photo of the trap built. It has again a ring of rf electrodes but in order
to simplify assembly the number of dc electrodes was reduced. To be able to tilt
the potential’s axes a dc bias had to be introduced on two of the rf electrodes. The
need for an in-vacuum filter board was obviated by using the PCF cane as a vacuum
feed-through. It was integrated into a custom made flange and sealed with vacuum
compatible epoxy3. While the trap surface shown in figure 8.1.b) was in the vacuum
chamber at pressures of . 5× 10−11 mbar gold wires could be contacted on the air
side as shown in panel c). There R-C filters and capacitors for coupling rf and dc
voltages were installed.

With a gold coated cover plane installed 250 µm above the trap the simulated

1Thorlabs UM22-100 - 0.22 NA, 100µm core Multimode Fiber,
2Epo-Tek H20E conductive epoxy
3Epo-Tek 353ND-T
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8.2. Light guiding PCF trap

Figure 8.3: a) Scanning electron micrograph of a PCF with all capillaries gold filled.
b) Simulation of the optical conductance at 397 nm of a PCF with core diameter
12 µm. Red corresponds to high, blue to low optical power. c) Sketch of electrodes
patterned onto a gold coated partially filled PCF. Gray areas are meant to be gold
coated, gold filled capillaries are indicated in orange, unfilled ones in light blue.

trap hight is 67 µm and at Ωrf = 2π × 40 MHz and Vrf = 70 V the trap depth was
calculated to be 290 meV. The chosen optical fibre had a core diameter of 100 µm
which covers 10 % of the solid angle. The fraction of fluorescence light that could
be collected from the ion is limited to 1.3 % though by the fibre’s NA of 0.22. An
option to enhance the collection efficiency could be to pattern a Fresnel lens on the
fibre facet [Can01; Kos16].

For various applications compact setups are desirable [Wil13; Nig16]. The trap
was installed in a compact vacuum chamber which also featured the laser heated oven
described in section 6.7. Figure 8.2 shows an overview of the vacuum chamber. Trap
and oven could be accessed with lasers through a single viewport. Fluorescence
light collected with the multimode fibre was read out with a PMT. In this setup
fluorescence light of neutral calcium atoms could be detected (a measurement is
shown in figure 6.16). Unfortunately one of the trap’s electric connection was broken
close to the PCF cane and trapping could not be achieved.

8.2 Light guiding PCF trap

The toolbox of gold filled PCF technology introduced in section 5 holds the promise
of integrating optical light guides directly into a trap structure. The aim was to build
a monolithic structure capable of trapping ions directly above the light guiding core
of a PCF. Then all lasers needed for trapping could be directly coupled into this fibre
and would be stably referenced to the ion position. The first attempt was based on a
standard solid core PCF with a regular hexagonal pattern of capillaries. A solid core
fibre with 6 rings of 6.9 µm pitch and 2.7 µm diameter capillaries was produced at
MPL Erlangen. Simulations showed that at these dimensions lasers in the range of
397 to 866 nm would be guided close to single mode in the core of 11.1 µm diameter.
A simulation of the light field at 397 nm is shown in figure 8.3.a), which was carried
out by D. Bykov from MPL Erlangen who collaborated closely on this project. A
part of this work will also be published in his thesis. Using pressure-assisted melt
filling [Ueb13] the 2.7 µm wide capillaries could be filled with gold. Figure 8.3.a)
shows a gold-filled PCF. At MPL Erlangen it was found that in a fully gold-filled
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8. Integrating optical waveguides and cavities

Figure 8.4: a) Electrode pattern. Cyan: grounded, blue: dc electrodes, red: rf
electrode. The violet coloured electrode could be connected to rf or dc voltage
which would allow shifting the trapping position further away from electrodes. b)
and c) Side and top view of the coated fibre’s back end. A similar structure as on
the top side was used on the back with the difference that the individual electrode
connections were brought to the side and continued around the rim of the fibre to
have a large area for making electrical connections.

PCF a large part of radiation at around 400 nm was lost due to dissipation in the
gold wires even over distances as short as 10 mm. Therefore it was decided to leave
capillaries close to the light guiding core unfilled.

Even though pushing the diameter and distance of capillaries to their upper limit
sizes were still too small to operate a trap with one ring of rf electrodes surrounded
by a ring of dc electrodes similar to the PCF cane trap presented in chapter 5. This
would lead to ions being trapped very close to the surface and thus exposed to large
anomalous heating. To achieve electrode-ion distances of 25 µm and larger several
gold filled capillaries had to be combined into one electrode. In order to expose
as little dielectric surface as possible it was decided to gold coat the filled PCF
and then pattern its surfaces using Focussed Ion Beam (FIB) milling. The idea
is sketched in figure 8.3.c). At MPL Erlangen it was tested that gold coating and
filled capillaries actually had an electrical contact. In a test-setup a PCF with filled
capillaries was gold coated on one facet and a pattern similar to what is shown in
figure 8.3.c) was applied. The other end of the PCF was immersed in a droplet of
gallium to make an electrical connection to all gold wires. Using a needle to connect
to different patches on the patterned side a resistance of 10-30 Ω between the two
ends of the fibre was found. Due to the distance between capillaries the gaps between
electrodes have to be smaller than 2 µm. Electrical breakdown voltages were tested
for 1 µm gapped electrodes which also had features at 120◦ angles. DC breakdown
was found to be above 500 V and at 40 MHz rf breakdown was observed at 55 V.
These values are above what is needed for operating a trap at these dimensions but
to be on the safe side gaps of 1.5 µm and bigger were used in later designs. Another
worry were charges accumulating on the dielectric core of the fibre which would sit
directly below the trapping position. The accumulation of charges could be avoided
by adding a conductive yet transparent coating. A thin layer of gold has exactly
this property [Kos15]. A study of the transparency and conductance of nanometre
scale evaporated gold layers is shown in figure 8.5. For a gold layer of 8 nm thickness
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Figure 8.5: Testing thin evaporated gold layers. Top: transmittance at wavelengths
relevant for 40Ca+ , bottom: electrical conductance G. Of the 4 samples tested only
the one of 8 nm thickness was found to be conducting.

the transmittance of all relevant lasers is ∼ 50 % and the layer was measured to
be conducting. To apply such a conducting coating to the fibre core the full trap
electrode structure including an opening above the fibre core could be patterned
with the FIB. Then 8 nm of gold could be evaporated on top and the FIB could be
used to clean away the gold between electrodes but not from the fibre core.

The chosen electrode geometry is again shown in figure 8.4.a). There dedicated
rf and dc electrodes are indicated. The shape was made asymmetric as it was seen
in simulations that this helps tilting the motional axis perpendicular to the elec-
trode surface. The rf electrode was split in two. Electrically grounding the inner
one of the two would give a simulated trap hight of h = 29 µm. At a trap drive
of Ωrf = 2π × 40 MHz and Vrf = 25 V the simulated trap depth was D = 17 meV
and motional frequencies were 2.6, 2.7 and 5.3 MHz. Applying Vrf = 25 V to both
rf electrodes would give h = 25 µm and a higher trap depth of 55 meV. Moving the
ion closer to the light conducting fibre core would be favourable as this would lead
to higher light intensities. It is not clear though if stable trapping at such a close
ion-electrode distance can be achieved. Potentially it is also desirable to have larger
ion-electrode distances than 30 µm. The size and distance of capillaries is limited
by the desired light guiding properties but to obtain a larger ion-electrode distance
a 7th ring of capillaries could be added.

Electrically connecting single 2.7 µm wide gold wires is difficult. Therefore a similar
structure to that of electrodes was designed for the back side of the fibre. It con-
nected all gold wires corresponding to one electrode and made an electrical contact
to bigger pads located at the side of the PCF. This structure can be manufactured
with a FIB in the same way as described for the trap electrodes. A first version
of this pattern produced at MPL Erlangen is shown in figure 8.4.c). The pads for
making electrical connections were approximately 50 µm wide and extended to the
fibre’s side by ∼ 100 µm as shown in figure 8.3.b). These pads could potentially be
used for wire bonding. In a test the PCF shown in figure 8.3 was connected to a
circuit board with 127 µm thick gold wires. These were tapered on the side facing
the PCF and attached to the pads on the PCF and to the circuit board using con-
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Atom oven

Electrical connectionsPCF trap

LensLens

Optical access

Trap PCF

Electrical
connections

Circuit board

Figure 8.6: PCF trap assembly. a) Overview of the trap assembly placed in the
vacuum system. Laser access to the trapping position is possible from the side and
from both ends of the PCF. To couple into the fibre two lenses are placed close to
both fibre ends. Fluorescence light can be collected from above i.e. perpendicular to
the plane of laser access. b) Close up of the trap. Gold filled capillaries of the PCF
are electrically connected to the circuit board as described in the main text. These
connections are made on the board’s side which is not shown. For clarity some parts
of the assembly (like holders of lenses or the PCF) are not shown.

ducting epoxy4. When measuring the resistance from the circuit board to the other
end of a ∼ 10 mm long PCF again values of 10-30 Ω were obtained which indicates
that the connection between pads and circuit board does not significantly increase
the resistance and suggests that this simple method of connecting could be used in
a final setup.

A setup was designed to integrate the PCF trap into the vacuum system described in
section 6.1. A drawing of it is shown in figure 8.6. In this design the PCF is mounted
horizontally to have laser access from both sides. To couple light into (and out of)
the fibre’s core lenses were positioned in the vacuum system, close to both ends of
the fibre. Fluorescence light from a trapped ion could still be detected with the
existing imaging system. As the direction of imaging is vertically (perpendicular to
the laser beam’s axis) the horizontally mounted trap will lead to clipping and thus
a small reduction of the detection efficiency.

Throughout this section steps for producing a PCF based ion trap were described.
All these single steps have been successfully tested. It remains to combine these
steps in a single device.

8.3 Combination with all optical trapping

Recently there has been some interest in optical trapping of ions [Hub14; Cet13].
Using optical dipole traps for ions allows co-trapping of ions and neutral atoms in
a micromotion-free environment. Using standing waves of cavity fields also holds

4Epo-Tek H20E conductive epoxy
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PCF cane trap

Piezo

Civity mode

Figure 8.7: Drawing of the cavity for optical trapping and how to integrate the
cavity with the PCF cane trap’s existing vacuum setup. The optical mode inside
the cavity is drawn (in green) to illustrate its position with respect to the PCF cane
trap. The figure was adapted from [Fis15].

the promise of trapping ions in two or three dimensional lattices. Such trapping
geometries would be interesting for performing quantum simulations of many-body
systems. To perform quantum information experiments in an optical trap it is
important that all internal levels needed for state manipulation and detection are
trapped by the light’s dipole force. In his master’s thesis [Mar14] M. Marinelli
showed that this is not the case for 40Ca+ . A laser at 532 nm produces a confining
potential for S1/2 and P1/2 but D3/2 states would be anti-confined. In contrary
magnesium ions were found to be trapped on all relevant levels.

To achieve stable trapping at low scattering rates a strong laser field far detuned
from an ion’s internal transitions is needed. Laser light at 532 nm seems to be a
good choice as it is far detuned from the S to P transition of 40Ca+ or Mg+ and
high power lasers at this wavelength are available. High light intensities which lead
to deep traps can be achieved in optical cavities. As a pre-study an optical cavity
which could be integrated into the PCF cane setup was designed, built and tested by
M. Marinelli and C. Fischer [Mar14; Fis15]. Cooling 40Ca+ in an optical trap might
not be possible due to ion loss whenever a transition to D3/2 is made. Therefore
the envisioned experimental sequence started with trapping and cooling of a calcium
ion in the PCF cane trap. Then the optical trap could be ramped up and the rf
trapping potential turned off in a process similar to what is described in [Hub14].
As described there detection of fluorescence light also involves transitions to the
un-trapped D3/2 and rf trapping might again be needed.

The PCF cane trap is well suited for combining it with an optical cavity. Its
open geometry leads to little clipping of light when the cavity mode is centred on
a trapped ion. The cavity constructed had a waist radius of 30 µm and simulations
suggested losses due to clipping of 10−28 [Mar14] which is far below what can be
expected from other loss mechanisms [Mül11]. For an injection of 600 mW the power
building up in the cavity was estimated to be 950 W.

Figure 8.7 shows a drawing of the designed cavity integrated with the existing
PCF cane trap setup. To be able to adjust the relative position of rf and optical
trap a movable mount for the PCF cane trap was designed. The requirement to
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8. Integrating optical waveguides and cavities

have the rf trap movable lead to a design where the cavity mirrors were mounted on
a ring like structure which was rigidly attached to the vacuum chamber. One of the
cavity’s mirrors was mounted on a shear piezo which allowed scanning the cavity’s
length. The other mount5 could be used to align the cavity before putting it into
vaccum.

Unfortunately stable locking of the cavity could not be obtained for longer time
scales than a few seconds. One of the problems found were vibrations on the optical
table. It seemed to be impossible to sufficiently decouple cavity and laser system
from these. Later it also turned out that because the cavity was operated on the
edge of its stability region the waist size was different by a factor of ∼ 3−4 compared
to the calculated value6. As a result a more rigid cavity mount which should be less
susceptible to vibrations and a new cavity well within the stability range is being
designed. The plan is to combine it with a rf ring trap similar to what is described
in [Fis15].

5Thorlabs POLARIS-K05-S mirror mount
6Private communication with C. Fischer
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This thesis described an ion trap built using techniques transferred from photonic
crystal manufacture. It is a surface electrode trap with electrodes on the 100 µm
scale and has a large part of the solid angle open for interacting with trapped ions
while at the same time ions are shielded well from potential charge build-up on
dielectrics by high aspect ratio electrodes. Given the PCF cane silica structure this
and similar traps are relatively easy to build and no special clean-room environment
is needed. The first trap built of this kind was a segmented ring trap with 86 µm
ion-electrode distance and motional modes of 2-5 MHz. The trap’s heating rate
was measured to be 787 ± 24 quanta/s. While not yet used in the first trap built,
the technology of gold filled PCF holds the promise of combining trap electrodes
and light guiding structures in a single monolithic device. Two trap prototypes
along these lines were presented. One had a conventional multimode optical fibre
integrated into the trap-structure which could potentially be used for detecting the
ion’s fluorescence light. The other was a trap built from a photonic crystal fibre
capable of guiding all relevant wavelengths for cooling and manipulating calcium
ions to the trapping position. The PCF’s 2.7 µm wide capillaries were gold filled,
the two end facets were gold coated and an electrode pattern was produced with a
focussed ion beam mill.

To test the ion trap presented in this thesis and potential future traps a mod-
ular vacuum chamber was set up. This and the laser system, the imaging system
and electronics built for operating the trap and manipulating trapped ions were de-
scribed. One part of the setup is a system built from off the shelf lenses capable
of focussing our 729 nm laser to a spot of approximately 8 µm diameter at 150 mm
working distance. When directed parallel to its surface this spot is still far from
clipping on the PCF cane surface-electrode trap and ∼ 2 times bigger than the
diffraction limit set by the vacuum system’s viewports.

Making use of high 729 nm laser intensities a novel scheme for cooling calcium
ions was explored. Traditionally Doppler cooling is performed by close to resonant
driving of the S1/2 to P1/2 transition which allows scattering many photons. For
40Ca+ and most other atomic ions commonly used in quantum information type
experiments this transition is in the UV regime. Today’s integrated optics is barely
compatible with UV light and dielectric surfaces in the vicinity of trapped ions
experience charging which leads to excess micromotion. The scheme put forward
by R. Hendricks et al. [Hen08] and characterized over a large range of parameters
in this thesis uses strong driving of the visible but dipole forbidden S1/2 to D5/2

transition at 729 nm combined with pumping on D5/2 to P3/2 with 854 nm light
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9. Summary and outlook

in the IR to generate fluorescence photons on the P3/2 to S1/2 transition. It was
experimentally shown that the same lasers can be used to transition from a sideband
resolved to a Doppler cooling regime. Cooling properties are investigated over a
wide set of parameters and good agreement with theory by I. Cirac and co-workers
[Cir92] was found. This theory and optical Bloch equation simulations of the 12
Zeeman sub-levels of S1/2, D5/2 and P3/2 were used to make predictions of optimal
cooling settings beyond the parameter regime explored experimentally. Using the
broad cooling range achieved by power broadening with the 854 nm laser ions were
loaded into the trap and stably kept there without using UV light while the trap
was operated under conditions compatible with current day trapped ion quantum
information experiments. This is the first ion trap which has been operated only
with light of wavelengths above 729 nm.

Outlook and ideas

Other commonly used ion species such as Sr+, Ba+, and Yb+ have a similar level
structure and the laser cooling scheme could be transferred. Evaluating Rabi fre-
quencies of their quadrupole transitions shows that a factor of two lower power
than for Ca+ would be needed for obtaining the same driving rate on Sr+. Similar
schemes could possibly also be found for other ionic or neutral atom species which
are missing practical dipole allowed cooling transitions.

Traps with integrated optical components could greatly benefit from operation with-
out UV lasers. Two ideas for such traps were presented in this thesis. First steps
were shown but both remain to be completed. Inserting optical fibres into one cap-
illary of a PCF cane trap provided a simple production method which results in a
well defined and fixed relative positioning of fibre and ion at approximately 100 µm
electrode-ion distance. It could be used to test the interfacing of ions and fibre-optics
of different kinds. One idea could be to enhance the ion-light coupling by focussing
the fibre output onto the ion. This could be achieved by shaping the wavefront
with a spatial light modulator before coupling it into the optical multimode fibre or
by imprinting a lens on the fibre facet, e.g. by manufacturing a Fresnel lens using
FIB milling. Ion-light coupling can also be enhanced by surrounding an ion with
an optical cavity. Different groups have used optical fibre cavities [Ste13a; Tak13]
which are especially promising for providing longer distance optical links between
ion traps. The PCF cane trap would allow the integration of a fibre cavity similar
to [Tak13] but with the extended control over electric potentials provided by its seg-
mented ring electrode. One difficulty is to position ions in the cavity’s node. Using
the PCF cane as a vacuum feedthrough would add the flexibility to build electrical
circuitry on the air side which could include an additional rf drive for displacing the
trap centre.
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Appendices

A List of abbreviations

AOM Acousto Optical Modulator
CAD Computer-Aided Design
CCD Charge Coupled Device (camera)
CF ConFlat (vacuum flange)
DAC Digital to Analog Converter
dc Direct Current (static voltage)
DDS Direct Digital Synthesizer
EOM Electro Optical Modulator
FIB Focussed Ion Beam (milling)
FPGA Field-Programmable Gate Array
fwhm Full Width Half Maximum
gnd (electric) Ground
NA Numerical Apperature
hwhm Half Width Half Maximum
IR Infra Red (light)
OBE Optical Bloch Equations
PCF Photonic Crystal Fibre
PDH Pound-Drever-Hall (laser lock)
PMT Photo Multiplier Tube
rf Radio Frequency
rms Root-mean-square
TMP Turbo Molecular Pump
TTL Transistor-Transistor Logic
UHV Ultra High Vacuum
UV Ultra Violet (light)
Vis Visible (light)
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B Calcium constants

Branching ratios

(Table taken from [Ste99])

S1/2 D3/2 D5/2

P3/2 .92 .0079 .07

P5/2 .93 .073

D5/2 1

D3/2 1

Clebsch-Gordon coefficients

(Calculated from equation (3.4))

S1/2 P1/2 P3/2

ms -1/2 +1/2 -1/2 +1/2 -3/2 -1/2 +1/2 +3/2

S1/2 -1/2 1/3 2/3 1 2/3 1/3

+1/2 2/3 1/3 1/3 2/3 1

D3/2 -3/2 1/5 4/5 1/2 3/5 2/5

-1/2 2/5 3/5 1/3 1/6 2/5 1/15 8/15
+1/2 3/5 2/5 1/6 1/3 8/15 1/15 2/5
+3/2 4/5 1/5 1/2 2/5 3/5

D5/2 -5/2 1 2/3

-3/2 4/5 1/5 4/15 2/5
-1/2 3/5 2/5 1/15 2/5 1/5
+1/2 2/5 4/5 1/5 2/5 1/15
+3/2 1/5 4/5 2/5 4/15
+5/2 1 2/3
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C. Calculating Rabi frequencies

C Calculating Rabi frequencies

Normalized spherical basis vectors

Normalized spherical basis vectors (taken from [Jam98]) as used in section 3.4:

~c (1) =
1√
2

(−1, i, 0) ,

~c (0) = (0, 0, 1) ,

~c (−1) =
1√
2

(1, i, 0) .

The second rank tensors are

c(2) =
1√
6

 1 −i 0
−i −1 0
0 0 0

 ,

c(1) =
1√
6

 0 0 −1
0 0 i
−1 i 0

 ,

c(0) =
1

3

 −1 0 0
0 −1 0
0 0 2

 ,

c(−1) =
1√
6

 0 0 1
0 0 i
1 i 0

 ,

c(−2) =
1√
6

 1 i 0
i −1 0
0 0 0

 .
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9. Summary and outlook

D Matrix elements and decay operators for 12-level OBE

Explicit form of Hamiltonian and Lindblad operator used for simulating the 12-level
system formed by the S1/2-D5/2-P3/2 manifold of 40Ca+ .
Operators needed for solving the master equation

∂ρ̂

∂t
= − i

~
[Hrot, ρ̂] + Ld(ρ̂) ≡ L(ρ̂)

with Lindblad

∂ρ̂

∂t
= −1

2

∑
k

ĉ†k ĉkρ̂+ ρ̂ĉ†k ĉk − 2ĉkρ̂ĉ
†
k = Ld(ρ̂)

were calculated according to equations (3.7) and (3.5).

Hamiltonian

Hrot =
1

2
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Lindblad and jump operators

Jump operators for P3/2 to S1/2 transitions

ĉ1 =

√
Γ393

1
|1〉 〈9|+

√
Γ393

3
|2〉 〈10|

ĉ2 = −

√
Γ393

3/2
|1〉 〈10| −

√
Γ393

3/2
|2〉 〈11|

ĉ3 =

√
Γ393

3
|1〉 〈11|+

√
Γ393

1
|2〉 〈12|

122
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Jump operators for D5/2 to S1/2 transitions (these can usually be neglected due to the
relative smallness of Γ729)

ĉ4 =

√
Γ729

1
|1〉 〈3|+

√
Γ729

5
|2〉 〈4|

ĉ5 = −

√
Γ729

5/4
|1〉 〈4| −

√
Γ729

5/2
|2〉 〈5|

ĉ6 =

√
Γ729

5/3
|1〉 〈5|+

√
Γ729

5/3
|2〉 〈6|

ĉ7 = −

√
Γ729

5/2
|1〉 〈6| −

√
Γ729

5/4
|2〉 〈7|

ĉ8 =

√
Γ729

5
|1〉 〈7|+

√
Γ729

1
|2〉 〈8|

Jump operators for P3/2 to D5/2 transitions

ĉ9 =

√
Γ854

15
|5〉 〈9|+

√
Γ854

5
|6〉 〈10|+

√
Γ854

5/2
|7〉 〈11|+

√
Γ854

3/2
|8〉 〈12|

ĉ10 =

√
Γ854

15/4
|4〉 〈9|+

√
Γ854

5/2
|5〉 〈10|+

√
Γ854

5/2
|6〉 〈11|+

√
Γ854

15/4
|7〉 〈12|

ĉ11 =

√
Γ854

3/2
|3〉 〈9|+

√
Γ854

5/2
|4〉 〈10|+

√
Γ854

5
|5〉 〈11|+

√
Γ854

15
|6〉 〈12|

Jump operators accounting for laser linewidth

ĉ12 =
√
γ729

(
|1〉 〈1|+ |2〉 〈2|

)
ĉ13 =

√
γ854

(
|9〉 〈9|+ |10〉 〈10|+ |11〉 〈11|+ |12〉 〈12|

)
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E Transformation to rotating frame

Based on [Obe99] section 8.1.

For any unitary operator U

U†U = UU† = 1 .

If a state |Ψ〉 obeying the Schrödinger equation with Hamiltonian H

i~∂t |Ψ〉 = H |Ψ〉

is transformed by the unitary

|Ψ′〉 = U |Ψ〉

The Schrödinger equation can be transformed accordingly

i~∂t |Ψ′〉 = i~∂t(U |Ψ〉)
= i~((∂tU) |Ψ〉+ U∂t |Ψ〉)
= (i~(∂tU)U† + UHU†) |Ψ′〉 .

The new Hamiltonian (in a frame rotating with U) is

H′ = i~(∂tU)U† + UHU† .
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F Second order pertubation of Nakajima-Zwanzig
equation

Section 3.10 introduced a framework for calculating cooling and heating rate coefficients for
multilevel atoms based on a paper by I. Cirac et al. [Cir92]. Here I give some intermediate
steps connecting formulas given in the main text. The derivation sketched here follows the
paper and [Gar04, page 147].

Equation 3.27 had introduced the full master equation separated out in zeroth, first and
second order terms of the Liouvilian

∂tρ̂(t) = Lρ̂(t) = (L0 + L1 + L2)ρ̂(t) .

The system of interest is the motion so a projector P̂ is used to separate internal and external
(motional) states,

P̂ ρ̂ = P̂E ⊗ P̂ I ρ̂

where the two terms act on any state X as

P̂EX =

∞∑
n=0

|n〉 〈n| 〈n|X |n〉

P̂ IX = lim
t→∞

eL0ItX

which can be applied to the master equation

P̂ ∂tρ̂(t) = ∂tP̂ ρ̂(t) = P̂Lρ̂(t) .

Equally a projector to the rest of Hilbert space can be defined and the master equation can
be projected onto it as

Q̂ = 1− P̂ (F.1)

∂tQ̂ρ̂(t) = Q̂Lρ̂(t) .

Inserting the identity 1 = P̂ + Q̂ gives two new equations to solve

∂tP̂ ρ̂(t) = P̂LP̂ ρ̂(t) + P̂LQ̂ρ̂(t)

∂tQ̂ρ̂(t) = Q̂LP̂ ρ̂(t) + Q̂LQ̂ρ̂(t) .

Of these the second can be integrated

(∂t − Q̂L)Q̂ρ̂(t) = Q̂LP̂ ρ̂(t)

∂te
−Q̂LtQ̂ρ̂(t) = e−Q̂LtQ̂LP̂ ρ̂(t)

Q̂ρ̂(t) = eQ̂Lte−Q̂Lt0Q̂ρ̂(t0) + eQ̂Lt
∫ t

t0

ds e−Q̂LsQ̂LP̂ ρ̂(s)

and inserted into the first

∂tP̂ ρ̂(t) = P̂LP̂ ρ̂(t) + P̂LeQ̂L(t−t0)Q̂ρ̂(t0) +

∫ t

t0

ds P̂LeQ̂L(t−s)Q̂LP̂ ρ̂(s) .

This is called the Nakajima-Zwanzig equation. It can be simplified by using that

P̂LP̂ ≈ 0
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which in this case strictly holds for L0 (P̂ projects to the steady state) and L1 (L1 contains
terms of |n〉 〈n+ 1| which drop out in the projection) and approximately for L2. Replacing
all Q̂’s by equation (F.1), exchanging the integration as s → t − s′ and choosing t0 = ∞
what is left is

∂tP̂ ρ̂(t) = P̂L2P̂ ρ̂(t) + lim
t0→∞

P̂LeL(t−t0)(1− P̂ )ρ̂(t0) +

∫ ∞
0

ds′ P̂LeLs
′
LP̂ ρ̂(t− s′) .

The second term contains memory effects and can usually be ignored. It probably also turns
to 0 in the limit. The last term can be evaluated using the Laplace transform. Keeping only
the leading components (P̂L0(L0)−1L0P̂ = 0) we are left with equation (3.28) (correspond-
ing to equation (17) of [Cir92]):

∂tP̂ ρ̂(t) = P̂L2P̂ ρ̂(t) + P̂L1(−L0)−1L1P̂ ρ̂(t) .
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E. M. Rasel, and W. Ertmer. “Doppler Cooling and Trapping on Forbid-
den Transitions”. Phys. Rev. Lett. 87, 123002 (2001). Cited on page 3.

[Bir97] T. A. Birks, J. C. Knight, and P. S. J. Russell. “Endlessly single-mode
photonic crystal fiber”. Opt. Lett. 22, 961–963 (1997). Cited on pages 41,
42.

[Bla01] E. D. Black. “An introduction to Pound-Drever-Hall laser frequency sta-
bilization”. American Journal of Physics 69, 79–87 (2001). Cited on
page 71.

[Bla06] K. Blaum. “High-accuracy mass spectrometry with stored ions”. Physics
Reports 425, 1–78 (2006). Cited on page 5.

127

http://dx.doi.org/http://dx.doi.org/10.1063/1.4817304
http://dx.doi.org/http://dx.doi.org/10.1063/1.4817304
http://dx.doi.org/10.1103/PhysRevA.65.033413
http://dx.doi.org/10.1103/PhysRevA.65.033413
http://dx.doi.org/10.1063/1.367318
http://dx.doi.org/10.1063/1.367318
http://dx.doi.org/10.1103/PhysRevLett.87.123002
http://dx.doi.org/http://dx.doi.org/10.1119/1.1286663
http://dx.doi.org/http://dx.doi.org/10.1016/j.physrep.2005.10.011
http://dx.doi.org/http://dx.doi.org/10.1016/j.physrep.2005.10.011


BIBLIOGRAPHY

[Bor59] M. Born and E. Wolf. Principles of Optics. 7th edition. 1959. Cited on
page 77.

[Bra13] B. Brandstätter, A. McClung, K. Schüppert, B. Casabone, K. Friebe, A.
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Maier. “Gold Films: Optical and Structural Properties of Ultra-thin Gold
Films”. Advanced Optical Materials 3 (2015). Cited on page 112.

[Kos16] A. Koshelev, G. Calafiore, C. Piña-Hernandez, F. I. Allen, S. Dhuey, S.
Sassolini, E. Wong, P. Lum, K. Munechika, and S. Cabrini. “High refrac-
tive index Fresnel lens on a fiber fabricated by nanoimprint lithography
for immersion applications”. Opt. Lett. 41, 3423–3426 (2016). Cited on
page 111.

[Kre05] A. Kreuter, C. Becher, G. P. T. Lancaster, A. B. Mundt, C. Russo, H.
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